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RESUMO

Neste trabalho utilizamos as técnicas de microscopia (STM) e espectroscopia de
tunelamento (STS), além da espectroscopia de fotoemissdo resolvida em angulo (ARPES),
para estabelecer conexdes entre as propriedades estruturais e eletronicas de materiais
bidimensionais (2D). Em particular, esta tese é composta por trés projetos
complementares relacionados a trés diferentes materiais, a saber, nanoestruturas de

grafeno, isolantes topoldgicos e dicalcogenetos de metais de transicao.

No trabalho sobre grafeno observou-se uma resposta eletrénica dual em
nanoestruturas triangulares deste material. Relatamos a observacdo dessas
nanoestruturas, que resultam de falhas de empilhamento prolongadas no substrato de
SiC, e seus efeitos nas camadas de grafeno que se formam sobre elas. Medidas
espectroscopicas revelaram respostas eletrdnicas distintas em uma fracdo das
nanoestruturas observadas como consequéncia de um processo de intercalacdo de
hidrogénio incompleto. Essa observacdo resulta do fato de que a camada inferior da
bicamada de grafeno ainda estd ligada ao substrato em algumas areas. Tal configuracao
gera, portanto, regides em que a bicamada de grafeno apresenta uma assinatura

eletronica que se assemelha a de uma Unica folha de grafeno.

Também serd reportada aqui a sintese, através do método de Bridgman, do
isolante topoldgico BisTes. Caracterizacdes feitas utilizando a técnica de difracdo de raios
X revelaram a coexisténcia do BisTes com fases minoritarias de Bi> e Bi>Tes. Uma analise
tedrica, feita através da teoria do funcional da densidade (DFT), permitiu um estudo da
estrutura de bandas e da densidade de estados do BisTes bem como de seus
constituintes. A combinacdo das técnicas de STM e STS, através da andlise de perfis de

xii



altura e de espectros de densidade de estados, tornou possivel ainda a identificacdo de
regides de diferentes terminagdes do BisTes (Bi, e BixTes). Além disso, medidas de ARPES
se assemelham bastante a assinatura do BisTes com terminagcdo em pentacamada.
Contornos de energia constante revelaram ainda um formato hexagonal similar a um

floco de neve com bracos mais alongados se comparado diretamente ao Bi;Tes.

Por fim, na Ultima parte desta tese apresentaremos também um estudo sobre
filmes de TaS; crescidos sobre substratos de Au(111). Esse material foi sintetizado através
da evaporacdo de tantalo em Au(111) numa atmosfera de H,S (usado como fonte de
enxofre) e caracterizado utilizando difracdo de elétrons de baixa energia (LEED) e
STM/STS. Verificou-se que sob condicdes especificas de crescimento (altas temperaturas
de aquecimento e pressdo de H,S) o nimero de ilhas sob o substrato é significativamente
reduzido dando lugar a formacdo aglomerados nanométricos de S. O aparecimento
desses aglomerados de morfologia triangular distorce o padrdo de reconstrucdo
herringbone do substrato de Au(111). Imagens de STM atomicamente resolvidas
revelaram que esses aglomerados apresentam diferentes orientacdes dependendo da
regido da superficie de Au(111) na qual eles estdo localizados e espectros de tunelamento

exibiram um comportamento semicondutor.

PALAVRAS-CH AV E: microscopia/espectroscopia de tunelamento,
espectroscopia de fotoemissdo resolvida em angulo, propriedades estruturais e
eletrénicas, grafeno, isolantes topoldgicos, dicalcogenetos de metais de transicdo,

nanoestruturas, sistemas de Bi-Te, TaS,, aglomerados nanométricos triangulares.
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ABSTRACT

In this work we have used scanning tunneling microscopy/spectroscopy
(STM/STS) and angle-resolved photoemission spectroscopy (ARPES) to study the interplay
between atomic and electronic structure of two-dimensional (2D) materials. In particular,
this thesis is set of three complementary projects, related to three different materials,
namely, triangular graphene nanostructures, topological insulators and transition metal

dichalcogenides.

First, a dual electronic response of triangular graphene nanostructures grown on
SiC was investigated. We report on the observation of triangular nanostructures resulting
from extended stacking faults in the SiC substrate and their effects on graphene layers
that are formed on top of them. Spectroscopic measurements revealed distinct electronic
responses as a consequence of the incomplete hydrogen intercalation process in a
fraction of the observed nanostructures, in which the bottom layer of the bilayer
graphene is still bonded to the substrate. Such a configuration generates regions where
the bilayer graphene presents an electronic signature that resembles those of single layer

graphene systems.

In addition, the topological insulator BisTes, synthetized using the Bridgman
method, was also investigated here. X-ray diffraction measurements confirmed the
formation of BisTes as a major phase in a system also composed of minority phases of Bi;
and BiyTes. Density functional theory (DFT) of BisTes and its constituents allowed, through
the calculation of their band structures and density of states, for a systematic study of

their electronic properties. The combined use of STM and STS, analyzing height-profiles

Xiv



and conductance spectra, permitted us to identify different terminations of BisTes (Biz
and Bi,Tes) with different electronic responses. ARPES measurements highly resemble
qguintuple-layer terminated BisTes signatures. Constant energy contours also reveal a
hexagonal shape similar to a snowflake with more elongated branches when directly

compared to Bi;Tes.

Finally, in the last part of this thesis, a study of TaS; films grown on Au(111) is
presented. This material was synthetized through the evaporation of tantalum on
Au(111) in a background of H,S (used as source of sulfur) and it was investigated using
low-energy electron diffraction (LEED) and STM/STS. It was found that under specific
growth conditions (high annealing temperatures and H,S pressure) the quantity of TaS;
islands on the substrate is significantly reduced giving rise to a number of S trimers. The
emergence of these trimers with triangular morphology distort the Au(111) herringbone
reconstruction. Atomically-resolved STM images revealed distinct orientations of the
trimers depending on the regions of the Au(111) surface where they sit and tunneling

spectrum exhibits a semiconducting behavior.

KEY WO R D S: scanning tunneling microscopy/spectroscopy, angle-resolved
photoemission spectroscopy, structural and electronic properties, graphene, topological
insulators, transition metal dichalcogenides, nanostructures, Bi-Te systems, TaS,

triangular trimers.
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INTRODUCTION

The discovery of graphene, a two-dimensional (2D) material composed of carbon
atoms organized in a honeycomb structure, has attracted the attention of the scientific
community due to its unique properties. Particularly important is its approximately linear
dispersion relation for energies close to the Fermi level, which gives electrons a massless
behavior of Dirac fermions [1-4]. Over the past years an extensive research has been
carried out aiming to investigate its structural and electronic properties under the most
diverse conditions such as, for example, synthetizing it on different types of substrates
and subjecting it to external fields and stresses [5-10]. A number of studies, both
theoretical and experimental, have revealed remarkable properties not only of graphene
on distinct platforms, but also of graphene nanostructures, nanoribbons and quantum
dots. In addition to its ballistic transport, high electron mobility at room temperature [11-
15], moderate chemical inertness [15] and high thermal conductivity [16], it was found
that free-standing graphene is much stronger than steel assuming the same thickness
[15, 17, 18]. Also, scientific research revealed that graphene islands with zigzag
terminations can host spin-polarized states [19] and that graphene quantum dots are
able to confine Dirac fermions [20]. Furthermore, graphene nanoribbons may be used for
DNA translocations [21], molecular band gap engineering [22] and may present magnetic

order at room temperature [23]. These are just a few examples of the properties of



graphene and much more can still be further explored using the latest advanced

experimental tools.

In addition to these remarkable properties, there are important limiting features
considering practical application in nanoelectronics devices, one of which: the absence
of an electronic band gap. Usually this can be overcome, but not without decreasing its
mobility [24]. This is one of the reasons that drove and renewed the interest of the
scientific community in other low-dimensional materials. In this context, one particular
class of materials became very important: the layered materials such as topological
insulators, transition metal dichalcogenides, phosphorene, silicene, hexagonal boron
nitride among others. Similar to graphene, which can be obtained from graphite through
mechanical cleavage, other layered materials also can be reduced to thin films through
simple procedures like scotch tape exfoliation. This is a consequence of the fact that the
atomic layers are connected, in the out-of-plane direction, through van der Waals
interactions [25]. Furthermore, the important advances established in sample
preparation of thin films since the rise of graphene allowed the optimized epitaxial
growth of a number of distinct classes of quasi 2D materials on different types of
substrates in ultra-high vacuum conditions. This enabled the study of structural and
electronic properties of these systems using various experimental techniques without

unwanted contamination sources that could modify their intrinsic properties.

Three-dimensional topological insulators are known to present an electronic band
gap separating their conduction and valence bulk bands and spin-polarized surface states,
making them promising candidates for spintronic devices [26-28]. These properties make
them insulators in the bulk, but conductors at the surface. This is a consequence of a
strong spin-orbit coupling, more significative in heavy materials. Such a fact originates a
band-inversion mechanism that results in the emergence of surface states between the
conduction and valence bulk bands of the material [29, 30]. Some of the properties that
make them attractive include high mobility, low power dissipation, spin-polarized

electrons, quantum spin Hall effect among others [31].

Since the first generation of topological insulators has risen with Bii«Shx binary

alloys, which are not ideal for practical applications due to their complex surface structure



and narrow band gap [31-33], important progresses have been achieved starting the
second generation of topological insulators. Some materials that belong to this
generation are Bi;Ses, Bi;Tes and ShyTes [34]. The experimental realization of these
compounds, accompanied by the verification of their simple band structure through
angle-resolved photoemission spectroscopy measurements, was a significative step. In
the case of Bi>Ses and BixTes the surface states have a linear dispersion relation, similar
to graphene, but here they are localized close to the I point of the Brillouin zone [35, 36].
These findings boosted more research in the area, stimulating a number of theoretical

and experimental studies on the subject since there is still a lot to be understood.

Transition metal dichalcogenides are formed of a transition metal (M) and a
chalcogen (X) in a formula MX; and, depending on their composition and atomic
coordination, they can host distinct properties [37-39]. In particular, the electronic
response of layered transition metal dichalcogenides may range from semiconductor to
a metallic electronic response. Also, a number of properties that are thickness-dependent
have a direct influence on the study of thin films over materials in bulk form. In the case
of MoS,, for instance, the evolution of the band gap from indirect to direct as the number
of layers is reduced makes this material attractive for nanophotonic devices [40].
Moreover, atomic defects introduced in monolayers of transition metal dichalcogenides
have been extensively investigated as quantum emitters [41-43]. Differently, metallic
transition metal dichalcogenides like TaS, exhibit properties of superconductivity and
charge density waves [44-46]. Different materials of this class can also be combined both
in-plane as well as out-of-plane forming heterostructures representing also an important

platform for device applications [47-50].

Considering the content above, in order to incorporate these classes of materials
into electronic devices, an in-depth comprehension of how their properties are modified
under different conditions is required. In this context, experimental research, using the
most varied techniques, plays a crucial role in assisting and unraveling the understanding
of the interplay between the local atomic environment and electronic properties,

including band structure and density of states.



This thesis, which is a set of three complementary projects of three different
materials, aims to build up the scientific knowledge about 2D materials. It is organized as
follows: in chapter Il an overview of the layered materials studied in this work is
presented. The basic theoretical inputs about graphene, topological insulators and
transition metal dichalcogenides are introduced, aiming to familiarize the reader with
important concepts necessary to better comprehend the experimental works presented
in the following chapters. In chapter Il the major experimental techniques used in this
work, i. e. scanning tunneling microscopy/spectroscopy and angle-resolved
photoemission spectroscopy are presented and discussed. In chapter IV structural and
electronic properties of graphene nanostructures on SiC substrates are examined. The
influence of the stacking of bilayers and quintuple-layers on the electronic response of
the topological insulator BisTes is explored in chapter V. Finally, the self-assembly of
triangular S trimers on Au(111) substrates is investigated in chapter VI. Summary and
outlooks are presented in chapter VII. Finally, a list of publications and references is

presented in chapters VIl and IX, respectively.



LAYERED MATERIALS

This chapter contains an overview of the fundamentals of the layered materials
investigated in this work. Theoretical inputs will be demonstrated about graphene,
topological insulators and transition metal dichalcogenides. These discussions are
particularly important to understanding the experimental results shown in the following

chapters.



2.1 GRAPHENE

A. K. Geim and K. S. Novoselov were awarded the Nobel Prize in Physics in 2010
after isolating and characterizing graphene, a two-dimensional material composed of
carbon atoms organized in a honeycomb lattice [10, 51, 52]. This important achievement
represents a great breakthrough and it was followed by a number of other studies that
revealed interesting properties like high thermal [16] and electrical conductivity [12], high
mechanical resistance [15, 17, 18], among others, that increased the interest of the
scientific community. In this section we use the crystal structure of this material to
calculate its dispersion relation close to the K point of the first Brillouin zone as well as its

density of states.

2.1.1 ATOMIC STRUCTURE

In this two-dimensional material the carbon atoms have sp? hybridization and, as
a consequence, graphene has a honeycomb lattice [53, 54]. See the scheme shown in Fig.

2.1.

(a) (b)

N

FIG. 2.1 — (a) Schematic view of the sp? hybridization. (b) Honeycomb lattice of graphene
showing its electronic orbitals (top view). Figure based on reference [54].

The honeycomb lattice of graphene is composed of two interpenetrating
triangular Bravais sublattices, namely, A and B [53, 54]. In addition, its unit cell has two

carbon atoms, each of which belongs to one of these two sublattices (see Fig. 2.2).



Moreover, the interatomic distance is a = 0.142 nm and the primitive vectors, a; and
a,, form an angle of 60°. According to the coordinate system illustrated in Fig. 2.2 these

vectors can be written as [53, 54]:

a, =%(3x+\/§y) and a, =%(3x—\/§y). (2.1)

«—q—>

FIG. 2.2 — (a) Honeycomb lattice of graphene showing its unit cell (dashed rhombus), the
primitive vectors (a4 and a,) and the nearest-neighbor vectors (&). The carbon atoms of
sublattices A and B are colored purple and yellow, respectively. The interatomic distance,
a = 0.142 nm, is also indicated.

One can define high symmetry points in the first Brillouin zone, i. e. T, K, K" and M
(see Fig. 2.3), which will be especially useful in representing its band structure. In

addition, the primitive vectors of the reciprocal lattice are:

by =2 (ky+3ky) and by == (k. —3k,). (2.2)

L 4

K

E M \:‘r. k

b,

FIG. 2.3 — (a) Scheme of the first Brillouin zone of graphene. The primitive vectors of the
reciprocal lattice (byand b,) and high symmetry points (I, K, K" and M) are indicated.
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2.1.2 DISPERSION RELATION

In the simplest approximation to describe the dispersion relation of graphene
close to the Fermi level one can consider only the hopping of electrons between orbitals
perpendicular to the atomic plane (i. e. between different sublattices) with energy V.
Let us consider the state that describes an A/B-sublattice electron belonging to the unit

cell identified by the vector R,,, as [53, 54]:

| n, (A or B)). (2.3)

In the nearest-neighbor tight-binding approximation, demonstrated here, the
Hamiltonian that describes the hopping between a single electron among orbitals

perpendicular to the atomic plane can be written as [53, 54]:

H = Vopr

<nm>

| n,A¥m,B | + h.c., (2.4)

in which the left-hand side of the first term represents the creation of an electron
belonging to the orbital perpendicular to the atomic plane in an A-sublattice and the
right-hand side is related to the annihilation of an electron in a B-sublattice. Thus, the
first term of this sum describes hopping of an electron from a B-sublattice to an A-

sublattice. Also, V,

ppm,» S previously mentioned, corresponds to energy associated with

this electronic transition and is commonly referred to as hopping element. The Hermitian
conjugate indicates the reverse process and the total Hamiltonian is obtained considering

this effect throughout the crystal lattice, i. e. summing over m and n [53, 54].

To obtain an analytical expression of the dispersion relation of graphene is

necessary to replace | n, A) by its Fourier transform:

_ 1 ikR,,
| n,A) = ﬁZe Rn | K, A), (2.5)

k

in which N is a normalization factor related to the number of atoms.

Repeating this procedure for (m, B | and replacing it in the expression 2.4, one

obtains [53, 54]:

1 N
H ="V Z |k A)IE,B | Z e kRu—K'R) | p ¢ (2.6)

kK’ <n,m>
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It is possible to simplify this expression introducing the nearest-neighbor vectors,

4, as depicted in Fig. 2.2, and taking into account the relation R,, = R,, + 8. One can

write:
1 Z oi(kRy—K'Ryp) — lz oilkRy—k (Ry+5)]
N <nm> il n,é
s L i(k-Kk")R
= Z e NZ e n, (2.7)
1) n
Considering yet X5 e~ik's — Y, and using the relation %Znei(k_k’)R" = 8y’ One
obtains [53, 54]:
H= VPP"Z(' k, Ak, B | yi +1 k, Bk, A | 7). (2.8)
k

The matrix elements of H are:

(k, Al H |k Ay =0,
(k,B1H|kB)=0,
(k, A1 H |k B) = V¥
(k,B| H |k, A) = Vyprvi".

Thus, one can simply write H using matrix notation as:

0 v,
H = z ( . ”””y"). (2.9)
T Vppn'yk 0

Solving the Schrodinger equation for this problem, one obtains the following eigenvalues

of H, E4(k):
Ei(k) = *Vopr | Vi I (2.10)

One can also calculate the value of yy, [53, 54]:

Vi = z =ik — o=ikd1 | o—iksy 4 o=ikds (2.11)
5

where:

Si=ax, 8 =3(-x+V3y) and 8 =3 (-x—V3y) (2.12)



One can demonstrate [53, 54]:

| vk |= \/3 + 4 cos (%) cos (ﬁ:ya> + 2 cos(V3kya)|. (2.13)

Replacing this result into expression 2.10 E; (k) can be written as:

Ey(k) = £Vppr \/3 + 4 cos (%) cos (ﬁ:ya> + 2 cos(V3kya)|. (2.14)

This result describes very well the dispersion relation of graphene close to the K
points in the first Brillouin zone, i. e. the linearity of the bands close to the Fermi level,
which is known as Dirac cone. In Fig. 2.4 one sees the conduction and valence bands of
graphene obtained through a more sophisticated calculation, which takes into account a

larger number of electronic transitions.

FIG. 2.4 — (a) Dispersion relation of graphene highlighting the Dirac cone. Figure taken
from reference [3].

The Fermi energy of graphene is exactly at the junction of these two bands (known
as m-bands), which allows one to identify it as a semimetal (zero band gap
semiconductor). By zooming in at the region between these bands an approximately
linear relation between energy and momentum (the Dirac cone) is observed. This is one
of the properties that makes graphene so appealing compared to other materials that

present parabolic dispersion relations and, consequently, a massive behavior of electrons

10



close to the Fermi level. Dirac cones are located at high symmetry points K and K’ of

reciprocal space. The vector K is [53, 54]:

K—Z—n<k+ﬁ> 2.15
= ket ) (2.15)

A more complete band diagram, in which both - and g-bands, related to - and
o-bonds, respectively, is shown in Fig. 2.5. Due to the position of the Fermi level in this
system, i. e. between - and *- bands, transition processes take place in the low energy
region of the Dirac cone. This shows the validity of the approach used here, taking into

account only t-bonds, to calculate energy bands of graphene close to the Fermi level.

Energy (Hartree)
= /0
_I_I"'I
|
|
|
|
|
I T
|
| f
| AR
| |
|
f | /
. .
|
|
|
\
|
|
|
|
I i i

FIG. 2.5 — Band structure of graphene. Figure adapted from reference [54].

2.1.3 ELECTRONIC DENSITY OF STATES

Another equally important result to be discussed here is the density of states, N,
particularly in the region of the Dirac cones. One can calculate the density of states per

unit energy-area simply as [53, 54]:
1
N(E) = ZZ S5(E — E,). (2.16)
n
Replacing energy eigenvalues E, with momentum ones Ej:

1
N(E) :ZZ S(E — Ep). (2.17)
k
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As we focus our interest in the region where energy and momentum are

. . . . 3
approximately linear one can assume that Ex = vk, in which vf=EVppna or,
equivalently, the Fermi velocity vy = dE/dk. Summing electronic states in the first

Brillouin zone and, thus considering the two Dirac cones at K and K’ as well as the spin it

is possible to write [53, 54]:

d%k
N(E) = 4]W8(E + vek). (2.18)

Limiting the region of interest to Dirac cones by introducing limits in the integral and

rearranging its terms 2.18 becomes [53, 54]:

A
N(E) =ij ) (E_k) dk. (2.19)
vy Jo vy
2| E
N(E) = nlvle. (2.20)

Thus, one verifies that the density of states like the dispersion relation also
presents a linear behavior in the low energy range (in the approach used here only the
energy interval close to the Fermi level was considered). Fig. 2.6 depicts a plot of the
density of states as a function of energy where one clearly sees the linearity of this
relationship especially in the right panel of this figure (a zoom close to the Fermi level).
Moreover, one also observes regions where the density of states diverges (the van Hove
singularities), which are related to regions where the slope of the bands is zero (high

symmetry M points) [53, 54].

l T | T 0'4 T T T T
1L ] 1\ A
. 4 03b —
0.8 - i |
=, 0.6 — - o2 —
0.4 — i |
= = 0.1 =
0.2 — —‘_________-:—'—""_-; ]

B [ —
0 | | ] | 0 | | | 1 | 1
5.6 0 5.6 -2.24 -1.12 0 1.12 2.24
E(eV) E(eV)

FIG. 2.6 — Density of states (N) as an energy function of a perfect graphene sheet
highlighting the linearity of this relationship in a low energy range. Figure adapted from
reference [3].
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2.2 TOPOLOGICAL INSULATORS

Topological insulators are a new state of quantum matter that present an
insulating behavior in the bulk but conducting channels at the surface. This class of
materials was first theoretically predicted in 2005/2006 and just shortly afterwards
experimentally realized. D. J. Thouless, F. D. M. Haldane and J. M. Kosterlitz were awarded
with the Nobel Prize in Physics for their theoretical contributions to topological phases of
matter, which permitted important advances in this field [55]. In these materials high
spin-orbit coupling gives rise to a band-inversion mechanism that leads to spin-polarized
surface states. In the particular case of BixSes and Bi,Tes these surface states have also a
linear dispersion close to the I point and are protected by time-reversal symmetry [56,
57]. Remarkable properties of the mentioned states may enable the application of
topological insulators in spintronic devices. Here we present an overview on the subject
introducing a number of concepts and revisiting important effects. The starting point is
the mathematical concepts of topology and how they relate to band theory. Next, we
introduce Chern insulators through a discussion of the quantum Hall effect and finally, Z,

topological insulators are presented.

2.2.1 TOPOLOGY AND BAND THEORY

The mathematical concept of topological invariance was introduced to classify
different objects according to their fundamental geometrical properties, discarding small
details. In this context, the surface of a sphere is topologically equivalent to the surface
of a bowl, since they can be smoothly deformed into one another. On the contrary, the
surface of a sphere cannot be converted into a doughnut unless a hole is created, which
makes them topologically distinct. In geometry this classification is related to the genus
g, which is the number of holes of a given surface and therefore assumes only integer
values. Thus, objects with different genuses, like a sphere and a doughnut, are said to be
topologically distinct, since smooth deformations cannot create holes at the surface [58].
The theorem of Gauss-Bonnet defines the topological invariant called Euler characteristic
[58, 59], x, which is related to the geometrical integral of the Gaussian curvature, K, over

the surface S, as [58]:

13



deA =y=2-2g. (2.21)
S

As one sees, this integral groups objects with common geometrical properties to
the same topological class despite differences in their shape. In addition, the right-hand
side of this expression is quantized and arbitrary changes in K that do not create holes
also do not modify its topology [58, 60]. The concept of topology can be connected to
band theory and, thus, be used to characterize different phases of matter. A number of
physical quantities such as the Hall conductance is not affected by small changes, which
may include defects or thermal fluctuations in the investigated system. Thus, many
topologically quantities can be expressed in terms of invariant integrals [61, 62]. In this
context, the Gauss-Bonnet theorem was generalized by Chern [28, 63, 64], being used to
define its invariant, which groups different band structures. In solid state physics, for
instance, insulators have an energy gap that separates ground and excited states. Here,
the topological equivalence between two insulators is defined if one can be converted
into another by slow changes in the Hamiltonian, in such a way that the energy gap
remains finite during this adiabatic process [58, 60, 65]. If such path does not exist the
two insulators are not topologically equivalent and a connection between them involves
a quantum phase transition, which closes the energy gap [58]. Thus, whenever two
topologically distinct materials, i. e. with different Chern invariants, are in contact gapless
states will arise at the interface. This is a consequence of closing the energy gap necessary
to change the topological invariant when one goes from one system to the other [28].
Other concepts of topology like topological order parameter, which may lead to
guantization of physical properties, and topological field theory can also be introduced

to describe topological states [64].

There are gapped systems that belong to different topological classes regarding
conventional insulators and vacuum (which according to Dirac’s relativistic quantum
theory also has an energy gap) and, therefore, present remarkable properties [28]. Before
discussing so-called topological insulators, it is very useful, for a better understanding of
ideas and concepts introduced here, to analyze the quantum Hall state. This
phenomenon is described in the next section and can be comprehended in terms of

topology.
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2.2.2 QUANTUM HALL EFFECT

The integer quantum Hall effect is an important example of a gapped state that is
electronically distinct from conventional insulators. This phenomenon was first observed
by von Klitzing et al. in the 80s when a 2D gas of electrons in a semiconductor was
subjected to low temperatures and a strong magnetic field [66]. Under such conditions it
was verified that the current, which flows only in one direction along the edge of the 2D

insulating bulk sample, also gives rise to a quantized Hall effect [28].

In order to understand this in comparison with a conventional insulator it is useful
to picture a scenario where we consider both a schematic view of the materials and also
of their band structure. Kohn et al. [67] proposed the theory of an insulating state in
which the electrons are considered to be occupying localized orbitals (moving bound to
their atoms), insensitive to effects at the edges of the sample (see Fig. 2.7a) [67, 68]. The
band structure of these materials consists of an occupied valence band separated by an
energy gap to the empty conduction band as depicted in Fig. 2.7b. In the quantum Hall
state Lorentz forces lead the electrons to move in circular orbits with quantized energies

known as Landau levels. The energy can be written as:
1
En = (n+3) ha, (2.22)

where nis an integer number (in the case of integer quantum Hall state), & is the reduced
Planck constant and w. = eB/m is the cyclotron frequency, e the electron charge, B the
magnetic field and m is the electron mass. In this regime electrons move in cyclotron
orbits in the bulk, but skipping orbits along the edges (see Fig. 2.7c). This conduction
mechanism only at the edges of the material is a consequence of blocking the natural
trajectory of electrons due to the vacuum barrier [68]. In addition, the Landau levels can
be viewed as a band structure. Considering that a number of Landau levels are filled and
the remaining ones are empty, this state can be seen at first glance as an insulator, with
an energy gap separating conduction and valence bands [28]. However, differently from
a conventional insulator, cyclotron orbits respond to an electric field, giving rise to a Hall
conductance [28]. Thus, this state has a bulk energy gap, but also edge states at the

boundary as schematically illustrated in Fig. 2.7d.
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FIG. 2.7 — (a) Schematic representation of a conventional insulator with electrons
occupying atomic orbitals. (b) Typical band structure of an insulator with a band gap
separating the conduction and valence bands. The Fermi level is indicated by Er. (c)
Schematic representation of a quantum Hall state with the electrons moving in cyclotron
orbits. This state is characterized by edge states (see text). The direction of the magnetic
field B is indicated in the panel. (d) Band structure of a quantum Hall state. Here an edge
state connects the conduction and valence bulk bands.

As previously stated, one of the findings of the experiment performed by von
Klitzing et al. [66] was the quantization of the Hall conductance as a function of the

magnetic field. One can write the Hall conductance, g, as:

o=—-, (2.23)

where h is the Planck constant, e is the electron charge and n is an integer. In Fig. 2.8 one
sees the plot of the Hall resistance, the reciprocal of the Hall conductance, versus the
magnetic field applied perpendicularly to the 2D electron gas in a semiconductor at low
temperature. This measurement demonstrates the quantization of the Hall conductance
as highlighted by its stair-like behavior with well-defined plateaus [28, 63]. Interestingly,
the Hall conductance could be measured with extremely high precision independently of
the geometry and quality of the sample [69]. This set of results that include the edge
states together with the quantization of the Hall conductance is closely related to the

concepts of topology presented in section 2.2.1.
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FIG. 2.8 — Hall resistance versus magnetic field measured for a quantum Hall state. The
stair-like behavior of the curve indicates the quantization of the Hall conductance. Figure
taken from references [63, 70].

In the topological framework the existence of edge states arises simply as a result
of closing the energy gap at the interface between materials that do not have the same
topology, in this case the quantum Hall state and the vacuum. As depicted in Fig. 2.9a for
the quantum Hall state, the Chern invariant is 1, but for the conventional insulators it is
0. As explained before, it is not possible to change the topological invariant without
creating a gapless state at the interface that separates the two systems [28]. Therefore,
the quantum Hall state (or the Chern insulators) will present an edge state connecting its
conduction and valence bulk bands (see Fig. 2.9b). In addition, Thouless et al. [61]
demonstrated that n in expression 2.23 is equivalent to the Chern invariant. As a
consequence, small changes in the Hamiltonian that describes the sample like defects or
its own geometry do not affect this value [61, 71], which explain the robust quantization

of the Hall conductance.
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FIG. 2.9 —(a) Scheme showing the edge state that appears at the interface of a quantum
Hall state (n = 1) and a conventional insulator (n = Q) materials that belong to different
topological classes (see text). (b) Typical band structure of a quantum Hall state with edge
states (red) crossing the insulating gap that separates the conduction and valence bulk
bands.

2.2.3 QUANTUM SPIN HALL EFFECT

The extreme conditions in which the quantum Hall state was experimentally
observed, i. e. very low temperatures and high magnetic fields, represent an important
limiting factor regarding practical applications. This motivated the search for a broader
class of topological states that would not require such conditions. In 2005 and 2006
different groups theoretically proposed the quantum spin Hall state, in which the spin-
orbit coupling would act similarly to the magnetic field in the quantum Hall state [72-74].
The experimental observation of such state came soon in 2007 with the study of HgTe

guantum wells [29, 30].

In the quantum spin Hall state insulators have spin-polarized conducting channels
at the edges, which arise due to a high spin-orbit coupling. Differently from the previous
case, however, here the time-reversal symmetry is not broken [60, 75]. This requires the
definition of a new topological invariant Z,, which characterizes this new class of

topological states.

In the quantum Hall effect the electrons of the chiral edge state propagate only
along one direction. As schematically illustrated in Fig. 2.10a such conditions make these
channels extremely robust against the presence of impurities, circumventing them

without backscattering [75, 76]. The quantum spin Hall state can be pedagogically
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understood as two helical edge states (meaning that the spin is directly related to the
direction of the movement of the electrons), each of which have opposite spins, with the
electrons travelling in opposite directions (see Fig. 2.10b). Also, for this state there is no
backscattering by nonmagnetic impurities. Even though forward and backward
conducting channels are available in this case, quantum mechanics imposes a destructive

interference between the electronic paths of the two edge states [76].

(@) [ : b) 4
N o

Quatum Hall State Quatum Spin Hall State

|
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FIG. 2.10 — (a) In the quantum Hall state chiral edge states propagate along one direction
defined by the applied magnetic field. These conducting channels are robust against
impurities and backscattering is forbidden. (b) In the quantum spin Hall state two helical
edge states with opposite spins travel in opposite directions.

As previously stated, the quantum spin Hall effect was experimentally confirmed
in HgTe quantum wells by Konig et al. [29, 30]. In this work HgTe layers with different
thicknesses were synthesized by molecular beam epitaxy in between CdTe layers (see Fig.
2.11). As the thickness of the quantum well increases the spin-orbit coupling, which is
more pronounced in heavy elements, also increases. This effect changes the band
structure of the quantum well inverting its bands. For this particular case the valence
band, formed from electrons in p orbitals, is pushed down and, consequently, inverted,
for a certain critical thickness, with the conduction band, formed from electrons in s
orbitals [76]. In this regime edge states with opposite spins emerge. In addition, time-

reversal symmetry imposes the crossing of these bands as depicted in Fig. 2.11.

The edge states of HgTe quantum wells have a linear dispersion relation close to
the I point, where the two states cross each other (see Fig. 2.11b, lower panel). The fact
that this dispersion relation is identical to the one obtained from the Dirac equation for
a massless relativistic fermion in quantum field theory allows one to use it to describe the

edge states of quantum spin Hall systems [76].
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FIG. 2.11 — (a3, Upper panel) Schematics of a HgTe quantum well with a thickness below a
critical value. The electrons in the conduction band (blue curve) experience a potential-
energy well as depicted in this panel. The holes of the valence band (red curve) face a
potential barrier. This traps the electrons and holes laterally. (a, Lower panel) Under this
condition a band gap separates the conduction and valence bulk bands. (b, Upper panel)
Schematics of the HgTe quantum well with a thickness greater than a critical value. Under
this condition the lowest conduction band and the highest valence band are inverted due
to the increase in spin-orbit coupling. (b, Lower panel) Edge states, shown in red and blue
colors, now cross the insulating bulk gap. Figure taken from reference [76].

2.2.4 THREE-DIMENSIONAL TOPOLOGICAL INSULATORS

The Hamiltonian that describes quantum spin Hall states could be generalized to
three dimensions [77-79] and shortly after the experimental evidence of the three-
dimensional (3D) topological insulators was found in Bi1xSby, Bi>Ses and Bi;Te3 [80-82]. In
analogy to the previous case, the surface state of a 3D topological insulator is given now
by one single Dirac cone per Brillouin zone. Similarly to graphene, the electrons behave
as massless Dirac fermions. In Bi;Ses and similar compounds the atoms have an ABC
stacking and present a layered structure in which Se-Bi-Se-Bi-Se atoms are grouped
together forming a quintuple-layer. These quintuple-layers are connected to each other
by van der Waals interactions, permitting their exfoliation (see Fig. 2.12a). The chemical
bonds within individual layers, on the other hand, have a covalent character [83]. Angle-

resolved photoemission spectroscopy measurements showed a linear dispersion relation
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at the I point with circular surface energy contours for the Dirac cone (not shown) as
theoretically predicted [35, 84, 85]. However, it was verified that the bulk of this system
was not purely insulating, which was attributed to the presence of Se vacancies in the
system that n-doped the material (see Fig. 2.12b). Hsieh et al. [86] have overcome this
issue by doping the sample with Ca and, thus adjusted the Fermi level in between the
conduction and valence bulk bands. Also, experiments revealed that the spin of the

electrons is always perpendicular to the linear momentum in this case.

(a) Bi,Se,

Band gap

Suface states

Bulk valence band

k(A

FIG. 2.12 — (a) Crystal structure of the 3D topological insulator Bi>Ses. This material is
composed of layers of Se-Bi-Se-Bi-Se, forming quintuple-layers (QL), stacked along the
(111) direction. (b) ARPES measurements of the band dispersion of Bi,Ses Figure adapted
from references [35] and [36].

In Bi;Tes similar features were observed and also in this system the Fermi level
crosses the conduction bulk band, but in this case, this is caused by Te vacancies. This is
seen in Fig. 2.13a, which shows its dispersion relation along the K-I-K and M-I-M paths in
the first Brillouin zone. However, differently from the previous case, Fermi surfaces are
not circular, but rather warped and present a snowflake shape as depicted in Fig. 2.13b.
Maps of the Fermi surface using different photon energies confirm the surface state
character of the Dirac cone, since its shape remains unaltered, differently from what one
observes for inner conduction bulk bands [36]. Another important feature of the band

structure of BixTes is that its bulk conduction band is partially nested inside the Dirac
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cone. Therefore, sole electronic conduction at the surface only occurs in a limited energy
range. Bi Tes preserves all properties of a true topological insulator such as BizSes, in the

energy range -355 meV to -150 meV.

(a)

Binding energy (eV)

FIG. 2.13 — (a) ARPES measurements of the band dispersions of Bi;Tes. (b) Fermi surface
maps for different photon energies (indicated in each panel). Figure taken from reference
(36].

In the 3D case, differently from the previous one, there are four Z, invariants: v;
(v1,Vv3,v3). This set of invariants can be used to classify 3D topological insulators into two
different classes, namely, strong or weak, depending on the nature of their surface states.
This nomenclature is directly related to the degree of robustness of the system to

different types of perturbations [87, 88].

2.3 TRANSITION METAL DICHALCOGENIDES

Transition metal dichalcogenides (TMDCs) also form an important class of
materials. They present the formula MX;, in which M is a transition metal and X is a
chalcogen [37-39]. Depending on the particular combination of atoms an electronic
structure that ranges from an insulating to a metallic behavior can be obtained [37-39,
89]. Important examples are MoS; and WS3, which are semiconductors, differently from
TaS, which has a metallic behavior and will be the focus of this work (chapter VI). These
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materials had their structure first determined by Dickinson et al. [90] in 1923 and already
in the 1960s were produced as ultrathin films and later on as single layers [91]. Over the
years, many studies focusing on the properties of layered TMDCs made them possible
candidates to be used in nanoelectronics and nanophotonics [40, 92]. Therefore, it is
relevant and useful for device applications to verify and understand how the properties
of transition metal dichalcogenides are affected as the thickness of these layered
materials change and how they are influenced by the underlying substrate. Here, we
present the basics of TMDCs, including discussions about their atomic structure and some

of their electronic properties.

2.3.1 ATOMIC STRUCTURE

As previously mentioned, TMDCs have the formula MX; with one transition metal
layer sandwiched between two chalcogen ones in hexagonal planes as depicted in Fig.
2.14. M and X are connected through covalent bonds and the bulk form of these layered
materials is established by stacking them. These layers are weakly bonded to each other
by van der Waals interactions. In addition, these materials may present different
polytypes, having distinct atomic orientations and stacking sequences. The metallic atom
in TMDCs can present trigonal prismatic or octahedral coordination (among others)
which, in fact, characterizes the two most common structural phases of this class of
materials, namely 2H (Fig. 2.14a) and 1T (Fig. 2.14b), respectively. In this nomenclature
the letters refer to the symmetry in the crystal, i. e. hexagonal or tetragonal for the 2H
and 1T phases, respectively, while the number refers to the number of X-M-X units or

layers in a repeating unit (see Fig. 2.14, upper panel) [37-39, 47].

In addition, the 2H phase presents an ABA stacking with chalcogen atoms of
different layers always on top of each other (see Fig. 2.14a, middle panel), which gives it
a honeycomb-like structure similar to graphene (Fig. 2.14a, lower panel). Differently, the
1T phase presents an ABC stacking as indicated in the middle panel of Fig. 2.14b [37-39,
47]. Its top-view also resembles a honeycomb structure with an atom in the middle of
each hexagon (Fig. 2.14b, lower panel). A schematic view of these two structures is shown

in Fig. 2.14. The stability of these phases varies for different TMDCs, but usually, even
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non-favorable configurations can exist as metastable phases under specific conditions

[37-39, 47].

@ Transition Metal
@ Chalcogen

FIG. 2.14 — Schematic view of the structure of TMDCs in the (a) 2H and (b) 1T phases.
(Upper panel) Scheme representing the trigonal prismatic and octahedral coordination
of atoms in the 2H and 1T polytypes (left and right panels, respectively). The lattice
constant (a) varies from 0.31 nm to 0.37 nm for different TMDCs. The parameter ¢
indicates the number of layers in a repeating unit. (Middle panel) Side view of a single
TMDC layer in Hand T phases (left and right panels, respectively). (Lower panel) Top view
of these two TMDC structures.

2.3.2 ELECTRONIC PROPERTIES

The electronic properties of TMDCs depend on their atomic composition as well
as the atomic arrangement [37-39], meaning their polytype, discussed in the previous
section. A simple example that illustrates this is 2H-MoS; and 2H-TaS,. While MoS; is a
semiconductor, TaS; exhibits a metallic behavior. Depending on the atomic coordination
of the materials the band structures will differ. Particularly important are the nonbonding
d-bands located between the bonding and the antibonding bands. For a trigonal prismatic

coordination, the d-orbitals split into three groups, while for an octahedral coordination
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they degenerate into two bands [38, 47]. 2H-MoS; and 2H-TaS; have exactly the same
atomic coordination. The difference however, lies on the metallic atom, Ta and Mo,
transition metals from groups V and VI of the period table, respectively. What explains
the distinct electronic character is the filling of d-bands. In the case of MoS; the valence
band is completely full while for TaS; it is only partially occupied (see Fig. 2.15) [38, 47].
The role of the chalcogen is related to broadening of these bands [38]. Moreover, an

increase of the band gap is observed as its atomic number decreases [38].

Group 4 (Dsy) Group 5 (Dg,) Group 6 (Dg;) Group 7 (Dgy) Group 10 (Dsy)

Energy

___________ EF - EF

FIG. 2.15 — d-Orbital filling and electronic character in groups 1V, V, VI, VIl and X TMDCs.
Figure taken from reference [38].

The phase also plays an important role, making the same system host completely
different properties. In the case of MoS;, modifications from semiconducting to metallic
behavior can take place, as the structure changes from 2H to 1T/1T’. This remarkable
change in properties has been strategically used to improve the performance of field-

effect transistors creating low-resistance contacts.

Furthermore, the dimensionality is also an important factor in the electronic
structure of layered materials, since a number of properties is thickness-dependent. The
classic example is graphene, which presents unique properties and band structure,
including a Dirac cone at the K point of the Brillouin zone, that is absent in graphite [1-4].
The same is valid for TMDCs. The effect of the number of layers on the electronic
properties can be clearly seen in the case of MoS;. In Fig. 2.16 one observes the band

structure of 2H-MoS; obtained via first-principle calculations [38, 40]. In this figure it is
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possible to see the changes in the electronic bands as the number of layers is reduced to
a monolayer. One observes that the conduction bands located at the K point remain
unchanged as the thickness of MoS; decreases, differently from the bands around the I
point. This is because different bands can be more or less affected by interlayer
interactions. Thus, as the thickness decreases the indirect band gap of 0.88 eV observed
in the bulk crystal evolves into a direct band gap of 1.71 eV [38, 40]. These modifications
in the electronic properties of the material as its thickness changes are explained by
guantum confinement effects, which alter the hybridization of the atoms in the layer.
Moreover, the electronic distribution is also affected by atomic configurations [37-39,

47].

Bulk 4 layers 2 layers Monolayer

Energy

r MK I'T MK I'T MK I''T MK T

FIG. 2.16 — Evolution of the band structure of 2H-MoS; as its thickness changes from bulk
form to monolayer. Figure taken from reference [38].

Differently from MoS,, TaS, does not exhibit a semiconducting behavior, but
rather a metallic one, as previously stated. Despite the absence of an electronic gap, this
material is interesting for distinct reasons. TaS; host properties of superconductivity,
charge density waves and Mott transitions [44-46, 94, 95] among others in the T phase,

but neither charge density waves nor superconductivity was observed in the H phase.
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For 2H-TaS; the parameters a and c are respectively: 0.3342 nm and 1.254 nm. In
the 1T-TaS; phase a = 0.338 nm and ¢ = 0.619 nm [96]. In Fig. 2.17 density functional
theory calculations for a free standing single TaS; layer are presented [46]. In the left
panel of this figure the band structure along the M-I'-K path in the first Brillouin of 1H-
TaS; is shown, while in the right panel the band structure of 1T-TaS; can be seen. In both

cases the metallic character of TaS, can be verified since a couple of bands cross the
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FIG. 2.17 — Band structure of (left panel) single layer 1H-TaS; and (right panel) 1T-TaS,.
Figure adapted from reference [46].
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EXPERIMENTAL TECHNIQUES

In this work we have used different experimental techniques among which are
scanning tunneling microscopy/spectroscopy and angle-resolved photoemission
spectroscopy. These experimental tools proved to be essential for the investigation of
materials studied in this thesis. In the chapter in question we explain the physical
concepts related to these techniques. This knowledge is fundamental for a deeper

comprehension of the experimental results that will be shown afterwards.
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3.1 SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY

Scanning tunneling microscopy and spectroscopy (STM/STS) are interesting
techniques to investigate not only nanostructures of 2D materials like graphene, but also
the surface of other materials such as topological insulators, semiconductors and
transition metal dichalcogenides. The scanning tunneling microscope was invented in
1981 by H. Rohrer and G. Binnig [97]. This techniqueis based on the quantum
phenomenon of tunneling and enables imaging of atomic and molecular structures by
varying the tunneling current between an atomically thin conducting tip and the
investigated sample. Together with microscopy, tunneling spectroscopy is used to obtain
information about the local density of states of the sample as a function of the electron

energy.

3.1.1 THE TUNNELING CONCEPT

According to the classical mechanics theory, an electron of mass m and energy E

subjected to a potential U(z) can be described by the following equation [98, 99]:

pZ
- tU@=E. (3.1)

Under such conditions the momentum of the electron will be p = /2m(E — U),
implying that its motion is limited to regions where the value of its energy E exceeds the

value of its potential energy, U.

In guantum mechanics, on the other hand, its motion is described by

Schrédinger’s equation, whose time independent form is:

h? d?
() + VY@ = B, (32)

Considering the relation between U(z) and E specified in Fig. 3.1:
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0 a
FIG. 3.1 — Rectangular potential barrier U(z).
The solution of the equation 3.2 for each region will be:
W(z) = Are™ + Bie™™*,  z<0, (3.3)
Y(z) = Ce* + De ™%, 0<z<a, (3.4)
Y(z) = A,e*% + B,e~ 2, z=a, (3.5)
where k = @ and k = —Vzm(hUO_E) For z < 0 and z > a the solutions described above

correspond to an electron moving with p = Ak or simply v = p/m and it is similar to the
classical case, previously discussed. On the contrary, the great difference between
classical and quantum theories lies on the region 0 < z < a. Since the electron wave
function has a finite value in the region of the potential barrier, there is a certain
probability that it penetrates in the classically forbidden region or even passes through

the barrier, a quantum phenomenon known as tunneling (see Fig. 3.2).

Ulz)

FIG. 3.2 — Quantum tunneling representation.
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The constants of the wave function shown in equations 3.3 to 3.5 can be
determined by the conditions of continuity of ¥(z) and dy(z)/dz for z=0and z = a.
These constants give us information about the reflection and transmission coefficients, R
and T, respectively. In the matricial form the relation among these constants for z =0 is

[98]:

1 1 A1]_ 1 17[C
ik —ik] [Bl B [K —K [D] (3.6)
Similarly, for z = a:
eka e ka I _ eika e—ika A2
[Kem Ke_"a] [D] B [ikeika l'ke—ika] Bz]' (3.7)

The coefficients R and T can be obtained through the transference matrix, [P], which is

defined as [98]:
=[]

Thus, the reflection and transmission coefficients are:

B 2 P. 2
=2 =2, (3.9)
Al Pll
T—AZZ— Ly (3.10)
Al P11 ' .
respectively, satisfying the condition R + T = 1. Explicitly, T can be written as [98]:
Uy?[senh(ka)]?)
T=141 3.11
{ T TIEWU, - ) (.11
If ka > 1, then T can be simplified as:
4E(Uy — E
T = [#] e~2Ka, (3.12)
U
0

Analyzing this expression, one sees that the transmission coefficient depends
exponentially on the width of the potential barrier, a. This was experimentally observed
by Binnig et al. [100] and it is what makes possible imaging surfaces of different sorts of

materials, with high-resolution.
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3.1.2 SCANNING TUNNELING MICROSCOPE

The invention of the scanning tunneling microscope by H. Rohrer and G. Binnig in
1981, not only rewarded them with the Nobel Prize in Physics in 1986, but also opened
up a new field for research on condensed matter. It allowed obtaining nanometric images
and, consequently, the visualization of atomic and molecular structures [97, 101]. In Fig.

3.3, one can observe a schematic view of a scanning tunneling microscope:
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.
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FIG. 3.3 — Schematic view of a scanning tunneling microscope. Figure taken from
reference [99].

The scanning tunneling microscope basically works as follows: an atomically thin
conducting tip, usually made of W or Pt/Ir is connected to motors with nanometric
resolution in the x, y and z directions. These motors are made of piezoelectric materials,
which can contract or expand depending on the application of positive or negative bias
voltages. The cited property makes this system able to scan the surface of the sample
along x and y directions, and also vary its z position. Once the tip and the sample are
sufficiently close, but not in Ohmic contact, i. e. in tunneling condition, a bias voltage is
applied between these two objects so that a tunneling current flows through the system.
Assuming that the STM tip is grounded, V will be, therefore, the voltage applied to the

sample. This means that if V > 0 electrons will tunnel from the occupied states of the tip
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to the unoccupied states of the sample. The tunneling current will be then amplified and
through a feedback system, the distance between the tip and the sample surface will be
controlled in order to keep the tunneling current constant (constant current operation
mode). Thereby, if a tunneling current greater than the reference value is detected, the
feedback system, connected to the piezoelectric motors will drive the tip away from the
sample surface, decreasing the tunneling current (remember that the transmission
coefficient depends exponentially on the potential barrier width, which, in this case, is
related to the tip-sample distance). If the detected tunneling current is less than the
reference value piezoelectric motors will approach the STM tip towards the sample,
increasing the tunneling current to keep it constant (see Fig. 3.4, left panel). As a result
of this process the surface of the sample will be mapped into topographic images shown
in a color-code that represents a combination between height and electronic variations,
since the tunneling current also depends on the density of states of the sample [99], as
will be shown in the following sections. In the constant height operation mode, on the
other hand, the tip path will be fixed during the entire sample surface scan. As a
consequence, the tunneling current will vary according to the structure of the sample

(Fig. 3.4, right panel).

tip path
e tip path
; D LR |
] sample ] sample
I I
T > x T > x

Constant Current Mode Constant Height Mode

FIG. 3.4 — Operation modes of a scanning tunneling microscope. In the left panel one sees
constant current operation mode in which the tunneling current is kept constant and the
distance between tip and sample varies. In the right panel, constant height operation
mode is presented. In this case, the distance between the tip and the sample is kept
constant and, consequently, the tunneling current varies.
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3.1.3 BARDEEN THEORY OF TUNNELING

For a better understanding of the STM technique a more sophisticated theory,
like the Bardeen theory of tunneling, is required. It will permit us to comprehend some

aspects that would, otherwise, be difficult to explain.

To estimate the tunneling current through the potential barrier, we will assume
that the STM tip and the sample are far apart from each other, so that their electronic
structures can be considered separately. As a consequence, their non-perturbated wave
functions will obey independent Schrédinger’s equations. Thereby, for the STM tip, it is
correct to write [99, 102, 103]:

0% [ K2 92

— = |7zt UT] W, (3.13)

where Ur(2) is the potential energy of the tip, which is defined as Uy (z) = U(z) for the

regions of the tip and the potential barrier, z > z;, and U;(z) = 0 for the region of the
sample, z <z, (see Fig. 3.5). Moreover, Wy =¢Ze‘iE#Ttt/ﬁ and 7, the spatial wave

function of the tip, obeys the equation:
—h? 92
T
S 972 + UT] l,[)u E z,bu (3.14)
Similarly for the sample [99, 102, 103]:

s, (3.15)

where Us(z) is the potential energy of the sample, which is defined as Us(z) = U(z) for

the region of the sample, z < z;, and as Us(z) = O for the regions of the potential barrier

and the tip, z > z,. The solution of this expression is Wg = pSe /A where S, the

spatial wave function of the sample, satisfies:

2 62
[Zm 3.2 + Us] Y5 = ESys. (3.16)
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FIG. 3.5 — Simplified schematic view of a scanning tunneling microscope showing the tip
and the sample and their potential energies.

As the tip and the sample approach to each other, decreasing the distance
between them, the transmission coefficient increases. Once the tunneling condition is
reached, i. e. the tip-sample separation is sufficiently small, a tunneling current will be
established, as a result of transfer electrons from occupied states of the sample to
unoccupied states of the tip, or vice-versa. The tunneling current is influenced by the
combined potentials of tip and sample, so that ¥, the evolved state of the system, is now
governed by the following Schrédinger’s equation [103]:

o¥Y [—-h? 92

— =|——+4+U Ur|Y. 3.17
! ot 2m622+ s+ Ur ( )

In this new approach the term U; has now a temporal dependency. It will be
assumed that for t - —oo there is a long distance between tip and sample so that it is
correct to consider the electron in a stationary state of the sample, namely ;5. If the STM
tip slowly approaches the sample, we can assume that Uy (t) has an adiabatic behavior

[103]:
Urp(t) = ey, (3.18)

where 7 is a positive integer. At the end of the process, when the tip is close enough to

the sample, we will make n — 0 and, consequently, the potential will be constant for every
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t. In such conditions, ¥, described by equation 3.16 at t — —oo, will not evolve according
to 3.15 anymore. This is because the electron has now a probability of tunneling through

the potential barrier, since the tip-sample distance is now reduced.

Since the tunneling current is the result of transfer electrons from occupied states
of the sample to unoccupied states of the tip, to estimate its magnitude it is essential to
determine the probability of electron tunneling through the potential barrier. This
requires the determination of the state of the combined tip-sample system, which can be
written simply as a linear combination of the wave functions of sample, ¥, and tip, 1,[),7;

[99, 102, 103]:
W= e B/ 4 Z c (DL e ELL/N, (3.19)
u=1

where ¢, (t) was inserted due to the temporal dependency of Ur(t). Assuming that
¢, (—o0) = 0 and the wave functions 1] and vy are orthogonal; substituting expression

3.19in 3.17 we obtain:

o)

 dey, (t . . . .
ihz ;t( )lpZt‘e—lEEt/h — UTlpl.}?e—L(Efﬂn)t/h + USZ CA(t)l/J}{e_LE)Tt/h. (3.20)
u=1 A=1

Neglecting the second term on the right-hand side of the equation above for being an
infinitesimal quantity, the expression becomes:

NIACH

L WU ¢£*e—i(E§—E§+in)t/hd3r’ (3.21)

z>74

which is only defined for z > z;, where Uy # 0. Defining the tunneling matrix element

M

v @St

My, zf YSUr Yl dor, (3.22)
zZ>74

the coefficient ¢, (t) can be written as:
e—i(EE—EﬁHr;)t/h

) =M .
cu(®) = My, (ES — EL + in)

(3.23)
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3.1.4 SCANNING TUNNELING SPECTROSCOPY

Combining expressions 3.19 and 3.23, ¥ can be determined and, consequently,
the probability of transferring electrons from occupied states of the sample to the
unoccupied states of the tip over time, P,,, can be calculated. | ¢, (t) 12, which describes
the probability of an electron, initially described by ¥ at t = —oo, populate the state I/JZ

at time tis [103]:

eZnt/h

2 _ 2
| ¢, () 1°=I M, | ES B+t (3.24)
2
Thus, the probability of tunneling per unit of time, defined as B,,(t) = %, will be
[103]:
nlM |2 eZT)t/fL
P, () = 1My (3.25)

RSB

Taking the limit n - 0, for which the tip is sufficiently close to the sample and Uy is
constant in time and using §(x) = llim% one obtains:

T 0 x?%4n

17—)

2n 2 S T
P = = My 17 8(ES = E), (3.26)

where the term §(Ey — Ej}) guarantees the elastic tunneling condition (the inelastic case

will not be studied here).

So far, we have considered the transfer of a single electron from occupied state v
to an unoccupied state u. However, in order to make this calculation more accurate it is
necessary to take into account the state spectrum of the tip and the sample. To do so we
will sum the tunneling current over v and u for each spin state. In addition, the Fermi
distribution, f(E — Ep) = {1 + exp[(E — Er)/kgT]}"%, will also be included into the
formulation. Thus, for a bias voltage V applied between tip and sample, the tunneling

current (I e« eP,,,) will be [99, 103]:

4e
Igoy = TZ F(ES — ES)[1 - fF(ET—ED)] | My, 2 8(E] — ES — eV), (3.27)
Vi
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Iy =T er(ET —ED)[1 — f(ES — E)] | My, * S(E] — ES — eV), (3.28)

where Is_r is related to transfer of electrons from sample to tip and the opposite
for Ir_s. Note that f(E — Ep) is ascribed to occupied states and 1 —f(E —Ep) to
unoccupied states. The subtraction of these two tunneling currents gives us the total

tunneling current:

=228y [f(E5 — Ef) — f(EL—EF)] | My, 12 8(EL — E5 — eV) (3.29)

Vi
Using the electronic density of states, N, one can replace the sum over discrete

states spectrum with an integral over energies [99, 103]:
47Te
I= f [F(Ef — eV + &) — f(EF + &)|Np(EF + e)Ns(Ef —eV + &) | M |7 de, (3.30)

where N and Ng are electronic density of states of tip and sample, respectively.

The Fermi distribution can be approximated by a step function if kgT is less than
the energy resolution of the system. Thus, the expression of the tunneling current, 3.30,

can be written as:

ev

4me
1= - Ny (EE + e)Ng(Ef — eV + &) | M |? de. (3.31)

0

Considering that M does not vary much in the integral range, the tunneling current will

be:

ev
I f Ny (EF 4+ e)Ng(Ef — eV + &) de, (3.32)
0

a convolution between the electronic density of states of tip and sample.

Qualitatively, these concepts can be understood as follows: once a bias voltage, a
negative one for instance, is applied between STM tip and sample, electrons will flow

from occupied states of sample to unoccupied states of tip (considering that the tip is
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grounded). Thus, the tunneling current will be influenced by the density of states of

sample and tip as schematically shown in Fig. 3.6.

barrier
Ef
DOS sample ——. T
F
DOS tip
E
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FIG. 3.6 — Schematic view of tunneling between STM tip and sample. In the
representation shown, a negative bias voltage is applied to the sample and, consequently,
electrons will tunnel from occupied states of sample to unoccupied states of tip.

The scanning tunneling spectroscopy technique basically consists of measuring
the tunneling current at a single point of the sample defined by the STM tip position,
which is atomically thin, as a function of the electron energy. Therefore, the tunneling

current can be rewritten as:
ev
I j LDOS,i,(EF + €)LDOS qmpie (Ef — €V + ¢) d, (3.33)
0

where the electronic density of states of tip and sample were replaced by the local density

of states of sample, LDOSsqmpie, and the local density of states of tip, LDOS,;,.

The derivative of the tunneling current as a function of the bias voltage will be

[99]:

dl
FTAS LDOSi(EF + eV)LDOSqmpie (EF). (3.34)

Analyzing this expression, one sees that for a negative voltage in the sample, with
electrons tunneling from occupied states of sample to unoccupied states of tip, the

derivative of the tunneling current is proportional to the local density of states of the tip
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at the energy EX + eV and to the local density of states of the sample at the Fermi level,
E7. Whether one can guarantee that the local density of states of the tip is approximately
constant, then one can infer the density of states of the sample (in fact, the local density
of states of the tip, which depends on its material and its termination is not a constant,
but in general this is a reasonable approximation). For a positive bias, on the other hand,
the derivative of the tunneling current will be:

dl r s
7y & LDOSip (EF)LDOSsqmpie (EF + €V). (3.35)

Thus, one sees from expressions 3.34 and 3.35 that depending on the signal of the bias
voltage occupied or unoccupied states of the sample may be highlighted in the tunneling

spectrum.

Therefore, the tunneling spectrum, di/dV or STS, gives us information about the
local density of states of the sample allowing the study of the electronic properties of

different systems.

3.1.5 LOCK-IN AMPLIFIER TECHNIQUE

The combination of a scanning tunneling microscope with a lock-in amplifier,
through the superposition of a sinusoidal signal to the STM tip voltage, provides an output
signal proportional to the derivative of the tunneling current [104], which is, as previously
mentioned, proportional to the local density of states of sample. The advantage of using
this amplifier consists not only in the direct acquisition of the dI/dV signal, which allows,
for example, spatially-resolved measurements of density of states [99, 104-107], but it
also allows for the reduction of the electronic noise in the spectroscopic response [108,

109].

A lock-in is a type of amplifier based on phase-sensitive detection (PSD), which is
used in measurements of alternating current (AC) signals. This technique, which basically
consists of a phase-sensitive detector and a low pass filter (see Fig. 3.7), multiplies the
input signal, which is being investigated, by a reference signal that has specific phase and

frequency. This product will only have a non-zero average value over time for the case in
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which its input and reference frequencies coincide as a consequence of the orthogonality
of sinusoidal functions. Thus, when the lock-in amplifier integrates the multiplied signal
over time, which is done through a low pass filter, it will select exclusively a part of the
input signal that has the same frequency of the reference signal, attenuating other

components with different frequencies or out-of-phase [108-112].
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FIG. 3.7 — Schematic view of a scanning tunneling microscope connected to a lock-in
amplifier. The tunneling current, modulated by an external sinusoidal signal, is multiplied
by a reference signal through a PSD. The product goes into a low pass filter, which extracts
its direct current (DC) component.

In particular, a lock-in amplifier can be used for the direct acquisition of the
tunneling spectrum. In such case, the addition of a small AC voltage, V,,; = Asin(wt) to
the STM bias voltage (w is set so that it does not interfere in the acquisition of the STM
images and the microscope’s operation) will result in a response signal, i. e. the tunneling
current I, also modulated. The tunneling current will act as a stimulus to a voltage, V;(V +
Vo.xt), Which is directly related to it [104, 108]. In Fig. 3.7 one sees a scheme of a lock-in
amplifier connected to a scanning tunneling microscope. If the amplitude of the
sinusoidal signal is sufficiently small, then the tunneling current can be expanded into a

Taylor series as:

dv,
ViV + Vo) = V,(V) + d—V’ Asin(wt) + 0(4%) + - (3.36)
%4
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This signal will be the input of the lock-in amplifier and will be amplified and
multiplied by a reference signal, Vs = sin(wreft + ¢). Using trigonometric identities of

the sinusoidal functions this product can be written as [104, 108]:

Vi(V 4 Vexe)sin(wrept + ¢) = Vi(V)sin( et + @)

Adv,

+EW{COS[(wref — a))t + ¢)] — cos[(wref + w)t + (I)]} + -+ (3.37)

Whenever w,.r # w this product will be zero in an average over time. However, if one

can adjust w,.r = w then this product becomes [104, 108]:

ViV + Veye)Asin(wyest + @) = V;(V)sin(wt + ¢)

Adv,

=y [cos(@) — cosQat + ¢)].  (3:38)

Through a low pass filter one can extract the DC signal (this is because the
frequency range used in the experiment is very small compared to the adjusted cutoff
frequency), which is proportional to the first derivative of the tunneling current regarding
to the bias voltage. We recall that this term is directly related to the local density of states
of sample as discussed in previous sections. Adjusting the phase, in order to maximize
the output signal, the proportionality term will be well-established. Thus, one can write
[108]:

Vout~éﬂcos(¢) (3.39)
2dv

Additionally, any other signal or noise with a different frequency will be filtered
through the reference signal’s adjustment, producing a noiseless signal as the output of
the lock-in amplifier. This can be clearly seen in Fig. 3.8, in which tunneling spectra of a
Bi»Ses sample obtained with and without the use of a lock-in amplifier, are shown. In the
left panel of Fig. 3.8 one sees a tunneling spectrum directly acquired through a lock-in
amplifier. In the right panel of Fig. 3.8, on the other hand, it is presented a tunneling
spectrum obtained directly from the STM microscope. This curve was acquired by a

process of numerical differentiation of the I(V) curve. As one observes from the direct

comparison between these two results, the curve acquired without a lock-in amplifier is
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much noisier when compared to the curve obtained using the lock-in amplifier. This

demonstrates the advantage in using this equipment for STS measurements [113].
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FIG. 3.8 — Tunneling spectra obtained (left panel) with and (right panel) without the use
of a lock-in amplifier. The sample measured is a topological insulator, namely Bi,Ses.
Figure taken from reference [113].

3.1.6 EXPERIMENTAL SETUP AND EXAMPLES OF MEASUREMENTS

In Fig. 3.9 it is presented the experimental setup of the ‘Nanoscopia UHV’
laboratory at Universidade Federal de Minas Gerais, Brazil. In the left panel one sees a
NanoSurf microscope, which works under air conditions and room temperature. In the
right panel a variable temperature Omicron VT-STM that works in ultra-high vacuum
conditions is presented. These scanning tunneling microscopes were used in the

measurements shown in chapters IV and V of this thesis.
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Electronic controls

FIG. 3.9 — Scanning tunneling microscopes of the ‘Nanoscopia UHV’ laboratory, Brazil.
(Left panel) A NanoSurf microscope that operates under air conditions and room
temperature. This microscope is equipped with a vibration isolation and a lock-in
amplifier (not shown in this figure). (Right panel) Omicron variable temperature
microscope. In this panel one sees a lock-in amplifier connected to the scanning tunneling
microscope, a low-energy electron diffraction (LEED) and helium Dewar used for cooling
the system.

In Fig. 3.10 one sees the experimental setup of TUMA Il, one of the microscopes
of the ‘Experimentelle Nanophysik’ laboratories at Universitat Siegen, Germany. This
machine is equipped with an evaporator, a quadrupole mass spectrometer (QMS), LEED,
ion gun and a scanning tunneling microscope which operates in ultra-high vacuum
conditions and in the temperature range of 140 K up to 600 K. This machine was used
during my doctoral stay in Germany to measure the experimental results presented in

chapter VI.
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FIG. 3.10 — Microscope TuMA lll at the ‘Experimentelle Nanophysik’ laboratory, Germany.
This machine is equipped with an evaporator (not visible in this image), a quadrupole
mass spectrometer (QMS), LEED (also not visible) and ion gun. It operates in ultra-high
vacuum conditions.

As an example of this technique, we present some results obtained using STM.
Fig. 3.11 presents some STM images of a graphene sample grown on a polycrystalline
copper substrate via chemical vapor deposition (CVD), which was investigated during my
Master’s degree. In this work STM and STS were used to study the interplay between
atomic and electronic structure of the sample. In particular, STM images revealed the
epitaxial match between the graphene sheet and the underlying substrate in different
crystallographic orientations, through the observation of distinct moiré patterns [114,

115].
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FIG. 3.11 — STM topographic images from different regions of graphene on a
polycrystalline copper substrate. Images (a) of a very flat graphene area, (b) of an area
with an approximately hexagonal moiré pattern and (c) of a region with a nearly
rectangular moiré pattern. In the insets of these figures one sees the corresponding
Fourier transforms. The scale bars are: (a) 4 nm, (b) 4 nm and (c) 5 nm. Images adapted
from reference [115].

In Fig. 3.11a one visualizes a particular region where there is no strain imposed by
the substrate. For the regions shown in Figs. 3.11b and 3.11c, on the other hand, we
observe two different moiré patterns formed by the superposition of graphene and
copper lattices. These structural differences significantly influence the electronic

properties of each of these systems. For further details see reference [115].

Additionally, in Fig. 3.12a we present some STM images of a quantum corral made
with Ag adatoms on top of Ag(111) [105]. In this structure, obtained by the manipulation
of atoms using the scanning tunneling microscope itself, the Ag adatoms work as a
potential barrier able to confine electrons. Spectroscopic maps (see Fig. 3.12b), obtained
using a lock-in amplifier, show different standing wave patterns of the surface states
confined within the quantum corral, besides scattered waves outside the triangular

structure [99, 105].
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FIG. 3.12 — (a) STM topographic images of a triangular quantum corral formed with Ag
adatoms on a Ag(111) substrate. (b) Maps of electronic density of states of the quantum

corral shown in (a) for different energies (depicted in each panel). Images taken from
references [99] and [105].

3.2 ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY

Angle-resolved photoemission spectroscopy (ARPES) is a powerful experimental
tool to investigate electronic states near the Fermi level. This technique is based on the
photoelectric effect first observed by H. R. Hertz in 1887 and later explained by A. Einstein
in 1905 [116]. For this finding he was awarded with the Nobel Prize in Physics in 1921
[117]. lluminating a sample, either using a He-discharge lamp or synchrotron radiation,
will result in the photoemission of its electrons. The analysis of the kinetic energy of these
electrons through an angular scan permits the reconstruction of the dispersion relation

of the system investigated and an in-depth comprehension of its electronic properties.

3.2.1 PHOTOELECTRIC EFFECT

The experimental observation of the photoelectric effect was made in the 19t
century after detecting an electronic current (electrons were attracted to an anode

through the application of a bias voltage) when illuminating a metallic plate in a vacuum
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environment. Some of the observations of this experiment are shown in Fig. 3.13.
Particularly, it was concluded that: (i) there was a cutoff frequency (that varies depending
on the material of the plate), below which the photoelectric effect was not observed (Fig.
3.13a and 3.13b); (ii) the number of photoelectrons depended on the intensity of the
light source, however, their kinetic energy was not affected by it (Fig. 3.13c and 3.13d);
(iii) the electronic current was detected instantaneously, as soon as the metallic plate was
illuminated, no delay was observed. These points raised questions about the nature of

light that could not be answered by the classical wave theory [118].
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FIG. 3.13 — Schematic representation of the photoelectric effect. (a) Depending on the
light source’s frequency no electron is ejected from the sample and the photoelectric
effect is not observed. (b) For frequencies above a cutoff value, electrons escape from
the sample with kinetic energy, K;. (c) For a more energetic light source (higher
frequency) the kinetic energy of the electrons will be greater when compared to the
previous case (K, > K;). (d) A more intense light source does not alter the kinetic energy
of electrons, just the number of electrons ejected.

This phenomenon was explained by A. Einstein who developed the quantum
theory of light. He proposed the quantization of light in packets of definite energy, the

photons. According to this theory, the energy of the photon is [116, 118]:

E = hy, (3.40)
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where h is the Planck’s constant and v the frequency of light. The photoemission occurs
whenever the photon energy absorbed by the electrons in the sample exceeds the energy
that binds them in the material. In particular, the maximum kinetic energy, Kpyqx, Of an

electron ejected from the sample surface is:
Koy = hv — ¢, (3.41)

where ¢ is the work function that represents the minimum energy necessary to remove

an electron from the sample.

With these arguments the experimental observations, previously mentioned,
could be explained. The existence of a cutoff frequency, for instance, is understood
making Knex = 0, which results in hv, = ¢, where v, is the cutoff frequency. This
expression tells us that photons with energy hu, have the minimum energy necessary to
gject electrons. Thus, if the light source has a frequency v < v, the photoelectric effect
will not occur. Additionally, equation 3.41 shows that K,,,, does not depend on the
intensity of the light source, but only the photon energy. Therefore, by increasing the
intensity of the light source, the number of photons also increases and, consequently,
the number of electrons ejected increases as well. However, this does not affect the
kinetic energy of the electrons, since the energy of the photons remains unaltered.
Finally, the absence of any delay in the emission of electrons is fully understood by the
concept of the photon itself. The idea that the energy is now storage in packets,
differently from the classical theory, in which the energy of the light source was uniformly
distributed in the front wave, makes the absorption of photons and the emission of

electrons an instant process [118].

3.2.2 THEORY OF ARPES

In a typical ARPES experiment either a He-discharge lamp or synchrotron radiation
is used to illuminate the sample in a vacuum environment. The electrons emitted through
the photoelectric process, ejected from the sample in all directions, will be then collected
through an electron analyzer, where one can measure its kinetic energy, K, for a certain

emission angle (8, @). In Fig. 3.14a a schematic view of the experimental configuration
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of an ARPES measurement is presented. Through this scheme one can determine the
relationship between the momentum of the electrons ejected (the superscript o refers

to the electrons outside the sample) and the emission angles as [119]:

ko = 'Zflf ™ sin (8)cos (¢), (3.42)

kg = “Z;f ™ in (8)sin (¢), (3.43)
2Km

k2 = 5 Cos 6), (3.44)

where m is the mass of the free electron.
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FIG. 3.14 — (a) Schematic representation of the photoelectric effect showing the emission
angles 8 and ¢ and the entrance of the electron analyzer. (b) Schematic view of a typical
ARPES setup showing the electrostatic lens, the electron analyzer, where the electrons
are curved by an electric field and the charge coupled device (CCD).

The photoemitted electrons go directly to an electron analyzer after passing
through a series of electrostatic lens. In the analyzer the electrons are curved by an
electric field and then are detected in a CCD, which works as a detector (Fig. 3.14b). By
determining the trajectory of the electrons in the analyzer their kinetic energy can also
be known. This, together with an appropriate angle scan, permits us to determine the

dispersion relation of the system.
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Using the laws of conservation of energy and momentum it is possible to correlate
this information with the sample binding energy, Eg, and the momentum of the electrons

inside it. In particular, it is correct to write:
K = hv — ¢ — |Eg|. (3.45)

Using this expression, the binding energy is completely determined. Additionally,
neglecting the momentum of the incident photon, for being infinitesimal for low
energies, the parallel components of the momentum of the electron (denoted by the

symbol //) are conserved:

where the superscript i refers to the electrons inside the sample. Combining this
expression with equations 3.42 and 3.43 one can directly obtain the momentum of the
electrons inside the sample in directions k, and k,,. Due to the translational symmetry
being broken, the momentum is not conserved in the k, direction. However, information
about this direction can be obtained varying the energy of the light source as one sees in
the expression below, which is an approximation for electrons near the Fermi level [119,

120):
n2ki’

hy =
v 2m

+¢ =V, (3.47)

where V, is the inner potential. Thus, through the variation of the incident photon energy,
which requires the use of synchrotron radiation, it is possible to do a complete
reconstruction of the dispersion relation of the sample and also differentiate bulk and

surface states.

3.2.3 EXPERIMENTAL SETUP

In Fig. 3.15 is presented the experimental setup of the ARPES instrument, used in
the measurements presented in this thesis, located at the PGM beamline at the Brazilian

Synchrotron Light Laboratory (LNLS) in Campinas, Brazil.
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FIG. 3.15 — Experimental setup of the ARPES instrument at the PGM beamline at LNLS,
Brazil.

As briefly discussed in the previous section, the sample is positioned in the
manipulator where one can control the emission angles with respect to the light source.
In the experimental setup used, the emission angles are schematically indicated in Fig.
3.16a, where ¢ permits the rotation of the sample and ¢ is related to the opening angle
for the entrance of the electrons in the analyzer. This angle determines the part of the
dispersive plane that will be collected by the analyzer for a given ¢, which will be varied

throughout the experiment [119].

The electrons emitted from the sample, as a consequence of the photoelectric
effect, go to a series of electrostatic lenses, which can control the opening angle ¢ and
also direct them to the electron analyzer (Fig. 3.16a and 3.16b). In the electron analyzer,
composed of two concentric hemispheres with a bias voltage applied between them, the
electrons are curved by an electric field to then reach a 2D detector (Fig. 3.16b). The
configuration of the lenses together with the bias voltage of the analyzer are such that
they select the energy range (E, + 8, where E, is the energy pass) of the electrons that
will be detected. Electrons with energy out of the range reach the walls of the analyzer
and are not detected in the CCD. The energy pass can be controlled by the user and is

directly related to the resolution of the results obtained [119].
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FIG. 3.16 — (a) Schematic representation of the sample in the ARPES manipulator. The
angle ¢ permits the rotation of the sample with regard to the light source and the angle
& determines part of the dispersive plane of the electrons that will be collect by the
analyzer. (b) Schematic view of the electron analyzer. The electrons with different kinetic
energies have different trajectories in the analyzer, where they are curved by an electric
field. The energy pass, E,, is chosen to be positioned in the center of the CCD camersa,
where the electrons are detected. (c) Electrons with the same kinetic energy describe the
same trajectory and reach the CCD in a line of fixed energy, but different &, which
depends on their momentum. (d) ARPES measurement of the topological insulator BisTes.

The trajectory of the electrons in the analyzer is determined by their kinetic
energy so that electrons with different values of momentum, but with the same
trajectory, reach the detector in a line of fixed energy (Fig. 3.16c). During this whole
process the momenta of the photoelectrons are preserved and their patch in the analyzer
is such that they reach the microchannel plate (MCP). Afterwards they are accelerated

into a phosphorous screen where the image is collected by a CCD camera in the correct
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positions regarding to the values of k and &. Fig. 3.16d presents a typical ARPES
measurement, for a sample of BisTes (further investigated in chapter V), which represents
a slice of the three-dimensional (E, E//) Brillouin zone. By varying the angle ¢ one can
access different regions of the Brillouin zone and measure the dispersion relation at
different symmetry points and, consequently, obtain different information. Additionally,
as mentioned in the previous section, to recover information about the dispersion

relation in the z direction, one must vary the energy of the light source.
Considering the angular configuration shown in Fig. 3.16a, E//O can be written as:

S 2mK\ '/
k,p = ( 2 ) [sin(&)x + sin (é)cos (¢)y]. (3.48)

Using this equation and 3.45 one can obtain the dispersion relation for the electrons
inside the sample and also directly correlate it to theoretical information in order to study

properties of different types of materials.
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V.

ELECTRONIC RESPONSE OF SELF-
ASSEMBLED TRIANGULAR GRAPHENE
NANOSTRUCTURES

In this chapter we investigate, using scanning tunneling microscopy and
spectroscopy (STM/STS), structural and electronic properties of bilayer graphene films
obtained through the graphitization of SiC(0001). It is reported the observation of
triangular graphene nanostructures resulted from extended stacking faults in the SiC
substrate, and their effects on graphene layers that are formed on top of them.
Spectroscopic measurements revealed distinct electronic responses as a function of the
local hydrogen intercalation. Spectroscopic signatures ranging from single- to double-
layer graphene, as well as intermediate states were observed as a consequence of the
(in)complete hydrogen intercalation process. In addition, high resolution topographic
STM images at resonant bias voltages inside triangular nanostructures revealed that the
bottom layer of the bilayer graphene film is still bonded to the substrate, indicating the
coexistence of carbon atoms in sp® and sp? hybridizations. Using atomistic calculations,
we have modeled the local density of states of these objects reproducing their electronic

response.
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4.1 INTRODUCTION

Graphene (as discussed in detail in chapter 1), a honeycomb 2D crystal composed
of carbon atoms, has attracted an extensive research focused on its remarkable
properties that arise from its unique band structure and result in a massless behavior of
the Dirac fermions [1-4]. Engineering of graphene electronic structures is currently
mandatory for the understanding of novel phenomena as well as to develop new
technologies based on this material. There are different approaches aiming at the
accomplishment of this task: stacking graphene layers, choosing an appropriate substrate
and the fabrication of graphene nanostructures, for instance. The properties of stacked
graphene depend on a series of parameters that include number of layers, stacking
sequence [3, 4, 121] and their interaction with underlying substrates [115, 122-124]. In
particular, the dispersion relation of a bilayer graphene with Bernal stacking gives the
electrons a massive character that electronically distinguishes it from a single graphene

sheet [4].

The role of interface effects is also extremely important, since all the atoms in a
graphene layer are directly exposed to the surrounding environment. Alternative routes
for graphene synthesis, allowing for scaling areas concerning to graphite exfoliation [51],
have been developed using chemical vapor deposition (CVD) in different catalytic metal
surfaces [5, 125, 126] as well as controlled sublimation of SiC substrates [127-131]. This
last method is extremely relevant, since the graphene layers are formed directly on an
insulating substrate, leaving it as the single conducting material of the sample, which is a
major step for the development of devices based on graphene [13, 132-135]. In addition,
graphene layers grown on SiC substrate do not need transfer procedures and their
thickness control takes place through an ordered sheet by sheet growth process [136,

137].

Theoretical and experimental studies have addressed graphene nanostructures in
the past years, including the formation and electronic structure of nanoribbons [138-
140], islands [141-143] and quantum dots [106, 144, 145]. These works particularly focus
on the understanding of properties that arise when graphene is subjected to different

structural conditions that may, in the future, turn graphene nanostructures into
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important ingredients to be used in novel electronic devices. Among experimental and
theoretical results, many interesting features arise, such as the emergence of direct band
gaps [138], spatial modulation of the density of states [141] and luminescence due to
guantum confinement [144]. Indeed, these results ratify the role that graphene

nanostructures may play on future nanodevices.

Here we present experimental conditions in which nanometer-sized triangular
graphene nanostructures are stabilized on the surface of SiC(0001), nominally cover with
bilayer graphene. The self-assembly of nanostructures by a similar method with respect
to the one reported here was observed by Bolen et al. [146] for graphene layers on 4H-
SiC substrates, with the coexistence of several distinct morphologies such as dendritic
structures (referred as ‘fingers’), nano-triangles and hexagons, where these two last
conditions appear as secondary morphologies only. The comprehension of the electronic
response of these nanostructures is based on the vast knowledge that has been
stablished in the past years on graphene monolayers and, more recently, on bilayer

structures.

In this chapter we have used atomically-resolved STM and STS to study structural
and electronic properties of bilayer graphene films on SiC(0001). Initial graphene samples
were obtained by the graphitization of a SiC substrate followed by hydrogen intercalation,
resulting in quasi-free-standing bilayer graphene. Our study revealed that triangular
graphene nanostructures are formed, consisting of downward and upward steps which
we named nanoholes and nanoplateaus, respectively. STM/STS measurements allowed
us to unveil the electronic behavior of these nanostructures, which are structurally
related to the presence of stacking faults in the SiC substrate. Local spectroscopic
measurements also revealed different types of electronic responses, spanning from
single to bilayer signatures, i. e. a dual electronic response which is associated with the
level of hydrogen coverage. These electronic features were modeled using tight-binding
calculations, which allow interpreting the differences in the experimental spectra. All
results show that the local density of states below and above the Fermi level behaves
asymmetrically because of the interactions within triangular nanostructures with the

substrate. The asymmetry stems from quantum confined states in the bottom layer.
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4.2 SAMPLE GROWTH: BILAYER GRAPHENE FORMATION

The bilayer graphene grown on SiC(0001) and studied in this work was synthesized
in a collaboration with M. H. Oliveira Jr. (UFMG, Brazil) and J. M. J. Lopes (PDI, Germany).
This process is composed by two main steps, known as graphitization and hydrogen
intercalation. The graphitization consists in the creation of a partially attached bilayer
graphene, obtained by the sublimation of a 6H-SiC substrate terminated in Si atoms. Our
substrates were obtained from a n-type wafer polished on the (0001) face and cleaned
with n-butyl-acetate, acetone and methanol. After this chemical cleaning, the substrate
was subjected to an H-etching treatment, carried out at 1673 K for 15 minutes in an Ar:H
mixture (95%:5%) atmosphere at 900 mbar. These procedures prepare the surface of the
substrate for the graphene synthesis, sketched in Fig. 4.1a. Afterwards the graphitization
process takes place at 1873 K for 15 minutes in a 900 mbar Ar atmosphere, as a
consequence of the difference in the vapor pressure between the Si atoms (which
sublimate more effectively) and C atoms (which remain) [147]. Once the graphene layer
(MLG) is formed its interaction with SiC is mediated through a carbon layer partially
attached to the substrate, known as buffer layer (BL) [129, 147, 148]. C atoms with sp?
and sp? hybridizations may be found in this structure. This scenario, where a partially
attached bilayer graphene (MLG + BL) is obtained is schematically represented in Fig.
4.1b.

STM and STS were used to study the morphology of the sample surface and to
investigate its electronic properties. These measurements were performed in an Omicron
VT-STM (UFMG, Brazil) operating at low temperature (T = 25 K) and ultrahigh vacuum
conditions (2.0 x 10°* mbar) in constant-current mode. All tunneling spectra presented
in this chapter were obtained using a lock-in amplifier, connected to the STM, operating
in a frequency of 2.67 kHz and a modulation amplitude of 4-10 mV. An STM topographic
image of the sample after the graphitization process is presented in Fig. 4.1c. In this figure
one observes large atomically flat regions of the sample and the presence of some steps
on the left side of the image. In the inset of this figure one also observes a moiré pattern

as a result of the high interaction between the MLG, the BL and the SiC(0001) substrate.
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FIG. 4.1 — (a) Schematic view of the bilayer graphene growth. SiC is annealed in Ar
atmosphere, resulting in the sublimation of the Si atoms while the C atoms re-organize,
forming graphene sheets. (b) MLG formed at the surface is separated from the substrate
by a carbon layer (buffer layer), covalently bound to SiC. (c) STM image of the sample
after the graphitization process. The inset of this figure shows a moiré pattern that results
from the interaction of the MLG, the BL and the SiC substrate. (d) After the hydrogen
intercalation process, H atoms break the covalent bonds between SiC and the BL. (e) A
(f) STM image of the system after the H
intercalation. The inset of this figure shows the triangular pattern typical of Bernal
stacking. The scale bars are: (c) 50 nm (main panel) and 2 nm (inset); (f) 50 nm (main
panel) and 0.5 nm (inset).



The second step process is the H-intercalation, in which the BL is decoupled from
the substrate and converted into an additional graphene sheet. In order to perform this
second step, the sample is annealed at 1273 K for 2 hours in an Ar:H environment. As a
consequence, H atoms intercalate underneath the buffer layer, breaking the covalent
bonds that connect it to the substrate and producing a detached bilayer graphene (BLG).
This procedure also passivates the SiC substrate [137] (Figs. 4.1d and 4.1e). Hereafter,
any mention to MLG + BL refers to the system formed by a fully detached monolayer on
top of a partially attached carbon layer (BL), while BLG refers to the fully detached system
with two stacked graphene layers. In Fig. 4.1f an STM topographic image of the sample
after the hydrogen intercalation is depicted. In the inset of Fig. 4.1f an atomically-resolved
magnification of this flat region is shown. In this figure one observes that the structure of
the system is completely different and the moiré pattern is no longer noticed. In
particular, the triangular pattern that characterizes the Bernal stacking of a BLG is

schematically indicated.

Fig. 4.2 shows the Raman spectrum of our sample in which the G and G’ Raman
peaks are indicated. This measurement allows one to identify the number of graphene
layers in a system. In particular, the analysis of the G° Raman peak permits one to
distinguish between monolayer and bilayer graphene systems. For the former the G’
band can be fitted with only one Lorentzian with a full width at half maximum of
24 cm™, while for the later four Lorentzian peaks (all with the same full width at half
maximum of 24 cm™) are necessary [130, 149-152]. As one sees in Fig. 4.2b, a zoom of
the G’ band, four Lorentzian were needed to fit this band which confirms a typical

behavior of detached bilayer graphene for the system studied in this work.

Atunneling spectrum measured at a large atomically flat region (Fig. 4.3a) is shown in Fig.
4.3b. It presents a hyperbolic-shaped behavior of the local density of states near zero
bias, which is usual for AB-stacked bilayer graphene [4]. Regions with a similar behavior
cover up the largest surface fraction in our sample, in good agreement with the Raman

measurements.
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FIG. 4.2 — (a) Raman spectrum of the bilayer graphene on SiC sample. (b) Zoom of the G’
peak showing four Lorentzian used to fit the experimental data. This indicates the
formation of bilayer graphene films with Bernal stacking.

A careful analysis of the sample also revealed the presence of some regions of
coexistence of MLG and BLG, which can be seen in Fig. 4.3c. This was confirmed through
tunneling spectra measured at the points marked with blue and red star and shown in
Figs. 4.3d and 4.3e, respectively. For the region marked with the blue star one observes
the same electronic behavior of the STS presented in Fig. 4.3b, which characterizes a BLG.
On the other hand, for the region marked with the red star the STS presents a V-shaped
spectrum typical of MLG systems. As one realizes from this experimental observation the
MLG isin a higher level when compared to the BLG. This is a consequence of the dynamics
of the graphene layers growth on SiC substrates. It is well-known that graphene grows
preferentially from the steps. Additionally, the synthesis of the second graphene layer
requires three SiC bilayers [153]. It is believed that initially the buffer layer is formed and
just afterwards the second layer starts to grow with the thermal decomposition of the
SiC underneath the buffer layer. The desorbed Si atoms break the covalent bounds that
connect the buffer layer to the substrate converting it into a graphene sheet sp?
hybridized. The C atoms, on the other hand, reorganize forming a new buffer layer
starting at the lower level of the step [154]. This process may continue up to the upper
level of the step, but in the case of the region presented here it was interrupted before
the complete formation of a BLG. The Raman spectrum indicates, though, that regions
like this are minimal considering the size of the sample. Once the hydrogen intercalation
is finished the buffer layer is completely detached from the substrate producing regions

of BLG (major) and MLG (minor) as presented here.
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FIG. 4.3 — (a) STM topographic image of the sample after hydrogen intercalation. (b) STS
measured at a BLG region. (c) STM image of the sample in a region of coexistence of MLG
and BLG. STS measured at the region marked with a (d) blue and (e) red star, i. e. regions
with BLG and MLG electronic responses, respectively. The scale bars are (a) 40 nm and
(c) 60 nm.

4.3 STACKING FAULTS AND THE FORMATION OF TRIANGULAR
GRAPHENE NANOSTRUCTURES

The STM image shown in Fig. 4.3c reveals the presence of shallow nanostructures
with a triangular morphology as one sees in the upper left region. A detailed look of the
surface shows a region where a number of these triangular nanostructures are seen (Fig.

4.43). In particular, one observes two distinct types of structures: (i) triangular
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nanoplateaus (Fig. 4.4b) and (ii) triangular nanoholes (Fig. 4.4c). These nanostructures,
which appear randomly distributed throughout the sample, consist of a number of atomic
layers above or below the SiC substrate surface level. Fig. 4.4a also reveals preferential
directions for the edges of the nanostructures, following the symmetry of the (0001)
surface. For the particular case depicted in Fig. 4.4a the nanoplateau has a rotation of 30°
when compared to the triangular nanoholes. High-resolution STM images have also
revealed that the triangular graphene nanostructures have well-defined edges. In Fig.
4.4d one observes that there are no discontinuities in the graphene layer (here, the
contrast of the STM topographic image was adjusted to highlight the edge of the
nanostructure). Additionally, a Bernal stacking pattern is clearly observed for the regions
inside and outside these structures (see the blue hexagons shown in Fig. 4.4d), confirming
that the substrate is covered by a continuous BLG across the edges of the triangular
nanostructures. Fig. 4.4d also indicates that the nanoholes exhibit a zigzag edge

termination, rather than armchair.

In order to explain the formation of these nanostructures we propose a scenario
where they originate upon the presence of extended defects in the SiC substrate. To
understand this more deeply, it is essential to analyze the elementary structure of 6H-
SiC. In the left panel of Fig. 4.5a we present a {11-20} view of a 6H-SiC crystal, which is
perpendicular to the Si-terminated face (0001). The unit cell is highlighted by the Si atoms
drawn in purple and the letters ‘h” and ‘k” are related to local hexagonal and cubic
vicinities of Si-C bilayers, respectively. Furthermore, the stacking sequence of this
structure is indicated in the figure by the characters ABCACB [155]. The 6H-SiC structure
represented in the right panel of Fig. 4.5a directly depicts the structure of a stacking fault
plane, where the representation plane is normal to the (11-20) direction. Upon the
presence of this type of extended defect, adjacent planes establish the configuration
drawn in Fig. 4.5b. In this resultant structure, named ‘6H-SiC defect’, one observes the
formation of regions of high and low atomic density, which are highlighted by the use of

blue and pink colors, respectively.
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FIG. 44 — (a) STM topographic image showing a region with some triangular
nanostructures. Two types of structures were observed: (b) triangular nanoplateaus,
which builds up above the surface level (c) and triangular nanoholes, which are at a lower
topographic level with respect to the surface. (d) Atomically-resolved STM image along
the edge of a nanohole showing the continuity of the graphene sheet as well as the zigzag
edge termination. The scale bars are: (a) 100 nm, (b) 20 nm, (c) 20nm and (d) 1 nm.

For a crystal in which (11-20) stacking fault planes are present (and cross each
other) two main SiC sublimation mechanisms are possible, depending on the out-of-plane
distance from the local surface to the high or low atomic density regions that are formed
in the vicinity of defects. Whenever the substrate terminates in few bilayers above or
exactly in a high atomic density region (but not at a low atomic density region) the area
between neighboring defects will be prone to sublimate atoms during the growth
process. This is due to the possibility of injecting H atoms into the defect planes during
the H-etching procedure, which in turn promotes a release of the atoms located at the
high-density regions during the graphitization process. This leads to the formation of
seeds that evolve to regular triangular nanoholes after the H-intercalation. As shown in
Fig. 4.5b whenever the surface termination is one of those indicated by the dark blue

dashed lines, the bilayer graphene fabrication process will generate nanoholes. If the
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surface terminates in the atomic layers indicated by the light blue dashed lines the system
will locally evolve into nanoplateaus or flat areas. The energetic cost for generating a
plateau is slightly higher than the cost of a flat area. Nanoplateaus would then be formed

due to the high temperatures involved in the process and local atomic fluctuations.

This qualitative scenario is in agreement with our observations of a large
population of nanoholes, in contrast with few observed nanoplateaus (see, e. g., Fig.
4.4a). A schematic view of the process of formation of nanoholes, which takes place if the
surface is locally terminated near a high atomic density region is depicted in Fig. 4.5c.
Once the growth of graphene layers takes place, the surroundings of the defect-
delimitated region form a uniform BLG. Depending on the out-of-plane distance of the
high atomic density region the sublimation of the substrate surface will result in
nanoholes with different depths (this is compatible with our experimental measurements

as discussed in section 4.4 and presented in the right plot of Fig. 4.7b).

Another mechanism takes place if the local surface presents defects, but is
terminated exactly in a low atomic density region (as illustrated in Fig. 4.5d). The atoms
of the vicinity of (11-20) defects (outside the area delimited by the stacking fault planes)
move into this region during the growth process, driving the system locally into a more
stable configuration. The proposed migration is possible within the diffusion length of Si
and C atoms, which ranges from hundreds of nanometers at 1473 K to tens of
micrometers at 1873 K [156]. The result, in this particular case, is the formation of the
observed nanoplateaus. In both cases, the graphene formation occurs, covering the

nanostructures with the same upper layers.
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4.4 EXPERIMENTAL EVIDENCES OF STACKING FAULTS

A qualitative X-ray diffraction study was also carried out in order to identify
structural changes in the sample prior and after the hydrogen intercalation. Our X-ray
measurements were performed at the XRD2 beamline at the Brazilian Synchrotron Light
Laboratory (LNLS), Brazil. This beamline delivers 103 photons/second on the sample with
an energy of 10.190 keV (wavelength 0.12166 nm). In this experiment a longitudinal (0-

20) scan, running along the (00L) crystal truncation rod (CTR) was measured.

In Fig. 4.6 two diffractograms are shown: the black curve refers to the bare 6H-
SiC substrate and the gray curve is related to a BLG film on the SiC substrate. In both
curves it is possible to observe the CTR of the substrate, including the SiC(00 12) and
SiC(00 18) peaks. In addition, the broad humps indicated by the dashed red arrows,
shown in the upper curve, are directly related to the formation of the BLG. The other
peaks (blue arrows) can be ascribed to extended defects, i. e. stacking faults. These
stacking faults, as explained in our phenomenological model, are related to the origin of
the triangular nanostructures observed in our system. Besides the growth parameters
such as temperature and pressure, which play a role on atom sublimation and surface re-
growth kinetics, the density of triangular nanostructures may be directly related to the
density of stacking faults. In particular, stacking faults which are observed as broader
peaks (arrows marked with a star) are originated from nanometer-sized planes of defects
(by Scherrer equation), which are interrupted by the surface. Once the BLG is formed,
these peaks present reduced intensity or vanish (see the case of low-angle peaks). This is

an indirect indication of the role of stacking faults on the formation of nanostructures.
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FIG. 4.6 — Longitudinal X-ray diffraction scan along the SiC(00 12) to SiC(00 18) peaks. The
black (bottom) and grey (top) curves are related to the bare SiC substrate and the BLG on
SiC substrate obtained after H-intercalation, respectively. The dashed red arrows indicate
the graphene formation while the solid blue ones indicate the presence of stacking faults.
Arrows marked with a star (broad peaks) indicate peaks originated by stacking faults
interrupted by the surface (see text). These peaks show reduced intensity or are no longer
observed after the BLG formation. Such indirect evidence of stacking fault volume change
is related to the formation of nanostructures at the sample surface.

In addition, regions with a high density of structural defects, as depicted in the left
panel of Fig. 4.7a, were also observed. In this image one sees a series of planes crossing
the surface and forming triangular edges. A magnification of this region (Fig. 4.7a, right
panel) evidences a triangular nanohole in the middle of neighboring crossing planes,
suggesting that the formation of the observed triangular nanostructures is related to
stacking faults in the SiC substrate as previously assumed. The inset sketch represents a
triangular nanohole formed among defect planes. The electronic contrast shown in these
STM images is due to a higher atomic density at the crossing of defect planes (bright
lines), which gives rise to bright areas. They are not related to topographic features, and
could not be observed by pure height-sensitive techniques such as atomic force

microscopy.
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FIG. 4.7 — (a) STM images of a BLG film on SiC showing a region of high density of defects
(brighter areas) where one observes the formation of a nanohole. The magnification of
this region highlights stacking fault planes crossing in a triangular pattern and the
appearance of a nanohole. The inset shows a scheme of the formation of a nanohole
among stacking fault planes. (b) Histograms of the (left panel) side length and (right
panel) depth distributions over the observed nanoholes. The scale bars are: (a, left panel)
100 nm and (a, right panel) 30nm.

In the histogram presented in the left plot of Fig. 4.7b one sees the size
distribution of the investigated ensemble of nanoholes. The average lateral size
measured for these structures is (20 + 1) nm. Each histogram bar represents a total side
variation of 6 nm centered at the value displayed in the graph. The nanoholes depths also
vary, ranging from 0.13 nm to 0.59 nm. The depth distribution is shown in the right plot
of Fig. 4.7b, where each bar has a 0.10 nm width, centered at the values shown in the x-

axis. The average nanohole depth is found to be (0.27 + 0.10) nm, which is centered at
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the Si-C bilayers (0001) step width. Considering the low number of nanoplateaus
observed — only six — it was not possible to provide histograms. The average lateral width

of all nanoplateaus measured is (40 £ 10) nm of side length and (0.28 + 0.10) nm height.

4.5 SPECTROSCOPIC SIGNATURES OF TRIANGULAR GRAPHENE
NANOSTRUCTURES

In order to investigate the electronic behavior of nanoholes and nanoplateaus,
tunneling spectra were measured in several triangular nanostructures. Selected STS
results are summarized in Fig. 4.8. In all measurements, STS was carried out outside and
inside the nanostructures, with some line-scans performed to elucidate electronic
conditions along a defined path. In Fig. 4.8a STS were measured at the points marked
with a purple circle, i. e. outside the triangular nanohole and at the point marked with a
pink circle, i. e. centered in the middle of the nanohole. The two conditions are marked
in the STM image of the inset of the tunneling spectra. The spectroscopic responses,
shown in Fig. 4.8a, of regions inside and outside the triangular nanohole exhibit exactly
the same electronic behavior, similar to the one shown in Fig. 4.3b, and indicate the

existence of a simple BLG covering of the triangular nanohole (see Fig. 4.8b).

On the other hand, some nanoholes show an electronic behavior distinct from
their vicinity. This is the case of the nanohole shown in Fig. 4.8c. Tunneling spectra
acquired along the nanohole (positions of each spectrum are indicated in Fig. 4.8c) show
that regions outside this triangle present a BLG electronic signature, while STS measured
inside the nanohole exhibit a slightly asymmetrical V-shaped spectra. This dual electronic
response can be understood assuming that the bottom layer still has a strong interaction
with the substrate for the region inside the nanohole, i. e. MLG + BL covers the triangular
region. Such local configuration may be the result of an incomplete hydrogen
intercalation, since during this process step it is unlikely that all covalent bonds between
the substrate and the buffer layer are broken. This scenario is schematically presented in
Fig. 4.8d. Intermediate spectroscopic states were also observed, and depend on the
degree of completeness of the hydrogen intercalation process. These scenarios will be

further discussed in the following paragraphs.
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FIG 4.8 — (a) STS measurements carried out inside (pink curve) and outside (purple curve)
a nanohole with BLG response (positions indicated at the inset). (b) Sketch of the bilayer
configuration related to the spectroscopic measurement. (c) Line-scan with tunneling
spectra crossing the nanohole (positions indicated by the color-coded points at the inset).
For this nanostructure a V-shaped response is observed inside the triangle (pink and blue
curves). (d) Sketch of the local atomic configuration, with some covalent bonds between
the buffer layer and the substrate inside the nanohole (MLG + BL scenario). (e) Line-scan
with tunneling spectra crossing the nanoplateau (positions indicated by the color-coded
points). (f) Representation of the local atomic configuration, with the presence of some
covalent bonds. In all figures hyperbolic-like STS are related to BLG while V-shaped
spectra indicate a MLG + BL condition.
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Finally, the buffer layer interaction with the substrate was also observed for the
triangular nanoplateau shown in Fig. 4.8e. This denotes the presence of the MLG + BL
configuration. Tunneling spectra measured in a series of points (line-scan) along the
nanostructure are presented (positions for each spectrum are shown as an inset in Fig.
4.8e). This STS sequence also evidences a transition between BLG and MLG + BL since a
V-shaped spectrum is observed as the tunneling spectra are acquired inside the
nanoplateau. This phenomenon is also explained assuming an incomplete intercalation
scenario, where a considerable amount of covalent bonds still connects the buffer layer
to the substrate (see Fig. 4.8f). The difference between nanoholes and nanoplateaus in
this case lies on morphology: the triangular nanoplateau surface placed a number of
layers above the substrate height, while the surface of nanoholes lies a number of layers

below it.

It is known that the hydrogen intercalation mechanically decouples the graphene
from the substrate, releasing the original strain and modifying the electronic interaction
between them [130, 157, 158]. The MLG + BL system on top of the SiC substrate is
typically n-doped, with a carrier concentration of 4.0 x 10'2 cm™ [159]. However, after
the H-intercalation and generation of the complete BLG, the system becomes p-doped
[130, 157, 160] with carrier concentration ranging between 4.0 x 10 cm? to
1.5 x 10'3 cm™ depending on the SiC polytype [157]. According to Ristein et al. [160], the
p-type doping of graphene after H-intercalation is related to the spontaneous
polarization of the SiC. In contrast, the n-type doping of MLG + BL configuration has been
attributed to the donor states associated to the BL and its interface with the SiC [160].
Furthermore, this new doping configuration after intercalation is asymmetric for the BLG,
i. e. the carrier concentrations of the bottom and top graphene layers are different [130,
157]. Particularly, for the nanoplateau of Fig. 4.8e, regions outside the triangle exhibit
STS minima at positive values, corroborating the p-type doping, while inside the triangle

the STS minima are slightly shifted towards negative bias.

For nanoholes, a non-deterministic shift of the STS minima was observed for
regions inside and outside the triangles, with an approximately equal number of spectra
denoting p- and n-type doping of the structure and its vicinity. In Fig. 4.9 one observes

shifts in the tunneling spectra denoting p- and n-type doping for the nanoholes that
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electronically respond as BLG (Fig. 4.9a) as well as MLG + BL (Fig. 4.9b). Since the H-
intercalation provides a well described doping behavior, the observation of such results
(arbitrary doping) can be interpreted as an indirect indication of the presence of extended
defects, which would act as carrier traps or introduce localized states, changing the local

density of states near V =0, probed by STS.
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FIG 4.9 — (a) Tunneling spectra of nanoholes that electronic respond as BLG (left plot)
with n-type doping and (right plot) p-type doping. (b) Tunneling spectra of nanoholes that
electronic respond as MLG + BL (left plot) with n-type doping and (right plot) p-type
doping.

Besides our STS results, STM topographic images were also measured for
triangular nanoholes varying the tip voltage. Since such images are a combination of
topography and local density of states (LDOS), one can map out the electronic occupation
of states throughout a given nanostructure. Measurements with distinct tip voltages
(specified in each figure panel) for a single nanohole are shown in Fig. 4.10. In such
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condition, local topography does not vary, and the differences observed are related to
variations in the LDOS. In order to avoid experimental artifacts due to scanning conditions
our data analysis was carried out summing forward and backward STM images. The
scanning bias conditions are indicated in the tunneling spectra of Fig. 4.10, where BLG,
MLG + BL and an intermediate spectrum condition are shown for reference (all them
measured inside triangular nanoholes). One notices that, at V =300 mV, where the LDOS
of all types of triangles are similar, the color-coded response of STM mapping varies
smoothly inside the triangle (Fig. 4.10b). On the other hand, using the condition
V = -500 mV, one can obtain the maximum response contrast between regions that
behave as BLG and MLG + BL, due to the presence of the hump at the STS measurements
of BLG regions. In this condition, the upper left corner of the STM map, shown in Fig.
4.10c, exhibits a region in which we observed a higher LDOS contrast indicating, again,
the coexistence of BLG and MLG + BL behavior inside the nanohole. This can also be
interpreted as the dual electronic response mentioned above. Therefore, the scenario in
which dominant BLG, MLG + BL or intermediate states — with an electronic response
whose shape is an averaged combination of BLG and MLG + BL features — are found by
STS in the whole population of nano-triangles meets its nanometric counterpart within
the nanohole that are mapped such as in Fig. 4.10. The intermediate states measured by
STS are, therefore, a superposition of states in the vicinity of the tip position, in which
some C atoms of the bottom layer remain partially bonded to the substrate, while others

are detached.
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FIG. 4.10—(a) STS measurements inside distinct nanoholes with three different electronic
behaviors, varying among BLG, an intermediate condition and a MLG + BL response. STM
measurements of the same nanostructure are presented for distinct bias voltage: (b) 300
mV and (c) -500 mV. For these images the topography remains unchanged and the
observed patterns inside the nanostructure are modified due to the LDOS. In panel (b)
one observes a more homogenous distribution, which evolves to an asymmetric
distribution in panel (c). These different electronic responses evidence intermediate
conditions where one observes the coexistence of some regions of BLG and MLG + BL
inside the same nanohole. The nanohole side length is 16 nm. The color scale represents
a normalized apparent height influenced by LDOS.

4.6 THEORETICAL MODELING

In our theoretical model, which was done in collaboration with M. Pelc, J.
Gonzalez and A. Ayuela (Donostia International Physics Center, Spain), freestanding
bilayer graphene with triangular regions of few hundred atoms, interacting with the
substrate, was considered. In order to make the system independent of finite effects,
translational symmetry was set in armchair direction, keeping the triangles well
separated between them. As discussed in chapter Il the low energy properties in
graphene systems are mainly determined by the m-bands. Thus, in the atomistic
calculations shown here a m-band tight-binding Hamiltonian with nearest-neighbor in-
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plane interaction was adopted. Bilayer graphene with Bernal stacking consists of two
coupled graphene layers shifted with respect to each other. Near the neutrality point, the
interlayer coupling was modeled with a single hopping connecting atoms directly on top
of each other. In addition, the interaction with the substrate in the triangular region was
included in the effective Hamiltonian in three steps: (i) a gate voltage and staggered
potential applied to the bottom layer, (ii) lowered intralayer hoppings in the bottom layer,
and (iii) lowered intralayer hoppings at the edges of the triangle in both layers. Also, the
LDOS was calculated using the Green function matching approach [161-163]. The LDOS
in the top layer was averaged in the triangle nodes, integrated over the Brillouin zone and

broadened.

Modeling the nanoholes provides further insight on the analysis of our
experimental results. Tight-binding simulations were performed in order to study the
spectroscopic response of both BLG and triangular nanostructures that interact with the
SiC substrate (MLG + BL). Our model structure and morphology are schematically shown
in Fig. 4.11a. It consists of two graphene slabs in Bernal stacking, including a triangular
region that corresponds to nanoplateaus or nanoholes. Its noteworthy that the results
presented here are practically independent of the triangle size. In our model the region
around the triangular nanostructures behaves as BLG. In addition, the substrate
interaction is taken into account for the triangle in the bottom layer using an effective
local potential and smaller hopping values than in pristine bilayer graphene, due to the
presence of sp? hybridization in some carbon atoms. The STM experiments discussed in
section 4.3 show that triangle edges run along the zigzag directions, where the atoms
inside the triangle are located up and down with respect to the substrate level at
nanoholes and nanoplateaus, respectively. These experimental findings were simulated
using a local stretching of the graphene lattice, which was implemented by decreasing

the value of the in-plane hopping parameter along the edge of nanostructures.

A sketch of the band structures near the K point for the constituents of the
nanostructures, such as the fully detached bilayer graphene (BLG) and substrate-
interacting monolayer graphene (MLG + BL) are shown in Fig. 4.11b and 4.11c,
respectively. These results agree with reported calculations using density functional

theory [164, 165]. As represented in Fig. 4.11b, the band structure of the BLG system is
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hyperbolic near the Fermi level. In addition, as a consequence of the interaction with the
substrate, the band structure of the MLG + BL system (Fig. 4.11c) consists of linear bands
related to the top layer (red) and a nearly flat band (green) that is originated by the

bottom (buffer) layer.

By introducing parameters at the area corresponding to the triangular
nanostructures layer, resolved LDOS was calculated for the nanohole region. The
interaction between the confined states within the MLG + BL triangular region with the
surrounding BLG results in the LDOS shown in Fig. 4.11d. As one observes in this figure,

the substrate strongly affects the LDOS of the buffer layer.
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FIG 4.11 — (a) Representation of the model used for simulating STS curves, with a
triangular nanostructure (not in scale) inserted into a bilayer graphene slab. Top and
bottom layers are represented by red and green atoms, respectively. A sketch of the band
structure near the K point is shown in (b) and (c). (b) Band structure for a quasi-free
standing (decoupled) BLG. (c) Band structure for a MLG lying on the BL, on top of a SiC
substrate. The red and green colors of the bands in (c) refer to the origin of the bands,
top and bottom layers, respectively. (d) Layer-resolved local density of states of the
nanohole region calculated with our model. The dashed line marks the Fermi level.
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Here, the green line displays the LDOS of the buffer layer. As one sees the
spectrum is affected by the series of high peaks in the positive energy range. Their origin
arises from the quantization of the nearly flat (green) band in Fig. 4.11c when we pattern
triangles of nanometer size on the infinite buffer layer. These peaks reflect the presence
of strongly confined states within the triangular nanostructure, which is the area where
the MLG + BL configuration occurs. The peaks in the buffer layer spectrum reach higher
values than the LDOS in the top layer. Thus, to be compared in the same plot, the
spectrum of the top layer (shown in red) had to be scaled, here multiplied by 15 times.
The LDOS calculated for the top graphene layer preserves the V-shape with the slightly
asymmetrical profile (as also shown in detail in the red curve of Fig. 4.12), which is
compatible with the experimental STS as shown in Fig. 4.8. This spectrum reflects the
fingerprints of the localized peaks from the buffer layer, showing asymmetry in the V-
shape and some peaks overimposed. The interplay between the top and the bottom
layers in the STS results has a dominance of the top layer electronic structure, with some
features added due to the presence of the bottom layer. Since our calculations do not
directly scale with the measurement, the correspondence between simulations and the

experimental results is qualitative.

As previously stated, experiments measure dl/dV curves, which are mostly related
to the LDOS in the top layer of the triangular nanostructures. In Fig. 4.12 we present the
LDOS curves for the BLG (black curve) as well as for the triangular nanostructures
interacting with the substrate (red curve). As one observes the simulated LDOS of BLG
has electron-hole symmetry and shows humps at energies E = + 270 meV, which
originate from the next energy sub-bands that appear above and below the Fermi energy
(included in Fig. 4.11b). This result is consistent with our tunneling spectra measured for
flat BLG regions outside triangular nanostructures, which also present inflections and
humps for similar energies. The red curve, on the other hand, shows that the LDOS of the
top layer of the triangle interacting with the substrate (MLG + BL) has some peaks above
the Fermi level overimposed with a monotonically increasing profile for large bias. The
typical structure around the humps is affected by the peaks, and presents distinct slopes
near V = 0. The experimental observation of localized states, however, would only be

feasible for measurements at temperatures of the order of 100 mK, given the small
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difference of potentials inside and outside nanostructures. Another clear difference
between the BLG and MLG + BL is that the bands acquire different slopes (in average),

corresponding to different Fermi velocities for carriers, either electrons or holes.
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FIG. 4.12 — Total LDOS in top layer of the MLG + BL triangle (red curve) compared to the
LDOS of a BLG (black curve).

Finally, the spatial distribution of the LDOS in a triangular nanohole interacting
with the substrate was calculated. In Fig. 4.13 simulated LDOS maps in the top layer are
shown for selected energy values. All panels show that at zero energy the LDOS is nearly
uniform within the triangular area. This trend holds for positive or negative energies if
the whole triangle has a homogeneous structural configuration, meaning that it is
completely covered by BLG or MLG + BL. For the particular case of a triangle with pure
MLG + BL configuration, shown in Fig. 4.13a, the simulated LDOS maps follow the triangle

symmetry.
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FIG. 4.13 — (a) Spatially distributed LDOS in the top layer for a triangular nanostructure
consisting of MLG + BL. (b) The spatial distribution of LDOS is also plotted for a triangular
nanostructure consisting of one third of its area of BLG and two thirds of MLG + BL. In
these plots the color scale represents the LDOS in arbitrary units for three distinct
energies (E =0, -280 meV and 220 meV).

The LDOS in the panels of Fig. 4.13a for V' # 0 for a triangle consisting only of MLG
+ BL differs from those shown in Fig. 4.13b for a spatially separated coexistence case
where BLG and MLG + BL defined regions exist inside the triangle. In our chosen scenario

the upper third of the triangle is a BLG, while the lower two-thirds are defined as MLG +
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BL. The contrast at the MLG + BL area is due to the asymmetric LDOS profile, being further
enhanced in the case of localized LDOS (positive bias). At positive energies the LDOS
distribution suffers larger variations because of the states modified due to the buffer
layer and its (partial) bonding with the substrate. The simulated data of Fig. 4.13 is in clear
correspondence with the STS data and images described in Fig. 4.10. The presence of
additional states (peaks) or humps along non-zero energies are the source of changes
shown in dI/dV curves, induced by the substrate, which would claim for engineering in
the LDOS and band structure within this energy range, following the patterning of

nanostructures in BLG.

4.7 CONCLUSIONS

In this work we have employed scanning tunneling microscopy and spectroscopy
techniques to investigate structural and electronic properties of individual bilayer
graphene nanostructures obtained from SiC substrate sublimation. STM images
permitted us to detect the presence of triangular graphene nanostructures that appeared
as nanoholes and nanoplateaus. In order to explain the formation of these
nanostructures a physical scenario based on (11-20) stacking faults was proposed,
resulting in regions of high and low atomic density in the SiC substrate. These extended
defects play an important role in the formation of graphene nanostructures since they

influence the surface dynamics during the growth process.

Through the analysis of tunneling spectra, we were able to characterize the
electronic properties of a number of nanostructures. This revealed distinct electronic
responses, spanning from monolayer graphene signatures to bilayer graphene ones.
These observations were addressed considering an incomplete hydrogen intercalation
scenario in which some regions of the film are still bonded to the substrate. Atomistic

calculations were carried out, allowing the understanding of asymmetric STS features.

Considering the production of these nanostructures and their dual electronic
response (difference in STS signature for MLG + BL and BLG systems) they could

potentially serve as information storage devices, working as a read-only memory units
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that could be accessed by an STM/STS instrument. In a scenario where the bonds with
substrate are reversible, one would have a read access system of the ultimate minimum
size. Therefore, this nanostructured carbon system opens the discussion to atomic scale

memory devices in 2D self-assembled materials.
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V.

Bi.:Bi.Tes STACKING INFLUENCE ON THE
SURFACE ELECTRONIC RESPONSE OF
THE TOPOLOGICAL INSULATOR Bi.Tes

In this chapter we report on the successful synthesis of a crystal of the topological
insulator BisTes and the study of its surface electronic response. A combination of
theoretical and experimental techniques allowed for a systematic study of the
composition and electronic properties of the sample. These techniques include density
functional theory (DFT), scanning tunneling microscopy and spectroscopy (STM/STS).
DFT predicts that distinct surface topological states exist for the two surface terminations
of BisTes, i. e. Bi, and Bi;Tes. These terminations are also clearly distinguished in STS
measurements, which allow choosing the main conducting channel through a
combination of topography and electronic response. We find that the density of states
are similar to those of their parent crystals Bi, and Bi;Tes, albeit shifted in energy. In
addition, angle-resolved photoemission spectroscopy (ARPES) measurements highly
resemble quintuple-layer terminated BisTes signatures. Constant energy contours also

reveal distinct features when directly compared to BixTes.

83



5.1 INTRODUCTION

The discovery of several different types of materials, such as graphene [10],
topological insulators [34, 166] and Weyl semimetals [167] (among others) has
revolutionized the field of electronic transport. This is due to their unique dispersion
relations. From the electronic point of view and as already discussed, graphene exhibits
linearly dispersed Dirac cones at the K points in reciprocal space, leading to effective
massless conductivity (small dissipation) [3, 10]. Topological insulators, such as Bi,Ses
[166] and BixTes [34], exhibit Dirac cones at the ' point. These topological states are
protected by time-reversal symmetry, resulting in spin-protected electronic transport.
Weyl semimetals exhibit Fermi arcs connecting gapless states, which have a similar

electronic nature [167].

Topological insulators have intrinsic limitations similar to graphene. From the
point of view of electronic transport, the most important one is the absence of an
electronic gap. This is a serious limitation, since for practical applications the presence of
a voltage gap in on/off state is mandatory. In an attempt to introduce such condition,
modulated van der Waals lattices have been proposed as a possible solution to overcome
this limitation [168, 169]. The prototypical case is BisSes which exhibits a cumbersome
electronic band dispersion relation. Bismuth selenide compounds are also extremely
temperature sensitive, leading to structural transformations upon annealing [57] and the
appearance of bismuth bilayers even close to room temperature. A possible solution to
overcome this issue may be bismuth telluride systems, which exhibit a complex bulk
electronic structure and are relatively robust upon annealing when compared to other
compounds with similar structure and properties, such as Bi;Ses and SbaTes [57, 170,

171].

While Bi;Ses exhibits an isolated Dirac cone, BixTes presents one that is nested
inside a bulk M state in a limited energy range of nearly 200 meV below the Fermi level
[34]. Electronic densities of states with a linear dispersion have been measured in a
considerable electronic range for Bi;Tes, although not at the Dirac point for the case of

nanoplatelets [172].
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FIG. 5.1 — (a) Atomic structure of Biy, BioTes and BisTes. BiaTes is the first of an infinitely
adaptive series of Bi,-Bi;Tes combinations. (b) Phase diagram of Bi-Te systems showing
several possible Bi-Te compounds. BisTes is only obtained in a narrow chemical
concentration window in between 33% and 43% of Te (phase diagram adapted from
reference [173]).

Similar to BisSes, BisTes is a strong topological insulator composed of bismuth
bilayers (Biz), here referred as BL and quintuple-layers (Bi;Tes) or simply QL, both stacked
along the (111) direction and bonded by van der Waals interactions [169] (see Fig. 5.1a).
The unit cell of this material is composed of three complete stacks of BL+ QL [173]. BisTes

is the first of an infinitely adaptive series of BL-QL combinations forming different
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compounds of type (Biz)m(BizTes)n (see Fig. 5.1a) [174]. As a consequence of its structural
configuration, BiaTes may present different types of terminations on its surface, i. e. the
quintuple-layer termination and the Bi-bilayer termination (its simple exfoliation explains
why these two conducting channels were extensively observed by a number of groups in
different sorts of topological insulators, with a similar structure, such as BisSes [168,
169]). In addition, both terminations were also observed for topological insulators only
formed by quintuple-layers such as Bi;Tes [56] and Bi;Ses [175]. Several methods, from
hydrogen etching treatments to sputtering/annealing cycles [176], have been developed
to stabilize Bi-bilayers on top of different topological insulators as an attempt to study

the topological properties of these systems.

In this chapter we present both theoretical and experimental studies of BisTes,
which was synthetized here using the Bridgman method, following the growth
parameters indicated in the phase diagram of Bi-Te compounds, as presented in Fig. 5.1b.
The synthesis of this material was investigated using powder X-ray diffraction of the as-
grown samples, which revealed the formation BisTes and other minor phases. In order to
understand the electronic properties of BisTes, we have first performed an in-depth
theoretical analysis of the band structure and electronic density of states of this material
using density functional theory (DFT). A study of Bi; and Bi;Tes was also necessary for the
correct interpretation of our experimental findings. In addition, we have employed
scanning tunneling microscopy and spectroscopy (STM/STS) to characterize the structural
and electronic properties of BisTes. The analysis of height-profiles of the STM topographic
images together with the tunneling spectra measured in different regions of the sample
allowed us to identify bilayer- and quintuple-layer-terminated regions of BisTes as well as
regions of stacked layers of Bi; and Bi;Tes. Angle-resolved photoemission spectroscopy
measurements combined with DFT calculations indicate that the main contributions from
the surface are from BisTes terminated in quintuple-layer. Constant energy contours also
reveal a highly warped Fermi surface with a hexagonal shape that resembles a snowflake

with more elongated and ‘gapped’ branches when compared to Bi;Tes.
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5.2 THEORETICAL ANALYSIS OF THE ELECTRONIC STRUCTURE OF
BisTes AND ITS CONSTITUENTS

A first step towards the surface characterization consists in the determination of
the electronic signatures of distinct terminations of Bi-Te phases that may coexist in our
sample. For this purpose, DFT calculations [177,178] were carried out in collaboration
with M. S. C. Mazzoni and G. A. S. Ribeiro (UFMG, Brazil). These results allowed us to map,
for each structural model, the surface contribution to the low-energy electronic states.
Also, the determination of the projected density of states (PDOS) is a valuable tool to be
used in connection with STS measurements. The methodology employed was based on
the OpenMX implementation [179] which employs full-relativistic pseudopotentials
[180], a basis set composed of localized pseudoatomic orbitals [181] and the generalized
gradient approximation [182] to represent the exchange-correlation functional. An
energy cutoff of 160 Ry was used in the wave function expansions, and an 8x8x1
Monkhorst-Pack K-point mesh to sample the Brillouin zone was employed [183]. To
achieve convergence in the PDOS calculations, a denser k-point grid was required — a
16x16x1 one was used. Periodic boundary conditions with at least 1.0 nm vacuum

distance between images in the non-periodic direction were imposed.

In order to investigate different BisTes terminations, slab models were built based
on experimental atomic positions [184] and comprising 40 (six QL + five BL) and 37 atoms
(five QL + six BL) for the quintuple-layer (BisTes: QL) and Bi-bilayer (BisTes: BL)
terminations, respectively. Fig. 5.2 presents the calculated band structures along the M-
-K path in the first Brillouin zone for these two terminations. The size of the red circles
in these plots indicates the contribution from the surface layer, which in our case consists

only of a single atomic layer.
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FIG. 5.2 — DFT electronic band structures for BisTes. (a) QL-terminated BisTes and (b) Bi-
bilayer-terminated BisTes. Red circles indicate surface states, and their size measures the
degree of surface localization.

An electronic gap at the K point is a common feature in these two band structures.
However, there are important differences in other regions of the Brillouin zone. For
instance, the two BisTes terminations may be distinguished by the character of surface
states in the vicinity of the I point. Indeed, an ‘inverted-valley’-shaped band around
-0.45 eV characterizes the QL-termination (Fig. 5.2a), whereas the BL-terminated
structure (Fig. 5.2b) presents an inverted V-shaped band around -0.2 eV on top of which
a surface M-shaped band can be seen (the combination of these states represents a

crossing similar to an ‘X’). These results are resembling to the findings concerning the
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related compound BisSes [168, 169]. In the latter, the ‘X" and the ‘valley’, observed in
ARPES experiments, are the key ingredients to differentiate between Te- and Bi-rich
terminations. Also, there are important differences in the unoccupied region of the
spectra: in the QL-terminated structure, two parabolic surface states (concave down) are
located at ~0.4 eV, while in the BL-terminated case flat and parabolic (concave up) surface

bands can be seen at ~0.1 eV.
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FIG. 5.3 — DFT electronic band structures for (a) Bi,Tes and (b) Bi,. Red circles in (a)
indicate surface states; their size measures the degree of surface localization.

In Fig. 5.3 the band structure structures along the M-T-K path in the first Brillouin
zone of BiyTes (Fig. 5.3a) and Bi, (Fig. 5.3b) are shown for reference. These theoretical

results were calculated comprising 5 QLs and 6 BLs, respectively. Here, as in the previous
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calculation, the red circles in panel 5.3a indicate the surface states. Such calculation was
not done for Biy. There are significant differences between these two structures: BixTes
presents, for instance, a Dirac cone at the region of the I point, which is absent in the
band structure of Bi,. Also, BixTes has a series of concave down bands above 0.6 eV in the
vicinity of the I point, while Bi; presents two bands around 0.55 eV with an approximately

V-shape. Furthermore, Bi;Tes has some nearly flat bands at 0.21 eV.

5.3 SAMPLE GROWTH AND X-RAY CHARACTERIZATION

BisTes samples investigated in this work were synthesized through the Bridgman
method, mixing Bi and Te elements according to the molar proportions and temperatures
of the phase diagram of Bi-Te systems shown in Fig. 5.1b. As one sees in the simplified
phase diagram, the compositional window of synthesis of BisTes is rather small, in other
words, it is obtained only in a chemical concentration window between 33% to 43% of
tellurium. The as-grown samples investigated here were prepared in a furnace using bulk
bismuth and tellurium spheres (1 mm diameter 99.999%). These spheres were
encapsulated in an evacuated quartz tube (base pressure of 10~ mbar). Afterwards, this
guartz tube was inserted in the furnace where the temperature could be controlled and
constantly monitored. In particular, for the sample investigated here, the temperature
was ramped up from 300 K to 1023 K. The melted substance was kept in this temperature
for 24 hours. Then, the system was cooled down, reaching room temperature after 7
hours. These procedures gave rise to a number of pieces of highly oriented BisTes crystals,
which were freshly cleaved in situ (pressure of 5.0 x 10® mbar) using scotch tape before
STM/STS measurements. In addition, no change was observed in pressure during the
cleavage of the sample. Such a fact indicates that this procedure did not introduced any

contamination in the investigated system.

Powder X-ray diffraction measurements using Cu-Kq radiation (0.15406 nm) were
utilized to identify the composition of the as-grown samples (see Fig. 5.4). Initial samples
made at 4:3 molar proportions gave rise to BisTes and BiTes coexisting together as
depicted in Fig. 5.4a. In this figure the Bi,Tes peaks can be identified among the BisTes

phase (see the inset of Fig. 5.4a). Further attempts to grow pure BisTes were made
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increasing the quantity of Bi, i. e. an off-stoichiometric molar proportion was used, always
taking into account the phase diagram of this system (Fig. 5.1b). This procedure resulted
in the coexistence of BisTes (major phase) and Bi, (minor phase) as one sees in Fig. 5.4b.
In the inset of this figure one can observe intense peaks at low angles, which allowed us

to confirm the coexistence of these two different phases.
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FIG. 5.4 — Selected powder X-ray diffraction pattern of the as-grown samples showing
the coexistence of (a) BisTes and Bi;Tesas well as (b) BisTes and Bis.
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These results demonstrate that attempts to grow pure BisTes usually result in
BisTes coexisting with phases. The determination of phases as major or minor was done
using commercial peak-search algorithms, which match the overall peak area for the
whole diffractogram. This is the reason why some fitted peaks are more intense in this
figure, meaning that the percentage of the relate compound is higher (the
crystallographic algorithm correctly matches peak areas instead of intensities). Due to
strong texturization effects on exfoliated crystals the determination of phase content
demands a number of 8-26 scans on samples prepared by distinct methods and
geometries, providing a broad sampling over possible texturizations. For the system
studied here, the averaged values, obtained with the use of algorithms, taken into
account different scans, are: (64 + 2)% of BisTes, (28 + 3)% of Bi, and (8 + 2)% of Bi,Tes.
This last (minor) phase is observed as weak peaks in some of the scans. These
observations show that this material does have some local variations in chemical
composition, which may lead to technological limitations. In our case it permitted us to
study and characterize these distinct Bi-Te phases and obtain a deeper understanding of
their electronic properties. Multi-phase systems of other topological insulators have been
reported in literature. Gongalves et al. [57] investigated, using X-ray diffraction and STM
techniques, transformations in a Bi,Ses sample upon controlled heating up to 623 K. This
study revealed the coexistence of the major Bi,Ses phase together with BisSes and BiSe,
which appear as hexagonal grains embedded in the Bi;Ses matrix. Thus, the coexistence
of multiple phases within the same sample permits to combine different types of
topological insulators and investigate both their individual properties as well as the

properties that arise from their interaction with each other.

5.4 SCANNING TUNNELING MICROSCOPY AND SPECTROSCOPY
RESULTS

An STM/STS analysis allowed for a detailed characterization of our sample and the
observation of different domains as well as the study of their electronic responses. All the
STM measurements presented in this chapter were obtained using an Omicron-VT STM

microscope (UFMG, Brazil) operating either at room temperature or at low temperature
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(25 K) in constant-current mode and ultra-high vacuum conditions (7.0 x 10"** mbar). STS
measurements presented here were acquired using a lock-in amplifier operating in a
frequency of 3.01 kHz and a modulation amplitude of 10-20 mV. For all the tunneling

spectra shown here the reproducibility of the measurements was considered.
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FIG. 5.5 — (a) STM topographic image of a Bi; domain of the sample. (b, Upper panel)
Height-profile along the black line depicted in (a) showing steps of (0.40 £ 0.09) nm, which
is compatible with the height of Bi-bilayers. (b, Lower panel) A scheme of the
configuration of this domain showing a number of Bi-bilayers (blue blocks) stacked
forming a Bi; region. (c) Tunneling spectrum measured at the blue star shown in (a). (d)
Zoom of the tunneling spectrum in the low energy range of the black dashed rectangle
shown in (c). The scale bar is 110 nm. Measured at 25 K.

Fig. 5.5a presents a region with a series of terraces with approximately 120 nm
width. The profile indicated by the black line crossing the steps along this region is shown
in Fig. 5.5b (upper panel). In this height-profile, one observes a number of terraces
separated by steps of (0.40 + 0.09) nm height. This indicates the stacking of a series of Bi-
bilayers (BL), forming a Bi, region [56] (see the scheme of this configuration presented in
the lower panel of Fig. 5.5b). One also observes that the step edges in this region are very
fuzzy and rough. However, since only mechanical exfoliation (cleavage) was carried out
prior to STM, the reason for this remains unclear. In Fig. 5.5c one observes the
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spectroscopic signature, which is proportional to the local density of states (LDOS) of the
sample, for the region marked with the blue star. In particular, we highlight the
conductive behavior of the local density of states. Additionally, a zoom of the tunneling
spectrum in the region inside the black dashed rectangle in Fig. 5.5c is shown in panel
5.5d. The electronic signature of this material consists of a very broad shoulder at the
Fermi level. Similar features were also observed by Yang et al. [185], who investigated

edge states in single Bi(111) islands on top of BiyTes.

By analyzing other regions of our sample with a combination of STM/STS
techniques, we were able to identify distinct surface terminations of BisTes. An example
is given in Fig. 5.6a, which presents an STM topographic image of a region of coexistence
of BisTes and Bi;Tes domains, as we shall show. A careful analysis of this region shows the
presence of a grain boundary indicated by the dashed gray line and the gray arrows in
the figure. The height-profile along the black line is presented in the upper panel of Fig.
5.6b. It exhibits a series of steps of different heights that, together with STS signatures,
allows for the identification of distinct phases and terminations. The terraces located on
the left-hand side of the grain boundary, indicated by green and red stars, are separated
by a step of (2.40 £ 0.09) nm, which is consistent with the stacking of two quintuple-layers
and a Bi-bilayer. This corresponds to the BisTes configuration as shown in the scheme
presented in lower panel of Fig. 5.6b. In addition, this scenario points out necessarily to
two types of terminations: the region marked with a green star is ascribed to BisTes with
a Bi-bilayer termination (BisTes: BL), while the terrace marked with a red star presents a

guintuple-layer termination (BisTes: QL).

For the terraces shown in the middle (labeled with a purple star) and in the right
upper corner of Fig. 5.6a, the step heights are of (1.00 £ 0.09) nm. This is indicated in the
line profile shown in Fig. 5.6b (upper panel). This indicates a sequence of QLs stacked one
on top of the other [172], and it is compatible with the description of the Bi;Tes phase

(see sketch in Fig. 5.6b, lower panel).
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FIG. 5.6 — STM topographic image of a region of coexistence of a BisTes domain and a
Bi,Tes domain. (b, Upper panel) Height-profile along the black line depicted in (a) showing
a step of (2.40 £ 0.09) nm, compatible with the height of QL and BL, and steps of (1.00
0.09) nm, befitting with the stacking of QL only. (b, Lower panel) Scheme of the
configuration of these two domains showing BisTes and Bi,Tes regions separated by a
grain boundary. The blue blocks refer to Bi-bilayers and the red ones refer to quintuple-
layers. Tunneling spectra measured at BisTes region, i. e. at the (c) green and (d) red star
shown in (a). These STS measurements refer to BisTes: BL and BisTes: QL, respectively. (e)
Zoom of the tunneling spectrum in the low energy range of the black dashed square
shown in (c). (f) Zoom of the tunneling spectrum in the low energy range of the black
dashed square shown in (d). (g) STS measured at a Biz region. (h) STS measured at Bi;Tes
region, i. e. at the purple star shown in (a). The scale bar is 60 nm. Measured at 300 K.
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Scanning tunneling spectra were measured for each of these regions marked in
the STM image presented in Fig. 5.6a. For the regions identified as BisTes: BL and BisTes:
QL the STS are shown in Figs. 5.6¢c and 5.6d, respectively. In addition, in Figs. 5.6e and
5.6f a zoom of the tunneling spectra for both regions inside the black dashed squares,
depicted in Figs. 5.6¢ and 5.6d, is shown. The STS response presented in Fig. 5.6e for the
Bi-bilayer-terminated BisTes region has strong similarities in the low energy range with
the STS of the Biz region (both of them present a very broad shoulder at the Fermi level),
reproduced again here in Fig. 5.6g. This indicates a strong contribution of the topmost

(surface) layers to the tunneling spectrum.

Tunneling spectra of the terrace labeled with a purple star, i. e. the region ascribed
to the surface of BiyTes is presented in Fig. 5.6h. This LDOS profile is compatible with
others studies of Bi,Tes presented in literature [34, 172], confirming our proposed model.
Through this STS measurement one can obtain the energy of the Dirac point through the
projection of the Dirac cone to its intersection with the zero-conductance point, i. e. the
point in which the density of states is zero [186, 187]. This is because the Dirac cone is
not directly exposed in this system, but on the contrary, it is wrapped in bulk bands of the
material. For this particular region of the sample, we found that the energy of the Dirac
point is -462 meV (obtained by a linear regression), which indicates a n-type doping [26].
In this case also, we observed similar features in the STS responses for the regions with

quintuple-layer terminations, i. e. BisTes: QL (Fig. 5.6f) and BixTes (Fig. 5.6h).

To further confirm the surface termination assignment, the LDOS, which can be
directly compared to the experimental tunneling spectra under the assumption that both
the tip density of states and the tunneling matrix elements are constants, was computed
using our DFT results. Since the tunneling current is expected to decrease exponentially
with the distance from the surface, the density of states was projected in all cases only
on the two upper surfaces. The Fermi level is set to zero. A comparison among our
theoretical results (see Fig. 5.7) and the tunneling spectra (Fig. 5.6) suggests that our
samples should be highly n-doped. One possible origin of such doping is the existence of
interfaces, vacancies and antisites defects which are known to n-dope Bi;Tes In fact, we
have focused on the energy range that best fitted the STS curves. Thus, we have found

that it should be ~0.2-0.4 eV above the Fermi level in the calculation (the energy scale in
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the tunneling spectra refers to a distinct reference). Also, the QL- and BL-terminated
BisTes retain most of features of the pure BixTes and Biy structures, respectively, which
agrees with the experimental results and allows for the distinction of the two

terminations.
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FIG. 5.7 — Projected density of states (PDOS) of band diagrams calculated using DFT for
different surface terminations of BisTes and its constituents. PDOS of (a) BisTes: BL, (b)
BisTes: QL, (c) Bi; and (d) Bi,Tes.

5.5 DISCUSSION

Concerning device applications, the observed phase coexistence of the Bi, and
BioTes terminations in BisTes could, in principle, be used to produce tracks for selective
conductance of electrons, should one need to filter different types of polarized electrons.
These tracks could be manufactured by lithographic processes (e. g. via atomic force
microscopy) at the surface. One can make use of Kelvin probe force microscopy to
determine which portion of the material is finished in bi- or quintuple-layers and then use
lithography to oxidize the ‘channels’ that are not of interest for each device application,
designing the surface accordingly. Moreover, if one may control and/or manufacture

nanometer-sized terminations by sputtering deposition and lithography, a path for
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smaller electronic devices could be opened. Thus, modulated topological materials with
different surface terminations are interesting for the fabrication of different topological
insulator devices.

The remarkable coincidence of the surface electronic behavior of BisTes with that
of the theoretical dispersion relation shows that only a few layers are necessary to reach
the bulk electronic behavior. As a result, very thin films of this material may be

manufactured in devices and will probably work as spin filter or similar applications.

5.6 ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY RESULTS

In order to investigate the electronic structure of our system we have used angle-
resolved photoemission spectroscopy (ARPES). ARPES measurements were performed at
77 K in an ultra-high vacuum chamber with pressure better than 2.0 x 101° mbar. We
used a SPECS Phoibos 150 spectrometer at the PGM beamline of the Brazilian
Synchrotron Light Laboratory (LNLS), Brazil. Data was collected using a helium lamp, with
a photon energy of 21.21 eV. The energy resolution, including thermal broadening, and

angular resolution were better than 77 meV and 0.1°, respectively.

Fig. 5.8 presents the dispersion relations of our BisTes system along the K-T-K (left
panel) and M-T-M (right panel) directions in the first Brillouin zone. In this figure one
observes an ‘inverted-valley’ structure around the I point below the Fermi level as well
as a V-shaped band ranging from -0.4 eV up to the Fermi level. In particular, this V-shaped
band deviates from its linear dispersion along the M-I-M direction bending near the
Fermi level. This gives rise to a warped Fermi surface as presented in Fig. 5.9 [188-190].
Both structures show a high resemblance to those found for Bi,Tes (see Fig. 2.13a shown
in chapter Il) [36]. However, important differences are observed in our sample. For
instance, the ‘inverted-valley’ band has opposite and higher concavity than the
conduction band of Bi;Tes, which is nearly flat close to the ' point. This can be verified
comparing the theoretical band structures of BisTes: QL (see Fig. 5.2a) and Bi,Tes (Fig.
5.3a) close to the I point to the experimental data presented in Fig. 5.8. In the case of
BiaTes: QL, bulk and surface bands with the same concavity as the one found in our ARPES

measurements are clearly seen close to the I point. For Bi;Tes, on the other hand, the
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bulk bands located in the same region are indeed nearly flat. Furthermore, no evidence
of an X’ band is seen in our ARPES experiments. Considering this band to be a key element
to identify Bi-rich terminations [16 169], i. e. the Bi-bilayer surface termination, these
observations lead to the conclusion that the sample investigated here is mostly QL-
terminated BisTes. This will be further discussed in the following paragraphs, where our
experimental measurements of constant energy contours will be directly compared to

the corresponding theoretically calculated maps by means of DFT.

Energy (eV)

-0.2 0.0 0.2 02 00 02
Ky (1/A) K, (1/A)

FIG. 5.8 — ARPES measurements of the band dispersions of BisTes. ARPES intensity plots
for (left panel) k, and (right panel) k,, scans at the first Brillouin zone.

Fig. 5.9 shows a number of constant energy contours for several binding energies
starting at the Fermi level up to 0.350 eV. The cutting planes are shown in Fig. 5.8 by the
numbered dashed lines. For the Fermi surface shown in Fig. 5.9 one observes that the
outer structure, formed by the V-shaped band, exhibits a hexagonal shape resembling a
snowflake, while the inner structure around the I point, formed by the states of the
‘inverted-valley’, has a triangular shape (more clearly seen in panel 2 of Fig. 5.9). One also
observes that the warped Fermi surface of BisTes has branches more elongated than

those found for Bi;Tes [36] (for a direct comparison, see Fig. 2.13b presented in chapter
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). In addition, these branches present what looks like ‘gaps’ at the corners of the
hexagonal contour (along the -M direction) making it discontinuous. At these regions, i.
e. close to the edge of the Brillouin zone, one sees that these constant energy segments
are almost parallel to each other, resembling a nesting effect [191, 192]. The increase of
the binding energy results in continuous warped constant energy contours. In the case of
BioTes warped Fermi surface acts as a platform for surface spin texture and surface
scattering processes [189, 193, 194]. In our case, spin-ARPES measurements would be

extremely useful to probe the spin properties of our system.

Fermilevel 0.100eV 0.200eV

Ky (1/A)

04 00 04 04 00 04 -04 00 04
Ky (1/A) Ky (1/A) Kx (1/A)

0.2508V 0.300eV 0.350eV

-0.4 0.0 04 -04 0.0 0.4
Ky (1/A) Ky (1/A)

FIG. 5.9 — Constant energy contours of BisTes for different binding energies (indicated in
each panel): Fermilevel, 0.100 eV, 0.200 eV, 0.250 eV, 0.300 eV and 0.350 eV. The cutting
planes are indicated by the numbered dashed lines depicted in Fig. 5.8.

Analyzing the ‘inverted-valley’ band of BisTes one notices that it has a triangular
symmetry as well as the conduction band of Bi;Tes, but here it shows a different k,
dependence. In the ARPES experiments of Bi,Tes performed by Chen et al. [36] a three-

fold symmetry was observed for its conduction band for a photon energy of 19 eV and

100



23 eV (see Fig. 2.13b in chapter Il). For photons with energy of 21 eV, on the other hand,
they showed that the conduction band has six-fold symmetry. In contrast, in our system
a three-fold symmetry was found for an energy of 21.21 eV. Furthermore, one observes
that this inner band could be hybridized to the outer hexagonal contours, which can be

seen more clearly in panel 2 of Fig. 5.9.
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FIG. 5.10 — Constant energy contours of the BisTes system shown with high saturation for
different binding energies (indicated in each panel): Fermi level, 0.010 eV, 0.020 eV,
0.030 eV, 0.050 eV, 0.060 eV, 0.070 eV and 0.080 eV. The blue dashed line marks the
edge that separates the first and the second Brillouin zones. The -M direction is indicated
in this figure.
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Additional ARPES measurements taken at 77 K using photon energy of 103.50 eV
were carried out. The energy and the angular resolutions in this case, including thermal
broadening, were better than 100 meV and 0.1°, respectively. This experimental data was
also collected at PGM beamline at LNLS using the same experimental setup as previously
stated. In this experiment the pressure was better than 2.0 x 10'° mbar. These
measurements were used to further investigate the elongated branches observed for the
hexagonal constant energy contours and the ‘gaps’ along the -M direction. In particular,
the use of a higher photon energy allowed us to probe more than a single Brillouin zone
and better understand the physical phenomena that take place at the edges of the

Brillouin zone.

In Fig. 5.10 several constant energy contours for different binding energies
(specified in each panel) are shown. In this figure one observes the first and the second
Brillouin zones separated by a blue dashed line. In this data we have saturated the color
scale to highlight the behavior of the branches along the -M direction (which is indicated
in the figure) close to the edge of the Brillouin zone. In particular, it is possible to observe
that at the Fermi level the elongated branches do not seem to touch the edges of the
Brillouin zone. As we show other slices of constant energy contours for higher binding
energies one observes that the intensity at the M point increases, with a giant stretching
forming a bridge-like structure connecting the first and the second Brillouin zones (see
constant energies contours from 0.030 eV up to 0.060 eV to see this more clearly). As we
further increase the binding energy, going to values above 0.060 eV, these elongated
branches no longer touch the edge of the Brillouin zone as one can see for a binding
energy of 0.080 eV. This is an indication of a band distortion of BisTes in relation to the
Bi,Tes bands. BixTes has a topological state, i. e. the Dirac cone that crosses the Fermi
level as a single band. As we introduce Bi; layers into the system forming BisTes this
topological state bends below the Fermi level. In this context, one observes what could
be an ‘electronic topological gap’ of 0.060 eV along the I-M direction. It is noteworthy
that this phenomenon is at the limit of the system resolution and would have to be
further investigated with higher resolution to be confirmed. This remarkable effect opens
up possibilities for a number of new experiments with a lot of interesting physics to be

further explored.
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FIG. 5.11 — (a) Constant energy contours of BisTes shown (left panel) with high saturation
at the Femi level and at (middle panel) a binding energy of 0.060 eV. (Right panel)
Constant energy contour at a binding energy of 0.060 eV shown without high saturation
for comparison. The blue dashed line marks the edge that separates the first and the
second Brillouin zones. The -M direction is indicated in this figure. (b) Schematics of the
branches of the hexagonal constant energy contours. (Left panel) The bands are shown
from the side and (right panel) from the top along the '-M direction.

This phenomenon can be seen more clearly in Fig. 5.11a where we present
constant energy contours collected at the Fermi level and at 0.060 eV, as indicated in
each panel. In both cases the data is again presented with high saturation. The energy
contour at 0.060 eV is also presented in a distinct color scale for comparison purposes.
At the Fermi level, as previously discussed, the branches do not extend up to the edge of
the first Brillouin zone. For the equipotential surface at 0.060 eV, on the other hand, the
opposite behavior is seen, with the giant stretching forming a bridge-like structure
between the first and the second Brillouin zones. This is schematically indicated in Fig.

5.11b, in which these bands are shown along the '-M direction from the side (left panel)
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and from the top (right panel). As previously described, a ‘gap’ between the branches
slowly decreases and is completely absent at 0.060 eV. This opening, together with the
giant stretching for higher binding energies, gives rise to what resembles an ‘electronic
topological gap’ of approximately 0.060 eV along the '-M direction, meaning that in this

system no topological states cross the Fermi level along this direction

5.7 THEORETICAL CONSTANT ENERGY CONTOURS OF BisTes

The band structures of BisTes: QL and BisTes: BL, as shown in Fig. 5.2, were used
to plot the constant energy contours of both terminations and, consequently, allowed us
to do a comparative analysis. The bulk BisaTes (21 atoms) tight-binding Hamiltonian was
obtained by interpolating the bands via Wannier functions [195]. With this Hamiltonian
one can calculate spectral functions for a given surface. In our case both surface
terminations were considered, i. e. the quintuple-layer and the bilayer terminations. A
slab composed of 30 heptalayers of BisTes was used. The formalism used here is
described in reference [196]. It is noteworthy that when calculating the constant energy
contours, the Brillouin zone mapping was done using primitive vectors. This is the reason
why some structures with elliptical symmetry (in some cases this symmetry deviates)
appear in some constant energy contours, presented in Figs. 5.12 and 5.13, where the

Wigner-Seitz cell should have ended.

In Fig. 5.12 and Fig. 5.13 several equipotential theoretical maps of BisTes: QL and
BisTes: BL are presented, respectively. The corresponding energies, below (indicated with
the use of a minus signal) and above the Fermi level (indicated with the use of a plus
signal), are shown in each panel. In addition, the redder the structures the greater the
contribution of surface states. As one observes the Fermi surface (0 eV) of BisTes: QL (see
Fig. 5.12) has a six-fold symmetry that highly resembles our experimental measurements
shown in Fig. 5.9. In this panel, a hexagonal contour with elongated branches is seen. For
+0.050 eV the ‘gaps’ at the corners of the hexagonal contours are more pronounced.
Also, an inner structure is visible in these panels at the middle of this hexagonal structure,
i. e. at the I point. As the energy further increases the constant energy contours become

more complex. The same happens when the energy is decreased below the Fermi level.
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The constant energy maps of BisTes: BL have similar features. However, important
differences allow one to distinguish between these two cases, especially for energies
close to the Fermi level. For 0 eV, +0.050 eV and -0.050 eV a six-fold symmetry similar to
a snowflake is seen, but in this particular case there is no nesting and the contours are
continuous, which here is the key element to distinguish between the two terminations.
These results, together with the analysis of the band structure, strongly suggest that

BisTes: QL covers up most of the sample surface.

In summary, a comparison between our experimental data and the DFT
calculations indicates that the ‘inverted-valley’ state at Fermi level observed in the ARPES
diagram may be ascribed to the n-doped Ql-terminated BisTes. In addition, the
theoretical maps also indicate that the V-shaped band can be attributed to BisTes: QL. No
specific features of isolated Bi, layers or Bi;Tes were observed in our measurements,
albeit the sample is composed of (28 + 3)% of Bi; and (8 + 2)% of Bi;Tes. This result is likely
because the contributions of these phases were overlapped by the BisTes contributions.
In this context, one can speculate that the relation between the large size of the beam
(1000 x 1000 nm) and the reduced sized of Bi, and Bi;Tes domains plays a crucial role on

reducing their ARPES footprints.
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FIG. 5.12 — Constant energy theoretical maps calculated for BisTes: QL. The energy is
indicated in each panel. The Fermi level is set to zero.
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FIG. 5.13 — Constant energy theoretical maps calculated for BisTes: BL. The energy is
indicated in each panel. The Fermi level is set to zero.
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5.8 CONCLUSIONS

In this chapter an original study of the electronic properties of the strong
topological insulator BisTes was presented. A combination of density functional theory
and scanning tunneling microscopy/spectroscopy techniques were used to investigate
its electronic properties. We have been able to separate the contributions from the
surface states of this material, which are more important for electronic transport than
the bulk ones. The dispersion relations of the two surface terminations of BisTes, i. e. Biz
and BixTes were also studied separately. In addition, the analysis of height-profiles of the
STM topographic images and STS signatures of different areas of our system permitted
us to identify regions of BisTes: QL, BisTes: BL, Bi;Tes and Bi,. This allowed us to
understand both structural and electronic properties of all these distinct Bi-Te phases.
Such information may be used to produce tracks manufactured by lithographic processes
for selective conductance of electrons at the surface, which would be interesting for the
fabrication of different topological insulator devices. Finally, angle-resolved
photoemission spectroscopy measurements suggest that the main composition of the
sample surface is BisTes: QL. Highly warped constant energy contours with ‘gapped’
branches give rise to an ‘electronic topological gap’ along the '-M direction and as a

result no topological states cross the Fermi level along this specific direction.
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VI.

SELF-ASSEMBLY OF TRIANGULAR S
TRIMERS ON Au(111)

In this chapter we systematically investigate structural and electronic properties
of TaS; on Au(111) using scanning tunneling microscopy/spectroscopy and low-energy
electron diffraction. TaS; films were synthetized through the evaporation of tantalum in
a background of H;S, used as a source of sulfur. The use of high H,S pressures and
annealing temperatures proves not to be ideal for growth of TaS; domains, since the
guantity of islands scattered throughout the sample surface considerably decreases, and
is replaced by a number of S trimers at the high temperature regime. The emergence of
these structures distorts the Au(111) herringbone reconstruction. In addition, the
nanoclusters, which cover approximately 0.60 % of the surface, are mostly located on the
face-centered cubic regions of Au(111). High resolution scanning tunneling microscopy
images were carried out, revealing not only a well-defined triangular shape of these
nanoclusters, but also demonstrating different orientations depending on the region of
Au(111) in which they sit. Finally, density functional theory calculations are presented to

investigate different structures adsorbed and also embedded on Au(111).
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6.1 INTRODUCTION

Transition metal dichalcogenides (TMDCs) have attracted enormous attention in
past years due to their unique properties, especially as ultrathin layers [37-39]. These
materials have emerged as an alternative to graphene, overcoming some of its intrinsic
limitations, such as the absence of an electronic band gap [3]. Nevertheless, TMDCs are
not suitable replacements for graphene in all device applications, since their structure
leads to the loss of some of its remarkable properties, such as its mobility [24]. Many
TMDCs have a semiconductor behavior with sizable band gaps, making them promising
candidates for nanoelectronics devices [40]. Metallic TMDCs, like TaS;, have distinct, but

exotic properties, like charge density waves and superconductivity [44-46].

In order to incorporate this class of materials into current electronic devices, an
in-depth comprehension of their properties under different conditions is required. In this
context, it is important to increase the knowledge of the role played by the growth
parameters on their synthesis, which is essential not only to establish a controlled growth
on different platforms, but also to improve the understanding of thin films formation.
From the fundamental point of view, this process starts with the deposition of the
constituents of the transition metal dichalcogenide on a proper substrate. Studies
focusing on such goals represent a relevant contribution, building up the knowledge of
epitaxial growth processes, revealing valuable information about the nucleation sites and
the deposition kinetics [197-202]. In addition to these contributions, important
particularities about the elementary blocks of TMDCs as intercalant elements are
unveiled, which are useful for modifying properties of layered materials. Also, it is often
reported in the literature that these adsorbates can aggregate and form clusters. These
nanometer-sized structures can present interesting and desirable properties for catalytic

and magnetic applications [197-200].

In this chapter, we investigate, using scanning tunneling microscopy, TaS; films
synthetized on Au(111) substrates. In particular, the effect of high H,S pressures and high
annealing temperatures on the formation of these thin films was studied. At such
conditions the formation of regular triangular TaS; islands is no longer favorable, and the

substrate is covered mainly with nanoclusters. These self-assembled structures sit
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preferentially on face-centered cubic (fcc) sites of the Au(111) surface and modify its well-
known herringbone reconstruction. In addition, atomically-resolved images reveal that
these nanometer-sized S trimers present a well-defined triangular shape with distinct
orientations depending on the region of the Au(111) substrate in which they are located,

i. e. fcc or hexagonal close-packed (hcp) regions.

6.2 SAMPLE GROWTH: TaS; on Au(111)

TaS; islands grown on Au(111) substrates were synthesized and investigated
during my doctoral stay (PDSE-CAPES fellowship) at Universitat Siegen, Germany. The first
step of the sample growth consists in the preparation of the Au(111) substrate, which is
done through cycles of sputtering and annealing. In particular, the sample was sputtered
using 1.50 kV argon ions (pressure of 1.0 x 107 mbar) at 300 K for 30 minutes. This
process was followed by another cycle of sputtering at 900 K also for 30 minutes and
completed by annealing the substrate at 900 K for 10 minutes. After the preparation of
the Au(111) substrate, low-energy electron diffraction (LEED) and scanning tunneling
microscopy/spectroscopy (STM/STS) were used to characterize the sample and assure
that the substrate was clean and free of contaminations (resulting from previous
preparations). An assurance that would serve as a guarantee of the suitableness of the
substrate for the synthesis of TaS; films. All STM images presented in this chapter were
obtained using the scanning tunneling microscope TuMA IIl operating at room
temperature (300 K) and ultra-high vacuum conditions (< 1.0 x 1071° mbar). In addition,
spectroscopic data were acquired measuring current versus voltage profiles at specific
regions. dl/dV curves were obtained through numerical derivative of an average of a
number of I(V) curves. The reproducibility of the experimental data was always taken into

account by analyzing the shape of several STS curves measured at the specific points.

In Fig. 6.1a one observes a LEED pattern of the clean Au(111) substrate measured
at 65 eV. In this image one sees the diffraction spots of the Au(111) surface in brighter
contrast surrounded by satellite spots related to the herringbone reconstruction. In
particular, the diffraction peaks inside the black circle in this figure can be seen in greater

detail in the inset of this panel. In Fig. 6.1b an STM topographic image of an atomically
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flat terrace of this sample is presented. In this figure one sees the herringbone
reconstruction formed by a pattern with a number of straight and parallel ridges. It is
well-known that in this reconstruction these ridges are Au atoms at a higher level sitting
in the saddle positions between regions of fcc surface structure, seen as large alternating
regions, and hcp structures, seen as narrow alternating regions [203-206]. In addition,
an atomically-resolved STM image and a scanning tunneling spectrum, which is
proportional to the local density of states of the sample, could also be measure as
presented in Figs. 6.1c and 6.1d, respectively. In Fig. 6.1d one also identifies the surface

state of Au(111) approximately at -0.40 eV [207].

- (b)

Au(111)

di/dV (arb.units)

0.0

1.2 06 0.0 0.6 1.2
Sample bias (V)

FIG. 6.1 — (a) LEED data of clean Au(111) measured at 65 eV (inverted contrast). The
diffraction spots are shown in detail in the inset of this panel. (b) STM topographic image
of Au(111). The stripe pattern seen refers to the herringbone reconstruction. (c)
Atomically-resolved STM image of Au(111). (d) Tunneling spectrum measured in a clean
Au(111) sample. The scale bars are: (b) 20 nm and (c) 1 nm.

TaS; films were synthetized in situ using an evaporator which allows the

deposition of the transition metal (in this particular case tantalum) directly onto the
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Au(111) substrate. A scheme of the growth process is shown in Fig. 6.2. In particular, for
the system investigated here the power of the evaporator was adjusted to 73 W and
tantalum was evaporated for 2 minutes and deposited on Au(111) at room temperature
(300 K). Simultaneously, the sample was exposed to an H,S environment (used as source
of sulfur) at a pressure of 1.0 x 10°® mbar (see Figs. 6.2a and 6.2b). After the tantalum
deposition the sample was annealed at 950 K for 20 minutes (Fig. 6.2c). In this growth

process the following chemical reaction takes place, starting the formation of TaS; islands

[208]:
Ta + 2H,S — TaS, + 2H,. (6.1)
(a) ' evaporator ~ (b)
Tarod
bt oys H,S
 Auy T
(c) (d)
H,S
Tas, islands
, 7Ry
f Au(111) —q// |/ Au(111) Yy
Annealing

FIG. 6.2 — Schematic representation of the synthesis of TaS; films on Au(111). (a) Ta rods
are evaporated onto clean Au(111) at room temperature in an H,S environment. (b) The
Ta particles adsorb on the Au(111) surface. (c) After the Ta deposition the system is
annealed (starting the formation of Ta$; islands) and, subsequently, cooled down in H5S.
(d) At the end of the process several TaS; islands with a triangular morphology are formed
on Au(111) surface.

After annealing, the system was cooled down also in an H,S environment until
450 K was reached. At the end of this procedure, a number of TaS; islands was formed

on top of the Au(111) substrate as schematically depicted in Fig. 6.2d.
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Subsequently, the system was investigated using LEED to ensure a good sample
preparation (see Fig. 6.3a). In this LEED pattern one can see Au(111) diffraction peaks
(one of which is labeled with a blue circle) as well as the TaS; spots (pink circle). In
particular, this LEED pattern also reveals, through the observation of satellite peaks, the
formation of a moiré pattern as a result of the mismatch of the Au(111) and the TaS;
lattices. The in-plane lattice parameters of Au(111) and 1H-TaS; are 0.2885 nm [209] and
0.3342 nm [96], respectively. In the inset of this panel these diffraction spots can be seen

in more detail.

In addition, the system was also investigated using STM/STS techniques. STM
images revealed the formation of a number of 2D Ta$S; islands (in brighter contrast)
scattered throughout the sample as depicted in Fig. 6.3b. The TaS; islands have a
triangular morphology and varied sizes. One also observes that the TaS; islands have well-
defined orientations, with some islands pointing up or down (see the islands located on

the upper left side in Fig. 6.3b).

In Fig. 6.3c one of the Ta$; islands is shown in more detail. In this image one
identifies the moiré pattern within the TaS, domain surrounded by the Au(111)
herringbone reconstruction. Moreover, in the inset of this figure some nanoclusters,
appearing as white dots, can be seen on the Au(111) regions. These nanoclusters are
further investigated in the following sections. In Fig. 6.3d a different region of the sample,
with relatively large TaS;islands, is presented. Fig. 6.3e is a magnification of the upper
Tas, domain shown in Fig. 6.3d. In this atomically-resolved image the moiré pattern with
some defects is seen in detail. Through the analysis of this moiré pattern one can also
identify the formation of distinct TaS, phases, i. e. 1H-TaS; or 1T-TaS,. In the particular
case of this domain, the Ta$S; lattice constant was found to be (0.332 + 0.002) nm, which
is compatible with the 1H phase, consistent with the study of Sanders and her co-workers,
who also investigated TaS; on Au(111) [46]. In Fig. 6.3f the tunneling spectrum of the TaS;

island, in which one observes the metallic character of this structure, is presented.
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FIG. 6.3 — (a) LEED data of TaS; on Au(111) — sample partially covered — measured at 65
eV (inverted contrast). The diffraction spots of Au(111) and TaS; are marked with blue
and pink circles, respectively. The satellite spots are due to the moiré pattern. These spots
are also shown in detail in the inset of this panel. (b) STM topographic image of TaS;
islands on Au(111). The islands have a triangular morphology and can be seen in brighter
contrast. (c) Zoom image of a TaS; island. In this image one sees the moiré pattern within
the triangular island as well as the herringbone reconstruction on Au(111). On the
Au(111) region it is possible to observe (inset) some nanoclusters that appear as bright
dots on the herringbone reconstruction. (d) A different region of the sample showing
more TaS; islands. (e) Atomically-resolved image of the moiré pattern of the island shown
in the upper region of panel (d). (f) STS measured at a TaS; island. The scale bars are: (b)
50 nm, (b, inset) 5 nm, (c) 20 nm, (d) 30 nm and (e) 2 nm.
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6.3 STRUCTURAL AND ELECTRONIC PROPERTIES OF TRIANGULAR
S TRIMERS

It is well-known that the variation of the growth parameters such as temperature
and pressure plays an important role in the synthesis of different systems. The size and
density of the TaS, domains as well as their formation, for example, are strongly affected
by the growth conditions. Thus, by varying the growth parameters one can modified the
system of interest and, consequently, better understand the dynamics of the formation
of TaS; islands on Au(111). In particular, the increase in the growth temperature and
pressure completely modified the system investigated here giving rise to a number of
nanoclusters, like the ones observed in the inset of Fig. 6.3c, which replace almost

completely the regular triangular TaS; islands.

In Fig. 6.4 some STM images of the sample synthetized as described in section 6.2,
but at a pressure of 1.0 x 10 mbar of H,S and annealed at 1100 K for 20 minutes, are
presented. In Fig. 6.4a one sees large atomically flat terraces and a triangular TaS; island
in the middle. This image shows how the density of TaS; islands decreased for this sample
preparation (this was confirmed by analysis of other regions of the as-grown system). Fig.
6.4b, which is a magnification of the island shown in Fig. 6.4a, highlights the moiré pattern
of the TaS; domain. In addition, one sees a number of small dots on the Au(111) surface.
Moreover, Fig. 6.4a reveals some medium-sized triangular islands (brighter contrast),
shown in detail in Fig. 6.4c. A region of the Au(111) substrate with a number of
nanoclusters, appearing as small white dots, on the distorted herringbone reconstruction
is depicted in Fig. 6.4d. The analysis of large atomically flat regions of the Au(111) surface
with clusters revealed that (0.60 + 0.09)% of the system is covered with these adlayer

structures [209].

Additional measurements were carried out to investigate the composition of the
nanoclusters. The first experiment consisted in a sample preparation without H,S,
meaning that tantalum was be deposited onto Au(111) at room temperature and,
posteriorly, annealed at high temperatures. Our experimental data (not shown) revealed
the appearance of larger clusters without well-defined shapes coexisting with some

triangular trimers (the mean distance among the adatoms for this structure is (0.785 +
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0.003) nm, which does not correspond to the mean distance among the adatoms for the
nanoclusters observed in standard preparations). In the second experiment Au(111)
substrate was annealed at high temperatures in a H,S background. Such study revealed
the formation of triangular nanoclusters like the ones previously observed (the mean
distance among the adatoms in this case is (0.324 + 0.003) nm, compatible with the
trimers as shall be shown, which is a strong indication that these structures are triangular

S trimers).

FIG. 6.4 — STM topographic images of TaS;/Au(111) covered with a number of
nanoclusters. In panel (a) one sees a large TaS; island (highlighted in (b)) in the middle of
Au(111) terraces. Middle-size triangular islands and a number of nanoclusters on the
distorted Au(111) herringbone reconstruction are also visible in (a), but are magnified in
panels (c) and (d), respectively. The scale bars are: (a) 50 nm, (b) 15 nm, (c) 15 nm and
(d) 15 nm.

In Fig. 6.5 atomically-resolved STM images of the S trimers as well as the Au(111)
substrate are presented to provide further insights on the understanding of this adlayer
structure. In Fig. 6.5a one sees a number of S trimers scattered throughout the substrate.

In this figure one observes that these nanoclusters are grouped in a well-defined
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triangular morphology and that all of them have the same alignment regarding Au(111).
One of these triangular trimers, shown in Fig. 6.5a, is magnified in Fig. 6.5b. In Figs. 6.5a
and 6.5b it can be noticed that a dark contrast surrounds the left side of the triangular S
trimers. Also, in this distorted region the atomic resolution of the Au(111) is not as visible.
Forward and backward STM topographic scans were analyzed, but no significant
differences regarding these dark regions were observed, meaning that this is probably
not a scanning effect. It is well-known that the deposition of different elements starts at
defects on terraces and step edges [197, 198]. For our system, a large number of S trimers
were observed at monoatomic step edges (not shown) and on terraces, in such case very
often with a dark region surrounding them. This is an evidence that these regions are
structural defects of Au(111) caused by the high annealing temperatures of the system
in the synthesis (1100 K). It is noteworthy that during the STM measurements surface
diffusion was not detected and the S trimers remained static even with the application of
very low sample bias and high tunneling currents. This indicates that these structures are

well anchored on the substrate.

In addition, the distances among the three adatoms of this triangular trimer were
measured through the height-profiles indicated by the black solid numbered lines
depicted in Fig. 6.5a. These profiles are shown in Fig. 6.5c. The measurements in question
revealed the ‘interatomic distances’ along the directions 1, 2 and 3 as (0.304 + 0.003) nm,
(0.279 £+ 0.003) nm and (0.304 + 0.003) nm, respectively. Fig. 6.5a allowed also the
determination of the surface lattice constant of Au(111): (0.292 + 0.005) nm, compatible
with the values reported in literature [210]. Other trimers were analyzed and the average
results in the directions 1, 2 and 3 are: (0.303 + 0.003) nm, (0.297 + 0.003) nm and (0.314
+ 0.003) nm, respectively. This result is compatible with the mean distance among the
adatoms for the Au(111) sample prepared in a H,S background, as previously stated. The
mean distance between trimers localized only in the same fcc region (considering their
centers as a reference) was also systematically analyzed. The average value obtained was

(2.8+£0.5) nm.

In Fig. 6.5d the atomically-resolved STM image of the S trimer, presented in Fig.
6.5b, is used to investigate the atomic positions of this triangular structure regarding the

atomic positions of the Au(111) substrate, which are marked with gray circles. From this
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image one can verify that the adatoms that compose the trimer are sitting at hollow sites.
This is schematically indicated in Fig. 6.5e in which Au(111) is shown through gray circles,

while the triangular S trimers are presented using black ones.

(b)

—
(2)
—

© © oo © o0 © o
N
e
N
N
©
s
3

Y (nm)
© © 990 © o0 o ©

X (nm)

(d)

FIG. 6.5 — (a) Atomically-resolved STM topographic image of the triangular S trimers on
Au(111). (b) Magnification of one of these adlayer structures shown in (a). (c) Height-
profiles along the black solid numbered lines shown in (a). (d) The image shown in (b) is
repeated here highlighting the position of the Au atoms of the substrate with gray circles.
(e) Schematics of the Au(111) surface (gray circles) and the triangular trimers (black
circles) located at the hollow sites. The scale bars are: (a) 1 nm, (b) 0.5 nm and (d) 0.5 nm.
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The analysis of different regions of the as-grown system revealed important
aspects of the structural properties of the triangular trimers. Fig. 6.6a depicts a region of
the Au(111) surface with a large number of nanoclusters. In Fig. 6.6b, which is a
magnification of Fig. 6.6a, one observes that these triangular trimers are located
preferentially on the fcc regions of the distorted herringbone reconstruction. Some
exceptions could be found and are marked with black circles in this image, indicating
trimers on the hcp regions. In Fig. 6.6¢ an hcp region between two fcc regions is shown.
This image reveals that triangular S trimers may present two types of orientations:
pointing up (see Fig. 6.6d) and pointing down (Fig. 6.6e), similar to what was observed
for the triangular TaS; islands. Our findings point out that these orientations are directly
related to the regions of the modified Au(111) herringbone reconstruction where the
trimers are found. For all the regions of our system analyzed, the pointing up triangular
trimers are located at the fcc sites, while the pointing down trimers sit on hcp ones. In
Fig. 6.6f a schematic model of the herringbone reconstruction, in which the hcp and the
fccregions of Au(111) are indicated, is shown. It is clear that the subatomic layer plays an
important role on the orientation of the triangular S trimers (see scheme with green and
yellow triangles in this panel). Here we have assumed that the S adatoms adsorb
preferentially at hcp hollow sites with an fcc hollow site among them. This simple model
explains the observation of distinct orientations on the hcp and fcc sites of Au(111).
Through this phenomenological model one can conclude that the formation of triangular
S trimers, pointing up or down, is favorable depending on the region of the Au(111)
substrate where they are formed, which explains our experimental data. Moreover, as
previously stated, the density of trimers pointing up is significantly larger than the ones
pointing down. A counting of the investigated ensemble of triangular S trimers indicates

a ratio of 93:7 (a total of 1103 trimers were analyzed).
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FIG. 6.6 — (a) STM topographic image of a number of triangular S trimers (bright dots) on
Au(111). (b) Magnification of the region presented in (a). (c) A different region of the
sample in which triangular trimers are found on hcp and fcc sites of the distorted
herringbone reconstruction. An analysis of our system permitted us to identify trimers
with two types of orientations: (d) pointing up and (e) pointing down. Pointing down
trimers are minority in this region and are marked with black circles in panel (b), revealing
that they are always located at hcp sites on Au(111). In inset panels (c) and (d) yellow and
green triangles schematically indicate the orientation of trimers pointing up and down,
respectively. (f) Scheme of the herringbone reconstruction. In this scheme yellow and
green triangles indicate triangular trimers pointing up and down, respectively. Figure
adapted from reference [203]. The scale bars are: (a) 10 nm, (b) 10 nm, (c) 3 nm, (d) 1
nm and (e) 1 nm.
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In Fig. 6.7a another region of high density of triangular S trimers is presented. A
tunneling spectrum was measured in this region and is depicted in Fig. 6.7b. For room
temperature measurements, like the one presented here, this spectrum is, in fact, an
average of the density of states of Au(111) and the trimers around the STM tip position.
This tunneling spectrum is completely different from the STS of clean Au(111), presented
in Fig. 6.1d, and the STS of TaS; islands shown in Fig. 6.3f. Here, one observes very well-
defined peaks and a behavior of local density of states that resembles semiconductor

systems, with a gap of 300 meV.
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FIG. 6.7 — (a) STM topographic image of triangular S trimers on modified herringbone
reconstructed Au(111). (b) Tunneling spectrum measured in this region, carried out on
top of a triangular S trimer, in a position with large concentration of other triangular
trimers. The scale baris: (a) 10 nm.

Measurement of identical regions with different sample biases permit one to map
out the electronic occupation of states of these triangular S trimers. In Fig. 6.8 two STM
images measured at different tunneling conditions are presented. Similarly to what was
measured for triangular graphene nanostructures in chapter IV, the differences observed
in each panel are due to variations in the local density of states of the clusters. This is a
strong evidence of how STM measurements are a combination between topography and
the electronic properties of the system. In Fig. 6.8a, measured at -501 mV, the trimers
appear as holes. Differently, in Fig. 6.8b, for the same region measured at -355 mV, the
contrast is inverted and they appear as bulges. On the other hand, the distorted

herringbone reconstructed region and an undefined adsorbate seen on the left side in
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both images remain the same. This may be an evidence of the existence of confined

states inside the trimers, which also confirms their semiconductor electronic behavior.

FIG. 6.8 — STM topographic image of triangular S trimers on Au(111). Both images were
measured in identical regions, but using different sample biases. In (a) the sample bias
used was -501 mV and in (b) -355 mV. One notices that triangular trimers appear in each
image with distinct contrasts. The scale bar in both panels is 6 nm.

6.4 DISCUSSION

Walen et al. [211] also studied the self-organization of S adatoms on Au(111) using
STM. Differently from our experiment, they reported the observation of an adlayer
structure mainly formed by short one-dimensional rows of S atoms preferentially located
on fcc regions. Density functional theory calculations were used to investigate the most
stable configurations, which also included S-Au structures. At low coverage, these
adsorbed species modify the herringbone reconstruction distorting it similarly to what is
observed in this work. Furthermore, only about 10% of the adsorbed structures exist in a
triangular form. However, in contrast with our experimental data, the distances among
these adatoms is 0.494 nm, which is significantly larger than the value reported here.

Also, trimers with different orientations could be found on the same sites.

In addition, Kurokawa and his co-workers [212] who studied a similar system,
reported not only the adsorption of S adatoms on the surface of unreconstructed regions
of Au(111), but also the observation of large structures (with 1 nm diameter), which they

assigned to AusSs (this type of complex was not observed by Walen et al. [211]).

This set of evidences differs from our experimental observations most probably

due to growth conditions. This made us use density functional theory to consider and
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investigate different types of structures, even though less probable, starting with Ta
adatoms adsorbed and embedded on Au(111). Our theoretical calculations are presented

in next section.

6.5 THEORETICAL MODELING

The theoretical models were studied in collaboration with A. Samad and U.
Schwingenschlogl (KAUST, Kingdom of Saudi Arabia). All calculations are based on non
spin-polarized density functional theory (DFT), implemented in the Vienna Ab Initio
Simulation Package. The generalized gradient approximation within the Perdew-Burke-
Ernzerhof formalism was applied for the electron-electron exchange correlation potential
[182], whereas the electron-ion interactions were processed through the projector
augmented wave method [213]. All the STM images were plotted in XCrySDen
programme [214]. Three different configurations were initially considered to investigate
Ta adatoms adsorbed and embedded on Au(111), simulating different scenarios. In these
calculations six layers of Au(111) were used always with the three bottom layers fixed.

Additionally, the supercell of bare Au(111) had a dimension of 1.144 nm side.

In the first model three Ta atoms (represented in green) are absorbed on hcp
hollow sites of the Au(111) surface (see Fig. 6.9a). In this configuration, the supercell used
has 1.134 nm side. Simulated STM images of this structural pattern at 1 V are present in
Fig. 6.9b. In this figure one observes a triangular pattern with the edges more intense,

which does correspond properly to our experimental observations.
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FIG. 6.9 = Structural models and simulated STM images at 1 V calculated by means of DFT
for the following structures: (a, b) three Ta atoms adsorbed on hcp hollow sites of the
Au(111); (c, d) three Ta atoms embedded on the Au(111); (e, f) four Ta atoms adsorbed
on the hcp hollow sites of the Au(111). The Ta atoms are shown in green and the Au(111)
substrate is shown in yellow.

In the second model three Ta atoms are embedded on the surface of the substrate
as depicted in Fig. 6.9c. As a consequence of the insertion of Ta atoms in the Au(111)
matrix, the symmetry of the surface is destroyed since the Ta atoms levels the top Au
atoms. In this case the supercell has 1.104 nm side. The simulated STM image for this
scenario is shown in Fig. 6.9d. As in the previous case, a triangular pattern is also
observed. However, here three circular forms sit at the vertices of a triangle, which highly
resembles the atomically-resolved STM images (see Fig. 6.5). The main problem of this
model is that the distances between the Ta atoms do not completely correspond to our

experimental observations.

Finally, the third and last calculated configuration is seen in Fig. 6.9e. Here, four

Ta atoms are adsorbed on the hcp hollow sites of the Au(111) surface. The corresponding
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STM image is depicted in Fig. 6.9f, in which one observes a four-fold symmetry not

compatible with our measurements.

Even though, as previously discussed, our experimental data do not indicate that
the triangular trimers are composed of Ta atoms this was a good starting point, especially
considering the differences between our measurements and the results reported in
literature. Further theoretical calculations considering S atoms on Au(111) are currently
in progress to investigate this second scenario and its stability. This deeper theoretical

analysis is beyond this Ph.D. work.

6.6 CONCLUSIONS

In summary, we have presented an experimental/theoretical study of TaS; films
and self-assembled triangular nanoclusters on Au(111). A combination of scanning
tunneling microscopy/spectroscopy and density functional theory were employed to
investigate their structural and electronic properties. The sample was synthetized in situ
by depositing tantalum onto Au(111) in an H,S background, producing TaS; islands with
a triangular morphology. The change in growth parameters, in particular, the increase of
H,S pressure and the annealing temperature modified the system, giving rise to a
number of nanoclusters. The majority of these structures, which distort the herringbone
reconstruction, is found to be located on fcc sites of the Au(111) surface. Atomically-
resolved STM topographic images revealed that these nanoclusters have a well-defined
triangular shape, with only two types of orientations, which depend on the regions of
the Au(111) substrate where they are formed. Properties like orientation, average size
and mean distances were systematically analyzed. In addition, DFT calculations of
distinct configurations of Ta adsorbates and Ta atoms embedded on the substrate were
presented. Further theoretical work will have to be carried out to study S atoms on

Au(111), matching their electronic behavior.
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VII.

SUMMARY AND OUTLOOKS

In this thesis a combination of experimental techniques was employed to
investigate structural and electronic properties of three different layered materials:
graphene, topological insulators and transition metal dichalcogenides. In summary, the
first of the projects presented here aimed to study bilayer graphene films grown on SiC
substrates. STM images permitted us to detect the presence of triangular graphene
nanostructures that appeared as nanoholes and nanoplateaus. In order to explain the
formation of these nanostructures a model based on stacking faults in SiC substrate was
proposed. As a result of the presence of this type of defect, regions of high and low atomic
density were formed in the SiC substrate. These structural modifications played an
important role in the formation of the nanostructures since they influenced the surface
dynamics during the growth process. Through tunneling spectra, we were able to
characterize the electronic properties of a number of nanostructures which revealed
distinct electronic responses, ranging from bilayer graphene to a behavior that resembles
monolayer graphene systems. It is important to accentuate that these observations were
addressed to an incomplete hydrogen intercalation scenario in which some regions of the

bilayer graphene are still bonded to the substrate.

In the second project, the topological insulator BisaTes was investigated. Here, we
reported the synthesis of this material in the bulk form. This was confirmed through

powder X-ray diffraction measurements, which also revealed the formation of minor
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phases of Bi, and BixTes. STM/STS allowed the identification of all these phases through
the combined analysis of height-profiles and tunneling spectra. Our experimental findings
are in agreement with our theoretical prediction calculated by means of density
functional theory. In addition, DFT also predicted the existence of different surface states
for the two terminations of this material, i. e. the bilayer- and the quintuple-layer
terminated surfaces. ARPES measurements were carried out revealing that the major
termination of the surface is BisTes: QL. Snowflake-shaped with elongated branches at

constant energy contours were also found for this system.

The third project studied in this thesis focused on TaS; films on Au(111)
substrates. The sample was synthetized by depositing tantalum onto Au(111) in an H,S
background. The variation of the growth parameters, in particular, the use of high
annealing temperatures and H»S pressures, drastically modifies the as-grown system,
reducing the amount of TaS; islands and giving rise to a number of triangular S trimers.
Our experimental data showed that these nanostructures present distinct orientations
depending on the region of the Au(111) herringbone reconstruction where they are
located, i. e. at fcc or hcp sites. Orientation, average size and mean distances between
trimers were systematically examined providing important information about the nature

of this system.

Our findings open possibilities for further investigations and a number of other
experiments. Regarding the triangular graphene nanostructures, one could still explore
the recipe to synthetize these nanometer sized triangles. The growth variables, such as
pressure, annealing temperatures and intercalation time, could be changed to verify how
these nanostructures respond to these modifications. This could be checked through STM
images of the as-grown samples. In addition, the role of the stacking faults on the
emergence of triangular nanostructures could be studied. In this context, the use and
investigation of SiC substrates with different densities of stacking faults would help to
better understand the formation of nanostructures, improving the comprehension of the
dynamics of the growth process. Synchrotron X-ray diffraction would be a valuable tool
to investigate different substrates before and after the synthesis of graphene layers. This,

together with STM measurements would considerably improve the control in the sample

128



preparation. Once a high standard control over the triangular nanostructures has been

established their electronic properties could also be further investigated.

In what concerns the work on BisTes a publication discussing the ARPES results is
in preparation. With ARPES measurements using synchrotron radiation it will be possible
to differentiate bulk and surface states by varying the energy of the light source. This
would also help in the investigation of the ‘electronic topological gap’ along the -M
direction. Spin-ARPES would provide important information about the physical nature of
the warped constant energy contours and may reveal the existence of spin texture. Also,
improvements in sample preparation can be achieved. The experimental setup (not
shown or discussed here) can be modified to produce more homogeneous samples. This
would result in the synthesis of single crystals not only of BisTes, but also other topological
insulators. For this, X-ray diffraction measurements would also be essential. Moreover,
this system could be doped with different elements and one could also bombard its
surface introducing point defects. Both cases would be interesting from the electronic
point of view to explore how the properties of BisTes are modified under specific

conditions.

Finally, regarding the TaS; on Au(111), additional DFT calculations will be
necessary to further investigate the formation and stability of triangular S trimers on
Au(111). With this information in hand additional investigations can be more easily
proposed. About the TaS; monolayer on Au(111), intercalation using different elements
would be an interesting idea to be further explored as an attempt to induce a phase

change in the system, converting the 1H phase into the 1T phase.
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