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Abstract

Topological Insulators (TIs) have become one of the wonder materials of con-
densed matter physics over the last decade due to their novel properties, pos-
sessing an insulating bulk in coexistence with metallic boundaries. They present
an inverted band gap consequence of strong spin orbit coupling, which gives rise
to the conductive boundary states with linear dispersion, characteristic of Dirac
fermions, and helical spin polarization. Numerous materials have been predicted
and observed to have TI signatures, holding great perspective for the realization
of novel applications in spintronics, quantum computing and metrology.

The experimental realization of three-dimensional TIs with the the Fermi
Level located well in the bulk band gap is a challenging task because of their
relatively small gap of hundreds of meV, and their high sensibility to crystal
defects and impurities. These can induce electron doping that activates bulk
conduction channels, thus burying the contribution of the surface states to the
transport. Molecular Beam Epitaxy (MBE) has been reported to be the most
suitable growth method to overcome this hindrance, due to its capability to grow
single crystals with fine control over the crystal defects and impurity level. The
first part of this thesis deals with the growth of high-quality TIs that maintain
their pristine insulating bulk behaviour. By using MBE, we studied the impact of
different substrates and growth parameters to the synthesis of Bismuth Telluride
(BigTes) thin films, and the growth of the ternary compound Bismuth-Antimony
Telluride.

We were able to grow insulating BisTes thin films with complete suppres-
sion of the “twin” domains, mirror-symmetric domains that contribute to the
self-doping of the crystal. By a combination of the initial interaction with the
lattice-matched Barium Fluoride substrate and the high working temperatures,
the growth of BisTes single-crystalline films is achieved already from the first
layer. More importantly, the films present low-doping level with the the Fermi
Level kept in the bulk band gap. The correlation between the lack of “twin” do-
mains (measured by Reflection High-Energy Electron Diffraction, X-ray Diffrac-
tion and Atomic Force Microscopy) and the low-doping level measured by Angle-
Resolved Photoemission Spectroscopy (ARPES), indicates the relation between
the crystal quality and the capability to preserve the bulk insulating charac-
ter. This result contrasts to other TIs grown on more conventional substrates,
typically presenting large lattice misfits that lead to the formation of an initial
polycrystalilne or amorphous seed layer. In parallel, we explored a complemen-
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tary approach to the growth of insulating BisTes, based on the addition of Sb at
the expense of Te atoms. A sequence of Bismuth-Antimony Telluride films with
different = content were measured by X-ray Photoemission Spectroscopy (XPS)
and ARPES, showing that the the Fermi Level can be gradually brought to the
bulk valence band. The realization of such TIs, with a controlled level of the the
Fermi Level position is of special interest for counteracting the n-doping effects
typically induced by the addition of magnetic materials.

The second and more extended part of this thesis is devoted to the study
of interfaces formed by magnetic Metal-organic molecules deposited on the TI
thin films. Interfacing TT surfaces with magnetic materials can give rise to novel
magnetoelectronic phenomena, involving the manipulation of spin-torques (In-
verse Edelstein Effect), or the realization of spin polarized edge states (Quantum
Anomalous Hall Effect). The realization of such spin-related effects rely on the
capability to control the interfacial magnetic and electronic interactions. The
use of organic molecules to cage magnetic ions has been proved to be a versatile
approach to engineer inter-ions and ions-surface interactions, due to the flexible
design that molecules offer and to their ability to form structurally perfect self-
assembled structures. Moreover, they can also act as building blocks for covalent
or coordination structures via on-surface reactions.

As a first approach to tune the interfacial properties with Metal-organic mol-
ecules, we showed how the ligand chemistry allows a progressive control over the
magnetic interactions between a hosted Co ion and a prototypical Au surface.
The spin states and magnetic moments are comprehensively studied thanks to the
complementary use of local spectroscopic Scanning Tunneling Spectroscopy and
non-local magnetic sensitive X-ray Magnetic Circular Dichroism (XMCD) tech-
niques, which are supported theoretically by Density Functional Theory (DFT).
We were able to continuously cover the range of magnetic Co ion-substrate in-
teractions, from a strong interacting scenario where the magnetic moment is
quenched, to a gradual decrease of the interaction revealed by a lower Kondo
screening of the spin. In addition, by changing the Au surface for a TI sur-
face, the interfacial interactions reach the weakest limit in which the molecular
magnetic structure is completely decoupled from the substrate electrons.

Thereafter, we explored the electronic and magnetic interactions between the
Topological Surface State of the BisTes thin film and Co ions caged in two dif-
ferent planar molecules such as Cobalt - Tetrakis (4-Promophenyl) Porphyrin
(CoTBrPP) and Cobalt - Phthalocyanine (CoPc). We found a Metal-organic /
TI interface with unperturbed electronic and magnetic properties. This is as-
sessed by a coverage dependent ARPES study in which the Topological Surface
State persists upon the deposition of one (CoTBrPP or CoPc) molecular layer.
On the other hand, XMCD and Scanning Tunneling Spectroscopy measurements
reveal the preservation of the pristine CoTBrPP magnetic moment and electronic
structure respectively. Furthermore, a comprehensive Scanning Tunneling Mi-
croscopy (STM) and DFT study of the CoTBrPP adsorption geometry describes
weak molecule-surface interactions, and corroborates the electronic decoupling of
the Metal-organic layer from the TI surface. In an analogue study with CoPc we
find slightly stronger interactions yet within the non-perturbative regime, that
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suggesting ligand chemistry can be used to tune magnetic interactions without
affecting the overall properties of each component of the heterostructure.

Subsequently, the Br-functionalized CoTBrPP on BisTes system was used to
induce on-surface synthesis of Metal-organic coordination networks on TI. These
more entangled structures are of great interest as a framework in which mag-
netic ions could arrange in ordered and mechanically stable arrays. Two different
coordination phases are selectively created after CoTBrPP dehalogenation upon
thermal activation. We track the chemical reaction by XPS, and investigate the
morphological and electronic properties of the final products by combining Scan-
ning Tunneling Spectroscopy (STS) and DFT calculations. We conclude that the
resulting structures consists of CoOTPP coordinated with Te atoms incorporated
from the substrate, and thanks to the supporting DF'T calculations, we are able to
explain the presence of linear chains and irregular coordinated networks. In par-
allel, the presence of unperturbed Topological Surface State upon the formation
of the Metal-organic structures is confirmed by a coverage-dependent ARPES
study.

Overall, the first part of the thesis constitutes an extensive study of MBE
grown of BisTegs thin films, in which different substrates and growth conditions
are discussed. Furthermore, the results provide a route for the enhancement of
the crystal quality of simple diatomic TIs, crucial for the preservation of their
bulk insulating behaviour. The results presented in the second part conceive the
capabilities of organic molecules to tune magnetic interactions between Co atoms
and BisTes films, and pave the way for the on-TI surface synthesis of magnetic
supramolecular structures.
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Chapter 1

Introduction

Interfaces in nature are n-dimensional boundary regions separating different im-
miscible phases of matter. They have long fascinated researchers because of their
unique properties and functionalities differing from those of the bulk material
on either side of the interface [1]. Human skin is an illustrative example, as it
does not act as a simple anatomical barrier of our body, but it also functions as
heat regulator, vitamin D synthesizer and sweat excretion system among others.
Another common interface is that between a body of liquid water and air, which
behaves somewhat similar to an elastic membrane due to an emerging physical
property, the surface tension.

In solid-state systems, the dimensions of interfaces are typically limited to
a few atoms or a few atomic layers, whose properties differ significantly from
those of the bulk atoms that it separates [2]. Their study constitutes the field
of surface or interface physics, a well-defined sub-discipline of general condensed-
matter physics, with implications in numerous areas of application such as sur-
face coatings, heterogeneous catalysis, or semiconductor technology and elec-
tronic devices. A paradigmatic example of a solid-state interface triggering novel
properties is formed by lanthanum aluminate (LaAlO3) and strontium titanate
(SrTiOs3). Even though they are non-magnetic insulators, their interface can
exhibit electrical conductivity, superconductivity, ferromagnetism, magnetoresis-
tance or photoconductivity [3-7]. As a result, this interface has been envisaged
to have potential for multiple applications such as field-effect and thermoelectric
devices, sensors and photodetectors [8].

Interfaces have also a crucial role in the emergence of novel phenomena be-
tween different topological phases of matter. Topological matter refers to systems
whose fundamental properties are described by a topological invariant, implying
that some macroscopic measurable magnitudes do not change upon modifications
within the same topological order. This class of matter includes materials with
topological defects such as skyrmions [9], with symmetry-protected topological
phases such as topological crystalline insulators [10] and Dirac/Weyl semimetals
[11] or with topologically-protected boundary modes such as Topological Insu-
lators (TTs). Indeed, “the discovery of topological transitions and topological
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phases of matter” granted D. Thouless, D. Haldane and M. Kosterlitz the 2016
Nobel Prize in Physics [12].

In the case of TIs [13, 14], insulating bulk materials possessing metallic bound-
ary states, the topology of the electronic structure is altered due to strong spin
orbit coupling that inverts the conventional order of the conduction and valence
band around the band gap. Conventional order refers to the appropriate order
of atomic levels; whereas the energy of the p-levels lies below that of s-level in
semiconductors (referred as trivial insulators from now on), in TIs, the s-orbital
is pulled below the p-orbitals giving rise to an inverted gap, where the conduction
and valence band are populated by p and s electrons respectively. This inverted
bulk band structure harbours a non-trivial topological phase and, as a conse-
quence, states continuously connecting the conduction and valence bands emerge
at the interface between the non-trivial and a trivial insulator. The robustness
of such states is granted as long as the transition between different topological
phases is conserved, that is the Topological Surface State (TSS) is topologically
protected.

TIs are one of the few examples of materials that were first predicted and
later experimentally observed. In 2005, two groups introduced models for a two-
dimensional TT [15, 16], adapting an earlier model based on an integer Quantum
Hall Effect (QHE) [17], that is the quantized version of the Hall Effect (HE)
occurring in a two-dimensional electron gas. They proposed a new type of insu-
lator with a non-trivial order characterized by the so-called Quantum Spin Hall
Effect (QSHE). The QSHE in a 2D TI can be understood as a time reversal
invariant version of QHE, and it is well-described in terms of wave vector k by
an effective Hamiltonian of the interaction between the conduction and valence
bands [18]. For a Quantum Spin Hall insulator where conduction and valence
bands are inverted, the eigenvalues lead to a pair of edge states of opposite k
that carry opposite spins. These interfacial states present helical spin texture
that preserves Time Reversal Symmetry (TRS), and whose carriers are subject
to spin-momentum locking. Therefore, elastic transitions between k — —k are
not allowed as they would simultaneously entail s — —s spin transitions, i.e.
backscattering is forbidden.

One year after the theoretical prediction, M. Konig et al. [19] observed the
occurrence of QSHE in quantum wells of mercury telluride (HgTe) sandwiched
between cadmium telluride (CdTe). They measured a conductance of ~ 2¢2/h
in transport measurements, whereas a trivial insulator would show zero conduc-
tance. The list of 2D TI materials has been expanded [20] to structures not only
formed by quantum-wells. In many of them, the topological interface is achieved
between the non-trivial insulator and air or vacuum acting as a trivial insulator.

Considering the QSHE in three dimensions brought L. Fu et al. to predict
the existence of three-dimensional TTs [11, 21], in which the topological transition
is extended to a two-dimensional interface between the non-trivial and a trivial
insulator. The one-dimensional helical edge state present in 2D TIs can be gen-
eralized to surface states in 3D TIs, consisting of massless Dirac fermion states
dispersing linearly with k, that is forming a Dirac cone. Analogously, spins of
the TSS carriers are always aligned orthogonally to their momentum (i.e. subject
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3D Topological insulator (b) reciprocal space
B I . Figure 1.1: Schematic of (a) real space
e SN = =D picture of a 3D TI showing the spin cur-
helical spin ~~ rent flow at the T'SS, and of (b) the en-

polarization

g I ergy dispersion of the TSS. It forms a
2D Dirac cone " v k single 2D Dirac cone with helical spin
: texture, which forbids backscattering
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e : involving k of opposite sign. Green and
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the k, axis.

to spin-momentum locking), and mostly lying within the surface plane [22], as
depicted schematically in Figure 1.1. The Quantum Spin Hall phase in a 3D
material was identified in 2008 by D. Hsieh et al. [23] in the bulk alloy Bi;_,Sb,.
Shortly after, a new generation of TIs with well-separated bulk and surface elec-
tronic structure, and with a relatively large bulk gap of ~ 0.3 eV, was proposed
and experimentally confirmed in well-known thermoelectric materials, SboTes,
BisTes and BisSes [22, 24]. As of 2018, the list of TT materials has been ex-
panded to alloys formed by not only chalcogen and pnictogen atoms, but also by
other heavy elements with high spin orbit coupling such Pb, Sm, Sn, Y, Ir or Rh
among others [13, 25-28].

Interfacing TIs with other kinds of trivial phases of matter can generate exotic
electronic states and quasiparticles which are inaccessible in ordinary condensed-
matter systems. Therefore, TIs become attractive for fundamental research in
physics, and for future applications ranging from spintronic devices to quantum
information processes, technologies that utilizes both the charge and spin degrees
of freedom of electrons, to store, transmit and process information. Proximity-
induced superconductivity in TIs is one of the phenomena that has attracted
more attention during the last years, as it can lead to novel quantum phases
such topological superconductivity or to unconventional Pearl vortices [29, 30]
and Josephson effect [31, 32]. One particularly fascinating example is the emer-
gence of Majorana fermions. These particles are their own antiparticle and were
hypothesized by E. Majorana in 1937 [33, 34], in contrast to Standard Model
fermions subject to the Fermi-Dirac statistics, possessing an associated antipar-
ticle different from themselves. More than 70 years later, Majorana fermions were
predicted to appear as quasiparticle excitations in a solid-state interface formed
by a 3D TI and a conventional superconductor [35], and thereafter measured in
different TT on s-wave superconductor systems [36].

Novel magnetoelectronic phenomena can also be induced when the helical
spin-polarized surface states of a T1I are in contact with magnetic materials. For
instance the manipulation of electronic spins without the need of external mag-
netic fields, which is of particular interest in the field of spintronics, since the
control of spin currents through charge currents and vice versa is essential for
the realization of functional devices [37-39]. Edelstein effect [40] is one of those
effects, consisting in a steady current J, passing through a high spin orbit cou-
pling material (like a TT) that creates a steady non-equilibrium spin polarization
SY. This polarization can be used to switch the magnetization of a ferromagnetic
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overlayer [41, 42]. Conversely, in Inverse Edelstein Effect, a spin accumulation
(induced by spin injection from a ferromagnet) in the interface with the TI gen-
erates a net charge current J, [43]. More entangled magnetic interactions, such
as ferromagnetic exchange, are expected to alter the bulk topology of a 2D TI,
thus bringing it from a Quantum Spin Hall to a Quantum Anomalous Hall phase
[44, 45]. The Quantum Anomalous Hall Effect (QAHE) can be viewed as the
zero-magnetic-field version of QHE, in which the introduction of long-range fer-
romagnetic order to the system acts as an effective magnetic field and breaks
TRS [46, 47]. In 2D TIs, a large enough ferromagnetic exchange splitting can
bring one set of spin subbands to the topologically trivial phase [48], thus leaving
only one single chiral edge state intact. That represents a one-dimensional chan-
nel where spin currents propagate in only one direction, which is of particular
interest for applications in devices with reduced heat dissipation [49, 50], and in
fault-tolerant quantum information processing [51]. In the 3D TI case, perpen-
dicular ferromagnetic magnetization to the surface also breaks the TRS, being
expected to open a gap at the Dirac point. If the strength of the induced mag-
netization is large enough, the bulk insulator evolves from a QSHE to a QAHE
phase in which chiral states appear at the magnetic domain boundaries.

Prerequisites for the experimental realization of the mentioned spin-related
effects are the null contribution of bulk channels to the transport and long-range
magnetic order. Non-perturbative interactions between magnetic materials and
TTs would ensure the stability of the respective T'SS and magnetic properties,
maintaining also the bulk insulating character. Nevertheless, fulfilling these re-
quirements simultaneously has arisen to be a very challenging task, as it will be
reviewed hereunder.

The ultimate aim of this thesis is to assess these requirements by interfacing
high-quality TIs with well-ordered magnetic Metal-organic (MO) frameworks.
Molecular Beam Epitaxy (MBE) has been proved to be the most suitable growth
method for fine-tuning the electronic properties of TIs due to its ability to pro-
duce mono-crystalline thin films with accurate control over the chemical compo-
sition, structural defects and film thickness [52]. After the introductory Chapter
1 and description of the experimental techniques in Chapter 2, Chapter 3 fo-
cuses on the growth of chalcogen-based TI materials, i.e. the “Bismuth Telluride
(BigTes) family”. They posses a van der Waals (vdW)-layered structure formed
by Quintuple-layers (QLs) along the {111} crystallographic direction, which make
them ideal TIs for MBE. Each QL consists of five atomic rows following the
Te(1)-Bi-Te(2)-Bi-Te(1) sequence. The insulating behaviour of this family of TIs
critically depends on their doping level, a challenging task in which alternative
growth methods have typically failed [53-55]. In contrast, MBE capabilities allow
a precise positioning of the Fermi Level (EF), leading to pure bulk insulating films
[66-60]. In part, this explains why QAHE has only been observed in MBE-grown
TT samples [45].

On the other hand, several strategies have been followed to date aiming at
introducing magnetic order in the TI, which can be divided into two main ap-
proaches: the introduction of magnetic impurities in the bulk during the crystal
growth or the on-surface deposition of magnetic materials. The latter is foreseen
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Figure 1.2: MO / TI
heterostructure: 3D
representation of a
STM image (—1.8V,
0.009 nA) of CoTBrPP
molecular layer on
BizTe3(0001)  surface,
together with their cor-
responding  molecular
and crystal models (C:
black, Co: light blue,
N: dark blue, Br: pink,
Te: maroon).
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to allow independent engineering of the properties of the magnetic agent, such as
the magnetic anisotropy, moment and order, and of the TI, such as the doping
level and band bending. This would minimize the effect in the bulk proper-
ties, which could impact negatively the T'SS. In this context, ferromagnetic thin
films on TIs have been widely studied, finding that strong interactions can take
place at the interface, such as atomic interdiffusion and hybridization. These
may result in undesirable alloy formation, spin scattering or shunting effects,
and eventual creation of interfacial “dead” layers that force the insertion of a
less reactive spacer [43, 61] to pull the TSS apart from the magnetic material.
This phenomenon has been observed for a large variety of 3d metals [62-67],
evidencing the need to find an approach that involves weaker interactions. Alter-
natively to magnetic films, on-surface deposition of single magnetic adatoms has
also been explored. Adatoms clustering [68] or segregation [69, 70] to the TI bulk,
but more importantly the lack of control over the adsorption sites [71-76], can
induce uncontrolled strong interactions like significant doping or hybridization
that compromise the stability of the TSS. This makes this approach inefficient
for controlling the magnetic order and anisotropies.

In this thesis we use MO frameworks hosting magnetic ions on TI surfaces,
which is a promising approach for controlling interfacial interactions and over-
come the above-mentioned drawbacks. Advantageous aspects of molecules over
inorganic matter are: (i) structural perfection, specially at lower temperatures;
(ii) small size, making them ideal building blocks for functional nanostructures;
(iii) self-assembly and recognition [77, 78], leading to changes in the electronic
structure, that may enable switching and sensing functionalities [79]; (iv) dy-
namical stereochemistry, providing multiple-functionality properties [80, 81]; (v)
synthetic tailorability, allowing the rational design of structural, bonding, trans-
port and optical properties [82]. The understanding [83] and exploitation of such
features has already led to the creation of numerous applications in nowadays
molecular electronics [84, 85|, sensors [86], filtering [87] and energy production
[88]. In this context Chapter 4 presents a detailed study illustrating how the
magnetic interfacial interactions between a Co atom and a Au(111) surface can
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be tuned by caging it in slightly different molecular ligands.

MO molecules have been traditionally explored on metallic surfaces in an
extensive manner [89-96], and only a few works devoted to their study on TT sur-
faces have been published. These have confirmed the high tunability of interfacial
interactions [97, 98], at the same time showing that the stability of the TSS can
be compromised for certain MO / TTI systems [99]. Therefore, further endeavour
is needed in order to control these always delicate interfacial interactions.

Chapter 5 of this thesis reports a comprehensive study of the interface formed
by self-assembled magnetic MO structures, meanwhile on-surface synthesized MO
coordination structures are assessed in Chapter 6, constituting the first study in
the literature in which on-surface reactions of MO molecules on TI are achieved.
The interest in such structures relies in the fact that coordination bonds en-
hances strong magnetic interactions (ferro- or antiferro-magnetic exchange), thus
promoting the emergence of magnetic order [97, 100-102].

The MO / TI heterostructures studied in this thesis have been characterized
in a thorough manner, structurally by Scanning Tunneling Microscopy, chemi-
cally by X-ray Photoemission Spectroscopy, electronically by Scanning Tunneling
Spectroscopy and Angle-Resolved Photoemission Spectroscopy and magnetically
by X-ray Magnetic Circular Dichroism. Experimental results were frequently
supported computationally by Density Functional Theory, in collaboration with
R. Robles. These are introduced in Chapter 2, highlighting that in order to make
a study at the atomic level like this, all sample preparation and characteriza-
tion processes have been carried out at cryogenic temperatures and under UHV
conditions.
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Experimental Techniques

Samples studied over the course of this thesis comprised heterostructures formed
by Metal-organic (MO) molecules and Topological Insulator (TT) materials. They
were prepared following this methodology: TI thin films were grown by Molecular
Beam Epitaxy (MBE) in Ultra High Vacuum (UHV) conditions, and subsequently
transferred to the pertinent ex-situ characterization setup. TI films were capped
with a protective metallic layer in order to avoid surface degradation during the
transfer. Subsequently, the protective layer was thermally removed, and MO
molecules were deposited on the fresh TI surfaces by thermal evaporation.

In this chapter we introduce the main experimental methods used: the growth
technique for the synthesis of the T thin films (MBE), and the techniques to char-
acterize morphologically, electronically, chemically and magnetically the MO / TT
heterostructures. The latter include Scanning Tunneling Microscopy (STM), X-
ray photoemission (XPS/ARPES) and X-ray absorption spectroscopic techniques
(XAS/XMCD). The introduction is followed by a brief presentation of the actual
setups and description of the sample preparation methods.

2.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is an experimental technique that consists in
growing single crystal films at UHV conditions, by condensation of molecular
or atomic beams on a crystalline substrate. It was developed in 1968 by A. Y.
Cho and J. R. Arthur[103], and it is nowadays widely used in the semiconductor
industry and nanoscience research.

MBE offers a fine control over the growth parameters, and it is carried out in
the contaminant-free UHV environment, permitting the fabrication of ultra clean
crystals. A suitable choice of source materials and precise control over their evap-
oration rates allow the introduction of extrinsic dopants with atomic precision,
the growth of layered heterostructures with atomically sharp interfaces, and of
ternary compounds with precise stoichiometry. Additionally, the tunability of
the substrate temperature widens the control over the kinetic processes occur-

7
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ring during the growth, allowing engineering of atomic vacancies and density, size
or shape of crystalline domains.

2.1.1 Implementation

The growth of films is performed by directing one ore more molecular or atomic
beams onto a heated substrate, as it is schematically shown in Figure 2.1. Beams
are generated by heating the material sources in thermal effusion cells. Working
in UHV environment allows the mean free path of the atoms or molecules to be
much larger than the geometrical size of the chamber in order to avoid particle
scattering and beam dispersion. Meanwhile, the substrate is heated (generally at
a constant temperature) in order to enhance the catalytic activity and difussion
in its surface and favour the growth of crystalline materials.

2.1.2 Epitaxial Growth Mechanisms

The word epitaxy has its origin in the Greek roots epi (“above”) and tazis (“an
ordered manner”). In the context of materials fabrication, it refers to the growth
of single crystalline materials on top of a substrate with similar structure. When
the substrate and the grown material are not the same, it is referred as heteroep-
tiaxy. The growth mode and final material are determined by thermodynamics,
that is the balance of energies between static states, and kinetic considerations,
that is the competition between dynamic processes occurring at the surface.

The thermodynamics of a growth process is determined by the surface en-
ergy of the film to be grown (yyim ), the surface energy of the substrate (Ysupbs)
and the interface energy (7 fiim—susswhich incorporates the difference in lattice
structure, hybridization and strain). These magnitudes are related through the
Bauer criterion for wettability[104], and its compliance determines the energetic
conditions for three different growth mechanisms:

e Frank-van der Merwe:
Yfilm — Vsubs + Vfilm—subs < 0 makes the substrate surface area to be
minimized, inducing the film to grow atom-layer by atom-layer (2D growth
in Figure 2.2a).

e Stranski-Krastanov:
Vfilm — Vsubs + Vfilm—subs < 0 together with elastic energy produced by
a large lattice misfit provokes a sequence of layer-by-layer growth followed



Experimental Techniques 9

(a) Growth mode: (l)) Gg'owt:h mo(l_e: .
" Thermodynamical considerations Kinetic considerations
. Very high particle mobility = 2D Step flow
¥iim = Ysubs T Yaimsrs < 0 = 2D

0 High particle mobility = 2D
Yiitm = Voubs T ¥ilm-subs ° | = 9D - 3D

large lattice misfit e | — |1=‘“_—ﬂ—1 %
Moderate particle mobility = 2D - 3D

Yoim - Youbs + Vitmsuts > 0 = 3D e
oty ety Moy el

Low particle mobility = 3D
s Bl Sa2 625

Figure 2.2: (a) Schematic showing how the growth mode depends of the substrate surface, film
surface and interface energy 7;, and by the lattice misfit. (b) Effect of the particles mobility in
the growth method.

by the formation of three dimensional islands (2D to 3D growth in Figure
2.2a).

e Volmer-Weber:
Yfilm — Ysubs + Vfitm—subs > 0 forces the interface and film surface area to
be minimized, promoting the film to be grown through the formation of
three-dimensional nuclei (3D growth in Figure 2.2a).

Furthermore, surface defects such as vacancies, antisites, adatoms or struc-
tural defects constitute another important growth parameter that can have great
impact on the surface and interface energies ;. They tend to act as nucleation
centres, which can induce the formation of in-plane rotated crystalline domains,
and favour the 3D growth. Therefore, from the thermodynamic point of view,
the most suitable choice of substrates for the growth of single crystalline films
are those with atomically clean flat surfaces, small lattice misfit, and fulfilling
the relation Yfilm — Vsubs T Yfilm—subs < 0.

In the situation in which no dangling bonds and only van der Waals (vdW)
like forces act across the film-substrate junction, that is in the limit where
Yfilm—subs — 0, heteroeptiaxial growths of layered materials such as graphite,
MoS; or chalcogenide-based T1Is can be achieved. This growth technique is known
as van der Waals epitaxy, and it was experimentally realized for the first time
by A. Koma [105]. And even if it was initially limited to the growth of layered
material onto another layered material substrate, it was later extended to the
heteroepitaxial growth onto 3-dimensional crystal substrates. Due to the weak
interaction between substrate and film, the lattice matching condition is dras-
tically relaxed, and an epilayer can be grown from the beginning with its own
lattice constant, with an interface with very low amount of defects is formed,
extending the growth to a large variety of different heterosctructures.
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I

HEED

Figure 2.3: The MBE setup at ICN2, formed by two growing chambers, one devoted to the
growth of semiconductors (SC) and the other of metals (ME). A transfer chamber enables the
UHV connection between them.

The kinetic processes occurring at the surface further determine the growth
mode beyond the thermodynamic conditions imposed by the film-substrate bal-
ance. Atoms or molecules reaching the substrate surface can be either adsorbed
or reflected, and their ratio determines the sticking coefficient. Adsorbed species
may experience surface diffusion, diffusion across steps, along edges, clustering
or even desorption. Thus, the deposition rate % can be described by

O _ gy 0

E B Tdes ’

(2.1)

where 6 is the coverage, S the sticking coefficient, ¢ the species flux, and 74,5 the
desorption characteristic time.

These processes are controlled by the substrate temperature and evapora-
tion rates, which can be adjusted by the temperature of evaporation cells. High
substrate temperature imprints higher particle mobility at the expense of lower
sticking coefficient and higher desorption probability. Highly mobile particles
favour the 2D growth, as they have larger surface diffusion lengths, and their
probability to get anchored in a nucleation site or step is reduced. Figure 2.2b
shows how the particle mobility affects the growth mode. In parallel, high evap-
oration leads to a larger number of particles reaching the surface. It makes them
more likely to interact leading to clustering, and hence promoting the 3D growth
(i.e. kinetic roughening).
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2.1.3 Experimental Setup

TT thin films were grown in an MBE chamber by Createc Fischer & Co. GmbH
Erligheim (Germany), shown in Figure 2.3a. The setup consists of two deposi-
tion chambers, one devoted to the growth of metallic alloys (ME chamber) and
another one to chalcogenide semiconductors (SC chamber). Figure 2.3 shows an
schematic of the SC chamber used for the growth of TIs. Both of them can host
seven effusion cells, that consist of a ceramic crucible surrounded by a resistive
filament. They are filled with the material sources to be evaporated, such as
Bi, Sb, Te or Se for the SC chamber, and Ag, Al Co, Fe, MgO or NiFe for the
ME chamber. The substrate is placed facing downwards with a resistive heater
behind. Samples can reach 800°C, and the whole heater with sample can rotate
continuously during the growth if needed, in order to achieve a homogeneous
growth. Each effusion cell and sample holder has its own mechanical shutter, in
order to minimize the contamination to the substrate and to the whole chamber
due to the heating, thermalization or calibration processes. Moreover, Bi, Sb and
Te cells are equipped with a second resistive filament, the cracker cell, which is
placed at the very output of the cell and it is heated above the evaporation tem-
perature. The aim of it is to favour pure atomic vapour beam of those materials
that tend to form molecular species or bigger clusters.

Taking advantage of the UHV environment, the MBE setup possesses a Re-
flection High Energy Electron Diffractometer (RHEED) as an in-situ characteri-
zation tool that allows real time monitoring of the film surface structure during
growth. RHEED is a 2D sensitive diffraction technique in which an electron beam
of B, = 15keV (A ~ 0.1 A) is directed to the surface sample at grazing incidence
(~ 1°, implying a penetration depth of ~ 1 nm and coherence length of ~ 5 nm).
Diffracted electrons are collected in a fluorescent screen, creating a diffraction
pattern that results from the intersection between the e-beam Ewald sphere and
the crystal surface periodicity. Figure 2.4 shows how different structural features
can be distinguished in a RHEED measurement. A RHEED RCU commercially
available by Dr.Gassler Electron Eevices GmbH Ulm (Germany) was used in this
thesis.

2.2 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy (STM) is an experimental technique in surface
science that allows direct imaging of conducting and semiconducting surfaces
down to the atomic scale. Additionally, STM provides access to local spec-
troscopy at the molecular or atomic scale, allowing spatially resolved imaging
of the electronic structure of the sample. Since its development in 1981 by G.
Binning and H. Rohrer,[106] STM has become an important and widely used tool
for fundamental studies of quantum mechanical properties of matter, for prob-
ing on-surface chemical reactions and for assessing 2D self-assembled structures,
among others.

The working principle of an STM is based on quantum tunneling. A metallic
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Figure 2.4: RHEED patterns for different films of a topological insulator as an example, together
with the corresponding schematic showing the intersection of the Ewald sphere with the nodes
of the reciprocal lattice of the hexagonal surface. (a) and (b) correspond to the same single-
crystalline film, but with the incidence azimuthal angle rotated 30°. Pattern in (c) corresponds
to a polycrystalline film possessing domains azimuthally rotated; Bragg diffraction condition
is fulfilled by a continuous of rotational domains presented in (a) and (b) due to the screen
dimensions. Pattern in (d) corresponds to a sample with rough surface, as the spots observed

are an indication of 3D diffraction contribution.
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and very sharp tip (ideally terminated by a single atom) is placed at a distance
of about 1 — 10 A to the sample to be studied. When a bias voltage is applied
between sample and tip, electrons tunnel from one to the other generating a mea-
surable current. This current depends exponentially on the tip-sample distance,
which allows extremely precise detection of changes in the sample-tip distance,
typically in the range of 10 pA to 10 nA. If the tip scans an area of the surface,
the current signal recorded point by point generates an image of the topography
in real space.

2.2.1 Quantum Tunneling

According to classical mechanics, a particle of with mass m moving in a 1-
dimensional space could never cross a potential barrier U if its kinetic energy
is By < U. However, if the dimension of the system is reduced enough for
quantum mechanics to be relevant, the system is described by the Schrodinger
equation
h d?
2m dz? v

where ¥(z) is the wave function of the particle. For simplicity, the potential
barrier can be considered as

(2) +U(2)¥(2) = EY(2), (2.2)

U if0<z<d
U@){o if2<0,z>d, (2:3)
Now, combining 2.2 and 2.3 we obtain
Y(z) o et (2.4)

with
k=h"'y2m(E - U(z)), (2.5)

where k is the particle wave vector. U(z) < E has now physical meaning as k
can take imaginary values, which means that the Schrédinger equation 2.2 has
solutions for any z value. These are

¥(0)etr* if 2 <0
P(z) =< P(0)e "= if0<z<d (2.6)
P(0)e " det*z if d < 2,

where 9(0) € R and ¢ (0) < 0 for simplicity, and
k=Hh1y2m{U — E) =ik € R. (2.7)
The particle can now be found in z regions that were forbidden according to

the classical approach. In other words, the particle has a finite probability to
cross the potential barrier, which increases as the barrier height U decreases and
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decays exponentially with the barrier width d. The transition probability T" can
be deduced from equation 2.6

T(z<0—=2z>d) = M = ¢ 2rd (2.8)

(2 > d)
for a < 0 and b > d.

In STM, tunneling processes occur when the tip is placed close enough to
the sample to allow surface electrons tunnel to the tip (and vice versa). The tip
- sample distance determine the width of the tunnel barrier, while the barrier
height is defined by the energy needed to pull one electron from the surface to
the free state, i.e. the work function ® of the material. Hence, equation 2.8 can
be rewritten in the form of

Vrip| _cavTmE
Tsample—)tip = W)mpll|2 =e 2 —e 1-02‘1‘/5’ (29)
sample

where tip and sample are considered to be at the same potential (E = 0), and d
is expressed in A and ® in eV.

Going beyond the described 1D model requires the inclusion of the electronic
structure of the tip and sample, and the geometry of the system in the three
dimensions. In 1961, Bardeen introduced a first-order perturbation theory model
[107], where the problem is described by the tunnelinng matrix M, , that rep-
resents the overlap of the wave functions of the tip v, and sample v,. The
transmission probability is now determined by

2
T = S |M[*(E, - B,), (2.10)

where F,, and E, are the tip and sample energies respectively.

In absence of a differential potential between tip and sample, there is not
imbalance in the number of electrons tunneling. However, adding a bias voltage
between sample and tip induces a net tunneling current flow

eV
I= e/ pu(Ep — eV +€)p,(Ep + €)Tde, (2.11)
0

where p,(¢) and p,(g) are the density of states of tip and sample respectively.
Depending on the sign of V, electrons tunnel from occupied states of the tip
to unoccupied states of the sample, or from occupied states of the sample to
unoccupied states of the tip, as it is schematically represented in Figure 2.5.

In 1985, Tersoff and Hammann extended Bardeen’s approach by introducing
the effect of the electronic structure of the sample and tip geometry [108]. Here,
the sample is considered to be a perfect flat surface whose states have a wave
function that decays exponentially outside the sample in the perpendicular di-
rection, and the tip is considered to be a sphere. Then, the following expression
of the tunneling current is derived as follows:

3
_ T o, x9p2 2kR L Z 2
1= 32%6 VO®“R%e Wlp v |wl/(’r0)| 6(EM - EF)(S(EV - EF) (212)
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where V;;;, is a normalization constant related to the volume of the tip, and 7
is the center of the tip with radius R. A more realistic description defines the
tunneling current by generalizing the integration over all states contributing to
the tunneling current, that is over the surface and tip Density of States (DOS)
with energies between Ep and Ep +V [109-111].

Ep-i-eV
I= / Psample(€ — V) prip(e)T'(d, e, V)de (2.14)

Er

Thus, the tunneling current is primarily dependent on the convolution between
the DOS of the tip and sample, integrated from Er to the applied bias voltage
Er + V. Although the assumptions taken with this model do not represent a
complete description of the tunneling process, it provides a reasonable picture for
many standard situations in an STM.

2.2.2 Scanning Tunneling Microscopy

As explained in the preamble of this section, an STM measurement consists
in the acquisition of an image representing the real space of a certain area of
the sample. To do that, a bias voltage (V) inducing a tunneling current I is
applied between the tip and the sample. The tip moves within a xy plane at a
distance d from the sample surface, describing a scanning movement consisting
of parallel straight lines that eventually cover the whole measured area. Since
the scanning lateral length typically range from 1 to 1000 nm, the tip x- and y-
motion has to be controlled in a very precise manner. This is achieved by applying
directional voltages (U, Uy) to a piezoelectric actuator. The z component of the
image is formed as a result of changes in the tunneling conditions, primarily
due to surface morphology and local electronic structure. It depends on the free
tunneling parameter during the acquisition (I or d), by setting either constant
current or constant height mode.

In constant current mode (Figure 2.6a), the bias voltage V and tunneling
current I are fixed and set by the user. A feedback loop reads the small deviations
in I and applies a third voltage U, to the piezoelectric actuator in order to
keep the required distance d for the fixed V and I values. The U, signal is
recorded and mapped over (U,,U,), and it can be transformed to z(z,y) by



(il) Constant
current modc

distance

16 Chapter 2
Figure 2.6: STM scanning modes. Rep-
resentation of the scanning measure- (D) Constant

. "
}
height mode

ment (left column) and corresponding v
line scans (right column), for (a) con- it }

tunnel curreant

stant current and (b) constant height I ,,,,,,,
modes.

knowing the X, Y and Z mechanical response to the voltage. The z component
represents a surface of constant DOS, involving convolution between topography
and electronic structure. Hence, it can not be interpreted as a direct topographic
image.

On the other hand, in constant height mode (Figure 2.6b), I is left as free
parameter and is determined by the user-fixed V and d. The tip scans over the
sample at a constant d while recording the tunneling current, which generates an
I(U,, Uy) map that can be converted to z(x,y). The resulting images can not be
interpreted as pure topography either, as the I(z,y) signal is a constant integral
of the DOS emerging from the sample surface.

Constant current mode is generally used for imaging large areas, as the feed-
back prevents the tip from crashing. However, the drawback of this mode is
the slow scanning velocity limited by the feedback. On the other hand, con-
stant height mode allows faster velocities, only limited by the pre-amplifier. It is
commonly used for smaller and nearly atomically flat areas as it gives a “clean”
picture completely independent from the feedback-induced artefacts.

2.2.3 Scanning Tunneling Spectroscopy

One of the main advantages of STM over other microscopy techniques is that it
can acquire spectroscopic information about the electronic structure with molec-
ular or atomic precision. Contrary to the STM scanning modes, in Scanning
Tunneling Spectroscopy (STS) the bias voltage is not kept fixed. The tip is posi-
tioned over the point of the sample to be studied, and V is swept over the range
of interest while the feedback loop is opened to allow I to vary, while keeping d
constant. Making the derivative of equation 2.13 over V' and assuming a metallic
tip with a continuum of states near Er, one can see that the differential conduc-
tance dI/dV is directly proportional to the local DOS at at applied bias voltage
VvOa
dI

W " X Psample(Er — eV)) (2.15)

The differential conductance can be obtained numerically from the measured
I(V), however using a lock-in amplifier to directly acquire dI/dV leads to a higher
signal to noise ratio and to a wider dynamic range. The working principle of a
lock-in consists in the addition of a small sinusoidal voltage modulation to the
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bias voltage, which results in a sinusoidal response in the tunneling current. For
a given voltage modulation, the induced current amplitude is proportional to the
slope of the I(V) curve, i.e. to dI/dV. The amplitude and frequency of the
signal modulator, as well as other lock-in parameter such as the time constant of
the filter and sensitivity, have to be adjusted for every measurement in order to
optimize the signal to noise ratio, energy dI/dV resolution, and acquisition time.

Applying high bias voltages with the tip fixed at close distance to the sample
can modify the physical or electronic structure of the tip and sample in a unde-
sired manner. In order to acquire electronic information within a higher range
of V values and in a less invasive manner, the Scanning Tunneling Spectroscopy
(STS) can also be operated in constant current mode. In this case V is swept
while d is automatically adjusted to keep I constant.

A very powerful application of STM lies in the possibility of resolving spatially
the electronic features found in STS. For this purpose, differential conductance
maps can be taken, by measuring the dI/dV signal at each point of a scan. The
results can not be interpreted as direct DOS maps at a certain height, as the
morphology of the sample affects the tip - sample distance magnifying or reduc-
ing certain spectral features. This is the case of some of the molecules studied
in this thesis, whose conformation upon adsorption on certain surfaces may alter
the appearance of some molecular orbitals in the conductance maps. In order
to decouple the electronic from molecular morphological contributions, comple-
mentary constant current and topographic measurements have been performed.
Moreover, the time needed for every dI/dV acquisition can vary between a few
minutes to some hours, causing that the effect of thermal drift may become im-
portant. In order to counteract it, adjustments in the x, y and z directions must
be performed routinely.

2.2.4 Experimental Setup

The STM setup used in this thesis was a low temperature (LT-)STM commercial-
ized by Createc Fischer and Co. GmbH Berlin (Germany) [112], based on a de-
sign by G. Meyer [113] (Figure 2.7a). The system operates in UHV (p <1 -10~ !
mbar), at temperatures around 5 K by using a liquid helium bath cryostat, and it
is isolated from mechanical vibrations with pneumatic dumpers. The STM setup
consists of two chambers, one intended for sample preparation and a second for
the STM/STS measurements.

The STM head, which is the principal part of an STM, uses three piezo tube
actuators that move the tip macroscopically over the sample, and approach it to
the surface until a tunneling current is detected. Maximum x and y range are
approximately 4 —5 mm, and 300 gm for the range in z. A fourth piezo tube
performs the actual x-y-z positioning during the STM and STS measurements.
An in-situ exchangeable tip holder, attached at the end of the fourth piezo tube,
holds the tip. The tips used during this thesis have been made in-house by cutting
iridium and platinum wires with a sharply-edged blade.

Measurements on TI samples were performed using an in-house adapted LT-
STM Createc sample holder (Figures 2.7b and 2.7¢). Due to the low DOS at the
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Figure 2.7: (a) The low temperature STM setup and (inset) the STM head, located below the
cryostat. Top (b) and side (c) view of the in-house adapted Createc sample holder. This sample
holder is placed between the piezo scanners and contacts of the STM head in order to perform
measurements. Tip placed in tunneling regime above (d) the TI and (e) Au on mica samples.

surface of TIs, the STM tip has to scan at closer distances than in conventional
measurements with conductive novel metals. Hence, the probability for the tip to
interact destructively with the surface increases, and it has to be repaired more
frequently. Since nobel metal surfaces are commonly used for this purpose, we
designed and built an oven capable of holding a TI and a Au on mica sample.
The tip could then be prepared without using an additional Au sample, which
would imply transferring the TI sample out of the low temperature conditions,
and the consequent contamination of its surface.

2.3 X-ray Photoemission and Angle-Resolved Pho-
toemission Spectroscopies

X-ray Photoemission Spectroscopy (XPS) and Angle-Resolved Photoemission
Spectroscopy (ARPES) are experimental techniques that give quantitative spec-
troscopic information of surface electronic properties. The working principle of
both techniques is base on the photoelectric effect, discovered by R. Hertz in 1887
[114] and later explained by A. Einstein [115, 116].

X-ray Photoemission Spectroscopy (XPS) was developed in 1967 by K. Sieg-
bahn [117], and it is used to spectroscopically investigate the chemical composi-
tion and structure of materials. In an XPS experiment, the energy distribution
of the photoelectrons is measured, allowing spectroscopic information about the
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sample DOS, from the Fermi level down to the core levels. Meanwhile in an
Angle-Resolved Photoemission Spectroscopy (ARPES) experiment, the energy
distribution is measured and resolved over photoelectron’s momentum. ARPES
is broadly considered the most powerful tool to investigate the electronic struc-
ture of solids.

2.3.1 The Photoelectric Effect

In the photoemission process, an electron is excited by a photon and gains enough
energy to escape into the vacuum. In the case of solids, the electron is ejected if
the adsorbed energy from the photon is larger than the sum of tis binding energy
FE'p and work function ® of the host material. By conservation of energy, one can
deduce that the kinetic energy of an emitted photoelectron is

Ex =hv— Ep — ®, (2.16)

where hv is the photon energy.

As discussed in the following subsections, the chemical composition, chemical
bonding and (occupied) electronic structure can be obtained by measuring E .
By adding angular information the electronic band structure or dispersion relation
can be obtained.

2.3.2 X-ray Photoemission Spectroscopy

In an XPS measurement, an X-ray source emitting a monochromatic beam of pho-
tons is directed to the sample under study, which among other inelastic processes
occurring inside the sample, induces the ejection of electrons because of photo-
electric effect. Photoelectrons excited from atomic core levels can be probed, as
the X-ray energies used can range from a few hundreds of eV to tens of keV.
Therefore, quantitative information about the chemical composition, chemical
state and electronic state of the elements can be obtained. A spectrometer mea-
sures the number of photoelectrons with respect to their kinetic energy, which
leads to the energy distribution of photoelectrons in vacuum (i.e. electrons dis-
tribution in the occupied DOS of the sample).

Measured kinetic energy can be transformed to binding energy considering
the schematic in Figure 2.8a. The energy transformations that a photoelectron
undergoes when it is emitted from the sample and adsorbed by the spectrometer
can be described by rewriting equation 2.16 as follows

EK = hv— EB - (I)sample - (q)spec - (I)sample) (217)
= hv—Ep— O, (2.18)

where ®s4mpie and Py are the sample and spectrometer work functions. Then,
EB = hl/—EK—(I)spec. (219)

Therefore, the measured kinetic energy does not depend on ¢sgmpic. This allows
to directly transform from Ex to Ep by only knowing ®pec.
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Figure 2.8: (a) Schematic of the energy transformations that a photoelectron undergoes when it
is excited with energy enough to leave the sample and reach the spectrometer. (b) Schematic of
a usual ARPES geometry. For every acquisition, the spectrometer measures the photoelectron
intensity as a function of the kinetic energy and polar component of the emission angle.

It is important to draw special attention to the photoelectrons inelastic mean
free path (IMFP) in matter, as it determines the probing depth of the instrument.
Together with the photoionization cross section and transmission function of the
analyser, IMFP have also to be taken into account in order to calculate the
chemical composition of layered heterostructures like ours.

The behaviour of the electron mean free path (\,-) with its kinetic energy
obeys a universal curve [118], with small variations depending on the material.
The photon energy used in this thesis has been E, = 1486.6 eV (see Section
2.3.4). Considering the core levels probed, the kinetic energies of the photoelec-
trons lie in the range of ~ 300 — 1200 eV, which results in an electron mean free
path of ~7 and 10 A. Therefore, the probing depth in our experiments is clearly
determined by A.-, and it is not higher than 1 nm.

2.3.3 Angle-Resolved Photoemission Spectroscopy

In addition to the energy resolution, in ARPES photoelectrons are discriminated
with respect to their emission relative to the sample surface, which can be sub-
sequently transformed to parallel momentum to the surface. This allows direct
mapping of the occupied electronic structure, that is the occupied band disper-
sions of Bloch states for the case of the single-crystalline solids studied in this
thesis.

Because of the crystal periodicity in the direction parallel to the surface of
crystalline materials, and because of the negligible photon momentum for the
typical energies used (hv <10 keV), the parallel component of the crystalline
momentum k) is conserved. Therefore, the photoelectron parallel momentum
out of the crystal g is related to the emission angles ¢ and ¢ by

q = (qu,qy) = K '\/2mcEx - (sinfcose, sinfsing) (2.20)
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where m, is the electron rest mass, and 6 and ¢ the polar and azimuthal emis-
sion angles respectively. In the ARPES measurement, the azimuthal direction
is generally fixed for every acquisition, obtaining a vertical section of the band
structure in the (gs, ¢y, Ep) space. Additionally, a series of measurement scan
be done while sweeping along the azimuthal direction in order to obtain the full
Inhotoem (0, ¢, Ep) picture. The geometry of an ARPES setup is represented in
Figure 2.8b. If one evaluates Ipnotoem (0, ®, Eg = 0), the DOS distribution in
the reciprocal space (gs,¢qy) at the Fermi Level (EF) is obtained. This sort of
measurement provides information on the Fermi Surface (FS), and it is widely
used to investigate, for instance, states contributing to the transport or charge
transfer due to doping effects.

In contrast to the parallel component of the crystalline momentum, the per-
pendicular component is not conserved because of the lack of translational sym-
metry in that direction. Hence, it cannot be determined without additional in-
formation or certain assumptions (like free-electron-like final state bands). This
is not relevant for 2D states as the Topological Surface State (TSS) studied here,
since k, components, which will be selected by the photon energy used.

The photoemission intensity can be derived from first order perturbation the-
ory. The photocurrent generated in the transition between two Bloch states with
energies F; and Ey, and respective crystalline momentums k; and kj; can be
expressed as

J(Ex,qy,hv) o< Y Te|Mif[*6(Ep — E; — hw)d (kg — ki)d(qy — kg —g), (2.21)
i.f.9

where T} is the transition probability of the final state to pass to the vacuum,
0 operators account for energy and momentum conservation laws, g is a vector
of the reciprocal surface lattice and |M;¢|? is the transition rate matrix between
the two Bloch ; and v; states. Following with the first order perturbation
calculation, it can be found that |M;¢|? is proportional to A- (1 |VV|¢;), with A
the potential vector of the photon field, and V the crystal potential. This matrix
component defines the allowed transitions according to the symmetry relations
between the incident photon geometry and polarization, and initial and final
wavefunctions. Therefore, the transition rate, and consequently the photocurrent,
have their origin in the gradient of the crystal potential VV. The complete
mathematical development can be found in [119].

2.3.4 Experimental Setup

Photoemission experiments were performed in the setup presented in Figure 2.9,
consisting in the Phoibos 150 Analyser, the X-ray source XR50 M equipped with
aluminium and silver targets, followed by the FOCUS 500 X-ray Monochromator,
and the UVS 300 lamp followed by the TMM304 UV Monochromator. All these
components are commercially available by SPECS GmbH Berlin (Germany). The
setup also contains a sample manipulator with liquid nitrogen circuit to refrig-
erate samples. It is a flow cryostat that we used only with LN2, but can be
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Figure 2.9: The XPS/ARPES setup, consisting of a chamber devoted to sample preparation,
and the measuring chamber, equipped with the X-ray source and UV lamp, and corresponding
monochromators. Inset: image of the X-ray source outlet, sample and analyser inlet geometry
in XPS measurements.

used with LHe. For the XPS experiments, the photon energy was Al k-« line
(1486.6 eV) provided by the X-ray source, while for the ARPES measurements,
it was the Hel UV line (21.2 eV) provided by the UV lamp. Samples were kept
at 80 K and in a pressure of 5- 107'° mbar during the acquisition.

2.4 X-ray Absorption Spectroscopies

X-ray Absorption Spectroscopy (XAS) and X-ray Magnetic Circular Dichroism
(XMCD) are an experimental technique that allows the study of electronic and
magnetic properties of materials, offering elemental and chemical specificity and
variable depth sensitivity. It is based on the magnetic circular dichroism effect,
that is the differential absorption of left and right circularly polarized light by a
material, in the presence of a strong magnetic field. Even though the effect had
been theoretically described in the mid sixties [120, 121], due to the weak nature
of the effect it was not untill twenty years later that the first XMCD detection
was reported by G. van der Laan and collegues in 1986 [122]. For that, the use
of synchrotron radiation as the circular polarized light source was crucial.
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2.4.1 X-ray Absorption Spectroscopy

In a XAS experiment, the energy of a monochromatic X-ray beam is directed to
the sample under study, and it is swept in energy over the desired range close
to an edge jump. The fraction of X-ray absorbed is detected either directly by
measuring the difference of incoming and transmitted intensities (transmission
mode), or indirectly by measuring the intensity difference of the incoming beam
and of the decay products such as fluorescent X-rays or Auger electrons (fluores-
cence or electron yield mode).

When X-rays interact with matter, the relation of incoming intensity I, and
transmitted intensity I is given by

I = Iye HE (2.22)

where t is the material thickness in the direction parallel to the X-ray beam and
w(E~ = hv) is the energy dependent X-ray coefficient, and can be approximated
to u ~ dZ*/mE?® over large energy regions. Here d is the material density
while Z and m are the atomic number and mass respectively, which means that
the absorption coefficient decreases with increasing photon energy. Nevertheless,
when the photon energy equals or exceeds the binding energy of a core level,
a core electron is excited and a hole is created, leading to a new absorption
channel. This provokes a sudden increase in the absorption coefficient, known as
absorption edge. The core hole is filled in the fs time-scale by an electron from
a higher energy state, and the corresponding energy difference is released via
fluorescence or the emission of an Auger electron. A more detailed introduction
to near edge strcture XAS is given in [123].

2.4.2 X-ray Magnetic Circular Dichroism

XMCD can be modelled using a two step model [124]. In order to understand the
physical origin of this effect, let us consider a 2p photoelectron excited by circu-
larly polarized X-ray photon. 2p;,5 and 2ps/, are then involved in the so called
Ly and L3 absorption edges. In the first step, part of the angular momentum
carried by the photon is converted into spin momentum via spin orbit coupling
as a consequence of the Fano effect [125]. The alignment between the helicity of
the photon and the spin moment component parallel to the photon propagation
direction determines the absorption. It leads to slight intensity changes between
the signals acquired at opposite photon helicity, the Ly and L3 absorption edges
in the case under consideration, as it is schematically shown in Figure 2.10. The
second step is driven by the magnetic properties of the sample. The X-ray ab-
sorption is affected by the empty DOS available for a given angular momentum,
which results from the symmetry of the initial core state and selection rules of
the transition.

An XMCD spectra is obtained by making the subtraction between the two ab-
sorption spectra measured with opposite photon helicity. This difference, called
dichroic signal, is related to a finite spin and orbital momentum by the so called
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Figure 2.10: (a) Energy transitions promoted by circularly right (C*) and left (C'~) polarized
photons, involved in a 3d-metal with spin imbalance. (b) Momentum-spin coupling between
photon and electron in function of the helicity of the circularly polarized photon. (c) Absorp-
tion spectra for (CT) and (C~) circularly polarized, and dichroic signal obtained from the
subtraction

sum rules. In XMCD experiments, samples are generally exposed to high mag-
netic fields, low temperatures and different geometries in order to observe mag-
netic anisotropies. Hysteresis magnetic cycles can be measured as well, by de-
tecting the dichroic signal at different intensities of magnetic field.

2.4.3 Experimental Setup

XMCD measurements are done using polarized synchrotron radiation due to the
mentioned need of varying the photon energy. Synchrotron light offers a highly
collimated and stable beam, with a high flux covering a broad spectrum from
microwaves to hard X-rays. The photon energy can be continuously tuned and
polarized linearly or circularly.

X-ray absorption experiments in this thesis were performed in the BOREAS
beamline [126], at ALBA synchrotron. BOREAS is a soft X-ray beamline ded-
icated to polarization-dependent spectroscopic investigations comprised of two
endstations; HECTOR, equipped with a 6T vector magnet, is instead devoted
to XMCD measurements, and MARES, devoted scattering and reflection ap-
proaches. Our experiments were performed in HECTOR, measuring the total
electron yield (TEY), using the photo-induced sample drain current. XAS and
XMCD spectra were taken with right (C*) and left (C~) circularly polarized
photons, in the presence of magnetic field (up to £6 T), at 7.5 K and with a base
pressure of 1-10719 mbar. The geometry of the measurements is schematically
shown in Figure 2.11a, together with the BOREAS experimental setup, in Figure
2.11b.
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Figure 2.11: (a) Geometry of the XMCD measurement; circularly polarized photons are directed
to the sample in the direction parallel to z axis generating a measurable photocurrent when
they are adsorbed. The sample can be rotated an angle # around the x axis, allowing the study
of the angle dependent abortion in the range between grazing and normal incidence. (b) The
BOREAS beamline composed by the beamline optics and HECTOR and MARES endstations.
Pink axis are drawn in order to correlate the beamline geometry with the measurement geometry
in (a). Inset: aerial picture of the ALBA synchrotron.

2.5 Sample Preparation Methods

Samples measured by STM during this thesis were composed by molecules ad-
sorbed on two different substrates; Bismuth Telluride (BizTes) thin films grown
by MBE, and a Au single crystal. Therefore, different preparation methods were
carried out for the two different families of samples measured.

BisTes thin films that were capped with a 20 nm protective Te layer in the
MBE setup (Chapter 3) were exposed to air for less than 10 minutes during the
transfer process to the STM setup. Once transferred, the protective Te layer was
removed by annealing at 130°C, leaving an atomically clean BiyTe3(0001) sur-
face. On the other side, gold monocrystals were prepared by repeated sputtering
with Art ions (typically 0.8 keV, 15 minutes) and subsequent annealing (500°C,
8 minutes), until the Au(111) surface showed atomically clean terraces with sizes
of at least 10 nm, and visible herringbone reconstruction.

molecule T (°C)
CoTBrPP 415
CoTPP 360
CoPc 410

Table 2.1: Typical temperatures at which evaporator cells were heated in order to sublimate
each molecular specie.

Regarding the MO compounds, Cobalt - Phthalocyanine (CoPc) were ac-
quired commercially from Sgima-Aldrich, Inc. Darmstadt (Germany), meanwhile
Cobalt - Tetraphenyl Porphyrin (CoTPP) and Cobalt - Tetrakis (4-Promophenyl)
Porphyrin (CoTBrPP) were synthesized in-house by and I. Imaz and H. Xu from
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the team of D. Maspoch. Molecules were evaporated from an Organic Molecu-
lar Beam Epitaxy (OMBE) evaporator, equipped with alumina cells that were
resistively heated at the temperature given in Table 2.1, above the sublimation
temperature of each molecule. Both Au and BisTez substrates were placed within
the molecular beams, enabling molecules to stick on their surfaces. TI and Au
surfaces were kept at 77 K and room temperature (RT) respectively during the
evaporations, and immediately transferred to the corresponding measuring cham-
ber.
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MBE Growth of
Chalcogen-Based
Topological Insulator Thin
Films

The capability of growing Topological Insulator (TT) materials with the Fermi
level located within the bulk gap is essential to exploit the novel physical phenom-
ena emerging from the spin-momentum locking of their surface carriers. Topo-
logical Surface State (TSS) are very sensitive to doping induced by structural
defects [59, 127-129], bulk impurities [130-132] or molecular species adsorbed on
the surface [133, 134], which generally induce n-doping and hence shift the the
Fermi Level (Er) above the minimum of the bulk conduction band. As a con-
sequence, electronic conduction is not limited to the surface, and bulk carriers
can bury the contribution from surface carriers. Indeed, it has become one of the
major issues for the detection of the helical surface currents, and great efforts
have been devoted to the growth of truly bulk insulating TIs, a task that has
proved to be very challenging.

Chalcogenide-based TIs with van der Waals (vdW) stacked structure are typ-
ically synthesized by solvothermal techniques, like the self-flux method [23, 55,
135, 136], or by sonothermal techniques. So far TI crystals prepared by these
two methods have been found to be strongly n-doped [53-55], bringing the Ep
inside the bulk conduction band. This activates bulk conductivity that bury
the detection novel physical properties emerging from the TSS. Molecular Beam
Epitaxy (MBE) can to overcome this hindranc, as the precise control over the
impurities level and crystal quality (under Ultra High Vacuum (UHV) environ-
ment) has allowed the growth of TT thin films with the Er within the bulk gap
[56-60]. The versatility of this technique also allows the introduction of extrinsic
impurities with atomic precision [137-142] and the growth of hybrid TT hetero-

27
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a) BaF,(111) b) ALO,(0001)

Figure 3.1: RHEED
patterns corresponding
to (a) BaF2(111), (b)
Al>03(0001), (c) BixTes
thin film grown on
BaFy and (d) on Al2Os3.
Higher crystal quality is
achieved in (c). Red and
green vertical lines evi-
dence the almost perfect
match of BixTe3(0001)
with BaF2(111), and the
misfit with AlaO3(0001).

(¢

BiyTe,(0001) on BaF,(111)

(¢

) Bi,Te,(0001) on ALO4(0001)

structures with controlled thickness [59], which emerge as suitable systems to
exploit interfacial effects with other materials.

In this chapter, we report the growth of chalcogen-based thin films, and dis-
cuss the impact of the substrate choice and growth parameters to the growth
mode and final result. Ex-situ characterization tools force us to use a Te layer
in order to protect the TI surface while transferring the samples in atmospheric
conditions. We show how it does not affect negatively their morphology, stoi-
chiometry and surface state. Thereafter, we present two distinct routes for the
MBE growth of TIs, in which control over both structural and chemical prop-
erties allow the experimental realization of TTs with precise positioning of the
Ep.

3.1 Growth of BiyTe;

3.1.1 Substrate Choice

The choice of a large gap insulator (11 eV, [143]) Barium Fluoride (BaF3) as sub-
strate for the growth of Bismuth Telluride (BizTes) was motivated by the almost
perfect matching between their (111) and (0001) facets respectively; BaFo(111)
presents hexagonal symmetry and has a lattice parameter of 4.34 A, leading to
a misfit of 0.9 %. This is confirmed by the Reflection High-Energy Electron
Diffraction (RHEED) diffraction patterns in Figures 3.1a and 3.1c corresponding
to the clean BaF2(111) and BiyTe3(0001). More importantly, the long, sharp,
unmodulated and intense diffraction rods in Figure 3.1 reveals that the growth
results in a BisTesz monocrytalline film.

In other to assess the influence of the substrate, a series of BisTes films were
grown on the highly mismatched (9.4% misfit) AloO5(0001) substrate (7.5 £ 2.3 %).
It resulted in polycrystalline films, as revealed by the concentric rings observed
in the RHEED pattern in Figure 3.1d, indicating the presence of out-of-plane ro-
tated domains. Moreover, broader diffraction rods and more intense background
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Effusion cell T(°C) 570

Bi | Cracker cell T(°C) 1100

Flux (A/min) 1.5

Effusion cell T(°C) 280
(°C

Te | Cracker cell T(°C) 600
Flux (A /min) 3.0
Substrate T(°C) 300-500

Table 3.1: MBE parameters used for the growth of BizxTes thin films on BaFs3. Fluxes are
orientative, as for a fixed cell temperature they are sensitive to the geometry of the source
material, and it changes every time that the cell is refilled.

than those of BisTesz on BaFs indicate lower crystal quality. Changing the AlyO3
substrate temperature and Bi and Te fluxes resulted in polycrystalline samples,
meanwhile the growth on BaFs resulted to produce monocrystals over a wider
range of substrate temperatures. Both BaFs and Al;O3 substrates were prepared
by pre-annealing at 800°C during 2h prior to the growth.

Because of the increased crystal quality and higher reproducibility, all MBE
TT thin films studied in this thesis were grown on BaFs.

3.1.2 Growth Conditions

BisTes thin films were grown on BaF3(111) (Crystal GmbH) by coevaporation of
elemental Bi and Te (6N purity), in the MBE setup presented in Section 2.1.3,
with a base pressure of 2-107'° mbar. Growth parameters are summarized in
Table 3.1, showing that the Te/Bi flux ratio was set to ~ 2, much lower than
flux ratios of 10 — 20 enerally used for setups without cracker cells [127, 144].
The reason for using higher flux ratios than the 1.5 stoichiometry is to avoid Te
deficiency, as the sticking coefficient of atomic Te at the deposition temperature of
the substrate is nearly 0. The introduction of Bi allows the formation of heavier
Bi-Te compounds that do stick on the surface. The growth rate is therefore
limited by the Bi flux. Fluxes were measured by a previously calibrated quartz
crystal microbalance.

A series of Bip Tes samples were grown at different substrate temperature (7¢),
covering the range from 300°C to 500°C. Figure 3.2 shows the morphology of the
obtained films measured by Atomic Force Microscopy (AFM). Two common fea-
tures in all images can be identified: First, the presence of the characteristic spiral
islands in which chalcogenide TIs generally grow, but presenting smaller areas
and more rounded edges than those generally reported [59, 130, 142, 145, 146].
Small islands can not be attributed only to the fact that the low surface energy of
the insulating BaFs substrate promotes the 3D growth over 2D. Multiple kinetic
processes occurring at the surface, like step diffusion, pinning or clustering may
be influenced by the substrate morphology and can also play an important role.
The difficulty of unravelling the origin of these features relies on the complexity
of decoupling the effects of such entangled processes.

On the other hand, correlation between the increase of substrate tempera-
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Figure 3.2: (a) AFM image of the BaF2(111) surface that would be subsequently used as
substrate. (b)-(h) Comparison of AFM images corresponding to BizxTes films grown on BaF»
under the same Bi and Te fluxes but different substrate temperature (T). Image dimensions
are 450 x 450 nm?.

ture and islands area is clearly observed. This is consistent with the fact that
higher temperatures enhance the particles mobility, promoting 2D over 3D growth
modes. Higher particle mobility increases the step length, enhancing the prob-
ability of coalescence between islands and leading to larger terraces. This effect
becomes evident at Tg =500°C, in Figure 3.2g. Furthermore, the orientation of
the almost-triangular spiral islands is fixed for temperatures higher than 350°C.
This is related with the suppression of one of the two mirror growth modes typical
of MBE Bi-chalcogenide thin films. An extensive study of this effect is presented
in Section 3.3.

AFM and X-ray diffraction experiments were performed on the as-grown films
exposed to air. AFM images were recorded a few hours after the growth. X-
ray diffraction and reflectivity measurements were performed on a PANalytical
X’Pert Pro diffractometer operating with Cu K, radiation.

After the growth, our BisTez thin films had to be exposed to air in order to
be transferred from the MBE setup to ex-situ characterization setups. Therefore,
and with the purpose of avoiding surface degradation, films were in-situ covered
with a protective Te layer, the “capping layer”. This would be later removed in
the destination characterization setups.
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Figure 3.3: (a) XPS spectra centred at the binding energy of the Te 3d and Bi 4f doublet,
measured on the Te layer on BixTes sample (top), and measured after thermal desorption
of the Te layer (bottom). (b) Evolution of Bi and Te atomic concentration upon annealing
temperature.

3.2 Te Capping and Decapping of Bi,Te;

The robustness of the TSS against non-magnetic dopants is well known, never-
theless, exposing their surface to ambient conditions induces water condensation
that buries the non trivial-vacuum interface under a layer of trivial material.
Molecules contained in air can also induce undesired doping effects. H. Benia
et al. [133] studied the evolution of the surface electronic structure of Bismuth
Selenide (BigSes) as a function of water vapour exposure, finding that HoO re-
acts inducing n-doping effect. Similarly, B. Zhou et al. [134] showed that the
combined effect of Hy, CO and Os gases over BisSesz and BiyTes also produces
electron-doping. For this reason, our samples were capped with a Te layer prior
to be transferred to other ex-situ characterization UHV setups, a procedure that
has been succesfuly used by other groups [142, 147, 148]. We found that transfer
times ensuring no oxidation and no doping were limited to about 15 minutes.

The deposition of the capping layer was performed as follows: Once the growth
of the BisTej film is stopped by shutting the Te and Bi cells, the substrate heater
is turned off, leaving the sample cooling down to room temperature. When
the temperature goes below 100°C, which in the geometry of our setup occurs
after ~ 1 h, the Te shutter is opened again. Since the sticking coefficient of the
surface can be considered to be 1 at this temperature range, the thickness of the
deposited Te is the same as measured by the QCM balance. The Te deposition
is stopped when the layer reaches a thickness of 20 nm. The sample was taken
out from the MBE UHV setup, and transferred in air to the UHV setup of the
pertinent characterization system Subsequently, the Te layer was removed by
thermal annealing (“decapping” process).

3.2.1 Desorption Temperature and Chemical Properties

Cycles of 10 minutes of annealing were performed followed by X-ray Photoemis-
sion Spectroscopy (XPS) inspection of the Te 3d and Bi 4f peaks in order to
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Figure 3.4: (a) Electronic band structure of BixTe3 measured by ARPES presents the TSS
and the bulk valence band. (b) ARPES intensity map measured close to Er shows the TSS in
higher resolution.

determine the desorption temperature of the Te layer. Since XPS allows the in-
spection of the relative content of each element contained in a sample as well as
its chemical environment, it arises as the most suitable characterization tool to
assess the decaping process.

Figure 3.3a shows the three features that reveal the complete removal of the
Te layer; First, an apparent energy shift (AE = 0.7 eV) of the Te 3d doublet to-
wards lower binding energies. The center of the 3d5,, peak moves from 572.9 eV,
attributed to elemental Te [149], to 572.2 eV, attributed to Te within the BisTes
chemical environment [60]. Secondly, the emergence of the Bi 4f doublet. And
thirdly, decrease of the Te 3d intensity, which combined with the intensity of the
Bi 4f peaks gives rise to the expected 3 to 2 ratio of Te to Bi.

The evolution of the Bi and Te atomic concentrations obtained from the Te
3ds/2 and Bi 4f7/; peaks with the temperature reached in each annealing are
shown in Figure 3.3b evidencing that the desorption temperature of the Te layer
is 130°C, and that the decaped BisTez crystal keeps its pristine 3/2 stoichiom-
etry. Further annealing cycles ensure the chemical stability of the film up to
230°C, as the atomic composition is kept constant within the apparatus accu-
racy. Annealing to higher temperatures leads to film desorption.

3.2.2 Electronic Properties

The null contribution from the bulk conduction band observed in the Angle-
Resolved Photoemission Spectroscopy (ARPES) maps of a Biz Tes thin film shown
in Figure 3.4 reveals that the Er is positioned well below the bulk conduction
band, and ensures that the capped, transferred and decapped films still posses
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(d) Not capped Bi,Te; thin film (b) Decapped Bi,Te, thin film

40nm

40nm -~

Figure 3.5: Morphology of two BigTes thin films grown in identical conditions. Film in AFM
image (a) was taken out to from UHV conditions and subsequently measured. Film in STM
image (b) was in-situ capped with the protective Te layer, transferred under atmospheric con-
ditions to the STM UHV setup where a Te layer was thermally removed. Size and shape of
the terraces are altered after the Te desorption processes. Inset: Atomically resolved Scanning
Tunneling Microscopy (STM) image of a characteristic defect of BizTes surface, confirming the
successful decapping (Vpiqs = 0.4 V, 2.2 x 2.7 nm?).

bulk insulating behaviour. TSS dispersing as the characteristic 6-fold wrapped
Dirac cone is also observed, together with intense features at higher binding
energies attributed to the bulk valence band. Therefore, the main purpose of the
Te layer of preserving the pristine surface state of the BisTes films is achieved,
as it can be observed in the (ks, ky, Ep) space.

3.2.3 Surface Morphology

In order to assess whether the Te capping and decapping process induces alter-
ation in the surface topography, two samples were grown under the same MBE
conditions; one of them was taken to air to be measured by AFM, and the other
was in-situ capped, transferred to the UHV setup of the STM, thermally de-
capped and finally measured. Manifest changes are visible in the comparison
between their respective surfaces presented in Figure 3.5. The characteristic tri-
angular shape of the islands seems to vanish, together with an enhancement of
the terraces size.

The STM was not UHV connected to the XPS setup, meaning that a comple-
mentary method using the capabilities of STM had to be employed in order to
assess the proper removal of the Te layer. For this purpose, a series of measuring
and annealing at incrementing temperatures were performed. Above 130°C, the
following features emerged and were used as fingerprint of the successful decap-
ping. Atomically resolved images of the surface reveal an hexagonal lattice (with
a=4.4 A), as well as different atomic defects characteristic of BisTes crystals.
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Post annealed Bi,Te; thin film

Figure 3.6: AFM image of a BixTe3
film in-situ post annealed during 1h at
400°C, under Te flux in order to avoid
the creation of Te vacancies. The film
was not capped.

As an example, inset in Figure 3.5b shows a defect attributed to a Bip,. antisite
allocated in the fifth atomic row [150]. Moreover, terraces morphology and field
emission resonance spectra changed drastically but then remained unaltered up
to the maximum annealing temperature reached (250°C), suggesting that the Te
layer had been completely removed.

For comparison, a BisTes thin film grown under the optimized conditions
was annealed at 400°C during 1 h after the Bi and Te fluxes were stopped, and
measured afterwards by AFM without prior capping. Figure 3.6 shows that this
process erases the characteristic triangular shape of the islands and increases the
terrace sizes. We hypothesise that, analogous to the decapping annealing, the
particle mobility in the surface is enhanced due to the increase of temperature,
enabling islands to expand without any preferential direction, and flattening the
overall topography. The resulting aspect of the surfaces are comparable for both
post-annealed and capped-and-decapped samples, which indicates that surface
reorganization is the responsible of the morphological changes occurring during
the thermal removal of the Te layer.

Measured

height (A) Height
41+04 40A=04QL
65+04 6.1A=06QL
107+ 08 101 A=1QL
142+05 141A=14QL

Table 3.2: Aparent step heights measured by STM in several decapped BiaTes surfaces, together
with their correspondence with fractions of Quintuple-layer (QL), assuming the STM height of
one QL reported in [128].

Besides the changes in the size and shape of terraces, steps height is also
modified by the decapping process. Decapped BisTes surfaces exhibit steps cor-
responding not only to the expected quintuple layer (QL) height, but also to
fractional-QL heights (see Table 3.2). These are reported in Table 3.2.
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Even though it seems very unlikely that fractions of QL can be stabilized in
BisTes crystals due to their strong intra-QL binding forces and weak vdW inter-
QL forces, Borisova et al. [151] reported a model to explain the appearance of
sub-QL steps. They measured step heights corresponding to 0.4 QL in BisTeg
grown by MBE on Si(111) and subsequently annealed, and proposed that these
emerge as a consequence of a vertical translation between two adjacent domains.
It was proved that this shift is induced by the 3.1 A-high steps of the Si(111)
substrate, and that this new stacking configuration can be stabilized by creating
new bonds between non equivalent atomic planes of adjacent QLs, as it can be
observed in Figure 3.7c.

Since atomic planes in the (111) direction of BaFs are separated by 3.58 A,
it is reasonable to assume that steps corresponding to 0.4 QL measured in our
decapped BisTez films are also induced by the morphology of our substrate.
Experimentally, steps of 4 A have been measured in BaF, grown on Si(111)
[152]. Values of steps reported in Table 3.2 have been measured in several STM
images, and they can be appreciated in the illustrative STM image in Figures
3.8a and 3.8b. Line profile in Figure 3.8¢ shows the expected 1 QL steps and also
the 0.4 QL steps, which can be explained as schematically illustrated in Figures
3.8e and 3.8f respectively. Line profile in Figure 3.8e reveals that some atomic
terraces are not completely flat, suggesting that some QLs can still be piled up
as they were in the spiral islands before the decapping. Therefore, 0.6 QL steps
observed also in this line profile can be explained as (1 — 0.4) QL = 0.6 QL (see
the schematic in Figure 3.8h). Other steps corresponding to 1.4 and 1.6 QL were
observed in other STM images not reported here, and they can be understood
as single QL mounted on top of the upper QL forming steps of 0.4 and 0.6
respectively ((0.4+1) QL =1.4 QL and (0.6 + 1) QL = 1.6 QL).

K. Schouteden et al. [153] also measured steps of 0.39, 0.63 and 1 QL, and
demonstrated that these appear because of the annealing-induced formation of
a Bi bilayer on BisTes. Nevertheless, the following arguments discard this ex-
planation to be valid in our case: (i) Te vacancies were claimed to appear above
375°C and emergence of the sub-QL steps was observed at 420°C, which con-
trasts with the lower decapping temperature (130°C) of our BizTes films. (ii)
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Figure 3.8: (a) STM image of a BipTes thin film after thermal desorption of the Te protective
layer. (b) 3D projection of the same STM image, with an arbitrary z to x = y ratio. (c)-(d)
Line profiles taken along grey paths drawn in (a), showing steps corresponding to 1QL and to
sub-QL. (e)-(g) Schematics of the steps configuration in terms of QLs.

The Density Functional Theory (DFT) calculations reported, indicate that the
surface state dispersion would be substantially altered as a consequence of the Bi
bilayer, which contradicts the pristine BisTez Dirac cone of our films measured
by ARPES (Figure 3.4). (iii) Bi bilayer was reported to present a rough surface
at the A scale, which is in contrast with the sub-A flat surfaces measured in our
films. Additionally, we estimate (using the Beer-Lambert law) that the atomic
concentration of Bi measured by XPS would increase from 40%, for the BisTes
case, to at least 49.5 %, for the Bi-bilayer on BisTes case. Since this difference is
larger than the sensitivity of our XPS apparatus, formation of Bi-bilayer should
have been measured in our XPS experiments, and it is not the case.

Cross-section inspection of the decapped films by high resolution scanning
transmission electron microscopy (HR-STEM) would be the definitive route to
elucidate the piling geometry that give rise to the measured fractional-QL steps,
as well as it would further confirm if their origin relies in the the surface mor-
phology of the BaF, substrate.
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3.2.4 Summary

XPS, ARPES and STM study of the decapped BisTes surface reveals that the
thermal removal of the Te protective layer maintains the chemical properties of
the film unaltered. However, it modifies the surface morphology by increasing
the average terrace size and altering the QL stacking structure. Overall, this
surface reorganization does not modify the electronic properties of the film, as
ARPES intensity maps show that the TSS is preserved with the pristine level of
doping (i.e. insulating bulk). Larger atomically flat surfaces are highly suitable
for the long-range self-assembly of Metal-organic (MO) magnetic dopants that
will be reported in Chapters 5 and 6, meanwhile the increased terrace areas and
consequent reduction in the density of steps should pave the way for the TI
surface carriers to have higher diffusion lengths.

3.3 Growth of Twin-free BisTe;

The capability to grow bicompound TIs with truly insulating behaviour by re-
ducing the bulk impurities and crystalline defects is of great interest. Indeed,
structural defects impact negatively the transport properties by coupling sur-
face and bulk channels, by reducing the carrier mobility, or by suppressing the
surface states in the case of strain localized at grain boundaries [154]. In par-
ticular, mirror-symmetric twin domains are of special importance owing to the
extended planar nature of their boundaries, as shown in Figure 3.9. It has been
demonstrated that twin boundaries hold a spontaneous polarization responsible
for self-doping of the surface states, which may reach several hundreds of meV
[155].

TTs usually grow on conventional substrates such as Al,O3(0001) [59, 127, 142]
and Si(111) [57, 62, 127, 131, 144, 150, 151] despite lattice misfits close to 15 %.
On such substrates, the growth generally proceeds by the formation of a poly-
crystalline or amorphous seed layer [142, 144, 156], followed by the growth of a
(0001)-textured film in which 30° rotational domains and twins are inevitably
present. Lattice-matched InP(111) (0.2 % misfit) was shown to ensure a much
better crystallinity of BisSes, characterized by reduced mosaicity twist and the
suppression of 30° domains [142, 156]. On flat InP(111) substrates, a reduction
of twinning was also observed, with the dominant twin occupying 66% of the
total volume [157]. Further reduction down to full suppression of the minority
twin was achieved by the use of rough substrates, at the expense of additional
antiphase domains and, possibly, increased roughness of the films. Notably, twin
suppression correlated with a reduction of the carrier density by almost one order
of magnitude, demonstrating the relevance of structural improvement to achieve
superior transport properties [157]. Suppression of twinning was also realized in
BiyTes grown at very low rate on Te-passivated Si(111), showing that improve-
ment of the crystallinity can be achieved by controlling the growth kinetics [131].
In this case, single crystal epitaxy was likely promoted by the 7:8 incommensurate
matching of the Si and BiyTes lattices (1 % misfit). Nonetheless, no reduction in
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Figure 3.9:  Schematic showing the
atomic arrangement of the two twins C
occurring in (0001) BixTes | (111)
BaFs epitaxy. The twins differ by their B
ABCAB or ACBAC stacking, as appar-
ent in both the BizTez (1210) side view
and (0001) top view. The [1015] planes
are highlighted in pink and their 3-fold
symmetry is visible in the top view.

the carrier concentration could be observed: the films remained highly n-doped,
which suggests that the incommensurate epitaxy was not able to suppress other
kinds of structural imperfections. Lower doping was obtained by growing BisTes
on lattice-matched BaF5(111) (0.1 % misfit) [128, 147, 148, 158], but complete
suppression of twinning has never been reported.

The data and discussions presented in this subsection are included in the work
published by F. Bonell, M. G. Cuxart et al. [159], in which the study is also ex-
tended to BizSes and Antimony Telluride (SbheTes) thin films, and complemented
with ab initio and kinematic deffraction theroy-based calculations. Figures have
also been adapted from this publication.

3.3.1 Surface Morphology and Structural Properties

A series of BisTes thin films were grown at various temperatures T¢ in the range
of 300 — 500°C, and they were in-situ characterized by RHEED and ex-situ by
X-ray Diffraction (XRD) in order to quantify the density of twins. Figure 3.10
shows the results obtained for films grown at two representative T, together
with an image of the surface measured by AFM. The position of diffraction rods
in RHEED patterns is broadly characterized by a 6-fold symmetry, which reflects
the hexagonal symmetry of the outermost atomic layer, independently of the
stacking order of the rest of atomic layers within the QL. However, because of
their finite penetration depth, electrons can be transmitted through islands of



w
Ne

MBE Growth of Chalcogen-Based Topological Insulator Thin Films

SIIOH.}OHJ.I
{zoo}eaea

SUD!J,.)-JH L}l
{e1o1}Po151g

60°

120° 180° 240° 300°

(d) RHEED XRD

000 e \\,, x-ray

[1(.:15) 5

Figure 3.10: Two films grown at two representative temperatures (a) 300°C and (b) 400°C
measured by AFM, RHEED and XRD pole scan. Film in (a) presents two groups of triangular
islands rotated by 60°, consistent with its corresponding 6-fold symmetric XRD pattern, and
Meanwhile only one twin is observed in the AFM image of (b), consistent with its correspond-
ing 3-fold symmetric XRD pattern. RHEED patterns in (b) present clear opposite intensity
modulation upon 60° rotation (from the very first stages of growth), and much sharper rods
than in (a). (c) XRD pole scan of the BaF> substrate. (d) Geometry schematic of RHEED and
XRD used to measure the BizTes films.

few tens of nanometers and are able to trace twins that differ by their ABCAB
or ACBAC stacking (see Figure 3.9). As a result, the intensity along the rods
is modulated, with maxima corresponding to 3D Bragg conditions and reflecting
the trigonal symmetry of the crystal. The modulation is visible in all our RHEED
measurements and is highlighted with arrows in Figures 3.10a and 3.10b. In the
case of films grown at > 350°C, it is clear that RHEED shows the absence of
30° rotational domains, which would result in mixed [1100] and [1120] patterns.
Diffraction patterns are invariant under a 120° rotation whereas a 60° rotation
results in mirror-symmetric image, leading to the conclusion that one twin is
dominant.

Remarkably, the RHEED patterns of ultrathin films of just 0.5 QL display
the characteristic diagonal modulation of a “twin-free” crystal Figures 3.10a and
3.10b, which shows that the BaF5(111) surface forces the nucleation of islands
with a definite stacking. This also demonstrates excellent epiitaxy since the very
first stages of the growth and a BaF4(111) / BiyTes interface of high quality, which
is in clear contrast with the 1 — 2 QL-thick amorphous or partly disordered seed
layers observed on Al;O3(0001), Si(111) and even InP(111) [142, 156, 157].

In order to quantify the degree of twinning, we measured pole scans of the
[1015] reflections by XRD. Twin-free films should give rise 3-fold symmetric scans,
while films containing twins in equal proportion are expected to show a perfect
6-fold symmetry, with equal intensity peak triplets at 60, 180 and 300°, and at
0, 120 and 240°. For both films grown at two different T, we observe that the
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intensity at the 60, 180 and 300° is always stronger than at 0, 120 and 240°,
indicating that one twin is dominant (Figure 3.10). The most intense reflections
occur systematically at 60° of the {002} BaF5 reflections, revealing that the ABC
stacking of the BaF5(111) substrate tends to be conserved in the grown BisTes
and confirming that the dominant twin is determined by interaction with the
substrate. Additionally, the suppression of twins correlates with a decrease of
the peaks linewidth, which denotes a sharp reduction of the mosaicity twist.

We observe spiral-like growth and steps with 1 QL height in AFM images.
BisTes presents characteristic triangular islands in which chalcogenide-based T1Ts
grow [127, 128, 130, 144-146, 156, 157, 160], denoting an anisotropic growth rate
of the different island edges. At temperatures below 350°C, the triangular islands
can be oriented in two opposite directions, depending on the twin orientation
[142, 157, 161]. In contrast, the twinning is partially suppressed in films grown
at > 350°C. This is illustrated by two films grown at 300°C and 400°C in Figure
3.10. The size of islands increases and even merge for sufficient high T, which
means that the diffusion length of the adatoms is of the order of the terrace
width.

Correlation between the spiralling island sizes and twin domains show that
higher temperatures promote the diffusion of surface species and lead to extended
islands. Following initial nucleation, the enhanced diffusion promotes spiral-like
growth, without noticeable nucleation, as we do not observe RHEED oscillations.
Incoming species stick to the terrace edges, ensuring the conservation of the
stacking order and the absence of twin domains.

3.3.2 Physical Origin of Twin Suppression

Figure 3.11 compares the AFM images and pole scans of two films grown at
350°C onto epi-ready and cleaved BaFs, respectively. The very (111) surface
plane of BaFy has hexagonal symmetry and should, in principle, lead to the
formation of both twins with equal probability. To induce single-twin growth,
3D information from the substrate must be transferred to the epilayer, either
through the contribution of the subsurface plane to the adsorption potential
[131] or by interaction with the atomic steps present on the substrate [156]. The
surface of epi-ready substrates systematically shows a high density of nm-deep
pits stemming from the chemo-mechanical polishing process, which are readily
observable in the topography of the films (Figure 3.11¢). In contrast, the surface
of a cleaved BaF3(111) is atomically flat over tens of micrometers, while no pits
are found (Figure 3.11g). In spite of this, the surface condition of the substrate
has a negligible influence on the islands density. Moreover, the growth on cleaved
substrates results in further improvement of the film crystallinity, as inferred
from the much sharper diffraction peaks and the full suppression of twinning
at moderate growth temperature (Figures 3.11b and 3.11f). This implies that,
instead of promoting single-twin growth, as reported for growth in InP(111) [156],
the surface roughness in BaFo(111) tends to pin disoriented domains, while the
atomically flat substrate extends the optimal T window to lower temperatures.

Note that in the RHEED pattern corresponding to the epi-ready substrate
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Figure 3.11: (a)-(e) {1015} XRD pole scans and (b)-(f) [1120] RHEED patterns of 9 QL-thick
BisTes thin films deposited at 350°C on chemo-mechanically polished (epi-ready) BaF2(111)
and on cleaved BaF3(111). (c)-(d) and (g)-(h) AFM images associated with XRD scans (a) and
(e) respectively. Image dimensions are: (c)-(g) 1800 x 1800 nm? and (d)-(h) 450 x 450 nm?2.
Epi-ready substrates display nanometer-deep pits due to the polishing process.

(Figures 3.11h and 3.11), the diagonal modulation characteristic of single-twin
surface is not clearly observed due to de convolution with Kikuchi lines. Never-
theless, the bulk sensitive XRD scans show unambiguously the 3-fold symmetry
of twin-free thin films.

The direct interaction between BaFs and BisTes therefore promotes single-
twin growth. In order to further support this conclusion, we performed DFT
calculations of BaF3(111) on BiyTes (1 QL) slabs with the two possible stack-
ing orders (reported in the supporting information of our published work [159]).
The energy difference between the two configurations amounts to 5 meV/cell
(2 mJ/m?) in favour of the experimentally observed dominant twin. Whether
such a small difference can eventually account for the complete suppression is
not clear, but it definitely favours one stacking configuration. In addition, the
calculations confirm the low chemical interaction between BisTes and BaFy(111),
with a charge transfer of only 0.15 e~ /cell and a binding energy dominated by
the vdW interaction (4392 meV/cell).

3.3.3 Electronic Properties

ARPES maps in Figure 3.15a of twin-free BisTez grown under the optimized
conditions for twin suppression (T = 380°) demonstrate very low doping levels
(Figure 3.12a), with the Fermi level lying in the bulk gap. In contrast, the Fermi
level of BiyTes grown at T = 380° lies in the conduction band (Figure 3.12b),
which demonstrates the large electron doping introduced by crystal defects such
as mosaicity, twinning and roughness.
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Nevertheless, the exposure of the freshly decapped films to UHV residual
gases and UV /X-ray during about one hour turned out to n-dope a few hundreds
of meV. This effect has been already reported to occur within minutes-time on
BisTes and BigSez [56, 60, 134]. It is noteworthy to mention that all ARPES
images that will be shown in Chapters 5 and 6 correspond to samples suffering
from this aging effect.

3.3.4 Summary

Lattice-matched BaF9(111) substrates enable the growth of high quality BiyTes
by MBE epitaxy, with an excellent BaF5(111) / BisTes interface quality. The
complete suppression of twins is achieved by a combination of the initial interac-
tion with the substrate and the spiral-like growth mode favoured by high working
temperatures. As a result, BisTes films are shown to be exceptionally low-doped,
with their Fermi level well within the bulk band gap. Such low doping contrasts
with measurements of twin-free Si(111) / BisTes, in which the Fermi level lies
in the conduction band [131]. This shows that the growth on lattice-matched
BaF3(111) results in a general structural improvement, preventing the formation
of defects that cannot be suppressed by the incommensurate epitaxy on Si(111).
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3.4 Growth of (Bi;_,Sb,),Te; Ternary Compounds

The Bismuth-Antimony Telluride ((Bij_,Sb;)2Tes) represents a suitable bench-
mark TT as gradual change of the atomic content from Bi to Sb results in a gradual
p-dope effect, at the same time that the Dirac point progressively emerges from
the bulk valence band [58, 162]. Alternatively to the growth of twin-free crystals
reported so far, it represents a complementary approach for controlling the doping
level of TIs. In this section, instead of addressing structural properties, chemical
properties are modified by means of tuning the stoichiometric concentration.

3.4.1 Growth Conditions

A series of (Bij_,Sb;)2Tes covering the whole x¢(0,1) range were grown, and
subsequently characterized chemically with XPS and electronically with ARPES.
The experimental parameters used in the MBE growth of each sample are sum-
marized in Table 3.3, and shows that the Te flux (¢r.) was kept constant while
Bi and Sb fluxes were changed in such a way that the ratio ¢r./(¢p; + dsp) was
kept constant and close to 2, that represents the same Te-rich condition used for
the growth of BiyTes (¢1e/dB:i ~ 2, see subsection 3.1). Te 4d, Sb 4d and Bi 5d
peaks for each sample with a given x concentration are presented in Figure 3.14,
confirming the expected gradual decrease of Bi 5d consequently accompanied by
the increase of Sb 4d.

T — 0.00 | 0.25 | 0.34 | 0.51 | 0.75 | 1.00
Effusion cell T(°C) 550 | 530 | 500 | 420 -
Bi | Cracker cell T(°C) 1100 -
Flux ¢ (A/min) | 22 | 1.9 | 1.6 | 1.2 | 06 | -
Effusion cell T(°C) - 355 | 360 | 375 | 385 | 390
Sb | Cracker cell T(°C) - 850
Flux ¢ (A/min) T 05 ] 07 | 11 | 1.6 | L0
Effusion cell T(°C) 280 | 280 | 280 | 283 | 277
Te | Cracker cell T(°C) 600
Flux ¢ (A/min) 38 | 36 | 38 | 45 | 45 | 35
Substrate T(°C) 380 400 400 400 400 400
b1/ (5 + Dsp) 17 | 15 | 17 | 20 | 20 | 22

Table 3.3: MBE parameters used for the growth of the ternary (Bij—;Sbs)2Tes thin films.

3.4.2 Electronic Properties

Figure 3.15 shows ARPES intensity maps corresponding to three (Bi;_,Sb,)sTes
thin films with x = 0, 0.25 and 1, in which T'SS with massless Dira-like dispersions
(Dirac cone, in green) and bulk valence bands are the main features observed,
evidencing the robustness of the surface state in the whole ternary range. They
are illustrative x concentrations, as they show how the addition of Sb at the
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expense of Bi shifts the Fermi level downwards, that is introduces p-doping, and
how the Dirac point emerges from the bulk valence band and is positioned in the
gap, as it is depicted in the schematic in Figure 3.15. J. Zhang et al. [58] showed,
by ARPES and resistance vs. temperature measurements, that two separate
regimes where the conduction governed by electron- or hole-like Dirac fermions
emerge. They are separated by the charge neutrality point, that is when the Er
and Dirac point meet (between x = 0.94 and 0.96 in their case).

3.4.3 Summary

We were able to grow (Bij_,Sb,)2Tes over the whole x range by MBE and to
track the electronic band structure by ARPES evolution. The addition of Sb
at the expense of Bi gradually shifts the Dirac point to the bulk gap and, more
importantly, induces p-doping to the crystal. Therefore, the adequate choice of =
allows to position Er well within the bulk gap or in the valence bulk band. This
low doping level makes this ternary compound a very promising T1T to preserve the
bulk insulating behaviour after the eventual deposition of magnetic materials that
tend to n-dope, and that are required for the study of spin-related phenomena.
Nevertheless, BisTes thin films were used in the study of magnetic MO molecules
on TIs reported in the following chapters. The deposition of such magnetic
dopants on (Bij_,Sb,)sTes with an appropriate x remains opened for future
investigations.
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Figure 3.15: Top row: ARPES intensity maps of three (Bilfszx)QTe:; thin films with differ-
ent concentrations z = showing a clear p-doping tendency upon introduction of Sb content.
Bottom row: High resolution ARPES images of the Dirac cone and schematics depicting the
evolution of the band structure with z (based on previous theoretical calculations [24] and
ARPES experiments [58]). Maps have been acquired along the I' — K direction.






Chapter 4

Fine Tunning of Magnetic
Interactions on Surfaces via
Ligand Chemistry

Magnetic properties of individual magnetic atoms on surfaces dramatically de-
pend on the interaction with substrate states [163]. These can be effectively
tuned by ligand chemistry [163, 164]. Organic ligands impose a well defined
crystal field that splits the metal ion energy levels, defines the spin configura-
tion and, together with a strong enough spin orbit coupling, introduces mag-
netocrystalline anisotropy (i.e. a preferred direction for the magnetic moment)
[165]. On a surface, organic ligands tune the ion-surface distance, controlling
the substrate contribution to the crystal field [165], the molecule-metal state hy-
bridization [166, 167] or the charge transfer and Coulomb screening [67, 168].
This interaction leads to a spin reconfiguration that can affect the magnitude
and magnetocrystalline anisotropy of the molecular magnetic moment, or even
quench it [94, 166, 167, 169]. Thus the practical implementation of molecular
spintronics depends critically on a profound understanding of molecule-substrate
interactions, that can eventually enable higher control over the spin state of mol-
ecules [83].

One of the most sensitive probes for magnetic interactions in metallic surfaces
is the Kondo effect [170]. This arises from the antiferromagnetic coupling between
a localized spin of a magnetic impurity and those of the surrounding conduction
of a non-magnetic metal. Below the characteristic Kondo Temperature (Tk),
the spin-flip scattering processes related to the antiferromagnetic coupling leads
to a screening of the magnetic impurity by the creation of a many-body singlet
ground state. The strength of the Kondo interaction is then characterized by Tk,
defined as the energy gained by the system through the formation of the Kondo
singlet, and depends on the position (F;) and width of the impurity energy level
(T"), and on the Coulomb repulsion (U) as described in the following expression
[171]:

47
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= (4.1)

Ty = %(FU)Qel‘p (W)
where E4, I' and U are strongly affected by the molecule-substrate interaction.
Interestingly, the Kondo screening leads to a resonance at the Fermi Level

(Er) that can be readily detected by Scanning Tunneling Microscopy (STM)

without the need of any spin-sensitive probe [170]. The width of the resonance

is directly related to Tk as 2kpTyk, thus giving us direct access to probe the
strength of the Kondo interaction. The Kondo feature should be accessible by

Scanning Tunneling Spectroscopy (STS) if the system is measured at tempera-

tures below Tk . However, interferences between the Kondo scattering and direct

tunneling channels can perturb the shape of the resonance, giving rise to Fano-like

asymmetric resonances [172].

The sensitivity of Tk on the interaction between the magnetic ion and sub-
strate electronic states have been studied in different ways, either modifiying
the ligand chemistry and conformation [166, 173-176] or the adsorption site of
the metal ion [177, 178], by inter-molecular interactions [90], choosing different
metallic substrates [179], or even gradually lifting the magnetic molecule with
the tip [168, 180].

While the Kondo zero bias resonance allows local investigation of magnetic
impurities, X-ray Magnetic Circular Dichroism (XMCD) provides non-local but
more versatile way to investigate magnetic properties. Complementary to the
STS studies presented above, magnetic Metal-organic (MO) molecules on metal-
lic surfaces have been widely explored by XMCD and X-ray Absorption Spec-
troscopy (XAS). Substrate choice [167, 169, 181-186], on-surface chemical modi-
fications of the ligands [79, 96, 184, 187-189] or electronic doping [95, 182] have
been found again to be key tunable parameters affecting the magnetic proper-
ties. Additionally, XMCD has allowed the study of magnetic properties beyond
the value of spin and orbital momentum, such as the magnetic anisotropy [165],
or the molecular magnetic coupling through ferromagnetic or antiferromagnetic
substrates [93, 190-192].

In this line, MO phthalocyanines and porphyrines represent an excellent
benchmark to probe and control magnetic properties [94, 164, 167, 193]. Both
are planar molecules that can host a single Transition Metal (TM) ion coor-
dinated by four nitrogen atoms in its center. The TM ion is coordinative un-
saturated, thus presenting a local reactive site that opens unique possibilities
to control the magnetic properties via the two remaining vertical coordination
sites. The effect of a supporting surface can modify this scheme, charge can
be transferred within the substrate and d orbitals of the TM centres altering
charge and spin states, influencing the magnetization of both molecules and sub-
strate [93, 96, 184, 186, 189, 194]. Hybridization between molecular and sub-
strate states induces more entangled interactions altering drastically the TM
ligand field, or even favouring magnetic exchange. Therefore, depending on the
interaction regime, hybridization can lead to complete quenching of the magnetic
moment, as observed for CoPc on Au(111) [166] and Au(110) [169], for CoTPP on
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Ag(111) [182] and for CoOEP on Ag(110) [195], or to partial reducion, observed
for FePc on Au(111) [167]. On the other hand, preserved magnetic moment after
adsorption was reported for CuPc on Ag(100) [181].

The non-magnetic state found for CoPc on Au(111) surface was reported to
appear as a result of strong mixing of molecular and substrate states. It brings
the system in a mixed valence regime, where the d occupancy cannot be mea-
sured as an integer number of electrons due to the delocalization or fluctuation
of charge between molecule and substrate. The same scenario was assumed to
explain the subsequent studies on the CoPc on Au(110) and CoTPP on Ag(111)
systems. At the opposite limit of interactions, in the case of FePc the orbital
mixing contribution of Au states is considerably smaller, though it still affects
the groundstate by reducing S = 1 to S = 1/2. This scenario is related that to
an underscreened Kondo interaction. These examples illustrate how relevant is
to address efficient strategies to control molecular-substrate interaction in order
to optimize the electronic and magnetic properties of molecular systems.

In this chapter we show how the adequate choice of rationally designed molec-
ular ligands allow a progressive control over the magnetic interactions between a
hosted Co ion and a Au surface. The spin states and magnetic moments are com-
prehensively studied thanks to the complementary use of local electron tunneling
spectroscopy (STS) and element sensitive magnetic XMCD techniques supported
theoretically by Density Functional Theory (DFT) (the former in collaboration
with R. Robles). We are able to continuously cover the range of magnetic Co
ion-substrate interactions. In addition, by changing the Au surface for a Topo-
logical Insulator (TI) surface, we extend interactions to the weak limit in which
the molecular spin is completely decoupled.

4.1 Co-based Organic Molecules Used in This
Study

Figure 4.1 presents the MO molecular compounds used for the study presented
in this chapter. They consist of aromatic phthalocyanine and porphyrin macro-
cycles. We make use of Cobalt - Phthalocyanine (CoPc), Cobalt - Tetrakis
(4-Promophenyl) Porphyrin (CoTBrPP), CoTPP and covalently linked CoTPP
(cov-CoTPP), in which a Co ion is 4-fold coordinated with the 4 neighbour nitro-
gen anions (see round insets in Figure 4.1), yielding a very similar Co crystal field.
Nevertheless, the different peripheral ligand environments leads to a dissimilar
geometry and chemical environment when relaxed in gas phase or physisorbed
on surfaces (see side views in Figure 4.1); CoPc ligand remains completely pla-
nar, while CoTPP ligands suffer a folding of the planar macrocycle (i.e. saddle
conformation [173, 196]). Overall, the use of these 4 ligands confers a gradual
tunability of the stacking geometry while maintaining the same macrocycle core.
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(d) CoTBrPP
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Figure 4.1: Top and side-view molecules used in this chapter: (a) CoPc, (b) CoTPP, (c)
covalently linked CoTPP (cov-CoTPP) and (d) CoTBrPP. Round insets highlight the similar
macrocycle core coordinating the Co ion of each molecule.

4.2 Molecular Self Assembly

The molecules were deposited on Au(111) and (“twin-free”) Bismuth Telluride
(BizTe3)(0001) surfaces by thermal evaporation in Ultra High Vacuum (UHV)
conditions and subsequently measured by STM (see Chapter 3 for more details
about the growth of the “twin-free” BisTes thin films). An independent exper-
iment was performed for each system presented in Figure 4.2, where we can see
that the different interaction of each molecule with the surface is already reflected
in the self-assembly: CoPc interacts stronger than CoTPP and CoTBrPP. In the
reconstructed surface of Au(111), the assembly of CoPc (Figure 4.2a) is guided
by the surface interaction, they arrange in linear structures that follow the most
favourable fcc tracks of the herringbone reconstruction. The assembly of 2D ex-
tended islands is inhibited even after post-annealing at 100°C, in agreement with
previous results [197]. It is not the case of CoOTPP or CoTBrPP (Figures 4.2b
and 4.2d) on Au(111), where condensed molecular islands are formed at RT, in
agreement to previous results [176, 198]. intra-molecular interactions dominate
over substrate interactions and lead to the formation of 2D molecular lattices with
4-fold symmetric unit cell. Indeed molecular interactions are still dominating on
more interacting substrates such as Ag(111) [91] or Cu(111) [199] surfaces.

Thermal annealing of the CoTBrPP networks on Au(111) leads to debromi-
nation and formation of C-C covalent bonds between phenyl rings of adjacent
molecules. This kind of Ullman-assisted reaction has been widely used to con-
struct covalent 2D nano-architectures since the pioneer work by L. Grill et al. was
published in 2007 [82]. In our case, the resulting structures consists in islands
of covalently linked CoTPP molecules (Figure 4.2¢). The strong and directional
C-C bonds forces the structures to have a 4-folded unit cell, regardless the surface
symmetry.

Deposition of CoTBrPP onto BiyTes substrate leads to a similar scenario
as CoTPP and CoTBrPP on Au(111) as the molecular symmetry drives the
self assembly regardless the 6-fold symmetric BioTe3(0001) surface (Figure 4.2¢).
Chapter 5 contains an exhaustive analysis of the stacking geometry of CoTBrPP
on BizTeg,.
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Figure 4.2: Left Panels: Constant current topographic images (lateral size: 11.0 nm). Right
panels: Molecular models representing the molecular system of each image. (a) Viiqs = 0.50 V,
(b) Vhias = 0.51 V, (c) Vhias = 0.60 V, (d) Vpigs = 0.60 V, (€) Vpias = 0.51 V. CoTBrPP and
cov-CoTPP on Au(111) data courtesy of J. Huille.
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Figure 4.3: (a) Long and (b) short range dI/dV conductance spectra of CoTPP on Au(111)
taken on the Co center (black), pyrrole (green), phenyl ring (red) and bare Au(111) (yellow) as
a reference. (c)-(h) dI/dV conductance maps showing the spatial distribution of the spectral
features highlighted in panes (a) and (b).

4.3 CoTPP Electronic Structure on Au(111)

A full set of STS measurements complemented by DFT calculations were per-
formed in order to identify the CoTPP molecular orbitals on Au(111). The
description of Co d levels subsequently reported for this system can be taken as
model for the rest of the molecules used in this study, due to the similar crystal
field experienced by the Co ions.

STS spectra were taken on three representative sites of the molecule, Co ion,
pyrrole and phenyl rings (represented in black, green and red respectively in Fig-
ure 4.3a). The main features observed are; (i) a double peak at —0.8 to —1.0 eV
with Co and pyrrole contribution, (ii) another double peak present at —0.1 to —0.3 also
with pyrrole and Co contributions, (iii) a strong peak at Er with basically only
Co contribution and (iv) a broad peak at around 1.5 eV with strong phenyl con-
tribution. The spatial localization of these peaks can be seen in the dI/dV maps
taken at the mentioned energies; (i) show an incipient 4-fold symmetry with the
charge located along the direction of two opposite phenyl rings, (ii) presents a
2-fold symmetric distribution of each peak of the doublet, both aligned along the
same pair of opposite pyrroles , (iii) and (iv) exhibit spherical symmetry located
on the Co ion.

In order to identify the orbital origin of each spectral feature, DFT calcula-
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Figure 4.4: Calculated CoTPP adsorption geometry on Au(111) calculated by DFT. PDOS on
(b) the different CoTPP elements and on (c) the different Co d orbitals. Calculations by R.
Robles.

tions were performed in the same CoTPP on Au(111) system. From the DOS
projected on the different Co and C orbitals (PDOS) shown in Figure 4.4, the
experimental peaks can be assigned to molecular orbitals. The broad feature (iv)
at 1.5 eV can be easily related to the first unoccupied pure ligand represented
as a broad contribution around 1.3 eV (red curve in Figure 4.4b). Following the
same reasoning, the peaks (i) at —0.8 to —1.0 €V can be assigned to a mixture of
C and Co states. The latter consists of majority d,2 and d,./d,., and both ma-
jority and minority dg,. The double peak (ii) at —0.1 to —0.3 eV can be assigned
to the minority d,, /dyz. Its peak and shoulder structure arises from the break
of the degenerate d,. and d,. orbitals, induced by the out-of-plane distortion of
the pyrroles (i.e. saddle conformation) and the consequent Dy, to Co, symmetry
reduction. The orbital closer to E'r extends along the upper pyrole pairs, labelled
as dg, here (we note that the identical alignment of the two lobes in the dI/dV
maps of the d,./d,. doublet in Figures 4.3e and 4.3f is related to the fact that
the signal coming from the upper pyroles always dominates in constant height
measurements due to their proximity to the tip).

In contrast to the above described features, the remaining sharp peak (iii)
at Fp localized in the Co ion, cannot be explained by any Co d contribution in
this energy range. From its spherical symmetry, one could tentatively relate it to
the minority d,2 orbital, which is located slightly above Er in the calculations.
However, its broad orbital spread over an energy range of ~ 1 eV (Figure 4.4c)
as a consequence of the hybridization with Au states is in stark contrast with
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its sharp experimental linewidth (black line in Figure 4.3b and dI/dV map in
Figure 4.3h). An alternative natural origin of a sharp peak at Er is the Kondo
resonance, as has already been suggested for CoTPP on Au(111) in previous
studies [176, 200]. The fact that its spatial distribution reproduces the d,z, the
only spin carrying orbital, further supports the proposed Kondo scenario.

4.4 Kondo Screening

The presence of a resonance at Er is common in the Co-based compounds stud-
ied, which allowed us to carry out a systematic study of the effect of the different
ligands in the Kondo interaction strength. The spectra acquired at 5 K around
Er for all compounds is summarized in Figure 4.5. Slight differences can readily
be observed in the linewidth, which can be directly related to the Kondo interac-
tion strength, represented by Tk . In order to extract Tk for each system showing
Kondo resonance, the peak can be fitted with a Fano function [201], which ac-
counts for interferences between two tunneling channels, the Kondo resonance
and conduction states of the substrate [170]. In this context, the conductance
dI/dV is proportional to
po+ (g+€)?/(1+¢€)

, where e = (E — Ek) /T is a renormalized energy , with Fx as the peak position
and 'k the half-width at half maximum of the Fano resonance, which is given
by

Mk = [(akpT)* + 2(kpTk)?*])/?

. The lineshape is defined by the so called ¢ form factor, which is determined by
the ratio of the two interfering channels. Values of ¢ close to 0 result in a dip and
are originated by a dominating direct tunneling to conduction electrons. On the
other hand, values |g| > 1 give a progressively more symmetric peak and indicate
a dominating Kondo channel. For 5 K, the thermal broadening contribution is
only of 1 K, <1 % of the total linewidth, and hence we hereafter directly relate
FK to kBTK.

In line with previous works reported in literature [166], the STS spectra
of CoPc in Figure 4.5 presents a broad feature that can be related to Co d
states and no Kondo resonance. Both characteristics are related to a strong
interaction with the Au substrate that results in a partial filling of the Co
d,2 and its hybridization with Au sp states, bringing the system to a mixed-
valence regime [166, 167]. In contrast, the three porphyrin-based compounds on
Au(111) studied show a Kondo resonance, together with the d features at around
—0.1 to —0.3 eV discussed in detail before for the CoTPP on Au(111) case. The
smaller Kondo resonance is found for CoTPP with a resultant T = 209 £2 K
(at Ex = —1.0+£0.3 meV). CoTPP forming a covalent network (cov-CoTPP)
shows a slightly smaller Tx =149+ 4 K (at Ex = 0.9 £ 0.4 meV), meanwhile
the Br-functionalized Tetraphenyl Porphyrin (CoTBrPP) presents the weakest
resonance T = 132+ 3 K (at Ex = —1.0 £ 0.3 meV). The ¢ factor varies from
-2.8, -3.3 to -4.8 respectively. The larger |g|, as compared to the 0.5-0.6 obtained
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for bare Co on different metals [170] reflects a lower contribution of direct tun-
nelling to substrate conduction states, as expected for a more decoupled ion in
the molecule.

Finally, by changing the substrate where CoTBrPP is deposited, from Au(111)
to BigTes,the spectra becomes flat around Ep (light blue curve in Figure 4.5).
Separation of molecular orbitals away from FEp is a consequence of a higher
intra-molecular Coulomb repulsion (U), enhanced because of weaker molecular-
substrate interaction and of the reduced, two dimensional Density of States
(DOS) of the TI around Ep. This reduction of the molecule-substrate inter-
actions, when first deposited on Au(111) and later on BisTes surface has also
been observed in one of the very few theoretical studies of organic compounds
on TT surfaces [202]. An extended STS characterization and detailed discussion
about the electronic structure of CoTBrPP molecules on BisTes is reported in
Chapter 5.

According to the above arguments, the largest Tk found for CoTPP on
Au(111) indicates that this is the TPP-based molecule with the strongest interac-
tion with the substrate, whereas similar but weaker interactions can be attributed
to the brominated CoTBrPP and covalently linked CoTPP. The weaker molecule-
substrate interaction derived for CoTBrPP as compared to CoTPP correlates
with a slighter larger Co-Au distance obtained by DFT calculations (Figure 4.7b
and Table 4.1). We attribute the different interactions found for each molecular
compound to conformational effects, either directly related to the presence of
Br atoms in CoTBrPP or covalent inter-molecular bonds in cov-CoTPP, or in-
directly by the influence of the saddle distortion on the porphyrin core. Indeed,
a significant changes on the Tk upon conformational switching of CoTBrPP on
Cu(111), from saddle to planar, has been observed for [173].
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Table 4.1: DFT calculated adsorption distances and magnetic moments.

dco—Au /A Koo /1B
CoTPP/Au(111) 3.25 0.88
CoTBrPP/Au(111) 3.27 0.87

dCo—Te /A HCo /MB
CoTBrPP/BisTes 3.82 1.11

4.5 Kondo Screening

The local characterization performed by tunnelling spectroscopy has been com-
plemented by non-local XAS/XMCD measurements, where the Kondo screening
can be measured as a reduced XMCD signal. Spectra were acquired at the pho-
ton energy to excite an electron from the Co 2p level to the spin-carrying 3d
level, that is at the Co Ly 3 edge energy range. Spectra were taken at normal
and grazing incident angles to study the mangetocrystalline anisotropy. In all
compounds, the XMCD signal was more pronounced for grazing angles as shown
in detail in Chapter 5, revealing an easy plane anisotropy. Based on that, the
spectra shown in this chapter correspond to those acquired at grazing incidence
configuration (6 = 70°), sensitive to the projection of the magnetic moments to
the sample plane. Samples close to the molecular Mono-Layer (ML) saturation
were measured for all compounds. The molecular coverage, self-assembled struc-
ture and homogeneity was checked by in-situ STM measurements thanks to the
capability of coupling our variable temperature STM (Aarhus 150 - SPECS) to
the BOREAS beamline in ALBA synchrotron.

The studied Pc- and TPP-based molecules show a Co Lg edge in the XAS
spectra composed of a narrow peak at 777 eV and a multiplet structure within
779 - 783 eV. The intensity ratio between the peak and the multiplet gradually
increases as going from CoPc on Au(111) to CoTBrPP on TIs, that is from black
to blue in Figure 4.6a, as well as the multiplet structure becomes progressively
more defined. This is a consequence of the direct contact of the molecules with
the Au(111) surface, which promotes the hybridization between Co d orbitals
and conduction electrons thus broadening the spectral features of the molecules.
This effect was previously highlighted by comparing the Co Ly 3 edge of CoPc
single and multiple ML on Ag(100) [167], and of other complexes [195].

XMCD spectra in Figure 4.6b show a gradual recovering of the dichroic signal
from the vanished situation for CoPc and CoTPP on Au(111), to a progressive
increase for CoTBrPP and cov-TPP on Au(111), and finally for CoTBrPP on
BigTeg.

The absence of XMCD magnetic signals in CoPc and CoTPP on Au(111) sys-
tems obeys to a completely different physical mechanism. In the case of CoPc,
the magnetic moment is quenched as a consequence of the formation of strong
hybridization of the spin-carrying d electrons with the substrate conduction elec-
trons. This has been discussed extensively in [167], where the quenching of the Co
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magnetic moment was attributed to a renormalization of the ground state after
charge electron transfer from the substrate, resulting in a dynamical mixed va-
lence configuration consequence of strong hybridization with the substrate. The
Co ion assumes a d” configuration while the substrate is modeled as a state with
one electron. The surface electron can hop into the d,2 Co orbital, leading to
the mixed d”E+ d® configuration (where E denotes the surface electron). This
results in a lowered energy robust ground state with S = 0, as the first magnetic
state (with S = 1 character) lies above 1.1 eV [181]. The same model was as-
sumed to explain the absence of XMCD signal and the consequent quenching of
magnetic moments of CoTPP on Ag(111) [182], and CoPc on Au(110) [169].

Even that CoTPP molecules on Au(111) do not show dichroic signal, its
magnetic moment is not quenched as it is evidenced by the presence of a Kondo
resonance (Figure 4.5) and the DFT calculations (Table 4.1). We propose that
the vanishing of the dichroic signal results from an effective screening of the
magnetic impurity by the surrounding conduction electrons driven by the strong
Kondo interaction. The Kondo screened quenching of the dichroic signal has
already been reported for Fe atoms on Cu(111) [203].

In the case of cov-CoTPP and CoTBrPP on Au(111), the gradual increase of
dichroic signal correlates with the decrease of the strength of the Kondo interac-
tion (Tk) and of the DFT calculated absorption distance (d.), as evidenced in
Figure 4.5. Although one would expect an effective Kondo screening of the mag-
netic moment at the measuring temperatures, finite XMCD signals have already
been observed in dilute Fe:Cu alloys well below Tk [204].

Finally, the increased XMCD signal for CoTBrPP on BisTes is a fingerprint
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Table 4.2: Summary of the spin (us,,,) and orbital (1) moments extracted from the XMCD
data. Calculations by R. Robles.

BS.; /HB  BL /pB
CoTPP / Au(111) 0.0+£0.01 0.0+0.01
cov-CoTPP / Au(111) 0.26+0.03 0.09 & 0.03
CoTBrPP / Au(111)  0.3740.03 0.14 £ 0.02
CoTBrPP / BiySes 0.60 £0.04 0.26 £ 0.02

of a well decoupled system, in line with the sharp multiplet lineshape measured
by XAS [184, 186, 190]. Indeed, DFT calculated absorption distance and Co
magnetic moment present higher values 3.82 A and 1.11 wp as compared to the
same molecule on Au(111) surface, as shown in Table 4.1.

In order to finely assess the degree of interaction between the molecular com-
pounds and substrates, the Co effective spin (us,,,) and orbital magnetic (uz,)
moments were calculated by sum rules analysis (Table 4.2). The absolute values
have to be taken carefully since they were calculated from a highly non-saturated
situation, as revealed by the magnetization curves (not shown here), and assum-
ing isotropic X-ray absorption. An additional error arises from the assumption
of isotropic X-ray adsorption, where deviations from the generally assumed value
of In = (I +17)/2 are substantial for anisotropic compounds such as our planar
molecules [167]. Despite these approximations, the increasing orbital and spin
moment can be clearly correlated with the continuous decoupling tracked by the
Kondo STS analysis.

Note that in this part of the study we have introduced data corresponding
to CoTBrPP on BisSes exfoliated crystal, a chalcogen-based TI owing the same
layered van der Waals (vdW) structure as BigTez. The reason is that the sum rule
analysis results in large uncertainties when applied to the thin film Bi;Tes sample
due to the presence of the Ba Mj 4 edge (at 784 and 799 €V) within the same
range used of the Co Ly 3, arising from the BaF, substrate (refer to Chapter
2 for more details about the growth of the BisTes thin films). Therefore, the
quantitative analysis of orbital and spin moments has been carried out in BisSes,
relying that the molecule is similarly decoupled in both systems, as indicated by
DFT results (not shown).

The Co Lz XMCD intensity for three molecular systems is plotted together
with Tk and the surface distance d, respectively in Figures 4.7a and 4.7b. The
decrease of the magnetic dichroic signals correlates with the increase of Kondo
interaction and with the decrease of absorption height. These tendencies evidence
the crucial role of the molecular conformation induced by the modifications on
the CoTPP phenyl groups in the magnetic interactions between molecules and
substrates.
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Figure 4.7: Correlations between the magnetic dichroic signal (XMCD intensity) measured for
each molecular system and the (a) strength of the Kondo resonance (Tx ) and (b) the adsorption
distance (d.). Calculations by R. Robles.

4.6 Summary

By using different organic ligands to host a Co ion in the same 4-fold N coordi-
nation, we are able to tune magnetic interactions with the substrate across the
whole interaction range from the mixed valence regime in strongly interacting
systems, to the Kondo regime with progressively decreasing Tk, and finally to
the non-interacting regime.

For CoPc, we find strongly hybridized d levels combined with the absence of
Kondo and dicrhoic signatures, both characteristic of strongly interacting mixed
valence regime.

The interaction between CoTPP and Au is weaker, as indicated by the sharper
Co d-related electronic states, and the broad Kondo resonance of Tk = 209 K.
The Kondo interaction in this molecule is strong enough to screen the total
magnetic moment at the (XMCD) measuring temperature. On the other hand,
CoTBrPP and cov-CoTPP exhibit Kondo resonances of smaller Kondo Temper-
ature (T = 149 K and 132 K respectively) as compared to CoTPP, indicating
a sizeable decoupling of the Co ion by the different ligand conformation. The
reduction of the Kondo interaction correlates with the gradual increase of the
projection of the magnetic moment measured by XMCD.

Finally, the considerably larger magnetic moment, closer to the nominal Bohr
magneton of a S = 1/2 system and the absence of a Kondo resonance for CoT-
BrPP on TI substrates, indicate an effective decoupling of the Co magnetic mo-
ment that leads to the recovery of the value of the pristine molecule. These results
demonstrate that ligand chemistry can be employed for tuning magnetic interac-
tions across the whole interaction regime in a progressive manner. The results on
BiyTes further illustrates that unperturbed magnetic / TT interfaces can be real-
ized by controlling interactions by ligand chemistry. This scenario encourages the
deeper study presented in Chapter 5 on the stability of the Topological Surface
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State, in views of the realization of an interface were both agents preserve their
pristine features, key aspect in the realization of the novel magnetoelectronic
phenomena emerging from T1Is.



Chapter 5

Metal-organic Topological
Insulator Heterostructures:

vdW Phase

Interfacing Topological Insulators (TIs) with magnetic materials can give rise to
interesting phenomena involving the manipulation of spins with charge currents
and viceversa. The spin polarization generated by helical currents at the surface
of a TI via Edelstein Effect can switch the magnetization of a ferromagnetic
ovelayer by the efficicent transfer of spin-orbit torques [205, 206]. Conversely, spin
currents injected from the ferromagnetic layer to the TI can be converted into
helical charge currents (Inverse Edelstein Effect) [43]. More entangled magnetic
interactions at the topological boundary can also lead to the QAHE, where an
out-of plane long-range magnetic ordering turns helical surface states insulating
and give rise to metallic, spin polarized edge states [45, 207, 208].

In order to realize all the above phenomena in magnetic / TI heterostructures,
one needs to control how the magnetic moments, anisotropy and long-range order
of the magnetic layer, as well as the spin texture, the Fermi Level (Er) and band
dispersion of helical states are affected by the interfacial interaction. Ideally, a
rational design of heterostructures would require non-perturbative interactions
where the properties of the magnetic and topological materials could be designed
independently. Unfortunately, this is not the case when we interface the TI di-
rectly with metallic ferromagnets. Previous attempts directly interfacing TTs
with 3d transition metals have evidenced the difficulties of controlling the highly
correlated properties of each component of the heterostruture. Strong interac-
tions lead to the formation of interdiffused dead magnetic layers [62—67], and to
the quenching of helical states, which can only be prevented by the intercalation
of less reactive spacers [43, 209].

Strong structural distortions already occur locally at the single 3d impurity
level [71, 72, 210], which seems to affect the doping behaviour as well as the
magnetic anisotropy. Significant Coulomb interactions with such 3d impurities
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generally induce significant charge transfer and hybridization to the Topological
Surface State (TSS) [72, 73, 211]. Long-range order of magnetization between sur-
face adatoms is complex to achieve. Their intrinsic doping effect in the TT blocks
the mediation of magnetic order by the Dirac surface electrons via Ruderman-
Kittle-Kasuya-Yosida (RKKY) [74, 212], meanwhile their uncontrolled adsorp-
tion configuration affecting the interatomic distance leads to different electronic
and magnetic states [71, 76]. Indeed, the first direct demonstration of long-range
interaction between surface 3d impurities indicates the existence of a complex cor-
relation between the size and signature of the interaction and the doping level,
and interatomic distance [213], highlighting the need of controlling the spatial
distribution and interaction of surface impurities.

Coordinating the bare magnetic atoms with organic ligands offers a promising
alternative to control magnetic interactions with the surface, as well as to intro-
duce order in the magnetic molecular lattice [187]. Rational design of ligands
and exchangeability of the atoms lead to a vast variety of charge and spin states,
and to different adsorption geometries. These have been traditionally explored
at metallic surfaces in an extensively manner [90, 91, 94, 166, 173, 176, 214]. Ad-
ditionally, the fact that they typically present a bandgap is of particular interest
for applications in real devices, as it limits the electronic transport only to the
TSS.

Likewise, the few systematic studies of molecules on TIs reflect a similar tun-
ability of interactions both by the metal ion [98] and the ligand [215]. Surpris-
ingly, despite the considerably larger distance from the surface as compared to
bare impurities, both the molecular ion and the helical state can still be strongly
perturbed by interactions. This can lead to charge transfer, destroying the insu-
lating bulk behaviour of the TI [216], to strong hybridization and the formation
of interface states, as found for planr FePc [217] and MnPc [218, 219] on Bismuth
Telluride (BiyTes), and more dramaticaly to the burial of helical states into sub-
surface Quintuple-layer (QL), as recently found for CoPc con BizSez [99]. The
later scenario has led to a succeeding study to conclude that planar Metal-organic
(MO) molecules are not suitable for non-perturbative interactions [220].

This chapter describes how non-perturbative interfaces can also be attained
by using planar organic molecules that expose the magnetic ion directly to the
surface, if the ligand and substrate are appropriately chosen. For that, we deposit
Cobalt - Tetrakis (4-Promophenyl) Porphyrin (CoTBrPP) on the (0001) surface
of the “twin-free” BisTes thin films reported in Chapter 3, and employ a set
of complementary techniques to carry out a comprehensive characterization of
the interfacial electronic and magnetic properties. The structural and electronic
characterization of the molecule is carried out by Scanning Tunneling Microscopy
(STM) and Scanning Tunneling Spectroscopy (STS), the magnetic properties of
the latter are probed by X-ray Magnetic Circular Dichroism (XMCD) and a
full energy-momentum description of the helical Dirac bands (TSS) is obtained
by Angle-Resolved Photoemission Spectroscopy (ARPES). Our findings are sup-
ported theoretically by Density Functional Theory (DFT) calculations (in col-
laboration with R. Robles). Finally, a comparative study has also been carried
out performing similar coverage dependent ARPES measurements with Cobalt -
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Phthalocyanine (CoPc) on the same BiyTes surface.

5.1 Study of CoTBrPP Molecules on Bi,Te;

5.1.1 Structural Properties

(a) TBrPP-Co

0 Co
° Br
o (C

o |
2

Figure 5.1: (a) Schematic of the CoTBrPP molecule. Constant-current topographic images of
the detailed molecular structure scanned at (b) Viies = 1.6 V, It = 0.05 nA, 5 x 5 nm? and at
(€) Vhias = —1.2V, I = 0.02 nA, 5 x 5 nm?, and of a molecular island adsorbed on BizTes
surface Vpiqs = 1.4 V, I; = 0.01 nA, 54 x 28 nm? (d). White vectors describe the two crystal-
lographic directions in which the presented molecular lattice is aligned.

The structural characterization of CoTBrPP on BisTes surface is presented in
Figure 5.1. CoTBrPP molecules deposited at room temperature aggregate in well
structured large islands, as shown in Figure 5.1d. For coverages well below the
Mono-Layer saturation, 2D extended islands separated by large areas of clean
surface are typically found in contact to substrate steps. It reflects a high surface
diffusion rate of the molecules that prevents them to pin in the atomically flat
surfaces and promotes nucleation at the substrate steps, a first indication of a
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Figure 5.2: STM topographic image measured in constant current mode (Vs = —1.8 V,
0.009 nA, 14.5 nm lateral size) with atomic and sub-molecular resolution of a CoTBrPP is-
land on BizTe3(0001) surface (corresponding to the Domain A described below in the text).
Superposed black lattice has been fit to the Te-terminated BixTes surface lattice, and allows
the identification of the bridge adsorption site of the molecules. Base vectors of the surface
lattice a1 and a2 are represented in yellow and base vectors of the molecular lattice by and ba
in white.

weak interaction with the substrate. Molecules present bright circular centres
at positive bias (Figures 5.1b and 5.1d), and “dumbbell-like” structure always
oriented in the same pyrrole-pyrrole direction at negative bias (Figure 5.1c).
The STM image shown in Figure 5.2 allows a complete description of the
molecular lattice: its unit cell, the molecular azimuthal angle with respect to the
lattice, and their stacking relation with respect to the surface lattice. Molecular
centres are separated by 16.6 + 0.7 A and always sit on the same Te-Te bridge
position. The molecular lattice vectors (b and by) form an angle of ¢ =91.9 +
0.8° instead of the expected 90° for a square lattice, reducing its symmetry from
4 to 2-fold, so that b; can be expressed in terms of underlying lattice vectors a;

as follows:
()= 3) () o

This stacking predicts the angle between the molecular lattice vectors to be ¢ =
92.2° and the lattice parameter to be by = by = \/ﬁa/Q = 15.8 A, in excellent
agreement with the experimental values, and defines a quasi-square molecular
lattice commensurate with the substrate.

Quasi-square molecular lattices were found in three equivalent orientations
rotated each by 120° (“rotational” domains shown in Figure 5.3), as expected for
a commensurate 2-fold molecular lattice with a 6-fold symmetry (considering the
Te-terminated outermost layer). The unit lattice of the three equivalent domains
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Figure 5.3: STM topographic images measured at constant current mode corresponding to the
three possible domains of CoTBrPP on BizTes. (a) V3 = 1.4 V and 0.026 nA, (b) V;, = 1.1 Vand
0.060 nA, and (c) V, =1.3 V and 0.020 nA. b; and b2 are the molecular base vectors of
each domain expressed in the notation of the HCP crystallographic directions. Images size
25 x 32 nm?.

defined by b; can be expressed in terms of the surface unit lattice vectors a; by
the following relations:

Domain A : (Z;) = (‘11 i) <Z;) (5.2)
Domain B : (Z;) = (:}1 _33) <Z;> (5.3)
pomain () = (3 ) (%) ”

with a; = ap = a = 4.38 A. A statistical study analysing the orientation of var-
ious molecular lattices is reported in Appendix A, confirming the sole presence
of the rotational domains and thus reinforcing the model of the commensurate
quasi-square lattice.

The non-punctual symmetry of the molecules play an important role in defin-
ing their azimuthal orientation. Therefore, it is important to take into account
the deformation induced after adsorption on the surface, the saddle conformaiton.
It consists of pairs of opposite pyrrole rings tilted upwards and downwards, and
opposite phenyl legs rotated in opposite directions around the C-C bond con-
necting to the macrocycle. It has been widely observed for TPP-based adsorbed
on metallic surfaces [91, 173, 221-223]. On our TI surface, the saddle conforma-
tion is confirmed by the presence of only one 2-fold symmetric orbital aligned
on the pyrrole-pyrrole direction (Figures 5.9a and 5.9b), by the phenyl legs re-
sembling to point towards opposite directions (red arrows superposed in Figure
5.4) and by the DFT relaxed CoTBrPP lattice on BizTes shown in the inset of
Figure 5.4a. DFT calculations also reveal that the resulting adsorption distance
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Figure 5.4: STM topographic images of the same CoTBrPP island but slightly different areas,
measured in (a) constant current (—1.4 V, 0.029 nA, 10 x 6 nm?) and (b) constant height mode
(1.4 V, 8 x 6 nm?). Features emerging from the molecular saddle conformation are observed in
both images; Red arrows depict a non-chiral structure resulting from the rotation of the phenyl
groups, meanwhile yellow arrow highlights that only one Co d.. or dy. orbital is visible, and
it is aligned with the two up-bended pyrrole groups. Inset: Schematic of CoTBrPP molecule
on BipTes surface suffering saddle conformation. (a) and (b) are represented in two different
color scales for an optimum visualization.

Figure 5.5: (a) STM image and (a) STM measurement (b) DF"
(b) DFT calculation showing ex- AL 0
cellent agreement in the adsorp-
tion site and relative orientation
() of the CoTBrPP respect the
BiaTe3(0001) surface.  Surface
lattice has been superimposed on
the molecular lattice in (a). Or-
ange double arrows represent the
molecule symmetry and dashed
orange lines the direction defined
by the Te-Te bridge site. Calcu-
lations by R. Robles.

is 3.82 A (defined by the perpendicular distance between the Co ion and the Te
plane). Overall, the saddle conformation reduces the apparent 4-fold symmetry
to 2-fold.

This 2-fold symmetric appearance reveal that all molecules within the same
lattice present the same azimuthal angle, resulting in a complete alignment. The
relative orientation between molecules and molecular lattice is v = 21.742.8°, as
given by the symmetry axis of the Co d,, orbital (orange axis in Figure 5.2) and
bz (white). Meanwhile the relative orientation with respect to the underlying
surface is = 9.0 £ 2.8°, defined by a1 and the nearest phenyl direction (6 in
Figure 5.5a).

DFT calculations of the quasi-square CoTBrPP lattice were performed in or-
der to assess the energy differences between distinct adsorption sites (top, hollow
and bridge) and various molecular orientations with respect to the substrate ().
They confirmed that the most stable configuration is that defined by a Te-Te
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Figure 5.6: STM topographic image measured in constant current mode (—1.3 V, 0.037 nA)
shows parallel linear dislocations within one CoTBrPP island, leading to aligned subdomains.
Inset of clipped area highlights the relative azimuthal rotation between molecules of adjacent
subdomains.

bridge adsorption site and a relative orientation with the substrate of § = 9.8°,
shown in Figure 5.5b. These results are in excellent agreement with the ex-
periments, and represent a big asset to understand the formation of “shifted”
subdomains presented subsequently.

Each particular molecular island has been invariably found to be composed
by only one rotational domain. Each domain can show different subdomains
defined by lateral dislocation line boundary, aligned always parallel to the same
molecular axis. These can be observed clearly in the STM images in Figure 5.6,
revealing that molecules within adjacent subdomains are translated by around
~ 3 of molecular lattice cell and azimuthally rotated by Ay = 49.0 £+ 2.8°. By
applying this operation to the atomic models shown in Figure 5.7, molecules
transiting between subdomains end up in an equivalent adsorption configuration
to that defined by the bridge adsorption site and § = 9.8° in Figure 5.5b, thus
explaining the coexistence of the different subdomains with similar sizes.

More precisely, two similar Ar vectors translate the molecules to the equiva-
lent bridge position,

31 11
Ar = by + —b 5.5
"= 50 T 3002 (5:5)
29 11
Ar' = =2b, — —b .
T30 T 302 (5.6)

Both of them fulfilling Ar ~ by +ba/3, represented in Figure 5.7. The combina-
tion of any of these two vectors with +£A~ bring the molecules to the equivalent
configurations and describe the formation of the shifted subdomains.

Finally, the fact that linear dislocations appear invariably parallel to each
other within the same rotational domain can be explained considering the sym-
metries of the system. The 6-fold symmetry of the substrate makes the two
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Figure 5.7: Schematic of CoTBrPP on BisTes showing the combined translation and rotation
operation that brings a CoTBrPP to an energetically equivalent adsorption configuration, thus
describing the shifted subdomains observed on BisTes. Orange axis represents the 2-fold sym-
metry of the molecule and dashed lines highlighting the adsorption bridge site evidence the
equivalent adsorption configuration.

possible dislocations at 92.2° with respect to each other energetically inequiva-
lent, thus bringing anisotropy in the formation of subdomains.

Summarizing the structural characterization, the adsorption configuration
and self-assembly of CoTBrPP on BisTes is governed by an interplay between
inter-molecular and molecule-substrate interactions. The inter-molecular interac-
tion dominates the self-assembly by imposing its 4-fold symmetry over the 6-fold
surface at first sight. However, the substrate is capable of pinning the molecules
onto Te-Te bridge sites, defining an optimum azimuthal angle. The commensu-
rability with the surface lattice forces a slight distortion of the square molecu-
lar arrangement, and introduces 3 equivalent orientations. Finally we find that
each of these domains contain arrays of parallel linear dislocations that separate
molecular crystal structures where the lattice is shifted parallel to the boundary
by ~ 1/3 of lattice vector, and the molecule rotated by 49°. This combined
operation brings the molecule to the same minimum energy adsorption configu-
ration an explain the coexistence of domains of similar size. The overall scenario
scenario described by the structural study is that of a fairly but not completely
decoupled molecule / TT interface, which can fit in the range of an interacting but
non-perturbating heterostructure interfaces, as shown in the following sections.

5.1.2 Electronic Properties

In order to assess the electronic structure of the molecular lattice adsorbed on
BisTeg surface, STS measurements at the single CoTBrPP level were performed.
Spectroscopy acquired on different sites of the molecule show the most repre-
sentative electronic features (Figure 5.8a). Spectral features can be assigned to
different molecular levels by comparing them with theoretical predictions and
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Figure 5.8: (a) STS spectra measured on top of a phenyl group (pink line), on the Co atom
(light blue) and on the clean BixTes (green) as reference. Inset: Topographic image acquired in
constant-height mode (Viiqs = 0.6 V, 2.5 x 2.5 nm?). (b) DFT-calculated DOS projected on
the Co d states (blue lines) and on the whole molecule (grey shadowed line). Calculations by
R. Robles.

conductance maps. In order to do that, Projected Density of States (PDOS)
spectra were DFT-calculated (Figure 5.8b) and constant height dI/dV maps cov-
ering a molecular unit cell were taken (Figure 5.9) respectively.

The first noticeable spectral feature in STS is a large flat gap of ~ 2.5V,
defined by intense onsets emerging at —0.9 V and at 1.6 V, corresponding to the
HOMO and LUMO tails respectively. The onset at negative energy presents a
double peak structure at —2.0 V and —1.8 V, corresponding a 2-folded feature
possessing charge density on two opposite pyrrole rings in the conductance maps.
This is the characteristic shape of the d,,/ds, orbitals, and shows a qualitative
agreement with the DFT calculations, as these are also the first spectral features
appearing at negative bias. The map at gap energy (—0.2 eV) was acquired at
a significant smaller distance than the rest because of the faint intensity, mostly
coming from the Tetraphenyl Porphyrin (TPP) ligand. It reveals the absence of
any d orbital within the gap, again in agreement with the calculations. A bright
protrusion with spherical symmetry is observed in the maps taken at 2.1 V and
1.6 V, signature of the d,» orbital. This is consistent with the calculations, as
d.= is also the first orbital appearing at positive bias. The d,2 vanishes at higher
bias voltages, as observed in the STS and the calculations, and evidenced by
the emergence of a 4-fold structure in the conductance map taken at 2.4 eV.
Additionally, most of the predicted d peaks (blue lines in Figure 5.8b) show a
symmetric and sharp shape, an evidence of no sign of hybridization with the
conduction electrons of the substrate.

This scenario contrasts with the electronic structure of the same CoTBrPP
molecule on Au(111) reported in Chapter 4, showing the presence of hybrid d
levels near Ep. Such differences can be explained in terms of intra-molecular
Coulomb repulsion (U); the lower density of conduction electrons at the TT sur-
face, as compared to a metallic substrate, induces a smaller screening potential
to the molecule that leads to a higher U. The effect of U is to separate singly
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Figure 5.9: (a) - (f) Constant height dI/dV maps of the same molecule where dI/dV spectra
were taken (25.5 x 25.5 nm?). Molecule-tip distance was set individually for each bias voltage,
in order to maximize the tunneling current.

and doubly occupied levels, and eventually pull them away from Ep. This is
corroborated by the DFT calculations, as a relatively large Coulomb repulsion
(U —J =2¢€V) has been used in order to best fit the spectral features of the
experimental data. Otherwise, the use of lower U values leads to configurations
with smaller gaps, incompatible configurations with our system.

Overall, the large gap and the lack of hybridization signs showed by the elec-
tronic characterizaion define a well decoupled molecular layer from the substrate.
This is in contrast to more interacting systems reported in previous studies, such
as TMPcs on metallic surfaces, where Coulomb interactions can induce charge
transfer between molecules and substrate, responsible of charge reorganization
within the molecule [90, 94, 224], or even hybridization involving d,= orbitals
[94, 167, 174].

5.1.3 Magnetic Properties

In order to examine how the electronic decoupling correlates with the molecu-
lar magnetic properties, an XMCD study (complemented by X-ray Absorption
Spectroscopy (XAS)) was carried out. XMCD measurements were performed at
7.5 K, using normal (0°) and grazing (70°) photon incidence to probe magnetic
anisotropies. More details about the experimental geometry can be found in
Chapter 2. The samples consisted on < 1 ML of CoTBrPP on BisTes, as deter-
mined by the intensity increase of the XAS Co L3 edge, previously calibrated with
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in-situ STM measurements. Nevertheless, the data presented in this section was
acquired in a different sample than those used in the STS study in the previous
section.

Figure 5.10a shows XAS spectra at the energy range of Co Lg 3 edge, at normal
and grazing incidence, that is sensitive to the in-plane and out-of-plane projection
of the unoccupied Co d orbitals. As described in Chapter 4, this is character-
ized by the presence of a sharp intense peak at the low energy side (777 eV),
which represents a transition to the unnocupied d.2, as can be observed by the
strong angular dependence and negligible intensity in the out of-plane spectra.
This lineshape is comparable to the well decoupled cases of CoPc multilayers
on Au(111) [167] and CoOEP on graphene [184], but differs considerably with
the more interacting single layer CoPc on Au(111) system, where multiplets are
broadened by the higher degree of electronic interaction with the substrate and
the d 2 peak is substantially suppressed [167].

Remarkably, the magnetic moment of CoTBrPP is not quenched upon adsorp-
tion on the BiyTesz surface, in contrast to CoTPP on Au(111) and on Ag(111)
[182], where no dichroic signal is observed at the Co L edge. The XMCD signal,
although accompanied by a broad shoulder that covers the whole L3 multiplet,
is dominated by the sharp d.2 contribution. The negligible signal in the out-
of-plane direction indicates a strong in-plane magnetocrystalline anisotropy, as
expected for a d,2 system. An accurate quantitative measurement of the effec-
tive spin and the orbital magnetic moments by sum rules is not possible due the
presence of the Ba M 34 edges in the same energy range as the Co Lg 3. They
emerge from the BaFj substrate in which BisTeg are grown (see Chapter 3), and
impede the proper determination of the Co Ly 3 XAS intensity. In any case, from
the XAS spectral multiplet lineshape and the angular dependence of XAS and
XMCD, one can qualitatively assign the observed behaviour to a S = 1/2 system,
with a single unpaired electron in the d.» level, as expected for Co?* in a square
planar ligand field.

Therefore, we can assert that XAS and XMCD results corroborate the weak
interaction between the molecular lattice and TI, which had already been sug-
gested by the structural and electronic STM study. They describe an interface
where the CoTBrPP molecules maintain their pristine magnetic properties upon
adsorption, which together with the persistence of unperturbed TSS constitutes
an essential ingredient for the rational engineering of magnetic TI interfaces. Al-
though one would be tempted to attribute this effective decoupling solely to the
corrugated nature of the ligand and the corresponding increased separation of
the Co ion from the surface, the choice of TI also seems to play an important
role in the interfacial interactions, as it is presented in the following section.



72 Chapter 5

(a) XAS (I'+I1) Co La, ( XMCD (I'=11) Co La,
Out-of-plane (8=0°) In-plane (8-70°) 0.24 Qut-of-plane (8=0°) In-plane (8-=70°)

=

Normalized XAS
Normalized XMCD

775 T80 785 790 795 800 805
Energy (eV) Energy (eV)

Figure 5.10: (a) XAS and (b) XMCD spectra, measured at the Co Ly 3-edge energy range.
Normal (6 = 0°) and grazing (# = 70°) X-ray incidence are represented by black and red
lines respectively. Spectra are represented as the average (I~ +IT) and difference (I~ —I1) of
the negative and positive circularly polarized absorption, respectively. Features at 784 eV and
799 eV are attributed to the Ba Mgy-edge, as BaF2 is the substrate where Molecular Beam
Epitaxy (MBE) BizTes thin film was grown. Measurements were done close to the saturation
point of magnetization, with an applied magnetic field of B = 6 T" always parallel to the beam,
with the sample at T'= 7.5 K.
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Figure 5.11: ARPES intensity maps in the top panels show the TSS evolution of BizTes upon
CoTBrPP coverage, and of the bulk bands and molecular levels in the bottom panels. Green
linear fits to the Dirac cones highlight the presence of unperturbed TSS upon coverage, red
arrow crossing the upper panels acts as a guide for the eyes depicting the horizontal trend of
the Dirac point. Intensities in the top and bottom maps have been normalized by a common
factor in each row, so that absolute changes can be appreciated.
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5.2 Study of BisTe; upon Deposition of MO mol-
ecules

5.2.1 Electronic Properties upon CoTBrPP Deposition

An ARPES study as a function of the CoTBrPP molecular coverage was per-
formed in order to assess the impact of the CoTBrPP molecules on the Dirac
surface states. The data presented in this section was measured at 77 K, and cor-
responds to a sequence of X-ray Photoemission Spectroscopy (XPS) and ARPES
acquisitions preceded by in-situ evaporations on BisTes3. A complete description
of the experimental setup can be found in Chapter 2. The data presented in
this section was acquired in a different sample than those used in the STM and
XMCD studies of the previous sections. In order to confirm the compatibility
between them, XPS measurements were performed here to probe the molecular
integrity (not shown here), and calculate the molecular coverages (see Appendix
B).

Top panels in Figure 5.11 were acquired in a narrow energy range to observe
the characteristic BixTes surface state, i.e. the Dirac cone. On the other hand,
the measurements in the bottom panels cover a wider energy range so that the
evolution of the BisTes bulk bands and molecular levels against the coverage can
be appreciated. The coverage values reported in this section were calculated from
the attenuation of the substrate Bi 4f7/, peak, as explained in Appendix B.

The spectral evolution as a function of molecular coverage shows a gradual
decrease of the Dirac cone intensity, which at first sight point towards a quenching
of the TSS. However if one normalizes the intensity of the Dirac bands to that of
bulk bands observed in the lower panels, a constant trend is obtained, as shown in
Figure 5.12, meaning that the signal from both Dirac and bulk levels is decreasing
at the same rate. This is indeed expected if the only effect is the attenuation of
photoelectrons by the molecular overlayer.

In parallel, a careful analysis of the evolution of Dirac point energy with
the coverage reveals that no charge transfer takes place between the molecular
layer and the BisTes. It is highlighted by the horizontal trend of the red arrow
following the Dirac points (green square markers in Figure 5.11). Since the Dirac
point in BisTes is embedded in the bulk valence band, their energy was acquired
by extrapolating Dirac bands down to their intersection point in each ARPES
map. This extrapolation was done by first taking various Momentum Dispersion
Curves (MDCs) in the Dirac cone range, second by fitting Lorentzian functions
to the MDCs, and finally by interpolating between the maxima of the Lorentzian
fits.

This finding differs from most of the Pc-based on TT systems studied so far,
where significant charge transfer shifts the Fermi level in to the bulk conduction
band [98, 99, 215, 218, 219]. More remarkably, the counterpart CoPc molecule,
with the same Co*? ion in a square planar ligand environment as CoTBrPP,
when deposited on BisSes can even quench the spectral weight of the TSS at
the outermost QL for coverages > 0.73 ML [99]. Motivated by this different
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Figure 5.12: (a) Evolution of ratio between the photoemission intensity coming fro the TSS
and bulk valence band with the molecular coverage. Intensities for each coverage point have
been integrated over the defined areas in the ARPES map in the inset, and later normalized to
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Figure 5.13: ARPES intensity maps showing
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behaviour, we decided to extend our studies to CoPc on BisTes.

5.2.2 Electronic Properties upon CoPc Deposition

Figure 5.13 shows a similar coverage dependent ARPES study as that shown for
CoTBrPP. In stark contrast to that measured in BisSes, CoPc does not seem
to quench the TSS of the BiyTes, as it is evidence by the presence of the Dirac
bands for > 1 ML of coverage. Nevertheless it does induce a sizeable n-doping of
35 meV. Note that molecular coverages were determined as in Appendix B.

These results highlight the role of the ligand in controlling interactions at the
surface. The fact that the interactions still remain in the non-perturbative regime
for both compounds in BiyTes, where only a slight charge transfer can be seen for
the more interacting CoPc, suggest that ligand chemistry could also be used to
tune magnetic interactions without affecting the properties of each constituent,
namely the MO molecule and the TT.
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5.3 Summary

Summarizing the combined STM, ARPES and XMCD study showed in this chap-
ter, we find that the two explored Co-based MO compounds adsorbed on BisTes
form a robust interface where both TSS and magnetic properties of the molecular
film are conserved pristine.

Evidences for weak, non-perturbative interactions have been identified in all
explored properties: structurally, the quasi 4-fold symmetry of the molecular
lattice indicates that inter-molecular interactions dominate over those with the
underlying 6-fold surface. Yet, the interaction with the surface is strong enough
to force a commensurate bridge-type stacking of the Co ions by slightly distorting
the square lattice, and to induce a 3-fold domain multiplicity. These results are
in contrast with the case of CoPc on BisTes [98] (and on BisSes [99]), where
the observed hexagonal arrangements reveal a dominating interaction with the
substrate. FElectronically, the largely split Co d orbitals, and in particular the
sharp unoccupied d,2 orbital probed by STS, indicate weak molecule-substrate
hybridization and screening. This is supported by DFT calculations. Regarding
the T'SS probed by ARPES, we find that they are barely affected by the molecular
film, with no indication of doping or variation in the dispersion. Finally, the Co
ion d states probed by XAS and XMCD reveal an identical configuration as for
decouopled molecules, with an in-plane easy axes that agrees with a S = 1/2 in
the d,2 orbital.

The overall results lead us to the conclusion that the non-perturbative regime
in this surface is robust, and the comparison to the behaviour of CoPc on BisSes
highlights the relevance of the substrate electronic properties. Although a direct
footprint of magnetic interactions between the molecular spin and the TSS has
not been obtained, from the differences found in the self-assembly and doping
of Dirac bands when going from CoPc to CoTBrPP on BisTes, we expect that
ligand chemistry in BisTes could be employed to tune the magnetic interactions
between Co ions and helical states within this non-perturbative regime.






Chapter 6

Metal-organic Topological
Insulator Heterostructures:
Coordination Phase

The bottom-up self-assembly of molecules on atomically clean and flat surfaces
can be a very efficient method to fabricate supra-molecular structures. For many
years, this approach has been widely employed to grow an unlimited variety of 2D
molecular structures by the use of weak inter-molecular interactions [225-228].
A more interesting approach is the synthesis of covalent or metal-coordinated
molecular structures, created by the surface-assisted reactions of molecular pre-
cursor buliding blocks [82]. The 2D confinement in the presence of a catalytic
surface can lead to novel reaction pathways that give rise to polymers that can
not be synthesized in solution [229], or can hardly be deposited under clean con-
ditions. As of the chemical nature of such bonds, the obtained nano-structures
exhibit high stability and robustness, and can certainty enable for more efficient
charge transport [82, 230-232] and magnetic interactions [100-102].

Covalently-bonded or metal-coordinated networks have traditionally been re-
alized on metallic substrates because of their high reactivity capable to catalyse
several reactions. Nevertheless, it is highly desirable to transfer the synthesis
mechanisms from metals to bulk insulating materials in order to expand the
functionalities of such structures. On the one hand, for the use of their pristine
properties it is crucial to decouple their electronic structure from the underlying
support. On the other hand, it is interesting to extend beyond molecule-metal
heterostructures in the search of novel phenomena, as it is the aim of this thesis.
To this end, it is highly desirable to transfer the synthesis mechanisms from met-
als to semiconductor and bulk insulating materials, a pursuit that has been rarely
studied [233-235]. The major limitation in this direction is the weaker reactivity
of these materials as compared to metals, which frequently leads to desorption
before reaction initiation upon annealing.

Topological Insulator (TI) surfaces represent an intermediate case where the

7
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Figure 6.1: Temperature dependence (a) Br 3d and (b) C 1s XPS peaks of the CoTBrPP
molecules on BizTes evidencing the complete dehalogenation. XPS intensity maps in the back-
ground have been built by interpolating the plotted spectra. (c) Intensity of Bi 4f, C 1s, N
1s, Co 2p and Br 3d peaks normalized to their initial values indicating that molecules are not
desorbed during the dehalogenation.

metallic Topological Surface State (TSS) still provide a reasonable reactivity to
the otherwise insulating material [133, 236]. One could use this finite reactivity
for the on-surface synthesis of coordination and covalent networks of magnetic
molecules, where ordered arrays of interacting spins could be engineered. This
would prevent them from surface diffusion [210, 237] or intercalation inside the
TT bulk [67, 238-240], at the same time that would allow a gradual control over
the magnetic interactions occuring at the interface. M. Otrokov et al. [97] the-
oretically predicted that Co- and Cr- based coordination networks deposited on
a TI exhibit long-range magnetic ordering and induce magnetic proximity ef-
fect, breaking time reversal symmetry. Experimentally, a few recent studies have
focused on weakly interacting molecular enssembles on TIs, confirming that in-
terfacial interactions can effectively be tunned by means of rational design of the
ligand and the metallic centers [98, 215-217, 219, 220, 241, 242]. Nevertheless, no
covalent or coordination Metal-organic (MO) network on TI has been reported
to date.

In this chapter we report the on-surface synthesis of MO coordination net-
works on TI. Our initial system consists of Br-functionalized CoTPP deposited
on the (0001) surface of a “twin-free” Bismuth Telluride (BizTes) (see Chapter
3). Two different coordination phases are formed at different activation tempera-
tures, both related to a different degree of coordination of the C radicals created
by the dehalogenation with Te atoms. The final structure is hence a bimetallic co-
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ordination network, where Co-based MO molecules are coordinated by Te atoms.
We track the chemical reaction by X-ray Photoemission Spectroscopy (XPS), and
investigate the morphological and electronic properties of the resulting products
by combining Scanning Tunneling Microscopy (STM), Scanning Tunneling Spec-
troscopy (STS) and Density Functional Theory (DFT) calculations (performed
in collaboration with R. Robles). Furthermore, Angle-Resolved Photoemission
Spectroscopy (ARPES) measurements reveal that the TSS is unperturbed upon
the synthesis of the MO coordination structures.

6.1 Thermal Evolution of CoTBrPP on BisTe;

The thermally induced chemical changes in the molecule were tracked by mea-
suring XPS as a function of reaction temperature. XPS spectra shown in this
section correspond consecutive annealing cycles done to the sample at incremen-
tal temperatures. The experiment was repeated in four different samples finding
consistent results.

Figures 6.1a and 6.1b show how the intensity of the Br 3d peak undergoes an
abrupt decrease at the first annealing step at 120°C and smoothly decreases close
to zero in the 120 — 240°C range. This continuous decrease is not accompanied
by the rise of any other component related to Te-bound Br atoms, indicating
that these are desorbed as they cleave out of the molecule. In contrast, the N
1s and C 1s peaks remain constant in intensity and energy over the temperature
range studied, indicating that the molecular coverage and integrity is not varied
during dehalogenation. This is corroborated by the constant intensity of the Bi
4f peak found in the whole temperature dependent series. Knowing that the
explored temperature range goes beyond the multilayer desorption threshold, the
constant C and Bi peak intensities also imply that our initial coverage is within
the sub-monolayer regime.

6.2 Morphology of Te-coordinated Structures

In order to assess the morphologic structure of the dehalogenated product, STM
measurements were performed after consecutive annealing cycles at incremental
temperatures. STM images shown in this section correspond to measurements
done in two samples, different from those used for the XPS study in Section 6.1.

After deposition at RT, we find the same self-assembled phase described in the
Chapter 5, which we call van der Waals (vdW) phase (Figure 6.2). This phase was
showed to be stable up to 180°C annealing temperature. Above this temperature,
two distinct structural phases emerge at 200°C and 230°C respectively.

6.2.1 Dimeric Phase

The first phase consists of periodic molecular islands like the on presented in
Figure 6.3a. At positive bias, their lattice can be constructed by using an ar-
ray of spherical bright protrusions, zig-zag aligned in one direction and linearly
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Figure 6.2: Initial vdW
phase: (a) CoTBrPP
adsorption geometry on
BizTe3(0001) simulated by &
DFT. (b) STM image of
the clean surface of the
substrate  (Vpigs = 1.5V, |
0.044 nA, 200 x 122 nm?),
and atomically resolved
STM image showing the
hexagonal lattice  with
constant a = 4.38 A in the |
inset. (c) STM image of
the CoTBrPP self-assembly
on BigTes (V, =11V,
0.060 nA, 34 x 19 nm?),
and intra-molecular re-
solved STM image showing
quasi-square lattice with
constant a=158 A
(0.022 nA, 7.1 x 7.1 nm?,
Viias Wwas switch from
1.3 V to —1.3 V during the
acquisition).

aligned in another direction (highlighted by zig-zag and straight light blue lines
respectively in Figure 6.3b). Straight lines are separated by 14.1+0.2 A and
15.0 4+ 0.2 A alternatively, thus arranging in pairs. At negative bias, the bright
protrusions are replaced by the dumble-like orbitals already observed in previous
chapters. With this information, the position of the Co central ion and azimuthal
angle of the molecule is defined. By superimposing a CoTBrPP model on each
protrusion, oriented in the corresponding azimuthal angle, a molecular lattice is
depicted. Every two molecules, columns of double-lobed protrusions appear at
negative bias (straight green lines in Figure 6.3c). We tentatively assign this pair
of dots to a Te pair that would be coordinated to the nearby molecules, based on
the fact that halogen cleavage leaves an unsaturated C radical at this position.

Brigth dots appearing between molecules upon the formation of metalorganic
networks have often been identified as the coordinating metal atoms [243-249].
In our case, Te atoms incorporated from the substrate are the most foreseeable
candidates because of the natural tendency of BisTes crystals to form Te va-
cancies upon annealing [153], although in principle the contribution of Bi atoms
can not be ruled out. In this line, DFT calculations were performed in order
to assess the stability (in gas phase) of a CoTPP dimer mediated by two Te or
two Bi atoms. The results, summarized in Figure 6.3d, reveal that the formation
of Te-coordinated dimers is indeed stable with an energy gain of Ep = 0.46 ev,
whereas the Bi-coordinated dimers would be unfavourable by Ep = —0.59 eV.
This result endorses the proposed dimeric model, in which adjacent molecules
are coordinated two Te atoms.

Figure 6.4 shows further evidence of the presence of coordinated dimers in
the observed structures. Figure 6.4a for example, contains a double molecular
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Figure 6.3: STM topographic images of the first CoTPP coordination structure on BisTes
(dimeric phase): (a) Viies = 1.4V, 0.017 nA, 49 x 44 nm?, (b) Viiqs = 1.4 V, 0.020 nA,
8 x 8 nm?, (c) Vhias = —1.4 V, 0.023 nA, 8 x 8 nm2. DFT calculations modelling the Te-
coordinated (d) dimers. Calculations by R. Robles.

vacancy, which are very rarely observed in monomeric vdW structures, but con-
stitute the minimum vacancy unit in a lattice of coordinative dimers. The edges
of the domain presented in Figure 6.4b, on the other hand, hold a strong evi-
dence supporting the assignment of bright intermolecular dots to coordination
units. Here, the double dot becomes a single one, as should correspond to the
presence of a single dimer to be coordinated at the edge.

The formation of covalent intermolecular bonds upon debromination can be
excluded from the bonding geometry. The rigid and directional C-C bonds can
only be formed in the plane by maintaining the sp? bonding geometry, hence
forming a square network with the phenyl groups of adjacent molecules. That
is molecules facing to each other with phenyl axis forming 180 ° as shown in
Figure 6.5a. These covalent network structures are found after dehalogenation
of porphyrins in noble metals, as shown in Figure 6.5 for Au(111) and Ag(111).
In contrast, the structures formed on BisTes show an angle of 90 ° between
phenyl groups of the two coordinated molecules. This geometry is allowed by
the more flexible coordinative bond, as has been widely observed in different
metal-coordinated porphyrin-based structures [246, 250-257].
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Figure 6.4: STM topographic images
of different dimer lattices presenting
(a) a lattice vacancy (Vpiqs = —1.3V,
0.018 nA, 21 x9nm?), and (b) a
lattice edge (Vhiqs = —1.6 V,0.072 nA,
10.1 x 9 nm?).

6.2.2 Polymeric Phase

The Dimeric phase persists upon annealing at 220°C, while annealing at 230°C
leads to the new structural phase presented in Figure 6.6a. Unlike the extended
and ordered islands in the Dimeric phase, it consists of molecular aggregates
forming structures of apparent stochastic geometries. As well as in the vdW
and in the Dimeric phases, the molecular centres in this new phase are well
identified by using the bias-dependent contrast of the Co sites, appearing as
spherical and dumbell protrussions at positive and negative bias respectively.
Using this features, Co atoms are identified and labelled with light blue solid
circles in Figures 6.6b and 6.6d. The additional intermolecular protrusions, which
can be assigned to coordinative Te atoms, are labelled with green solid circles in
Figures 6.6b and 6.6e. The resulting structure seems to be an extension of the
dimeric structures into longer Te-coordination chains. These appear to merge
forming kinks and aggregating in disordered structures of a few tens of monomers.
Complementary STM images are presented in Figure C.2 in Appendix C for a
more extensive and detailed view of the morphological structure of this phase.

(a) Covalent CoTPP [{8)]
networks on
metals

on Au(111)

Figure 6.5: (a) Schematic of the covalent networks formed after the debromination of CoTBrPP
on (a) Au(111) and (b) Ag(111). STM topographic images (8 x 8 nm?) were taken at constant
current mode, at 1.1 V (0.625 nA) and Vj;qs = 0.6 V (0.160 nA) respectively. Both of them
courtesy of J. Hieulle.
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Figure 6.6: STM images of to the second CoTPP coordination structure on BizTes (Polymeric
phase): (a) Viigs = 1.4 V, 0.019 nA, 56 x 29 nm?, (b) Viias = 1.5 V and (c) Vijas = —1.5V
(0.044 nA, 2.8 x 12 nm?), (d) Vpies = 1.4 V and () Viigs = —1.4 V (0.017 nA, 17 x 10 nm?).
DFT calculations modelling the different Te-coordination numbers found: (f) infinite 1-
dimensional chains (n=2), (g) trimers (n=3) and (h) tetramers (n=4). Calculations by R.
Robles.

o

Figure 6.7 presents DFT calculated binding energies for different Te-coordinated
porphyrin structures. Trimers (containing one 3-fold coordinated Te atom) ap-
pears as the most stable structure to the detriment of less energetically favourable
dimers or 1D chains (containing 2-fold coordinated Te atoms), and tetramers
(containing one 4-fold coordinated).

The binding energies of different coordination structures calculated by DFT
are ploted in Figure 6.7, whereas different examples are represented in Figures
6.7f and 6.7h. In particular, the energetic stability of an infinite one-dimensional
CoTPP chain ([Tez-CoTPP],,) mediated by two doubly coordinated Te atoms
validates the experimentally observed Te;-CoTPP structure. Similar chains in
which porphyrin molecules are mediated by two metal atoms can be found in the
literature [254, 256, 258, 259]. Furthermore, the merging of chains, kinks of 90 °
and clusters presented in Figure 6.6a and enlarged in Figures 6.6d and 6.6e suggest
that the Te linker has variable coordination number. DFT calculations for a
porphyrin trimer (Tes-[CoTPP]; , Figure 6.6g) and for a tetramer (Teg-[CoTPP]4
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Figure 6.7: Calculated binding energies for the dimer, one-dimensional infinite chain (both con-
taining 2-fold coordinated Te atoms), trimer (containing one 3-fold coordinated Te), tetramer
(containing one 4-fold coordinated) and infinite 2D network (containing 4-fold coordinated).
Calculations by R. Robles.

, Figure 6.6h), assert the energetic stability of 3- and 4-fold Te atoms coordinating
CoTPP monomers. For finite clusters, the energetic stability depends on the
different passivation configuration of the peripheral C atoms where molecules do
not meet each other, as shown in Figure 6.7 by the tetramer case. In any case,
both Te and hydrogenated Te passivation of this corner C atoms lead to stable
configurations, and could explain the tendency of forming beyond chain structures
with higher coordination number (see for instance Figure 6.6e, and Figure C.1 in
Appendix C). However, calculations clearly determine that extended 2D clusters
with 4-fold coordinated Te are highly unstable, which explains the absence of
such ordered 2D islands.

In conclusion, the irregular coordination structure observed in the Polymeric
phase (Figure 6.6a) can be understood as a result of the competition between
different coordination pathways, in which the higher hierarchy of trimers over
tetarmers, and specially over the unstable infinite 2D networks, blocks the for-
mation of larger 2D networks (see Figure C.1 in Appendix C). Nevertheless, the
fact that we did not observe coexistence between the Dimeric and the Polymeric
phase (by STM) cannot be well explained with the thermodynamic picture given
by the DFT calculations. One possible explanation rely on the number of acces-
sible Te adatoms at a given reaction temperature. This could not be enough to
promote the coordination of more than two monomers at the activation temper-
ature of the Dimeric phase, while a higher concentration of available Te adatoms
would allow extended coordination numbers (i.e. chains, trimers and tetramers)
at the higher temperature where the Polymeric phase was found. Indeed, several
studies pointed the crucial role of the stoichiometry between the coordination
metal and the monomer in the resulting MO structure [260].

The formation of MO structures by the surface-assisted passivation of dehalo-
genated molecules is a well known phenomena in nobel metals. Dehalogenated
radicals coordinate to metal adatoms that are either thermally or chemically ex-
tracted from the surface, forming different one and two dimensional structures.
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These are often intermediates of more stable covalent structures [261, 262]. How-
ever, if the interactions with the substrate are weak, the final covalent structures
can be inhibited by desorption [263]. In a similar way, the initial dehalogena-
tion process can also be inhibited by desorption if the interaction is too weak.
For instance, dehalogenation of bromophenylbenzene can be thermally activated
in Cu(111) and Ag(110), but is desorption-inhibited in graphite(001) [243]. In
our case we find that annealing above 250°C leads to complete desorption of the
molecular structures before any additional phase is formed. Thus the BisTeg
surface reactivity is strong enough to induce dehalogenation and subsequent for-
mation of Te-coordinated networks, but weak enough to transform these into
covalent networks.

6.3 Electronic Properties of Te-coordinated Struc-
tures

A complete set of STS spectra and conductance maps were acquired in order
to asses how the coordination with Te atoms affects the electronic structure of
the CoTPP. A comparison between the unreacted CoTBrPP (already discussed
extensively in Chapter 5) and the Te-coordinated CoTPP chain is presented
below.

Figure 6.8a shows conductance (dI/dV) spectra taken on three representative
molecular positions, schematically represented in models in the right side of the
figure, of unreacted porphyrin (CoTBrPP, blue) and Te-coordinated porphyrin
chain ([Tep-CoTPP],,, red) on BisTes, together with conductance maps taken at
representative energies. The first noticeable difference in the Te-coordinated case
is the emergence of intense spherical protrusions at the coordination sites. They
appear with strong intensity from —2.0 eV to 1.0 eV in the red conductance maps
in Figure 6.8b-e, in contrast to the low spectral contribution emerging from the
Br positions in the unreacted bromophenyls, which are visible only in energies
within the molecular gap (blue map in Figure 6.8d).

The spectroscopic features that are more related to the CoTPP molecular unit
appear with the same spatial distribution but shifted to lower energies by about
0.4 —0.5 eV. The onset of the HOMO, related to the d,.,. orbital hybridized
with pyrrole states, is found at —1.0 eV and —1.4 eV for the unreacted and Te-
coordinated species respectively. The onset of the LUMO, a d,2 related orbital,
shifts from 1.7 eV to 1.2 eV upon coordination. A similar shift from 2.3 eV to
1.9 eV is observed for the ligand related manifold that shows intensity around
the phenyl groups.
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Figure 6.8: STS comparison between the electronic structure of the molecules on BizTes before
(CoTBrPP in blue) and after the annealing-induced dehalogenation and Te-coordination ([Tez-
CoTPP], in red) on BipTes surface. (a) Pairs of conductance dI/dV spectra, each one acquired
on the spots depicted in the schematics on the right side of the figure. (b) - (g) Conductance
dI/dV maps (2.3 x 2.3 nm?) measured on at different bias voltages. Green arrows denote the
energy shift that molecular orbitals undergo upon the reaction. (h) STM topographic images
showing the unreacted and reacted molecules under study (blue: 4 x 4 nm? and V45 = —1.4 V,
red: 12 x 2.8 nm? and Vjies = —1.5 V).

Despite the concerted downwards energy shift of all molecular orbitals, none of
them is crossing or even close to the Fermi Level (Er), meaning that the molecule
dos not receive (or give) any charge. The energy shifts then could be related to
a different interaction with the substrate, or to an electrostatic field that could
gate the molecular orbitals. The former is rather unlikely, given the fact that
the interaction with the substrate of unreacted molecules is already weak, and
further decoupling is expected for the out-of-registry coordinated molecules (as
inferred from Figure C.2d in Appendix C). Indeed, a sharpening of the peaks
can be observed in the spectra of the coordinated molecule, an indication of
an increased decoupling. Coulomb shifts could arise, on the other hand, from
the coordinated Te ions that act as local gating potentials. An additional hint
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Figure 6.9: STS compari-
son between spectra taken in
the molecular center of as-
deposited CoTBrPP and co-
e femer™ ] valently bonded CoTPP on
-1.0 0.0 1.0 2.1 Au(111) presenting not-shifted
Voltage bias (V) contribution from d orbitals.

pointing towards the Te atoms as origin of the shift lies in the fact that the
purely covalent networks observed in Au(111) does not show any energy shift of
the orbitals, as shown in Figure 6.9.

DFT calculations performed on the polymeric chain structures result in a do-
nation of 0.46 electrons per Te atom. Being a gas-phase calculation, the electron
can only be donated to the molecule. However, in the presence of a substrate,
this can act as a charge sink, inhibiting the molecular charge transfer. This has
indeed been observed in the Li doping of CuPc¢ molecules deposited on Ag(100)
[92]. Here the electron donated by the Li cation is absorbed by the metallic sub-
strate reservoir, and the halogens, electrostitcally bonded to the molecule, act
only as gating sources, shifting the orbitals without changing their occupation.
We propose the same scenario for the Te-coordinated molecular system, where
the Te cations shift the CoTPP molecular orbitals. Hence, this charge redistri-
bution does not alter the d level occupation of the Co2+ cation and its S=1/2
character. Indeed, this is a robust result, since DFT calculations also show un-
altered d orbitals in the PDOS in spite of the net charge that is redistributed in
ligand orbitals.

6.4 BiyTe; Electronic Properties upon CoTBrPP
Reaction

In order to assess if the Te-coordinated CoTPP structures alter the stability of
the TSS, ARPES measurements were performed on the pristine BisTes, after
the deposition of CoTBrPP molecules and after annealing at 240°C, that is the
temperature in which molecules are completely debrominated (see Figure 6.1).
Data presented in this section was acquired in the same sample, different from
those ones used in Sections 6.1 and 6.2. ARPES acquisitions were accompanied
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Figure 6.10: ARPES inten-
sity maps taken along the
I' -+ M direction, showing
the BiaTez TSS of the (a)
pristine surface, (b) after
CoTBrPP deposition and
(c) after subsequent anneal-
ing at 240°C. Molecular
coverage calculated as in 02 0 02 02 0 02 02 0 02
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by XPS measurements, confirming the compatibility between results found for
the XPS and ARPES studies. The experiment was repeated in two different
samples, finding consistent results.

ARPES intensity maps in Figure 6.10 measurements were performed on the
pristine BisTes, after the deposition of CoOTBrPP at RT, and after annealing at
240°C, that is the temperature in which molecules are completely dehalogenated
and form Te-coordinated phases. The results are presented in Figure 6.10, show-
ing intense Dirac-like bands (Dirac cone, highlighted in green lines) characteristic
of TSS for the three cases, and revealing the TSS prevalence when put in contact
with a complete layer of Te-coordinated CoTPP molecules. Additionally, the
Fermi level (dotted black line) is preserved in the bulk gap as no significant en-
ergy shift with respect to the pristine situation is observed. This is in contrast to
most of the prior studies interfacing magnetic MO molecules with TIs, in which
the helical surface states are strongly perturbed by a significant n-doping from
the metal ions [216-219, 264], or even by quenching the TSS at the outermost
Quintuple-layer (QL) of the TT [99]. Consequently the bulk remains insulating,
thus limiting the current to a TSS that is in direct contact with the magnetic
material.

6.5 Summary

On-surface synthesis of MO coordination structures on T1I surface has been achieved
for the first time, by using CoTBrPP as molecular precursor on BiyTes surface.
A selective formation of extended networks composed of dimers, formed by two
CoTPP monomers coordinated via two Te atoms, is found at the temperature
threshold of 200°C. At temperatures above 220°C, the dimeric phase evolves
into large polymeric structures. Based on the higher stability of chain structures
as compared to dimers obtained from DFT, we attribute this transition to the
higher concentration of available Te adatoms at increasing temperatures. On the
other hand, the lack of ordered 2D structures is explained by the instability of
the 4-fold coordinated configuration, as calculated by DFT. We also find spectro-
scopic evidences that the orbital structure of the molecule remains unpertubed,
and probably further decoupled from the TI.
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Remarkably, the synthesis of such structures does not induce doping to the
TT, thus preserving its bulk insulating behaviour, at the same time that maintains
the TSS at the very interface. Interactions are therefore in the non-perturbative
regime, allowing the independent engineering of the molecular and TT properties,
crucial for the realization of the sought after spin-orbit phenomena emerging from
TIs.






Chapter 7

Conclusions and Outlook

Bulk conductivity in TTs represent one of the major issues for the detection of
surface currents, thus compromising the study of novel spin-related phenomena
emerging from the helical surface currents. Therefore, the growth of TT materials
with the Fermi Level positioned within the bulk gap is required. In the last years
it has been achieved by using MBE growth method, as it offers a great control
over impurities and crystalline defects, responsible of inducing doping effects and
parasitic conducting channels in the bulk [56-60].

In Chapter 3, two complementary MBE approaches towards the growth of
TT thin films with controlled position of the Fermi Level position by MBE are
presented. The first one focusses on the improvement of crystalline quality, with-
out the need of adding extrinsec dopants. The growth of high-crystalline quality
BisTes thin films with suppressed mirror-symmetric twin domains, responsible
for self-doping of the crystal [155], is discussed as a function of the substrate and
growth temperature. BisTes thin films free of twin domains, and consequently
with exceptional low-doping level, are achieved by a combination of the initial
interaction with the BaFy substrate and the spiral-like growth mode favoured by
high working temperatures [159].

The second approach exploits the MBE capability to chemically modify the
pristine BisTeg thin film. We report that the progressive addition of Sb as Te anti-
site during the growth process induces p-doping and shifts the Dirac point across
the bulk gap. Adjusting the proper z concentration results into a (Bij—,Sb;)2Tes
compound with Er well located into the bulk gap. Such a p-doped character
can counteract the typical n-doping effect induced when TIs are interfaced with
other materials [63, 69, 71, 73, 265], defining a system where magnetic interactions
between TSS and magnetic materials can be explored. The use of (Bi;_,Sb,)sTes
in heterostructures has not been explored in this thesis, and remains for future
investigations.

Interfacing TIs with magnetic materials can give rise to novel magnetoelec-
tronic phenomena, the emergence of which depend crucially on the capabil-
ity to control interactions occurring at the interface. Magnetic moments and
anisotropies are often modified or quenched upon adsorption on surfaces, like-
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wise the stability of TT helical surface states can be compromised when put in
contact with certain materials. The results presented in this thesis provide an
insight into the realization of such hybrid heterostructures with non-perturbative
interactions, via the use of magnetic MO frameworks.

A rational design of organic ligands hosting magnetic ions give access to a
large variety of electronic and spin states, and leads to great control over the in-
terfacial interactions. The study presented in Chapter 4 illustrates how magnetic
interactions can be finely tuned by caging a magnetic Co ion in different planar
ligands on a model metallic surface such as Au(111). They are explored by com-
plementary STS and XMCD techniques, that provide complementary electronic
and magnetic information respectively. While CoPc leads to strong hybridiza-
tion between Co d orbitals and substrate states that result in quenched magnetic
moment, CoTPP, covalently bonded CoTPP and CoTBrPP gradually lift the Co
ion, taking it into a scenario where its magnetic moment is gradually recovered.
This is evidenced by the correlation between the strength of Kondo coupling
between unpaired Co electrons and surface conduction electrons, the intensity
of XMCD signal and the DFT calculated adsorption distance of each molecular
ligand. Additionally, CoTBrPP deposited on TI BisTeg surface, leads to an even
weaker interacting interface in which the pristine magnetic moment is preserved.

This finding encourages further endeavours in order to assess the delicate
stability of the T'SS by employing ligand chemistry for tuning interactions, and to
gain more insight into the complex magnetic / TI interfaces. Therefore, Chapter
5 presents a comprehensive study of CoTBrPP molecules on BisTes system, in
which the structural, electronic and magnetic properties are explored with STM,
STS/XPS/ARPES and XMCD respectively. The results indicate that TBrPP
ligands enables the creation of an interface where both the magnetic moment
of the Co ion and the TSS are unperturbed but still in direct contact. It is
noteworthy to mention, that molecules do not induce extra electron-doping, vital
for the preservation of truly bulk insulating TIs. Additionally, it is also reported
that caging the Co ion in Pc ligands maintains the interfacial interactions in
the non-perturbative regime, with just a slight increase in the TSS doping level.
This contrasts with the CoPc suppression of the BisSes TSS reported in the
literature [99], highlighting that changes in TI electronic structure can also affect
dramatically the interfacial properties.

The inter-molecular interactions in the magnetic MO films studied to this
point are dominated by weak vdW forces. In order to enhance the magnetic cor-
relations between magnetic ions, coordination bonds between MO ligands were
induced in Chapter 6. On-surface formation of covalent or coordination struc-
tures have been traditionally performed on metallic surfaces because of their high
catalytic activity. Here, we achieve for the first time the on-TI surface synthesis
of coordinated MO networks. Thanks to a combined XPS and STM study, we
observe how a dehalogenation reaction occurs upon thermal activation, leading
to the formation of coordination structures via the incorporation of Te atoms
from the substrate. Two differentiated phases emerge at different temperatures;
(i) formation of [Te-CoTPP]; dimers that condense in ordered arrays in which
inter-dimeric interactions are driven by vdW forces; (ii) and formation of irregu-
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lar structures comprising tens of ligands as a result of different Te coordination
numbers. DFT calculations corroborate the stability of such structures, at the
same time that assert that long-range 2D structures are not stable. Overall, the
formation of the Te-coordinated structures is fairly well understood by a simple
picture based only on thermodynamic considerations, regardless more complex
dynamic and chemical process that may occur on the surface during the reac-
tion. Additionally, ARPES measurements reveal that the BisTes TSS is kept
unperturbed and undoped upon the formation of coordination MO structures.

Previous studies had shown that the use of MO molecules on TI could to
cover the full range of magnetic interactions; from weak dipolar by using non-
planar molecules where the magnetic ion is far from the surface protected by a
3D ligand shell [220], to strong interactions where the TSS is highly perturbed
[99]. On the other hand, our results indicate that ligand chemistry can be used
to fine-tune interactions within the non-perturbative regime, yet using planar
molecules where the ion is in direct contact with the surface. Nevertheless, the
induction of magnetic order with an out-of-plane component, required for the
emergence of QAHE has not been achieved.

Therefore, several pathways continuing this line of research can be proposed,
with special aim to enhance the magnetic order within the molecular layer. Re-
ducing the lateral size of the ligands that act as molecular building blocks in
correlated networks appears as a good strategy to enhance magnetic interactions
between magnetic ions. Among other factors to consider, this would enhance
exchange interactions, enabling long-range magnetically ordered networks. As
an example, covalent bonding of a 2D Cr-polyporphirin network is predicted to
mediate ferromagnetic order between Cr- magnetic moments via magnetic ex-
change, with a surprisingly elevated Curie temperature of 183 K [266]. Never-
theless, metal-coordinated organic networks seem to be the most suitable candi-
dates for driving long-range magnetic order [97, 100-102]. The reversible nature
of the coordination bonds make the on-surface formation of such structures tol-
erant against defect formation, thus more prompt to generate structures with
long-range structural order [267]. In particular, MO coordination networks con-
taining lanthanide ions are very promising because of their large spin moments
and anisotropy of the lattests [268].

Another pathway worth exploring is the mediation of magnetic order by
the Dirac surface electrons [269, 270] via the Ruderman-Kittle-Kasuya-Yosida
(RKKY) coupling. Two factors affect crytically the sign and magnitude of the
RKKY coupling: First, the distance between magnetic moments [213, 271], which
can lead to cancellation between ferromagnetic and anti-ferromagnetic interac-
tions in the case of disordered systems. And second, the Dirac fermions wave-
length at Er (Ap = 1/kp), which is often uncontrolled due to the tendency of
magnetic impurities to electron-dope (hence modifying kr) [74, 212]. In this the-
sis we have shown that MO molecules present the tools to overcome this issues:
First, the spatial long-range order between magnetic ions, that could promote
the same RKKY interaction among all ions. And second, the fact that they can
be directly exposed to T'SS while keeping the electronic doping level unaltered.

Overall, these findings represent an important step in the understanding of
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the electronic and magnetic interactions between magnetic ions, caged in vdW in-
teracting and coordinated molecular frameworks, with TI surfaces. The reported
heterostructures define a benchmark scenario where the magnetic and topological
properties can be engineered independently , thus encouraging future endeavours
towards the induction of magnetic order in the TIs.
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Appendix A

Analysis of the CoTBrPP
Rotational Domains

In Section 5.1, it is reported that Cobalt - Tetrakis (4-Promophenyl) Porphyrin
(CoTBrPP) molecules deposited on Bismuth Telluride (BizTes) substrate self-
assemble in condensed ordered islands. The periodicity of such islands is de-
scribed by a quasi-square lattice, that leads to a commensurate stacking with
the underlying hexagonal surface. Hence, the 2-fold symmetry of the molecular
lattice in combination with the 6-fold symmetry of the surface leads to the forma-
tion of 3 equivalent rotational domains. In this appendix, we report a statistical
study of the orientations of the molecular lattices that confirms the sole presence
of such domains.

26 orientations of molecular islands were measured on different Scanning Tun-
neling Microscopy (STM) images. These are plotted by black solid lines in Figure
A1, superposed to the base vectors predicted by the quasi-square lattice (92.2°
between lattice vectors) measured previously, and by a hypothetical square lat-
tice (90°). This allows us to asses the discrepancies between the two lattices,
between the 90° and 92.2° MODELs. Inset table shows that the measured Zb;by
angles are compatible with the predicted 92.2° within the error margin, and that
their agreement is higher with the 92.2° MODEL than with the 90° MODEL.

Therefore, this is finding further endorses the commensurate quasi-square
lattice described in Section 5.1.1 Chapter 5.
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Figure A.1: Schematic of the measured directions in which CoTBrPP islands are oriented,
represented together with the base vectors of the three equivalent rotated domains predicted by
(a) the 92.2° Model (quasi-square lattice, Zb1ba = 92.2°) and (b) the 90° Model (square lattice,
Zb1ba = 90.0°). Higher agreement with 92.2° Model is evidenced in the inset table showing the
discrepancies of the experimental data with both models. Full dashed circles represent Te-Te
bridge positions pointed by lattice vectors, meanwhile empty dashed circles represent Te-Te
bridge positions not pointed by some lattice vectors, highlighting the commensurably of the
92.2° Model against the no-commensurably of the 90° Model.




Appendix B

Estimation of the Molecular
Coverages in the
Photoemission Experiments

The molecular coverage in photoemission experiments was calculated using the
Beer-Lambert law, which describes the attenuation of radiation passing through
a material. We make an approximation that has been successfully used in the
literature for systems formed by molecules deposited on metallic substrates. We
suppose an heterosystem formed by an homogeneous layer of thickness d lying
on top of an infinitely thick and homogeneous substrate. Therefore, the intensity
of photoemitted electrons from the substrate (1) is attenuated by the layer and,
assuming that attenuators act independently, the transmitted intensity Ili;qns is
described by

Itrans = I()e_d//\y (B].)

where A is the inelastic mean free path of a photoemitted electrons in a solid
for a given energy.

Bi 4f;7/, peak was used in our calculation as it is an intense feature emerging
from the Bismuth Telluride (BiyTes) substrate. Bi has an invariable chemical
environment upon deposition of molecules and annealings. I5? was measured by
integrating the Bi 4f7/; peak with a Shirley background subtracted and normal-
ized with each own flat offset. Due to the energy of the exciting photon (1486 eV)
used in this experimental setup (see Section 2.3), elastically photoemitted Bi 4f7 /5
electrons have a kinetic energy of 1326 eV, which leads to A(1339eV) = 22.9
A[272]. Adsorption distance for Cobalt - Tetrakis (4-Promophenyl) Porphyrin
(CoTBrPP) and Cobalt - Phthalocyanine (CoPc) calculated by Density Func-
tional Theory (DFT), 3.82 A and 3.00 A respectively, was used as an effective
thickness d corresponding to 1 ML.

Changes in the Bi 4f7/, intensity between the pristine BizTes sample B
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and after each i evaporation I”? were used to obtain the effective d’, which was
linearly related to the molecular coverage 0; as

di X, (TP
L _Z t_ B.2
=% =% (1) (B2)

This method has been used to calculate the molecular coverages in the pho-
toemission experiments performed in Chapter 6. Nevertheless, in the experiments
shown in Chapter 5, we did not get reliable Bi data after every evaporation due
to experimental issues. In order to obtain a coverage value for each point, we set
the evaporation time corresponding to 1 ML, by making a linear fit to the points
with available Bi data (Figure B.la). Then, knowing the linear dependence of
the amount of molecules with the evaporation time (Figure B.1b), we rescaled
the coverage of each point to the defined 1 ML (Figure B.1c).
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Figure B.1: (a) Dependence of the XPS intensity of the C 1s peak with respect to the total
evaporation time, for the CoTBrPP on BizTes, and CoPc on BixTes systems. Linear regres-
sions show linearity between amount of carbon deposited and evaporation time. (b) Molecular
coverage extracted from the attenuation of the Bi 4f7 /5 peak, by using the Beer-Lambeert law,
and linear regressions for both systems.(c) Coverage calculated from the linear regressions in
for both systems.






Appendix C

Complementary STM
Images of the Polymeric
Phase

Figure C.1: STM topographic images of various coordination polymers showing non-
homogeneous shapes, at (a) 1.4 V and 0.019 nA, (b) 1.4 V and 0.027 nA, (c) 1.3V, 1.3V
and 0.015 nA and (d) 1.4 V and 0.022 nA. All images have the same magnification described
by the scale bar in (a).
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Figure C.2: Pairs of STM topographic images of different regions of the same polymer measured
at ((a) and (c)) positive (1.4 V) and ((b) and (d)) negative (—1.4 V) bias voltage. (a) and (b)
0.019 nA, (c) and (d) 0.037 nA. They exhibit d 2 (blue solid circles) and dg. orbitals (red
arrows), respectively. Both features are indispensable for the identification of the position and
orientation of each monomer. Atomic resolution in (d) unveils non-commensurability between
polymer and substrate. All images have the same magnification described by the scale bar in

(a).



Acknowledgements

First and foremost, I would like to express my gratitude to my three thesis direc-
tors. To Aitor Mugarza, for being an endless source of motivation, enthusiasm,
commitment and scientific inspiration. To Sergio Valenzuela, for his steadfast
and sharp advises, and for giving me the opportunity to widen the scope of my
research and knowledge. To César Moreno, for his inexhaustible sense of working,
and specially for persisting in guiding me through the ins and outs of a thesis.

I want to thank two scientists that have been essential to me. Frédéric Bonell,
probably the person whom I learned more science during this period. It has been
a pleasure to enjoy all those fruitful scientific discussions full of complicity. And
Markos Paradinas, for giving me unlimited support during the ups and downs of
this thesis. Not only me but also the AMS group should feel very lucky to have
him close, as I am convinced that he is the human cement of this group.

Thanks to Miguel Valbuena as well, for the side-by-side work in all those
innumerable beamtime experiments, and for becoming my mirror image when it
comes to football. To Michele Gastaldo, for being the omnipresent and always-
aware-of-everything office mate, and a great Italian teacher! To Maria Tenorio,
for his contagious enthusiasm and dedication. And to the rest of members of the
AMS group that I had the pleasure to work with: Stefano Schirone, Mercedes
Saludes, Amina Kimouche, Nicolau Molina, Jeremy Hieulle, Mirko Panighel, Sofia
Parreiras and summer interns. Many thanks to Adriana, for his gentleness way
of conducting research and colleague relations, and of course to the rest of the
PEND team: Antonio Benitez, Juan Sierra, Marius Costache, Ivan Fernandez,
Williams Savero, Alois Arrighi, Regina Galceran, Matias Timmermans, Zewdu
Messele and former members.

This thesis would not have been possible without the expertise of some ICN2
scientists and technicians. Thanks to Gustavo Ceballos, Marc Maymé and Rafael
Leén for the efforts in the design and fabrication of the “double-sample holder”,
it represented a breakthrough! To Guillaume Sauthier, for his will to support us
in the photoemission experiments. Thanks to Roberto Robles, for his non-stop
stream of calculations and for those gratifying scientific discussions. To Inhar
Imaz and his team, for synthesizing and providing most of the molecules used in
our studies. And to the BOREAS beamline staff in ALBA synchrotron, Pierluigi
Gargiani and Manuel Valvidares, always willing to a last-minute experiment.

Gracias a ti, por creer tanto en mi. Y porque tu también sabes rescaterme
cuando es necesario, sobretodo de mis “caras de pantalla”! Gracies als meus

127



128 Acknowledgements

pares, Josep Maria i Maria Dolors, i a ’Esteve, per haver-me dut fins aqui. La
seva perseveranga i suport incondicional ho han fet possible. També als avis i
abuelitos, per haver-me acompanyat sempre.

Gracies al grup dels fRisics, companys de tants combats impossibles al final
de cada semestre, i per damunt de tot amics. I a la Sandra. Obviament també
a tots els sapastres del grup d’Enveitg, per procurar-me un racé de desequilibri i
amistat. I també a I’Alibe i I’Albert, per haver suportat el dia a dia dels mesos
d’escriptura en primera linia.

Last but not least, I must recall many of the teachers and supervisors that
I had ever since physics engaged me. Some of them became mentors to me:
special thanks to Eric Pellegrin, and to Tomas Salami, el veritable responsable
d’haver-me despertat la vocacié cientifica.









	Introduction
	Experimental Techniques
	MBE
	Implementation
	Epitaxial Growth Mechanisms
	Experimental Setup

	Scanning Tunneling Microscopy
	Quantum Tunneling
	STM
	STS
	Experimental Setup

	X-ray Photoemission and Angle-Resolved Photoemission Spectroscopies
	The Photoelectric Effect
	XPS
	ARPES
	Experimental Setup

	X-ray Absorption Spectroscopies
	XAS
	XMCD
	Experimental Setup

	Sample Preparation Methods

	MBE Growth of Chalcogen-Based TI Thin Films
	Growth of BT
	Substrate Choice
	Growth Conditions

	Te Capping and Decapping of BT
	Desorption Temperature and Chemical Properties
	Electronic Properties
	Surface Morphology
	Summary

	Growth of Twin-free BT
	Surface Morphology and Structural Properties
	Physical Origin of Twin Suppression
	Electronic Properties
	Summary

	Growth of BST Ternary Compounds
	Growth Conditions
	Electronic Properties
	Summary


	Fine Tunning of Magnetic Interactions on Surfaces via Ligand Chemistry
	Co-based Organic Molecules Used in This Study
	Molecular Self Assembly
	CoTPP Electronic Structure on Au(111)
	Kondo Screening
	Kondo Screening
	Summary

	MO TI Heterostructures: vdW Phase
	Study of porp Molecules on BT
	Structural Properties
	Electronic Properties
	Magnetic Properties

	Study of BT upon Deposition of MO molecules
	Electronic Properties upon porp Deposition
	Electronic Properties upon phta Deposition

	Summary

	MO TI Heterostructures: Coordination Phase
	Thermal Evolution of porp on BT
	Morphology of Te-coordinated Structures
	Dimeric Phase
	Polymeric Phase

	Electronic Properties of Te-coordinated Structures
	BT Electronic Properties upon porp Reaction
	Summary

	Conclusions and Outlook
	Bibliography
	Appendix Analysis of the porp Rotational Domains
	Appendix Estimation of the Molecular Coverages in the Photoemission Experiments
	Appendix Complementary STM Images of the Polymeric Phase
	Acknowledgements

	Títol de la tesi: Magnetic Metal-Organic / Topological
Insulator Heterostructures
	Nom autor/a: Marc González Cuxart


