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Abstract
Low dimensional materials show unique properties as compared to their 3D

counterparts which make them a fascinating system to study. The paradigm shift in

the study of 2D materials happened when Andre Geim and Konstantin Novoselov

isolated a single atomic layer of graphite known as graphene in 2004. The field of 2D

materials is an active area of research that encompasses a wide range of materials

such as metals, insulators, semiconductors, and superconductors. One such material

is the vdW itinerant ferromagnet Fe3GeTe2 (FGT) with a Curie temperature of 220 K,

which retains its ferromagnetic properties up to monolayer.

In the first part of the thesis, various vdW materials like graphite, NbSe2, MnPS3,

hBN and Fe3GeTe2 have been studied using techniques such as AFM, Raman

spectroscopy, HR-TEM and transport measurements. Successful isolation and

characterization of monolayer graphene was achieved followed by the preparation of

TBG (Twisted Bilayer Graphene) with a twist angle of 8.7°. Band gap of MnPS3 was

calculated to be 2.75 eV by studying its heterostructures with graphene. Exfoliation

of FGT was performed with the thinnest flake obtained to be a trilayer. Intensity of

Raman modes at 120 cm-1 and 154 cm-1 were found to be enhanced with decreasing

thickness of the exfoliated FGT flakes. A few FGT crystals were found to have excess

Fe concentration which are accommodated either in-between the layers or inside the

layer.

FGT is known to be an air-sensitive material that oxidizes in ambient conditions.

Oxidation was studied on exfoliated FGT flakes where surface oxidation starts at

around 4 hours of exposure with rate of oxidation increasing exponentially with

temperature. Raman modes are shifted to 124 cm-1 and 142 cm-1 for oxidized flakes

hinting at structural change in the flakes. Thickness of the FGT flakes was found to

increase in a sigmoidal fashion which is explained by oxygen intercalation in

between the FGT layers. Interlayer oxidation in FGT is hypothesized considering the

oxidation of the protected side exfoliated on PDMS and confirmed through transport

measurements.
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In the second part of the thesis UHV-STM at 4.2 K has been used to study the

surface of FGT at the atomic scale. STM images revealed regions of FGT that were

pristine and Fe-intercalated. Also various kinds of intrinsic atomic vacancies namely

- Te, Fe I and Fe II defects were imaged and identified unambiguously. Charge

ordering is observed in Fe-intercalated regions in FGT samples as (√3a0 x √3a0)R30°

modulation as well as 2a0 x a0. Spectroscopy measurements showed a decrease in

Kondo temperature for Fe-intercalated regions.

Keywords: 2D Magnetism, Charge Ordering, Fe-intercalated FGT, Surface and Interlayer

Oxidation of FGT.
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1.1 Overview

Ever since humans have acquired the ability to think, the workings of the physical world has

aroused an unsatiating curiosity among their minds. Some of the great minds have taken on

this journey to uncover the truths of the universe, leading to knowledge and methods of

acquiring it, which is known as science in modern times. Specific understandings of the

universe, such as matter, energy, force, and space-time, are grouped together and studied

under the banner of Physics. Physics had its humble beginnings around 5000 years ago when

ancient people used to gaze at stars and started calculating time using its motions. Since then,

physics as a field of study has grown enormously, encompassing subjects such as condensed

matter, astrophysics, high-energy physics, quantum mechanics, and relatively.

Among these, condensed matter physics is by far the most extensive field of study, which can

proudly proclaim to have a third of all physicists working on it [1]. The field has reaped

significant advancements in both theoretical and technological aspects, leading to the

emergence of exotic phenomena such as superconductivity, Hall effect, and the

much-celebrated invention of transistors. Condensed matter physics, in its most general

sense, is the study of condensed phases of matter, especially solids and liquids. The scope of

condensed matter physics employs a wide range of phenomena with length scales ranging

from a few angstroms to meters and temperatures ranging from nano kelvins to thousands of

kelvins.

1



The work done in the thesis is in the field of condensed matter physics, specifically focusing

on nanoscales, cryogenic temperatures, and ultra-high vacuum.

1.2 From Isolated Atoms to Exotic Materials

1.2.1 The Formation of Matter

Atoms, the building block of literally everything in the universe, are made up of elementary

particles called fermions, such as protons and neutrons that together form the nucleus and

electrons that form the outer shell of the atom. When these atoms come close together, they

experience a kind of interaction known as electromagnetic force, which is one of the four

fundamental forces of nature, of which the other three are gravity, weak, and strong force.

When many atoms come together, they form matter that condenses into various phases

according to the strength of interaction between the atoms and are classified as solids, liquids,

gases, plasma, and some exotic phases. These phases of matter are interchangeable and can

be tuned by parameters such as temperature, doping, and pressure, which causes the material

to undergo a phase transition. Figure 1.1 (a) displays a schematic diagram of the formation of

solids beginning with isolated atoms.

Figure 1.1 | Isolated Atoms to Exotic Materials. (a) Schematic representation of the formation of

solids with top panel depicting isolated atoms and bottom panel showing the structure of solids. (b)

Schematic phase diagram of cuprate superconductors.

The total energy of solids is lower than the energy of all the isolated atoms together, with the

difference in energy being termed as binding energy and is given as
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where Eb is the binding energy, N is the number of atoms, Etot is the total energy of the solid

and E0 is the energy of the individual isolated atom. The binding energy attains its lowest

value at a particular distance between the atoms, where it forms a stable solid. Solids in

which atoms are arranged in translational periodicity are called crystals, and the

corresponding atomic arrangement is labeled as a lattice. The smallest portion of the crystal

that can be repeated to get the entire structure is called a unit cell, which can be in hexagonal,

square, or honeycomb shape, to name a few. The simplest theory to explain the properties of

solids is the free electron model. According to the theory, electrons in solids can be classified

into two types: one are valence electrons, which are bound to the atoms or lattice, and the

other are free electrons called conduction electrons, which form a sea of particles around the

lattice. The valence electrons play no role in the physics of solids and are considered inert,

while the conduction electrons are the ones that drive most of the physics of solids.

1.2.2 Electronic Correlations and Exchange Interactions

Electrons play a major role in the physical and chemical properties of solids. Various theories

are put forward to explain the behavior of solids, taking into account the interactions between

electrons, with the simplest being the Fermi gas, where all the electrons (fermions) are

thought to be non-interacting. Introducing interactions between these fermions gives rise to

fermi liquid theory, which is used to explain many real systems such as metals,

semiconductors, and insulators. Further increasing the interactions leads to fermions that are

strongly correlated and can be seen in materials such as Mott insulators and heavy fermionic

systems.

There are many elementary excitations in solids, such as excitons, which are electron-hole

pairs, and phonons, which are quanta of lattice vibrations. Electrons may also interact with

these excitations and cause exotic phenomena to emerge, such as superconductivity and

CDW, and are grouped under electronic correlations. The interaction between like particles is

known as exchange interaction and is responsible for the magnetic properties in the system.

Exchange interaction and electronic correlations are competing phenomena which is readily

seen in superconductivity-magnetism competition and CDW-magnetism competition. Figure

1.1 (b) shows the phase diagram of a typical cuprate superconductor where different phases,
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such as CDW, superconductivity, and magnetism, can be seen to compete with each other and

are separated by solid and dashed lines that mark the phase boundary.

This thesis has attempted to study fundamental properties such as charge density waves using

crystals as a medium.

1.3 Magnetism, Charge Density Waves and Superconductivity

1.3.1 Magnetism

One of the earliest fundamental properties to have acquired the attention of mankind is

magnetism, and its study started around 2500 years ago. Magnetism is generally a

low-temperature phenomenon where thermal fluctuations are not strong enough to destroy

magnetism [2]. Magnetism in a material arises through two factors (i) the spin of quantum

mechanical particles and (ii) the motion of charged particles called orbital moment. The

magnetic properties observed are generally through a coupled interaction of spin and orbital

moment. These magnetic moments interact with each other through exchange interaction and

give rise to long-range magnetic order thus giving magnetic properties to materials.

Materials can be classified based on the type of magnetic behavior they exhibit such as

paramagnetic, diamagnetic, ferromagnetic and antiferromagnetic. Materials that have no

inherent magnetization but develop magnetism when placed in an external magnetic field are

paramagnetic, diamagnetic materials are materials that oppose the external magnetic field.

Materials that exhibit magnetic order in the absence of an external magnetic field in which

spins are aligned parallel to each other are ferromagnetic and the antiparallel alignment leads

to antiferromagnetism.

1.3.2 Charge Density Waves

Peierls’ in 1930 introduced the concept of CDW [3]. He predicted that a linear chain of atoms

with uniform electronic density would become unstable at sufficiently low temperatures [4].

This leads to a modulation in the charge density of electrons known as charge density waves.

The redistribution of electron density simultaneously causes a lattice modulation and the

system breaks translational periodicity. Figure 1.2 (a) shows a 1D chain of atoms with

uniform lattice spacing ‘a’ and the corresponding band structure is shown on top. As the

temperature is lowered, the Fermi surface becomes unstable and the system undergoes a

CDW transition leading to lattice modulation as shown in Figure 1.2 (b). The corresponding
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band structure is shown on top with a gap opening at the fermi level which lowers the total

energy of the system.

Figure 1.2 | Peierls' Instability. (a) The lattice is shown in red with a blue curve representing

periodic charge density and the corresponding electronic band structure on top. (b) Modulated

charge density along with reconstructed lattice and its corresponding band structure on top showing

a gap of 2Δ around the Fermi level.

Since the inception of CDWs in 1D systems, CDWs have been found in 2D, 3D and quai 2D

materials. The most extensively studied class of materials is van der Waals (vdW) transition

metal dichalcogenides. Various mechanisms have been put forward to explain the origin of

CDW in these systems like Fermi surface nesting in which a single wave vector can span the

whole Fermi surface, Kohn anomaly and electron-phonon coupling [5]. To date, no universal

mechanism explaining CDW has been put forward with every new CDW discovered that

leads to new phenomena. Further, CDWs in a material can be tuned by external factors such

as strain, pressure or intercalation [6].

1.3.3 Superconductivity

One of the hottest topics of research in the scientific community ever since its discovery by

Kamerlingh Onnes in 1911 is superconductivity [7]. It is the property of a material having

zero electrical resistance and is always accompanied by an expulsion of magnetic field which

is known as the Meissner effect. Superconductivity can be brought about in a material by

either lowering its temperature, increasing pressure, or by doping it. The temperature below

which a material transforms into a superconductor is known as transition temperature and the

magnetic field above which a superconductor becomes a normal material is called the critical
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magnetic field. The most widely accepted theory to explain superconducting phenomena is

the BCS theory proposed by Bardeen, Cooper and Schrieffer in 1957 [8]. BCS theory states

that when a material is in a superconducting state, the electrons have a net attractive

interaction and form cooper pairs. This interaction is mediated through phonons and all the

cooper pairs in a superconductor are correlated.

In 1986, a new class of superconductors was discovered that had a transition temperature of

35.1 K and increased up to 133 K in ambient conditions in the material which is a cuprate of

mercury, barium and calcium [9]. Standard BCS theory is unable to explain the phenomena

related to these materials and thus these materials came to be known as unconventional

superconductors while the ones explained by superconductivity are known as conventional.

Their transition temperature being higher than the conventional ones gives them the title of

high-temperature superconductors. High-temperature superconductivity has been observed in

many classes of materials with the recent ones being iron-based superconductors in 2006

[10]. To date, there has been no universal theory to explain the phenomena of

superconductors in all materials, and is an active area of research.

1.4 Outline of Thesis

The thesis is written in a way so as to incorporate an overview of the methods followed for

various types of experiments which will be helpful for students and researchers new in the

field. I have tried my best to keep the language as simple as possible and get technical

wherever necessary.

The thesis is divided into two sections considering the two types of work done namely

‘Surface and interlayer oxidation induced changes in vdW ferromagnet Fe3GeTe2’ and

‘Atomic scale fingerprints of excess Fe in Fe3GeTe2’. The first half of the thesis covers

Chapters 3 to 6 and the second half covers chapters 7 to 9.

Chapter 2 gives brief information about the class of materials used in the work with the

spotlight being on FGT. Chapter 3 starts with methods of exfoliation, identification, and

characterization of flakes followed by methods of forming micro-electrical contacts. Different

types of transfer techniques to make heterostructures are discussed. Chapter 4 presents the

work done on various vdW materials with a main focus on graphite and MnPS3. Twisted

Bilayer Graphene is characterized by AFM and Raman spectroscopy, followed by the

determination of the MnPS3 band gap by studying the transport properties of their

6



heterostructures. Chapter 5 starts with the study of general properties of FGT such as

exfoliation and phonon modes followed by characterizing different types of Fe-intercalation

in FGT. Chapter 6 focuses on the oxidation properties of FGT such as surface oxidation and

interlayer oxidation. Oxidation properties are studied in both ambient conditions and heating

using techniques such as Raman spectroscopy, AFM, and transport measurements. Chapter 7

gives basic information on the theory and operating principle of STM and STS. Different

components and working of the LT-STM instrument used for the study are mentioned.

Methods of STM tip preparation and sample preparation are discussed. Chapter 8 starts with

the study of pristine FGT followed by a detailed study of various types of defects.

Observation of Moiré pattern is also mentioned. Chapter 9 starts with (√3a0 x √3a0)R30°

reconstruction in Fe-intercalated FGT followed by an in-depth study of different types of

charge ordering and their interplay with each other and pristine structure. Chapter 10 gives

an overall summary of the results obtained, their interpretation, further studies, and new

prospects that the study has opened.

All the crystal structures were made using VESTA software and all schematic diagrams were

made using Google Slides. OriginPro was used for plotting graphs. AFM and STM images

were processed using SPIP software.
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Chapter 2

Materials of Study
2.1 2D Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Fe3GeTe2 .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Graphene and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 2D Materials

2.1.1 Materials at Low Dimensions

Most of the experiences of the common man with the physical world are with objects that are

perceivable to its naked senses. These objects are classified as 3 dimensional (3D)

considering the three different coordinates used to specify their size. When the dimensions of

one of the axes are within a few nanometers limit, it is referred to as two-dimensional (2D)

material e.g. graphene. When dimensions in any two of the axes are restricted to a few

nanometers, it is referred to as one-dimensional (1D) material, e.g. carbon nanotubes and

when all three dimensions are in nanometers limit, it is referred to as zero-dimensional (0D),

e.g. quantum dots. Figure 2.1 (a) shows a schematic representation of materials in the 3D,

2D, 1D, and 0D limits from left to right.

Materials at lower dimensions show unique optical, chemical, and mechanical properties than

their 3D counterparts [11] which makes them a fascinating subject to explore. Due to their

reduced dimensions, they are an ideal source for many technological applications especially

in the chip industry.

2.1.2 VdWMaterials

A class of materials that exhibits interesting properties due to their unique structure and

reduced dimensions are vdW materials. They are layered materials that have strong intralayer

bonding and weak interlayer vdW bonding which gives them characteristics that are in

between 2D and 3D range and are thus also referred to as quasi-2D materials. The weaker
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vdW forces between the layers make it possible to cleave the layers which leads to thinning

down of the material and eventually obtaining two-dimensional (2D) flakes that are a few

nanometers thick to even atomically thin samples as shown in Figure 2.1 (b). The ways of

achieving this can be broadly classified into two methods: a top-down approach like

exfoliation or a bottom-up approach like chemical vapor deposition.

Figure 2.1 | Materials at Low Dimensions. (a) Schematic diagram of materials at different

dimensions starting from 3D followed by 2D, 1D, and 0D from left to right. (b) Schematic diagram of

quasi two-dimensional material on the left with the right side showing its isolated single layer. (c)

Schematic representation of a heterostructure made of two different 2D materials.

2D materials have novel properties than their 3D counterparts, such as high carrier mobility,

good thermal conductivity, and increased surface-to-volume ratio. These interesting

properties of 2D materials make them a promising candidate for constructing various

electronic, valleytronic, and optoelectronic nanodevices [12]. Also, their physical and

chemical properties can be tuned by methods such as strain, gating, proximity effects, and

moiré patterns with ease [13].

2.1.3 Tailoring of VdWMaterials

Since 2D materials do not require lattice matching, layers of different materials can be

stacked on top of each other resulting in properties that can be wildly different from their

initial counterparts. Such structures are known as heterostructures. A schematic diagram of a

typical heterostructure is shown in Figure 2.1 (c). Layers of the same materials can be stacked
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on top of each other with a twist angle between them which gives rise to moiré patterns and

the resulting structure being known as homostructure.

The vdW gap between the layers can accommodate various types of ions and atoms that can

potentially change the dynamics of the parent material. The atom that is intercalated is called

guest and the parent layer is called host, the interplay between guest and host can change the

properties of the parent compound. The most sought-after elements to intercalate are Mn, Fe,

Co, Ni, and Cu due to their potential applications in battery technology [14]. Depending on

the nature of the intercalant atom, the fundamental properties of the materials can be altered

such as magnetism, thermoelectricity, and electromagnetic wave absorption [15].

2.1.4 2D Magnetism

All these benefits of vdW materials have piqued the interest of researchers all around the

world leading to extensive studies being conducted in the search for new vdW materials. The

efforts have reaped their benefits with vdW materials now encompassing a wide range of

materials including metals, semimetals, topological insulators, superconductors, and magnetic

materials [16].

An area that has been of particular interest is 2D magnetism which has the potential to be

used in the design of functional devices such as magnetic sensors and magneto-optical

devices. Magnetic vdW materials have been around for some time but they do not retain their

magnetic properties when exfoliated up to monolayer. The problem was triumphed over in

2017 when 2D magnetism was first observed in CrI3 and Cr2Ge2Te6 [17,18] compounds that

are antiferromagnetic. Since then, many materials exhibiting magnetic behavior up to the

monolayer limit have been synthesized such as antiferromagnetic MnPS3 and ferromagnetic

VSe2.

2.2 Fe3GeTe2

One of the newly emerging vdW materials that has the potential to be used in applications

such as spintronics and to study fundamental physics such as 2D ising ferromagnetism is

Fe3GeTe2. FGT was first synthesized in 2006 along with Ni3GeTe2 by Kremer et al. [19] and

since then it has become a sought-after material in the scientific community. FGT belongs to

the family FenGeTe2 (3 ≤ n ≥ 7) where Fe3,4,5GeTe2 have been synthesized at the time of

writing and theoretical calculations predict stable structures up to Fe7GeTe2 [20]. A summary

of the properties of the FGT family is given in Table 2.1.
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PARAMET-
ERS

Synthesize
d

No. of
Atomic
layers

Monolayer
thickness
(nm)

Curie
temperatu

re (K)

Magnetic
moment
per Fe (µB)

MATERIAL

Fe3GeTe2 Yes 5 0.82 220 2.87

Fe4GeTe2 Yes 6 0.97 266 2.73

Fe5GeTe2 Yes 7 1.09 332 3.18

Fe6GeTe2 No 8 1.10 450 2.94

Fe7GeTe2 No 9 1.12 570 2.91

Table 2.1 | Physical Properties of the FGT Family. The leftmost column depicts FGT with different

stoichiometry and the topmost row depicts different parameters related to the materials.

FGT is a black metallic solid that crystallizes in a hexagonal system with space group

P63/mmc (No. 194) [19] and point group D6h [21]. It oxidizes slowly in ambient conditions

with reports on the rate of oxidations varying drastically from air-stable to oxidizing within a

day [19,22]. It is an itinerant ferromagnet with a curie temperature of 220 K and shows strong

perpendicular anisotropy with an easy axis being c that is stabilized due to spin-orbit coupling

[23]. Experimentally observed values of Fe moment are in the range of 1.2 to 1.8 µB [24]. It

has a room temperature conductivity of 2196.35 S/cm [25] which increases with decreasing

temperature and rises again below 20 K [26]. It has two inequivalent Fe atoms based on its

oxidation state with Fe (3+) labeled as Fe II and Fe (2+) labeled as Fe I.

Figure 2.2 (a) shows the side view of the crystal structure of FGT where the dotted rectangle

shows the unit cell that contains 12 atoms in total. The lattice parameters are a = b = 3.999Å

and c = 16.33 Å with the angle between a and b being 120°. A single layer of FGT contains

five atomic layers with the outermost layer consisting of Te atoms that crystallize in a

hexagonal structure. Ge atoms are in the middle layer along with Fe II atoms both

crystallizing in a hexagonal structure. The Ge-Fe layer is surrounded by Fe I atom layers on

top and bottom which are also crystallized in hexagonal structure. The distance between

interlayer Te-Te atoms is 0.375 Å. Figure 2.2 (b) shows the top view of the crystal structure

where the dotted polygon represents a unit cell. The hexagonal lattice of Te atoms can be

observed clearly along with Ge and Fe I atoms. The Fe II atom sits directly under the Te
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atoms. Figure 2.2 (c) shows the crystal structure of a single layer of FGT along with bonds

between different atoms.

Figure 2.2 | Fe3GeTe2 Crystal Structure. (a) Side view of FGT crystal structure with dotted rectangle

highlighting a unit cell. (b) Top view of FGT crystal structure. (c) A single layer of FGT showing its

bonds.

The Monolayer of FGT was successfully exfoliated and shown to exhibit 2D ising

ferromagnetism with a transition temperature of 130 K [27]. Robust ferromagnetism with

strong magnetocrystalline anisotropy was theoretically predicted [23] and confirmed by

experiments in monolayer limit [28]. Magnetic properties can be tuned by strain [29] and also

intercalation that achieved room temperature ferromagnetism in atomically thin flakes by

ionic gating [30].

Heterostructures using FGT have been studied. Magnetoresistance has been extensively

studied where a three-state MR state was proposed in FGT/graphene/FGT [31] and 160%

magnetoresistance was observed in tunnel junctions of FGT/hBN/FGT [32]. Also, a

homostructure of FGT with a twist angle of 87° was made that showed plateau-like

magnetoresistance. Magnetisation of FGT can be controlled by a current known as spin-orbit

torque which has been observed with 5 nm of heavy metal Pt sputtered on FGT [33].
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Competition between ferromagnetism and anit-ferromagnetism is observed [34] with some

reports suggesting an antiferromagnetic ground state for FGT [35]. Further, oxidation studies

reveal antiferromagnetic coupling between oxidized and pristine parts [36].

Reports suggesting anti-ferromagnetic ground states along with strong electronic correlations

coupled with its quasi 2D nature make it an ideal candidate to study various exotic

phenomena like charge density waves and unconventional superconductivity. Further, the

material having ferromagnetic properties up to monolayer makes it an ideal candidate for

magnetic memory devices which are of great technological importance considering the large

amount of data being generated [33,23].

All these parameters were taken into account before studying the material in detail with the

primary motivation being its relatively high Curie temperature among all vdW materials.

2.3 Graphene and Beyond

2.3.1 Graphite

Figure 2.3 | VdW Material Graphite. (a) Graphite crystal on the left with the magnified image

showing its crystal structure on its right. (b) A single layer of graphite known as graphene.

It all started with graphene when Andre Geim and Konstantin Novoselov successfully

exfoliated graphite using scotch tape to obtain a single layer known as graphene [37]. This

discovery won its researchers the Nobel Prize in 2010. Figure 2.3 (a) shows a highly ordered

pyrolytic graphite crystal with the magnified part showing its crystal structure. It contains

layers of carbon atoms crystallized in a hexagonal structure stacked on top of each other by

vdW forces. Figure 2.3 (b) shows the crystal structure of a single layer of graphite known as
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graphene. Graphene shows properties that are different from the bulk crystal such as zero

band-gap, high flexibility, and high thermal and electrical conductivity earning it the title of

‘wonder material’ [16].

2.3.2 Other Materials

NbSe2

NbSe2 is a superconducting material with a transition temperature of 7.2 K in bulk and also

shows CDW below 33 K in bulk. It comes under the family of transition metal

dichalcogenides (TMDC). NbSe2 can be used to induce superconductivity in other 2D

materials through proximity effects [38].

MnPS3

MnPS3 is a wide gap semiconductor with a band gap of 2.64 eV and is antiferromagnetic in

nature with a Néel temperature of 78 K and exhibits magnetic properties up to monolayer. It

shows the property of spin-flop transition when a perpendicular magnetic field is applied

[39].

hBN

hBN is a very good thermal and electrical insulator with a band gap of 5.9 eV. It is highly

stable under environmental conditions which makes it an ideal material for the protection of

environmentally degrading vdW samples [40].
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3.1 Exfoliation

3.1.1 Mechanical Exfoliation

Figure 3.1 | Mechanical Exfoliation Process. (a) Graphite bulk crystal. (b) Illustration of graphite

flakes exfoliated on cleanroom adhesive blue tape. (c) Clean and flat n-type Si/SiO2(285 nm) substrate.

(d) Transfer of flakes from the blue tape onto the substrate.

Mechanical exfoliation was done using cleanroom tapes such as scotch tape, green tape and

blue tape. Figure 3.1 shows the exfoliation process on highly ordered pyrolytic graphite

(HOPG). An n-type Si/SiO2 (285 nm) substrate of the desired size is cleaned by sonication in

16



acetone and isopropyl alcohol for 10 minutes and blow drying using nitrogen gas. The

substrate was then oxygen plasma cleaned for 5 min at a power of 60 W. Si/SiO2 (285 nm)

substrate was used for exfoliation for all the experiments. A few layers of graphite crystals

were first peeled on blue tape from the bulk crystal. The graphite crystals were exfoliated 8 to

12 times on the tape before transferring the tape onto the cleaned substrate. The tape is then

removed slowly after 5-10 minutes leaving some of the exfoliated flakes on the substrate.

Blue tape was used for all the exfoliation unless mentioned otherwise.

3.1.2 Liquid Phase Ultrasonication Exfoliation

Liquid phase ultrasonication exfoliation was done using acetone as the liquid medium. FGT

crystals were immersed in acetone and sonicated for 1 hr to obtain nano-sized flakes suitable

for Transmission Electron Microscopy (TEM) measurements. 2 to 3 drops of the solution

were taken on a TEM grid and kept in vacuum conditions with 10-3 mbar pressure for 3 to 4

hours for drying. Acetone gets evaporated leaving behind nanosized exfoliated flakes on the

TEM grid.

3.2 Identification and Characterization of Exfoliated Flakes

3.2.1 Optical Microscope

Optical contrast is defined as the difference between the reflectance from the substrate and

from the flake. One of the ways to calculate contrast is given by,

𝐶 =  
𝐼

𝑓𝑙𝑎𝑘𝑒
 − 𝐼

𝑠𝑢𝑏𝑠

𝐼
𝑓𝑙𝑎𝑘𝑒

 + 𝐼
𝑠𝑢𝑏𝑠

where, C is the optical contrast, Iflake and Isubs are the intensity reflected from flake and

substrate respectively. Silicon substrate with a SiO2 thickness of 285 nm on top is used for all

the experiments to visualize 2D materials due to the high optical contrast it generates [41].

White light was used for the illumination of all samples using an Olympus microscope. After

exfoliation, the flakes of desired size and shape were identified using an Optical microscope

and the thickness of the flakes is roughly determined using contrast generated by the

substrate. Bulk flakes (more than 50 nm) reflect almost all light and as the thickness

decreases, the flake becomes less opaque, and its contrast changes.
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3.2.2 Atomic Force Microscopy

The thickness of the flakes was measured using AFM. Figure 3.2 (a) shows the AFM

instrument where all the AFM data were acquired. AFM works on the principle of tip-sample

interaction force as shown in Figure 3.2 (b). AFM is operated in three modes - (i) contact

mode which works in attractive force region, (ii) non-contact mode which works in repulsive

force regime and (iii) tapping mode which is in the intermediate of the two modes in which

the tip vibrates near its resonance frequency. All AFM data were acquired in the tapping

mode. Figure 3.2 (c) shows the schematic diagram of the working of AFM. The sample is

placed directly below the tip which is connected to a piezoelectric scanner. The tip is then

brought in contact with the sample using a controlled feedback loop. The piezoelectric

scanner drives the tip in a raster motion on the selected area and the z height of the tip is

recorded as an image according to the topography of the sample. The z height of the tip is

controlled by the laser that is coupled to a feedback loop. The laser deflects according to the

deflection in the tip which is caused by the changing topography of the sample.

Figure 3.2 | Atomic Force Microscopy. (a) Nanosurf EasyScan 2 AFM instrument. (b) Schematic

diagram of the working principle of AFM. (c) Schematic diagram of the operating principle of AFM.

3.2.3 Raman Spectroscopy

Raman spectroscopy is based on the phenomena of inelastic scattering of photons due to its

interaction with phonons. It is widely used to characterize 2D materials due to their unique

Raman peaks [42] and is also helpful in identifying the number of layers of certain vdW

materials. Raman spectroscopic data were collected using a 532 nm excitation laser with a

beam spot of 2 µm and laser power of 50 mW. The acquisition time and number of

accumulations for graphene were 2 sec and 20 times respectively. For FGT acquisition time

and number of acquisitions were 40 sec and 6 times. Raman data were collected using 50x

18



and 100x objective lenses for graphite and FGT respectively. All Raman measurements were

performed in ambient conditions.

3.3 Micro-Electrical Contacts

3.3.1 Photolithography

Figure 3.3 (a) shows a Hall geometry pattern designed using CleWin software. Si/SiO2 (285

nm) substrate was coated with positive photoresist using a spin coater operating at 4000 rpm

for 1 min and then heated at 100 ℃ for 1 min. The photoresist-coated substrate was then

exposed to laser light according to the desired pattern with a frequency of 405 nm with an

energy density of 1300 mJcm-1. The exposed part of the photoresist is degraded owing to its

property of being light sensitive [43]. A developer solution is used to dissolve the degraded

part and the desired pattern is developed as shown in Figure 3.3 (b).

Figure 3.3 | Fabrication of Micro-Electrical Contacts. (a) Design of Hall geometry pattern. (b)

Developed pattern after photolithography. (c) Pattern after sputter deposition of Cr/Au thin film. (d)

Final Hall geometry micro-electrical contact.

3.3.2 Sputter Deposition

Sputtering deposition is a process in which high-energy ions are bombarded onto a target

material causing its vaporization which is then deposited on the substrate forming a thin film.
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The developed pattern was coated with a thin film of chromium (Cr)/platinum (Pt) acting as

an adhesive followed by gold (Au). RF sputtering was done at a base pressure of 10-6 mbar

and deposition pressure of 10-2 mbar in Argon atmosphere. The substrate was then kept in

acetone for 1 to 2 hours removing the photoresist and leaving behind microcontacts as shown

in Figure 3.3 (c). The photolithography process was optimized to get the best possible

pattern. The hall geometry pattern is shown in Figure 3.3 (d)

3.3.3 Wire bonding

The substrate was then affixed to a Printed circuit board (PCB) using epoxy. The large Au

pads were wire bonded to PCB using a gold wire of 25 µm thickness. The assembly was kept

at 90℃ during the whole process.

3.4 Transfer Techniques

3.4.1 PDMS Dry Transfer Method

Figure 3.4 | PDMS Dry Transfer Method. (a) PDMS stamp on a clean glass slide. (b) Transfer of

exfoliated flakes from cleanroom blue tape onto a PDMS stamp. (c) Transfer assembly with

home-built transfer stage and microscope. (d) Optical microscope image of MnPS3 flake on PDMS. (e)

PDMS with the desired flake in contact with the target substrate. (f)MnPS3 flake is deterministically

transferred from PDMS to the target substrate.

Polydimethylsiloxane (PDMS) is a viscoelastic material used for lifting and transferring

flakes [44]. A small piece of PDMS is applied on a clean glass slide as shown in Figure 3.4

(a). Exfoliated flakes on a cleanroom tape are transferred onto PDMS as shown in Figure 3.4
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(b). The tape is then removed fast so as to get maximum yield. The glass slide is fixed onto a

transfer stage assembly as shown in Figure 3.4 (c). Figure 3.4 (d-f) shows the process of

transfer of a MnPS3 flake. The PDMS is brought in contact with the target substrate slowly to

avoid air bubbles. The contact can be seen as a meniscus is formed between the substrate and

PDMS. The substrate is heated up to 90 ℃ for 5-10 min and the PDMS is lifted slowly for

deterministic transfer.

3.4.2 Polycarbonate (PC) Film Dry Transfer Method

Figure 3.5 | PC Film Dry Transfer Method. (a) PC film on a clean glass slide. (b) Circular PDMS

stamp on another glass slide. (c) PC film transfer set-up. (d) Transfer assembly. (e) Optical microscope

image of graphene flake to be transferred. (f) PC film in contact with Substrate containing graphene.

(g) Graphene lift-up on PC film. (h) PC film with graphene in contact with the target substrate. (i)

Graphene flake is deterministically transferred from the initial substrate to the target substrate.

PC film is a high puncture resistance material having elasticity over a wide range of

temperatures making it suitable for lifting and transferring flakes [45]. Figure 3.5 (a-c) shows

the assembly of PC film. 6% w/w Poly(Bisphenol A carbonate) in chloroform is taken on a

glass slide to form a PC film. The film is then lifted using scotch tape with a hole in between

and transferred on round PDMS to form the desired system. Figure 3.5 (d-h) shows the
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transfer process on a graphene flake. PC film is brought in contact with the substrate slowly

with the desired flake, heated up to 60 ℃ for 5-10 min, and then cooled. The film is then

lifted slowly to get the desired flake onto the film. The film is then brought in contact with

the target substrate and heated up to 120 ℃ which melts the film along with the flake on the

substrate. The substrate is then washed in chloroform to remove the film and the flake is

deterministically transferred.

3.5 Transport Measurements

Transport measurements were taken in ambient conditions and dark environments on a probe

station using a 2636 B source meter and 20 µm tungsten tips as probes for all measurements.

The transport of FGT was taken by a home-built setup discussed in Appendix A.
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Exploring Flatland Materials
4.1 Exfoliation of VdW Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
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4.1 Exfoliation of VdW Materials

RESULTS Total flake
density

Thin flake
density

Lateral size
of flakes

Glue
transferred

PARAMETERS

More adhesive tape More Less More More

Heating the substrate More Less More More

Longer substrate-tape contact More More More -

More pressure while transferring More More - -

More crystal used More More - Less

More exfoliation on tape More More Less Less

Slow tape removal from substrate More More More -

Clean and flat substrate More More More -

Plasma cleaning More More More -

Table 4.1 | Exfoliation Parameters for Graphite. The leftmost column depicts different parameters

of the exfoliation process and the topmost row depicts the results of the exfoliation process. (-)

indicates no relation.

Scotch tape, green tape and blue tape were used for exfoliation. Scotch tape has the most glue

of the three which results in strong adhesion and blue tape has the lowest adhesion with green

tape in the intermediate. An optical microscope image of exfoliated graphite is shown in
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Figure 4.1 (a). Bulk graphite flakes are yellow in color and the contrast changes from light

blue to dark blue as the thickness decreases, finally reaching almost transparent as we go to

the single nanometer limit. Exfoliation quality depends on many factors such as the adhesion

of tape, the amount of crystal used, and the quality of the substrate. The exfoliation process

was optimized using graphite and the results are summarised in Table 4.1. It was found that

the best possible parameters to exfoliate are using less adhesive tape, heating the substrate

while transferring, using more crystals for exfoliation, plasma cleaning the substrate before

transferring, and having longer tape-substrate contact. Exfoliated graphite flakes will be

referred to as graphene throughout the thesis with monolayer being specified as ‘monolayer

graphene’.

Figure 4.1 | Exfoliation of VdW Materials. (a) Optical microscope image of graphite exfoliation. (b)

Optical microscope image of NbSe2 exfoliation. (c) Optical microscope image of MnPS3 exfoliation.

(e) Optical microscope image of hBN exfoliation.

These parameters were also used for exfoliating NbSe2, MnPS3, and hBN, and the

corresponding optical microscope images are shown in Figure 4.1 (b), Figure 4.1 (c), and

Figure 4.1 (d) respectively. MnPS3 and hBN are semiconductors and insulators respectively

which results in different colors of flakes observed. As the thickness reaches a few

nanometers (5-10 nm), all flakes have blue contrast.
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4.2 Monolayer and Twisted Bilayer Graphene

4.2.1 Monolayer Graphene

Monolayer graphene flakes were obtained after optimizing the exfoliation process. An

Optical Microscope image of one of the flakes is shown in Figure 4.2 (a). This image will

help in identifying other monolayer graphene by using its contrast. The area of the flake was

calculated to be 50 µm2. Figure 4.2 (b) shows an AFM image of the flake where the

monolayer is highlighted in black polygon. The height profile of the monolayer is shown in

Figure 4.2 (c) and the corresponding line scan is shown by the blue dotted line in Figure 4.2

(b). The height of the monolayer was found to be 0.8 nm which matches the reported values

[46].

Figure 4.2 | Monolayer Graphene. (a) Optical microscope image of monolayer graphene. (b) AFM

image of monolayer graphene highlighted in black polygon. (c) Height profile of graphene with the

corresponding line scan marked by the blue dotted line in the image (b).

The flake obtained as a monolayer was confirmed by Raman spectroscopic measurements.

Raman data of bulk flake, 4-5 layers, bilayer, and the monolayer were obtained and are

shown in Figure 4.3 (b). Figure 4.3 (a) shows the corresponding optical images of the flakes

where the marked region indicates the region of data acquisition. Graphite shows two main

characteristic peaks, the G band at 1582 cm-1 and the 2D band at 2700 cm-1 [47]. The G band

originates from normal first-order Raman scattering from the in-plane vibrational modes and

the 2D band from the second-order in-plane vibrational mode. The G band's intensity peak is

relatively larger than the 2D band for all the exfoliated flakes except the monolayer flake.

The intensity of the G band is less than the 2D band for monolayer which is characteristic of

graphene and confirms the obtained flake to be monolayer [48].
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Figure 4.3 | Raman Spectroscopy of Monolayer Graphene. (a) Optical microscope images of

monolayer, bilayer, 4-5 layers, and bulk exfoliated graphite flakes from top to bottom respectively.

The scale bar is the same for all the images. (b) Corresponding Raman spectroscopic data acquired on

the region marked in (a) where the bulk graph is magnified 5 times.

4.2.2 Twisted Bilayer Graphene

When two monolayers are stacked on top of each other at a relative angle between them, it is

known as twisted bilayer graphene. Twisted bilayer graphene (TBG) leads to the formation of

moire patterns and has been extensively studied. TBG shows some interesting properties like

superconductivity at a twist angle of 1.1° [49]. There are many ways to prepare twisted

bilayer graphene like [50] PDMS transfer and using hBN as a tape.

Figure 4.4 | Twisted Bilayer Graphene. (a) Optical microscope image of Twisted Bilayer Graphene.

(b) AFM image of twisted bilayer graphene where the region highlighted in red polygon represents

twisted bilayer and the yellow region shows the initial position of the lifted graphene. (c) Height

profile of twisted bilayer graphene with the corresponding line scan marked by the blue dotted line

in the image (b).A
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Here AFM in contact mode was used for the reason that the tip gets into contact with the

sample during scanning and can potentially alter the flake, especially thinner ones. An optical

microscope image of the twisted bilayer is shown in Figure 4.4 (a). Figure 4.4 (b) shows an

AFM image of the flake where the region marked by red polygon is the twisted bilayer. The

region marked by orange polygon is the place from which the monolayer was picked and

transferred. The twist angle was found to be 8.7°. The height profile of the TBG is shown in

Figure 4.4 (c) with the corresponding line scan shown by the blue dotted line in Figure 4.4

(b). The calculated height of TBG is found to be 1.1 nm. The top view of the TBG crystal

structure is shown in Figure 4.5 (a) where the graphene on top is depicted in orange and is

rotated 8.7° with respect to the bottom graphene shown in red.

Figure 4.5 | Characterization of Twisted Bilayer Graphene. (a) Crystal Structure of TBG with top

graphene (orange) is rotated at 8.7° to the bottom (red). (b) Raman Spectroscopy of TBG and initial

monolayer.

Raman spectroscopy was conducted on both the monolayer and TBG separately and are

shown in Figure 4.5 (b). The monolayer shows G band intensity to be lower than the 2 D

band as mentioned previously. TBG shows spectra similar to the monolayer where the G

band has a lower intensity than the 2D band as opposed to the bilayer. There is a shift in the

2D peak which was found to be around 21 cm-1. The full-width half maxima (FWHM) of the

TBG was determined to be 21 cm-1 and that of the monolayer to be 12 cm-1 which is

consistent with the reported data [51].
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4.3 MnPS3 Band Gap Determination Through Heterostructures

To calculate the band gap value of MnPS3, heterostructures of MnPS3 with graphene were

made and studied with transport measurements under ambient conditions and dark

environments except for photoluminescence measurements. Graphene will be referred to as

‘Gr’ in the heterostructures.

4.3.1 Gr-MnPS3 Heterostructure

Gr-MnPS3 heterostructure was prepared by first transferring MnPS3 using the PDMS method

shown in Figure 4.6 (a) on a pre-patterned hall geometry contact. Then, graphene was

transferred on top of MnPS3 using the PC film method shown in Figure 4.6 (b). The overlap

region of graphene and MnPS3 is shown in the 3D view of the AFM image in Figure 4.6 (c).

Figure 4.6 | Gr-MnPS3 Heterostructure. (a) Optical microscope image of MnPS3 flake transferred on

pre-patterned Hall geometry contacts. The inset shows MnPS3 flake before transfer. (b) Optical

microscope image of graphene flake transferred on MnPS3 flake and the contacts. The inset shows

graphene flake before transfer. (c) A 3D view of AFM image of Gr-MnPS3 heterostructure with

orange shaded region highlighting the overlap of graphene and MnPS3.

Transport measurements were taken on graphene and MnPS3 separately to determine their

characteristics. I-V characteristics of graphene are shown in Figure 4.7 (a). The thickness of

the graphene was calculated using AFM giving an average of 5 nm with 1.2 nm at its thinnest

part. Graphene shows linear behavior as expected, with resistivity calculated to be around 6 x

10-6 Ωm which is in line with the reported values of resistivity of graphene, which is of the

order of 10-6 Ωm for thickness less than 6 nm [52]. MnPS3 shows semiconductor behavior

evident from the photoresponse which shows an increase in current value as the flake is

illuminated as shown in Figure 4.7 (b) and also from the I-V characteristics as shown in

Figure 4.7 (c). Photoresponse was taken with a light of wavelength 465 nm at voltage = 1 V,

with a time period of 10s. The shaded part shown in blue is the ‘light ON’ region. I-V
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characteristics of Gr-MnPS3 heterostructure are shown in Figure 4.7 (d). The positive probe is

connected to MnPS3, and the negative probe is connected to graphene. It shows

Schottky-diode (metal-semiconductor) like characteristics. These measurements will be

useful in testing if the future heterostructures prepared are of good quality.

Figure 4.7 | Transport Properties of Gr-MnPS3 Heterostructure. (a) I-V characteristics of graphene

flake. (b) Photoresponse of MnPS3 flake. (c) I-V characteristics of MnPS3 flake (d) I-V characteristics

of Gr-MnPS3 heterostructure.

4.3.2 Gr-MnPS3-Gr Heterostructure

Gr-MnPS3-Gr sandwich-type heterostructures were prepared by the PDMS transfer method

on pre-patterned contacts. The optical microscope images of the process are shown in Figure

4.8 (a-c) with the inset showing images of the respective flakes on PDMS before transferring.

The MnPS3 will act as a tunneling barrier between two graphite flakes. The overlap region is

highlighted in orange as shown in Figure 4.8 (d) with an area of 200 µm2. A 3D view of the

AFM image is shown in Figure 4.8 (e) with a white dotted line representing the line scan

shown in Figure 4.8 (f). The thickness of MnPS3 was calculated to be 45 nm.
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Figure 4.8 | Gr-MnPS3-Gr Heterostructure. (a) Bottom graphene flake transferred on pre-patterned

contacts. Inset showing the graphene flake on PDMS before transfer. (b)MnPS3 flake transferred on

graphene. Inset showing MnPS3 flake on PDMS before transfer. (c) Top graphene flake transferred on

MnPS3. (d) The blue polygon highlights the bottom graphene flake, the red polygon highlights MnPS3

flake, the Green polygon highlights top graphene and the orange shaded region shows the overlap of

top graphene, MnPS3 and bottom graphene. (e) A 3D view of the AFM image of the heterostructure.

(f) Height profile of the heterostructure with the corresponding line scan shown by the white dotted

line in the image (e).

The I-V characteristics and the corresponding dI/dV - V graph of the heterostructure are

shown in Figure 4.9 (a) and Figure 4.9 (b) respectively. The characteristics shown are similar

to that of MnPS3, which shows that there is no Gr-Gr contact between the layers and the

tunneling junction produced is of good quality. The interlayer spacing in MnPS3 is around 0.7

nm [53], so the tunneling junction of MnPS3 is about 64 layers. The band gap of MnPS3 is

determined from the dI/dV curve by taking the slope at the point where the current changes

drastically. The calculated band gap value is around 2.75 eV which is in excellent agreement

with the reported data [54].

Figure 4.9 (c) Shows the band diagram of Gr-MnPS3-Gr heterostructure with applied bias at

room temperature. The contribution of current will come from both FN tunneling and direct

tunneling till the bias reaches the band gap value and only FN tunneling after that. This gives

an abrupt change in current when the potential difference applied is the same as the band gap.

Thus, the band gap can be effectively calculated using the dI/dV plot.
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Figure 4.9 | Transport Properties of Gr-MnPS3-Gr Heterostructure. (a) I-V characteristics of the

heterostructure. (b) Corresponding dI/dV-V characteristics showing band gap of MnPS3. (c)

Schematic diagram of the band diagram of the heterostructure without bias, with bias and bias equal

to the band gap from left to right respectively.
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5.1 Exfoliation of FGT

FGT crystals were commercially purchased from 2D semiconductors. Figure 5.1 (a) shows an

optical microscope image of one of the crystals immediately after opening. It was found to be

a black lustrous metal with a brittle texture. As FGT is an air-sensitive material [22], all

experiments conducted with FGT were performed within one hour of exfoliation, and heating

was avoided except for the experiments conducted in Chapter 6.

Exfoliation of FGT was done using the optimized parameters except for the heating part to

avoid degradation. Since the Te-Te vdW interaction in FGT is relatively stronger as compared

to other vdW materials [55], it is a difficult material to exfoliate. One of the ways to get

around this is to use more adhesive tape like scotch tape. Another method that was preferred

throughout the experiments was to exfoliate the crystal swiftly by increasing the rate of

peeling to separate the layers easily.

Exfoliation was done using blue tape and Figure 5.1 (b) shows an optical microscope image

of a typical exfoliation. It was found that the affinity of FGT flakes with the substrate is

considerably more than other vdW materials studied resulting in more yield. Bulk flakes can

be identified as yellow in color and reflect almost all light and thin flakes (less than 15 nm)

have a dark blue contrast. The contrast changes from light purple to purple for the

intermediate flakes with decreasing thickness. For very thin flakes (less than 7 nm), the

contrast almost vanishes and the flakes are transparent. Thin flakes of around 10 nm
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thickness were routinely obtained in all exfoliations. Figure 5.1 (c) shows the height profile

of some of the flakes marked in Figure 5.1 (b).

Figure 5.1 | Exfoliation of Fe3GeTe2. (a) Optical microscope image of bulk FGT crystal. (b) Optical

microscope image of a typical exfoliation of FGT marking flakes of various thicknesses. (c) Height

profile showing correlation of thickness and contrast of the flakes in the image (b). (d) Optical

microscope image of a thin FGT flake with the approximate location of the transparent flake marked.

(e) The AFM image of the thin flake showing the transparent flake by a black dotted polygon. (f)

Height profile of the transparent flake with corresponding line scan shown by the white line in the

image (e).

Figure 5.1 (d) shows an exfoliated thin flake of 10 nm thickness with the approximate

location of a transparent flake is marked. AFM image of the flake is shown in Figure 5.1 (e)

where the transparent flake can be clearly identified and is marked by a black dotted polygon.

Figure 5.1 (f) shows the height profile of the transparent flake with the corresponding line

scan shown by the white line in Figure 5.1 (e). The height of the flake was calculated to be

around 3.3 nm which gives the number of layers as three considering the height of a single

layer to be around 0.82 nm [33].
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5.2 Thickness Dependence of Raman Modes

Raman spectroscopy was performed to characterize the FGT flakes. Figure 5.2 (b) shows

Raman data of bulk, thin, and intermediate flakes. Figure 5.2 (a) shows the crystal structure

of FGT with pink and orange arrows representing approximate phonon vectors. A1g Raman

modes originate from out-of-plane lattice vibrations of Te and Fe I atoms and E2g mode

originates from in-plane lattice vibrations of all atoms with Te having phonon vectors in the

opposite direction to that of Fe and Ge [55].

Figure 5.2 | Raman Spectroscopy of Fe3GeTe2. (a-left) Crystal Structure of FGT showing A1g mode

with a pink arrow representing the phonon eigenvector. (a-right) Crystal structure of FGT showing

E2g mode with an orange arrow representing the phonon eigenvector (b) Raman spectroscopic data of

FGT flakes of variable thickness.

Raman spectroscopic measurements were taken in ambient conditions on FGT flakes with

variable thickness and are shown in Figure 5.2 (b). The thickness of the flakes was roughly

determined from optical contrast and from the intensity of silicon peaks which becomes

pronounced as the FGT flake gets thinner. FGT shows characteristic peaks at 154 cm-1 and

120 cm-1 as can be seen in thin flakes. The intensity of the peaks gets diminished as the

thickness of the flake increases which is in line with the reported data [56]. The peak

observed at 120 cm-1 belongs to A1g mode and the peak at 155 cm-1 is from both A1g and E2g

modes combined. The thickness dependence of the Raman spectra obtained can be explained

by constructive interference between light scattered from different layers of the material [57].
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In the case of FGT, the constructive interference gets stronger as the thickness of the

exfoliated flakes decreases.

5.3 Fe-Intercalation in FGT

5.3.1 Estimation of Fe Concentration in FGT

Figure 5.3 | HR-TEM and Elemental Mapping of Fe-intercalated FGT. (a) HR-TEM image of a

typical FGT nanoflake. (b) Elemental mapping of Fe. (c) Elemental mapping of Ge. (d) Elemental

mapping of Te.

High Resolution - Transmission Electron Microscope was used to characterize FGT crystals

with excess Fe concentrations. Figure 5.3 (a) shows the HR-TEM image of one of the

exfoliated FGT nanoflakes using the ultrasonication method. Elemental mapping was

conducted to extract the stoichiometry of the samples and the results of Fe, Ge, and Te

concentrations are shown in Figure 5.3 (b), Figure 5.3 (c), and Figure 5.3 (d) respectively.

ELEMENTS Fe Ge Te

Sr. No.

1 3.8 1 1.8

2 4.3 1 1.9

3 5.2 1 1.9

4 3.9 1 1.7

Table 5.1 | HR-TEM and Elemental Mapping of Fe-intercalated FGT. The leftmost column depicts

the serial number of the nanoflakes and the topmost row represents the various elements in FGT. The

elemental concentration is shown in the table.
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Elemental analysis of various flakes was conducted and the results are summarised in Table

5.1. Typical FGT samples have Te vacancies as will be shown in Chapter 8, so stoichiometry

was calculated by taking the concentration of Ge to be 1. The resultant Stoichiometry of FGT

samples with excess Fe concentrations is determined to be Fe3+xGeTe2. Fe concentrations vary

roughly from around 3.8 to 5.2 which is explained by possible Fe-intercalation in pristine

FGT samples.

5.3.2 Fe-Intercalation in FGT

The excess Fe in FGT can be brought about in two possible ways that are (i) interlayer

intercalation which happens in the vdW gap and (ii) Intralayer intercalation in which Fe

atoms occupy place inside the layer.

Since pristine FGT has Fe defects as will be shown in Chapter 8, the excess Fe atoms first

occupy these sites until the stoichiometry of the sample reaches Fe3GeTe2. Now there are two

possible sites where Fe atoms can accommodate as shown in Figure 5.4 (a). Fe atoms can

either intercalate on top of Fe II atoms marked as site I or can intercalate on top of Ge atoms

marked as site II. Intercalation on site I is more favorable than intercalation on site II and thus

the excess Fe atoms sit on top of Fe I, causing a structural change in the material and

transforming into Fe4GeTe2. More upcoming Fe atoms occupy site II and after enough

intercalation, the structure changes to Fe5GeTe2.

Figure 5.4 | Crystal Structure of Fe-intercalation in FGT. (a) Pristine FGT crystal structure with

possible Fe-intercalation sites inside the layer. (b) Crystal structure of Fe-intercalation in interlayer

vdW gap.

Another way to accommodate excess Fe atoms is in the vdW gap as was shown in previous

reports [58]. Such type of intercalation can be highly non-uniform unlike the intercalation
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inside the layer and may form clumps of Fe atoms as shown in Figure 5.4 (b). The thickness

of the material can be greatly enhanced depending on the amount of intercalation. Both types

of intercalation increase the thickness of the structure with intralayer intercalation having a

more subtle effect than the interlayer intercalation which can increase the thickness of one

layer up to 0.1 nm.

Intercalation of Fe atoms not only changes the thickness of the sample but can also alter the

fundamental physical properties of the sample like magnetism. Recent experiments suggest

that the Fe-intercalation in between the layers can lead to antiferromagnetic ordering in the

sample [58]. Since the paramagnetic-ferromagnetic transition temperature is dependent on Fe

atoms, the increase in Fe atoms in the structure causes the transition temperature to increase

as iron is ferromagnetic up to 1043 K. This increase in transition temperature is reported to be

due to the charge transfer in FGT material [59].
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Chapter 6

Surface and Interlayer Oxidation of FGT
6.1 Oxidation of FGT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

6.2 Surface Oxidation of FGT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

6.3 Interlayer Oxidation of FGT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6.1 Oxidation of FGT

Figure 6.1 |Raman Spectroscopy of Bulk Oxidised FGT Crystal. (a) Optical Microscope image of

FGT bulk crystal where the colourful part is oxidized. (b) Raman Spectroscopic data of pristine and

oxidized parts as shown in the image (a). (c) Crystal Structure of oxidized FGT layer with Te-O and

Fe-O bonds.

The stability of a material is dependent on the strength of its chemical bonds which is

determined in terms of cohesion energy Ecoh [60]. Graphene and hBN are some of the most

stable 2D materials and have an Ecoh greater than 7.0 eV/atom and the Ecoh of air-sensitive

materials are in the range of 3-4 eV/atom. FGT is known to degrade in ambient conditions,

but there is no conclusive study on the oxidation of FGT. A detailed study was conducted
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using Raman spectroscopy, AFM and transport measurements. Raman spectroscopy is an

ideal technique to study the oxidation of FGT as the structural changes occurring due to

oxidation can be clearly identified.

Raman Spectroscopy was performed on bulk FGT crystal to characterise the oxidised part.

Figure 6.1 (a) shows an FGT bulk crystal where the colourful spot is identified to be oxidised

part and the corresponding Raman data are shown in Figure 6.1 (b). Two prominent peaks at

126 cm-1 and 142 cm-1 can be observed which are reported in the literature to be characteristic

peaks of degraded FGT samples [61]. Figure 6.1 (c) shows the crystal structure of oxidized

FGT where oxygen forms bonds with iron and tellurium atoms on the surface. These bond

formation greatly affects the phonon modes related to Te and Fe I atoms which explains the

observed change in raman spectroscopic data where the pristine A1g and E2g modes are

suppressed and new modes are observed with the peak observed at 126 cm-1 belonging to the

E2g mode and the peak observed at 142 cm-1 belonging to the A1g mode.

6.2 Surface Oxidation of FGT

6.2.1 Oxidation in Ambient Environment

Figure 6.2 | Evolution of Surface Oxidation of FGT. Optical Microscope images of FGT flake taken

immediately after exfoliation and up to 21 days. The scale bar is the same for all the images..
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FGT crystals were exfoliated and kept in ambient conditions (24॰C) to check for the surface
oxidation of FGT. Optical microscope images of one of the flakes taken immediately after

exfoliation and up to 21 days are shown in Figure 6.2. The characteristic colour of exfoliated

bulk flakes is yellow which changes in colour as the surface gets oxidised. Surface oxidation

can be seen as the flake changes its colour from yellow to light brown after around 8-10

hours. As the oxidation continues, the surface changes its colour to red as can be seen after 4

days which then changes to green after 21 days where the surface gets completely oxidised.

Figure 6.3 | Time Dependent Raman Spectroscopy of FGT Oxidation. (a) Raman Spectroscopic data

of exfoliated FGT flake taken immediately after exfoliation and up to 15 days. (b) Optical microscope

images of the flake where the marked region shows the area of measurements. The scale bar is the

same for all the images.

Raman spectroscopy measurements were performed to check for any structural changes in

FGT with respect to oxidation and also relating to the change in contrast of the flakes. Figure

6.3 (a) shows Raman data taken on Bulk FGT flake immediately after oxidation and up to 15

days and the corresponding Optical microscope image of the flake is shown in Figure 6.3 (b).

The bulk exfoliated flake shows no prominent peak as noted in Chapter 5, and as the

oxidation initializes, two prominent peaks can be observed at 121 cm-1 and 139 cm-1

respectively which then shifts to 124 cm-1 and 142 cm-1 as the surface gets completely

oxidized. As the oxidation progresses, the intensity of the Raman peaks can be seen to

intensify gradually indicating more Fe-O and Te-O bond formation. The Raman peaks at 121
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cm-1 and 139 cm-1 can be explained as the surface has both the pristine Te and Fe atoms along

with the oxidized part. The observed Raman peaks at 124 cm-1 and 142 cm-1 even after 15

days suggest no structural change in the different contrast observed on FGT flakes.

6.2.2 Oxidation at Higher Temperatures

The rate of oxidation is dependent on various external factors such as temperature and

pressure [62]. The oxidation of FGT at 100 ॰C in ambient conditions was reported to oxidize

in 30 min [63]. Oxidation of FGT in ambient conditions is termed natural oxidation and at

higher temperature ranges as fast oxidation. The oxidation of naturally oxidized FGT was

found to have magnetic properties whereas the heated oxidized part is non-magnetic [64].

Figure 6.4 | Temperature Dependent Oxidation of FGT. (a) Temperature-dependent rate of surface

oxidation of exfoliated FGT flakes. (b) Raman spectroscopic data of an FGT flake before and after

heating at 200 °C for 10 min. Inset showing the optical microscope image of the flake where the

marked region shows the area of measurements.

Oxidation of FGT was studied at different temperature ranges. Figure 6.4 (a) shows the time

of onset of surface oxidation with respect to temperature. It was found that the rate of

oxidation increases exponentially with temperature. Flakes were oxidized within 15-20 sec at

250॰C, approximately 3-5 min at 200॰C, around 15 min at 150॰C, around 1 hr at 100॰C and

around 4 hrs at 50॰C. The rate of FGT oxidation was found to considerably decreased when

the sample was kept in a closed environment. Also, the oxidation of thinner flakes was

observed to be faster than bulk flakes. Raman spectroscopy measurements were performed on

pristine exfoliated FGT flake and the same flake after being oxidized by heating at 200℃ for

10 minutes and are shown in Figure 6.4 (b). The peaks observed are the same as oxidation in
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ambient conditions suggesting the same bond formation for fast oxidation as that in naturally

oxidised flake.

The rate of reaction is given by Arrhenius equation [65],

𝐾 =  𝐴𝑒
−𝐸

𝑏𝑎𝑟𝑟𝑖𝑒𝑟
/𝐾

𝐵
𝑇

where K is the rate of oxidation, A is a pre-exponential term, KB is the Boltzmann constant, T

is the temperature and Ebarrier is the energy barrier of the oxidation reaction which determines

if a given material will oxidize. The values of A and Ebarrier are calculated to be 18 hours and

0.76 x 10-2 eV respectively. The calculated value of Ebarrier is less than the value 0.7 eV, above

which a material is stable to oxidation at room temperature [66], which agrees with the

observation of oxidation of FGT in ambient conditions.

6.2.3 Oxidation-Induced Surface Roughness

As 2D materials are known for their ultra-flat surface, they are used in making

heterostructures with superior interface contact [67]. This interface can be substantially

hampered if the surface is rough. One of the ways the surface can acquire roughness is

surface oxidation.

AFM was used to determine the surface characteristics of exfoliated flakes for up to 30 days.

Figure 6.5 (a) shows a 3D view of AFM images taken on exfoliated FGT samples

immediately after exfoliation and up to 20 days. It can be clearly observed that the surface

gets rough along with oxidation with some regions forming lumps. Surface characteristics

were studied on the region marked by a black square and the corresponding graph is shown in

Figure 6.5 (b). The average surface roughness of the exfoliated FGT flake is around 0.78 nm

in close range of the reported data [68]. The surface roughness increases in a sigmoidal

fashion in which the roughness remains unchanged till the onset of oxidation and increases

exponentially until reaching saturation after about 20 days with an average surface roughness

of about 3.15 nm. The average surface roughness of the flake after 20 days fluctuates around

3 nm.

The inset in Figure 6.5 (b) shows the height profile of the oxidized FGT flake marked by a

white-dotted line in the bottom-right image of Figure 6.5 (a). The height of the observed

hump is found to be around 37 nm in height which is unusual for surface oxidation and hints

at heavy oxygen intercalation in between the layers.
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Figure 6.5 | Roughness Analysis of Surface Oxidation of FGT flake. (a) A 3D view of AFM images of

FGT flake taken right after exfoliation and up to 20 days. The scale bar is the same for all the images.

(b) Time evolution of Average Surface Roughness of FGT flakes kept in ambient conditions. The inset

shows the height profile of the bump observed on the oxidized FGT flake after 20 days with the

corresponding line scan shown by the white dotted line in the bottommost right image in (a).

6.3 Interlayer Oxidation of FGT

As vdW materials have interlayer spacing that can accommodate different atoms, oxygen

intercalation is possible in FGT. The size of molecular oxygen is 0.3 [69] nm which is

comparable to the vdW gap in FGT, so the intercalation of oxygen can cause a substantial

increase in the thickness of the exfoliated flakes. AFM studies were carried out on FGT

flakes to investigate the effect of oxygen intercalation which are shown in Figure 6.6. AFM

of FGT was carried out immediately after exfoliation and up to 16 days. The height of the

exfoliated flake was determined to be 56 nm. The thickness of the flake remains unchanged

until 20 hours and starts to increase thereafter indicating initiation of oxygen intercalation.

The thickness rises exponentially up to 10 days and remains constant thereafter indicating a

saturation of the intercalation. The evolution of the flake follows a sigmoidal fashion with the

final thickness of the flake around 105 nm which is almost double that of the initial flake.
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Figure 6.6 | Thickness Evolution of Oxidation of FGT Flake. (a) Thickness evolution of exfoliated

FGT flake kept in ambient conditions with time. (b) Corresponding Optical microscope images of

the flake. The scale bar is the same for all the images.

Usually, this type of intercalation causes the flake to be cleaved in the vdW gaps known as

exfoliation using intercalation [70]. However, the flakes were observed to be quite stable.

This suggests that the oxygen atoms are not only intercalated in between the layers but also

form bonds inside leading to oxidation inside the vdW gaps. Reports suggest that oxidized

FGT creates an interface with the pristine FGT [22,71] which also suggests that the oxidation

inside the layers is not caused by the infusion of oxygen atoms from the top surface but by

the oxygen that is intercalated in the vdW gaps.

Figure 6.7 | Oxidation of FGT Flake Exfoliated on PDMS. Optical microscope images of FGT flake

exfoliated on PDMS taken (a) immediately and after (b) 3 days (c) 6 days and (d) 11 days.

To confirm the hypothesis, FGT flakes were exfoliated on PDMS to check for interlayer

oxidation. PDMS acts as a protective layer and its optically transparent property enables it to

check for oxidation on the protected side. Figure 6.7 shows optical microscope images of
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FGT flakes exfoliated on PDMS taken right after exfoliation and up to 11 days. FGT flakes

start to oxidize after about two days on the side that was protected by PDMS suggesting FGT

oxidation occurs inside the flakes along with oxygen intercalation.

Figure 6.8 | Transport Properties of Oxidising FGT Flakes. (a) Evolution of resistance of FGT flake

kept in ambient conditions with time. The inset shows an optical microscope image of the FGT flake

just after transferring with a scale bar representing 10 µm. (b) Corresponding electrical conductivity

of FGT flake with time. The inset shows an optical microscope image of the FGT flake after 5 days

with a scale bar representing 10 µm.

Finally, transport measurements were carried out on FGT flakes to confirm the interlayer

oxidation. FGT flakes were exfoliated on pre-patterned contacts and transport measurements

were taken right after exfoliation and up to 5 days. Figure 6.8 (a) shows the resistance of FGT

flakes with respect to time. The resistance of FGT flakes is fairly constant for up to 10 hours

which is the same time as the start of surface oxidation. The resistance starts to increase along

with oxidation which is in line with the prevailing knowledge that the oxidised part becomes

insulating. There is a kink observed in resistivity values at around 2 days suggesting the

bottommost layer in contact with the contacts has started to oxidise. The resistance of flakes

increases for up to 4 days and remains fairly constant thereafter. This suggests that enough

oxygen molecules are intercalated inside the vdW gaps which restricts the current flow.

Since the thickness of FGT flakes also increases with oxidation, the conductivity values are

calculated according to the thickness at the time of transport measurements. The

corresponding conductivity values are shown in Figure 6.8 (b).
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Figure 6.9 | Crystal Structure of Evolution of Oxidation of FGT Flakes. (a) Crystal structure of

Pristine FGT flake in ambient conditions. (b) Crystal structure of FGT with surface oxidation

initialized after around 8 hours. (c) Crystal structure of FGT with the start of oxygen intercalation in

the vdW gap causes its thickness to increase after around 20 hours. (d) Crystal structure of FGT with

the start of oxidation of the bottommost layer after around 2 days. (e) Crystal Structure of completely

oxidized FGT flake after around 15 days.
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The complete process of the oxidation of FGT flakes is shown by the crystal structure in

Figure 6.9. Figure 6.9 (a) shows the pristine FGT flake in an ambient environment

surrounded by oxygen molecules. Figure 6.9 (b) shows the onset of surface oxidation which

is in contact with the environment. Surface oxidation starts at about 8 hrs for bulk flakes.

Figure 6.9 (c) shows the onset of oxygen molecule intercalation inside the vdW gaps leading

to an increase in the thickness of the layers. Figure 6.9 (d) shows the initialization of the

bottommost exfoliated flake that is oxidized along with interlayer oxidation. Figure 6.9 (e)

shows the complete oxidation and oxygen intercalation after 10 days.

Thus, FGT exhibits interlayer oxidation in both thin flakes and bulk exfoliated flakes which

is contrary to the report that the bulk flake becomes self-protected after initial reactions [72].

47



Section II

48



Chapter 7

Setup and Working of LT-STM
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7.1 STM and STS

Figure 7.1 | Working Principle of STM and STS. (a) Phenomena of quantum tunneling of electrons.

(b) Schematic diagram of the operating principle of STM. (c) Working principle of STM in constant

height mode. (d) Working principle of STM in constant current mode. (e) Schematic diagram of the

working principle of STS with graphs showing STS of typical metallic samples.
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7.1.1 Quantum Tunneling

At the quantum level, electrons behave as a wave that can cross a potential barrier provided

enough energy, this phenomenon is known as quantum tunneling. STM works on the

principle of quantum tunneling of electrons [73]. The schematic diagram of the same is

shown in Figure 7.1 (a). A metallic tip is brought in close proximity to a conducting sample

such that electrons are tunneled through the gap (vacuum) which gives rise to a current flow

between the tip and sample. The wavefunction of the electron 𝜓 satisfies the Schrodinger

equation

− ħ2

2𝑚 ∇2𝜓 + 𝑉𝜓 = 𝐸𝜓

where, ℏ is Planck’s constant, m is the mass of the electron, E is the energy of the electron.

The solution to this equation is an oscillating wave function in Regions I and III and

exponentially decaying in Region II given as follows

. Region I : T = Aeikx + Be-ikx .𝜓

. Region II : G = Ce-ᴋx + Deᴋx .𝜓

.Region III : S = Ee-ikx .𝜓

where, k2 = , ᴋ2 = ,2𝑚

ħ2 (𝐸 − 𝑉) 2𝑚

ħ2 (𝑉 − 𝐸)

A, B, C, D and E are constants.The gap d between the regions I and III which in the case of

STM is the tip-sample distance will determine if the electron tunnels through it.

7.1.2 Scanning Tunneling Microscopy

STM was developed in 1981 by Gerd Binning and Heinrich and Rohrer [74]. A Schematic

diagram of the operating principle of STM is shown in Figure 7.1 (b). A voltage bias is

applied to the tip and the sample is grounded. The tip is attached to a piezoelectric scanner

and is brought close to the sample in the tunneling range. The tip is then raster scanned on the

surface of the sample in the x-y direction. The z-piezo is used to monitor the tip height which

is coupled to a feedback loop that monitors the z position of the tip according to the set

parameters.

STM works in two modes which are constant height and constant current mode. In constant

height mode, the tip height is used as a feedback parameter which is kept fixed while
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scanning the sample, and the corresponding change in tunneling current is recorded as an

image. Usually, this mode is used for samples that are ulta-flat. In constant current mode, the

tunneling current is used as a feedback parameter which is kept constant while scanning the

sample, and the corresponding tip height is recorded as an image. All the STM measurements

were performed using constant current mode.

7.1.3 Scanning Tunneling Spectroscopy

STS is used to provide information about the density of electrons as a function of their

energy. The working of STS is shown in Figure 7.1 (e). The tip is positioned at a particular

spot on the sample and a constant height is maintained with the feedback turned off. A

sweeping voltage bias is applied to the tip and the corresponding I-V curve is recorded. The

dI/dV - V of the curve will be directly proportional to the local density of states (LDOS) of

electrons in the region of study which is directly below the tip. Also, a dI/dV - V map can be

taken across a particular region to spatially visualize the DOS in the region. Taking the

dI/dV---V can be extremely noisy, so a lock-in amplifier was used to extract the data which is

explained in Appendix B.

7.2 LT-STM

Figure 7.1 (a-b) shows the Scienta Omicron low-temperature ultra-high vacuum STM where

all STM measurements were performed. The system is divided into 3 sections which are the

LT-STM chamber, Preparation chamber and load lock, each operating at different vacuum

conditions and separated by a valve. Samples and tips are moved across each chamber using a

magnetic wobble stick.

7.2.1 LT-STM Chamber

The LT-STM chamber is equipped with a bath cryostat for liquid nitrogen (LN2) and liquid

helium (LHe) which enables the system to work in three different temperature ranges that are

300 K (room temperature), 77 K, and 4.3 K. LT-STM chamber has a base pressure of 2 x 10-9

mbar and can reach up to 10-11 mbar. The tip-sample assembly is coupled to a sample holder

which is suspended using a spring for vibration isolation. The spring has three possible

positions (i) cool-down position in which the assembly is in contact with cryostat, (ii)

bakeout position is used when baking the system and (iii) scanning position while taking

measurements. The sample holder is equipped with a heater for temperature-dependent

measurements.
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Figure 7.2 | LT-UHV-STM Instrument. (a) LT-STM instrument showing LT-STM chamber,

Preparation chamber and control unit along with other components. (b) LT-STM instrument showing

load-lock and crystal cleaver. (c) Sample plate and tip holder.

7.2.2 Preparation Chamber and Load Lock

All samples and tips are first transferred into the fast-entry load lock before moving into the

preparation chamber. The load lock has a base pressure of 10-7 mbar. The preparation

chamber is equipped with a sputtering system for cleaning samples and resistive heating for

annealing samples. It also has an e-beam evaporator and a crystal cleaver for in-situ

exfoliation of samples. The preparation chamber has a base vacuum of 10-8 mbar and can

reach up to 10-10 mbar.

7.2.3 Sample Plates and Tip Holder

Three types of plates are used in the system. (i) sample plate for STM measurements is

shown in Figure 7.4 (a), (ii) 4-contact sample plate for transport and tip holder for STM tips.

The transport sample plate is equipped with four titanium contacts as shown in Figure 7.2

(c-left). The tungsten tip is attached to the tip holder as shown in Figure 7.2 (c-right) which

will be coupled to the piezoelectric scanner in the LT-STM chamber. The tip has a range of 5

x 5 mm for coarse motion and 2 x 2 µm for fine motion during scanning.
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7.2.4 Vacuum Components

Four types of vacuum pumps are used in the system which are rotary pump, turbo-molecular

pump, ion pump, and titanium sublimation pump (TSP). The rotary pump creates a rough

vacuum of 10-3 mbar which is then brought to 10-9 mbar using a turbomolecular pump. The

ion pump maintains a pressure of 10-9 mbar as the turbomolecular pump is switched off

during scanning to avoid noise. TSP pump is used at regular intervals to remove the adsorbed

gases in the system. LT-STM is connected to one set of the four pumps and the Prep chamber

and load lock to another set. Pressure gauges such as the Pirani gauge and ion gauge are used

to monitor the pressure. Pirani gauge is used in load lock and ion gauges are used in both

prep chamber and LT-STM chamber separately.

7.3 STM Tip Preparation

Figure 7.3 | STM Tip Preparation. (a) Schematic diagram of electrochemical etching of STM

tungsten tip with magnified part highlighting chemical reaction. (b) Optical microscope image of

STM tip(5x magnification). (c) Optical microscope image of STM tip (50x magnification).

Pt/Ir, gold, and tungsten (W) are some common materials used for STM tip preparation. STM

tips are made using a wide variety of methods such as mechanical pulling, electrochemical

etching, and beam deposition [75]. Direct current electrochemical etching was used to

develop tungsten tips. The resolution of the STM image gets better as the tip gets sharper, so

the process was optimized to get sharp tips. A tungsten wire of 0.25 mm was used for tip

preparation and 2M NaOH solution was used as an electrolyte solution. A Schematic of the

tip preparation setup is shown in Figure 7.3 (a). Tungsten wire is dipped in NaOH solution
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and positive potential is applied to the wire. A chemical reaction occurs along the meniscus

formed and the tip gets etched. The part of the tungsten wire below the meniscus falls down

from its weight as the wire gets etched leaving behind a sharp tip. The reaction is as follows

Cathode : 6H20 + 6e- → 3H2 + 6OH- .

. Anode : W + 8OH- → WO4
2- + 4H2O + 6e-

. Overall : W + 2OH- + 2H2O → 3H2 + WO4
2- .

Figure 7.3 (b-c) shows optical microscope images of the STM tips prepared.

7.4 STM Sample Preparation

The STM plate was polished using sandpaper and then sonicated in acetone and then IPA to

get a clean and flat surface. FGT bulk crystal was mounted on the STM sample plate using

silver epoxy as an adhesive material as shown in Figure 7.4 (a). It was curated at 150॰C for 1

hour at a vacuum of 10-6 mbar pressure to avoid sample degradation. The top side of the

sample was exfoliated using scotch tape, the exfoliated part is shown in Figure 7.4 (b)

suitable for STM measurements. The sample was then immediately transferred to the load

lock with a base pressure of 10-7 mbar as shown in Figure 7.4 (c). The sample was then

moved to the prep chamber before transferring into the LT-STM chamber where all the STM

measurements were performed at a base pressure of 2 x 10-9 mbar and a temperature of 4.3 K.

Figure 7.4 | STM Sample Preparation. (a) FGT crystal affixed on STM sample plate. (b) Optical

microscope image of FGT crystal after exfoliating top surface. (c) Sample plate along with sample

transferred into load lock.
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8.1 Study of Pristine FGT

8.1.1 Topographic Study of Defects

Figure 8.1 | STM of Pristine FGT. (a) A 3D view of a large-scale STM image (V = 1 V, I = 0.1 nA) of

FGT showing a layer cascade with an inset showing the height profile of the layers. (b) STM

topographic image (V = 200 mV, I = 50 pA) of pristine FGT surface. (c) FFT of the image (b) where

white circles highlight Bragg peaks. (d) dI/dV spectra taken on the region shown in the image (b).

Figure 8.1 (a) shows a 3D view of a large-scale STM image of the FGT surface showing a

layer cascade. The height of a single layer of FGT was calculated to be 0.88 nm which is in

line with the reported data [76]. An atomic resolution STM image was taken on a pristine

FGT surface and is shown in Figure 8.1 (b). Hexagonal lattice can be clearly seen on the

surface which are attributed to Te atoms. Fast Fourier transform of the image shows lattice
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peaks (Bragg peaks) which are highlighted in white circles in Figure 8.1 (c). The lattice

parameters calculated from the FFT give a lattice spacing between Te atoms to be 0.4 nm.

dI/dV spectra taken on the same surface are shown in Figure 8.1 (d). The spectra show two

characteristic peaks at 25 mV and -50 mV which are attributed to the Kondo lattice behavior

and the paramagnetic-ferromagnetic transition respectively [76].

The surface exhibits many dark spots and a few nanometer-sized regions of subtle

depressions which are attributed to the various intrinsic defects and vacancies that are

characteristic of the sample [77]. The dark spots are due to Te vacancies and the broader low

contrast regions are due to the vacancy of Fe I, Fe II, or a combination of both of them.

Figure 8.2 | Vacancies in Pristine FGT. (a) Te atoms (grey balls) and Te vacancy (grey circle). (b) Fe I

vacancy (red circle) in between three Te atoms (grey balls). (c) Fe II vacancy (red circle) which is right

under the Te atom. (d) Fe I and Fe II vacancies are highlighted in red and orange circles respectively.

A detailed study of the vacancies was performed to identify and locate various types of

defects in the sample. FGT exhibits three types of atomic deficiency that are Te vacancy, Fe I

vacancy, and Fe II vacancy. Figure 8.2 (a) shows an image containing Te vacancy which is

identified as a dark spot highlighted by a grey circle in the image and surrounded by Te atoms

highlighted by grey balls. The calculated height difference is around 22 pm. Figure 8.2 (b)

shows an image containing Fe I vacancy which is marked by the red circle in the image. Fe I

is located in between three Te atoms and its vacancy causes a subtle depression on the

surrounding Te atoms which can be identified as the surrounding three Te atoms have lower

contrast as compared to other Te atoms. The calculated height difference is found to be 7 pm.

Figure 8.2 (c) shows Fe II vacancy highlighted as a red circle. Fe II sits directly below the Te

atom and its vacancy causes lower contrast on the Te atom at the top which can be clearly
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seen in the image. The calculated height difference is 5 pm which is less than the Fe II

vacancy as Fe I is a layer below Fe II. Finally, both Fe I and Fe II vacancies were located and

are shown in Figure 8.2 (d) which are highlighted in red and orange circles respectively. The

calculated height difference of the Te atom on top of these vacancies is found to be 10 pm

which is more than that caused by Fe I and Fe II separately.

8.1.2 Spectroscopic Study of Defects

Figure 8.3 (a) shows a linear density of states (LDOS) map taken on the entire region shown

in Figure 8.1 (b) at a voltage bias of 25 mV. The regions having Fe vacancies can be clearly

seen to have more DOS than the pristine regions. To study the effect of Fe vacancy in detail,

STM was carried out on a region where these vacancies can be prominently seen.

Figure 8.3 | STS of Pristine FGT. (a) LDOS map (V = 200 mV, I = 0.6 nA) taken on the entire region

shown in Figure 8.1 (b) at a bias voltage of 25 mV. (b) High contrast STM image of pristine FGT

surface. (c) dI/dV spectra taken at pristine, Fe vacancy, and Te vacancy shown in the image (b) with

grey, red, and blue squares respectively.

Figure 8.3 (b) shows a high contrast STM image of the Pristine FGT surface where the bright

regions represent pristine FGT surface, darker regions show Fe vacancy, and dark spots show

Te defect. Spectroscopic studies were performed on three regions, (i) pristine, (ii) Fe vacancy,

and (iii) Te along with Fe vacancy regions marked by grey, red, and blue squares respectively,

and the corresponding dI/dV spectra are shown in Figure 8.3 (c). The

paramagnetic-ferromagnetic transition peak at -50 mV broadens as we go from region (i)

towards region (iii) which can be explained by the decreased Fe content in the region which

is the main contributor to the transition. The Kondo lattice peak broadens as we go from

region (i) to region (iii) indicating a weakening of the effect. This is evident as the
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phenomena arise due to the delocalized d-orbital electrons of Fe [76]. Thus the coexistence of

ferromagnetism and Kondo lattice behaviour is confirmed which depends on the Fe

concentration in the region.

8.2 Moiré Pattern in FGT

Figure 8.4 (a) shows an STM image of FGT where large-scale periodic modulations can be

observed. These patterns have been inferred to be moiré pattern considering the large-scale

modulations and the periodicity it exhibits [78]. A 3D view of the same image is shown in

Figure 8.4 (b) where the height of the pattern is found to be 35 pm. The periodicity of the

pattern was found to be 7.5a0 and 15a0 giving it the representation of 7.5a0 x 15 a0. where a0 is

the lattice constant. dI/dV spectra taken on the region is shown in Figure 8.4 (c) where the

characteristic peaks of pristine FGT are absent and the surface exhibits normal metallic

behavior.

Figure 8.4 | Moiré Pattern in FGT. (a) Large scale STM image (V = -200 mV, I = 0.2 nA) of moiré

pattern on FGT surface. (b) A 3D view of the STM image showing the periodicity of the pattern. (c)

dI/dV spectra taken on the same region.
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9.1 (√3a0 x √3a0)R30° Charge Ordering in Intralayer Fe-Intercalated FGT

Intercalation of various elements in vdW materials can change the physics of the materials

such as intercalation of Cu in TiS2 leads to (√3a0 x √3a0)R30° structural transition [79]. In a

similar way, the intercalation of Fe inside FGT can alter the physics of pristine FGT. The

intercalation of Fe has already been shown in Chapter 5, now we look at its surface properties

using STM and STS.

Figure 9.1 (a) shows the STM image of the FGT surface. There are very few Fe vacancies

which suggests that Fe has intercalated inside the layer and the surface being very flat rules

out the possibility of Fe intercalation in the vdW gap. So the FGT surface exhibits a

stoichiometry of Fe3+xGeTe2 with intralayer Fe intercalation. Large-scale modulations can be

observed on the surface which are identified as charge ordering as will be discussed later. The

height profile of the modulation is shown in Figure 9.1 (b) and the corresponding line scan is

shown by the blue dotted line in Figure 9.1 (a). Modulations can be clearly seen in the height

profile where modulated Te atoms have more height than others in a periodic arrangement.

The FFT of the image is shown in Figure 9.1 (c) where Bragg peaks are highlighted in white

circles. Orange circles highlight the modulated peaks and the periodicity was determined to

be √3 times that of the lattice constant a0 and rotated in 30° with the lattice direction giving

them the notion of (√3a0 x √3a0)R30°.

Spectroscopic studies were carried out to characterize the sample along with the features

observed and the corresponding dI/dV spectra is shown in Figure 9.1 (d). The spectra is

different from that observed in pristine FGT and show a gap with FWHM calculated to be
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around 46 mV. The gap opening shows a kind of symmetry breaking and the system assumes

lower energy which is attributed to the formation of charge ordering.

Figure 9.1 | (√3a0 x √3a0)R30° Charge Ordering in Intralayer Fe-intercalated FGT. (a) A STM image

(V = -50 mV, I = 0.5 nA) of (√3a0 x √3a0)R30°modulated surface. (b) Height profile along one of the

lattice directions where the modulated Te atoms can be identified clearly and the corresponding line

scan shown by the blue dotted line in the image (a) (c) FFT of the image (a) where orange and white

circles highlight the (√3a0 x √3a0)R30° modulated peaks and Bragg peaks respectively (d) dI/dV spectra

taken on region shown in the image (a). (e) An STM image (V = -200 mV, I = 0.1 nA) of (√3a0 x

√3a0)R30°modulated surface with inset showing FFT of the image. (f) LDOS maps (V = 200 mV, I = 0.6

nA) taken on the region shown in the image (e). Inset showing FFT of the image with orange circles

highlighting (√3a0 x √3a0)R30°modulated surface.

Figure 9.1 (e) shows an STM image of a different region which is also deduced to have

intralater Fe intercalation. (√3a0 x √3a0)R30° modulations can be observed on the surface and

is highlighted in the FFT taken on the same region as shown in the inset. Spectroscopic

studies were performed on the entire region to study the properties of the modulations and the

corresponding LDOS map taken at 0 V is shown in Figure 9.1 (f). The modulation is clearly

seen in the LDOS maps at the Fermi level and is confirmed by the FFT of the image shown in

the inset. This indicates an increase in the DOS on the modulated Te atoms around the fermi

level.
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(√3a0 x √3a0)R30° modulation has been observed in other FGT systems such as Fe5-xGeTe2
[80] where the transition to the modulation was observed below a critical temperature Tc2

which was accompanied by a weakening of the magnetization in the sample [81]. A more

recent theoretical study shows that the structural transition is caused by the Fe I split sites in

Fe5GeTe2. The vacancy at these Fe I sites causes the swapping of the Fe I atoms leading to the

observed modulation [82]. Here, we show that the modulation can be brought about by

doping Fe atoms in pristine FGT with Fe intercalating inside the layers.

9.2 Pristine and (√3a0 x √3a0)R30° Charge Ordering in Intralayer

Fe-Intercalated FGT

9.2.1 Topographic Study of Charge Ordering

Figure 9.2 | (√3a0 x √3a0)R30° Charge Ordering and Pristine Region. (a) An STM image (V = -200

mV, I = 25 pA) of (√3a0 x √3a0)R30°modulated surface highlighted by blue polygon (bright region) and

pristine surface highlighted by red polygon (dark region). (b) Height profile of the bright region with

the corresponding line scan shown by the white line in the image (a). (c) Zoomed-in image of the

region shown in the image (a) with pristine, (√3a0 x √3a0)R30° modulated and coexisting region

marked by red, blue, and green squares respectively.

Figure 9.2 (a) shows STM image of FGT surface where the coexistence of (√3a0 x √3a0)R30°

modulation and pristine lattice can be clearly observed. The region highlighted in red is

pristine which can be deduced from the surface inhomogeneity. The surface highlighted in

blue is the intralayer Fe-intercalated region which is confirmed by the fact that it shows very

61



little topographic inhomogeneity. Further, the pristine region has a lower contrast than the

intercalated region with a height difference of around 25 pm as shown in the height profile in

Figure 9.2 (b) and the corresponding line scan is shown by the white line in Figure 9.2 (a).

The measured height difference can be attributed to Fe-intercalation inside the layer.

The region highlighted in blue has a modulation of (√3a0 x √3a0)R30° which is the same as

observed previously. To study the various different regions in detail STM measurements were

performed in three different regions that are pristine, modulated and region containing both.

Figure 9.2 (c) shows the zoomed-in image of Figure 33 (a) with the red marked region being

pristine, the blue region is (√3a0 x √3a0)R30° modulated and the green region with both

regions coexisting. Such coexisting regions have been reported in the literature in Fe5-xGeTe2
and is attributed to the Fe I atoms [83].

9.2.2 Spectroscopic Study of Charge Ordering

Figure 9.3 | Pristine, (√3a0 x √3a0)R30° and Coexisting Region. (a) Left - A STM image (V = -200 mV,

I = 0.1 nA) of the region A in Figure 9.2 (c), Middle - FFT of the same image, and Right - dI/dV

spectra taken on the same region. (b) Left - A STM image (V = -200 mV, I = 0.1 nA) of the region B in

Figure 9.2 (c), Middle - FFT of the same image, and Right - dI/dV spectra taken on the same region.

(c) Top - A STM image (V = -250 mV, I = 0.1 nA) of the region C in Figure 9.2 (c), Bottom - LDOS map

on the same region with region marked in pink is (√3a0 x √3a0)R30° modulated.
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Figure 9.3 (d-left) shows the STM image of the region marked by red in Figure 9.2 (c). The

FFT of the image is shown in Figure 9.3 (d-middle) which shows only Bragg peaks

confirming the region to be pristine. dI/dV spectra taken on the same region is shown in

Figure 9.3 (d-right) and show characteristics similar to the pristine with a very broad fano

resonance peak which may be due to the competition between pristine and modulated

regions. Figure 9.3 (e-left) shows the STM image of (√3a0 x √3a0)R30° modulated region

marked by blue in Figure 9.2 (c). FFT of the image is shown in Figure 9.3 (e-middle) where

white circles and orange circles represent Bragg peaks and (√3a0 x √3a0)R30° modulation

peaks respectively. Figure 9.3 (e-right) shows dI/dV spectra taken on the same region which

shows characteristics similar to the (√3a0 x √3a0)R30° modulated region shown in Figure 9.3

(a). The gap was found to be 76 mV which is greater than that observed for purely modulated

regions which may again be attributed to the competition between pristine and modulated

regions.

Figure 9.3 (f-top) shows the STM image of the region marked by green in Figure 9.2 (c). To

study the characteristics of the two regions, LDOS maps were taken at -149 V on the entire

region and are shown in Figure 9.3 (f-bottom). The pink dotted region highlights the (√3a0 x

√3a0)R30° modulated surface which has more DOS than the pristine region away from the

fermi level indicating possible contributions from the excess Fe atoms.

9.3 (√3a0 x √3a0)R30° and 2a0 x a0 Charge Ordering in Interlayer

Fe-Intercalated FGT

9.3.1 Topographic Study of Two Types of Charge Ordering

Figure 9.4 (a) shows STM image of FGT surface showing coexisting (√3a0 x √3a0)R30° and a

stripe-like modulation. The region highlighted in red shows (√3a0 x √3a0)R30° modulation

and the region highlighted in cyan shows stripe-like modulation. Te and Fe vacancies can be

observed throughout the surface which are a characteristic feature of Fe3GeTe2. Large scale

modulations can be observed on the surface which is due to Fe-intercalation in between the

layers in the vdW gap which will be explained later. So the stoichiometry of the sample is

deduced to be Fe3+xGeTe2 with the excess Fe atoms in vdW gap.

FFT of the image is shown in Figure 9.4 (b-left) where white circles highlight Bragg peaks

and red circles show (√3a0 x √3a0)R30° modulation. The modulation shown in cyan has a

periodicity of 2 times lattice constant a0 along one of the lattice directions giving it the notion
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of 2a0 x a0 modulation. Spectroscopic study was carried out on the region and the

corresponding dI/dV spectra is shown in Figure 9.4 (b-right). It has the characteristics same

as the modulated region studied previously and the gap was found to be around 65 mV.

Figure 9.4 | (√3a0 x √3a0)R30° and 2a0 x a0 modulated Region. (a) An STM image (V = -100 mV, I = 0.1

nA) of (√3a0 x √3a0)R30° modulated region shown in red polygon and 2a0 x a0 modulated region shown

in cyan polygon. (b) Left - FFT of the image in (a) with white, red, and cyan circles representing Bragg

peaks, (√3a0 x √3a0)R30° modulated peaks and 2a0 x a0 modulated peaks respectively. Right - dI/dV

spectra taken on the same region (c) Top - Te vacancy (white dotted circle), Middle - Fe I vacancy

(white dotted circle) and Bottom - Fe II vacancy (white dotted circle), black circles highlighting Te

atoms. (d) An STM image (V = -200 mV, I = 0.1 nA) of (√3a0 x √3a0)R30° modulated region showing the

unit cell of the modulated part in red polygon and normal lattice in black. The inset shows the

corresponding FFT. (e) An STM image (V = -200 mV, I = 0.1 nA) of 2a0 x a0 modulated region. The

inset shows the corresponding FFT.

Figure 9.4 (c) shows a zoomed-in image of Figure 9.4 (a) displaying the three types of

vacancies. The top panel shows Te vacancy which is highlighted as a white dotted circle and

can be seen as a black spot on the image. Surrounding Te atoms are highlighted in black

circles. The middle panel shows many Fe I vacancies with two of them highlighted with a

white dotted circle and can be seen as darker regions on the surface. Fe I causes the

surrounding Te atoms to have a subtle depression as can be seen with the lower contrast of
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the Te atoms highlighted in black circles. The bottom panel shows Fe II vacancy which is

highlighted in a white dotted circle which creates a depression on the Te atom that sits right

on top of it causing lower contrast on the Te atom.

Figure 9.4 (d) shows an STM image of (√3a0 x √3a0)R30° modulated region where the black

polygon shows a unit cell of pristine lattice and the red polygon shows the modulated lattice.

The inset shows the FFT of the image where modulated peaks are highlighted in red. Te

atoms are shown in grey balls with modulated Te atoms in red. Figure 9.4 (e) shows 2a0 x a0
modulated region with the inset showing FFT of the image where modulated peaks are

highlighted in cyan color. The Te atoms are highlighted in cyan and white balls with 2a0
periodicity.

9.3.2 Interlayer Fe-Intercalation

Figure 9.5 | Voltage Dependent STM Imaging. A 3D view of STM images of (√3a0 x √3a0)R30° and 2a0
x a0 modulated region taken at voltage bias of (a) -200 mV (b) -100 mV (c) 100 mV and (d) 200 mV and

tunneling current of 0.1 nA.

The possibility of the large-scale modulation being a moiré pattern is ruled out as there is no

periodicity to it. The height profile of the modulation is shown in Figure 9.6 (b) with the

corresponding line scan shown in Figure 9.6 (a). The height of the modulation is calculated to

be around 100 pm. The surface is not flat and such height variation is due to Fe-intercalation
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in the vdW gap where Fe can form clusters as shown in the crystal structure in Figure 5.4 (b).

Such a type of intercalation is explained in detail by Laipan et al. [84]. Figure 9.5 (a-d) shows

a 3D view of STM images taken on the region at different voltages of -200 mV, -100 mV, 100

mV and 200 mV. The modulation is found to change its shape at different voltages providing

further evidence that it is not structural ruling out Fe-intercaltion inside the layers.

9.3.3 Spectroscopic Study of Two Types of Charge Ordering

Spectroscopic studies were performed on the region to check any difference in the properties

of the two regions. LDOS maps were taken at voltages of 1 mV and 150 mV and are shown

in Figure 9.6 (c) and Figure 9.6 (d) respectively. The region marked by the red dotted line in

Figure 9.6 (c) shows 2a0 x a0 modulated region which shows lower Density of State (DOS)

values around the fermi level. There is no considerable change in DOS away from the fermi

level as evident from the map at 150 mV.

Figure 9.6 | STS of (√3a0 x √3a0)R30° and 2a0 x a0 modulated region. (a) The same STM image is

shown as in Figure 9.3 (a). (b) The height profile of interlayer Fe-intercalation with the corresponding

line scan is shown by a dotted cyan line in the image (a). (c) LDOS map (V = 250 mV, I = 0.7 nA) taken

on the region shown in the image (a) at a bias of 1 mV with red dotted region highlighting 2a0 x a0
modulated region. (d) LDOS map (V = 250 mV, I = 0.7 nA) taken on the region shown in the image (a)

at a bias of 150 mV. (e) Color contour map of line spectra taken on the region in the image (a) as

shown by a white line. The black dotted region shows peaks and the white dotted line shows region

boundaries.
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To study the two types of modulations in detail, a spectroscopic line scan was performed.

Figure 9.6 (e) shows a color contour map of the dI/dV spectra taken along the line shown by

the white line in Figure 9.6 (a). The gap in the (√3a0 x √3a0)R30° modulated region is found

to be in the range of 50-60 mV whereas the gap in the 2a0 x a0 modulated region is around 80

mV which shows the weakening of the strength of the modulation in the 2a0 x a0 region. At

positive bias, there is a broad peak observed in the (√3a0 x √3a0)R30° modulated region at

around 100 mV which is attributed to the Kondo effect. Such peaks are absent in the 2a0 x a0
modulated region which shows a linear behaviour indicating no contribution from the Kondo

effect.

Fe intercalation in FGT can lead to strong electronic correlations where intralayer

intercalation can drive structural reconstructions in FGT. This modulation can be brought in

FGT samples with variable concentrations from pristine to Fe5GeTe2. Such type of

modulations has not been observed in STM reports on Fe4GeTe2 and Fe3GeTe2 [85]. Further,

the modulation can be brought about by Fe intercalation in the vdW gaps and also introduce

new types of charge ordering such as 2a0 x a0 which has not been observed in any FGT

systems before.
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10.1 Summary of the Work

Various types of vdW materials were studied such as zero band gap graphene,

superconducting NbSe2, semiconducting MnPS3, insulating hBN and itinerant ferromagnetic

metal Fe3GeTe2. Graphite and MnPS3 were used as a starting material to work on followed by

FGT which was thoroughly investigated using various techniques such as Scanning

Tunneling Microscopy and Spectroscopy, Atomic Force Microscopy, Raman spectroscopy,

High Resolution-Transmission Electron Microscopy and Transport measurements. Methods

of exfoliation, optical contrast determination, AFM and Raman characterization along with

photolithography and transfer techniques were optimized.

The exfoliation process was optimized using graphite as a conventional material and the

acquired parameters were tested on other materials. Monolayer graphene was successfully

exfoliated and characterized followed by the making of twisted bilayer graphene with a twist

angle of 8.7°. The band gap of MnPS3 was determined using transport measurements by

employing its heterostructures and was calculated to be 2.75 eV.

Basic studies were carried out on FGT such as exfoliation with the successful isolation of a

three-layer flake. Raman modes of FGT were studied and its dependence on the number of

layers was investigated. Characteristic Raman peaks of FGT were observed at 120 cm-1 and

154 cm-1 whose intensity decreases as the thickness of exfoliated flakes increases. Fe

concentration in FGT was characterized using HR-TEM measurements resulting in the

stoichiometry of the sample being FenGeTe2 (3 ≤ n ≥ 5.25). Possible ways of Fe-intercalation

were examined which are intralayer intercalation leading to structural change into Fe4GeTe2
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and further to Fe5GeTe2 and interlayer intercalation leading to an increase in height and

surface corrugation of the material.

The time evolution of oxidation of exfoliated FGT flakes was thoroughly studied using

techniques such as Raman spectroscopy, AFM and transport measurements. Oxidized flakes

show two prominent Raman peaks at 124 cm-1 and 142 cm-1. It was found that the rate of

oxidation increases exponentially with temperature. The evolution of surface roughness and

thickness of exfoliated flakes were observed to increase in a sigmoidal fashion. Roughness

was found to reach saturation after around 15-20 days after having initiated at around 8 hrs

from exfoliation which was due to Fe-O and Te-O bond formation. The thickness of flakes

reached saturation in around 10 days after having initiated in around a day from exfoliation to

almost doubling at saturation which was due to interlayer oxygen intercalation. Interlayer

oxidation of FGT was hypothesized considering the results obtained by exfoliating the

samples on PDMS and was confirmed by transport measurements.

STM tips were prepared using tungsten tips by electrochemical etching method and the

parameters were optimized to obtain sharp tips suitable for STM measurements. FGT bulk

crystal was affixed on the sample plate and the surface was exfoliated to obtain atomically

flat regions for measurements.

Pristine FGT was characterized by Scanning Tunneling Microscopy and Spectroscopy at 4.3

K. A detailed study on various types of vacancies namely, Te, Fe I, Fe II, and a combination

of them was carried out. The contrast of Te vacancy was highest which was seen as

depression on the surface with Fe I & II, Fe I and Fe II vacancies causing less contrast in the

said sequence. Spectroscopic studies reveal increased LDOS as we go from pristine to Te

vacancy. Kondo resonance peak broadens going from pristine to Te vacancy. A Moire pattern

with a periodicity of 7.5a0 x 15a0 was observed which showed metallic characteristics distinct

from the pristine sample.

Charge ordering were observed in Fe-intercalated FGT regions and were studied using STM

and STS. (√3a0 x √3a0)R30° modulation was characterized in FGT with Fe-intercalation

inside the layer leading to structural change and giving stoichiometry of the sample to be

Fe5GeTe2. A gap opening of 46 mV was calculated in the sample. Interplay of Pristine FGT

with (√3a0 x √3a0)R30° ordering was studied in an intralayer Fe-intercalated region. The gap

was seen to broaden with a calculated value of 76 mV and the LDOS was found to increase

away from fermi energy in the modulated region. (√3a0 x √3a0)R30° and 2a0 x a0 ordering
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were studied in an interlayer Fe-intercalated region. Spectral studies revealed a lower LDOS

in 2a0 x a0 modulated region at fermi level with the band gap of 2a0 x a0 modulated region in

a range of 80 mV as compared to 50 mV in (√3a0 x √3a0)R30° modulated region. These

studies reveal the formation of charge ordering in FGT can be achieved through

Fe-intercalation either inside the layer or in between the layers.

10.2 New Advancements the Thesis has Made

Charge ordering have been thoroughly studied and the results introduce a novel class of

materials namely the FGT family that possess strongly correlated electronic systems. Charge

ordering was shown to be introduced by intercalating the pristine FGT sample with Fe atoms

inside the layer. Also, a novel modulation was observed by Fe intercalation in the vdW gap.

This study not only puts forward strong electronic correlations in Fe-intercalated FGT but

also provides new perspectives for different types of intercalation in various materials to

probe for Charge density waves.

Raman studies will provide an easy and non-destructive way to not only characterize pristine

FGT flakes but to also check the level of degradation the FGT sample has attained. Clean and

flat samples are very pivotal in heterostructure preparation, the surface roughness studies

using AFM will be helpful in examining the quality of the flake before transfer. Together

Raman spectroscopic and AFM studies will give concluding evidence of the quality of FGT

flakes. This study can be further applied to other oxidizing or degrading materials to

characterize them.

Finally, unconventional superconductivity in FGT is being proposed considering factors such

as an antiferromagnetic state that can be achieved through oxidation or Co doping, Charge

ordering that are shown to be formed by Fe-intercalation and also varying electrical

properties with controlled time-dependent oxidation. All these factors along with the

quasi-2D nature of FGT makes it a classic candidate for exploring the holy grail of

technology which is high-temperature superconductivity.

The work presented in this thesis is a part of two upcoming publications under preparation

which are as follows:

[1] Atomic scale fingerprints of excess Fe in Fe3GeTe2.

[2] Surface and interlayer oxidation induced changes in vdW ferromagnet Fe3GeTe2.
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10.3 Future Studies Intended

Homostructures with a twist angle show properties that are wildly different not only from the

parent compound but also from the same system with a slightly different twist angle. So, the

twisted bilayer graphene obtained with a twist angle of 8.7° will be probed using STM for the

observation of Moiré patterns along with transport measurements.

The oxidation of FGT flakes have already been studied in detail. Now, the focus will be on

probing exfoliated Fe-intercalated flakes with controlled oxidation to check for correlations

between the amount of Fe atoms and the rate of oxidation as Fe is the main factor in the

oxidation of FGT. The work will be carried out by the techniques used for FGT oxidation

which are Raman spectroscopy, AFM and transport measurements along with cross-sectional

TEM.

Heterostructures of ferromagnetic FGT and superconducting NbSe2 will be prepared to check

for the interplay between magnetism and superconductivity in the 2D limit. Since the

prospects of FGT being a superconductor are high, the proximity-induced superconductivity

from NbSe2 to FGT will be the main focus of the study.
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Appendix A
Transport Measurement Setup
Lithography using STM Tip

STM tips were used to make micron-sized patterns on sputter-deposited gold by taking

advantage of the sharpness of the tips. The STM tips were coupled to a transfer stage and the

substrate was positioned under the microscope in a manner similar to the flake transfer

system and the desired pattern was etched using the fine motions of the XYZ transfer stage.

A typical lithography pattern is shown in Figure A.1 (a).

Figure A.1 | Transport Measurement Setup. (a) Microlithography pattern of 10 µm using STM tip.

(b) Indium foil as intermediary contact between sputter-deposited gold and platinum probes. (c)

Transport measurement setup.

Indium Foil as Contacts

Indium foil has been shown to make very good interfacial contacts with gold by cold welding

method [31]. So 0.1 mm thick indium foil was used as an intermediary between the

sputter-deposited gold and platinum wire contacts as shown in Figure A.1 (b).

The Measurement Setup

Two platinum wires of 0.25 mm thickness were used as probes which were coupled to the

z-translational stage. The platinum probes were brought in contact with the indium foil and

the whole assembly was stabilized for transport measurements as shown in Figure A.1 (c).
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Appendix B
Lock-in Amplifier Technique
Lock-in Amplifier Working

Lock-in amplifiers are used to extract signals that are comparable to or even smaller than

noise. A reference signal (modulation voltage) is supplied into the lock-in which has the same

frequency and phase as the expected signal. Both these signals are multiplied and integrated

over time, which gives a positive value to the expected signal and the noise is reduced to

zero. A low pass filter then picks up the signal by averaging the output after the integration

using some fixed parameter (time constant and sensitivity).

STS Data Acquisition

Since extracting the dI/dV - V curve is extremely noisy [86], an SR-830 Lock-in amplifier

was used with a time constant, sensitivity, and modulation voltage being 100 ms, 500 mV,

and 6 mV respectively.

A sinusoidal voltage was used as a reference voltage and the resulting voltage becomes,

𝑉 = 𝑉
𝑏𝑖𝑎𝑠

+ 𝑉
𝑚𝑜𝑑

𝑠𝑖𝑛𝜔𝑡

As the current is a function of the bias voltage, the modulated current also follows a

sinusoidal relationship and is given as,

𝐼
𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔

= 𝐼(𝑉) = 𝐼(𝑉
𝑏𝑖𝑎𝑠

+ 𝑉
𝑚𝑜𝑑

𝑠𝑖𝑛𝜔𝑡)

and its Taylor expansion is,

. . . . . . .𝐼
𝑡𝑢𝑛𝑛𝑒𝑙𝑖𝑛𝑔

= 𝐼(𝑉
𝑏𝑖𝑎𝑠

) +
𝑑𝐼(𝑉

𝑏𝑖𝑎𝑠
)

𝑑𝑉 𝑉
𝑚𝑜𝑑

𝑠𝑖𝑛𝜔𝑡 +
𝑑2𝐼(𝑉

𝑏𝑖𝑎𝑠
)

𝑑𝑉2 𝑉2
𝑚𝑜𝑑

𝑠𝑖𝑛2𝜔𝑡 +

where the coefficient of the second term is proportional to the DOS of the sample, and the

coefficient of the third term measures the vibrational energy levels. Thus, dI/dV - V curve is

extracted by using the lock-in amplifier.
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