
 scisyhP deilppA fo tnemtrapeD

mutnauq lacigolopoT  
rengised htiw rettam  

 slairetam

 aduH luruN dM

 LAROTCOD
 SNOITATRESSID

 scisyhP deilppA fo tnemtrapeD

mutnauq lacigolopoT  
rengised htiw rettam  

 slairetam

 aduH luruN dM

 LAROTCOD
 SNOITATRESSID

 scisyhP deilppA fo tnemtrapeD

mutnauq lacigolopoT  
rengised htiw rettam  

 slairetam

 aduH luruN dM

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  312 /  0202

htiw rettam mutnauq lacigolopoT  
 slairetam rengised

 aduH luruN dM

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

ta dleh noitanimaxe cilbup a ta ,ecneicS fo loohcS ytisrevinU otlaA  
 .00.21 ta 1202 yraunaJ 51 no loohcs eht 2T llah erutcel eht

 ytisrevinU otlaA
 ecneicS fo loohcS

 scisyhP deilppA fo tnemtrapeD
 scisyhP elacS cimotA



Printed matter
4041-0619

N
O

R
DIC

 SWAN ECOLAB
E

L

Printed matter
1234 5678

 rosseforp gnisivrepuS
 dnalniF ,ytisrevinU otlaA ,htorejliL reteP rosseforP

 
 rosivda sisehT

 dnalniF ,ytisrevinU otlaA ,ekeibelizeK uneiluwahS .rD
 

 srenimaxe yranimilerP
 sdnalrehteN eht ,ygolonhceT fo ytisrevinU tfleD ,ettO .F rednaxelA rosseforP

 ynamreG ,ytisrevinU grubmaH ,ebeiW sneJ .rD
 

 tnenoppO
 eropagniS ,eropagniS fo ytisrevinU lanoitaN ,eeW .S .T werdnA rosseforP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  312 /  0202

 
 © 0202   aduH luruN dM

 
 NBSI 4-0910-46-259-879  )detnirp( 
 NBSI 1-1910-46-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  1-1910-46-259-879
 

 yO aifarginU
 iknisleH  0202

 
 dnalniF

 
 :)koob detnirp( sredro noitacilbuP

 if.otlaa@aduh.dm
 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 aduH luruN dM

 noitatressid larotcod eht fo emaN
 slairetam rengised htiw rettam mutnauq lacigolopoT

 rehsilbuP  ecneicS fo loohcS

 tinU  scisyhP deilppA fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  312 /  0202

 hcraeser fo dleiF  scisyhP gnireenignE

 dettimbus tpircsunaM  0202 rebmetpeS 22  ecnefed eht fo etaD  1202 yraunaJ 51

 )etad( detnarg ecnefed cilbup rof noissimreP  0202 rebmeceD 1  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
wen yfissalc dna revocsid ot detiolpxe era stpecnoc lacigolopot erehw ,rettam mutnauq lacigolopoT  
scisyhp rettam-desnednoc ni scipot tnatropmi tsom eht fo eno sa degreme sah ,rettam fo sesahp  
hcihw ,snoitabrutrep lacol ot tsubor era seitreporp citoxe htiw setats lacigolopoT .sraey tnecer ni  
evah srotcudnocrepus lacigolopot ,ralucitrap nI .snoitacilppa fo edutitlum a rof tnatropmi si  
hcihw setats dnuob anarojaM ygrene-orez tsoh ot detciderp era yeht sa tseretni fo tol a detcartta  
citoxe eseht fo noitazilaer eht ,revewoH .stibuq lacigolopot tcurtsnoc ot elbissop ti ekam dluoc  
rengised eht gnisu emocrevo eb nac sihT .slairetam gnirrucco yllarutan ni gnignellahc netfo si setats  
neewteb snoitcaretni dereenigne eht morf segreme scisyhp derised eht erehw ,hcaorppa slairetam  

 .stnenopmoc tnereffid
  

lanoisnemid-eno ni sedom lacigolopot fo noitazilaer latnemirepxe eht setartsnomed siseht sihT  
reyal noitprosda )2x2(c eht ni seicnacav enirolhc gnisu lortnoc level cimota htiw secittal laicfiitra  
regeeH-reffeirhcS-uS eht ni sedom egde eht elihw taht wohs ew ,)IP( I noitacilbuP nI .)001(uC no  
dna remirt sa hcus sledom D1 citamgidarap rehto ,ygrene pag-dim eht ta yltcaxe era ledom )HSS(  
eht fo ytilibaenut ediw swolla sihT .setats yradnuob ygrene orez-non evah sniahc remid delpuoc  
gnilennut gninnacs erutarepmet-wol gnisu etartsnomed yllatnemirepxe ew taht sedom llaw niamod  
tafl sselpag dna deppag htob ezilaer yllatnemirepxe ew ,IIP ni yltneuqesbuS .)MTS( ypocsorcim  
ot su swolla lortnoc larutcurts level cimotA .sdnab tafl elpitlum ro elgnis htiw smetsys dnab  

 .sdnab tafl dezilaer eht fo ytilibaenut daorb eht etartsnomed
  

.serutcurtsoreteh slaaW red nav lanoisnemid-owt ni hcaorppa rengised eht esu ew ,VIP dna IIIP nI  
fo ytilibissop eht stseggus srotcudnocrepus dna slairetam citengamorref fo noitanibmoc ehT  
-tengam eht fo sisehtnys tcerid eht tneserp eW .ytivitcudnocrepus lacigolopot gnizilaer
gninibmoc yb )EBM( yxatipe maeb ralucelom gnisu serutcurtsoreteh rotcudnocrepus  

MTS eht ,serutcurtsoreteh 2eSbN/2eSV fo esac eht nI .3rBrC ro 2eSV htiw 2eSbN gnitcudnocrepus  
lacol eht no dnalsi 2eSV eht fo noitazitengam eht tseggus stnemerusaem noitazitengam klub dna  

3rBrC ,dnah rehto eht nO .metsys siht ni sedom egde lacigolopot evresbo ton od ew tub ,elacs  
fo noitazilaer eht swolla hcihw ,gniredro citengamorref enalp-fo-tuo gnorts wohs sdnalsi  
eht etartsnomed stnemerusaem STS dna MTS erutarepmet-wol ehT .ytivitcudnocrepus lacigolopot  
hcihw ,sdnalsi 3rBrC eht fo segde eht gnola sedom orez anarojaM lanoisnemid-eno eht fo ecnetsixe  
reffo serutcurtsoreteh Wdv lanoisnemid-owT .ytivitcudnocrepus lacigolopot fo erutangis yek eht  
ot ytiliba eht dna ,syawhtap noitacirbaf ni ytilibixefl hgih ,seitreporp slairetam fo egnar daorb a  
yrotarobal dellortnoc ni deiduts ylno ton eb nac hcihw ,rettam mutnauq fo setats laicfiitra mrof  

 .edivorp osla tub sgnittes

 sdrowyeK  MTS ,EBM ,ecittaL laicfiitrA ,edoM oreZ anarojaM ,ytivitcudnocrepuS lacigolopoT

 )detnirp( NBSI  4-0910-46-259-879  )fdp( NBSI  1-1910-46-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  0202

 segaP  611  nru :NBSI:NRU/fi.nru//:ptth  1-1910-46-259-879





Preface

This thesis is the outcome of the last four years of research in the

Atomic Scale Physics group at the Department of Applied Physics, Aalto

University. Back in the day, when I was thinking about going abroad to

pursue further education in the field of physics, I had no idea what I was

getting into. After an intense journey over the past six years, I owe a debt

of gratitude to many great people who helped me along the way.

First of all, my thesis supervisor, professor Peter Liljeroth, who gave me

such a great opportunity to pursue a PhD in his group and helped me to

overcome all the struggles and navigate in the right direction in research.

I can’t express my gratitude in words for being so lucky to get such an

amazing mentor who never gave up on me; perhaps the best I could have

ever wished for. I will miss our competitive sports time on the badminton

court or at the pool table. I wish to express my heartfelt gratitude to

my thesis advisor Shawulienu Kezilebieke for his patience in teaching

me the basics of research work. His thoughtful guidance helped me not

only in research but also in real life. A big thanks also to Benjamin, aka

Mr. google, who was always there whenever I (we) needed help. I would

also like to extend my sincere appreciation to Teemu, Adam, Orlando and

Szczepan for their theory input. In addition, I would like to thank all my

coauthors; Miguel, Sebastiaan, Hannu-Pekka, Rhodri, Paul, Ilkka, Yifan

- for the good collaboration. I would also like to express my gratitude

to all the other group members; Linghao, Chen, Somesh, Markus, Viliam,

Kuhsar, Xin and Shuning, for creating a wonderful work environment and

thanks for all fun time inside/outside the lab.

A special thanks to Antti for teaching me microfabrication and to Robert

for teaching STM operation during my Masters thesis. These experiences

were the the first steps on the way to my PhD. Thanks also to Kaustuv

for being a magnificent career guide, and for the long discussions; to

1



Preface

Jani and Jouko for their significant support with the old RHK system;

to Taher, Gius, Raktim for coffee meetings in the Nanotalo that helped

me to release some part of the academic frustration; to all my friends,

Arif, Mousumi, Mojammel, Biswajit, Jui, Mahfuz, Tanvir, Rizve and Anik

for their tremendous support and being more than family here in Finland.

Life in Finland would not have been as good without your support.

I am sincerely grateful for having such wonderful friends and family

in Bangladesh who have always supported me throughout my lengthy

studies. I am also grateful to my childhood friend, Jashim, Momin and

Goni - for their motivation and faith from the beginning. Thanks also to

my school teachers Kamal Hossain and Mutabbir Hossain, who were the

the reason I did not drop out of school.

I am indebted forever to my parents, brothers and sisters, for being the

shoulder, the shadow and the sole reason of what I am today. Thanks

to my elder brother Ripon for keeping me company in Finland. Finally,

perhaps most importantly, to my wife Shimu who has brought balance

into my life; thank you for accepting my odd hours and strange obsessions

towards cricket and sharing your time with me. You were always there to

make my failures bearable and my accomplishments more rewarding.

Helsinki, December 17, 2020,

Md Nurul Huda

2



Contents

Preface 1

Contents 3

List of Publications 5

Author’s Contribution 7

1. Introduction 9

2. Topology in condensed matter physics 13

2.1 Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Topological band theory . . . . . . . . . . . . . . . . . . . . . 14

2.3 The Su-Schrieffer-Heeger (SSH) model . . . . . . . . . . . . . 15

2.4 Topological superconductivity . . . . . . . . . . . . . . . . . . 19

3. Experimental methods 23

3.1 Scanning tunneling microscopy . . . . . . . . . . . . . . . . . 23

3.1.1 Basic principle of STM . . . . . . . . . . . . . . . . . . 23

3.1.2 Scanning tunneling spectroscopy . . . . . . . . . . . . 27

3.2 Atomic manipulation . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Molecular beam epitaxy . . . . . . . . . . . . . . . . . . . . . 30

3.4 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 31

4. Results 33

4.1 Topological domain wall states in engineered atomic chains 33

4.2 Designer flat bands in one-dimensional artificial systems . . 38

4.3 Epitaxial ferromagnetic-superconductor van der Waals

heterostructures . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.4 Experimental realization of the Majorana edge modes . . . . 49

3



Contents

5. Summary and outlook 53

References 57

Publications 65

4



List of Publications

This thesis consists of an overview and of the following publications which

are referred to in the text by their Roman numerals.

I Md Nurul Huda, Shawulienu Kezilebieke, Robert Drost and Peter

Liljeroth. Tuneable topological domain wall states in engineered

atomic chains. npj Quantum Materials, 5, 1-5, 2020.

II Md Nurul Huda, Shawulienu Kezilebieke and Peter Liljeroth.

Designer flat bands in one-dimensional artificial systems. Physical

Review Research, accepted, arXiv:2003.08234, 2020.

III Shawulienu Kezilebieke, Md Nurul Huda, Paul Dreher, Ilkka

Manninen, Yifan Zhou, Jani Sainio, Rhodri Mansell, Miguel M.

Ugeda, Sebastiaan van Dijken, Hannu-Pekka Komsa and and Peter

Liljeroth. Electronic and magnetic characterization of epitaxial

VSe2 monolayers on superconducting NbSe2. Communications

Physics, 3, 1-8, 2020.

IV Shawulienu Kezilebieke, Md Nurul Huda, Viliam Vaňo, Markus
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1. Introduction

Study of topological phases of matter has emerged as an area of immense

activity in the field of condensed matter physics. The traditional

classification of materials based on symmetry breaking is not complete

and it has become clear that phases of matter should be also classified

based on their topological properties. Topology as a mathematical concept

refers to the study of shapes and whether they can be converted into

each other by continuous deformations. In this sense, a doughnut and

a coffee cup are equivalent as they have the same number of holes. In

physics, topology is not related to the spatial properties of the system,

but rather more abstractly to the “shape” of the system Hamiltonian in

the momentum space. As the topological properties are global features,

they are extremely robust to local perturbations. This can be illustrated

by considering a knot in a string as an analogy: it cannot be removed

by small local changes. In a topological material, this results in physical

properties also being insensitive to sample variations, defects and other

microscopic details. This is well illustrated by the integer quantum Hall

effect, where the conductance is quantized at extreme precision, as the

topological properties do not depend on microscopic details.

After the invention of the topological invariants in the quantum Hall

effect [1] and the superfluid 3He [2], topology is found everywhere in

condensed matter systems and the field is expanding rapidly. Topological

modes in one- and two-dimensional systems have been proposed for

numerous applications utilizing their exotic electronic responses [3–11].

One of the simplest examples of a topological system is given by a 1D

tight-binding chain where the hopping between the sites is modulated.

This model, called the Su-Schrieffer-Heeger (SSH) model give rise to

topologically protected edge modes [12]. According to this model,

depending on the choice of the unit cell, a dimer chain (e.g. polyacetylene
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chain) can be in two topologically distinct ground states, which both have

an identical, gapped, band structure. Merging two such chains with

different unit cells give rise to a domain wall and in-gap states localized

in the vicinity of the domain wall [13–16]. These zero energy states are

protected in a sense that it is impossible to get rid of them by changing the

domain wall structure. They have been experimentally realized in atomic-

scale solid-state structures, ultra cold gases and graphene nanoribbons

[10, 15, 17–19]. While the edge modes in the SSH model appear exactly

at the mid gap energy, other 1D models such as trimer and coupled

dimer chains have non-zero energy boundary states. However, these

structures have not been previously realized in a fully controlled, atomic-

scale system. In this thesis, I will show that this can be achieved by

moving individual atoms by scanning tunneling microscopy (STM) to

create atomically well-defined 1D structures [15, 20–28]. This makes it

possible to build quantum materials in artificial systems with an ultimate

control over the electronic properties through atomic assemblies.

Topological states can be realized in many other kinds of systems

as well. For example, hybrid system of topological insulators and

superconductors can also be topological [29, 30]. Similarly to the

1D SSH chain, interfacing a trivial and a topological phase results

in gapless edge modes that have special properties. A particularly

exciting example of this is given by the edge states of a topological

superconductor. These edges support so-called Majorana zero modes

(MZM). Originally, Majorana fermion refers to a spin -1/2 particle that is

its own anti-particle. In condensed matter physics, it is possible to create

systems (topological superconductors) that give rise to quasiparticles with

analogous properties. The equivalent to a Majorana fermion is defined

as a localized zero-energy excitation called a Majorana bound state or

MZM. The zero modes should obey non-Abelian statistics and they could

be used to realize topological quantum bits that would make it possible

to create topologically protected quantum computers. Different proposals

for quantum computation are generally hampered by decoherence, which

destroys the essential quantum behaviour of the system. As Majorana

bound states are topologically protected, they are not affected by local

perturbations and hence should be more resilient against the effects of

decoherence. Therefore, a quantum computer based on MZMs should be

more fault-tolerant [30].

The promise of fault tolerant, topologically-protected quantum
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computing has generated enormous interest in systems having Majorana

modes. It has been proposed that they can be realized in solid state

systems by interfacing a normal superconductor with two-dimensional

topological insulators [31, 32], semiconductor heterostructures and wires

[33–36], and magnetic chains [37, 38]. Similar proposals has also been

claimed for cold gases of fermionic atoms [39]. All of these proposals rely

on engineered heterostructures as topological superconductivity is diffi-

cult to find and tune in naturally occurring materials. This problem can be

overcome in designer heterostructures which combine different materials

and where the desired physics emerges from the engineered interactions

between the different components.

The first experimental signatures of the Majorana bound states were

observed in the semiconductor nanowire set up in 2012 where the

Majorana bound states appear as a zero bias differential conductance

peak [4]. Later in 2014, a different experimental approach using

chains of magnetic Fe atoms on a superconducting Pb surface also

was used to demonstrate the existence of the Majorana bound states

[5]. The Majorana modes appear at the ends of these 1D topological

superconductors. Unlike in the nanowire experiment, the local density

of states could be directly measured with STM in the case of the atomic

Fe chains. This enabled a direct confirmation of the expected localization

of the Majorana modes at the wire ends. Finally, it is also possible to

realize a Majorana zero mode in vortex cores on a proximitized topological

insulator surface [40] or superconductor surface [41–43].

In the systems mentioned above, the MZM were identified as zero bias

conductance peaks localized at the end of the chain or in the vortex

core. On the other hand, in the case of two-dimensional systems, 1D

dispersive chiral Majorana zero modes are expected to be localized in the

edge of the island. For example, it has been predicted that dispersing

Majorana states can be observed at the edges of a magnetic islands grown

on the surface of an s-wave superconductor [44–46]. Experimentally, 1D

chiral Majorana modes have recently been observed around nanoscale

magnetic islands either buried below a single atomic layer of Pb [47], or

adsorbed on a Re substrate [48], and in domain walls in FeTe0.55Se0.45 [49].

However, these systems can be sensitive to defects and may requires

further interface engineering on the atomic scale. Additionally, it is also

difficult to integrate these materials into device level manufacturing. I

will demonstrate in this thesis how these problems can be circumvented
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by using van der Waals (vdW) heterostructures. In this case the different

layers interact only through vdW forces [50] and it naturally allows

for very high quality interfaces. There has been enormous activity in

the field of 2D materials beyond graphene, with the field progressing

rapidly from simple semiconductors such as MoSe2 to more complicated

quantum materials such as 2D superconductors and topological insulators

[51]. In addition to pure fundamental interest, a multitude of practical

devices have also been demonstrated [52]. Despite the impressive

progress, ferromagnetic 2D materials have been notably missing until

the recent discoveries of Cr2Ge2Te6 [53], CrI3 [54] and CrBr3 [55, 56].

Epitaxial growth of 2D monolayer magnets (for example CrBr3 [57])

paves the way to fabricate atomically clean magnet-superconductor vdW

heterostructures and realize 2D topological superconductivity in vdW

heterostructures.

The research presented in this thesis aims to realize topological states

in quantum materials by using the designer concept. I start by reviewing

the basics of topological band theory and topological superconductivity,

and the experimental methods (scanning tunneling microscopy (STM),

scanning tunneling spectroscopy (STS), atomic manipulation and MBE

growth of vdW heterostructures). In Publication I, I study the emergence

and tuneability of the topological domain wall states in one-dimensional

artificial lattices. Subsequently, in Publication II, using the same

experimental system, the construction and engineering of the flat bands is

studied. Publications III and IV discuss the synthesis of 2D ferromagnetic

layers on a superconducting substrate to realize Majorana zero energy

modes in vdW heterostructures. The results section summarises these

experimental findings and the summary and outlook puts the results into

a broader perspective.
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2. Topology in condensed matter
physics

In this section I will discuss the key elements of topology and band

theory. I will introduce the topological phase and Chern invariant. Later,

different model examples of the topological phenomena in one dimension

will be explained.

2.1 Topology

Topology is a term inherited from mathematics related to describing the

geometrical properties of objects that are not sensitive to continuous

deformations. A simple example of topology is shown in the Fig. 2.1. A

spherical ball can be smoothly deformed into different shapes such a bowl,

or disk or can be crumbled as shown in the Fig. 2.1a. Similarly, a cup can

be deformed into a doughnut smoothly (Fig. 2.1b). But a sphere cannot be

turned into a doughnut or cup. A doughnut has a hole while a sphere does

not. This is how a sphere and doughnut are topologically distinct and this

is denoted by the genus g, which is essentially the number of holes. In the

case of a sphere g = 0 and for a doughnut g = 1. Since integers change

abruptly from one to another, surfaces having different genus cannot be

deformed into one another and are called topologically distinct. Similarly

the surfaces having the same genus can be transformed into one another,

and are called topologically equivalent.

Figure 2.1. (a) The surfaces of a spherical and a crumbled ball have same
topology denoted by g = 0. (b) Both doughnut and cup have one hole which is
denoted by g = 1.
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2.2 Topological band theory

The idea about topology discussed above can be used to characterize

phases of matter. The band theory of solids classifies the materials into

metals, semiconductors and insulators based on their band structure

defined by the energy gap Eg between valence and conduction bands.

The band gap of an insulator separates the ground state from all excited

states. We can say that two insulators are equivalent if they can be

changed into one another by slowly varying the Hamiltonian in a way

that the system always remains in the ground state. Thus insulators

are topologically equivalent if there exists an adiabatic path connecting

them along which the energy gap Eg remains finite. Again, topologically

inequivalent insulators necessarily involve a phase boundary where the

energy gap vanishes [16].

Topological classifications of general gapped many-body states is a

formidable problem and we need to simplify this picture. Considering

a subclass of the states that can be described by the band theory of solids

results in a huge simplification. The existence of an energy gap in a

band insulator means that the many-body states remain topologically

equivalent [58]. Thus it is assumed that the states can be adiabatically

connected to noninteracting electrons. This does not mean electron

interaction is being ignored. We can make another key assumption

that the material is crystalline, which allows us to take advantage of

translational symmetry. The electronic spectrum of a crystal can be

organized in the form of energy bands as a function of the crystal

momentum k. Translation symmetry allows the single particle states to

be labeled by k. According to the Bloch theorem, they can be written as

ψ(k) = eik.ru(k) , where u(k) is a function with lattice period. The Bloch

Hamiltonian can be written as

H(k) = eik.rHe−ik.r (2.1)

Here the band structure is defined by H(k) and can also be denoted

by En(k). Now we can consider a lattice constant a in reciprocal space.

Due to translational symmetry we can write H(k + a) = H(k) for the

reciprocal lattice vector a. Therefore the crystal momentum is defined in

the periodic Brilloun zone, with k = k + a, which has the topology of a

torus Td in d dimensions. Thus, the band structure of an insulator can

be represented by a mapping from the Brillouin zone torus to the space of
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Bloch Hamiltonians with an energy gap.

One of the main objects of the topological band theory is to classify

the topologically distinct Hamiltonians H(k) and thus also classify the

electronic phases. The most interesting part about topologically distinct

phases takes place at an interface between them. When two topologically

distinct phases are brought together, somewhere along the way the energy

gap has to become zero, otherwise these two phases would be equivalent.

For this reason, there will be low energy electronic states bound to the

interface.

2.3 The Su-Schrieffer-Heeger (SSH) model

In this section I will discuss the simplest setting of the topological theory,

which is topology in one dimension. This will allow me to demonstrate a

few key concepts such as electric polarization and topologically protected

domain wall states in their simplest form. I will also introduce the Su,

Schrieffer, Heeger (SSH) model [12], which provides a simple theory that

illustrates these ideas along with the domain wall states.

Figure 2.2. (a-c) Three distinct ground states of the SSH model for the value
of (a) δt = 0; (b) δt > 0; (c) δt < 0 . (d-f) The path of the unit vector d̂(k) for
corresponding ground states of the SSH model [58].

The SSH model describes electrons hopping on an one-dimensional

tight-binding chain. In SSH model, the tight-binding chain is considered

as consisting of N unit cell, where each unit cell consists of two lattice

sites (sublattices A and B) as shown in the Figure 2.2b. Electron-electron

interactions are neglected, and the system can be described by a single-

particle Hamiltonian.

H =
∑
i

t1c
†
AicBi + t2c

†
Ai+1cBi + h.c (2.2)

Here t1 and t2 are the two different hoppings (inside the unit cell and
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between the unit cells), c is the creation and c† is the annihilation operator,

and h.c is hermitian conjugate. The dimerization strength depends on

the difference t1 − t2 = 2δt, which opens an energy gap in the electronic

spectrum of the chain. If we consider the t1 hopping is stronger than t2,

the above equation can be written as

H =
∑
i

(t+ δt)c†AicBi + (t− δt)c†Ai+1cBi + h.c (2.3)

where t1 = t + δt and t2 = t − δt. For simplicity, spin degree of freedom

is not considered in SSH model. Thus, the SSH model describes spin-

polarized electrons. We also take the hopping amplitudes to be real and

non-negative, t1, t2 ≥ 0. Applying the Bloch theorem the eigenstates of

the above Hamiltonian for an infinite chain can be described by

Ĥ |ψn(k)〉 = En(k)|ψn(k)〉 (2.4)

where n ∈ {1, ......., 2N} and k is the wave vector. Now the matrix of

the bulk momentum-space Hamiltonian for an unit cell can be written

as follows

H =

⎛
⎝ 0 t1 + t2e

ik

t1 + t2e
−ik 0

⎞
⎠ (2.5)

and the solution of equation 2.4 can be written as

E(k) = |t1 + t2e
ik| =

√
t21 + t22 + 2t1t2 cos k (2.6)

Now the dispersion relation of the SSH model depends on the value

of hoppings. If both hoppings are equal, t1 = t2, the SSH model

describes a conductor without bandgap. In this case there are plane

wave eigenstates of the bulk available at any energy which can transport

electrons throughout the whole chain. If the hopping values are not equal,

t1 �= t2, there is always an energy gap separating the lower, filled band,

from the upper, empty band with

Eg = 2|t1 − t2| (2.7)

The bulk momentum-space Hamiltonian H(k) of a two band model with

two internal states per unit cell [58] can be written as

H(k) = dx(k)σ̂x + dy(k)σ̂y + dz(k)σ̂z = d0(k)σ̂o + d(k)σ̂ (2.8)
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where σ̂x, σ̂y and σ̂z are the Pauli matrices for corresponding axis and σ̂0 is

the unitary matrix. For the SSH model d0(k)σ̂o = 0, and the 3-dimensional

vector d(k)σ̂ can be written as

dx(k) = t1 + t2 cos k; dy(k) = t2 sin k; dz(k) = 0 (2.9)

Viewing the two band H(k) in terms of d, it is important to note that

dz = 0. The path of the endpoints of the vector d(k) representing the bulk

momentum-space Hamiltonian, can also be shown on the dx and dy plane

as the wavevector is swept across the Brillouin zone k = 0 → 2π. This

closed path is not necessarily a circle for a general two-band insulator, but

it needs to be a closed loop due to the periodicity of the bulk momentum-

space Hamiltonian. For an insulator, this closed loop cannot pass through

the origin, as this would indicate that the gap would close at some k.

In the case of the dimer chain, the circle passes through zero only if

t1 = t2. The topology of this loop is characterized by an integer which

is called bulk winding number v. This counts the numbers of time the

loop winds around the origin of the dx, dy-plane. If the value of v is ’0’

then it represents the trivial phase while for v = 1 the system is in the

topological phase. These states are illustrated in Fig. 2.2d-f, where v = 0

(trivial, panels b and e) and v = 1 (topological, panels c and f).

In the bulk, the phases with the different winding numbers are

indistinguishable. However, the difference in the bulk topology becomes

visible when two topologically distinct phases are brought together. This

causes a soliton state with a polarization charge ±e/2 to emerge at the

domain wall as shown in Figure 2.3a,c. The ±e/2 states arise when this

“zero mode” is empty/occupied. The existence of the zero mode can easily

be understood in strong coupling limit |δt| = t as there is an unpaired site

in the domain wall. This zero mode is topologically protected in a sense

that it is impossible to get rid of it without drastic changes to the geometry

of the domain wall structure (that would cause dz(k) to become non-zero.

Similar to dimer chains, joining sections of trimer chains (as shown in

the Fig. 2.3b) with different unit cells results in the formation of domain

wall states, which cannot be removed by local perturbations. Perfectly

trimerized chains (intratrimer hopping t1, and intertrimer hopping t2)

have three distinct topological phases and an electronic structure with

three separate bands. The domain wall states appear inside the band

gaps (marked with red arrows). Domain walls host a fractional charge of

±e/3 or ±2e/3 depending on domain wall type and the chemical potential
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Figure 2.3. Domain walls in dimer and trimer chains. (a,b) Schematic of dimer
(a) and trimer (b) chain with a domain wall. (c) Calculated energy spectra of
finite dimer and trimer chains hosting a domain wall with t1 = 0.14 eV, t2 = 0.04
eV [15], calculated with 300 unit cells on both sides of the domain wall. Figure
reproduced with permission, from reference [59].

of the system. These charges appear due to the mismatch of the unit

cells on the opposite sides of the domain wall and cannot be removed

without changing the bulk structure of the chain [60, 61]. As illustrated

in the Fig. 2.3c, using a TB calculation, we can measure the energy of

the domain wall states for both dimer and trimer chains. The energy

position of the domain wall states is indicated with blue and red arrows.

While the domain wall state in a dimer chain is exactly at mid gap energy

because of symmetry reasons, domain wall states in trimer chains (see

Fig. 2.3c (right)) are not fixed in energy and can be moved within the

energy gap. If we tune the hoppings t3 between the bulk chains and

the domain wall site, the energy of the domain wall states move within

the band gap. As explained in detail in the Results section, this can

be achieved experimentally by changing the atomic structure near the

domain wall site.

18



Topology in condensed matter physics

2.4 Topological superconductivity

Realization of Majorana zero modes (MZMs) has generated broad

research interest because of their relevance for quantum computing and

topological quantum materials. In contrast to their particle physics

counterparts, Majorana fermions in condensed matter physics are zero

energy, chargeless, spinless, composite quasiparticles, residing at the

boundaries of so-called topological superconductors (TSC) [3, 29]. More

importantly, MZMs obey non-Abelian exchange statistics that make them

attractive candidates for decoherence-free implementations of quantum

computers [62].

To realize MZMs in a solid-state platform requires a more exotic pairing

in which electrons with the same spin form a Cooper pair and condense

giving rise to so-called p-wave superconductivity [63,64]. However, such a

pairing is exceedingly rare in nature. As alluded to in the Introduction

and explained in detail in the Experimental and Results sections,

modern materials synthesis gives us an ability to go beyond naturally

occurring materials. We can fabricate new materials from known building

blocks with purposefully designed novel functionalities based on designer

material principles. The essential ingredient for realizing MZMs is the

combination of strong spin-orbit coupling with a Zeeman field or a spin-

nondegenerate metal with proximity-induced s-wave superconductivity

[35, 36]. For example, the recent realization of MZMs in nanowire-based

devices combines one dimensional (1D) semiconductor nanowires with

strong spin-orbit interaction, a magnetic field and s-wave superconductor

contacts [4]. Analogously, the same phenomena can be engineered to

occur on the atomic scale: a combination of ferromagnetically coupled iron

atoms on a superconducting substrate with strong spin-orbit interaction

can also be used to realize MZMs [5, 7]. In this scheme (energy diagrams

shown in Fig. 2.4a-d), Rashba-type spin-orbit coupling lifts the spin-

degeneracy of the bands (Fig. 2.4b) while out-of-plane Zeeman splitting

due to magnetization lifts the remaining Kramers degeneracy (Fig. 2.4c).

The arrows in the figure indicate canting of the electron spins due to the

interplay between Rashba-type spin orbit coupling and an out-of-plane

Zeeman field. The presence of both strong spin-orbit coupling and Zeeman

splitting gives rise to a non-trivial spin texture in momentum space, as

shown in Fig. 2.4c. If the Fermi energy is tuned into the magnetization

induced gap, this creates an effectively spinless system, i.e. a system with
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only one active fermionic species. This is precisely the required starting

point for realizing topological superconductivity.

Figure 2.4. Realization of topological superconductivity in designer heterostruc-
tures. (a) Energy spectrum for a simple parabolic band model. (b) Energy spec-
trum after adding Rashba-type spin orbit coupling. (c) Energy spectrum with
Rashba-type spin orbit coupling and a Zeeman field. (d) Energy spectrum in
the superconducting state. (e) Topological phase diagram of the parabolic band
model. (f) The calculated topological gap Δt as a function of the Rashba and
magnetization energies (in units of the superconducting gap Δ). (g) Schematic of
a system realizing topological superconductivity in a designer vdW heterostruc-
ture. Panel f and g reproduced with permission, from reference [65].

Adding superconductivity creates a particle-hole symmetric band

structure and the superconducting pairing opens gaps at the Fermi energy

(Fig. 2.4d). Obtaining p-wave superconductivity is guaranteed by the

nontrivial spin texture that causes the induced superconductivity to be

a mixture of s-wave and p-wave components. If the chemical potential μ

is tuned into the magnetization M induced gap, the system will enter

a topological phase when |ε(�k) − μ| ≤ M , where ε(�k) is the energy

of the band crossing at the high symmetry point in the absence of

magnetization. The topological phase diagram of this simple parabolic-

band toy model is depicted in Fig. 2.4e. The robustness of the topological

phase is characterized by the magnitude of the topological energy gap
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Δt. In the simple parabolic band model this quantity can be estimated

by Δt = αkF /[(αkF )
2 + M2]1/2, where α is the Rashba coupling and kF

the Fermi wavelength [34]. This is illustrated in Fig. 2.4f. While in real

materials the band structure is obviously more complicated, the simple

parabolic band model introduced here can provide basic understanding of

the physical mechanism of creating topological superconductivity.

The existence of MZMs is not restricted to 1D systems and the concept

has been extended to two-dimensional (2D) systems where 1D dispersive

chiral propagating Majorana fermions are expected to localize near the

edge of the system [44, 45]. In the case of a simple parabolic band

model, these chiral edge modes are expected to have a linear dispersion

and a constant density of states. However, these features are not

universal and model-specific details will affect the details of the edge

mode dispersion [49, 65]. While there have been promising signatures

of such 1D chiral Majorana modes on elemental bulk superconductors (Pb

and Re) [47, 48], these types of systems can be sensitive to disorder and

may require interface engineering through, e.g., the use of an atomically

thin separation layer. Besides, it is difficult to incorporate these materials

into device structures. I will discuss how the difficulties associated with

traditional systems can be overcome in vdW heterostructures combining

a 2D ferromagnet (CrBr3) and a superconducting substrate (NbSe2) as

illustrated in Fig. 2.4g in the Results section [65]. VdW heterostructures

offer many practical advantages: They can potentially be manufactured

by simple mechanical exfoliation, due to the weak vdW interactions, the

interfaces are naturally very uniform and of high quality, and the created

structures can be used in a device structure in a straightforward fashion.
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3. Experimental methods

3.1 Scanning tunneling microscopy

A scanning tunnelling microscope (STM) is an important experimental

tool in condensed matter physics by which individual atoms can be imaged

and manipulated. STM was invented in the early 1980s at the IBM Zurich

Research Laboratory by Gerd Binnig and Heinrich Rohrer [66], who were

awarded the Nobel Prize in Physics later in 1986. Since then STM has

become a well-established method in surface physics. STM cannot only

be used in ultra-high vacuum but also in ambient environment including

water or different liquid or gas environments at temperatures ranging

from sub Kelvin to several hundred Kelvin [67]. The operating principle is

briefly reviewed below - a more detailed analysis can be found in Ref. [68].

3.1.1 Basic principle of STM

The working principle of the STM is based on the quantum mechanical

tunnelling phenomenon. When a sharp metallic tip is brought very close

to a sample and a sufficient amount of bias voltage is applied, electrons

start passing from tip to sample or vice versa depending on the polarity

of the bias voltage. The gap (air or vacuum) between tip and sample

surface behaves as a tunnelling barrier and when it is thin enough,

electron can pass through this barrier. According to classical mechanics,

an electron cannot penetrate a potential barrier if its energy is lower than

the height of the potential barrier. On the other hand, in the quantum

mechanical picture, an electron can penetrate the potential barrier with

a finite probability even if its energy does not exceed the height of the

potential barrier if the thickness of the potential barrier is small enough.

In quantum mechanics, electrons with energy E moving in a potential
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U(x) can be described by the wave function ψ(x) which satisfies the

Schrödinger equation. The probability of finding the electron at point

x can be evaluated by calculating the square of the wave function. If

we consider a time-independent and one-dimensional potential barrier

between tip and sample as shown in Fig. 3.1, then the Schrödinger

equation can be written as

− �
2

2m

d2

dx2
ψ (x) + U(x)ψ(x) = Eψ(x) (3.1)

where m is the mass of the electron, E is the energy of the electron, � is

the reduced Planck constant, x the position and U(x) the potential along

x the direction

Figure 3.1. A simple model for the tunneling junction between the STM tip
and the sample. (a) No bias voltage is applied between STM tip and sample. (b)
A small bias voltage is applied. Purple line represents a plane electron wave
tunneling from the tip to the sample and the green curve from the sample to tip.

Considering the potential barrier illustrated in Fig. 3.1, there are the

regions with E > U (outside of the potential barrier) and E < U (inside

the potential barrier). The solution of the equation 3.1 in the classically

allowed (E > U ) region can be written as

ψ(x) = ψ(0)e±ikx (3.2)

with

k =

√
2m(E − U)

�
(3.3)

In equation 3.2, ± represents the propagation direction of the plane wave

and 0 is the location of the tip apex. The solution of Eq. 3.1 inside the

barrier can be found as

ψ(x) = ψ(0)e−αx (3.4)

where decay constant α inside the barrier is given by
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α =

√
2m(U − E)

�
(3.5)

Now if we take the square of the equation 3.4 we can measure the

probability of the electron passing through a barrier of width x

|ψ(x)|2
|ψ(0)|2 = e−2αx (3.6)

and the tunneling current I can be written as

I = I0e
−2αx (3.7)

where I0 is constant. Let us consider in a simple approximation that

the Fermi levels on either side of the barrier are aligned as shown in

the Fig. 3.1a. In this case no net current will flow through the barrier

as it is equally likely for an electron to tunnel left to right or right to

left. Now if we apply a small voltage difference across the barrier as

shown in the Fig. 3.1b, a net tunneling current flows through the barrier.

For simplicity, apart from the consideration of equal work functions of

the tip and sample, we also assume that the value of the applied bias

is much smaller than the work functions, eV << φ. The net current

flow between the tip and the sample depends on the decay constant α.

It decays exponentially with the tip-sample distance. The range of the

decay constant is in the Ångstrom scale, which means that the tunnelling

current is very sensitive to the tip-sample distance.

Figure 3.2. Basic working principle of STM imaging. (a) Constant-height mode.
(b) Constant-current mode.

The tip-sample distance plays an important role in the STM

experiments and it is typically < 1 nm. Thus the condition of the scanned

surface is crucial to avoid an accidental contact between the sample and

the tip. The sample surface need to be as clean as possible. To overcome

this problem, STM is most often performed on a single-crystalline sample

which has been cleaned under UHV conditions before scanning. There

are two modes of operation in STM experiments, namely the constant-
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height and the constant-current modes. In the constant-height mode, as

shown in the Fig. 3.2a, the tip moves at constant height while the changes

of the tunnelling current are recorded and this gives the information on

the topography of the surface. In the case of constant current mode (see

Fig. 3.2b), when the tip is scanned over the surface in xy-direction, the

feedback loop changes the tip-sample distance in z-direction to maintain

a constant tunneling current. The z-position of the tip is then used

as the topography signal. The most commonly used imaging method

is the constant-current mode. In addition to real topographic features,

electronic properties of the sample surface also have an effect on the

measured tunnelling current. In the Fig. 3.2, the two purple color atoms

denote substituent atoms with unique electronic properties compared to

the neighbouring atoms. For this reason the tunneling current changes

(Fig. 3.2a) or the feedback loop changes the tip-sample distance (Fig. 3.2b)

reflecting the change of local density of states.

In practice, the tip needs to be moved precisely both in vertical and

lateral directions. This can be achieved by moving the tip or the sample

using piezoelectric crystals. The movement of a piezocrystal can be

controlled accurately by applying an external electric field to it. The

most common mechanical design for a scanner is the tube scanner. As the

tunneling current is extremely sensitive to the tip-sample distance, a rigid

STM design is necessary, with additional vibration damping systems.

Typical methods for vibration isolation are eddy-current damping and

suspension-spring systems. The schematic of the STM setup is shown

in Fig. 3.3.

Figure 3.3. A schematic representation of an STM. An STM setup includes a
scanning tip, a piezoelectric scanner, tunneling current amplifier and a computer.
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3.1.2 Scanning tunneling spectroscopy

In addition to obtaining atomic resolution images of a surface, STM can

also be utilized to investigate the electronic properties of the surface.

The tunneling current does not only depend on the barrier width and

height but also on the local density of states (LDOS). Hence, STM images

do not directly depict the topography of the surface, but rather gives a

convolution of the topography and LDOS of the surface. On the other

hand, this implies that STM be used on purpose to obtain information

on the electronic structure of the surface at any particular point with

atomic spatial resolution. A positive bias (defined as sample w.r.t. tip)

will cause electrons to tunnel from the tip to the sample and a negative

bias from the sample to the tip. The applied bias voltage Vb will define

a bias voltage window between the tip and sample Fermi levels where

electron tunneling is possible. The total tunneling current is proportional

to the sum of all the states in this interval and can be written as (in the

limit of low temperature where Fermi broadening can be neglected),

I ∝
∫ eVb

0
ρsample(EF − eVb + ε)ρtip(EF + ε)dε (3.8)

where EF is the tip Fermi level, ρsample is the sample’s density states at

the position of the tip apex in the vacuum and and ρtip is the tip’s density

of states (at a given energy). Normally, it is assumed that the tunneling

probability between all states is equal. But in reality, the overlap of

the tip and sample orbitals can vary significantly. In this situation, so-

called tunneling matrix element M characterize the tunneling probability

between two orbitals and Eq. 3.8 can be written as

I ∝
∫ eVb

0
ρsample(EF − eVb + ε)ρtip(EF + ε)

∣∣M2
∣∣ dε (3.9)

If it is assumed that the density of states for metal tip is flat, and the

tunneling matrix elements do not change much in a small energy window,

then the tunneling current becomes proportional to the integral over the

sample states. Then, the LDOS of the sample for a particular energy is

proportional to the differential conductance of the tunneling junction at

the energy determined by the bias voltage

I ∝
∫ eVb

0
ρsample(EF − eVb + ε)ρtipdε (3.10)

=> ρ(eVb) ∝ dI(Vb))

dVb
(3.11)
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This very important result implies that STM can be used to measure

the LDOS of the sample with atomic spatial resolution by measuring the

differential conductance. Experimentally, this is typically done using a

lock-in amplifier. The output of the lock-in amplifier is used to modulate

the sample bias within the range of milivolts. The tunneling current

signal is then connected to the lock-in input and demodulated at the same

frequency as the output. The amplitude of the demodulated tunneling

current directly gives the differential conductance.

3.2 Atomic manipulation

Imaging individual atoms was a matter of great debate before the

invention of the STM by Gerd Binnig and Heinrich Rohrer in early 1980s.

Since then, it has been possible to image the atomic landscape of surfaces

in real space [69]. During STM imaging, especially with large set-point

currents, the STM tip can interact with the sample surface causing atomic

scale structural changes. These initially undesired changes became a

fascinating subject of study in the early 1990s and they are now called

lateral atomic or molecular manipulation [70]. The manipulation of atoms

depends on the tip-sample interactions. Atomic manipulation can be

divided into lateral (atom to be manipulated moves along the surface)

and vertical manipulation (atom is picked up by the tip). The processes

can be driven through inelastic tunneling, the electric field or chemical

interactions between the tip and the sample.

In a lateral manipulation experiment, atoms/molecules are relocated

across the surface. The first example of lateral manipulation was

demonstrated by Eigler and Schweizer in 1990 by writing the “IBM”

company logo with Xe atoms on a Ni(110) surface [70]. A typical lateral

manipulation procedure involves three steps: 1) vertically approaching

the tip towards the atom to be manipulated to increase the tip-sample

interaction, 2) dragging the atoms/molecules parallel to the surface under

the influence of the tip, and 3) retracting the tip back to normal position

while the atoms/molecules are left in the new position as shown in the

Fig. 3.4a. Tip-atom interactions during a lateral manipulation process

can be determined from the STM feedback or tunneling current signals

[71]. The nature of the force involved in the lateral manipulation can

be classified as ’pushing’, ’pulling’ and ’sliding’. Atoms follow the tip due

to attractive tip-atom interaction in pulling mode, while a repulsive tip-
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atom interaction drives atoms to move forward in pushing mode. Again

in sliding mode, the atom is trapped under the tip and it moves smoothly

along the surface together with the tip [72].

Figure 3.4. Schematic diagram of the atomic manipulation processes: (a)
Lateral and (b) vertical manipulation.

Fig. 3.4b shows the schematic of the vertical manipulation process.

This manipulation technique involves the transfer of atoms between

sample surface and tip. This process is mainly related to desorption

and subsequent adsorption of atoms on surfaces. The atom transfer

process can be done by using the electric field between the tip and

sample, or by exciting the atom with inelastic tunneling, or by making

tip-atom/molecule mechanical contact [72]. For example, in an electric

field-driven vertical manipulation scheme, once the tip is positioned

sufficiently close to the surface, the atom has two possible energetically

stable positions: more closely bound to the surface or to the tip. The

applied electric field modifies the energy barrier between the tip and the

sample and hence, the atom can jump to the tip apex. This can be reversed

by changing direction of the applied electric field between the tip and the

sample.

In our experiment, we used the lateral manipulation technique to make

1D lattices consisting of Cl vacancies in a chlorine monolayer on Cu(100)

surface. We moved Cl vacancies by moving the actual Cl atoms in

the opposite direction. This was achieved by increasing the tip-sample

interaction by using a large set-point current (1-3 μA) and by lowering

the bias voltage (from 500 mV to 100 mV). This causes the Cl atom to

move with the tip and the vacancy to hop in the opposite direction. This

manipulation scheme works with very high fidelity and we can use it to

create interacting artificial lattices with Cl vacancies as detailed in the

Results section.
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3.3 Molecular beam epitaxy

Molecular beam epitaxy (MBE) refers to an experimental technique where

multiple molecular beams are projected on the target sample under high

or ultra high vacuum, and it can be used to grow a variety of thin films

epitaxially on the surface. This methods was first introduced by J. R.

Arthur and J. J. LePore [73] in the late 1970s. MBE is considered to be one

of the fundamental techniques in the development of nanotechnologies

among the other available thin film growth methods. A typical MBE

set up, shown in Fig. 3.5, consists of a single or multiple Knudsen

diffusion cells (K-cells) and e-beam evaporators. All of the evaporation

sources are aligned such that the incoming flux is projected directly

on the target surface. The K-cells contain different molecules in solid

form and can be used to sublime them onto the target surface. Metals

are usually deposited using an e-beam evaporator. The molecular beam

accumulates into the target surface and forms a thin film on it. The final

stoichiometry of the thin film depends on the temperature and surface

atomic structures, as well as the individual component’s fluxes reaching

the substrate and their sticking coefficients.

Figure 3.5. Schematic diagram of a MBE system.

In the case of PI and PII, we used CuCl2 powder that starts to sublimate

when it is heated around a temperature of 580 K. When the CuCl2
molecular beam reaches a clean, hot (450-520 K temperature), Cu(100)

single crystal surface for 2-3 minutes followed by 10 minutes annealing

at the same temperature, a clean Cl monolayer with a (2 × 2) adsorption

structure forms on the surface. Depending on the exact deposition

parameters, vacancies can be created in the chlorine monolayer. By
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controlling the deposition time, we can ensure that there is a sufficient

number of chlorine vacancies on the surface.

In PIII, we grow magnetic VSe2 on a superconducting bulk NbSe2
substrate. Before starting the growth of VSe2, bulk NbSe2 is cleaved

inside the preparation chamber under ultra-high vacuum conditions. The

V metal rod is evaporated by e-beam heating under excess Se deposited

from a K-cell (temperature of about 570 K) onto a NbSe2 crystal held at

T = 520 − 540 K for 5-10 minutes depending on the envisaged target

coverage. The excess of Se helps to reduce the number of Se defects in

the resulting VSe2 monolayer. The sticking coefficient of Se is low enough

such that excess Se re-evaporates at the temperature of around 500K.

Hence, V atoms react with the Se atoms to form VSe2 and the excess

Se atoms leave the surface at the growth temperature. The sample is

transferred into the STM chamber immediately after the growth to avoid

Se contamination on the surface (as the sample cools).

Finally in the case of PIV, CrBr3 powder of 99 % purity was evaporated

from a single K-cell. To remove possible contaminants before growth, the

cell was degassed up to the growth temperature of 350◦C until the vacuum

was better than 1×10−8 mbar. Similarly to the VSe2 growth, we also used

a freshly cleaved (under ultra high vacuum environment) bulk NbSe2 as

substrate. The incoming molecular flux was stabilized by maintaining a

steady K-cell temperature for sufficient amount of time before starting

deposition on the sample. The coverage of the CrBr3 can be controlled

by simply controlling the deposition time. After the growth, the coverage

of the sample is checked by STM. The optimal substrate temperature for

the growth of CrBr3 monolayer films was found to be around 550 K. Below

this temperature, CrBr3 forms clusters on the surface.

3.4 Experimental setup

The scanning tunneling microscopy experiments in this thesis were

performed in a Unisoku (USM-1300) low temperature STM operating at

77 K to 300 mK with a possibility of applying an external magnetic field

(up to 11 T) perpendicular to the sample under UHV conditions. STS

was carried out using standard lock-in technique. Mechanically cut Pt/Ir

wires were used for all STM measurements. The whole Unisoku system

can be divided into 3 different UHV chambers: load-lock chamber, sample

preparation chamber and STM chamber as shown in Fig. 3.6 (left). The
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sample can be loaded into the UHV system through the load-lock chamber

without breaking the vacuum. A turbo pump is connected to this chamber

which can pump it down up to 10−9 mbar pressure. This chamber is

equipped with ion- and titanium sublimation pumps, which can maintain

the base pressure at ∼ 10−10 mbar. The other UHV chamber, the STM

chamber, connects to the STM insert for the actual STM experiments. All

chambers are connected with each other by gate valves and have separate

pressure gauges to monitor the pressure in each chamber.

Figure 3.6. The Unisoku LT-STM used for most of the measurements in this
work. (a) A simplified schematic of the Unisoku system (top view). (b) A
photograph of the Unisoku system with a close-up view of the STM head in the
inset. Photograph c©Aalto University/ Mikko Raskanen.

The preparation chamber is equipped with multiple Knudsen cells

and e-beam evaporators for depositing various materials onto the

target samples. An optical pyrometer is used to measure the sample

temperature in the range from 434 K to 1400 K. The sample manipulator

allows the sample to be rotated 360 degree angle and heated using

radiative heating from a DC heating filament and e-beam heating for

higher temperatures. The heating filament is build inside the sample

holder.
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4. Results

In this chapter the main results of the publications included in the thesis

are summarised. The first two publications are based on fabricating

atomically controlled artificial lattices using chlorine vacancies in the

c(2 × 2) adsorption layer on Cu(100). These experiments focus on

the study of the tuneability of the topological domain wall states in

trimer and coupled dimer chains, and energy engineering of flat bands

in quasi one-dimensional artificial lattices. PIII examines electronic

and magnetic properties of a VSe2 monolayer grown on superconducting

NbSe2. Finally in the last publication, topological superconductivity is

experimentally realized in ferromagnetic CrBr3 - superconducting NbSe2
vdW heterostructures.

4.1 Topological domain wall states in engineered atomic chains

Atomic manipulation by the STM tip allows us to place atoms in a

well-defined and pre-determined positions. Thus it is possible to build

designer quantum materials with ultimate control over their electronic

structure through atomic assemblies. These concepts can be also applied

to topological materials and systems with edges and interfaces. As

discussed in the theory section, topologically protected edge modes can

be realized in lattice structures implementing SSH model. While the

edge modes in the SSH model are exactly at the mid-gap energy, other

1D models such as trimer and coupled dimer chains have edge states

with tuneable energies (refer to Fig. 2.3). Recently, it was shown that

vacancy defects in the c(2×2) chlorine superstructure on Cu(100) make an

excellent system for large-scale atomic assemblies [15,26]. An individual

Cl vacancy hosts a well-defined vacancy state below the conduction band

edge of the chlorine layer. They can interact when placed sufficiently close
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Figure 4.1. Electronic structure of Cl vacancies and vacancy dimers. (a)
Conductance spectra acquired on the chlorine layer (green) and on an isolated
vacancy (purple). (b) Conductance spectra acquired at the marked positions in
the topography of a coupled dimer separated by a single Cl atom (inset: top).
The dI/dV maps taken at 3.3 V (middle) and 3.6 V (down) of the corresponding
dimer. (c) Conductance spectra acquired at the marked places in the topography
of coupled dimer separated by double Cl atoms (inset: top). The dI/dV maps
taken at 3.45 V (middle) and 3.53 V (down) of the corresponding dimer. Figure
reproduced with permission, from reference [15].

to each other and form interactive lattice structures. Using this artificial

lattice system, we demonstrate the tuneability of the topological domain

wall states in one-dimensional atomic chains.

To understand the interaction between two isolated chlorine vacancies,

as shown in Fig. 4.1, vacancy dimers can be constructed at different

separations through lateral manipulation and the coupling between them

can be assessed by analyzing the conductance spectra. An overview image

of the chlorine layer with several vacancies and typical dI/dV spectra of

the vacancy states are shown in Fig. 4.1a. The chlorine superstructure

contains a prominent conduction band edge at a bias of about 3.5 V (green

line) and it is clear that the vacancy sites host an electronic state below

the band edge (purple line). Coupling between the vacancies modifies

the spectra, and they form bonding and anti-bonding combinations of

the vacancy state wave-functions (see Fig. 4.1b, c) with a tuneable

coupling depending on their separation. The hopping amplitudes can

be estimated by measuring the energies of the bonding and antibonding

states in vacancy dimers [15]. Thus we can form artificial interacting

lattice structures by assembling Cl vacancies. Based on our data, the

hopping amplitudes can be estimated and controllably tuned between

t ≈ 0.14 eV and t ≈ 0.04 eV (see the reference [15] for details). These

values can be inserted into tight-binding (TB) calculations to simulate

the experimentally realized structures.

A trimer chain with a domain wall is shown in Fig. 4.2a. The calculated

band structures of trimer chain consists of three energy bands and the

domain wall states live inside the band gaps (as shown in the Fig. 2.3).

In addition to the STM topography Fig 4.2a shows dI/dV line spectra
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Figure 4.2. Experimental realization of a trimer chain. (a) Stacked contour plot
of dI/dV spectra taken along a trimer chain. The chain topography is shown on
top for reference (bias 0.5 V, current 1 nA). (b) STM topography of trimer (top),
experimental dI/dV and simulated LDOS maps at the biases indicated in the
figure. dI/dV maps are recorded in the constant-height mode (determined by set-
point current of 1 nA). Theoretical plots are based on a tight-binding model with
t1 = 0.14 eV, t2 = t3 = 0.04 eV. Scale bars, 2 nm. (c) Energies (w.r.t. the on-site
energy) of the trimer chain in-gap states depending on the hopping t3 calculated
with a tight-binding model with t1 = 0.14 eV, t2 = 0.04 eV. The shaded areas
indicate the three bands of the bulk trimer chain and the dashed vertical line
marks t3 = t2. (d) Experimental realizations of modulating the hopping t3 into
the domain wall site (t3 = 0.04; 0.07; 0.14 eV). The panels are labelled with the
strength of the hopping. In each case, we show STM topography (top, set-point
0.5 V/1 nA), dI/dV map acquired at a bias close to the in-gap state (3.45, 3,48, and
3.38 V, respectively) and the corresponding simulated LDOS map. Scale bars, 2
nm. (e) Comparison between the simulated LDOS maps in the case t3 = 0.14
eV and the experimental constant-height dI/dV maps as a function of energy.
The red arrow marks the energy of the in-gap state. Figure reproduced with
permission, from reference [59].

measured along the chain. The localized state at the domain wall site is

clearly visible at an energy close to the on-site energy of a single chlorine

vacancy. It can also be seen in the spatially-resolved dI/dV maps shown

in Fig. 4.2b. The LDOS maps at biases below the energy of the domain

wall state show delocalized states that live along the whole chain. The

experimental LDOS maps can be reproduced by TB calculations with high

fidelity. In this experimental system, it is difficult to access the higher

energy gap of the trimer chain as it close to the conduction band of the

chlorine layer [15]. This prevents probing the higher energy localized

state at the domain wall site.

Utilizing the precise control of the atomic manipulation with the STM,
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we can now play with the hoppings between the bulk chain and the

domain wall site. We can tune the hoppings t3 by fabricating different

configurations next to the domain wall. The tuneability of the trimer

chain is shown in Fig. 4.2c where the energy of the domain wall states

changes with the different values of the t3 hopping. The domain wall

states remain in the gaps as long as the hopping t3 is not much smaller

than the weaker hopping t2. Here, we experimentally tune the hopping t3
from 0.04 eV (weakest) to 0.14 eV (strongest) (see Fig. 4.2d).

The energy variation of the domain wall states (Fig. 4.2) can be

understood by considering the limiting cases and only focussing on the

domain wall site and the first trimers next to it. If the hopping to the

domain wall site is similar to the weak hopping, the domain wall site

hybridizes with the zero energy eigenstates of the trimers and this results

in domain wall states at energies similar to the weak hopping, i.e. close

the edge of the middle band. If the hopping to the domain wall site is made

stronger, the states move deeper into the gaps. As the other limiting case

with strong hopping onto the domain wall site, it forms a very strongly

coupled trimer with the edge sites of the neighbouring trimers. This

system will have a bonding (an antibonding) level that is below (above)

all three bands. In addition, there will be a state at zero energy (that

hybridizes with the middle band) and two more states that are in the

gaps. In the limit large t3, their energy will approach the value of the

stronger hopping in the chain (in the case shown in Fig. 4.2c, this is given

by t1 = 0.14 eV).

Determining the domain wall energy directly from the experimental

dI/dV spectra is difficult in our system because of the energy broadening

and higher lying states coinciding with the conduction band of the

chlorine layer. Instead, we can use a method where the experimental

LDOS maps are compared with the simulation without freely adjustable

parameters. The on-site energy, the energy broadening, and the spatial

shape of the square of the wave function can be extracted from the

measurement on a single chlorine vacancy. Using these values, the

simulated LDOS maps are compared with the experimental constant-

height LDOS maps for the corresponding energy as shown in Fig. 4.2e.

If we look at the simulation carefully, we can see that the contrast inside

the unit cell changes when we approach from lower to the on-site energy.

For energies below the on-site energy, the middle site is brighter than the

edge sites while it is opposite at around on-site energy. In the case of the
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domain wall segment, the edge atoms are the brightest and the middle of

the domain wall is the second brightest feature around the domain wall

energy marked with a red arrow in Fig. 4.2e. All of these experimental

constant-height LDOS maps match with simulations nicely. This also

holds true for the other domain wall structures (see PI for the details).

This shows that the energies of the domain wall states in a trimer chain

can be tuned.

The tuneability of the domain wall states can be increased even further

by fabricating coupled dimer chains. This is the artificial analogue of the

naturally occurring indium dimer rows on silicon, where the domain wall

states have a hidden topological origin as pointed out in the reference [8].

The different phases of the coupled dimer chain can be expressed in terms

of phases A and B (Fig. 4.3a) that denote the dimerization in each chain.

This yields categorizations AA, AB, BA, or BB for the coupled chain. The

domain wall states can then be classified based on whether they shift the

dimerization in only one (e.g., AA → AB or AA → BA) or both chains

(e.g., AA → BB). In contrast to the naturally occurring indium dimer

rows on silicon -system, the artificial system readily allows fabricating a

domain wall between any of the four different phases shown in Fig. 4.3a.

We have realized all the structures shown in Fig. 4.3b and characterized

the domain wall states using dI/dV spectroscopy and LDOS mapping.

Starting from the AA coupled dimer chain, the domain walls have three

different electronic level structures as shown in Fig. 4.3c. The AA → BA

and the AA → AB coupled dimer chains have two in-gap states while

AA → BB chain has three states within the gaps. In the case of the

first domain wall AA → BA, the lower energy in-gap state is close to

the edge of the lower energy band and the higher energy in-gap state is

close to the edge of the upper band and both of these in-gap states are

localized on the domain wall. These two states are clearly visible in the

dI/dV maps acquired at 3.40 V and 3.58 V, respectively, which again are

in line with the simulated results (see Fig. 4.3d). For another domain wall

(AA→ BB), the lower energy in-gap state is close to the upper band edge

and the higher energy in-gap state is close to the lower band edge. These

two in-gap states are also localized on the domain wall. These examples

highlight that we can implement arbitrary domain wall structures in our

chains. The tuneability give us full control over the structure and allows

us to reproduce also lattice and domain wall structures that do not occur

in nature.
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Figure 4.3. Domain wall states in coupled dimer chains. (a) The four different
phases of a coupled dimer chain. (b) The different kinds of domain walls that we
have constructed. (c) The energy diagrams of the domain walls shown in panel
b. (d) Experimental realizations of the AA → BA and AA → AB domain walls.
Figure reproduced with permission, from reference [59].

4.2 Designer flat bands in one-dimensional artificial systems

There has been an enormous interest in systems exhibiting one or more

energy bands which are flat i.e. the electron energy does not depend on

the momentum. The flat band systems are suitable to study strongly

correlated phenomena, such as superconductivity, fractional quantum

Hall effect, ferromagnetism etc. and can also enhance the transition

temperature of, e.g., superconducting phases [74]. While flat band (FB)

systems have existed in theoretical proposals for a long time [75–83], their

experimental realization has been challenging. Flat bands have been

recently realized experimentally in optical systems and ultracold atomic

gases [84–89], in electronic systems arising in real materials (notably

twisted bilayer graphene) [90–93], and recently, in artificial materials

fabricated through atom manipulation with the STM [15,28,94,95]. Using
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the very highly controlled artificial lattices with chlorine vacancies, in

PII, we have investigated flat band engineering in quasi- one-dimensional

chains. We have realized both gapped and gapless flat band systems with

single or multiple flat bands experimentally and demonstrated how to

engineer flat band system to turn on and off the flat bands by breaking

the symmetry of the lattice geometry.

In general, flat bands can be created by either fine-tuning the couplings

between the lattice sites or by using specific lattice symmetries. While it is

obvious that the first option is sensitive to small changes in the hoppings

between the lattice sites, the latter approach can in principle yield robust

flat bands. In this case, the flat bands rely on the existence of compact

localized eigenstates that result due to destructive interference, which

is enabled by the local symmetries of the lattice. Typical realizations of

this situation use a bipartite lattice [96], where the different sublattices

have different connectivities; rim sites that have lower connectivity and

hub sites that have a higher connectivity. A bipartite symmetry emerges

because the hub sites are only directly coupled to rim sites, and vice versa.

For example in the case of the diamond lattice (Fig. 4.4), there are rim

sites which only have two nearest neighbours and hub sites that have four

nearest neighbours. Then, we can have states that have wavefunction

intensity only on the hub sites and there are no hoppings that would

connect them to the neighbouring unit cells. This is precisely the type

of a localized eigenstate that is a requirement for the formation of a flat

band.

While these flat bands are robust w.r.t. the specific values of hoppings, it

is easy to see why next-nearest neighbour hoppings can cause the bands

to become dispersive. Next-nearest neighbour hoppings can connect a

localized eigenstate that lives on some lattice site of the unit cell with

the corresponding lattice site in a neighbouring unit cell. This destroys

the localized compact nature of the eigenstates and causes the bands to

become dispersive. Specific examples of this phenomenon in the case of

e.g. a cross lattice are discussed in the following.

To illustrate the concept of constructing flat bands, we have considered

several text book examples of 1D system that exhibit flat bands such

as diamond, 1D cross and stub lattices (see Fig. 4.4). In these example

structures, the flat bands stem from the local lattice symmetry rather

than fine tuning of the coupling between the lattice sites [97,98]. Despite

this, the flat bands can acquire dispersion if we include non-zero next
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Figure 4.4. 1D flat band lattice structures. (a) Schematic of 1D cross lattice
structure and a zoom-in showing the nearest-neighbour (t) and NNN hoppings
(t′). (b) Calculated energy spectrum of the 1D cross lattice. (c) Schematic of
1D diamond lattice structure (top) and calculated energy spectrum of the lattice
(bottom). (d) Schematic (top) and calculated energy spectrum (bottom) of the
stub lattice structure. The dotted and solid lines represent the band structures
for zero and non-zero NNN hoppings. Figure reproduced with permission, from
reference [99].

nearest neighbour hoppings. For example, the calculated band structures

of the cross lattice (Fig. 4.4a,b) show how one of the two flat bands at the

mid-gap energy becomes dispersive when next-nearest interactions are

turned on. Flat bands can also occur in a gapless system as shown in

Fig. 4.4c. In addition to the flat band, the diamond lattice has a Dirac like

bands that touch at the edge of the 1D Brillouin zone. While in the case

of the cross lattice, one of the flat bands remained flat in the presence of

NNN hoppings, in the stub lattice (see Fig. 4.4d) the flat band turns into

a dispersive band (the solid red line) with NNN hoppings.

We have fabricated all of these flat band lattices using atomic

manipulation in the Cl vacancy system discussed in the PI. Fig. 4.5

shows the experimental realization of 1D flat bands in diamond and cross

lattices structures. Along with the topography, we have measured LDOS

maps of the flat and dispersive bands by dI/dV signal in constant-height

mode and compared these with simulated LDOS maps at corresponding

energies (see Fig. 4.5a,d). In the case of the diamond lattice, the lower

energy map shows the dispersive band, while the flat band can be

visualized at the bias close to the on-site energy. The flat band is localized

on the rim sites and the dispersive band can be seen on all lattice sites.

Similarly, as shown in Fig. 4.5d, the dispersive and flat bands of the

cross lattice can be visualized by the LDOS maps measured at the bias
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Figure 4.5. Experimental realization of the flat band lattices. (a) The
topography (top), the dispersive (middle) and flat band (bottom) LDOS map of
a diamond lattice. (b,c) Experimental and simulated dI/dV spectra taken on the
sites with maximum flat band (purple) and dispersive band (green) intensity
of diamond chain (vertical dash line represents the on-site energy). (d) The
topography (top), the dispersive (middle) and flat band (bottom) LDOS map of
a 1D cross lattice. (e,f) Experimental and simulated dI/dV spectra taken on the
sites with maximum flat band (purple) and dispersive band (green) intensity
of 1D cross chain (vertical dash line represents the on-site energy). Figure
reproduced with permission, from reference [99].

voltages of 3.15 V and 3.5 V, respectively. The effect of the NNN hoppings

can be clearly seen by examining the LDOS map of the cross lattice

structures. Without NNN hoppings, one would expect nearly the same

intensity on the sites 1, 2 and 4 for the flat band LDOS map (see PII for

the details). The major difference between the diamond and cross lattices

is the presence of an energy gap between the flat and the dispersive bands,

which can be clearly seen in the experimental dI/dV point spectra shown

in Fig. 4.5b,e. The experimental spectra are inline with corresponding

simulated dI/dV point spectra shown in Fig. 4.5c,f. The spectra were

acquired on the sites corresponding to the highest LDOS intensity on the

dispersive (green) or the flat bands (purple). In the case of the diamond

chain, the Dirac-like dispersive band has zero gap and correspondingly,

the dI/dV spectrum corresponding to the dispersive band is similar to the

flat band spectrum due to the energy broadening (the spectrum measured

on the site with the highest flat band LDOS has slightly narrower spectral

width). On the other hand, the spectral features at the maximum

dispersive band LDOS are clearly shifted to lower energies for the cross

lattice reflecting the energy separation between the dispersive and the

flat bands.

The number of the flat bands of a particular lattice depends on the unit

cell structure and arrangement of the lattice sites around the connector

sites [100]. By analyzing different specific geometries, it is possible to
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create lattice structures containing multiple dispersionless bands even

in the presence of the NNN hoppings. It is also possible to turn on/off the

flat bands by maintaining/breaking the mirror symmetry of the chain. For

example, consider the diamond lattice (see Fig. 4.5a) having a flat band

at the on-site energy. If we break the symmetry by adding extra sites

on one side of the diamond chain as shown in Fig. 4.6a,b, the calculated

energy spectrum (see Fig. 4.6a) shows that the flat band splits into two

dispersive bands. Fig. 4.6b shows the dI/dV LDOS map of dispersive

bands acquired below and at the on-site energy, respectively. It is also

possible to regain the symmetry by adding the same number of extra

sites on the other side of the asymmetric chain, which results in three

completely flat bands along with the two dispersive bands as shown in

Fig. 4.6c. The experimental dI/dV LDOS maps acquired at bias voltages

of 3.14 V and 3.5 V (Fig. 4.6d) show that the lower energy flat band is

localized on the added sites, while the flat band at the on-site energy sits

on the center row of the chain, which is consistent with the simulated

LDOS maps. The flat bands formed in this modified diamond chain are

formed by having zero wave function amplitude at different connecting

lattice sites. This is illustrated in the inset of Fig. 4.6c, where the red

symbols indicate which sites have zero wave function intensity. This

is directly reflected (with some additional energy broadening) in the

experimental dI/dV maps shown in Fig. 4.6d. The simulated LDOS maps

are in excellent agreement for the lower band for both the symmetric

and asymmetric modified diamond chains (middle panels in Fig. 4.6b,d.

On the other hand, the outer-most sites have some extra intensity in

the experimental LDOS maps compared to the simulated maps for the

middle flat band (middle panels in Fig. 4.6b,d). This could be due to

some additional energy broadening; nevertheless, the order of the relative

intensities of the various sites compares nicely with the simulated results.

In conclusion, our results show the successful construction of atomically

precise 1D chains exhibiting flat bands. Depending on the exact geometry

of the lattice structures, the NNN interactions can cause the flat bands to

become dispersive. Further modification of the unit cell allows tuning the

number and energy position of the flat bands and they can be turned off

and on by breaking and restoring the symmetry of the chain geometry.
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Figure 4.6. Experimental control of the presence of the flat bands. (a) Calculated
band structure of an asymmetric modified diamond chain. (b) Dispersive and flat
band LDOS maps of the asymmetric modified diamond chain at the indicated
bias voltages. The topography and simulated LDOS maps at corresponding
energies are given for reference. (c) Calculated band structure of the symmetric
modified diamond chain. The insets indicate the sites with zero wave function
amplitude for the different flat bands. (d) Dispersive and flat band LDOS maps
of the symmetric modified diamond chain at the indicated bias voltages. The
topography and simulated LDOS maps at corresponding energies are given for
reference. Figure reproduced with permission, from reference [99].

4.3 Epitaxial ferromagnetic-superconductor van der Waals
heterostructures

There has been a lot of recent interest on designer materials that

would have exotic electronic properties not found in naturally occurring

materials. For example, integration of different materials with

distinct quantum ground states in vertical or lateral heterostructures

promises unique electronic properties that are not found in the

constituent layers. This designer concept has been implemented

in systems combining magnetism and superconductivity to realize

topological superconductivity [4, 5, 11, 101, 102]. Although topological

superconductivity is experimentally realized in 1D magnetic chains and

2D nanoscale islands made of magnetic adatoms proximitized with s-wave

superconductor systems, more robust experimental systems are needed

as these types of the systems are sensitive to disorder. The reports on

the magnetization of 2D layered materials (e.g. CrI3, CrBr3, VSe2 [53,57,

103]) down to monolayer limit makes it possible to extend the designer

concept to vdW heterostructures with the aim of realizing topological

superconductivity. In PIII, we have synthesised a superconductor-magnet

hybrid heterostructure by combining superconducting niobium diselenide
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(NbSe2) with the monolayer vanadium diselenide (VSe2) and investigated

the electric and magnetic properties of this vdW heterostructures using

low temperature STM and magnetic measurements.

VSe2 was grown on NbSe2 by MBE (see Section 3.3 for details).

Vanadium is evaporated under an excess flux of selenium onto the cleaved

clean NbSe2 bulk crystal in UHV and the sample is heated to T = 520−540

K during the growth. Fig. 4.7a shows high quality, atomically smooth,

large area monolayer VSe2 islands grown epitaxially on bulk NbSe2. The

relatively high VSe2 coverage results in the formation of a partial second

layer of VSe2. The blue line profile in Fig. 4.7a shows that the apparent

height of the island is 6.5 Å which is consistent with the unit cell height

[104]. The lattice constants of the VSe2 and NbSe2 can be measured from

the STM images and the values are 3.5±0.1 Å and 3.4±0.1 Å, respectively.

While the atomically resolved STM images of the NbSe2 crystal surface

(see Fig. 4.7d) show the well-known 3×3 charge density wave modulation,

we do not detect a charge-density wave on the monolayer VSe2 surface

(see Fig. 4.7c) even at a temperature of T = 4.2 K.

According to density-functional theory (DFT) calculations, the lowest

energy phase of VSe2 can be either the H- or the T-phase [105–110].

Despite the theoretical prediction of the existence of the 2H-phase, we

find only the presence of the 1T-phase with no evidence of the existence of

the H-phase. Fig. 4.7e shows the fully relaxed geometry of the VSe2/NbSe2
heterostructure. The energetically most favourable stacking has the lower

layer Se atoms of VSe2 on top of hollow site of the NbSe2 (2.94 Å from Se

in NbSe2 to Se in VSe2) and V on top of Nb, with a distance of 6.16 Å from

Nb to V.

Figure 4.7. Growth of VSe2 on NbSe2. (a) Large scale scanning tunneling
microscopy (STM) image of submonolayer VSe2 on NbSe2. Scale bar: 25 nm.
(b) Line-profile along the blue line shown in panel a. (c,d) Atomically resolved
images on VSe2 (c) and NbSe2 (d). Scale bars: 1 nm. (e) Fully relaxed gerometry
of the VSe2 on NbSe2 heterostructures from the side (left) and top views (right).
Figure reproduced with permission, from reference [111].
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We have also examined the electronic properties of VSe2/NbSe2
heterostructure by both STS and DFT. The electronic structure and the

simulated and experimental STS are shown in Fig. 4.8a-f. Comparing

the experimental spectra for the monolayer and the bilayer VSe2 shown

in Fig. 4.8d, there are peaks close to the Fermi level at both positive

and negative bias, which are more pronounced for the bilayer compared

to the monolayer. Their energy gap is ∼ 0.2 eV with an abrupt edge

at positive energy (peak p1) and smoother edge at negative energy that

develops to peaks labelled with n1/n2. At larger positive or negative

bias, several peaks can be distinguished with the peak positions shifting

between the mono- and bilayer spectra. The spectra are not noticeably

position-dependent in the middle of the VSe2 islands.

Fig. 4.8a shows the calculated band structure for the non-magnetic (NM)

phase of VSe2. There is a flat band between between Γ- and K-points

which is localized at the Fermi energy. As a result, this leads to a strong

peak at the Fermi level in the DOS and also in the simulated STS shown

in Fig. 4.8b,c. This is however inconsistent with our experimental results.

The NM phase is unstable in the calculation and may either develop

CDW or ferromagnetism depending on the computational parameters. In

the CDW phase, DOS shows a clear gap slightly above the Fermi level.

Even though simulated DOS is relatively consistent with experimental

STS data, we do not detect any CDW in the STM topography. Finally, in

the case of a ferromagnetic phase, spin-up and spin-down band structures

are shifted in energy consistent with itinerant FM. The calculated DOS

and STS spectra also show the splitting of the peaks with respect to NM

phase. As this splitting occurs at the Fermi level, the lower branch of the

splitting could explain the peaks n1/n2, while the upper branch matches

with the peak p1 at slightly above the Fermi-level. The FM phase also

seems to yield a better match between the simulated and experimental

STS for the peaks p2 and p3 in the monolayer sample.

In addition to the electronic characterization, we have also examined the

magnetic properties of VSe2 grown on NbSe2 using magnetometry. Our

VSe2 samples give an in-plane magnetic response as shown in Fig. 4.9a,

which is typical for this system [112]. The hysteresis loops have small

coercivity and remanence while the magnetization Ms is saturated at

around 200-300 mT with a very weak temperature dependence in the

temperature range from 10 to 300 K (see Fig. 4.9b). The data shown in

Fig. 4.9a fits nicely with a Brillouin function, which assumes the presence
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Figure 4.8. Electronic properties of VSe2 on NbSe2. (a) Calculated band
structure of VSe2 (non-magnetic state). The color of the symbols reflects
character of the states with with blue corresponding to vanadium and orange
to selenium. (b,c) Calculated projected density of states (PDOS) as a function of
energy (b) and simulated dI/dV spectra (with two different broadenings, panel
c) for the non-magnetic and charge-density wave states. (d) Typical long-range
experimental dI/dV spectra on 1 and 2 monolayer (ML) VSe2 on NbSe2 as
a function of sample bias. (e,f) Simulated dI/dV spectra (with two different
broadenings, panel e) and calculated PDOS (panel f) for the ferromagnetic
ground state. All the calculations correspond to unstrained monolayer VSe2.
Figure reproduced with permission, from reference [111].

Figure 4.9. Magnetic measurements on monolayer (ML) VSe2 on NbSe2. (a)
Magnetization curves (sample magnetization M as a function of external field
H) taken at T = 10 − 300 K along with a Brillouin fit to the 10 K data. (b) The
temperature dependencies of the saturation magnetization Ms and the coercive
field Hc. Figure reproduced with permission, from reference [111].

of a paramagnetic background signal similar to the previous studies

[113]. This suggest that such a background contributes significantly to

the measured magnetization. In the inset to Fig. 4.9a, the difference

between the data and fit is plotted. This shows the presence of a small

ferromagnetic signal in the sample. While exfoliated VSe2 flakes exhibit

a ferromagnetic response with a Curie temperature of ca. 470 K [114],

epitaxial growth results in a polycrystalline 2D VSe2 layer which may

affect the observed behavior.

We have also investigated the superconducting proximity effect on the

VSe2 using STS measurements. A normal metal can be proximitized

into a superconducting state. The superconducting order parameter
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Figure 4.10. dI/dV spectroscopy as a function of sample bias on VSe2 layers on
NbSe2. (a) Spectra measured on clean NbSe2 and on 1 and 2 monolayer (ML)
of VSe2 (spectra offset vertically for clarity). (b) The measured energy gap as a
function of the VSe2 thickness (the error bars shown in panel b are 0.02, 0.02,
and 0.04 meV, respectively, and represent the confidence interval of the fit). (c)
Spectra measured at different locations, including over the edge of a VSe2 island.
(d) Topographic scanning tunneling microscopy (STM) image and a constant-
height dI/dV map at zero bias over an edge of a VSe2 island. Scale bars: 6
nm. Figure reproduced with permission, from reference [111].

is expected to decay exponentially at the superconductor-metal or

superconductor-ferromagnet (SF) interface [115, 116]. This phenomena

can also occur in VSe2/NbSe2 heterostructures. Fig. 4.10a shows the

dI/dV spectra measured on the VSe2 layers with different thicknesses

along with the bulk NbSe2 substrate. The superconducting gap width is

significantly reduced with the presence of 1 or 2 ML VSe2 compared to

the bare NbSe2 substrate. A further quantitative analysis shows that

the decrease of the gap width follows an exponential dependence of the

thickness of the VSe2 with a decay length λ = 1.3±0.1 nm (1 ML thickness

is roughly 0.65 nm) as shown in Fig. 4.10b. The decay length is much

smaller than the recent experimental values on Bi2Se3 on NbSe2 [117].

This faster decay observed in the case of VSe2 can be explained by the

magnetism of the VSe2 layer in contrast to the Bi2Se3/NbSe2 system [117].

Finally, we have studied the spectroscopic response over the edges of the

VSe2 as shown in Fig. 4.10c. The spectra evolve from the typical gapped

structure over the NbSe2 into a sharp peak at zero bias at the edge of

the VSe2 islands. This zero bias conductance peak is very localized at the
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edge of VSe2 islands. It is also inhomogeneously distributed along the

edges of the island which can be clearly seen in the constant height dI/dV

map taken at zero bias (see Fig. 4.10d). In addition, the width of the zero

bias peak is strongly position dependent. On some VSe2 island edges, the

peak width is larger than the superconducting gap width. The reason is

most likely related with the changes of the gap structure of the underlying

superconductor due to local magnetic fields arising from the edges of the

VSe2 islands.

Based on our experimental and computational data, it seems likely

that VSe2 is magnetic. DFT modelling points to possible ground states

exhibiting either CDW or ferromagnetic order and STM images show

no evidence of a CDW pattern. Bulk magnetization measurements

are consistent with in-plane ferromagnetic response, even though

quantitative analysis is made difficult by the presence of a large

paramagnetic background signal. STM spectroscopy experiments show

a significant reduction of the superconducting gap of the NbSe2 substrate,

which would also be most easily explained by magnetism of the VSe2
layer. It has been theoretically predicted that in-plane magnetization

coupled with the Ising-type spin-orbit interaction in NbSe2 could give rise

to nodal topological superconductivity [118, 119] with flat Majorana edge

bands. We do not observe edge modes consistent with these expectations.

Instead, the dI/dV is enhanced and strongly position-dependent at the

Fermi level around the edges of the VSe2 layer, which could arise from

e.g. the presence of free unpaired spins giving rise to the Kondo effect

[120, 121]. To overcome the limitations of this material system, we will

follow the recipe of coupling out-of-plane ferromagnetism with Rashba-

type spin-orbit coupling to realize a system exhibiting Majorana edge

modes in the next section.
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4.4 Experimental realization of the Majorana edge modes

Topological superconductivity has received intense interest during the

recent years as it promises Majorana-based qubits for topological

quantum computing technology [11, 122, 123]. Majorana zero-energy

modes (MZM) have been reported in several different experimental

systems. The most prominent examples are the semiconductor

nanowires with strong spin-orbit coupling and ferromagnetic atomic chain

proximitized with an s-wave superconductor [4, 5, 7, 11, 123–125]. It

has also been reported that the MZMs emerge in the vortex cores on a

proximitized topological insulator surface [40, 126] or on FeTe0.55Se0.45
superconductor surface [41–43]. On the other hand, in two-dimensional

systems, it is proposed that the 1D dispersive chiral Majorana modes

can be realized at the edges of an island of magnetic adatoms on

the surface of an s-wave superconductor [44–46]. Experimentally, the

1D chiral Majorana modes have been reported recently around the

nanoscale magnetic islands either adsorbed on a Re substrate [48], or

buried below a single atomic layer of Pb [47] and in domain walls in

FeTe0.55Se0.45 [49]. However, these kind of systems are sensitive to

disorder and may require further engineering to observe the desired

response. These problems can be circumvented in van der Waals (vdW)

heterostructures, where the different layers interact only through vdW

forces [50]. In the PIV, we have introduced a designer approach to

demonstrate the fabrication of a van der Waals (vdW) heterostructure

combining 2D ferromagnetism with superconductivity to experimentally

realize 2D topological superconductivity. We use molecular-beam epitaxy

(MBE) to grow two-dimensional islands of ferromagnetic chromium

tribromide (CrBr3) [57] on superconducting niobium diselenide (NbSe2)

and demonstrate the existence of the one-dimensional Majorana edge

modes using low-temperature STM and STS.

Fig. 4.11a shows a constant-current STM topography of the CrBr3
island grown on the bulk NbSe2 by MBE. The CrBr3 monolayer grows

with atomically precise edges, and it shows a well-ordered moiré pattern

with 6.3 nm periodicity arising from the lattice mismatch between CrBr3
and the NbSe2 substrate. An atomically resolved STM image is shown

in Fig. 4.11b, where the periodicity of the triangular protrusions is

6.5 Å, which is consistent with a recent experimental value (6.3 Å) of

monolayer CrBr3 grown on graphite [57]. We have supplemented our
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Figure 4.11. Realization of topological superconductivity in CrBr3-NbSe2
heterostructures. (a) STM image of a monolayer thick CrBr3 island grown
on NbSe2 using MBE (STM feedback parameters: Vbias = +1 V, I = 10 pA,
scale bar: 10 nm). (b) Atomically resolved image on the CrBr3 layer (STM
feedback parameters: Vbias = +1.7 V, I = 0.5 nA, image size: 19 × 19 nm2). (c)
Calculated structure and the induced spin-polarization from density-functional
theory calculations. (d) Experimental dI/dV spectroscopy on the NbSe2 substrate
(blue), the middle of the CrBr3 island (red) and at the edge of the CrBr3 island
(green) measured at T = 350 mK. Figure reproduced with permission, from
reference [65].

experimental results by comparing it with the DFT calculations. A fully

relaxed geometry of a CrBr3/NbSe2 heterostructure is shown in Fig. 4.11c.

According to the calculations, the triangular protrusions corresponds to

three Br atoms as shown with the red triangle in Fig. 4.11c. As expected

for vdW heterostructures, DFT calculations also suggest that the CrBr3
monolayer retains its ferromagnetic ordering with an out-of plane spin

orientation (see Fig. 4.11c). The magnetization density suggest that

the magnetism arises from the partially filled d-levels of the Cr3+ ion.

Further measurement with magneto-optical Kerr effect also confirmed

the presence of the magnetization of CrBr3 islands grown on NbSe2.

As outlined in the theory Section 2.4, we have the required key

ingredients (Rashba-type spin-orbit coupling, out of plane magnetization

and s-wave superconductivity) in our system to realize topological

superconductivity experimentally. We have probed this by STS

measurements at a temperature T = 300 mK. Fig. 4.11d shows

experimental dI/dV spectra (raw data) taken on different locations

indicated in Fig. 4.11a. While the dI/dV spectra taken on the bare

NbSe2 shows a hard gap with zero differential conductance around zero

bias, a small non-zero differential conductance at ±0.3 mV (red arrows)

can be seen in the spectra taken on the CrBr3 island. This is because

of the formation of Shiba bands inside the superconducting gap of the

substrate due to the magnetization of the CrBr3. If the system is in

the topological phase, we would expect Majorana modes at the edges of

CrBr3 islands. We do indeed observe edge modes that are consistent

with the Majorana modes along the edges of the magnetic island [11, 47,

48]. Spectroscopically, this Majorana edge modes appear inside of the
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Figure 4.12. Spatially resolved spectroscopy of the Majorana zero modes. (a)
dI/dV spectroscopy over the edge of the CrBr3 island (STM topography shown
on the top). (b-g) STM topography and spatially resolved LDOS maps extracted
from grid spectroscopy experiments. STM feedback parameters: (a) Vbias = +1 V,
I = 10 pA; (b) Vbias = +0.8 V, I = 10 pA. Scale bars: (a) 4 nm; (b) 12 nm. (h-n)
Corresponding calculated line spectra (h) and LDOS maps (j-n) with the island
shape shown in (i). Figure reproduced with permission, from reference [65].

topological gap defined by the Shiba bands. A typical spectrum taken at

the edge of an CrBr3 island (see Fig. 4.11d) shows a peak at EF along with

features stemming from the Shiba bands.

For further analysis of the Majorana edge modes, we have measured

spatially resolved dI/dV spectroscopy over the edge of the CrBr3 islands

as shown in Fig. 4.12a. The Majorana edge modes split off from one

of the edge of the topological gap inside the island and after crossing

the topological gap, it merges with the other edge outside of the CrBr3
island. Apart from the line spectroscopy, we have also recorded grid

dI/dV spectroscopy maps shown in Fig. 4.12b-g to visualize the spatial

extension of the Majorana edge modes. MZM are confined within 2.4

nm over the edge of the island. Apart from the signature of the MZM

living at close to the Fermi level, the enhanced LDOS features can be

seen above the topological gap (Fig. 4.12e,f). This depicts that the edge

modes coexist with Shiba bands at the energies above the topological gap.

51



Results

The calculated results (see Fig. 4.12h-n) based on the theory discussed in

the PIV, successfully reproduces the essential features we have observed

in the experiments.

The spatial distribution of the edges states is not uniform. This

stems from the geometric irregularities of the island boundary with

characteristic length scale that is comparable to the edge mode

penetration depth. However, this does not mean that the edge modes

are not continuous but rather implies that interference effects near the

edge irregularities suppress the visibility of the edge modes due to finite

experimental resolution. This non-uniformity of the edge modes can also

be reproduced with our theory calculations as shown in Fig. 4.12.

The observed edge modes could possess a topologically trivial origin

not related with topological superconductivity. We have carried out

experiments in the presence of an external magnetic field up to 4 T

to suppress the superconductivity in the NbSe2 substrate. All features

associated with the gap inside the island and at its edges disappear in

the absence of the superconductivity in NbSe2. This rules out trivial edge

states as the reason for the observed response. The absence of edge modes

in the absence of superconductivity also rules out the Kondo effect, which

would be expected to be present also in the normal metal state. Finally,

if the spectral features were caused by localized Shiba states due to the

presence of free spins at the island edges, we would expect them to be

more likely to appear at disordered parts of the CrBr3 edges in contrast

with the experimental results. In addition, these free spins would all

have to have a suitable exchange coupling with the underlying NbSe2 to

yield Shiba states in the middle of the superconducting gap which is very

unlikely.

In this work, we have made a major breakthrough by synthesizing

vdW heterostructures with an epitaxial 2D ferromagnetic layer grown

on superconducting NbSe2 substrate. This system combines all the

necessary ingredient for realizing topological superconductivity and we

observe the signatures of the one-dimensional Majorana edge modes. This

vdW heterostructures provides a high-quality platform for the possible

quantum devices employing topological superconductivity in the future.

52



5. Summary and outlook

This thesis discusses how different kinds of topological states can be

realized in designer materials created through atomic manipulation

using a scanning tunneling microscope and in vdW heterostructures

fabricated by molecular beam epitaxy. The first part of this thesis

discusses topological domain wall states in trimer and coupled dimer

chains fabricated with Cl vacancies. In contrast to dimer chains where

the energy of the domain wall state is pinned to the mid-gap energy, the

energy of the domain wall states is tuneable in trimer and coupled dimer

chains. The states appear due to the mismatch of the unit cells on the

opposite sides of the domain wall and cannot be removed without making

drastic changes to the bulk structure of the chain. However, the energy

positions of the domain wall states are not fixed and can be moved within

the bulk band gaps. In this sense, the states are movable, but irremovable.

In the case of the trimer chains, by decreasing the value of the hopping

between the bulk chain and the domain wall site, domain wall states

move towards the band edges but they remain in the gap as long as the

hopping is not much smaller than the weaker hopping in the bulk chain.

This tuneability of the domain wall states can be increased even further

by fabricating coupled dimer chains that allow domain wall states with

additional degrees of freedom (chirality). We realized different domain

wall geometries and characterized the type of domain wall states that are

formed. In addition to domain wall states, using the precise structural

control afforded in the Cl vacancy system, we have also investigated the

construction and engineering of flat bands in one-dimensional artificial

lattices. Depending on the unit cell geometry, we fabricated both gapped

and gapless systems with one or multiple flat bands. We focussed on the

role of the next-nearest neighbour interactions that can cause the flat

bands to acquire dispersion. Finally, we investigated how breaking and
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restoring the symmetry of the chain geometry can be used to turn the flat

bands “on” and “off”.

In summary, the Cl-vacancy system used in PI and PII works very

well for the fabrication of arbitrary lattice structures allowing us to

realize text-book examples for topological domain wall states in trimer

and coupled dimer chains and engineer one-dimensional systems with flat

bands in their electronic spectrum. In addition, the full control over the

geometry and the couplings between the lattice sites allows us to easily

model the system using simple TB calculations. The major drawbacks of

the Cl-vacancy system is the significant energy broadening of the states

that limits the energy resolution of the spectroscopic experiments and

the fact that the on-site energy is so far above the Fermi level of the

substrate. This means that the bands are fully empty and investigating

systems where interaction effects would be important is challenging. In

future, we need to develop alternative experimental platforms where

these problems can be remedied while still achieving atomically precise

structural manipulation with high fidelity. Realizing artificial lattices

with a tuneable electron occupation and significant electron-electron

interactions would open up a plethora of interacting systems for detailed

experimental study.

The second part of the thesis focusses on designer vdW heterostruc-

tures. In PIII, the direct synthesis of superconductor-magnet hybrid

heterostructures by combining superconducting NbSe2 with magnetic

monolayer VSe2 and the resulting electronic and magnetic properties

were studied in detail. Low temperature scanning tunneling microscopy

measurements showed an absence of the typical charge density wave on

VSe2. We observed a significant reduction of the superconducting gap

of the NbSe2 substrate on the VSe2 islands which would be most natu-

rally explained by a local magnetization of the VSe2 layer. Finally, we

observed a strongly position-dependent, enhanced dI/dV intensity at the

Fermi level around the edges of the VSe2 layer, which is probably related

to the changes of the gap structure of the underlying superconductor due

to local magnetic fields arising from the edges of the VSe2 layer. While the

VSe2 monolayer showed signatures of magnetization on the local scale,

the bulk magnetic response is complicated and we did not observe topo-

logical edge modes in this system.

The failure to observe edge modes initiated the search for other

ferromagnetic layers that could be grown under UHV using MBE, which
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is required for the realization of extremely clean edges and interfaces.

The exciting and clean-cut results on monolayer ferromagnetism

in chromium halides motivated testing their heterostructures with

NbSe2. CrBr3 islands show strong ferromagnetic ordering perpendicular

to the surface, which brings together the required ingredients for

topological superconductivity in a vdW heterostructure. In PIV, low-

temperature STM and STS measurements were used to demonstrate

the existence of one-dimensional Majorana zero modes along the edges

of the CrBr3 islands on bulk NbSe2 substrate. This work is a

breakthrough in designer quantum materials: we realized a near ideal

designer vdW heterostructure that supports Majorana edge channels

and provides a high-quality platform for future electrical devices. This

constitutes a crucial step towards practical devices employing topological

superconductivity and our results suggest that the topological phase could

be controlled through electrostatic tuning of the chemical potential.

While the results in this thesis are in the domain of fundamental

research, the convergence of novel designer materials and prototype

quantum devices is especially apparent in the field of two-dimensional

vdW heterostructures. They offer a broad range of materials properties,

high flexibility in fabrication pathways, and the ability to form artificial

states of quantum matter which can be not only studied in controlled

laboratory settings but also provide crucial advances in technological

applications in the field of quantum information science.
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