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Abstract

Van der Waals (vdW) heterostructures offer a versatile platform for engineering exotic quan-
tum states of matter. These states arise at the interfaces where layers are weakly coupled
by vdW interactions. Scanning tunnelling microscopy (STM) provides a powerful tool to
probe these interfaces, offering a microscopic understanding of these exotic states. However,
STM requires pristine sample surfaces, often incompatible with conventional polymer-based
transfer techniques. The first step of this thesis involved developing a novel assembly method
to fabricate clean heterostructures by avoiding direct contact between the polymer and the
materials. This approach enables the creation of air-sensitive heterostructures with clean
interfaces and surfaces, which is compatible with STM investigations.

Using this method, three systems were studied: 1T-NbSe, on 2H-NbSe;,, graphene on 1T-
NbSe,/2H-NbSe,, and CrSBr on 2H-NbSe;. In the first system, the v/13 x /13 charge density
wave (CDW) in 1T-NbSe; led to localized states within the CDW superlattice. Interfacing
1T-NbSe, with metallic 2H-NbSe; provided a platform to investigate the competition between
Heisenberg coupling of local moments and Kondo coupling in a two-dimensional system.
STM measurements revealed high inhomogeneities of electronic structure on the nanometer
scale. This inhomogeneities is due to the incommensurate stacking of v/13 x /13 CDW in
1T-NbSe; and v/3 x v/3 CDW in 2H-NbSe,.

The second system of this thesis focuses on engineering flat bands through superlattice en-
gineering. By stacking graphene on 1T-NbSe,/2H-NbSe; with controlled twist angles, two
near-commensurate superlattices—2 x 2 and v/3 x v/3—aligned with the CDW of 1T-NbSe;
were realized. In the 2 x 2 superlattice, the C; rotational symmetry was preserved, while in the
V/3 x v/3 superlattice, a stripe phase with C, rotational symmetry emerged, indicating broken
symmetry and tunable electronic behaviours.

The third part investigates flat bands in systems with highly anisotropic band structures,
exemplified by the 2D magnet CrSBr. In CrSBr, weak interlayer coupling results in dispersive
electronic states along one-dimensional chains, but localized with the chains. By engineering
CrSBr on 2H-NbSe;, STM visualized the quasi-one-dimensional electronic structure in real
space with high spatial and energy resolution. Furthermore, a reconstruction of the electronic
band structure of CrSBr induced by spin canting in the external magnetic field was observed.

iii



Abstract

This work provides fundamental insight into the interplay between electronic structure, sym-
metry breaking, and magnetic ordering in van der Waals heterostructures and presents a key

step for future research on the emergence and manipulation of quantum phenomena in these
systems.
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Zusammenfassung

Van-der-Waals (vdW)-Heterostrukturen bieten eine vielseitige Plattform fiir die Entwicklung
exotischer Quantenzustidnde der Materie. Diese Zustinde entstehen an den Grenzflichen, wo
die Schichten durch vdW-Wechselwirkungen schwach gekoppelt sind. Die Rastertunnelmikro-
skopie (STM) ist ein leistungsfiahiges Instrument zur Untersuchung dieser Grenzflachen und
ermoglicht ein mikroskopisches Verstdndnis dieser exotischen Zustdnde. Die STM erfordert
jedoch atmor reine Probenoberfldchen, die mit herkémmlichen polymerbasierten Ubertra-
gungstechniken oft nicht kompatibel sind. Der erste Schritt dieser Arbeit bestand in der
Entwicklung einer neuartigen Montagemethode zur Herstellung atomar sauberer Heterostruk-
turen, indem der direkte Kontakt zwischen dem Polymer und den Materialien vermieden
wird. Dieser Ansatz ermdoglicht die Herstellung von luftempfindlichen Heterostrukturen mit
sauberen Grenzflichen und Oberfldchen, die mit STM-Untersuchungen kompatibel sind.

Mit dieser Methode wurden drei Systeme untersucht: 1T-NbSe, auf 2H-NbSe,, Graphen auf
1T-NbSe, /2H-NbSe; und CrSBr auf 2H-NbSe;,. Im ersten System fiihrte die v/13x /13 Ladungs-
dichtewelle (CDW) in 1T-NbSe; zu lokalisierten Zustinden innerhalb des CDW-Ubergitters.
Die Kopplung von 1T-NbSe;, mit metallischem 2H-NbSe; bot eine Plattform zur Untersuchung
der Konkurrenz zwischen Heisenberg-Kopplung lokaler Momente und Kondo-Kopplung in
einem zweidimensionalen System. STM-Messungen ergaben starke Inhomogenitéiten der elek-
tronischen Struktur im Nanometerbereich. Diese Inhomogenitét ist auf die inkommensurate
Stapelung von V13 x /13 CDW in 1T-NbSe, und v/3 x v/3 CDW in 2H-NbSe, zuriickzufiihren.

Das zweite System dieser Arbeit konzentriert sich auf die Entwicklung flacher Bander durch
Ubergittertechnik. Durch das Stapeln von Graphen auf 1T-NbSe; /2H-NbSe; mit kontrollierten
Verdrehungswinkeln wurden zwei nahezu kommensurate Ubergitter - 2 x 2 und v/3 x v/3 -
realisiert, die mit der CDW von 1T-NbSe; ausgerichtet sind. Im 2 x 2-Ubergitter blieb die
Cs-Rotationssymmetrie erhalten, wihrend im v/3 x v/3-Ubergitter eine Streifenphase mit
C,-Rotationssymmetrie auftrat, was auf eine gebrochene Symmetrie und ein abstimmbares
elektronisches Verhalten hinweist.

Im dritten Teil werden flache Binder in Systemen mit hochgradig anisotropen Bandstruk-
turen untersucht, wie am Beispiel des 2D-Magneten CrSBr. In CrSBr fiihrt eine schwache
Zwischenschichtkopplung zu dispersiven elektronischen Zustinden entlang eindimensiona-
ler Ketten, die jedoch mit den Ketten lokalisiert sind. Durch die Konstruktion von CrSBr auf



Zusammenfassung

2H-NbSe; konnte mit STM die quasi eindimensionale elektronische Struktur im realen Raum

mit hoher rdumlicher und energetischer Auflsung sichtbar gemacht werden. Dariiber hinaus
wurde eine Rekonstruktion der elektronischen Bandstruktur von CrSBr beobachtet, die durch
Spin-Verkantung im externen Magnetfeld hervorgerufen wird.

Diese Arbeit gibt einen grundlegenden Einblick in das Zusammenspiel zwischen elektroni-
scher Struktur, Symmetriebrechung und magnetischer Ordnung in van-der-Waals-Heterostrukturen
und stellt einen wichtigen Schritt fiir die kiinftige Forschung zur Entstehung und Manipulation

von Quantenphdnomenen in diesen Systemen dar.
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|§ Introduction

Although the Mermin-Wagner theorem states that there should be no long-range order in two
dimensions at finite temperatures [1], the experimental isolation of graphene, by Andre Geim
and Konstantin Novoselov in 2004, marked a significant milestone in solid-state physics [2].
This discovery, which led to the 2010 Nobel Prize in Physics, not only showed that monolayer
graphene could be mechanically isolated, but also established a practical route to study
atomic thin flakes of two-dimensional van der Waals (vdW) materials. Using similar exfoliation
techniques, other layered materials, such as transition metal dichalcogenide (TMD), can also
be thinned down to their 2D limits [3].

While graphene exhibits unique chemical, mechanical, and thermal properties [4, 5, 6],
its electronic structure is of principal interest within solid-state physics. Near the charge
neutrality point, its low-energy electronic structure obeys a linear dispersion relation and
behaves as massless Dirac fermions described by Dirac-like equations in relativistic quantum
mechanics [7]. The significance of this Dirac-like behaviour extends beyond the electronic
properties of graphene; it establishes graphene and other two-dimensional materials as
quantum materials that serve as platforms for exploring exotic quantum effects, topological
phases of matter, and phenomena such as the quantum Hall effect within solid-state systems
(8, 9.

1.1 2D vdW heterostructures

The state-of-the-art for achieving unique properties with the two-dimensional (2D) layered
material lies in the assembly of 2D vdW heterostructures. These heterostructures are formed
by stacking various 2D material sheets atop one another, with the layers held together by weak
vdW forces, reminiscent of construction with Lego bricks [10]. Unlike conventional epitaxial
growth, which demands strict lattice matching between layers [11], the weak vdW forces at the
interface enable the assembly of materials with differing lattice constants, symmetries, and
electronic properties [12]. This freedom in design provides high flexibility in creating artificial
materials with customised properties [13].
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1.1.1 Moiré physics

One of the most interesting phenomena emerging from vdW heterostructures is moiré physics
[14, 15]. When two 2D layers with slightly mismatched lattice constants or rotational mis-
alignments are stacked, a moiré pattern naturally forms due to the lattice mismatch [16].
This moiré superlattice introduces a periodic potential and folds the electronic bands into
a mini-Brillouin zone, altering the electronic structure and enabling the emergence of new
quantum phenomena [17, 18].

The most famous example is twisted bilayer graphene [19]. When the twist angle between
the two layers is adjusted to the "magic angle" of 1.05°, two flat electronic bands appear
near the Fermi energy [20, 21, 22]. These flat bands suppress the kinetic energy and enhance
electron-electron interactions, leading to new phases ranging from correlated insulating states
[23] to superconductivity [24, 25] when the filling factor is fine-tuned. Additionally, the obser-
vation of rotational symmetry breaking known as a nematic phase in twisted bilayer graphene
[26] mirrors phenomena observed in high-temperature cuprate and iron-based superconduc-
tors [27, 28]. Furthermore, the phase diagram of twisted bilayer graphene, which includes
correlated insulating states, superconductivity, and nematic phases, shows high similarities to
the phase diagram of high-temperature superconductors. This similarity suggests magic-angle
twisted bilayer graphene as a platform for investigating the mechanisms of high-temperature
superconductivity.

The success of twist-angle engineering in graphene has inspired similar investigations
in other 2D materials, particularly TMDs, where the interplay of moiré patterns with in-
trinsic spin-valley coupling and strong electron-electron interactions leads to even richer
phase diagrams [29]. For example, the emergence of Wigner crystals in WS,/WSe; moiré
heterostructures [30], fractional quantum anomalous Hall states in twisted MoTe; [31], and
the moiré Kondo lattice in MoTe,/WSe, heterostructures illustrate the vast potential of moiré
superlattices to artificially engineer new states of matter.

1.1.2 Proximity effect

A second interesting phenomenon that emerges in 2D vdW heterostructures is the proximity
effect. Proximity effects can transfer various properties, including magnetism and super-
conductivity, across the interface [32]. By assembling different 2D vdW sheets together, new
physical properties and functionalities can arise at their interfaces due to interlayer interac-
tions. In 2D heterostructures, these effects become interesting because of their atomically
sharp interfaces and weak interlayer bonding.

For instance, the magnetic proximity effect refers to the phenomenon where magnetic
properties are induced in a non-magnetic material through its interaction with an adjacent
magnetic material. For example, monolayer WSey, a 2D non-magnetic semiconductor, demon-
strates this effect when placed in proximity to a 2D magnet like Crl3. The interaction between
WSe, and Crl; induces a valley Zeeman splitting in WSe,, acting as an exchange field on the
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WSe, monolayer [33].

When a metal is brought in direct contact with a superconductor, Cooper pairs with
their long penetration depth can induce a superconductor in the metal. This effect is known
as the superconductor proximity effect [34, 35]. In 2D vdW heterostructure, this effect was
demonstrated in the graphene/2H-NbSe; heterostructure, where graphene, which is a semi-
metal, acquires superconducting properties through proximity with 2H-NbSe; [36]. A more
interesting example involves the case of monolayer 1T’-WTe,, which is a quantum spin Hall
insulator characterized by helical edge states [37]. When monolayer 1T’-WTe, interfaced with
superconducting 2H-NbSe,, the proximity effect induces superconductivity at the edge states
of 1T’-WTe,, showing pairing mechanisms that might differ from both the intrinsic supercon-
ductivity in 2H-NbSe, and the induced superconductivity observed in the central regions of
1T’-WTe, [38]. We successfully reproduced these results and further investigated the emer-
gence of a robust superconducting pairing gap in 1T’-WTe; under the influence of a magnetic
field. This superconductor gap is characterized by triplet pairing and resilience to magnetic
fields, distinguishing it from the bulk properties of either component [39]. Our observation
provided evidence to argue 1T’-WTe,/2H-NbSe, heterostructure as a promising platform
for realizing one-dimensional topological superconductivity, with potential implications for
advancing quantum technologies.

1.1.3 Combination of these two methods

Combining moiré physics and the proximity effect in van der Waals heterostructures opens
new opportunities for engineering exotic quantum states. For instance, in the heterostruc-
ture of a monolayer ferromagnetic CrBrs and the van der Waals superconductor 2H-NbSe,
superconductivity can be proximity-induced in CrBrs. However, the introduction of a moiré
potential is essential to realize topological superconductivity in such systems [40].

Recently, Eva Andrei’s group has reported an interesting case of stacking graphene on
1T-TaS,. Unlike simple screening effects or trivial co-tunneling mechanisms, the charge
modulations in overlying graphene are attributed to periodic band hybridization with un-
derlying 1T-TaS,, forming a proximity-induced charge density wave (CDW) [41]. Given the
moiré periodicity is a powerful knob in tuning vdW heterostructure, a question arises: can the
proximity-induced CDW in graphene and its hybridization with 1T-TaS, be manipulated by
varying the twist angle? In Chapter 6, I address this question by investigating an analogous
system of graphene on 1T-NbSe,. By selecting specific twist angles, I explore the interplay
between proximity effects and moiré physics, shedding light on the tunability and emergent
phenomena in such engineered heterostructures.

1.2 Advantage of local probe technique

Developed in the early 1980s, scanning tunneling microscopy (STM) has granted scientists
the powerful ability to visualise and manipulate electronic states on surfaces with atomic
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resolution [42, 43, 44]. Beyond topographic imaging, scanning tunnelling spectroscopy (STS)
enables spatially resolved measurements of the local density of states, providing direct access
to the electronic structure at the atomic scale [45? ]. These capabilities have been crucial in
the study of 2D heterostructures, exemplified by Herbert Kroemer’s word that "the interface is
the device" [46]. Without the interference of capping layers, STM enables direct probing of the
interfaces in 2D heterostructures, offering an atomic-level perspective on their structural and
electronic properties. By mapping local quantum phenomena, STM reveals details that are
often averaged out in macroscopic transport measurements.

For instance, research on magic-angle twisted bilayer graphene has revealed an appar-
ent paradox [47]: transport measurements of magic-angle twisted bilayer graphene reveal
delocalisation [23, 26], whereas STM measurements have observed strongly localised states
resembling strongly correlated quantum dot lattice behaviour [48, 49]. This apparent paradox
highlights the complementary nature of macroscopic transport and microscopic local probe
techniques, both of which are essential to unravelling the complexities of novel quantum
phenomena. Furthermore, STM enables the manipulation of 2D material properties on the
nanoscale; for instance, Katharina J. Franke’s group reported controlling charge density wave
(CDW) states in 2H-NbSe; by precisely positioning iron adatoms on the surface and building a
chain of iron atoms on 2H-NbSe, using STM tip, paving the way for the realization of Majorana
zero modes [50, 51].

Beyond STM, other local probe methods have also made contributions to the study of
2D materials. Techniques such as scanning nitrogen-vacancy magnetometry have revealed
coexisting ferromagnetic and antiferromagnetic states in twisted Crlz [52]. In addition, scan-
ning single-electron transistors has been used in observing fractional Chern insulators in
magic-angle twisted bilayer graphene [53].

In summary, the application of STM and other advanced local probe techniques, which
are fundamental tools for nanotechnology, has enabled researchers to explore the electronic
properties of 2D heterostructures (quantum materials) down to the atomic level. This in-
tegration bridges the disciplines of nanoscience and quantum materials science together,
approaching the new field of quantum nanoscience. This new field is paving the way for the
development of next-generation quantum devices and technologies.

1.3 An outline of the thesis

In this thesis, I will present a new sample fabrication method for assembling clean 2D vdW
heterostructures compatible with STM measurements. Following this method, this thesis
investigates three distinct 2D vdW heterostructure systems (Fig. 1.1), each exhibiting unique
electronic phenomena arising from the interplay of proximity effects, moiré superlattices, and
correlation physics, including 1T-NbSe; on 2H-NbSe; (Fig.1.1a), graphene on 1T-NbSe,/2H-
NbSe; (Fig.1.1b), and CrSBr on 2H-NbSe; (Fig.1.1c).

In chapter 4, I present a new suspended dry pick-up and flip-over assembly technique
aimed at minimizing surface contamination and achieving clean, defect-free interfaces. This
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Figure 1.1: A summary of three 2D vdW heterostructures investigated in this thesis a, 1T-
NbSe, on 2H-NbSe,,as discussed in chapter 5. b, graphene on 1T-NbSe, on 2H-NbSe; in
chapter 6. ¢, CrSBr on 2H-NbSe; in chapter 7.

innovative method involves a stepwise assembly process using custom-designed polydimethylsiloxane
(PDMS) stamps, followed by a controlled flip-over procedure. By enabling the fabrication of
arbitrary designer heterostructures while preserving pristine surface conditions, this assembly
technique becomes essential for the highly surface-sensitive STM measurements explored in

the subsequent chapters of this thesis.

Next, in chapter 5, I explore the proximity-induced doped Mott physics in heterostructures
of 1T-NbSe, and 2H-NbSe,. While the 2H phase exhibits metallic and superconducting
behaviours accompanied by a 3 x 3 CDW modulation, the 1T phase forms a v/13 x v/13R13.9°
CDW characterized by star of David (SoD) clusters. The relatively large Coulomb interaction
within each SoD clusters compared to the hopping between the clusters results in correlated
electronic properties. By applying voltage pulses to 2H-NbSe; bulk sample, we successfully
induced a local phase transition to 1T-NbSe, on 2H-NbSe,. Using STM, I found a spatially
inhomogeneous electronic landscape driven by the interplay of Kondo coupling and charge
transfer. This chapter finds out the incommensurate stacking order between 3 x 3 CDW in
2H-NbSe, and v/13 x v/13 CDW in 1T-NbSe, causes the spatially inhomogeneous electronic
structure. The resulting electronic structure varies on the nanometer scale, transitioning from
an insulator-like behaviour to a metallic-like behaviour, highlighting the richness of correlated
phenomena in this heterostructure.

In Chapter 6, I focus on engineering a periodic modulation of graphene by stacking
it on 1T-NbSe,/2H-NbSe,. By tuning the twist angle, I realized two near-commensurate
superlattices with v/3 x v/3 and 2 x 2 periodicity in respect to CDW of 1T-NbSe2. Using STM
and STS I visualized local stacking configurations for these two superlattices. I applied a
newly developed symmetry analysis method, which is detailed in section 2.4 of chapter 2,
to track rotational symmetry breaking as a function of bias. In the 2 x 2 superlattice, Cs3
rotational symmetry was preserved. However, in the v/3 x /3, a strong stripe phase with
C, rotational symmetry occurs. Our theoretical collaborator Dr. Lennart Klebl, conducted
density functional theory (DFT) calculation and built tight-binding models to explain this
symmetry breaking. Our findings highlight a mechanism for superlattice-induced symmetry
breaking that might lead to the creation of exotic states of matter.

Finally, in Chapter 7, I explore the electronic properties of CrSBr on 2H-NbSe,. CrSBr is a
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quasi-one-dimensional magnetic semiconductor with highly anisotropic conduction bands. I
identified two localized electronic states along its easy axis, corresponding to two conduction
bands with flat dispersions predicted along the I' — X direction. Applying an out-of-plane
magnetic field modifies the band dispersion, causing these flat bands to disappear while
inducing a conduction band with flat dispersion along the I' — Y direction. Although I do not
observe clear evidence for moiré patterns or in-gap states which would signal strong coupling
between CrSBr and 2H-NbSe;, the quasi-particle interference patterns hint at spin excitations
potentially coupled with other quasi-particles. Furthermore, by tunnelling through CrSBr
into 2H-NbSe,, I observe the superconducting gap where I am able to image Abrikosov vortex
states under an applied magnetic field. While this study remains in its early stages, these
findings lay the groundwork for deeper investigations of the interplay between 2D magnetism
and superconductivity in such heterostructures.



¥4 Theoretical background

2.1 Local magnetic moment on surface

Magnetic impurities on surfaces are interesting because they host unpaired local spins that
give rise to classical magnetic moments and are drivers of complex quantum phenomena, such
as entanglement. One prominent manifestation of these quantum effects is the Kondo effect,
observed when magnetic adatoms are introduced onto a metal surface. Historically, the study
of magnetic impurities was constrained by their atomic-scale size, requiring ensemble-based
macroscopic measurements such as transport measurements.

In a normal conducting metal, resistivity typically decreases as the temperature is lowered,
a consequence of reduced phonon scattering, before plateauing at a residual value due to static
defect scattering [56] (Fig. 2.1a). However, the presence of magnetic impurities disrupts this
trend. Instead of further decreasing, the resistivity anomalously increases at low temperatures
[57] (Fig. 2.1a).

This anomalous behaviour was theoretically explained by Jun Kondo [58, 59, 54], who
attributed it to the interaction between the localised spins of magnetic impurities and the
itinerant electrons in the underlying metal. This interaction exhibits a temperature-dependent
nature. At temperatures above the Kondo temperature (T > Tx), the local magnetic moment
remains unscreened, representing the weak coupling regime. In contrast, at temperatures
below the Kondo temperature (T < Tx), the system enters the strong coupling regime, where
perturbation theory fails. In this regime, conduction electrons screen the impurity spin,
forming a nonmagnetic many-body Kondo singlet state. This state gives rise to a sharp
resonance near the Fermi energy in the electronic density of states, a defining feature of the
Kondo effect (Fig. 2.1b).

2.1.1 Measure Kondo effect by the local probe method

The advent of local probing techniques, such as STM and STS, provides a new microscopic
insight into the Kondo effect by enabling investigations at the nanometer scale. These tools
enable the direct, spatially resolved study of the electronic structure of individual magnetic
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Figure 2.1: Schematic of the Kondo effect. a, Macroscopic behaviour of low-temperature
transport. In a superconductor, resistivity drops to zero below the critical temperature. In a
normal metal, resistivity decreases with decreasing temperature. When a magnetic adatom is
introduced to the surface of a normal metal, an anomalous increase in resistivity emerges at
low temperatures, signalling the Kondo effect (adapted from ref. [54]) b, Microscopic schematic
of the Kondo effect. The characteristic Kondo resonance peak appears in the density of states
near the Fermi energy. This feature arises from spin-flip scattering between the localized
magnetic moment hosted by the magnetic adatom and the itinerant electrons in the metal
(adapted from ref. [55]).

adatoms on surfaces [60, 61].

Unlike the idealised schematic peak illustrated in Fig. 2.1b, the experimentally recorded
dI/dVspectra for magnetic adatoms on metallic surfaces exhibit more asymmetric lineshapes.
These deviations arise from the complex tunnelling processes occurring between the metallic
probing tip and the sample, which involve multiple conduction pathways (Fig. 2.2a).

The first pathway (path 1) involves electrons tunnelling directly from the metallic tip
into the metallic substrate, resulting in a continuous feature in the local density of states
(LDOS) spectrum. The second pathway (path 2) occurs when electrons tunnel into the Kondo
resonance near Ef, producing a discrete spectral feature localised close to Er. Additionally, a
third process (path 3) involves indirect tunnelling via a spin-flip transition into the hybridised
and localised state of the magnetic adatom.

Among the tunnelling processes involved in scanning tunnelling microscopy measure-
ments of the Kondo effect, two key pathways, including direct tunnelling to the substrate (path
1) and tunnelling via the discrete Kondo resonance states (path 2), conserve the spin of the
tunnelling electrons and play a crucial role in shaping the observed dI/dV spectrum. The
tunnelling current, as a coherent quantum process, is influenced by the quantum interference
between these two pathways. This interplay between the continuous states associated with
direct tunnelling (path 1) and the discrete Kondo resonance states (path 2) gives rise to the
characteristic Fano-like lineshapes observed in the experimental spectrum (Fig. 2.2b).
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Figure 2.2: Local probing of the Kondo effect. a, Electrons from the STM tip can tunnel
directly into the empty states of the sample via path 1 or into the Kondo resonance via path 2,
with both processes conserving electron spin. A third process involves an indirect transition
via spin-flip scattering on the magnetic adatom through path 3 (adapted from ref. [55]). b,
The interference between tunnelling paths 1 and 2 leads to a Fano-like lineshape in the dI/dV
spectrum.

The tunnelling matrix element for path 1, denoted as #, is a constant and is given by

1
n=-T—: 2.1
1-1iqg

where g is a real number, representing a parameter whose physical interpretation will be
discussed later. The tunnelling matrix element for path 2, denoted as #, depends on the energy
alignment with the Kondo resonance energy Ex and is expressed as:

B 1
T 1+ie’

1o (2.2)

Here, € describes the energy offset from the Kondo resonance, normalized by the resonance
width, such that

where I represents the half-width at half-maximum of the Kondo resonance. The amplitudes
of the two tunnelling paths are given by

1t,1% = ! (2.3a)
TP '
2
|22 11 e2 ( )

The amplitude of path 1 is constant across the energy spectrum, manifesting as a horizontal
line in the LDOS spectrum (equation 2.3a), whereas the amplitude of path 2 forms a Lorentzian-
shaped peak centred at E, with its width determined by I" (equation 2.3b). The interference
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Figure 2.3: Modelling Mott insulator on metal. a, Schematic illustration of the Mott insulator
(orange) on metal (cyan), where ¢, is nearest-neighbour hopping and U represents the on-site
Hubbard interaction in the Mott insulator; ¢, is nearest-neighbour hopping for the itinerant
electrons in the metal. Electrons can tunnel between two layers parameterised by V. The
inset shows the competition between the Heisenberg coupling /i and the Kondo coupling Jk.
b, Local spectra function A(w) for various Mott insulator layers. x = 0 indicates the interface
between the Mott insulator and the metal (adapted from ref.[62])

between these two tunnelling paths produces the total tunnelling amplitude:

1+ig 1-iel?

— +—
1+g> 1+¢€?
1 (q+€)2
C1+g% 1+e?

Ity + tp|* =
(2.4)

Equation 2.4 describes the Fano lineshape, which arises from the interference of the tunnelling
paths. The asymmetry of the lineshape is quantified by the parameter g, with the interplay
between the Lorentzian peak (path 2) and the constant background (path 1) determining the
Fano resonance profile.

2.2 Kondo effect in heterostructure of Mott insulator and metal

A Mott insulator is a material where strong electron-electron interactions dominate, resulting
in an insulating state that breaks classical band theory predictions of metallic behaviour. This
insulating nature arises from large Coulomb repulsion between electrons on the same atomic
site, effectively localising them and preventing free movement across the lattice. As a result of
this strong interaction, Mott insulators exhibit magnetic degrees of freedom associated with
the presence of localised spins [62].

When a Mott insulator is interfaced with a metal, two competing interactions dictate the
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emergent electronic properties: the Heisenberg coupling (/i) between the local moments in
the Mott insulator and the Kondo coupling (Jx) between the local moments and the itinerant
electrons in the metal (Fig.2.3a). Within the Mott insulator layer, the localised electrons
maintain magnetic ordering through exchange interactions with neighbouring electrons.
However, at the interface, the localised spins couple with the itinerant electrons in the metal,
forming Kondo singlets. The first one-dimensional case with weak antiferromagnetic coupling
J was considered by Doniach [63].

Therefore, the Hamiltonian of this hybridised system needs to combine the Anderson
model with the Hubbard model:

0 0
H==ta Y, dl djo+Y nai(e] —ur)=tc 3 ¢l o+ Y neile? - ur)
(i,j),0 i (i,)),0 i 2.5)

1

U
S Y (ngi-1°-vY (cj}gdi,g + H.c.) ,
i,0

where electrons created by the operator c' are the itinerant electrons and electrons created by
the operator df represent the correlated electrons [64]. This model has two limits: first when
the correlated electrons are entirely localized, t; = 0, equation 2.7 reduces to the periodic An-
derson model, and when V = 0, equation 2.5 can decouple to a Hubbard model for describing
the Mott insulator and a tight-binding model for the metal [64].

Solving this 2D many-body Hamiltonian needs some approximations. The common
method is to apply the Slave rotor method, the correlated electron can be separated by a local
charge 0; and an auxiliary fermion f; ;:

dig=eifi,. (2.6)

By setting constraints on the thermal fluctuation with ng ; + n¢; = 1. The Hamiltonian can be
reduced to:

H=-1, Z exp (—i6;) exp (i0;) fi.o fj.o +an,,- (egn —,uF) — 1t Z C;O_leo‘
(i,)),0 i {i,j)o ©.7)

U
+ Z Ne,i (e(CO) - pr)+ > Z ns,i - VZ (c:.r,a exp (i6;) + H.c.)
i i i,o

Even with the approximations, solving this Hamiltonian remains a challenging task, necessi-
tating the application of the dynamic mean field theory. An important insight from Ref.[62]
is that despite the large charge gap in the Mott insulator, which is typically on the order of
the local Coulomb repulsion U and suppresses direct electronic tunnelling, a new tunnelling
channel emerges through resonant spin-flip scattering. This mechanism, driven by the Kondo
effect, enables conduction electrons from the metallic layer to interact with localised spins
in the Mott insulator. This Kondo coupling manifests in the layer-dependent local spectral
function of the Mott insulator (Fig. 2.3b). At the interface with the metal, the LDOS reflects the
metallic character, showing a large LDOS around the Fermi energy. As one moves deeper into
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Figure 2.4: Formation of one-dimensional CDW. a, Band structure in the presence of a weak
1D periodic potential. The dotted line shows the band structure without potential. Inset
panel: the geometry of the one-dimensional chain lattice undergoes dimerisation. b, Lindhard
response function as a function of wavevector q. In one dimension, the Lindhard response
function exhibits a divergence at the Fermi surface (q = 2kp), indicating a weak-coupling
instability of a one-dimensional chain toward CDW order, known as the Peierls instability.
In contrast, for dimensions higher than one (d>1), the Lindhard response function does not
exhibit such a divergence. As a result, there is no weak coupling instability to CDW formation.
(replotted from ref.[65])

the Mott insulator, the spectral features transition, with the LDOS being dominated by a sharp
peak centred at zero bias, characteristic of the Kondo resonance.

2.3 Charge density waves

Charge density waves (CDWs) are characterised by the periodic modulation of electronic
charge density within a crystal lattice. Fundamentally, a CDW is a collective electronic
phenomenon that breaks the lattice translational symmetry while preserving time-reversal,
spin rotation, and phase symmetries [66, 67, 68]. In this state, any density-like observ-
able—specifically those invariant under operations of time-reversal, spin-rotation, and phase-
rotation operations—exhibits a modulation with a periodicity that differs from that of the
underlying crystal lattice.

A one-dimensional lattice chain at half-filling is unstable, a phenomenon known as Peierls
instability [69]. Peierls demonstrated that a one-dimensional chain can lower the energy by
undergoing a periodic lattice distortion that doubles the unit cell, thereby opening a gap at
the Fermi level. This distortion leads to the formation of a CDW, where the electronic charge
density becomes modulated with a periodicity that is twice that of the underlying lattice
(Fig. 2.4a). Peierls instability can be understood by the linear response theory. In this theory,
the electron gas density p(r) to external perturbations v (q) is given by

p @) = x(@¢(q),
where y(q) is known as the Lindhard response function. The Lindhard response function
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characterizes the susceptibility of the electron gas to perturbations at different wave vectors q.
Its imaginary part is [70]

dk
2m)4

%umn=f

(fic— ficrq) 6 (€ — €x1q)» (2.8)

and the real part is
dk fk - fk+q
@m)? €x—€xeq

(2.9)

R(x(@) = f

In these two equations, fi is the Fermi function, and ey is the Fermi energy. The real part of the
ex characterises the stability of the system against charge density modulations at wave vector q.
Figure 2.4b shows the real part of Lindhard response function ®(y(q)) for dimensions d = 1,2
and 3 at zero temperature. In one dimension (d = 1), R(x (q)) diverges when q = 2kg. This
divergence results from the denominator approach to zero over a finite domain as €y = €y, in
equation 2.9. This particular condition € = €, is known as perfect nesting [65, 71]. Perfect
nesting occurs when large portions of the Fermi surface can be mapped onto other portions by
a single CDW vector gcpw. Consequently, this condition enhances the electronic susceptibility
and drives the Peierls instability.

In contrast, for the higher dimensions (d > 1), the real part of the Lindhard response
functions R (ey) does not exhibit such divergence. Therefore, the perfect nesting condition is
not typically satisfied in higher-dimensional systems. To extend the Peierls picture to higher
dimensions, the formation of CDW requires distortions of the Fermi surface that promote
partial nesting. At the partial nesting condition, both the real and imaginary parts of the
Lindhard response function y(q) derived from the measured band structure, should exhibit
peaks structure at the CDW wave vector gcpw [70].

The formation of the CDW in the real system is more complex due to the presence of
multiple bands, electron-electron interactions, and atomic defects. Specially in the family of
TMD layered material, various polytypes such as hexagonal structure (H-phase) and trigonal
structure (T-phase) exhibit various crystal structures and various CDW patterns, each with
unique formation mechanism and characteristics [72].

Importantly, 2H-NbSe; exhibits a 3 x 3 CDW phase around 30K, which coexists with
superconductivity at lower temperatures. The mechanism driving the CDW into the 2H phase
is still a topic of debate. Measurements on monolayer NbSe, in H-phase indicate that electron-
phonon coupling plays a significant role in the formation of CDW than Fermi surface nesting
[73, 74]. Typically, the energy scales associated with the Peierls instability and the electron-
phonon coupling lie within a few multiples of the thermal energy (kg ') from the Fermi energy
meaning that only states near the Fermi level are related to the formation of the CDW.

However, the observation of the CDW phase occurs at higher energy scales [75]. This
discrepancy is significant, as it exceeds the energy predicted by both the Peierls mechanism
and electron-phonon coupling theories, which generally rely on Fermi surface nesting and
interactions near the Fermi level. To explain the energy scale deviation, it is proposed that
strong coupling between the electrons and the lattice drives 2H-NbSe, for the formation of
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Figure 2.5: Simulation of a triangular lattice corresponding to the different form factors
with preserving Cs rotational symmetry. Top row: simulated grids in real space. Middle row:
corresponding FFT amplitude patterns. Bottom row: corresponding FFT phase patterns. The
form factors have identical magnitudes but exhibit varying phases.

the CDW.

2.4 Extraction of the form factor

In this section, we introduce a tool to analyse the rotational symmetry breaking observed
in the STS grids, which will be further applied in Chapter 6. To illustrate the fundamental
principles involved, we first consider one-dimensional CDW modulating the LDOS p(r) in real
space. This modulation can be described as a plane wave function with a finite background
Po, as follows [65, 76]:

pi (@) = A;cos(Q;-r+0;)+po=R(y;exp(iQ; 1)) + po, (2.10)

where A; scales the amplitude of the modulation, 6; is the phase, and Q; is the reciprocal
vector of the CDW superlattice. Thus, the modulation of the CDW can be further expressed as
the complex form factor ¥; = A; exp(if;) multiplied by a plane wave function exp (iQ; - r) [66].

In 2D systems, when a CDW forms a triangular superlattice, the charge modulation occurs
along three equivalent directions defined by the reciprocal vectors Q;, Q2, and Q3 known
as triple q-CDW [72]. These vectors are equivalent in magnitude and separated by 120°.
Consequently, the charge modulation in the system can be expressed by the superposition of
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three plane waves with their respective form factors {y1, vy, ¥3} [77]:

3
pm=7) pi+po=) R(y;exp(iQ;-n)+ po, (2.11)

3
i=1

i=1 i=

We start from the cases where all three complex form factors have identical magnitudes
and phases. The resulting simulated real-space grids are shown in the top row of Fig. 2.5.
Given that the magnitudes are identical, the form factors can be characterised by their phases
{01,02,03}. Each set of phases corresponds to a unique real-space pattern, where the modu-
lation maxima are located at different positions. To extract the form factors from STS grids
or the simulated grids, two methods can be used. The first method is to fit the STS grids by
minimizing the difference between the observed STS grdis and the equation 2.11 [77, 78]:

in (STS— W, ws))’.
{wf?,/‘f,‘w( o (v1,w2,vs))

The second method is to apply the Fourier transformation to equation 2.11:

3 3
P k) = f drexp(-ik-Hpr =) R ([ dry;exp(i(Q; -k 1) |=2m?* Y Ry)sQ; - k.
i=1 i=1
(2.12)
This Fourier transformation indicates that the form factors can be extracted at the correspond-
ing Bragg peaks in the reciprocal space. In practice, the extraction of the form factors from the
fast Fourier transform (FFT) of STS grid [79]:

Vi =f dkf drexp (—ik-r) STS(r) w (x), (2.13)
keP(Q;)

where w (r) = exp (—rZ/ 2R2) is a Gaussian window function and P(Q;) represent appropriately
sized square area around Bragg spot Q;. The form factors extracted using the Fourier transfor-
mation are decomposed into their magnitude and the phase shown in the middle row and the
bottom row of Fig. 2.5. In the FFT phase images, the colour of each pixel represents the phase
of the FFT patterns, while their brightness indicates their magnitude. For clarity, pixels with
magnitudes smaller than 10% are filtered out. The uniform colour around the Bragg peaks
indicates that the phase takes on a constant value within each peak.

The FFT magnitude and phase patterns reveal six Bragg spots forming a hexagonal pattern.
To simplify the analysis, we use the conjugate symmetry (Hermitian symmetry) of the FFT
image. This Hermitian symmetry indicates that the FFT image satisfies

FFT(ky, ky) = FFT(—ky, —k)),

where (ky, ky) are the coordinates in the FFT image, and (—ky, —ky) is the centrosymmetric
counterparts. Using this Hermitian symmetry of the FFT, these six Bragg spots can be reduced
to three independent spots separated by 120°. Thus, we can assign three spots corresponding
to the reciprocal vectors Q; (i = 1,2,3), as labelled by the solid line circles, and assign the other
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a (n/2,1/2,1/2) b 120° rotation € 180° rotation d  vertical mirror e perpendicular mirror
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Figure 2.6: Example of a triangular lattice under the various symmetry operations. a,
simulated grids of (/2,7/2,7/2) in real space. b, the FFT phase under the 120° rotation. c, the
FFT phase under the 180° rotation. d, the FFT phase under the vertical mirror operation, where
the black arrows show the mirror operation under the mirror plane of o ,;. e, the FFT phase
under the perpendicular mirror operation, where the black arrows show the mirror operation
under the mirror plane of j,;.As one can see, this pattern has Cs rotational symmetry, and
the vertical mirror symmetry (o ,3), but breaks the C, symmetry and the perpendicular mirror

symmetry o,

three spots as their conjugated peaks G; (i = 1,2,3) labelled by the dashed line circle.

2.4.1 Form factors under the symmetry operations

After establishing the method to extract the form factors, we analyse the form factors under
the 27/3 rotation, 7 rotation and mirror operation. First, under a rotation of 277/3 in the real
space, the p(r) transforms to p(R(21/3)r) as follows:

3
p R@2r/3)r) =Y R(y;exp(iQ;-R(27/3)1)) + po, (2.14)
i=1
with R(27/3) is the rotation operator. Given that Q; - R(27/3) rotates the G; vectors by —27/3,
the reciprocal vectors permute as Q; — Q2, Q2 — Q3 and Q3 — Q, Substituting these permu-
tations into equation 2.14 gives

p R27/3)r) =R (y1exp(iQz-1)) + R (v2exp (iQs3 1))

. (2.15)
+R (y3exp (iQq - V) + po.

Equation 2.15 demonstrates that 277/3 rotation results in the permutation of the form
factors: w1 — ¥, w2 — w3 and y3 — 1, as shown in Fig. 2.6b. If the symmetry preserves the
Cs rotational symmetry, the LDOS must satisfy p(r) = p(R(27/3)r). This symmetry condition
implies that all three form factors must be equal in magnitude and phase ¥, = 1, = w3. All
the form factors shown in Fig. 2.5 satisfy this relationship, thus they all have the C; rotational
symmetry.

Next, consider the rotation of 7, the p(r) transforms as follows:

3
p R =Y R(y;exp(iQ;-R(r;)) + po (2.16)

i=1
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Figure 2.7: Simulation of a triangular lattice corresponding to the different form factors
with C; rotational symmetry breaking. Top row: simulated grids in real space. Middle row:
corresponding FFT amplitude patterns. Bottom row: corresponding FFT phase patterns. The
form factors have identical magnitudes but exhibit varying phases.

Using the fact that R() r transforms the r to —r gives:

3
p R@)T) = p(-1) = Z (wiexp (—iQ; 1))+ po
2.17)

3
Z (w; exp (iQ;-11) + po.

Equation 2.17 indicates that applying the 7 rotation to equation 2.11 transforms the form
factors to its complex conjugated: ¥; — ¥} (i = 1,2,3) as shown in Fig. 2.6c. If the system
preserves the C, rotational symmetry, the LDOS must satisfy p(r) = p(—r). This symmetry
condition implies that all three form factors must be 0 or 7, as y; = v/;.

Similarly, the vertical mirror operation (o,) can be proved to interchange the two form
factors, for example, ¥ — w3 and w3 — v if the vertical mirror operation is applied along
o1 as shown in Fig. 2.6d. We can also prove that the perpendicular mirror operation along
01, whose mirror plane is perpendicular to o1, transfer v, — ¥{,y2 — v} and w3 — v as
shown in Fig. 2.6e.

Figure 2.7 shows the patterns corresponding to three form factors with identical mag-
nitudes but different phases. Similarly, the form factors can be represented by their phases

{01,0,03}, with various sets of phases corresponding to different patterns in the real space
of the top row. In the FFT pattern, we have similar hexagon patterns, but the difference is
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Chapter 2. Theoretical background

that after the permutation, the form factors pick up or lose a phase. In such a situation, the
Cs rotational symmetry is not preserved. However, (0,0, 7/2) preserves the mirror symmetry,
and the red dotted line labels the mirror plane in both the pattern in real space and the FFT
pattern in reciprocal space. (0,0, ) and (i, w,0) have both mirror symmetry and C, rotational
symmetry. However (,7/2,0) does not preserve either rotational symmetry nor the mirror

symmetry.

Table 2.1: Symmetry operation and the form factors

Operation Transformation Preserving symmetry Example

Y1 — Yo, (0,0,0)
Cs Y2 — s, Y1=Y2=1Ys3 (12,712, 72/2)
1//3_)1”] (7I,7'[,7T)
v =y o (0,0,m)
© (i=1,2,3) fi=m or 0 (n,7,0)
vim Vi 0,0,m)
Oy Vi—Vk Vi=vYg 0,0,7/2)
Y~ Yj
, g‘iﬁzéﬁ’ 0;=0 or m, 0,0, )
hi J - ) _ *
i wk—wpl;cf vi=v;, 0,-m/2,7/2)

The relation between the form factors and the symmetry operations of Cs, C, and o is
summarised in the table 2.1. This relation can help us identify the symmetry of the real system
with the form factors.
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5] Experimental setup: Scanning tun-
nelling microscopy measurement

All the measurements in this thesis were conducted using a commercial STM from Scienta
Omicron (POLAR SPM LAB). The system operates in ultra-high vacuum (UHV) conditions
of = 1.0 x 10" mbar and at low temperatures. For the experiments described in Chapter 5
and Chapter 6, the temperature reached 6.5 K. After upgrading the 1K pot, the machine could
achieve 1.4 K for the experiments in Chapter 7. This chapter covers the fundamental principles
of STM and provides details on our STM setup.

3.1 Basic principles of scanning tunnelling microscopy

The scanning tunnelling microscope is a tool for imaging nanostructures at the atomic level
based on the principles of quantum tunnelling. As shown in Fig. 3.1a, when a conductive tip
is brought very close to a sample on the order of Angstréms (~ 1 x 107! m), a bias voltage V
applied between the tip and the sample allows electrons to tunnel through the vacuum gap
of width (z), which is the distance between the tip and the sample. The resulting tunnelling
current (/) satisfies the following relation: [81]

I(z) ~ e 27, (3.1)

Here, « is the decay constant, which depends on the work function of the tip @1 and the
sample ®g. It is expressed as:

my
K= \/?(@T+@s—eVT), (3.2)

where eV represents the trapezoidal tunnelling barrier potential. For simplicity, we assume
the work functions of the tip and sample are equal (@ = @1 = ®g) and that eVr = 0. This

reduces the decay constant to:
21’}’10@ (3 3)
K=/ .
h

Given that the work function of most metals lies in the range of 4 —5eV, « typically has a

value of approximately 1A' [43]. This results in an extremely high sensitivity of the tunnelling
current to the tip-sample distance, such that a change in the distance by just 1A leads to
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sample

scanning :

AR 4

tip height

Figure 3.1: STM operating principle. a, A schematic view of the STM. b, Zoom-in image of the
tunnelling junction. ¢, Schematic of constant height scanning mode. d, Schematic of constant
current scanning probe. Due to the delay of the feedback loop to sudden changes, the tip
height signal in constant current mode may differ slightly from the current signal in constant
height mode. (revised from Ref.[80]).

an approximate change in the tunnelling current by a factor of e™2. This sensitivity is a
fundamental principle underlying STM’s capability to resolve atomic-scale features down to
roughly 0.1 nm.

Typically, an STM can image surface topography by two scanning modes: constant current
mode and constant height mode [82]. Constant height mode (Fig. 3.1c) keeps the bias and
tip height fixed while recording the tunnelling current as the tip scans across the surface. In
contrast, the constant current mode (Fig. 3.1d) regulates the tunnelling current as a setpoint
value by a feedback loop that adjusts the vertical position of the tip height. A topography
image can be obtained by recording the vertical position of the tip for each point scanned.

Constant current mode is more commonly used because it is suitable for a wider range of
surface topographies, whereas constant height mode is only available for very flat surfaces. In
this thesis, most of the topography images were acquired by the constant current mode.

3.2 Theoretical background of scanning tunnelling spectroscopy

Scanning tunnelling spectroscopy (STS) is an extension of STM that provides detailed elec-
tronic properties of a surface at the atomic scale with high energy resolution. The energy
resolution of STS is fundamentally limited by thermal fluctuations (3kp T). For instance, at
6.5 K, the energy resolution is approximately 1.68 meV, while at 1.4 K, it improves to around
0.36 meV. While STM images the surface topography at a fixed bias voltage, STS involves vary-
ing the bias voltage and measuring the resulting differential tunnelling conductance (d1/dV)
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Figure 3.2: STS operating principle. a, Schematic illustration of the tunnelling process
between an ideally metallic tip and a sample in the one-dimensional approximation. b, Simu-
lated response of the current I(V) to the applied modulation voltage (red). The modulation in
I(V) depends on the slope of the curve. For reference, the blue curve represents (V) without
modulation. ¢, The basic electric circuit of the lock-in amplifier demonstrates both the process
of modulation and its corresponding demodulation. d, Upper panel: Sinusoidal input signal
(red) is multiplied with the reference signal (blue) with the same frequency and same phase.
Lower panel: The mixing signal (purple) of the multiply of the input signal and the reference
signal with a DC offset and double frequency. After filtering, the green trace, only the DC
component remains, which is equal to the in-phase amplitude (X) of the input signal. e, The
amplitude of the DC signal in channel X (blue) and channel Y (red) as a function of the relative
phase 6.

as a function of the bias (V) which is applied to the sample.

3.2.1 Bardeen’s approach to tunnelling

To better understand the physical meaning of dI/dV spectroscopy, it is necessary to introduce
Bardeen’s approach to tunnelling. Bardeen’s approach considers the one-dimensional tun-
nelling process of a single electron between two electrodes, which, in the context of dI/dV
spectroscopy, correspond to the probing tip and the sample.

As shown in Fig. 3.2a, the measured tunnelling current I(V) as a function of applied bias V'

21



Chapter 3. Experimental setup: Scanning tunnelling microscopy measurement

depends on the difference between the tunnelling rate of electrons from the tip to the sample
Is_.¢ and the reverse tunnelling rate [;_:

I=1I— L. (3.4)

The process of electron tunnelling from the sample to the tip depends on the number of the
occupied states in the sample, satisfies the Fermi-Dirac distribution fs(e; —€},), relative to the
Fermi energy ¢}, of the sample. It also depends on the number of unoccupied states in the tip
(1- filer— 6})), with 6} the Fermi energy of the tip. For a simplified discussion, I assume the
Fermi energy of the tip aligns with the Fermi energy of the sample (er = 61’: = 6;). Thus, the
tunnelling current rate I;_.¢ is proportional to the product of the occupied density of states in
the sample and the unoccupied density in states in the tip as:

Iii=e) Wiifsles—ep+eV)x(1-file;—e€p)), (3.5a)
s,t,0

Ls=e) Wi sfile,—ep) x (1- fies—ep+eV)). (3.5b)
s,t,o

In these two equations, s(t) labels single-electron states in the sample (tip), o = {1, |}
labels the spin state, and eF is the Fermi energy. Wi_s and W;_,; correspond to the tunnelling
rates of a single electron from the tip to the sample and from the sample to the tip. For
simplicity, the spin is assumed to be not flipped during the tunnelling process and W;_.; and
W;i_.s are independent of the spin. Bardeen’s approach further assumes that the tunnelling
rate from the tip to the sample and reversely from the sample to the tip are equivalent such
that Ws_.¢ = Ws = Wy

Substituting equation 3.5a, equation 3.5b into the equation 3.4, and replacing Ws_.; and
Wi—s by Wy gives the net tunneling current I:

I=e) Wy(fsles—ep+eV)— file;—€p)). (3.6)
s,t,o
This equation reveals that the net tunnelling current is determined by the product of the tun-
nelling rate W and the difference in occupation probabilities ( fsles—ep+eV)— file;— e:p))
between the sample and the tip, where the occupation probabilities is displaced by the applied
bias voltage eV'.

The tunnelling rate W; is derived from the Hamiltonian of Bardeen’s approach Hp:
Hg = Hy + Hy + Hr,

where Hg and H; represent the general Hamiltonians of the sample and tip placed far apart,
meaning no coupling between them ([ Hs, H] = 0). Barden’s insight into this tunnelling prob-
lem is that the tunnelling process is determined by the tunnelling Hamiltonian Ht when the
tip and the sample are bought close together. Using Fermi’s Golden Rule, the tunnelling rate
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3.2 Theoretical background of scanning tunnelling spectroscopy

W from the sample to the tip is given by
2n
Wi = f|Tst|26(€s_€t) 3.7

where €5 (€;) is the energy of the states of the sample (tip), and T is the tunnelling matrix
elements (s| Hr|t), which represents the probability amplitude for an electron to tunnel from
the state |s) in the sample to state | ) in the tip. Barden assumes this term as a constant which
does not depend on the energy, allowing it to be represented simply as Ts; = 7.

Plugging equation 3.7 into equation 3.6, considering the spin degeneracy of 2 and replac-
ing the finite summation over the discrete states by an integral over energies using the density
of state Y5 ; o — 2 [ desdeps(es) pi(€y) gives:

4me 2
I=— ) ITP(fies—ep+eV)— file;—€p)) 5es—€)

h
s,Lo , 3.8)

4e|T|?
= ne;b | fde[ps(e+eV)pt(e)(fs(e—ep+eV)—ﬁ(e—eF))]

where p((e) denotes the density of states in the tip, and ps(€) corresponds the local density of
state underneath the tip.

To reduce the term (fs(€ —er + eV) — fi(e —€F)), Bardeen’s approach makes two assump-
tions: First, both sample and tip are at zero Kelvin, which transforms the Fermi-Dirac distri-
butions to the step functions f;(e —€r) = fi(e —€r) = 8(e —€fr). Second, the small energy away
from the Fermi energy approximates the difference to the derivation:

fsle—eg+eV)—file—ep)=O0(e—€er+eV)—0(e—e€F)
dO(e —eF)
V—
¢ de
=eVdle—ep).

(3.9

~

Substituting this zero temperature approximation (equation 3.9) into the equation 3.8 gives:

_Aneé?|T|?
=
B Ame?|T|?
B h

As aresult, the differential conductivity dI/dV at the bias 1} is given by

fdeVé(e —erp)pil€e)psle +eV)
(3.10)

Vp(erp)ps(er +eV)

al

v ~pslep+eVy)pt(er). (3.11)

Vo

Equation 3.11 derived from Barden’s approach to tunnelling is a key concept to scanning
tunnelling spectroscopy because it indicates that the measured differential conductance is
proportional to the product of the density of states in the tip and the LDOS in the sample
beneath the tip, displaced by the bias voltage from the Fermi energy. As further assuming a
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Chapter 3. Experimental setup: Scanning tunnelling microscopy measurement

featureless tip around Fermi energy, the measured differential conductivity at a given bias V,
is directly proportional to the density of states of the sample displaced from the Fermi energy
by eVp:

al

— ~ Vi 3.12
avly, ps(er+eVp) (3.12)

3.2.2 Lock-in technique

The intuitive way to obtain the dI/d Vspectroscopy involves recording the current-voltage [ -V
curve at a fixed tip height and subsequently applying the numerical derivative. However, this
numerical derivative approach has the drawback of amplifying the noise, which can obscure
the subtle features in the signal. To address this issue, lock-in amplifiers are utilised for the
dI/dVmeasurement due to their capability to extract signals from a noisy background [83].

The basic principle of using the lock-in amplifier is as follows: An alternating current (AC)
modulation is added to the direct current (DC) bias voltage V; by:

V() = Vo + Vipoq cos (wi). (3.13)

Here Vo4 is the modulation amplitude and w is the modulation frequency. The tunnelling
current /(¢) in response to the modulated voltage, shown in Fig. 3.2b, can be expressed on the
Taylor series as:

(V=Vo) + 0 ((V - Vp)?)

1) ~ Iovy) +
Y avy,

(3.14)

dl
=Ih(Vo) + —

v Vinod €0s (wt) +@ ((V = Vp)?),

Vo

where the first term is the DC term and the second term also known as the first harmonic term
corresponds to the di/dV, while the higher harmonic is proportional to the higher derivative
of the current.

The modulated tunnelling current, combined with noise, is input to the lock-in amplifier
after passing through the preamplifier. The input signal is denoted as (I(¢) + N(t)), where
N(¢) represents the noise. The lock-in amplifier utilizes a dual-phase demodulation circuit
as shown in Fig. 3.2c. In this circuit, the input signal is split and separately passed in two
multipliers, namely channel X and channel Y. In channel X, the input signal mixes with the
reference signal, and results in

X(8) = 1(1) - Vet (3.15)

where Vit = cos (wt + 0) with 0 the phase of the input signal relative to the reference signal.
For simplicity, first, let us consider the input signal and reference signal are in the same phase,
i.e. 8 =0. The input signal and the reference signal over time is shown in Fig. 3.2d upper panel.
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3.2 Theoretical background of scanning tunnelling spectroscopy

Equation 3.15, which represents the signal in channel X, can be reduced to

dl
X(t) =1(t)cos(wt) = ([0+ =

v Vaccos(wt) + N(t)) cos(wt)

Vo
Vmodcosz(wt)+N(t)cos(wt) , (3.16)
Vo
Vinoa A1
Vo 2 av

=Ipcos(wt) + dl
-0 av

=Ipcos(wt) + dl
-0 av

V;
mTOd cos(2wt) + N(t)cos(wt)

Vo

After mixing with the reference signal, the output of the multiplier signal features a DC off-shift
and a component with double frequency (2w) in channel X. After the low-pass filters, which
select the frequencies up to a certain value, is applied, the DC component of the signal will
pass in channel X, as shown in Fig. 3.2d lower channel.

For Channel Y, the phase reference signal is shifted by 90°, i.e. cos(wf +90°) = sin(wf) and
the signal after the multiplier is:

. dl
Y (t) = I(t)sin(wt) = ([0 il

v Vmod cos(wt) + N(#) | sin(wt)

Vo

(3.17)

Vimod

= Ipsin(wt) + —I sin(2wt) + N(t)sin(wt).

av

Vo

Because channel Y does not involve any DC offset signal component, after applying a
low-pass filter, all the signal is filtered out in channel Y except for some noises. To evaluate the
noise after passing the low-pass filter, the noise spectrum function is expanded by the Fourier

series as:
o0

N(t) = Z [Arcos(wit) + Brsin(wg1)]. (3.18)
k=1

Since the dI/d Vsignal only passes channel X, here I show the noise analysis in channel X:
o0

N(ft)cos(wt) = Z [Aj cos(wyt) cos(wt) + By sin(wg t) cos(wt)]
k=1

> - (cos(@it+wt) +cos(rt —wi)
k=1

(3.19)
< [ Bk .. )
+ Z [?(s1n(wkt+wt)+sm(wkt—wt))]

k=1

After applying the low-pass filter, the noise signal is also reduced because only the noise
components within the bandwidth of the reference frequency can pass the low-pass filter.
Phase sensitivity plays a crucial role in dI/d Vmeasurements, as it determines how effectively
the lock-in amplifier can isolate the desired signal from noise.

When the relative phase between the input signal and reference is not zero (8 # 0), the
reference signal becomes Vi = cos(wt +0). This phase difference directly affects the demodu-

25



Chapter 3. Experimental setup: Scanning tunnelling microscopy measurement

lated signal in channel X, introducing a phase shift that can alter the signal’s interpretation:

X)) =I(t)cos(wt+6)

(3.20)

—(I+dI
T av

Vinod cos(wt) + N(t)) cos(wt+0)
Vo

Vinod cos(wt) cos(wt +0) + N(t) cos(wt +0)
Vo

=Jpcos(wt+0)+ dr
-0 av

Using the trigonometric identity cos(a + ) = cos(a) cos(f) — sin(a) sin(f), the dI/dVterm
can be expanded as:

al

—| Vinodcos(wt) = —sin(wt) sin())
aVlvo (3.21)

+ dr V; (1( Qwt+0)+ @)
— —(COS(2W COS .
dv mod 2

Vo

Equation 3.16 composes three components, the DC components w = 0, @ component and 2w
component. Compared to equation 3.21, equation 3.16 can be treated as an ideal case when
0 = 0. Using the same method, one can obtain the relative phase dependent on the intensity
of channel Y. Because of the low-pass filter, only the DC components are left. The relative
phase-dependent DC components in both channels are collected as:

dl
X(t,w=0)= —| cos(6)

av\yvo

dl (3.22)
Y(t,w=0)= v VOsin(H).

Thus, to obtain the maximum signal in channel X, it is essential to calibrate the phase 6 before
dI/dVmeasurements. This calibration ensures that only channel X captures the signal, while
channel Y contains only noise. As a result, the cross-talk between channel X and channel Y is
reduced, and the sensitivity and accuracy to capture the signal are ensured.

3.3 Polar scanning probe microscope

3.3.1 Cryostat structure before and after 1K pot upgrading

The experimental data for this thesis were acquired using a Scienta-Omicron POLAR SPM Lab
scanning tunnelling microscope. This machine was installed in the lab of the PGI-3 (Peter
Griinberg Institute) at the Forschungszentrum Jiilich in 2021, with the first measurements
started at the beginning of 2022.

The Scienta-Omicron POLAR SPM Lab is an UHV STMsystem, which is supported by
a set of four Pneumatic vibration isolators. This system involves one load-lock and two
chambers: the load-lock allows the introduction of samples from the ambient conditions or
from a vacuum suitcase to the UHV system and vice versa; the preparation chamber contains
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Figure 3.3: Schematic showing of the polar scanning microscope. a, Before installing the
1K pot, the base temperature was 6.5 K. b, After installing the 1K pot, the base temperature
reaches down to 1.4 K.

a sputter gun, a filament annealing station (maximum ~ 500°C), and a high-temperature
heating oven (maximum ~ 1326 °C), all of which are used for obtaining a clean surface [84].

As shown in Fig. 3.3a, the machine consisted of two cryostats. The outer LN, cryostat was
used to reduce the liquid helium consumption, by initially lowering the temperature to 77 K.
The inner LHe cryostat further regulated the temperature to the boiling point of liquid helium,
with the STM head attached to it. As a result, the base temperature of the STM head was
6.5 K. Inside the LHe cryostat, a superconducting magnet is able to generate an out-of-plane
magnetic field of up to 5T.

Following the initial setup, a 1K pot was upgraded at the beginning of 2023 and started
running in August 2023. As shown in Fig. 3.3b, the main change of this machine involved
installing the 1K pot inside the LHe cryostat, with the STM head connected. The 1K pot is a
small liquid helium container, whose liquid helium supply is independent of the LHe cryostat.
By continuously pumping the 1K pot, the boiling temperature of liquid helium is reduced.
Through heat exchange with 1K pot, the STM head can reach a base temperature of 1.4 K from
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Chapter 3. Experimental setup: Scanning tunnelling microscopy measurement

Figure 3.4: The STM head of the Polar scanning probe microscope. a, the optical image of
the head mounted in the LHe shield. b, the zoom image of the head.

4.2K.

3.3.2 STM head

Figure 3.4a shows that our STM head is protected by a LHe shield with a viewing window
for exchanging sample plates and tip holders. The advantage of the STM head is to utilise
a modular design. The sample plate and the tip holder can be changed independently. As
shown in Fig. 3.4b, the sample plate is placed on the sample carriage with an upside-down
orientation. The carriage is attached to the coarse XY piezo tube, which allows for moving
roughly 7mm in both X and Y directions. The multiple electric contact is connected to the
sample carriage. By connecting the electric contacts to the sample plate, different functions
such as the sample bias and the sample gating can be achieved.

Below the sample carriage is the tray for placing the tip holders. The tip holder tray is
connected to the Z-piezo tube which drives tips approaching samples in a coarse motion.
There are three electric contacts to the tip tray. One contact is for the tunnelling currents, and
the other two contacts extend the machine to other scanning probe techniques including the
Qplus atomic force microscopy and high-frequency applications.
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Fabrication of sample of 2D van der
Waals heterostructure

The content in section 4.2 of this chapter is published as a research article in Advanced
Material Interfaces entitled " Assembly of Arbitrary Designer Heterostructures withAtomically
Clean Interfaces" by the authors Keda Jin, Tobias Wichmann, Sabine Wenzel, Tomas Samuely,
Oleksander Onufriienko, Pavol Szab6, Kenji Watanabe, Takashi Taniguchi, Jiagiang Yan, E
Stefan Tautz, Felix Liipke, Markus Ternes, and Jose Martinez-Castro.

4.1 Starting point: Assembling of 2D van der Waals heterostructure
with clean surface

Developing a mechanical dry transfer technique compatible with surface-sensitive measure-
ment is the starting point for this thesis, whose topic is to explore the 2D heterostructures by
using STM. Currently, the dry pick-up assembly of 2D materials [85, 86] and related techniques
[87, 88, 89, 90] are the most widely used methods for creating high-quality heterostructures.

These processes begin with a polydimethylsiloxane (PDMS) polymer stamp covered with
a sticky polymer film, which is used to pick up 2D crystals exfoliated from bulk material

first pick-up second pick-up third pick-up
glass|slide ' \1/ '
2 approach
N | R 2
polymeﬁﬂﬂ/ flake b_|
flake] SO,

contact to the substrate melting the polymer dissolve the polymer

N N ey

Figure 4.1: Procedure of the polymer film supported by PDMS stamp transfer technique.
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polymer
residue

Figure 4.2: AFM images of heterostructure assembled by the conventional PDMS polymer
transfer technique. a, graphene-encapsulated Crl3/WTe, heterostructure on top of graphite.
b, graphene-encapsulated NbSe, flake on top of graphite. Both images were acquired in the
contact mode in the ambient condition with the setpoint of ~ 9nN.

onto a substrate, typically Si/SiO,. While the polymer film has a strong adhesion over a
certain temperature range, the PDMS is soft, allowing controlled contact with the flakes and
preventing them from damage.

As shown in Fig. 4.1, the heterostructure is layer-by-layer assembled from top (flake a)
to bottom (flake c), starting with the material that will eventually form the topmost layer.
In the final step, the heterostructure is released by contacting the target substrate and melt-
ing the polymer, followed by the chemical solvent cleaning. Alternatively, a polymer with
thermoplastic properties that allow a melt-free release can be employed [89].

However, these standard dry pick-up assembly techniques require full contact between
the heterostructure surface and the polymers, which inevitably leaves polymer residues on
the final heterostructure surface. If the heterostructure surface consists of a reactive material,
this polymer contact can degrade its surface quality. Overcoming these challenges is essential
for achieving high-quality, clean surfaces.

A strategy to circumvent this problem is the use of a protective layer, i. e., an inert ma-
terial that is placed as the topmost layer of the heterostructure to protect (encapsulate) the
layers underneath from degradation [88, 91, 92, 93]. In this case, the polymer residues can be
removed from the protective layer with a combination of solvents such as chloroform, acetone
or isopropanol, and with AFM-based mechanical cleaning methods [94]. The combination
of inert encapsulation layers with such cleaning methods has been demonstrated to allow
contamination-sensitive surface science techniques to be applied successfully [95, 96]. Never-
theless, protective layers can pose a limit to the accessibility of the underlying material due
to their finite thickness and electronic properties which can mask those of the underlying
materials. Furthermore, as shown in Fig.4.2, even after cleaning with chemical solvents and
AFM ironing, both graphene-encapsulated Crl3/WTe, heterostructures transferred with ni-
trocellulose film/PDMS stamp and graphene-encapsulated NbSe, transferred with polyvinyl
chloride (PVC) film/PDMS stamp still exhibit polymer residues and blisters on the surface.
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These residual contaminants and surface defects cause challenges for STM measurements.

An alternative to avoid polymers coming into contact with the heterostructure surface
is to assemble it in reverse order and to flip it over after the assembly process [97, 38, 98].
Using such techniques, the vdW heterostructure is typically released by melting the polymer
layer (polypropylene carbonate, PPC) that is used during assembly, leaving a thick PPC layer
underneath the finished heterostructure. The PPC is then removed by annealing at 250 °C
in vacuum. Unfortunately, while the dry-transfer flip technique is a huge step forward, it
has its limitations: 1) The assembled heterostructure must be annealed in a high vacuum for
several hours to properly remove the residual PPC layer from underneath the heterostructure.
Such extended annealing can cause atomic defects on the heterostructure surface [38]. 2)
The required annealing temperature of 250 °C is incompatible with many 2D materials which
degrade at this temperature [99]. 3) The large amount of PPC that must be evaporated makes
itincompatible with ultra-high vacuum (UHV) environments, which are sensitive to organic
contaminants.

This chapter will introduce a technique for the mechanical assembly of ultra-clean vdW
heterostructures which overcomes the drawbacks of existing assembly methods. This sus-
pended dry pick-up and flip-over technique does not require the use of a protective en-
capsulation layer, nor does it require additional cleaning. This suspended dry pick-up and
flip-over technique is used as a sample fabrication technique in the projects described in the
subsequent chapters.

4.2 Suspended dry pick-up and flip-over assembly

4.2.1 Description of the stamps for suspended dry pick-up and flip-over assembly
technique

I begin by describing the suspended dry pick-up and flip-over assembly technique, starting
with the preparation of two PDMS stamps. The first stamp (Stamp 1) is used to assemble
the vdW heterostructure, while the second stamp (Stamp 2) is used to flip and controllably
place the vdW heterostructure onto the target substrate. Figure 4.3a shows the preparation of
Stamp 1. This stamp features a dome-shaped PDMS with an approximately 1 x 1 mm? square
depression cut into its centre. It is supported by a glass microscope slide. Stamp 2, shown in
Fig. 4.3b, consists of a flat, 5 mm thick PDMS block. This block has been cut into two pieces
with a scalpel, resulting in a trench of approximately 200 um width that exposes the supporting
glass slide.

Next, I prepared the polymer films that will be used for pick-up, flip-over, and release of
the vdW heterostructure. To this end, a commercial PVC film (RIKEN WRAP, Riken Fabro Corp)
[89] is first annealed to 130 °C for one minute on a hot plate. This step is crucial because it
prevents any uncontrolled thermal shrinkage of the PVC when mounted on the stamps and
heated during subsequent steps. After annealing, I transferred the PVC film onto a 1 x 1 cm?
square of standard double-sided scotch tape, taking care not to wrinkle the film. The double-
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Figure 4.3: Preparation of the transfer stamps. a, Procedure of preparation of stamp 1. b,
Procedure of preparation of stamp 2.

sided tape provides support and stability when manipulating the PVC film. Subsequently, I
cut the PVC film into two pieces and placed one of them on PDMS stamp 1, and the other on
PDMS stamp 2, covering half of the square depression and half of the trench as shown in Fig.
4.3. Note that, both, the detailed shape of the PDMS stamps as well as the total contact area of
the PVC films with the PDMS determine the stiffness of the suspended PVC films. In detail, I
have observed that stiffer films show stronger adhesion with 2D materials. Thus, by placing
the PVC on the two stamps such that the suspended area on stamp 1 is larger than on stamp 2,
I promote stronger adhesion between polymer and heterostructure on stamp 2 compared to
stamp 1. This crucial feature enables the transfer of the assembled vdW heterostructure from
Stamp 1 to Stamp 2 later in the process, despite them being chemically identical PVC films.

4.2.2 Procedure of suspended dry pick-up and flip-over assembly

Using the two prepared stamps, I assemble the vdW heterostructure in reverse order on
a standard assembly stage (HQ graphene). The base flake, which should be thicker than
approximately 40 nm, provides the necessary stiffness and mechanical support for the sub-
sequent layers of the heterostructure. First, the base flake is contacted with Stamp 1 at 70°C
by touching roughly half of the flake with the PVC film (red) and then carefully lifting the
stamp vertically(Fig.4.4a). Subsequent flakes are picked up by vdW interaction [87] at 70 °C to
assemble the desired heterostructure (Fig.4.4b). During each pick-up step, I ensure that the
flake does not extend beyond the edge of the base flake.

Once the assembly of the vdW heterostructure on stamp 1 is completed, the heterostruc-
ture is flipped using stamp 2. To do this, I place stamp 2 on the transfer stage and raise the
temperature to 130 °C. I then carefully bring stamp 1 into contact with stamp 2, making sure
that the PVC films on the two stamps only touch the base flake on opposite sides and not each
other (Fig. 4.4c). Stamp 1 is then released by gently pressing and sliding it laterally (Fig. 4.4d).
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Figure 4.4: Flow diagram of the heterostructure assembly. a, Stamp 1 contacts the base
flake (graphite, black) by touching half of it with the PVC film (red), then retracts vertically
to pick it up. b, The heterostructure is assembled by contacting the exfoliated flake (WSes,
green) on the SiO; substrate (purple) with the base flake under the PVC film. ¢, Stamp 1
contacts stamp 2, ensuring each stamp touches half of the base flake (white and red dashed
lines). d, The heterostructure is transferred by sliding stamp 1 until the base flake is only
in contact with stamp 2. e, After flipping, stamp 2 with the heterostructure is mounted on
the micromanipulator stage and contacts the target substrate (Au/Ti on SiO», purple). f, The
heterostructure is released from stamp 2 by sliding it sideways and retracting vertically.

Next, stamp 2 is flipped over by mounting it into the transfer stage. The heterostructure is
then brought into contact with the target substrate at 130 °C (Fig.4.4e). Finally, I release the
vdW heterostructure by slowly moving stamp 2 laterally (Fig. 4.4f).

4.2.3 Arbitrary designer heterostructures

By assembling example heterostructures composed of a wide variety of different vdW materi-
als I have demonstrated the broad applicability of this suspended dry pick-up and flip-over
assembly technique. The used base flakes of the heterostructures include common 2D mate-
rials typically used for optical, transport, and surface characterisation experiments, such as
hexagonal boron nitride (hBN), graphite, or MoS, [100, 101, 102]. In addition, I have demon-
strated that air-sensitive (reactive) materials, such as NbSe,, can also be used as base flakes,
although only the base flake surface area which did not come into contact with the PVC film is
atomically clean. Figure 4.5 shows a summary of six example heterostructures

* (a) WSe; on graphite, the former being a transition metal dichalcogenide known to
induce strong spin-orbit coupling into graphene [103];

* (b) bilayer graphene on hBN, the latter being an insulator which is typically used for
gating purposes [104];

* (c) twisted-bilayer graphene on MoS,, assembled from two separate graphene monolay-
ers that have been sequentially picked up with a controlled twist angle between them,
allowing the simultaneous study of the strongly correlated physics of twisted-bilayer
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Figure 4.5: Exemplary vdW heterostructures. All panels show optical microscopy images
of various assembled heterostructures on Au-coated SiO, substrates. The flake outlines are
indicated as color-coded dashed lines. The scale bars are 20 um in all panels.

graphene and the proximity-induced strong spin-orbit coupling by the transition metal
dichalcogenide [105];

* (d) graphene on CrSBr, the latter being a 2D antiferromagnetic semiconductor whose
electronic interlayer coupling can be magnetically controlled [106];

* (e) WSe, on MoS,, a semiconductor heterostructure that has been intensively studied
for its optoelectronic properties [107];

¢ (f) WTe, on NbSe,, a heterostructure that realizes one-dimensional topological super-
conductivity [38, 39].

From the successful assembly of the heterostructures demonstrated here, I conclude that the
suspended dry pick-up and flip-over assembly technique can be applied to a wide range of
materials including most of the common materials used for optics, electronic transport, and
surface science studies. If there are any additional principal limitations at all, they will most
likely be found in the vdW heterostructure assembly process itself: A too-strong interaction
between the exfoliated flakes and the SiO, substrate might prevent the pick-up by the base
flake or previously picked-up layers on top of the base flake.

4.2.4 Surface and interface quality

To assess the quality of the assembled vdW heterostructures, I characterize the resulting sur-
face and internal interface quality. To this end, I inspect the assembled vdW heterostructures
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Figure 4.6: AFM images of assembled vdW heterostructures. a, AFM topography of graphene
on CrSBr on graphite. b,Zoomed region of the white rectangle in a, with topography cross-
section along the white arrow, showing CrSBr step thicknesses. ¢, atomic force microscopy
(AFM) topography of twisted-bilayer graphene on MoS,. d, Zoomed view of the white rectangle
in ¢ with a cross-section along the white arrow indicating graphene layer thicknesses. All
the images were acquired in the contact mode in the ambient condition with the setpoint of
~9nN.

with contact-mode atomic force microscopy (c-AFM) at ambient conditions, focusing here on
those with top layers of either monolayer graphene (Fig. 4.6a, b) or twisted bilayer graphene
(Fig.4.6c¢, d), because compared to the thicker 2D materials, graphene is more prone to wrinkle
and fold. Less-than-optimal transfer methods tend to produce more trapped blisters and wrin-
kles in the graphene, allowing a direct comparison between different mechanical assembly
methods. I assess three different criteria:

1. The number and area of trapped blisters at the interface,
2. possible damage of the topmost layer, such as ruptures,
3. the amount of residue left on the surface.

In comparison to standard dry-transfer techniques, I find that a reverse assembly of vdW
heterostructures generally results in a lower number of trapped blisters and protects the
topmost surface from rupturing in agreement with earlier reports [108].
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Figure 4.7: Determination of polymer residue with contact atomic force microscopy. a,
Optical image of a partially suspended graphite flake prior to release. b, AFM regulation
error-signal image of the graphite flake after transferring it to a SiO; chip. ¢, Optical image of
the partially suspended tBLG/MoS; heterostructure. d, AFM regulation error-signal image of
the tBLG/MoS; heterostructure after transferring it to a SiO, chip. White arrows in b and d
indicate the location of the polymer residue coinciding with the PVC film contact.

Furthermore, the overall higher stiffness of the heterostructure provided by the base flake
contributes to better interfaces, because it avoids inhomogeneities and stress arising from the
flexing of the polymer film. Lastly, I do not observe any traces of residue or damage on the
topmost graphene layer whatsoever.

To find out the residue distribution on graphite between the polymer contact region and
the suspend region shown in Fig.4.7a, the AFM regulation error signal image in Fig.4.7b shows
that residues are located in the contact front between the PVC and the base flake. A similar
analysis can be applied to twisted bilayer graphene (tBLG)/MoS, heterostructure, where the
polymer residues are found in the contact region of the base flake (MoS; ), but absent in the
suspend region.

To further compare the surface quality achieved with our suspended dry pick-up and
flip-over assembly technique to standard dry-transfer methods, I assembled a heterostructure
following Ref. [89], where the heterostructure surface comes in full contact with the PVC
polymer, i.e., without flip. The surface of the resulting Gr/NbSe,/graphite heterostructure
(Fig.4.2b) exhibits substantial polymer residue as well as damaged regions where the graphene
is partially ruptured. Additionally, the graphene/NbSe, interface shows a multitude of blisters,
asignature of trapped polymer residues at the interface [109]. In contrast, the vdW heterostruc-
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Figure 4.8: Optical microscopy image and Scanning tunnelling microscopy images of a
bilayer WTe, on NbSe; heterostructure. a, Optical microscopy image of an assembled WTe,/
NbSe, heterostructure. The red square indicates the area corresponding to the STM topog-
raphy. b, 2x2um? STM topography of the WTe,/NbSe; interface (V = 800 mV and I = 20 pA).
¢, Atomic resolution STM topography on bulk NbSe, (V =90mV and I = 100pA). d, Atomic
resolution STM topography on bilayer WTe, on bulk NbSe;, (V' =100mV, I = 100pA).

tures assembled with our suspended assembly technique do not show damage or surface
contamination. Moreover, these heterostructures exhibit a reduced number of blisters, which
also have a smaller radius. A detailed analysis of the AFM topographies in Fig. 4.6b, d shows
that their roughness is smaller than the noise of the c-AFM (RMS = 0.74 nm), demonstrating
the flatness of the vdW heterostructures’ interfaces assembled with this method.

4.2.5 Atomic clean surface proved by scanning tunnelling microscopy

Finally, I analyzed the surface quality and thus the compatibility of our suspended dry pick-up
and flip-over assembly technique with contamination-sensitive surface science techniques
like STM. For this, I have inspected the WTe,/NbSe, vdW heterostructure shown in Fig. 4.5f.
Since both NbSe, and WTe, are air-sensitive, the heterostructure was assembled in an argon-
filled glovebox and transferred from there to the UHV chamber hosting the STM in a vacuum
suitcase.

First, I analyzed the amount of polymer residue on the surface and the edge of bulk WTe,
on NbSe;. The red box in Fig.4.8a labels the probing region, where I measured a 2 x 2um? STM
image topography corresponding to the maximum scanning range at 4 K. Figure 4.8b points
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to the absence of polymer residue at the micrometre scale. Second, for a detailed atomic-level
evaluation of the surface cleanliness, measurements at two distinct sites were conducted: bulk
NbSe,, and bilayer WTe;.

Figure 4.8c shows an atomically resolved image of NbSe,—without any surface contaminants—
and its 3 x 3 charge density wave, which emerges below Tcpw = 32K and is known to be very
sensitive to external perturbations [110]. In the same way, I was able to obtain atomically
resolved images of the bilayer WTe, situated on the NbSe,, again showing only single atomic
defects (Fig. 4.8d).

4.3 Pre-patterned chip fabrication and the chip mounting

Following the procedure detailed in section 4.2.2, the assembled 2D vdW heterostructures
are placed onto pre-patterned chips. These pre-patterned chips are fabricated by a two-step
electron-beam lithography process at the Helmholtz Nano Facility (HNF). In the first step, a
500 x 500um? electrode is created and the second step patterns a guide bar with the width of
1 um on top of the electrode. This guide bar is used to navigate the probe tip to the sample
spot and will be explained in the next section (section 4.4).

As illustrated in Fig.4.9, in both steps, typical two-layer polymethyl methacrylate (PMMA)
is spin-coated as the electron beam resist (top layer: AR-P 679.04 950k, bottom layer: AR-
P 649.04 200k). After exposure, a Methyl isobutyl ketone (MIBK)/isopropanol (IPA)-based
developer (AR 600-56) is used to remove the PMMA region which is exposed by the electron
beam.

Subsequently, for the first step, 20 nm Ti and 80 nm Au are deposited for the electrode. For
the second step, 5nm Ti and 15 nm Au are deposited for the guide. After metal deposition, an
acetone-based lift-off process (AR 600-71) is performed, followed by oxygen plasma etching to
clean any PMMA residue.

4.4 Navigate the probing tip to the 2D vdW heterostructures

To transfer the chips with the 2D heterostructure into the UHV chamber for the STM mea-
surement, the chips need to be mounted onto an Omicron sample plate (Fig.4.10a), where
the chip is mechanically clamped by two champing sheets. Silver epoxy (EPO-TEK H20E) is
used to establish an electrical connection between the sample plate and the chip electrode
(Fig.4.10b).

After mounting the sample to the sample plate and connecting the electrode, I transfer
the sample from an Argon-filled glovebox into the UHV chamber with a vacuum suitcase,
in order to avoid air exposure. I anneal the sample at 120 °C for 15 min at < 1 x 10" mbar
in the preparation chamber before I transfer the sample into the cryostat. This process
removes adsorbed gas molecules and water from the sample surface. The layout of the 2D vdW
heterostructure is shown in Fig.4.10c, where I put the 2D vdW heterostructure at the corner
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Figure 4.9: Procedures for fabricating the pre-patterned chips a, First e-beam lithography
step: The substrate is spin-coated with an electron-sensitive resist (PMMA) and exposed to
a focused electron beam to define the initial pattern. After development, 20 nm of titanium
(Ti) binding layer and 80 nm of gold (Au) are deposited onto the substrate. The mask is
subsequently removed using an acetone-based lift-off process. b, Procedure for the second
e-beam lithography step. Following the initial patterning, a second layer of resist is applied,
and the substrate undergoes another e-beam exposure to define the guide. A resist layer is
coated, and the substrate undergoes another e-beam exposure to define additional features.
A 5nm Ti and 15 nm Au are deposited, again followed by the removal of the mask through a
lift-off.

of the landing pad, and there is a guide bar pointing to this position. Omicron Polar SPM
provides two optical windows, by mounting a long focus distance microscope and a camera
out of the chamber, I can approach the electrode near the 2D vdW heterostructure with an
etched tungsten tip (Fig.4.10d).

The procedure for navigating of the tip towards the sample is described as follows:

1. Use the optical camera to approach the probe tip as close as possible to the landing pad.
2. Use the coarse motion function to move the tip in the +X direction to the edge without

crashing the tip. The edges of the landing pattern are aligned with the X and Y directions

of the scanner as shown in Fig.4.10b.
3. Automatically approach the tip to the landing pad using a large bias voltage and small

tunnelling current of V=3V and I = 20 pA.
4. Scan a line with the maximum range of 2.2 um in X direction. If the guide is not found,

retract the tip and perform a coarse motion of 1.5 um in the +X direction. The line profile

of the polycrystalline gold with and without a guide is shown in Fig.4.10e.
5. Repeat step 4 until the guide is found. The topography of the guide is shown in Fig.4.10f.
6. Scan a line with the maximum range of 2.2 um in Y direction. If I do not find the

heterostructure, retract the tip and perform a coarse motion of 1.5 pm in the +Y direction.
7. Repeat step 6 until the heterostructure is found.

Before walking the probe tip to the heterostructure, I check the tunnelling current-sample
bias (I-V) characteristic curve of the tip-polycrystalline gold junction. The remaining chapters
of this thesis will discuss the experimental results after the tip has been navigated to the
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Figure 4.10: Mounting the sample and navigating the STM probe tip to the sample. a,
Gold patterned silicon chip (7 x 7mm?) is mechanically clamped onto the Omicron sample
plate. b, Zoom-in view of the chip mounted on the sample plate, showing the 2D vdW
heterostructure on the gold landing pad as the electrode. The insert panel shows the layout
of the heterostructure (red spot) and the guide (orange) on the gold landing pad (yellow). c,
Optical image of the 2D vdW heterostructure on the gold patterned chip prior to transferring
to the UHV chamber. d, Optical image of the tip approach to the 2D sample inside the
cryostat. The tip is above the chip, while a reflection of the tip is below. A long-focus distance
microscope takes this image. e, Line scan of the polycrystalline gold surface with (blue) and
without (red) the guide (V =3V, I =20pA). f, STM image of the guide (V =3V, I =20pA).

heterostructure.
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Proximity-induced doped Mott
physics in 1T-NbSe,/2H-NbSe; het-
erostructures

5.1 Introduction

NbSe, is a famous member of the TMD family, renowned for its versatile electronic properties
that vary with its crystal structure [113]. In its trigonal prismatic (hexagonal, H-phase) con-
figuration, NbSe; presents a coexistence of metallic phase and 3 x 3 CDW below 30K, and as
further cooling down below the critical temperature of 7.2 K, NbSe; reveals the coexistence of
superconductivity and 3 x 3 CDW (Fig. 5.1a) [114].

On the contrary, the octahedral setting (tetragonal, T-phase) NbSe, exhibits a different
(v/13 x v/13)R13.9° CDW, which reconstructs the formation of SoD-like clusters (Fig. 5.1b).
The theoretical study [115] suggests that for the free-standing monolayer, the formation of
the SoD clusters results in a half-filling flat band near the Fermi level. According to classic
band theory, a half-filled band should lead to metallic behaviour; however, experimental
STS measurements reveal an insulating gap at the Fermi level, indicating that 1T-NbSe; is
an insulator, not a metal [116]. At first, this insulating behaviour was thought to arise from
a Hubbard-Mott gap, suggesting a Mott-insulating state. In this scenario, the small inter-
cluster hopping amplitude within the flat band would be dominated by the on-site Coulomb
interaction hindering hopping, splitting the band into two Hubbard bands and opening an
energy gap between them (Fig. 5.1c). The band above the Fermi energy is denoted as the
upper Hubbard band (UHB), while the band below is the lower Hubbard band (LHB). This
Mott insulating state emerges from strong electron-electron interactions that localise charge
carriers, thereby preventing metallic conduction despite the half-filled band [? ].

The formation mechanism of the Star of David CDW in 1T-NbSe, differs from the Peierls
instability. Density functional theory calculations suggest that the v/13 x /13 reconstruction
arises from a combination of electron-phonon coupling and strong electron correlations [115?
]. Unlike its 2H phase, where Fermi surface nesting plays a role, the 1T-phase CDW is driven
by energy minimisation of the correlated electronic state within the flat band.

Furthermore, recent experimental measurements of 1T-NbSe; on bilayer graphene [117,
118] argued that the observed gap in the dI/d Vspectrum corresponds to the charge transfer
insulator rather than the Mott insulator. The LHB of the SoD clusters is merged with the
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Figure 5.1: Schematic illustrations of 1T and 2H polymorphs of NbSe,. a, Schematic crystal
structure of 2H-NbSe,. The 3 x 3 CDW is highlighted in the 2H phase. b, Schematic crystal
structure of 1T-NbSe,. The (v/13 x v/13)R13.9° CDW modulation is highlighted in the 1T phase.
¢, Schematic illustration of energy levels for the Mott insulator driven by electron interaction.
d, Schematic illustration of energy levels for a charge transfer insulator driven by electron
interaction. (Adapted from [111]) e, frustrated magnetism in a hexagonal lattice. The red
dotted lines show the v/3 x v/3 superlattice. (Adapted from [112]) f, Schematic of stacking
1T-NbSe, on 2H-NbSe,. Each SoD site in the 1T-NbSe; layer is filled with one local electron,
and the 2H-NbSe; layer hosts the itinerant electrons. The coupling strength of the two layers
is given by J .

valence band of the NbSe; crystal, while the UHB of the SoD clusters is isolated above the
valence band maximum, creating a gap in the electronic density of states (Fig. 5.1d). This gap is
maintained by strong electron-electron correlations and charge transfer interactions between
the localised d-electrons on the central niobium atom within each SoD cluster structure.

Additionally, each d-electron localised on the SoD cluster carries a local magnetic mo-
ment, raising a question about the spin-spin coupling between adjacent SoD clusters within
the hexagonal superlattice. The observed v/3 x /3 pattern in respect to CDW superlattice
at the bias corresponding to the UHB suggests a possible 120° antiferromagnetic coupling
(Fig. 5.1e) [119]. The antiferromagnetic coupling in the hexagonal lattice could develop into a
frustrated antiferromagnetic lattice, hinting that 1T-NbSe, is a promising platform for realising
a quantum spin liquid.

The Crommie group first reported observing a quantum spin liquid in the phenomeno-
logically similar system of 1T-TaSe,. By stacking 1T-TaSe, on top of 1H-TaSe,, they found
zero bias peaks, which were attributed to the interaction between the local magnetic mo-
mentum at the SoD inthe 1T-TaSe, layer and the itinerant electrons in the 1H-TaSe, layer. In
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addition, the observation of an incommensurate pattern with respect to the CDW lattice in
1T-TaSe; on bilayer graphene was attributed to the separation of the elementary excitations
[ ]. This separation is evidence of the quantum spin liquid [120, 121]. Following the same
methodology, 1T-NbSe, was also reported as a candidate for hosting a quantum spin liquid.
This claim is supported by the long wavelength modulation of the CDW superstructure and
the observation of a spinon Kondo resonance peak at the edge of the UHB when magnetic
manganese-phthalocyanine (MnPc) molecules are deposited onto 1T-NbSe, [122].

During the preparation of this thesis, a new preprint paper measuring the heterostructure
of 1T-NbSe» on 1H-NbSe; argued that 1T-NbSe, become a doped Mott insulator due to the
charge transfer from the 1H-NbSe,. This study revealed that the doping level is spatially
inhomogeneous at the microscopic level [123]. In addition, the quasi-one-dimensional Kondo
lattice was reported in the strip CDW phase of 1T-NbSe,, which is the distorted SoD CDW
[124].

Thus, the interest in the CDW in 1T-NbSe; arises from two aspects. First, 1T-NbSe, exhibits
strong correlation effects that can be tuned by the choice of substrate. When placed on bilayer
graphene, 1T-NbSe, displays intrinsic insulating behaviour. However, on 1H-NbSey, it reveals
arange of correlation effects associated with exotic quantum phenomena. In particular, this
tuning allows the exploration of phenomena represented in the Doniach phase diagram for
the hexagonal lattice [125, 126], which maps the competition between Kondo screening and
magnetic order in correlated systems. Second, by combining 1T-NbSe, with other 2D vdW
materials, such as graphene, the strong charge modulation of the CDW in 1T-NbSe, can be
used to engineer and manipulate the electronic properties of the system. The details of the
second aspect will be discussed in the next chapter.

As 1T-NbSe, is meta-stable, it can currently be prepared by molecular beam epitaxy at
elevated substrate temperature or by applying voltage pulses (typical 0.1 — 3V, duration
100 ms) to 2H-NbSe, with an STM tip, which induces a phase transition in the topmost
layer to the 1T-phase. In this chapter, we employed the bias pulsing method to prepare 1T-
NbSe; on 2H-NbSe; (Fig. 5.1f). Given the surface-sensitive nature of the tunnelling signals
measured by STM and the hybridisation of 1T-NbSe, with 2H-NbSe;, predominantly occurring
at their interface, with minor dependence on the thickness of the 2H-NbSe, substrate, the
STM measurement on 1T-NbSe,/2H-NbSe, offers a promising platform for investigating the
coupling between these two phases. The observed inhomogeneity in the low-energy features
aligns with the interpretation that 1T-NbSe, behaves as a doped Mott insulator, where the
doping level varies at the nanometer scale, transitioning from hole-doped to electron-doped
regions.

5.2 Engineering of 1T phase

We placed a 2H-NbSe, flake with a thickness of about 80 nm on the pre-patterned gold coating
chip and probe with a tungsten tip(Fig. 5.2a). The topography of the 2H-NbSe, flake reveals a
typical NbSe, atomic resolution modulated by 3 x 3 CDW (Fig. 5.2b). Fourier transformation
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Figure 5.2: Nanoscale engineering of 2H-NbSe; to 1T phases. a, Schematic of the setup for
using the probing tip to pulse the sample. b, Topography of 2H-NbSe, bulk. (V =0.5V,I
=500 pA). ¢, Corresponding FFT of 2H-NbSe; revealing 3 x 3 CDW . d, Topography of the
boundary between 1T-NbSe, and 2H-NbSe,. (V =50mV,I = 100 pA.) e,Topography of 1T-
NbSe, on 2H-NbSe; bulk. (V =0.3V,I = 100pA). f, Corresponding FFT of 1T-NbSe; on
2H-NbSe;, bulk revealing (v/13 x v/13)R13.9° CDW.

of the topographic image (Fig. 5.2c) shows the clear sets of Bragg peaks corresponding to the
lattice constant of NbSe, (anpse, = 0.344nm), and the 3 x 3 CDW of the NbSe; with 1.032nm.

By applying voltage pulses to the probing tip, we locally induce a transition of the topmost
NbSe; layer from the hexagonal structure (2H-phase) into a new phase over regions spanning
tens of nanometers. The resulting phase boundary between the 2H-phase and this new phase
is shown in Fig. 5.2d, where the new phase is embedded within the 2H-NbSe, flake. In the same
scanning image, the 2H-NbSe, areas maintain well-resolved atomic structures modulated by
the 3 x 3 CDW. In contrast, the new phase regions exhibit a cluster hexagonal superstructure,
rendering the atomic structure of the new phase unresolved with STM probing.

Figure 5.2e presents a zoomed-in topography of the newly formed phase region. We
observe this cluster superstructure with significantly larger amplitude and intensity. The
FFT image reveals that this superstructure corresponds to the well-known (v/13 x v/13)R13.9°
(Fig. 5.2f), which characterises the 1T-NbSe, phase [119]. Thus, despite the inability to directly
resolve the atomic structure of the new phase via STM, the (v/13 x v/13)R13.9° periodicity and
strong charge modulation of this commensurate CDW confirm the induction of the phase
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Figure 5.3: electronic structure of 1T-NbSe, on 2H-NbSe,. a, STS grid at 0 mV, showing
dark and bright spots in the differential conductivity. b, STS spectra were measured at bright
spots. Both of the spectra exhibit a prominent peak close to the Fermi energy. (V =500mV,I =
100 pA, Vinod = 5 mV) ¢, STS spectra were measured at dark spots, both of which show a dip-like
feature near the Fermi energy. (V = 500mV,I = 100 pA, Vinoq = 5mV) d, STS grid slicing at
167 mV. e, STS grid slicing at 70 mV, where the bright spots lose intensity and the dark spots
become bright. f, STS grid slicing at —300 mV, where the bright spots lose intensity and the
dark spots become bright.

transition from 2H-NbSe, to 1T-NbSe,.

5.3 Electronic structure

5.3.1 Spatially inhomogeneous distribution

Although in the topography image in Fig. 5.2e, CDW reveals homogeneous modulation, the
dI/dVgrid slicing at the Fermi level (0 mV) is not uniform (Fig. 5.3a), and we did not observe
long-range order. Some clusters exhibit higher differential conductivity (bright spots) while
others exhibit lower differential conductivity (dark spots) at Er. STS spectra taken at the bright
spots exhibit a multiple-peak feature: a sharp peak approximately centred at zero bias known
as Kondo resonance peak [55, 127], and four side peaks at —300 mV, —90 mV, 70 mV, and
168 mV(Fig. 5.3b). For the bright spots, the peak located at —90 mV is more prominent than
the peak at 70 mV.
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In contrast, the STS spectra taken at the dark spots exhibit the disappearance of the zero
bias peak and show a gap-like feature centred at zero bias (Fig. 5.3¢). The bottom of the gap
has finite differential conductivity, which is attributed to the 2H-NbSe; substrate underlying
the 1T-NbSe,. This gap is flanked by two peaks at —-90 mV and 70 mV. Additionally, the peaks
located at —300 mV and 167 mV are also observed at the dark spots. Density functional theory
calculation involving the electron-electron interaction predicted that the UHB of the free-
standing 1T-NbSe; is located at 200 mV, and the merging of LHB with the valence band (VB) is
approximately located at —300 mV [122]. Accordingly, we assign the observed peak at —300 mV
to the LHB+VB, and the peak at 168 mV to the UHB.

The STS grid slicing at a bias V= 167mV (Fig. 5.3d) shows similar behaviour as the pattern
slicing at zero bias (Fig. 5.3a), with the clusters showing the higher (or lower ) differential con-
ductance at zero bias also exhibiting the higher (or lower) conductivity at the UHB. However,
the STS grid slicing at 70 mV(Fig. 5.3e) shows the inverse conductivity distribution relative to
the grid slicing at 167 mV and zero bias, where the dark spots become bright and the bright
spots become dark. Additionally, the energy position of this peak at 70 mV varies across the
sample. The spectrum shown in the lower panel of Fig. 5.3c reveals a shift closer to the Fermi
level compared to the upper panel. The STS grid slicing at —300 mV (Fig. 5.3f) shows a uniform
clover-shaped pattern which is distinct from the inhomogeneous cluster pattern observed at
other energy slices.

5.3.2 Doped charge-transfer insulator and the Kondo coupling

This non-uniform electronic structure in the microscopic scope can not be attributed to the
disorder in the 1T-NbSe; lattice structure as evidenced by the topography. Also, a similar ob-
servation of lack of homogeneity was also reported in molecule beam epitaxy growth 1T-NbSe,
on 1H-NbSe, [123]. A plausible explanation lies in the proximity effect between 2H-NbSe, and
1T-NbSey, which depends on the stacking configuration of the 3 x 3 CDW in 2H-NbSe; and the
V13 x /13 CDW in 1T-NbSe,. These stacking configurations are inherently incommensurate,
leading to the spatial inhomogenous in electronic interactions. This proximity effect involves
an interplay of the Kondo coupling between the local magnetic moment in the 1T-NbSe,
with the electron reservoir of 2H-NbSe, and the charge transfer between them, leading to the
doped Mott physics [128].

The Kondo coupling is well studied in the 1T-TaS; on 1H-TaS, and 1T-TaSe, on 1H-TaSe;.
There are rich correlated phenomena reported, including heavy fermions [129] and coherent
2D Kondo lattice [125, 130]. However, different from Tantalum-based chalcogenide, 1T-NbSe,
is a charge transfer insulator, and doping the 1T-NbSe; results in the doped charge-transfer
insulator instead of a doped Mott insulator [123].

The difference between the doped Mott insulator and the doped charge transfer insulator
is detailed in ref. [131]. Here, I provide a brief explanation of the difference. First, we start with
the doping of a band insulator (Fig. 5.4a). In a band insulator, all electronic states in the valence
band are fully occupied, while the conduction band remains empty, with a well-defined energy
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Figure 5.4: Schematic of doping effects in different insulators. a, Undoped, one hole-doped,
and one electron-doped configurations of a band insulator. b, Undoped, one hole-doped, and
one electron-doped configurations of a Mott insulator. ¢, Undoped, one hole-doped, and one
electron-doped configurations of a charge transfer insulator, showing the on-site Coulomb
energy U and charge transfer energy A. Lines represent sites, and dots represent electrons.
(Adapted from [131])

gap separating the two. This arrangement is described by a single-electron model. With N
sites in the solid, there are 2N occupied states and 2N unoccupied states, accounting for both
spin up and spin down. When a band insulator is hole-doped, the chemical potential shifts
into the previously occupied valence band, creating an imbalance with 2N — 1 electron states
and 2N + 1 hole states. This electron-adding spectrum involves two parts: a small part of the
unoccupied valence band states and the empty conduction band. This process only involves
the Fermi level shifting, and there is no redistribution of the spectral function. When a band
insulator is doped with electrons, the Fermi surfaces shift to the conduction band, and there is
no redistribution of the spectral function.

For a Mott-Hubbard insulator (Fig. 5.4b), the insulating behaviour originates from strong
electron-electron Coulomb interactions rather than an energy gap between filled and empty
bands. The electron-removal spectral weight is equal to the number of occupied levels, while
the electron-addition spectral weight is equal to the number of unoccupied levels. At half-
filling, the electron-removal spectrum and electron-addition spectrum are both equal to N.
When doped with a hole, the electron removal weight reduces to N —1 due to one electron
reduction, and the electron addition spectrum for UHB becomes N — 1, representing possible
electron additions to singly occupied sites. Additionally, the unoccupied site created by the
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hole doping can accept two electrons, thus the electron addition spectrum for this site is 2
[132].

In a charge transfer insulator (Fig. 5.4c), the electronic structure comprises correlated
bands separated by an uncorrelated valence band. Upon doping, charge transfer insulators
display asymmetric behaviours depending on whether electrons or holes are added. Electron
doping causes a transfer of spectral weight from high to low energy, similar to the redistribution
observed in Mott insulators. In contrast, hole doping behaves similarly to a band insulator,
where no significant spectral weight transfer occurs. This asymmetry between electron and
hole doping is a unique feature of charge transfer insulators, different from Mott insulators
[131, 132].

The electronic properties observed in the 1T-NbSe, /2H-NbSe, heterostructure arise from
the incommensurate coupling between the 3 x 3 CDW in 2H-NbSe; and the v/13 x v/13 SoD
CDW in 1T-NbSe,. This coupling is complex because both CDWs exhibit spatial sensitivity.
For the 3 x 3 CDW in 2H-NbSe,, measurements of iron adatoms reveal that the exchange
interaction is site-dependent, aligning with the periodicity of the 3 x 3 CDW structure [133],
and the charge density modulation landscape is strongly influenced by the positions of local
magnetic moments [134]. Similarly, for the V13 x /13 SoD CDW in 1T-NbSe,, insights from an
analogous system, 1T-Ta, bulk, show that insulating and metallic behaviours depend critically
on the stacking order of the SoD clusters [135]. Thus, the Kondo coupling and the doping
effect of 1T-NbSe, with 2H-NbSe, will have a complicated spatial distribution. For sites where
the Kondo coupling is relatively weak, and the doped Mott physics dominates the system, we
may see the spectrum as shown in Fig. 5.3c. There, the two side peaks marked by blue and red
arrows show strong intensity, which arises due to the doping of the charge transfer insulator,
and the peak marked by the blue arrow is wider than the peak marked by the red arrow, due
to the hybridising of the LHB with the VB. On the contrary, for the sites dominated by Kondo
coupling, we observed strong zero-bias peaks. In the next section, a method to evaluate the
doping level by analysing the Kondo peaks is presented

5.3.3 Evaluation of the Kondo resonance

When localised moments in 1T-NbSe, are coupled to conduction electrons in 2H-NbSe,,
the Kondo effect can arise, where the conduction electrons screen the magnetic moments,
forming a Kondo singlet state at low temperatures. This screening leads to the appearance of
a sharp resonance at the Fermi level in the density of states, known as the Kondo resonance.
The origin of this resonance, often observed as a Fano-like line shape near the Fermi level, is
explained in detail in section 2.1.1. According to Fermi liquid theory, this Kondo resonance is
fitted by a Fano line as [136, 55]:

I (q+€)

!
™ 11 + (1 + Be’) po. (5.1)
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Figure 5.5: Evaluation of the peak close to the Fermi level. a,Topography image shows the
homogenous structure of the 1T-NbSe,. (V =0.2V, I =100 pA). b,STS grids slicing at zero bias
(V=0.2V, I1=100pA, Vihoq =2mV). c-fSTS spectra (blue lines) recorded at various positions(V
=0.2V, I =100 pA, Vhod = 2mV) and the Fano-shape fitting (red lines).

In equation 5.1, (1+ ') po is the conductivity background with § as a background slope, q
characterizes the Fano line shape, which is given by the direct and indirect tunnelling at the
resonance bias, and ¢’ is normalized bias given by ¢/ = (V — V}) /T, with V} the resonance
position and I" the half-width of the resonance peak. The width of the Kondo resonance I' is
determined by the Kondo temperature and the experimental temperature by [55]

1
el = E\/(akB )% + 2k Ti)?. (5.2)

The filling factor can be related to the ratio of the position of the resonance Vi to the resonance
width I" as [55]:
Vi _ tan(E (1-np). (5.3)
r 2
Thus equation 5.3 gives us a method to extract the filling factor by fitting the Kondo resonance

close to zero bias from the STS spectra.

Similar to the large-scale bias measurement, figure 5.5a shows the uniform topography
image recorded simultaneously with the dI/d Vsignal, where each SoD clusters have a dot-like
structure. However, the STS grid slicing at zero bias (Fig. 5.5) exhibits different patterns, where
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Figure 5.6: Splitting of the zero bias peak. The separations of the peaks are indicated by A.

each SoD cluster shows the homogenous hexagonal Mosaic pattern, but the electric property
of the inter-clusters is different, indicating the localisation of the momentum is inside each
SoD cluster. The inhomogeneity of the inter-clusters can be seen in the peak position Vi,
the peak width I" and the shape of the peak g. Using equation 5.3, we can derive the filling
factor, which varies from -0.85 to 0.75, indicating the highly inhomogeneous doping level.
According to equation 5.2, and adapting « = 7 [124], the Kondo temperature is 86 K given the
experimental temperature of 6.5 K for the spectrum in Fig. 5.5¢, and T} = 63K for the spectrum
shown in Fig. 5.5d. According to the single impurity Anderson model, the Kondo coupling Jx
is related to the Kondo temperature Tk, given by

U
kg Tk = \IZA; exp (Jkp)

where A is the hybridization, U is on-site Colomb interaction, and p is the density of states
[137]. Varying the Kondo temperature indicates that the Kondo coupling is also not spatially
homogeneous.

Furthermore, when the Kondo coupling and the doping effect are comparable, we ob-
served some complex spectra shown in Fig. 5.6. There we observed that this zero-bias peak
is separated into a doublet peak, and the separation width of these two peaks near the zero
bias varies from 12 mV to 29 mV. These spectra need further work to develop a more advanced
model to explain the splitting.

From our Fano fitting analysis, we extract filling factors ranging from ny = —0.85 to
n¢ = 0.75, corresponding to a charge transfer of approximately +0.4 electrons per Star of David
cluster. This variation suggests that different stacking configurations lead to charge transfers
ranging from strong hole doping to moderate electron doping, consistent with recent DFT
calculations [123].

Our observations of spatially inhomogeneous electronic structure and variable Kondo
temperatures support the doped charge-transfer insulator interpretation [123] over the quan-
tum spin liquid scenario [122]. Several key observations differentiate these scenarios.
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A quantum spin liquid would exhibit uniform spinon excitations across the sample [138].
In contrast, we observe strong spatial inhomogeneity in the zero-bias conductance (Fig. 5.3a),
inconsistent with a homogeneous spin liquid ground state. The variable filling factors and
Kondo temperatures directly indicate spatially varying charge doping levels. This inhomo-
geneity arises from the incommensurate stacking of the 3 x 3 CDW in 2H-NbSe; underneath
and the v/13 x v/13 CDW of 1T-NbSe,, creating different local chemical potentials and charge
transfers.

In conclusion, this chapter demonstrates that by applying voltage pulses to 2H-NbSe,
we can successfully prepare a 1T-NbSe,/2H-NbSe; heterostructure. 1T-NbSe, is a charge
transfer insulator, and when layered atop a metallic substrate, it exhibits an intricate interplay
between Kondo coupling and charge doping. We employed STS to investigate the electronic
structure of the 1T-NbSe,/2H-NbSe; heterostructure and found that these interactions give
rise to a complex, spatially inhomogeneous insulator-to-metal transition. In certain SoD
clusters with strong Kondo coupling, we observed a single zero-bias peak, which splits due
to doping effects related to Mott physics. Conversely, in SoD clusters with weaker Kondo
coupling, a gap-like feature appears at the Fermi level, suggesting a more insulating electronic
structure. By fitting the Kondo peak to a Fano line shape, we determined both the filling
value and Kondo temperature, providing essential parameters for future modelling of this
system. In the following chapter, we further customize this system by placing a graphene layer
atop the 1T-NbSe,. This adjustment produces a uniform pattern that breaks the Cs rotational
symmetry, in contrast to the previously observed absence of long-range order.
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Superlattice engineering in graphene
and 1T-NbSe,

6.1 Superlattice engineering in 2D vdW heterostructure

The weak vdW interlayer interaction in layered materials such as graphite and TMDs enables
their exfoliation down to 2D limits. When reassembled into vdW heterostructures, these layers
retain their intrinsic properties due to the weak vdW interaction. However, the proximity
effect allows the electronic properties to couple across layers, giving rise to new quantum
phenomena which do not exist in the individual layers. Using this effect, physicists can select
2D layers with tailored properties to realise specific quantum effects [139].

Furthermore, stacking two sheets of material with a small twist angle between their atomic
lattices creates a moiré periodicity [14]. This misalignment leads to a variation in the inter-
layer tunnelling strength, which depends on the local stacking configuration. As a result, the
tunnelling strength follows the moiré periodicity, generating non-Abelian gauge potentials
commonly referred to as moiré potentials [140, 141]. Introducing moiré periodicity into a 2D
heterostructure creates a superlattice that modulates the periodic potential within the system.
In addition to moiré potentials, various other methods have been applied to engineer super-
lattices. However, the interest always remains in tuning the electronic structure, particularly
in achieving a band with flat dispersion, as electrons in the bands with flat dispersion will
experience suppressed kinetic energy and enhanced electron-electron interactions.

An intuitive way to understand the construction of bands with flat dispersion involves
constructing a system of weakly coupled quantum dot states [139]. The bandwidth of the
resulting quasi-particle combined states is determined by the coupling strength between the
quantum dots, and the weaker coupling strength leads to a flat dispersion. This concept is
realised through superlattice engineering. For example, in twisted TMD systems, the interlayer
hybridisation follows the moiré periodicity. Locally modulated stacking order induces spatial
variation in the band edges, which results in the opening of energy gaps at the high-symmetry
band edges [142]. Such a gapped system can localise electrons in certain regions, resembling
an array of quantum dots [143, 144].
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6.1.1 Spontaneous symmetry-breaking

In flat bands, the suppression of electron kinetic energy enhances the relative significance of
electron-electron interactions, making these systems prone to correlated quantum phases. In
the framework of solid-state physics, Bloch’s theorem provides a single-particle approximation
where the symmetry of the Bloch wave function reflects the symmetry of the underlying lattice
structure. However, flat bands deviate from this paradigm, as the electron dynamics are
dominated by a many-particle Hamiltonian rather than single-particle approximations.

The dominated electron-electron interactions in flat bands often drive the system to
mitigate the energetic costs of Coulomb interactions through correlation effects, which are
prone to spontaneous symmetry breaking. By breaking a symmetry, the system transitions into
anew phase, where correlation-induced energy gaps form. This process lowers the free energy
and stabilises the newly ordered state by shifting occupied states to lower and unoccupied
states to higher energy [145].

Experimentally, carefully tuning the Fermi level across flat bands has revealed sponta-
neous Cj rotational symmetry breaking in a hexagonal lattice, leading to the emergence ofa C»
stripe phase, also known as the nematic phase. This phenomenon has been observed in 2D sys-
tems with flat bands, such as twisted bilayer graphene [146], twisted double bilayer graphene
[147], and the Kagome lattice [148, 149]. These symmetry-broken phases are often associated
with the emergence of unconventional superconductivity [150, 151, 26, 152]. Consequently,
an approach for discovering new unconventional superconductors involves engineering flat
bands through superlattice design, identifying symmetry-broken phases, and fine-tuning
these systems near the symmetry-breaking regime to explore novel superconducting states.

6.1.2 Proximity graphene to Star of David charge density wave

Recently, Eva Andrei’s group has reported an interesting case of stacking graphene on 1T-
TaS,, where charge modulations in the overlying graphene were attributed to periodic band
hybridisation with the underlying 1T-TaS,, forming a proximity-induced CDW, rather than
simple screening effects or trivial co-tunnelling mechanisms [41]. Inspired by the powerful
role of moiré periodicity as a tuning knob for electronic structures in vdW heterostructures,
our idea is extended to explore the interplay between proximity effect and twist-angle control.

In this chapter, we developed a new method of superlattice engineering that combines
the interplay of moiré physics and proximity effects. By stacking graphene on 1T-NbSe,/2H-
NbSe, and precisely controlling the twist angle, we engineered new superlattice structures.
STM was employed to study the energy-resolved local electronic density of states with atomic
resolution, enabling direct observation of the electronic features in these systems.

At a twist angle of approximately 9°, a near-commensurate super-moiré structure was
achieved, where the commensurate graphene superlattice was approximately aligned with the
2 x 2 CDW superstructure of 1T-NbSe,. Rotating the graphene to a twisted angle of 27° resulted
in the formation of a v/3 x /3 near-commensurate super-moiré. In both samples, the proximity
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Figure 6.1: Schematic illustration of the moiré pattern of graphene and 1T-NbSe,. a,
Schematic structure of graphene, where A (B) labels the carbon atom at the A (B) sublattice-
sites. b, Schematic structure of the Star of David cluster, which includes 13 Nb atoms at
three different equivalent sites. ¢, Evaluation of the twisted angle dependent f2*2, with
f?*2 = mingy, ) Imay + nas — 2by|. d, Evaluation of the twisted angle dependent f V3xvB with
f V3xv3 _ ming,, ,) |ma; + nay —b; —by|. e, Stacking configuration of graphene and 1T-NbSe;
with a twist angle of 9° between graphene and NbSe,. The green vectors b; and b, represent
the primitive lattice vectors of the CDW superlattice. The red vector represents 2b;. f, Stacking
configuration of graphene and 1T-NbSe, with 27° twisted angle between graphene and NbSes.
The red vector represents b; +by. Selenium atoms are omitted for clarity.

effect from 1T-NbSe; induced localised electronic states in graphene. Interestingly, a stripe
phase with C, rotational symmetry was observed only in the v/3 x v/3 near-commensurate
super-moiré at 27°, suggesting that the interplay of proximity effects and moiré periodicity
can lead to exotic phenomena and tunable electronic behaviours.

6.2 Structural property of graphene on NbSe,

6.2.1 Formation of the super moiré between the graphene and the CDW modu-
lated NbSe>

The formation of moiré patterns between two layers in 2D heterostructures arises from their
relative misalignment. The most famous example is twisted bilayer graphene, which consists
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of two graphene layers with a honeycomb lattice structure. Each unit cell in graphene contains
two sublattices: A and B (Fig.6.1a). In twisted bilayer graphene, the local stacking configuration
can be described by a parameter with two components, representing the relative alignment
of the sublattices in the two layers. For instance, AA stacking refers to the alignment of the
A-sublattice in the first layer directly above the A-sublattice in the second layer. In contrast,
AB stacking occurs when the A-sublattice in the first layer aligns with the B-sublattice in the
second layer.

The resulting moiré periodicity is defined as the distance between two regions with
identical stacking configurations, such as one AA stacking region to the nearest AA stacking
region. This periodicity depends on the twist angle between the two layers, making it a tunable
parameter for engineering unique electronic and structural properties in 2D heterostructures.

In our heterostructure, NbSe; layer contains Nb atoms sandwiched between two Se atoms
(see Fig.6.3a). This arrangement forms a triangular lattice, where the unit cell consists of one
Nb atom and two Se atoms. When graphene is stacked on NbSe; without a CDW, the resulting
graphene/NbSe; heterostructure requires a two-component parameter to describe its local
stacking configurations, analogous to the approach used in twisted bilayer graphene.

In this heterostructure, the two components specify the relative alignment between the
graphene layer and the NbSe; lattice. For example, the configuration (A, Nb) represents
the alignment of the A-site sublattice of graphene directly above Nb atoms in the NbSe,
layer, while (Hc, Nb) describes the hexagon centre of graphene positioned above an Nb atom.
To investigate rotational symmetry in this system, the moiré periodicity is defined as the
distance between two identical stacking configurations, such as the distance from one (Hc,
Nb) alignment to the next (Hc, Nb) alignment.

In the previous chapter, we demonstrated that 1T-NbSe; exhibits a (v/13 x v/13)R13.9°
CDW, leading to the formation of SoD clusters. The presence of the CDW introduces spatial
charge modulations that reduce the translational symmetry of the NbSe; lattice. As shown in
Fig.6.1b, an SoD cluster consists of 13 Nb atoms exhibiting three distinct CDW modulation
levels. The Nb atom at the centre of the SoD cluster, labelled Nb;, displays the highest
modulation. Surrounding Nb; are the six nearest neighbours with medium modulation, while
the remaining Nb atoms at the edges of the SoD cluster exhibit the lowest modulation.

This CDW modulation complicates the stacking configuration in the Gr/NbSe; het-
erostructure, as the alignment has to consider the Nb atoms influenced by the CDW. For
instance, the configuration (Hc, Nb,) represents the graphene hexagon centre aligned with
the Nb; atom at the centre of the SoD cluster, which has the highest charge modulation.
Consequently, a super moiré periodicity in this heterostructure can be defined as the distance
between successive (Hc, Nb;) alignments. This super moiré periodicity differs from the con-
ventional moiré periodicity, which considers only the misalignment between the graphene
and the NbSe; lattice without accounting for the impact of the CDW.
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6.2.2 Twisted angle dependent super moiré periodicity

To mathematically describe the twist angle-dependent super moiré periodicity, we start by
defining the translation symmetry in graphene. The translation from one hexagon centre in
graphene to another is given by:

aguper (M, n) = ma, + nay, (6.1)

where m and n are arbitrary integers multiplied by the primitive lattice vectors of graphene a;
and ap. Similarly, the translation between SoD cluster centres Nb; in 1T-NbSe; is defined by
the CDW superlattice:

bsuper(j» k)= jbl + kbo, (6.2)

where j and k are arbitrary integers, and b; and b, are the primitive lattice vectors of the CDW
superlattice in 1T-NbSe,, which are registered by the supermatrix in respect to the NbSe,
primitive lattice vectors of ¢; and cy:

NEEW

To achieve a commensurate super moiré pattern, the vectors agyper (772, n) and bgyper have

C1

C2

to satisfy the diophantine equation [153]:
asuper (M, 1) —bgyper (j, k) = 0.

However, in systems where the periodicities of the two lattices differ significantly and the in-
terlayer interaction is weak, commensurate super moiré patterns are rarely observed. Instead,
near-commensurate super moiré patterns are considered, satisfying:

asuper (M, 1) —bgyper (J, k) = 0.
To quantify the degree of commensurability, a parameter f is defined as
f (]; k) = I,Tnlilliﬂasuper(m, n) - bsuper(j, k).

Here, f(j, k) characterizes how closely a graphene superlattice asyper(m, 7) can match the
given CDW superlattice bsyper(/, k). In the extreme case of f(j, k) =0, a perfectly commensu-
rate super moiré superlattice is achieved.

We examine low-order (j, k) pairings to evaluate near-commensurate super moiré pat-
terns between graphene and the CDW superlattice in 1T-NbSe,. Beginning with (j, k) = (2,0),
denoted as f2*? = f(2,0), the commensurability depends on the twist angle 6 as the graphene
layer is rotated relative to the NbSe; lattice:

f2x2(9) = %i’rlﬂR (0) asuper (M, n) — bsyper (2,01, (6.3)
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where R(0) is rotating operator. Substituting equations 6.1 and 6.2 into above equation 6.4
gives:
£22(0) = min|mR(0)ay + nR(0)az —2by| (6.4)

The numerical evaluation of equation 6.4 is shown in Fig.6.1c, which exhibits a zig-zag
structure. At a twist angle of approximately 9°, f2*2 reaches a local minimum of 0.16 |a|, where
|a| = 0.24nm is the graphene lattice constant. This local minimum indicates the formation
of a near commensurate condition as shown in Fig.6.1d. Next, we consider f(1, 1), which is
denoted as f V3xv3, Similarly to equation 6.4, the twist angle dependence is given by:

Y3 V39) = min|mR(6)a; + nR(0)az by —bs|. 6.5)

The result for f V33 (m, n), shown in Fig.6.1d, also exhibits a zig-zag structure. At a
twist angle approximately 27°, f V3xV3 reaches a local minimum of 0.09|al. In summary, the
geometric stacking between graphene and the CDW modulation in 1T-NbSe; indicates the
formation of near-commensurate super moiré patterns at specific twist angles. At 9°, the
super moiré pattern is approximately aligned with the 2 x 2 CDW super moiré, while at 27°,
the alignment is approximately with the v/3 x /3 CDW super moiré.

6.3 Preparing 27° and 9° twisted graphene/NbSe, samples

In the previous section, we discussed that at twist angles of 9° and 27°, graphene and 1T-NbSe,
with CDW modulation can form 2 x 2 and /3 x /3 near-commensurate super moiré structure,
respectively. This section shows the experimental approach for studying these two angles.
The samples are assembled using the method detailed in section 4.2. Both samples consist
of monolayer graphene sheets placed on bulk 2H-NbSe,, denoted as Gr/2H-NbSe;. At first
glance, both samples exhibit atomically clean surfaces, as evidenced by the atomic resolved
STM topography(Fig.6.2a and b).

The FFT patterns for both Gr/2H-NbSe, samples (Fig.6.2c and d) reveal Bragg peaks
corresponding to the graphene lattice, the NbSe, lattice, and the moiré pattern arising from
the lattice mismatch between the two materials. We analysed the corresponding FFT patterns
using the method described in Appendix A. The lengths of the reciprocal vectors of the moiré
pattern in the three directions were found to be (11.065, 11.037, 11.097) nm~! for the first
sample corresponding to the moiré periodicity length (0.764,0.766,0.762)nm in real space
and (14.528, 14.526, 14.451) nm~! for the second sample corresponding to the periodicity
length (0.501,0.502,0.504)nm in real space. From analyzing the moiré periodicity, the twist
angles 65 between the NbSe, and graphene lattices were determined to be 8.7° and 26.4°,
respectively (Fig.6.2e and f). Accordingly, we labelled these samples as 9° sample and 27°
sample . The uniaxial heterostrain values for these two samples were determined to be 0.17 %
for 9° sample and 0.30 % for 27° sample . The strain could have been introduced during the
sample preparation process, including mechanical exfoliation and stacking processes. These
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Figure 6.2: Atomically resolved STM topographic images of the 9° sample and 27° sample
in the NbSe; 2H-phase. a, STM topographical image of Devg. (V =50mV, I = 100 pA). b,
STM topographical image of Devage (V = 300mV, I = 200 pA). ¢, FFT image of 9° sample
showing the Bragg peaks corresponding to graphene, the 2H-NbSe, lattice, and the super
moiré superlattice. d, FFT of 27° sample displaying similar Bragg peaks. e Analysis of the moiré
pattern for 9° sample . f, Analysis of the moiré pattern for 27° sample . The top graphene layer
is rotated with respect to the underlying 2H-NbSe,, resulting in a new periodicity characterised
by the reciprocal vectors connecting the individual reciprocal lattice vectors.

strain values are comparable to those observed in twisted bilayer graphene samples prepared
using similar exfoliation and stacking techniques [154, 79].

To achieve the target structure of graphene stacking on 1T-NbSe,, we applied voltage
pulses ranging from 2 to 5 V across the STM tip-sample junction, following the method detailed
in chapter 5. This procedure induces the structural transition of 2H-NbSe, underneath the
graphene, resulting in the graphene being placed atop a single layer of NbSe, in the 1T phase
on bulk 2H-NbSe; (Fig.6.3a). For clarity, we denote this stacking of heterostructure as Gr/1T-
NbSeg.

Figure 6.3b and c illustrate the phase boundary between Gr/2H-NbSe, and Gr/1T-NbSe,
regions. In the Gr/2H-NbSe; region, the topography reveals a moiré pattern that changes
with variations in the twist angle, reflecting the lattice mismatch and alignment between
graphene and 2H-NbSe,. In contrast, the Gr/1T-NbSe; region exhibits a "dots-like" hexagonal
superlattice, indicating strong modulation of the graphene sheet by the underlying 1T-NbSe;.
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Figure 6.3: Phase transition from Gr/2H-NbSe; to Gr/1T-NbSe,. a, Schematical side view
showing the vertical structure before and after voltage pulsing. b, STM topography of the
phase boundary between graphene/2H-NbSe; and graphene/1T-NbSe,/2H-NbSe, of the
sample with twisted angle of 9° (9° sample ) (V =650 mV, I = 100 pA). ¢,STM topography of
phase boundary between graphene/2H-NbSe; and graphene/1T-NbSe; of the sample with
twisted angle of 27° (27° sample ) (V =300 mV, I =200 pA).

This hexagonal superlattice has a periodicity distinct from the moiré pattern observed in
Gr/2H-NbSe;.

6.4 Structure property of graphene on 1T-NbSe,

To confirm that the target samples of graphene on 1T-NbSe; with twist angles of 9° and 27° are
successfully achieved, we examine the structural and property features of both samples. The
atomically resolved topography of Gr/1T-NbSe; is shown in Fig.6.4a and b. Analysis of the FFT
patterns for both Gr/1T-NbSe, samples, as shown in Fig.6.4c and d, reveals that the periodicity
of the observed modulation within the graphene layer corresponds to the (v/13 x v/13)R13.9° of
the 1T-NbSe,. This observation indicates that the dots-like hexagonal superlattice modulating
the graphene originates from the underlying CDW in the 1T-NbSe, phase, confirming the
expected structural characteristics of the samples.

In comparison to the topography of 1T/2H-NbSe, shown in Fig.5.2 in Chapter 5, where
the strong intensity of the CDW hinders the resolution of the atomic structure via STM probing,
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Figure 6.4: Atomically resolved STM topographic images of the 9° sample and 27° sample
in the NbSe;, 1T-phase. a, STM topographical image of 9° sample (I =200pA, V =0.5V). A
green hexagon shows the A-site, where the CDW reaches its maximum. A blue hexagon shows
the B-site, located midway between two neighbouring A-sites. b, STM topographical image
of 27° sample (I =60pA, V =0.3V). ¢, FFT image of 9° sample of NbSe; in 1T-phase. d, FFT
image of 27° sample of NbSe;, in 1T-phase.

the stacking of graphene on top of 1T/2H-NbSe; enables the resolution of both graphene and
NbSe, atomic structures. This is evident as Bragg peaks corresponding to both lattices are
present in the FFT patterns (Fig.6.4c and d). The atomically resolved topography enables us to
determine the heterostrain values and the twisted angle by using the strain analysis method
similar to the Gr/2H-NbSe,. In both samples, the uniaxial heterostrain in Gr/1T-NbSe, was
found to be comparable to that in Gr/2H-NbSe, prior to voltage pulsing. This structural
analysis suggests that, due to the vdW interaction between graphene and NbSe;, the phase
transition of NbSe, underneath the graphene does not introduce significant strain to the
graphene layer, nor does it alter the twist angle between graphene and NbSe;.

6.5 Probing the electronic structure

In subsection 6.2.2, theoretical geometric stacking configurations demonstrate that graphene
and 1T-NbSe; with a twisted angle of 9° correspond to the 2 x 2 near-commensurate super
moiré structure, while a twisted angle of 27° aligns with the v/3 x v/3 near-commensurate
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Figure 6.5: STS Spectra on Gr/1T-NbSe;, of 27° sample. a, Schematic modelling of
graphene/1T-NbSe; heterostructure, showing the A-site indicating the CDW maximum, and
the B-site indicating the CDW minimum. b, STS spectra taken from the A-site to the B-site. (I
=100pA, V=15V, and V04 = 10mV).c, STS spectra of graphene on 2H-NbSe, (upper) and
1T-NbSe, on 2H-NbSe, (lower). (upper: I = 100mV, V =1.5V and V;;,0q4 = 10 mV; lower: I =
200mV, V =1.5V and Vj,oq = 10mV).

moiré structure. Having successfully achieved two samples with these two target angles, this
section focuses on examining their electronic structures.

6.5.1 Probing electronic structure in 9° sample

To investigate the electronic structure of 9° sample , within the supercell of the CDW in 1T-
NbSe;, we define the A-site as the location where the CDW modulation reaches its maximum
and the B-site as the position with the minimum CDW modulation, situated midway between
two adjacent A-sites. A schematic representation of the A-site and B-site positions with
twisted angle of 9° is provided in Fig.6.5a, with the corresponding positions in the STM
topography indicated by green and blue hexagons in Fig.6.4a. STS spectroscopy, whose
intensity is proportional to the LDOS, was conducted to probe these features.

Figure 6.5b shows the dI/dV spectra obtained by scanning from the A-site to the B-site.
At the A-site, the dI/d Vspectrum features three strong peaks above the Fermi energy. These
three peaks can be fitted with the sum of three Gaussian peaks centred at 0.658V, 0.923 V and
1.360 V with respective full width at half maximum (FWHM) of 0.173V, 0.175V and 0.332 V. We
labelled these three peaks at the A-site as electronic level-1 (L; ), level-2 (L, ) and level-3 (L3).
Additionally, the valley position v, is located at the midpoint between Ly and L3 of 1.14 V.

As the probing tip moves from the A-site to the B-site, the differential conductivity of
the three peaks decreases monotonically. However, at the B-site, the differential conductivity
within the bias range of 1.0V to 1.2V, corresponding to the valley position between peaks
L, and L3, becomes stronger than that observed in the same bias range at the A-site. Conse-
quently, the spatial distribution of the differential conductivity reverses, transitioning from
being relatively higher at the A-site (weaker at the B-site) to higher at the B-site ( weaker at the
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Figure 6.6: STS grid measurement of 9° sample with the corresponding FFT amplitudes
and FFT phases.a, slicing at L; (0.66V), b, L, (0.92V), ¢, v; (1.14V), and d L3 (1.36V). Their
positions are indicated in Fig.6.5b.

A-site). This reversal in intensity corresponds to a 7 shift, which will be further examined in
subsection 6.5.3. The observation of these three strong peaks in graphene on 1T-NbSe,/2H-
NbSe; is distinctive. These peaks are absent in the control measurements conducted on a
1T-NbSe,/2H-NbSe, sample without graphene and a Gr/2H-NbSe, sample, where the CDW
characteristic of 1T-NbSe; is not present (Fig.6.5¢). This observation suggests that the unique
electronic structure results from the interplay between the graphene layer and the underlying
CDW modulation of 1T-NbSe;.

Next, we examine the spatial distribution of the dI/dV signals corresponding to these
energy levels. At the bias associated with L; and L,, the dI/dV grids (Fig.6.6a and b) exhibit
localised structures, with high differential conductivity concentrated at the A-sites. In con-
trast, at v;, the differential conductivity pattern undergoes an inversion, transitioning from
a localised structure to a mesh-like structure (Fig.6.6c), where the A-sites exhibit the lowest
conductivity. Furthermore, at L3, the spatial distribution of conductivity reverts to a localised
structure, albeit with a noticeable offset from the A-site (Fig.6.6d).

We analysed the form factors corresponding to these energy levels and the valley position
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using the form factor extraction method described in Section 2.4. The extracted amplitude
and phase of the Bragg peaks are presented in the second and third rows of Fig.6.6. The
FFT amplitude patterns consistently display a hexagonal arrangement, corresponding to the
periodicity of the CDW in 1T-NbSe;.

However, the FFT phase patterns exhibit variations among the energy levels. For L; and
L,, the phase of the form factors is {0, 0,0}, corresponding to a dot-like structure. From L, to
v1, a m-shift occurs. The valley position v; exhibits a phase of {—m, -7, —m}, corresponding to
the mesh-like structure. At L3, the phase of the form factor changes to {-7/2,— —7/2,7m/2}.
Considering the preservation of Hermitian symmetry, the phase at L3 can be unwrapped to
{—m/2,—m/2,—m/2} for simplifying the interpretation.

6.5.2 Probing electronic structure in 27° sample

Before presenting the dI/dVspectroscopy measurements of 27° sample , which corresponds to
the v/3 x v/3 near-commensurate super moiré, we first examine the bias-dependent topogra-
phies in 27° sample (Fig.6.7). At a low bias of 0.3V, the topography, which is the same image
shown in Fig.6.4b, reveals the atomic resolution of the graphene layer, NbSe; lattice, and the
CDW.

As the bias increases, the atomic resolution of the graphene and NbSe, layers becomes
less distinct, and the CDW pattern undergoes a series of transformations. These changes
include transitions from a dots-like pattern at 0.3 V to an ellipse-like pattern at 0.7V, followed
by a hexagonal pattern at 1V, a striped pattern at 1.2V, and a ring-like feature at 1.8 V. The bias-
dependent evolution of the topography is corroborated by the corresponding FFT patterns.
These patterns reveal the gradual disappearance of the graphene and NbSe, Bragg peaks with
increasing. Additionally, they show changes in the intensity of the Bragg peaks associated with
the CDW of 1T-NbSe,, with a pronounced modulation in a specific direction, suggesting a
breaking of Cs rotational symmetry for the CDW superlattice.
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Figure 6.7: Bias dependent topography of graphene on 1T-NbSe; of 27° sample . and the
corresponding FFT images. Black, blue and orange circles mark the Bragg peaks of graphene,
NbSe, and the CDW of 1T-NbSe;,. (I = 60 pA and biases are indicated for each measurement.)
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Figure 6.8: Comparison of the STS spectra of the two samples. a, dI/dVspectra taken at the
A-sites in 9° sample (dotted blue line) and in 27° sample (solid red line). b, dI/dVspectra
taken at B1 (blue), B2 (orange) and B3 (green)-sites separated by 120° of the 27° sample . (
I=500pA, V=15V, V04 =10mV). ¢, dI/dVspectra taken at B1 (blue), B2 (orange) and B3
(green)-sites separated by 120° in 9° sample (I =100pA, V =1.5V, and Vjpoq4 = 10 mV).

To investigate the electronic structure associated with the rotational symmetry breaking
observed in the bias-dependent topography measurements of 27° sample , we first performed
dI/dV spectroscopy at the A-site, which corresponds to the position where the CDW mod-
ulation of 1T-NbSe, reaches its maximum. The dI/dV spectrum at the A-site in 27° sample
exhibits three prominent peaks, similar to those observed in 9° sample (Fig.6.8a). These peaks
are located at approximately the same energy positions as in 9° sample . The reproducibility
of these spectral features across varying twist angles between graphene and NbSe; indicates
the dominant influence of the CDW modulation on determining the electronic structure of
the heterostructure. However, variations in the stacking configuration due to the super moiré
structure can subtly shift the energy positions of these peaks at the A-site.

To further analyze the C; rotational symmetry breaking, spectra were taken at the B1,
B2, and B3 sites, which are rotated by 120° with respect to each other around the A-site
(Fig.6.8b). The spectrum at B1 displays a side peak at lower energy than L;, which we label
as L}. Additionally, the spectrum at B1 exhibits higher differential conductivity at L; and L}
compared to the spectra at B2 and B3. Conversely, at the L, position, the spectrum at B1 shows
weaker conductivity than those at B2 and B3. Between L; and Ly, the spectra at B2 and B3
display almost identical conductivity. However, in the range from L, to L3, these three spectra
exhibit different slopes, resulting in no overlap in this region. Among the three spectra, the
one at B1 has the lowest conductivity between L, and Ls. At the bias above Ls, all three spectra
exhibit approximately the same conductivity. For control measurement, the corresponding
dI/dV spectra measured at the B1, B2, and B3 sites in 9° sample are presented in Fig.6.8c.
These spectra show nearly identical behaviour, with similar conductivities and trends across
the energy range, unlike the distinct variations observed in 27° sample .

To further investigate the symmetry breaking, we performed STS grid measurements in
27° sample, as shown in Fig.6.9. Due to the presence of the anisotropy at B-sites, the dI/dV
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grids of 27° sample show more complex bias-dependent dI/d Vspatial distribution compared
to the dI/dV grids measurements in 9° sample (Fig.6.6). This complex pattern is challenging
to direct interpretation in real space. However, the Fourier transform is particularly effective
for analyzing such complex spatial patterns because it decomposes the real-space distribution
into its frequency components.

In the FFT images, six prominent peaks correspond to the Bragg peaks of the CDW of
1T-NbSe,, associated with the reciprocal vectors G;(i = 1,2,3). Since the FFT is a complex-
valued function, both the FFT amplitude and FFT phase patterns are presented in Fig.6.6. It is
noteworthy that the phase plays a crucial role in analyzing the observed real-space patterns.
For example, at a bias of 0.71V, the FFT amplitude patterns show stronger intensities at G;
compared to Gy and Gs. This amplitude distribution is similar to that observed at 1.06 V.
However, due to the phase difference between them, the corresponding real-space dI/dV
patterns are completely distinct.
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Figure 6.9: STS grid measurement of 27° sample with the corresponding FFT amplitudes
and FFT phases.
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Figure 6.10: form factors as a function of bias. a, form factors for the 9° sample. b, form
factors for the 26° sample.

Table 6.1: Summary of amplitude relationships, phases of form
factors, and corresponding symmetries of 27° sample .

position amplitudes relation {01,0,,03} symmetry
L Ay > A > As {m/2,0,m}

L Ay > Al = Ag {0,0,~0} @ Coy
L, Ay =A; = A3 {0,0, 0} Csv
V1 Ay > A = A3 {—m,—m,—m} Coy
L3 A3 >A1 >A2 {—-m/4,—-m/2,0}

above L3 Al = Ay = As {-n,= —m,= —m} Csy

2 The symbol = indicates that 83 = 0; it does not satisfy a strict
equivalence.

6.5.3 Evaluation of the form factors

Quantitative analysis was conducted by extracting the form factors at each bias along the three
directions which are rotated by 120° with respect to the k = [0,0], I" point of the FFT, denoted
as {y1,v2,¥s}. The form factor for each direction is expressed as:

vi(V)=A;(V)exp (i0;(V)) (i =1,2,3), (6.6)

where A;(V) and 0;(V) are the amplitude and phase as functions of bias, respectively. The
amplitudes and phases as functions of bias for 9° sample and 27° sample are shown in
Fig.6.10a and b, respectively. For 9° sample , the Bragg peaks associated with these three form
factors are highlighted by cyan, green, and red circles in Fig.6.6. Similarly, for 27° sample , the
Bragg peaks corresponding to the form factors are marked with the same colours in Fig.6.9.

For 9° sample , the amplitudes A; and A, remain nearly equal across the bias range from
0V to 1.5V, while A3 consistently exhibits a lower value compared to the other two (Fig.6.10a).
This anisotropy may arise from thermal drift or tip artefacts. The amplitudes A;, Az, Az exhibit
a "three-peak" structure, with bias positions corresponding to L;, Ly, and v, as observed in
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the dI/dVspectra (Fig.6.5b).

In 9° sample , the three form factors exhibit approximately similar values at each bias
value, allowing us to use a single form factor to represent all three directions. The amplitude
values of these form factors are related to the differential conductivity contrast between the A-
site and B-site: (dI/dV) |a-site — (d1/dV) [Bsite- At L1 and Lo, the patterns are highly localised at
the A-site, as the phase values remain close to 0. In the valley position v;, the phase transitions
from 0 to — 7, leading to a stronger dI/d Vsignal at the B-site compared to the A-site. For Ls, the
contrast between the A-site and B-site becomes less pronounced, which explains the absence
of a peak feature in the form factor as a function of bias. However, the phase jump from —n
to —m/2 indicates a shift in the maximum conductivity position from the B-site to a location
between the A-site and B-site. These two-phase jumps between L, and v; and between v,
and L3 align with the local minimum of the amplitude. A Similar phenomenon in the phase
jump coinciding with the amplitude reaching a local minimum has also been observed in the
Kagome lattice [155]. This detailed analysis aligns with the real-space dI/dV grid observations
presented in Fig.6.6, confirming the consistency between the form factor analysis and dI/dV
grids.

At the amplitude minimum, the system undergoes a transition between two distinct
electronic configurations. The amplitude | A; (V)| of the form factor quantifies the contrast in
the local density of states between high-symmetry positions (A-sites and B-sites), while the
phase 6;(V) determines which position exhibits higher LDOS. When the amplitude approaches
zero, the LDOS at A-sites and B-sites become nearly equal, creating a critical point where the
system can smoothly switch between configurations at minimal energetic cost.

Similar physics has been observed in Kagome metals [155], where the interplay between
van Hove singularities and electronic correlations drives analogous phase transitions, and
in twisted bilayer graphene systems [79], where competing stacking configurations produce
comparable effects.

The sharpness of the phase jumps in our measurements suggests that the transition
occurs over a narrow energy range (< 50 meV), indicating relatively weak mixing between
the two configurations. This observation is consistent with the weak van der Waals coupling
between graphene and 1T-NbSe,, which allows both layers to largely retain their intrinsic
properties while still exhibiting hybridisation-induced modifications at specific energies.

The interesting results come from the form factors of 27° sample , where the three form
factors exhibit distinct behaviours. Unlike 9° sample , where a single form factor is sufficient
to describe the observed dI/dVgrid patterns, 27° sample requires all three form factors. The
amplitudes of these form factors also show a "three-peak" feature in the same bias range.
However, the "first peak" and the "third peak" display an asymmetry that contrasts with the
symmetric peaks observed in 9° sample . This asymmetry of the "first peak" originates from
the emergence of a side peak at a lower energy position than L;, which aligns with the energy
position of L (Fig.6.8).

At L}, the phase of 3 undergoes sharp jumps, transitioning from approximately 0 to 7z
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and then back to 0. These phase jumps align with the positions of the valley (local minimum)
in the amplitude As. For v, the phase exhibits a smooth transition from 0 to 7/2 and back
to 0, without any abrupt jumps. For v, the phase remains constant at 0 within this range.
At L;, the amplitude of w3 equals the amplitude of v, while v, has a significantly larger
amplitude than the other two. As the bias increases, all three form factors at L, converge to
exhibit the same amplitude and phase of 0. Between L, and v;, a phase jump from {0, 0, 0} to
{—m,—m,—m} occurs, similar to the behaviour in 9° sample . However, in 27° sample , these
phase jumps occur at slightly different energy positions: 1, starts its transition at the lowest
bias, followed by w3, and finally y; at the highest bias. These staggered jumps correspond
to the three distinct valley positions in the amplitudes. As the bias continues to increase, a
new phase jump from {—5, —m, -7} to {—m/4,—m/2,0} occurs at 1.2V, corresponding to L3, and
then reverts to {—n,—m, —7n} at 1.3 V. Beyond Ls, all three form factors exhibit approximately
the same amplitudes and phases.

As discussed in Section 2.4.1, the relationship between the form factors and spatial
symmetry enables us to evaluate the spatial symmetry of the electronic structure at various
biases. These results are summarized in Table 6.1. At L’1 and L3, differences in amplitudes
and phases among the form factors lead to symmetry breaking. At L; and v,, the symmetry
is reduced from the original Cs3, to Cy,, with A; = As. The phases are {0,0,0} for L, and
—{m,—m,—m} for v;. At L, and biases above L3, the system retains Cs, symmetry as y; = ¥, =

V3.

6.6 Candidate Theoretical modellings

After presenting the experimental observations, this section discusses the theoretical perspec-
tives from the DFT and tight-binding models. The calculations presented in this section are
done by our collaborator Dr.Lennart Klebl. The observed symmetry-breaking states, located
several hundred mV away from the Fermi level, challenge the idea that these phenomena arise
from electron correlations or Peierls transitions, as both mechanisms typically observed a few
kg T around the Fermi level.

6.6.1 DFT modelling

We begin with the DFT calculations, considering a system comprising graphene positioned
atop 1T-NbSe;, with its SoD CDW structure. In the initial configuration, the centre of the
graphene hexagonal ring is aligned with a niobium atom, which means the rotational centre
of the graphene coincides with the rotational centre of the 1T-NbSe; lattice (Fig.6.11a). This
alignment preserves the C3y symmetry of the system. However, when the graphene layer is
shifted relative to the 1T-NbSe; lattice, the alignment of the rotational centres is disrupted,
resulting in a broken Csy symmetry (Fig.6.11b).

Figure 6.11c presents the calculated band structure of 1T-NbSe, within the mini-Brillouin
zone corresponding to the SoD supercell. This calculation aligns well with the results reported
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Figure 6.11: DFT-calculated band structure of graphene on 1T-NbSe;. a, Stacking configura-
tion of grahene on 1T-NbSe; preserving the C3y symmetry. b, Stacking configuration of gra-
hene on 1T-NbSe,, where Shifting the graphene relative to the 1T-NbSe, lattice breaks the Csy
symmetry. ¢, DFT calculated band structure of 1T-NbSe, along the path I — M“PW — kCOW _
connecting the high-symmetry points of the mini-Brillouin zone corresponding to the SoD
supercell. d, DFT calculated band structure of graphene on 1T-NbSe, with preserved the
rotational C3y symmetry. e, DFT calculated band structure of graphene on 1T-NbSe;, with
broken the Csy rotational symmetry.

in Ref.[156]. The flat band at the Fermi level is a famous feature of the SoD CDW, associated
with Nb-d,. orbital, which hybridizes with Se-p orbitals around the I" point. Our interest is
in a series of bands within the energy range of 0.4-1.5V. These bands are attributed to two
hybridization Nb-d; + d. orbitals with Se-p orbitals near the I' point, and Nb-dyy + d,2_ 2
orbitals with Se- p orbitals.

The band structure of graphene is characterized by its linear dispersion, commonly
referred to as the Dirac cone. When graphene is placed on 1T-NbSe,, the Dirac cone is folded
into the mini-Brillouin zone, positioning the Dirac point at the I" point (Fig.6.11d). Due to
the weak vdW interaction, the coupling between graphene and 1T-NbSe; is weak, allowing
both layers to largely retain their intrinsic electronic structures. However, at points where the
Dirac cone of graphene intersects with the bands of 1T-NbSe,, hybridization occurs between
the p-orbitals of carbon atoms and the bands of 1T-NbSe;, leading to the opening of a gap at
the intersection. This interaction introduces subtle modifications to the electronic properties
of the heterostructure. Additionally, when the graphene layer shifts relative to the 1T-NbSe;
lattice, further modifications in the electronic structure are observed, as highlighted by the
blue dotted circle in Fig.6.11e.

Figure 6.12a presents the DFT-calculated LDOS spectra at the A-site (centre of the SoD)
and the B-site (valley position). Both positions exhibit five prominent peaks at identical energy
levels, labelled as Ly through L4. Notably, the LDOS intensity at the A-site is higher than that
at the B-site for all five levels. Consequently, the LDOS maps at these energy levels manifest
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LDOS (arb. units)

Figure 6.12: DFT calculation of the LDOS of the C;, symmetry preserving configuration.
a, DFT calculations of the LDOS on the center of SoD, and the valley position. These two
positions are indicated by red (centre) and blue (valley) dots in panel b. b-h LDOS map at
various energies indicated in panel a (Scale bars 1 nm).

localized dots-like features. These dots-like structures correspond well with the experimental
dI/dVmeasurements observed at biases of 0.65V and 0.92V (Fig.6.6).

At an energy slightly above L, an additional small peak, labelled L', emerges. The LDOS
map at this energy reveals a Triskelion-like structure that reduces the C;, symmetry to Cs.
A similar Triskelion pattern is observed at the energy level L), situated slightly below L.
The alternating occurrence of dots-like and Triskelion structures is reminiscent of patterns
reported in twisted double bilayer graphene [147], where the first remote conduction band
exhibits Triskelion-like features, while the second remote conduction band shows dots-like
structures.

As aresult of the minor changes in the band structure caused by shifting the graphene
relative to 1T-NbSe;, the LDOS spectrum at the centre of the SoD (Fig.6.13a) remains largely
similar to the spectrum shown in Fig.6.12a. To investigate the symmetry breaking, three valley
sites separated by 120° are analyzed, with their corresponding spectra shown in Fig.6.13b.
Among these, the LDOS spectra at valley 2 and valley 3 are identical, whereas valley 1 consis-
tently exhibits a higher intensity compared to the other two valley postions. This anisotropy in
LDOS intensity indicates that the system no longer retains Cs rotational symmetry, instead
exhibiting C, rotational symmetry.

The LDOS maps also show localized dots-like structures corresponding to these strong
electronic levels. This suggests that these localized dots-like features are stable and robust
against the relative shifting of the graphene layer. However, the LDOS maps at L} and L, reveal
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Figure 6.13: DFT calculation of the LDOS of the C;, symmetry breaking configuration. a,
DFT calculations of the LDOS on the center of SoD. The position is indicated by a red dot in
panel c. b, the LDOS on the three valley positions separated by 120°. The spectrum of valley 2
overlaps with the spectrum of valley 3. These valley positions are indicated by orange, green
and blue dots in panel c. c-h LDOS map at various energies indicated in panel a (Scale bars
1 nm).

more complex patterns, indicating that these specific states are highly sensitive to the shifting
of the graphene.

6.6.2 Insights and unanswered questions from DFT

The DFT calculations provide insights into explaining the spectroscopic features observed
in the experiments. One key observation is the appearance of strong peaks in the dI/dV
spectrum, which are present only when graphene is placed on 1T-NbSe, and are absent in
graphene on 2H-NbSe; or in bare 1T-NbSe,. The results from DFT calculations attribute this
phenomenon to the weak coupling between graphene and NbSe,, where each layer largely
retains its intrinsic electronic properties. However, at points where the Dirac cone of graphene
intersects with the bands of 1T-NbSe,, hybridization occurs, leading to the opening of a gap
at these intersections. This hybridization flattens the bands and results in the strong peaks
observed in the dI/dVspectrum, localized at the sites of the SoD clusters.

Furthermore, these localized patterns exhibit stability; shifting the graphene layer does
not change their presence. However, alongside the prominent dots-like structure, some non-
localized patterns are sensitive to the stacking configuration. As the graphene layer is shifted,
these patterns evolve into more complex structures. This finding qualitatively explains why
the localized dots-like feature is consistently observed across various samples with different
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KS

Figure 6.14: Tight binding model for the C3, symmetry potential. a, potential modulation
map on the graphene sheet. b, tight-binding calculated band structure along the high sym-
metry points of the mini-Brillouin zone. The insert shows the Brillouin zone of the graphene
lattice and the mini-Brillouin zone induced by the potential modulation. ¢, LDOS spectra at
A-site and B-site. d LDOS maps take at L1, e, at Ly, and f, at at L3 (Scale bars 1 nm).

twist angles, while the stripe phase with C, rotational symmetry is only detected in 27° sample

However, there are several questions that DFT calculations cannot answer. First, while
the DFT results predict five prominent peaks in the energy range of interest, only three strong
peaks are observed experimentally in the dI/d Vspectrum. One possible explanation is that the
DFT calculations do not account for electron-electron interactions. When such interactions
are considered, it is possible that the Ly energy level participates in the formation of Hubbard
bands, altering the characteristics of this band. Additionally, the L, peak is located at a higher
energy position compared to the DFT prediction. This position is beyond the experimental
measurement range.

Additionally, the DFT calculations fail to reproduce the phase shifts of = observed ex-
perimentally at approximately 1.0V, where the LDOS intensity at the A-site is consistently
greater than at the B-site. Furthermore, due to limitations in the unit cell size used for the
calculations, the DFT method cannot be employed to construct the v/3 x v/3 or 2 x 2 supercells.
Most significantly, while the DFT calculations do suggest minor Cs, rotational symmetry
breaking when the graphene layer is shifted, this symmetry breaking is far less pronounced
compared to what is observed experimentally.
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Figure 6.15: Tight binding calculation of the distorted potential modulation. a, Calculated
LDOS spectrum at the A-site. The position is marked by a red dot in panel c. b, Calculated
LDOS spectra at B-sites, separated by 120°, indicated by blue, orange, and green dots in panel
c. ¢, LDOS map sliced at L, d, at L, e, at L,, and f, at L} (Scale bars 1 nm).

6.6.3 Tight-binding model

Mimicking the moiré potential and inspired by the DFT calculations indicating weak coupling

between the graphene layer and 1T-NbSe,, we construct a tight-binding model that focuses
solely on the graphene layer. In this model, the CDW in the underlying 1T-NbSe; provides
a periodic onsite potential to the overlying graphene sheet, as illustrated in Fig.6.14a. This
potential modulation creates a supercell in real space, corresponding to a mini-Brillouin zone
in reciprocal space. The corresponding band structure is presented in Fig.6.14b. Three flat
dispersions labelled as Ly, L, and L3 are labelled. Among them, L, is isolated from other bands.
The LDOS spectrum at the A-site (Fig.6.14c) reveals three prominent peaks corresponding to
these three levels. Interestingly, these peaks are absent in the LDOS spectrum at the B-site,
suggesting that the states are highly localised at the A-site. The LDOS maps corresponding
to these three levels are presented in Fig.6.14d-f. Among these states, the LDOS distribution
for L, (Fig.6.14e) displays a more pronounced dots-like structure compared to the other two
levels, where L; and L3 exhibit ring-like structures.

To reproduce the experimentally observed stripe-like electronic structure, the onsite po-
tential in the tight-binding model was manually distorted. The corresponding LDOS spectrum
at the A-site (Fig.6.15a) displays multiple prominent peaks, deviating from the results obtained
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with the symmetric onsite potential. A new peak, denoted as L', emerges between L; and L;,
while the intensity of L3 becomes significantly stronger compared to the symmetric potential
case. The LDOS spectra at three different B-sites exhibit similar peaks as those at the A-site, but
with weaker intensities (Fig.6.15b). Among these B-sites, the LDOS at the B1-site consistently
shows the highest intensity, while the B3-site displays the weakest intensity across the energy
range of interest. The spatial distribution of the LDOS corresponding to these electronic levels
is shown in Fig.6.15c-f. Unlike the localised dot-like structures observed with the symmetric
onsite potential, the LDOS maps for the distorted potential exhibit stripe-phase electronic
structures. The intensities are no longer localised at the A-site but are distributed across the
lattice, reflecting the breaking of the symmetry and the emergence of stripe phases in the
electronic structure.

6.6.4 Insights and unanswered questions from tight-binding model

The tight-binding model, which focuses on the graphene sheet with superlattice potential
modulation, qualitatively captures some spectroscopic features observed in the experiments.
Using a symmetric potential, the model successfully reproduces the localised dot-like elec-
tronic structures. However, it fails to account for the delocalized electronic structure observed
in the experiments. Introducing distortions to the on-site potential in the model transforms
the localised structures into a stripe phase, which no longer remains localised at the A-site.
This adjustment enables the model to replicate the delocalized electronic structure of the
stripe phase.

Despite its ability to reproduce certain experimental features, the tight-binding model
leaves several questions unanswered. First, experimental observations reveal the coexistence
of localised electronic structures corresponding to the phase of (0,0,0) and delocalized stripe
phases associated with (,7,7) within the same sample. While the symmetric potential
landscape in the model reproduces the localised states, the distorted potential is required to
replicate the delocalized stripe phase. The coexistence of these phases remains unexplained
within the current framework. Additionally, the origin of the distorted potential itself is
unclear. One plausible hypothesis is that the formation of a v/3 x v/3 superlattice enhances
the interaction between graphene and 1T-NbSe,. This enhanced interaction may distort the
CDW in 1T-NbSe,, resulting in the observed delocalized stripe phase.

In conclusion of this chapter, we introduce a new method for constructing the superlattice
in graphene by proximity to the 1T-NbSe;. The localised electronic structure can be achieved
in graphene. These localised electronic states can be further tuned by adjusting the twisted
angle. Such tailored superlattice engineering can pave the way for exploring exotic quantum
states and tunable electronic properties in van der Waals heterostructures. However, the
coexistence of localised and stripe-like electronic structures remains an open question, calling
for further theoretical and experimental exploration to unravel the mechanisms behind the
observed symmetry breaking and potential distortions in the charge density wave of 1T-NbSe.
These findings provide a foundation for advancing superlattice design and understanding
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correlated quantum phenomena in two-dimensional systems
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74 Investigating electronic property of
CrSBr on 2H-NbSe,

7.1 Introduction

7.1.1 2D magnets

According to the Mermin-Wagner theorem [157], ferromagnetic ordering is theoretically pro-
hibited in 2D systems at finite temperatures. This theorem states that in spin-rotational
invariant systems with short-range interactions, long-range magnetic order cannot be sus-
tained below three dimensions due to thermal fluctuations. However, in 2017, experimental
observations of ferromagnetic ordering in Crl3 and Cr,Ge,Teg [158] down to the 2D limit
demonstrated that magnetic anisotropy can stabilise long-range order in 2D systems [159].
The magnetic anisotropy breaks the continuous spin rotational symmetry, thereby circum-
venting the restriction imposed by the Mermin-Wagner theorem[160].

In monolayer Crl3, each chromium cation carries a magnetic moment of S = 3/2, while
the halide ligands (iodine anions) are non-magnetic. The magnetic interactions between
chromium cations, separated by non-magnetic ligands, arise from the super-exchange in-
teraction proposed by Anderson [161]. The stabilisation of the ferromagnetic order requires

easy axis

Figure 7.1: Top view (ab-plane) and side view (bc-plane) of the lattice structures of a mono-
layer CrSBr. The blue arrows show every Cr atom holding a spin along the b-direction.
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magnetic anisotropy induced by spin-orbit coupling (SOC) from the halide ligands [162]. By
substituting the iodine ligands with bromine or chlorine, the SOC strength can be reduced,
leading to different magnetic ground states. Crl3 with highest SOC exhibits a strong out-of-
plane ferromagnetic order, consistent with the Ising model; CrBr3 lies near the boundary
between out-of-plane and in-plane ferromagnetic order, described well by a Heisenberg
model; and CrCl3 has the weakest SOC and exhibits in-plane magnetic order consistent with
the so-called XY-model due to it has smallest SOC [163, 164]. This trend in magnetic ground
state changes, as spin-orbit coupling provided by the ligands decreases, raises the question
of whether the magnetic ground states in 2D magnets could be further tuned by stacking a
monolayer 2D magnet on a substrate with strong SOC [165]. The SOC effect from the substrate
could influence the 2D magnet order through proximity coupling, potentially modifying the
spin texture in the 2D magnet and introducing more complex magnetic configurations [166].

CrCl; is our first interest to achieve this goal due to its weakest SOC provided from
chromium ligands; however, the strong interlayer interaction prevents the exfoliation to a
monolayer, and the CrCl3 flakes are very difficult to apply vdW transfer by using graphite
or other 2D flakes. These two drawbacks prevented us from assembling the CrCls- based
heterostructures. Fortunately, another interesting 2D magnet is CrSBr, which is also a layered
vdW 2D magnetic semiconductor with the FeOCI structure type of halogen halides [167].
Different from the chromium trihalide (CrX3) in which the chromium cations form a hexagon
lattice, CrSBr shows a rectangular lattice (Fig.7.1). The atomic arrangement will be discussed
in section 7.2. Bulk CrSBr exhibits a Curie temperature of approximately 132K [168], and at
our measurement temperature of 1.4 K, the system is deep within the ferromagnetic phase. In
monolayer CrSBr, the chromium cations are ferromagnetically coupled to their neighbours,
forming an in-plane ferromagnetic order along the b-axis. Due to the weak SOC provided
by the light sulfide and bromide ligands, CrSBr is expected to be highly sensitive to external
SOC proximity effects introduced by the substrate. A typical substrate used for providing SOC
in vdW heterostructures is 2H-NbSe, [169, 170]. Therefore, in this chapter, we focus on the
heterostructure of monolayer CrSBr on the 2H-NbSe; bulk substrate to explore its electronic
structures.

7.1.2 Heterostructure of ferromagnetic and superconductor

Interestingly, after the upgrade of the 1K pot (more details see chapter 3), our STM base tem-
perature reaches 1.4 K. At this temperature, 2H-NbSe, shows superconducting behaviour at
this temperature. Stacking CrSBr on top of 2H-NbSe, makes a hybrid system of ferromag-
netism and superconductivity. Ferromagnetism and superconductivity are two fundamental
concepts in modern solid-state physics. Ferromagnetic order requires spins to align in the
same direction, while conventional superconductivity favours paired electrons with opposite
spins, known as singlet Cooper pairs. When a ferromagnetic material comes into contact
with a superconductor, these competing tendencies lead to exotic physical effects at their
interface [171, 172]. On the one hand, the exchange field in the ferromagnet aligns electron
spins parallel to each other, thereby suppressing singlet Cooper pairing. On the other hand,
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Figure 7.2: Stacking CrSBr on 2H-NbSe;. a,Schematic of the heterostructure showing the
monolayer CrSBr on bulk 2H-NbSe,. b, constant force AFM topography of the sample (setpoint
force: 6.5nN). ¢, right panel: STM topography measured at the edge of CrSBr and NbSe, (V/
=1.5V, I =20pA). Left panel: line cut along the edge shows the height of the monolayer of
CrSBr on NbSe2 is 6 A.

the superconductor proximity effect enables Cooper pairs to penetrate the ferromagnetic layer.
However, the exchange field disrupts the singlet pairing typical of conventional superconduc-
tivity, causing superconducting correlations in the ferromagnet to decay rapidly, much faster
than at a normal-metal-superconductor interface [173].

Interestingly, under certain conditions, the heterostructure of a ferromagnet on a super-
conductor can generate triplet Cooper pairs with parallel-aligned spins [174, 175]. This triplet
pairing can penetrate the ferromagnet over longer distances, unlike conventional singlet
pairs, which are rapidly suppressed. Additionally, the heterostructure of ferromagnetic on
superconductor is proved to achieve topological superconductivity, a promising platform
for realizing Majorana zero modes, which hold significant potential for quantum computing
applications [176].

7.2 Stacking CrSBr on 2H-NbSe,

Due to its semiconducting nature with a band gap of 1.2V, CrSBr have to be thinned down
to a monolayer or bilayer to enable tunnelling in an STM for the investigation of the low-
energy electronic structure at the interface between CrSBr and NbSe,. For this purpose, we
prepared a heterostructure consisting of atomically thin CrSBr atop bulk 2H-NbSe, for the
STM measurements (Fig.7.2a) in the glovebox filled with Argon and transferred to the STM by
a vacuum suitcase. The method of the sample preparation is detailed in the chapter 4. The
AFM topography shown in Fig.7.2b indicates that the sample is clean and that there is a little
residue at the edge of the flakes. The step height of CrSBr on NbSe;, measured by STV, is
approximately 6 A, which matches the expected thickness of monolayer CrSBr [167].
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Figure 7.3: Structure property of CrSBr. a, STM topographies of CrSBr on NbSe, resolving the
atomic resolution (V = 0.6V, I =200 pA). b, corresponding FFT image of CrSBr on NbSe;.

The atomic resolved CrSBr on NbSe; is shown in Fig.7.3a. The topograph shows a rectan-
gular lattice assigned to the CrSBr lattice. The absence of any moiré pattern could stem from
the weak hybridisation between CrSBr and NbSe,. A single layer of CrSBr sheet consists of four
atomic sub-layers: the top and bottom capping layers are anionic bromide layers, while two
chromium sulfide (Cr-S) layers are sandwiched between them (Fig.7.2). The topmost bromide
anion layer manifests as bright spots in the topography, representing sites of high apparent
height. Once the bromide positions are identified, the atomic arrangement can be mapped
according to the lattice structure shown in Fig.7.1. The bridge positions between two bromine
anions correspond to chromium cations, while along the b-axis, the darker spots between
the chromium cations correspond to sulfide anions. This arrangement is overlapped on the
topography in Fig.7.3a. The FFT pattern shown in Fig.7.3b confirms that the rectangular lattice
of CrSBr lattice with the lattice constants of |a] = 0.350nm and |b| = 0.476 nm.

7.3 Visualization of quasi-1D electronic structure of CrSBr

The STS spectroscopy taken at the CrSBr exhibits semiconducting behaviour (Fig.7.4), where
we see a hard gap from approximately —1.4V to 0.2V. Above the Fermi level, a hump-like
feature occurs in the range from 0.2V to 0.5V and the conductivity increases dramatically
starting at 0.95V and maximises at 1.2V. DFT+ U calculation pointed out that the band
structure of the monolayer CrSBr is very similar to the bulk CrSBr but with a slightly larger band
gap due to the dimensional reduction[179]. The statement can be proved by comparing our
measurement with previous STS taken on bulk CrSBr at 137 K [168], which has shown a similar
feature consistent with ours, where the finite conductivity was observed at approximately the
same level. This allows us to assign the bottom edge of the conduction band (CB) of CrSBr
close to the Fermi level.
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Figure 7.4: Electronic structure of CrSBr. a, Large scale STS spectroscopy on CrSBr (V =1.5V,
I=300pA). b, The theoretically calculated band structure of monolayer CrSBr. The red solid
and black dashed lines represent bands formed by spin-up and spin-down states, respectively
(Adapted from ref.[177]). ¢, Schematic illustration of the orbital character of the conduction
band. For clarity, only one Cr site per unit cell is shown (Adapted from ref.[178])

The hallmark of the CrSBr is its quasi-one-dimensional electronic structure [177, 180].
This is characterised by two spin-polarised CB, which are splitting at I" point. These bands
exhibit anisotropic dispersion, remaining flat along the I" — X direction, which corresponds
to the a-axis in real space while being highly dispersive along I' — Y direction corresponding
to the b-axis in real space (Fig.7.4b).

Theoretical studies [180] attribute this strong anisotropy to the hybridisation of chromium-
sulfide chains that run along the b-axis, while bromine orbitals play a minor role (Fig.7.4c).
This hybridisation predominantly contributes to the formation of the two CBs above the
Fermi level. As a result, the bands exhibit high dispersion along the a-axis, but flat dispersion
along the b-axis. The orbital composition of these bands further underscores this behaviour:
for the lower CB: 64% Cr,32% S, and 4% Br and for the upper CB: 86%Cr, 9% S, and 5% Br.
Consequently, a reasonable expectation is that the lower CB is expected to exhibit a chain-like
spatial distribution along a-axis. In contrast, the upper CB should be more localised around
chromium sites. Despite these theoretical predictions, experimental confirmation at the
atomic scale remains absent. Until the preparation of this thesis in the second half of 2024, all
existing measurements of these anisotropy bands have been limited to macroscopic transport
properties. Angle-resolved photoemission spectroscopy hinted to a quasi-one-dimensional
electronic structure at the Fermi level, but could not yet resolve these two flat dispersion bands
along I' — X direction [181]. Direct visualisation of the predicted flat dispersion and its spatial
characteristics at the atomic level has yet to be achieved.
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Figure 7.5: Quasi one-dimensional electronic structure. a, Constant current dI/dV spec-
troscopy linescan and the corresponding topography profile recording along -Cr-Br-Cr. The
distance is normalized by the lattice constant of |a| = 3.64A(V = 0.6V, I =200 pA). b, dI/dV
spectra recorded at the Br position, Cr position and bond between Br and Cr along a direction.
¢, Constant current dI/d Vspectroscopy linescan and the corresponding topography profile
recorded along Cr-Br-Cr. The distance is normalized by the lattice constant of |b| = 4.90A(V
=0.6V, I =200pA). d, dI/dV spectra recorded at the Cr position, Br position and the bond
between Br and Cr along the b direction. e, Constant height dI/d Vmaps recorded at the given
biases.

7.3.1 Visualzation of the quasi-one-dimensional electronic structure

Figure 7.5a shows the dI/dV spectra recorded along the -Cr-Br-Cr chain in the a-axis. At
each pixel, the stabilisation conditions, including the tunnelling current and the bias, were
kept constant. Consequently, the relative tip positions (topography) required for stabilisation
at each spectroscopy were recorded, revealing a zig-zag feature. Based on the analysis of
the lattice structure in section 7.2, the peak in the topography profile corresponds to the Br
anion position, while the valleys align with Cr positions. The dI/dVspectra exhibit a strong
atomic corrugation. At the topography peak position (Br-position), the spectra show a hard
gap between —100 mV and 100 mV, with a hump-like feature observed between 200 mV and
400 mV. Notably, two sharp peaks at 220 mV and 320 mV emerge (Fig.7.5b). Both peaks are
highly localised along a-axis in real space: the lower peak at 220 mV sits at the bond position
between the Cr and Br, while the upper sharp peak at 320 mV is located at the Cr site. Along
the a-axis, these two sharp peaks appear with the periodicity of the lattice constant |a|.
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7.3 Visualization of quasi-1D electronic structure of CrSBr

The dI/dVspectra recorded along the Cr-Br-Cr chain of the b-axis reveal two features
(Fig.7.5c¢). First, a single sharp peak is observed, whose intensity gradually increases as the
tip moves from the Br-site (topographic peak) to the Cr-site (topographic valley), reaching
a maximum at the Cr-site (Fig.7.5d). Second, the energy positions of this peak exhibit a
modulation with a relatively long wavelength. This modulation will be discussed later in
Subsection 7.3.4.

To further investigate the LDOS distribution of these two flat CBs, which is directly related
to the spatial distribution of differential conductivity, we performed constant-height di/dV
maps with an open feedback loop (Fig.7.5e). Grid lines overlaid on the maps indicate the
bright spots observed at 340 mV, which are identified as the Cr sites. At the 220 mV, the LDOS
is spatially localised at the bond states between Cr and Br along the b-axis, while at 320 mV,
a strip pattern is observed, which are aligned with the S-Cr-S chains. This observation of
the strip pattern aligns well with the theoretically predicted quasi-one-dimensional CB as
shown in Fig.7.4c. At higher biases, the LDOS distribution evolves further: at 480 mV, the
LDOS becomes localized at the S-sites and further at 600 mV; the Cr cations connected to S
anions along b-axis shows the pronounced LDOS with a dumbbell shape.

7.3.2 Magnetic dependent atomic corrugation

Next, we examined the electronic structure under an out-of-plane magnetic field of 1 T ap-
plied along the hard c-axis. The spatially resolved dI/d Valong the a-axis in Fig.7.6a, reveals
significant differences compared to the zero-field measurements. Notably, the sharp peak
detected at the Cr site without a magnetic field is absent under the magnetic field (Fig.7.6b).
Instead, at the bond site between Cr and Br, a doublet-peak feature emerges, with the peaks
separated by 55 mV.

Along the b-axis, the spatially resolved dI/dV spectra under the magnetic field reveal
strong atomic corrugation at 360 mV (highlighted by green dotted box) and an oscillation
above 500 mV (highlighted by red dotted box), both periodic with the lattice constant |b|
(Fig.7.6c). The dI/d V' spectra recorded at the Br site, Cr site, and the bond position along the
b-axis all exhibit a sharp peak, with the intensity maximised at the bond position (Fig.7.6d).
Compared to the zero-field spectra (the dotted curve), the peak intensity becomes stronger
under the magnetic field, while the energy position remains unchanged.

To visualise how the LDOS distribution is modified by the magnetic field, we conducted
constant-height dI/dVmapping at various biases (Fig.7.6e). Compared to the zero-field maps
(Fig.7.5e), the LDOS at 220 mV and 260 mV forms a zig-zag strip pattern, running diagonally
between Cr atoms at opposite corners of the unit cell. This zig-zag pattern breaks the mirror
symmetry along the b-axis. As the bias increases to 320 mV, the LDOS evolves into elongated
dot-like structures along the Cr-S-Cr chains, recovering the mirror symmetry.

At400mV, the LDOS is localised at Cr cations along the Cr-Br-Cr chains. At 420 mV, the
pattern reverses, showing higher LDOS at Cr-sites along the Cr-S-Cr chains. By 460 mV, the
pattern shifts back to the configuration observed at 400 mV. At 600 mV, the LDOS becomes
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dominated by a dots-like pattern corresponding to the Br anions.
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Figure 7.6: Electronic structure with the out-of plane magnetic field of 1 T. a, Constant
current dI/dV spectroscopy linescan and the corresponding topography profile recorded
along Cr-Br-Cr. The distance is normalized by the lattice constant of [a| =3.64A(V =0.6V, I =
200 pA). b dI/dVspectra recorded at the valley position, peak position and bridge position of
the topography profile along the a direction. The dotted lines show the spectra in Fig.7.5b with
vertical off shift and its intensity is scaled by x0.67. ¢, Constant current dI/d Vspectroscopy
linescan and the corresponding topography profile recorded along Cr-S-Cr. The distance
is normalized to the lattice constant of [b| = 4.90A(V = 0.6V, I = 200 pA). d dI/dV spectra
recorded at the Cr and S positions. The dotted line shows the spectrum in Fig.7.5c with vertical
off-shift and its intensity is scaled by x0.67. e, Constant height dI/d Vmaps recorded at given
biases.
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Figure 7.7: Reconstructed band structure. a, Schematic representation of canting the spins
in CrSBr by applying an out-of-plane magnetic field along its hard axis. Bromine anions
are omitted for clarity. b, Fourier transform amplitude of the spatially resolved di/d Valong
a-axis in Fig.7.5a. ¢, Fourier transform amplitude of the spatially resolved dI/dV along a-axis
in Fig.7.6a. d,Fourier transform amplitude of the spatially resolved dI/dV along b-axis in
Fig.7.5c. e, Fourier transform amplitude of the spatially resolved di/d Valong b-axis in Fig.7.6¢
(lal =3.644A, |b| = 4.90A).

7.3.3 Reconstruct the band structure

After visualizing the changes in the electronic structure of CrSBr on 2H-NbSe, under an out-
of-plane magnetic field applied along the hard axis, we now explore the relationship between
spin canting and its influence on the electronic band structure of CrSBr. At 1.4 K, the saturation
magnetic field of CrSBr along the c-axis is approximately 2 T [168]. Applying a magnetic field
of B =1T induces spin canting, tilting the spins from their easy b-axis toward alignment along
the c-axis. However, under this field strength, the spins do not fully align with the c-axis,
leading to a partially canted spin configuration (Fig.7.7a).

The band dispersion of CrSBr was reconstructed by applying a Fourier transformation
to the spatially resolved dI/dV spectra. The intensity of the Fourier-transformed spectra
reflects the dispersion of scattering wave vectors between electronic bands. Along the I' — X
direction, two flat dispersion bands were identified: a lower branch at 260 mV (marked by
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green arrow) and an upper branch (marked by red arrow) at 320mV (Fig.7.7b). These flat
bands are consistent with the band structure predicted by DFT calculations (Fig.7.4b).

When an out-of-plane magnetic field of 1 T was applied, the flat bands were no longer
observed. Instead, two dot-like features, highlighted by a red dotted circle, appeared between
300mV and 400 mV at the I'-point (Fig.7.7c). This observation indicates that spin canting
disrupted the flat dispersion of the CB. Additionally, a feature with strong intensity, outlined
by a red dotted line, emerged below —300 mV at the I'-point. This feature is likely associated
with the dispersion of the VB, which was also affected by the spin canting induced by the
magnetic field.

Along the I' — Y direction, in the absence of a magnetic field, a hole-like feature centred
at 400 mV was observed at the I'-point (highlighted by a red dotted circle), along with a
linear dispersion feature below —400 mV (outlined by a red dotted line) in Fig.7.7d. When
an out-of-plane magnetic field was applied, the hole-like feature evolved into a flat feature
with strong intensity, marked by a red arrow, at approximately 400 mV. Simultaneously, the
linear-dispersion feature below —400 mV exhibited an increase in intensity (Fig.7.7e).

The comparison of band dispersion along I — X (Fig.7.7a) and I — Y (Fig.7.7b) reveals
significant anisotropy in CrSBr. The two conduction bands (CBs) with flat dispersion at 260 mV
and 320 mV are consistent with DFT calculations (Fig.7.4b) and prior transport measurements
(177, 180]. However, theoretical calculations on the impact of spin canting on the band
structure of CrSBr remain absent during the preparation of this thesis. The observation of a
flat feature near 400 mV along the I' — Y direction (Fig.7.7e) and the corresponding localized
dI/dVmaps at the same energy (Fig.7.6e) suggests the emergence of a flat band at 400 mV
under an applied magnetic field of 1 T.

A potential explanation is that spin canting induces the spin-polarised CBs along the
b-axis to hybridise with bands of opposite spin polarisation at higher energy levels. This
hybridisation arises from the reorientation of spins caused by the applied magnetic field along
the c-axis, which disrupts the original spin alignment and introduces new coupling pathways
between the spin-polarised bands [182]. Consequently, the conduction bands shift to higher
energy levels, approaching the bands with opposite spin polarisation, and their dispersion
relations are modified. This process leads to the reconstruction of the electronic structure,
giving rise to new electronic features.

7.3.4 Magnetic-field dependent long wavelength modulation in CrSBr

Furthermore, spin canting introduces a competition between the exchange interaction and
the external magnetic field. The exchange interaction favours spin alignment along the b-axis,
while the external magnetic field aligns spins along the c-axis. This interplay may result in the
emergence of complex spin textures.

To probe these effects, constant-height quasi-particle interference measurements were
performed by applying a Fourier transform to the dI/d Vmaps over a 15 x 15nm? area (Fig.7.8).
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Figure 7.8: Magnetic dependent constant height quasi-particle interference. The dotted
dashed circles indicate the Bragg peaks of the CrSBr lattice.

The orange dotted circles in Fig.7.8 indicate the Bragg peaks of CrSBr. Around the I'-point,
standing wave-like features with relatively long wavelengths are observed. These patterns are
bias-dependent and exhibit changes under an applied magnetic field.

The origin of these features remains unclear. Due to their magnetic dependence, they
may correspond to spin waves, such as magnons. However, quasi-particle interference from
magnons typically occurs near the Fermi level [183], whereas the bias range probed here is
significantly higher. This suggests that these features might arise from interactions between
magnons and other quasi-particles. In CrSBr, magnon-exciton coupling has been reported
[184], as well as magnon-phonon coupling [185]. However, the current measurements lack
sufficient resolution and evidence to definitively confirm the coupling mechanisms or the
exact nature of the observed spin-wave-like structures. For resolving the magnon structure,
further spin-polarised STM measurement is necessary, as well as the theoretical calculation.
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Figure 7.9: Probing superconductivity on CrSBr/2H-NbSe, interface. a,dI/dV spectra
taken on 2H-NbSe, and CrSBr on NbSe;,. b, out-of-plane magnetic dependent magnetic
field dependent measurement on CrSBr on 2H-NbSe, dI/dV. For clarity, each spectrum is
vertically shifted by 5nS, and the horizontal lines with the same colour show the baselines for
the corresponding spectra (I = 100 pA, V = 10mV, V04 = 0.1 mV). ¢, Constant current dI/dV
map slicing at 0 mV under 3 T. The black dotted lines circle the vortex profile.

7.4 Probing the superconductivity

In the final part of this chapter, I presented the electronic structure of CrSBr on 2H-NbSe, near
the Fermi surface. Figure 7.9a compares the dI/dVspectrum recorded on CrSBr/2H-NbSe;
with that of bulk 2H-NbSe,, taken 44 nm apart. Both spectra exhibit identical features, and no
in-gap states were observed in the region of CrSBr on 2H-NbSe,. Upon applying an out-of-
plane magnetic field, the superconducting gap shrank, and at 1.5 T, a zero-bias peak emerged,
signalling the presence of an Abrikosov Vortex state(Fig.7.9b). The spatial distribution of
vortices was subsequently mapped (Fig.7.9c)

This measurement could be attributed to the weak coupling between the local magnetic
momentum holder by the Cr cations and the superconductivity in 2H-NbSe,. As a result,
CrSBr is insulating and likely acts as a vacuum barrier for the tunnelling, the observed su-
perconducting gap and vortex state mainly contributed to the 2H-NbSe; underneath. This
observation is consistent with the measurement of CrBrs on 2H-NbSe, [186].

Next, we aimed to investigate the magnetic dependence of superconductivity. After
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identifying the vortex positions at a magnetic field of 3 T (Fig.7.9c), we positioned the tip in a
region without vortices marked by a red cross and measured the dI/dVspectra while gradually
ramping down the magnetic field. Unfortunately, during the process, the superconducting coil
was quenched, resulting in damage to both the sample and the machine. As a result, we were
unable to proceed with further measurements. Thus, the data presented in Fig.7.9 concludes
this PhD thesis, although with low spatial resolution.

7.5 Conclusion

This chapter has delved into the electronic properties and interactions of CrSBr on 2H-NbSe;,
exploring its quasi-one-dimensional electronic structure and anisotropic conduction bands.
CrSBr exhibits intriguing electronic and magnetic phenomena, including localised states,
magnetic field-dependent modulations in the LDOS, and flat dispersion in specific directions.
By stacking CrSBr on a superconducting 2H-NbSe; substrate, the study provides insight into
the interplay between 2D magnetism and superconductivity.

Key findings include the identification of flat conduction bands through STS and their
reconstruction under the influence of an out-of-plane magnetic field. Spin canting induced by
the magnetic field disrupts the original band structure, introducing new coupling pathways
and revealing magnetic field-dependent features. Additionally, long-wavelength patterns ob-
served in quasi-particle interference maps hint at the presence of spin excitations, potentially
coupled with other quasi-particles, such as magnons or phonons.

The study also probed the superconducting properties of the CrSBr/2H-NbSe, het-
erostructure, revealing vortex states in 2H-NbSe; and confirming weak coupling between
CrSBr and the superconducting substrate. While the results did not demonstrate strong cou-
pling effects or proximity-induced superconductivity in CrSBr, they highlight the potential of
this system as a platform for exploring magnetic and electronic interactions in van der Waals
heterostructures.
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8.1 Conclusion

This thesis has focused on exploring the electronic structures and interactions in NbSe;,-based
2D vdW heterostructures using STM and STS. First, a new method known as suspended
dry pick-up and flip-over assembly technique has been developed, which ensures a clean
surface by avoiding polymer contact. This method, performed entirely in an argon-filled
glovebox, allowed us to prepare high-quality samples for STM, a technique that is extremely
surface-sensitive and ideal for probing atomic-scale quantum phenomena in heterostructures.

Using this technique, we first investigated the proximity-induced doped Mott physics in
heterostructures of 1T-NbSe, and 2H-NbSe,. By locally inducing a phase transition from 2H-
NbSe; to 1T-NbSe, via voltage pulses, we created heterostructures for studying the interface
between these two phases. Our findings revealed an ordered lattice structure of 1T-NbSe,
accompanied by spatially inhomogeneous electronic properties. Notably, strong Kondo
resonance peaks were observed in certain SoD clusters, while neighbouring clusters exhibited
gap-like insulating behaviour. This electronic inhomogeneity was attributed to the competing
effects of Kondo coupling and doping, mediated by the interplay between the 3 x 3 CDW in
2H-NbSe, and the v/13 x v/13 CDW in 1T-NbSes,.

Building upon the 2H-to-1T phase transition in NbSe;, we explored graphene interfaced
with 1T-NbSe, on 2H-NbSe,. By controlling the twist angle between the graphene and NbSe,
we achieved near-commensurate superlattice structures: a 2 x 2 superlattice at 9° and a
v/3 x v/3 superlattice at 27° in respect to the CDW of the 1T-NbSe, layer. In the 2 x 2 case, C3
rotational symmetry was preserved, while in the v/3 x v/3 structure, we observed symmetry
breaking and the emergence of stripe phases. This observed symmetry-breaking is still an
open question. We have proposed some theoretical models, which can capture some of the
observed spectroscopic features.

Finally, we studied the heterostructure of CrSBr on 2H-NbSe; 2, combining the quasi-one-
dimensional ferromagnetism of CrSBr with the superconducting and charge-density-wave
properties of 2H-NbSe,. Our experiments revealed that CrSBr retains its intrinsic insulating
properties with no significant coupling to the NbSe; substrate. STS visualized flat conduction
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bands in CrSBr as predicted by DFT calculations, which were further modified by applying
out-of-plane magnetic fields. The superconducting properties of NbSe, remained unaffected,
as evidenced by the intact superconducting gap and vortex states.

8.1.1 Broader significance

Beyond the specific systems studied, this thesis contributes to several broader research di-
rections. While twisted bilayer graphene has dominated the field of moiré physics, this work
demonstrates that combining moiré periodicity with proximity effects from correlated materi-
als (1T-NbSe,) opens new avenues for engineering flat bands and symmetry-broken phases.
The observed rotational symmetry breaking at energies far from the Fermi level suggests
mechanisms distinct from conventional correlation-driven transitions.

The CrSBr/2H-NbSe, system, despite showing weak coupling, establishes a platform for
studying intrinsic properties of atomically thin magnets using superconducting substrates as
spectroscopic probes. The demonstrated ability to tunnel through insulating magnetic layers
to image vortex states opens possibilities for studying Andreev processes and spin-polarised
transport in Ferromagnetic/Superconductor (F/S) junctions.

The suspended dry pick-up and flip-over assembly technique addresses a critical bot-
tleneck in vdW heterostructure fabrication for UHV surface-sensitive science. By avoiding
polymer contamination, this method enables studies of surface-sensitive phenomena (Kondo
physics, CDWs, magnetic order) that would be impossible with conventional transfer tech-
niques.

8.2 Outlook

Looking forward, the weak coupling between CrSBr on 2H-NbSe; provides a platform to study
the intrinsic magnetic order in atomic thin CrSBr flakes by the local probe technique. STM,
coupled with spin sensors, for example, Nickelocene, can shed further light on visualising the
spin texture of the magnetic order in CrSBr.

8.2.1 Investigate the ferromagnetic/superconductor coupling

As discussed in chapter 7, CrSBr exhibits ferromagnetic intralayer coupling with an easy axis
along the b-axis (Fig.8.1a). However, the antiferromagnetic interlayer exchange interactions,
characterised by coupling parameters J7; and Jz», lead to an antiferromagnetic ordering in
untwisted bilayer CrSBr (Fig.8.1b).

A recent transport measurement on twisted bilayer CrSBr revealed a 700 % tunnelling
magnetoresistance (TMR) ratio between antiferromagnetic and ferromagnetic configurations
at zero magnetic fields [187]. This giant TMR offers an opportunity for STM to map the spatial
distribution of conductivity, enabling the direct identification of interlayer magnetic order
without the need for spin sensors.
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Figure 8.1: Schematic illustration of the magnetic exchange coupling in (twisted) bilayer
CrSBr. a, Top view shows the intralayer exchange coupling between neighbouring Cr cations
within a single layer of CrSBr b, Side view shows the interlayer exchange coupling components,
Jz1 and Jz», for untwisted bilayer CrSBr. c. Top view shows the interlayer exchange coupling
in bilayer CrSBr with a 45° twist. d. Top view shows the interlayer exchange coupling of CrSBr
in with a 90° twist.

In detail, the interlayer coupling strengths Jz; and Jz» depend on the distances between
Cr cations in adjacent layers. By introducing a twist between two CrSBr layers, these distances
are periodically modulated (Fig.8.1c and d). This modulation is anticipated to manifest as
a periodic conductivity landscape following the moiré periodicity, distinguishing regions
of ferromagnetic and antiferromagnetic interlayer order. Such measurements will not only
provide a microscopic understanding of the mechanisms behind the giant TMR effect but
also highlight the potential of twisted bilayer CrSBr structures for applications in magnetic
information storage, where the tunable magnetic order could serve as a robust platform for
data encoding and retrieval.

8.2.2 Proximity induces external spin-orbital coupling to CrSBr

Theoreticians have predicted that a 2D lattice formed by magnetic adatoms on the surface
of a superconductor with strong Rashba SOC could host a 2D topological chiral p-wave
superconductor with 1D dispersive Majorana edge modes [188]. However, experimentally,
this condition requires a delicate tuning of the exchange coupling, superconducting, and
spin-orbital coupling of the heterostructures.

Currently, both experimental and theoretical understanding of the CrSBr/2H-NbSe; »
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Figure 8.2: Spin-resolved STM investigation of CrSBr based heterostructure. a, STM image
of a single Nickelocene molecule (top). Spin-flip excitation in the Nickelocene molecule as
the principle of a spin sensor (bottom). b, The spin-resolved measurement will be performed
using a nickelocene-functionalized STM tip.

heterostructure remain in preliminary stages. Chapter 7 demonstrated that direct contact
between CrSBr and 2H-NbSe; results in weak coupling, with CrSBr retaining its intrinsic
properties. However, this does not preclude more subtle SOC-induced modifications to the
spin texture that are below the detection threshold of conventional STM.

Rashba-type SOC from the substrate could induce several effects in CrSBr:

1. Spin canting: Substrate SOC may induce out-of-plane spin components, breaking the
purely in-plane magnetic order. This would manifest as modified magnetic anisotropy,
detectable through field-dependent measurements.

2. Dzyaloshinskii-Moriya interaction (DMI): Interfacial SOC can induce DMI, favoring
non-collinear spin textures. In CrSBr’s quasi-1D structure, this could stabilize spin
spirals or domain walls with characteristic wavelengths.

3. Modified exchange coupling: SOC-mediated superexchange could alter Jz; and Jz,
shifting the FM-AFM balance in bilayer CrSBr.

To observe this proximity-induced SOC effect on the spin texture of CrSBr, two key re-
quirements must be met: a clean heterostructure sample and a spin-sensitive STM tip. The
clean heterostructure can be achieved using the suspended dry pick-up and flip-over assembly
technique detailed in chapter 4. For spin sensitivity, a nickelocene-functionalized STM tip
is proposed (Fig.8.2), as it provides a high resolution for detecting spin textures in the zero
magnetic field [189].

I propose a heterostructure design (Fig.8.2) where CrSBr is placed on a substrate with
strong SOC. By utilising the Nickelocene-functionalized tip, it will be possible to resolve the
complex spin texture in the CrSBr sheet, which is induced by the proximity-induced SOC.
This comparative study offers a pathway to deeper insights into the interplay between SOC
and magnetic properties in such heterostructures. Moreover, it represents a step toward
engineering topological superconductors within 2D vdW heterostructures that combine 2D
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8.2 Outlook

magnets and superconductors.
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LY\An appendix

A.1 Moiré pattern with uniaxial heterostrain

The approach to evaluate heterostrain in 2D heterostructures is based on the methods out-
lined in previous studies [147, 154], which have been successfully applied to twisted bilayer
and twisted double bilayer graphene systems. These methods were originally developed for
systems where both layers share the same lattice constant. Here, we extend this methodol-
ogy to analyze graphene/NbSe, heterostructures, where the two layers have different lattice
constants.

We begin by considering the unstrained lattice structures of both graphene and NbSe;,
which are characterized by hexagonal lattices with Cs point group symmetry. The reciprocal
lattice vectors for graphene can be expressed as:

1 o

ki1 = kil (0) ,ki2 = R(60°) -ky1,kis = R(120°) - kyy (A.1a)
1

ka1 = | k2| (O) ,ko2 = R(60°) - ko1, kog = R(120°) - ko (A.1b)

Here, |k;| = 47/ (v/3ay), and | ky| = 47/ (v/3ay) with a; the lattice constant of graphene and a,
the lattice constant of NbSe,. Because of the C3 point group symmetry, k2 is generated by
rotating kj; of 120°, and k; 3 is generated by 240° rotation . The rotation matrix R(0) is defined

as:
cos(f) -—sin(0)

R =
© sin(@) cos(0)

Given the twist angle 0; between the graphene and NbSe; layers, and the different values
of the lattice constants, the reciprocal vectors of the k in NbSe; lattice can be related to that
of graphene k; as:

ko1 =rR(0;) -ki1, ka2 = rR(0;) - ki2,k23 = rR(0;) - ki3, (A.2)

where r = a;/ ay is the ratio of the graphene lattice constant to the NbSe; lattice.
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S(s,es)k.\ S(e.0)k,,

S(5,0,)k;;

Figure A.1: Schematic of the moiré pattern in the reciprocal space. a,The graphene layer is
rotated by an angle 07 relative to the NbSe; lattice, resulting in a moiré superlattice due to
the lattice mismatch. b, When uniaxial heterostrain is applied to the top graphene layer, the
lattice structure has been modified.

The moiré pattern arises from the lattice mismatch between these two lattices, as shown
in Fig. The reciprocal vectors of the moiré pattern are determined by the difference between
the graphene and NbSe:

Ky = ki1 — ka1, Kvz = k12 — ka2, Kms = ki3 — ka3, (A.3)

For applying a uniaxial heterostrain to the graphene layer, as shown in Fig. A.1b, the strain
effect along an arbitrary direction 85 can be represented by a strain matrix S:

S(€,05) = R(-05)E(€)R(05), (A4)

where R(0;) is the rotation matrix specifying the strain direction, and E(€) is the strain matrix
when the strain is along k;; direction (6 = 0):

1/1+¢) 0

SEO=EO=1" " ase)|

(A.5)
where € is the strain strength and § is the Poisson ratio of the material (6§ = 0.16 for graphene).
As a result, the moiré periodicity with strain is modified to
Ks1 = 8(6,05)ki1 — ka1, Ks2 = S(€,05)ki2 — koo, K3 = S(€, 05)kis — kas. (A.6)
Using equation A.2 to replace kz by k; yields:

K51 = 8(6,09)ki1 —rR(0;) - k11, Ks2 = S(€,05)ki2 — rR(0;) - k12, Ks3 = S(€,05)ki3 — rR(0;) - k3.
(A7)
The length of reciprocal vectors of graphene, NbSe; lattices and the length of Moiré superlattice
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can be determined from the FFT patterns. By defining the loss function y? that captures the
difference between the calculated Ks1, Ks2, and Ks3 and their experimentally measured

counterparts:
3

X ©0r,0s,) =)
i=1

2
d
Kmeasued K (0, 0s,€)|

The optimal parameters O, fs, and € are obtained by minimizing the loss function:

min XZ (@1,0s,€).
01,0s,€
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