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ABSTRACT

Twisted bilayer graphene around the magic angle has shown variety of correlated
phases such as superconductivity, correlated insulators, and magnetism due to its
flat band structure. The unconventional nature of the superconductivity and its pos-
sible relation to high temperature superconductors have sparked a lot of theoretical
and experimental efforts to understand the properties of the magic angle twisted
bilayer graphene. While electrical transport measurements revealed the interesting
phases, spectroscopic understanding is strongly needed to connect the phases with
theoretical calculations. We present the spectroscopic studies of gate-tunable magic
angle twisted bilayer graphene using scanning tunneling microscopy. We report
that the band structure is significantly modified even at charge neutrality due to
exchange interaction. We apply a perpendicular magnetic field and develop a novel
method that enables scanning tunneling microscopy to reveal Landau fan diagrams.
We discover topologically non-trivial states appearing at finite magnetic field, and
from spectroscopy we are able to identify the mechanism. Finally, we verify inter-
action driven band flattening experimentally in twisted bilayer graphene, which is
responsible for creating strong correlations.
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C h a p t e r 1

INTRODUCTION

1.1 Twisted bilayer graphene as a host for strong correlations
Strongly correlated phenomena have been one of the main questions in the mod-
ern condensed matter physics. BCS theory of superconductivity fails to predict
properties of unconventional high-temperature superconductors, such as cuprates
or iron-pnictides, where correlated electrons create not only superconductivity but
also variety of ordered (or dis-ordered) phases like Mott insulators, charge or spin
density waves, pseudogap, and so on. Correlated electrons in fractional quantum
Hall states have led to the discovery of a fractional charge, and possibly fractional
and non-abelian statistics.

Before utilizing all the interesting properties for real world applications, we physi-
cists want to understand them better. We want to test our favorite theories from
multiple cases and deduce which principle globally applies, to extract ’physics’
out of them. The problem is, each testing ground has its own complications and
limitations, and we do not have many.

That is why graphene and two-dimensional materials have quickly become one of
the mainstreams. They have served as an alternative platform for probing two-
dimensional physics which GaAs heterostructure and a few others have been explor-
ing. Integer quantum Hall effect and fractional quantum Hall effect, the hallmarks
of a great testing ground, have been observed [1–4].

While studying electronic correlations in two-dimensional materials in the context
of fractional quantum Hall effect is an interesting direction, they actually have their
unique way to realize strong correlations. Before directly going into that, let us first
discuss in which system correlation of electrons become important.

Electrons in a material act as a result of the competition between repulsive Coulomb
interactions among them and the kinetic energy given by the periodic potential from
the underlying lattice, or band structure. When the Coulomb energy is relatively
larger than the kinetic energy, roughly speaking, electrons in the system do not
follow what the underlying lattice tells them, and make their own orders, result-
ing in interesting phases. In the case of fractional quantum Hall effect, it is the
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high magnetic field that quenches kinetic energy and makes Coulomb interaction
dominates.

The important question is then, how do we engineer a material that relatively
minimizes the kinetic energy compared to the Coulomb interaction. Graphene
seemed not to be an ideal material for this qualification since electrons in its Dirac
cones have relatively fast velocities, E� ∼ 106</B. However, theorists considered a
specific case where one graphene layer is on top of another graphene layer, slightly
twisted, enabled by a unique property that two-dimensional materials make possible.

Figure 1.1: Moiré pattern in twisted graphene sheets.

When two graphene layers are stacked slightly twisted, they create a moiré pattern
in real space, as shown in Fig. 1.1. The periodicity !" is given by the twist angle



3

\ and the graphene lattice constant 0, !" = 0/(2 sin \/2). In the reciprocal space,
sincemonolayer graphene has hexagonal brillouin zone with low energy Dirac cones
at each vertex, two Dirac cones are slightly shifted by the twist of top and bottom
layers (Fig. 1.2a). The Dirac cones are denoted as circles here. Since K and K’
points are far enough when the twist angle is low, no scattering is assumed and it is
safe to focus only on one valley. Figure 1.2b shows the low energy dispersion on one
of the valleys (either K or K’). The points where energy crosses are the places where
hybridization due to tunneling (or hopping) between two layers occur. Because of
this hybridization energy gap opens at those points and the band closer to the zero
energy becomes very flat (Fig. 1.2c). Flat band means low kinetic energy, so we
now have a system where the kinetic energy is very small!

Figure 1.2: Engineering flat band. a) Twisted bilayer in reciprocal space. b) Two
Dirac cones before hybridization. c) After hybridization, creating a flat band.

The explanation in the previous paragraph is first suggested and calculated in Ref.
[5–7]. Detailed calculations found that around the twist angle of 1.1°, the bandwidth
nearly vanishes (Fig. 1.3a) and the band velocity drops to zero (Fig. 1.3b) [7]. Since
the Coulomb energy scale at this angle is roughly* ∼ 42

4cn!"
∼ 30 <4+ (!" at this

angle is about 13 =<), if the bandwidth, , which roughly is the scale of the kinetic
energy, really goes to zero,*/, then become really big at this special angle, called
the ’magic angle’. Large*/, would bring strong correlations in the system.
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Figure 1.3: Calculated band structure of twisted bilayer graphene. a) Bandwidth
becomes very small at \ = 1.05°. b) Velocity drops to zero around \ = 1.1°. Taken
from [7], with permission.

1.2 Correlated insulating states and superconductivity
Following the theoretical predictions, experiments have been done aiming to target
the magic angle. Controlling the twist angle with precision was the first challenge.
Kim et al. and Cao et al. [8, 9] developed a tear-and-stack technique that enables
the fine control of the twist angle. They prepared one sheet of monolayer graphene
and picked up only half of the sheet with hBN. Then they rotated the remaining half
manually by a desired angle, and picked it up to create the twisted bilayer graphene
(TBG). Since the two graphene sheets came from the same crystalline graphene,
their relative angle is now much more precise, compared to the case when the two
sheets are from two individual graphene sheets that tried to align crystalline axes by
optical means.

At \ = 1.8° [9], a low conductivity has been observed at charge neutrality due to
the protected Dirac points, and also when four electrons are filled (or emptied) from
the flat band due to the opening of gaps at hybridization points (Fig. 1.2c). Here
degeneracy of four comes from two spins and two valleys (K and K’ in Fig. 1.2a).
However, no signatures of correlations were found because the angle is still not close
enough to the magic value.

Finally, the magic angle device has been made. At \ = 1.08° [10], when two
electrons are filled (or emptied) to the flat band, insulating states are surprisingly
observed. Band structure calculation shows no sign of gaps inside of the flat band.
Thus the only plausible explanation of this insulating behavior is correlation enabled
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insulating states, similar to half filled Mott insulating states in a Hubbard model.

Moreover, resistivity suddenly drops to zero at low temperatures around this insu-
lating states (Fig. 1.4) [11]. The zero resistance shows Fraunhofer pattern with
magnetic field, confirming the state is indeed superconductivity, the critical temper-
ature being around )2 ∼ 2  at the maximum. It is very unusual that at such a low
carrier density of = ∼ 1.5× 10122<−2 (if counting from the a = −2 where the Fermi
surface reconstructs, =′ ∼ 1.5 × 10112<−2, even smaller) the superconductivity
arises.

Figure 1.4: Superconductivity in twisted bilayer graphene. Taken from [11], with
permission.

Strong correlations bring these unconventional superconductivity and insulating
states. Similarity of the phase diagram to that of high temperature superconductors
like cuprates, where doping antiferromagnetic Mott insulator causes superconduc-
tivity, has brought a lot of excitement to the field. Comparing to these previous
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correlated materials with multiple components, TBG is much cleaner since carbon
is the only component and it is easy to dope with electrostatic gating, not like intro-
ducing dopant atoms. This opens up a possibility to study a correlated material in a
clean limit.

Soon after the report, Yankowitz et al. [12] applied high pressure to TBG at
\ = 1.27° and reproduced superconductivity. Without applying pressure, the device
was not superconducting. Pressure decreases the physical height separation between
two layers and enhances the tunneling or hybridization. Therefore, band width
become squishedwith high pressure, hence enhancing correlations. This experiment
highlights that the observed superconductivity and insulating behaviors are indeed
from flatness of the band and enhanced correlations.

1.3 Magnetism and topology
Strong correlations in the magic angle TBG (MATBG) also enable ferromagnetism
to appear when the three electrons are filled in the moiré band [13]. A giant
anomalous Hall effect is observed at low temperatures. Moreover, a similar kind of
device, maybe slightly better quality, showed quantum anomalous Hall effect with
Chern number 1 [14].

Quantum anomalous Hall effect has been observed only in a few materials. Also,
in MATBG, the amount of magnetism exceeds the value considering only spins,
signalling the magnetism is mostly orbital [15]. C2T symmetry is believed to be
explicitly broken in these devices since hBN is nearly aligned with the bottom
graphene from optical means. Other devices that are not aligned and showed
superconductivity have not shown this strong anomalous Hall effect. Due to the
broken C2T symmetry, a gap opens at the charge neutrality and somehow makes
Chern number C= 1 state favorable at three electron fillings. MATBG is therefore
a nice platform for understanding the interplay between strong correlation and
topology.

1.4 Scanning tunneling microscopy on TBG
While transport studies have shown various interesting phases, spectroscopic stud-
ies are needed to investigate and support the physical mechanisms behind them.
One tool might be angle-resolved photoemission spectroscopy (ARPES). ARPES
has revealed band structures of interesting materials including recent discovery of
topological materials [16]. However, the physics of MATBG is determined inside
the energy scale of 10 meV below liquid He-4 temperatures, beyond the capability
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of ARPES yet.

Alternatively, scanning tunneling microscopy (STM) can also reveal spectroscopy
of a system. Atomically sharp metallic tip is placed on a material. When a bias
voltage + is applied between the tip and the sample, tunneling current flows as soon
as the distance between them is close enough. The tunneling current � is determined
by the available states between them within the bias voltage. Since we choose the tip
material to have flat density of states around the Fermi energy, the tunneling current
is mainly determined by the integrated density of states in the sample. 3�/3+ then is
proportional to the density of states itself. By measuring 3�/3+ changing + , STM
gives local DOS as a function of energy.

Figure 1.5: Schematic of STM.
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Efforts to explore TBG with STM have been fruitful. At the initial stage, TBG
appeared naturally and randomly on a surface of a cleaved graphite or on a graphene
multilayers grown by chemical vapour deposition (CVD). Li et al. [17] found
that strong enhancement of DOS occurs when the twist angle is around \ = 1.16°
due to Van Hove singularities (VHSs) from the flat band. Brihuega et al. [18]
systematically studied the evolution of the VHSs as a function of twist angle. They
reported decreasing separations between twoVHSswhile decreasing the twist angle,
following the theoretical expectations. However, due to the nature of the sample,
changing the carrier density or doping was not possible.

Figure 1.6: Observation of VHS in TBG at \ = 1.16°. a) Moiré pattern. b) VHS is
higher on the bright side in the moiré pattern. Taken from [17], with permission.

Wong et al. [19] and Kim et al. [20] tried to add gate tunability in TBG devices.
They indeed were succesful on tuning carrier density in their devices. The VHSs
move in energy according to the dopings. Unfortunately, the measurements were all
done away from the magic angle. It seemed that controlling twist angle precisely to
the desired value with gate tunability is difficult to achieve at the same time.

1.5 Outline
In Chapter 2, we will first discuss how we developed a new fabrication method to
make gate-tunable TBG at the magic angle. We will show the topography and the
moiré pattern, and reproduce the STM spectroscopies reported. Then, with our
ability to tune the sample, we will show how VHSs evolve when there are strong
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correlations. Due to the strong correlations, the VHS separation is significantly
enhanced at the charge neutrality point, compared to when they are completely
filled or emptied. We attribute the exchange interaction causing this phenomenon,
by showing theoretical calculations incorporating the interaction. We will also
discuss signatures of correlated insulators at integer fillings in our earliest samples.

In Chapter 3, with improved sample qualities, we will show cascade of phase transi-
tions signalling flavor symmetry breaking in MATBG. With out-of-plane magnetic
field, we observe Landau levels from the flat bands. To make a connection to trans-
port experiments with magnetic field, we develop a novel technique that enables
STM to plot Landau fan diagram. With this LDOS Landau fan diagram, we will
show that topologically non-trivial states arise at finite magnetic field. Stoner insta-
bility explains the emergence of these Chern phases. By mapping the Chern phases
continuously changing twist angles and dopings, we will draw a phase diagram
of these phases, and the diagram corroborates the identified mechanism. We will
discuss the possible band structures that are behind not-well-understood sequences
of Landau levels at charge neutrality and try to rule out some of the possibilities.

In Chapter 4, we will further utilize the Landau levels to visualize the detailed band
structure of TBG. At slightly larger twist angles, we will show that the electronic
interaction already bends the band structrue significantly in the context of Hartree
effect. The interaction-driven band bending causes flattening of flat bands, and
amplifies DOS significantly. We attribute this amplification to the origin of strong
correlations in MATBG. We show that the flattening of the band is responsible for
the occurences of correlated insulating states or cascade of phase transitions. We
also systematically study the effect of heterostrain in TBG to clarify the role of
heterostrain and rule out this effect as a possible explanation for what we observe.
This band flattening due to interaction clears up many discrepancies such as large
band width still at the magic angle, inconsistent Fermi velocities, or large Van
Hove singularity separations. It tells us the high DOS from a portion of the band
structure determines the onsets of correlated phenomena in MATBG. Moreover,
since this band deformation due to interaction is in principle applicable to other
moirématerials, one should consider it when forming an idea of how a band structure
looks and predicting properties of a moiré material.

In Chapter 5, we will conclude the thesis by showing our efforts to detect possible
signals from the superconductivity. Wewill discuss interesting directions to identify
superconductivity with our STM. We will talk about various other phases that can
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also be observed in the STM. Not only TBG, but any fascinating two-dimensional
materials can be investigated by the method we developed. We expect new phases
will be explored with gate tunable STM devices in the near future.
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C h a p t e r 2

SCANNING TUNNELING MICROSCOPY ON GATE TUNABLE
TWISTED BILAYER GRAPHENE

2.1 Two-dimensional materials probed by STM
Since the discovery of isolatedmonolayer graphene, two-dimensional materials have
opened a new possibility to probe two-dimensional physics with STM. Traditionally,
interesting two-dimensional physics, such as integer and fractional Quantum Hall
effect, has been mostly studied in two-dimensional electron gas trapped in quantum
well structures. These structures are not ideal for STM, since STM tip only measures
the surface with the scale of ∼ 1 =< where the tunneling current occurs.

Two-dimensional materials have emerged as an alternative playgrounds for interest-
ing physics that require high-quality samples. These class ofmaterials are crystalline
and have few defects on its own. After the reports of integer Quantum Hall effect
[1, 2] in monolayer graphene, the field has become one of the fastest growing sub-
fields in condensed matter physics. The fabrication quality has grown rapidly and
at cryogenic temeratures electrons move in the graphene device ballistically, mean
free path exceeding > 10 µ<, only bound by the size of the device. Fractional
Quantum Hall effect [3, 4] has been found, signalling that the materials host physics
with electronic interactions as well.

In general, three different fabrication methods have been implemented to investigate
two-dimensional materials with STM. One is to grow a monolayer on top of a
preferred substrate in situ. Miller et al. grew graphene on top of SiC and observed
nicely developed Landau levels and hence integer QuantumHall effect [21]. Second
method is to cleave highly oriented pyrolitic graphite (HOPG). On the surface of
HOPG, occasionally there is a graphene on top of graphite, and the property of
graphene is somewhat isolated from the properties of substrate graphite. Li et al.
observed Landau levels from this graphene and they showed that the property is the
same as isolated graphene. However, these two methods by their nature lack the
ability to tune charge density by electrostatic gating, which has been one of the most
powerful knobs in transport measurements.

The last method is to exfoliate a monolayer onto a substrate, similar to transport
measurements. The electrostatic gating is utilized in this way. At the early stage
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of this method, graphene on SiO2 seemed to yield poor quality of Landau levels
compared to grown graphene samples due to amorphous nature of SiO2 surface
and charge puddles [22]. Soon after the discovery of hBN as a clean substrate for
transport measurements [23], STM devices have also been made with hBN substrate
[24, 25], showing cleaner Landau levels [26] with gate tunability.

To fabricate these devices, exfoliated graphene on either SiO2 or Poly(methyl
methacrylate) (PMMA) is carried by a sticking PMMA layer, and is dropped on
top of a substrate hBN with the PMMA layer. Then, PMMA on top of the device
is cleaned by acetone and IPA, and typically annealed above 350℃ in an Ar/H2

environment, to make the device clean enough for tunneling measurements.

2.2 Fabrication of TBG device
TBG, however, has an intrinsic issue with previously developed fabricationmethods.
First, it is reported that annealing at high enough temperature (above 200℃), upper
and lower layers relax to the lowest energy configuration, which is 0° rotated Bernal
bilayer [10]. Methods including PMMA on top of sample, and annealing it above
350℃ have high chance to mess up the twist angles.

Second, obviously, control of doping is necessary, which rules out the methods
including cleaving of HOPG or growth based technique. Also, for the high quality
device, it is better for TBG to be on the hBN, rather than on an uneven insulating
substrate such as SiO2.

Third, as discussed in Ch. 1.4, interesting phases such as superconductivity and
correlated insulating phases only occur at very narrow angle range around 1°.
Putting CVD grown graphene sheets on hBN randomly might yield gate tunable
TBG device, but the angle ends up in a random value [19]. The only reliable way of
getting the angle consistently around 1° is to use tear-and-twist method developed
in [8, 9] so far.

To reconcile all the requirements, we developed a new fabricationmethod. First steps
are identical to the tear-and-twist method. After picking up a 30- 50nm-thick boron
nitride flake using Polydimethylsiloxane (PDMS) coated with a Poly(bisphenol A
carbonate) (PC) polymer, the graphene is torn into two parts which were subse-
quently picked up while controlling the twist between the parts to be around 1° (Fig.
2.1a).

But after these steps, we modified the method to make an STM-compatible device.
Detailed process is described in Fig. 2.2. PC film with the entire stack is manually
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Figure 2.1: Flip-and-stack technique. a) Monolayer graphene is tear and picked up
sequentially with hBN, with the twist angle around 1°. b) The stack is flipped using
another PDMS and placed on a graphite gate.

peeled from the base PDMS and transferred onto a separate PDMS in order to flip
the order of the layers . PC is dissolved in N-Methyl-2-pyrrolidone (NMP) a couple
of times, each for around 5 seconds, until no PC and NMP residues are remaining
on PDMS. We chose NMP instead of typically used Chloroform, since Chloroform
significantly deforms PDMS and could damage flakes. Also NMP liquid tends not to
stick to PDMS, making it easier to remove liquid residues on PDMS. hBN protects
the desired sample from solvents.

Afterward the second PDMS with the inverted stack structure is transferred onto a
prepared chip (silicon chip coveredwith 300 =< of silicon-oxide) with pre- patterned
electrodes and a ∼ 10 =< thick metallic graphene multilayer that is used as the back
gate (Fig. 2.1b). The twisted bilayer graphene (TBG) is then contacted to the gold
electrodes using additional few-layer graphene contacts. During device fabrication
special care is taken so that the temperature of the sample never exceeds 150℃ to
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Figure 2.2: Flipping the stack on PDMS. a) The stack is on top of PC film. b)
Manually lift the PC film from the base PDMS. c) Prepare another clean PDMS
on a glass slide and manually flip the PC attached with tape. d) Carefully drop the
PC without causing wrinkles or bubbles. e) Dissolve PC in NMP. f) Clean up tape
residues. The resulting PDMS has flipped stack on top.



15

avoid untwisting of the TBG.With this methodwe obtain twist angle controlled, gate
tunable TBG device. We easily find over 100 =< × 100 =< area without signatures
of dirts.

Figure 2.3: Device schematic and optical image. a) Device schematic. b) Optical
image. Scale bar: 20 µ<

The schematic of our measurement is shown in Figure 2.3a. TBG on top of hBN
substrate is directly probed bySTM tip. +�80B is applied to theTBG, for spectroscopic
measurements. +�0C4 is applied to the graphite back gate, controlling the carrier
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density. Using the graphite back gate instead of silicon gate beneath SiO2, height
corrogations as well as charge impurities are minimized. Figure 2.3b shows an
optical image of a typical device.

2.3 Topography
When we measure topography by keeping tunneling current constant, the moiré
lattice is clearly shown, where the wavelength is around 13 =< (Fig. 2.4a). As
discussed in Chapter 1, AA stacked area has high LDOS, represented as high signals
in topography, and AB stacked area has low LDOS. Atomic configuration of the AA
and AB stacked region is illustrated in Fig. 2.4b. When we increase the resolution
of the topography, we identify graphene lattice with wavelength of 246nm, agreeing
with the lattice constant of graphene (Fig. 2.4c-d). In AB stacked region, the A
graphene atom at the top is on top of the B graphene atom at the bottom, and the B
atom at the top is not on top of anything. Therefore, it is likely that the A graphene
atoms at the top are brighter than B graphene, so that only A atoms are visible on
AB stacked region (Fig. 2.4c). However, in AA stacked region, both A and B atoms
at the top are on top of the graphene atoms at the bottom. Therefore, both A and B
atoms are visible (Fig. 2.4d). Our measurement temperature is usually 2  , unless
otherwise specified.

Since our STM topography is taken with constant current mode, high density of
states yield higher topographic profile. Note that the resulting topography is not an
actual height of the sample. The measured corrugation between AA and AB/BA can
be ranging from 0.1 =< to 0.3 =<, depending on how much of LDOS is in between
the bias and the fermi energy. To get a true topography due to atomic corrugation,
one should tune the gate voltage to place the AA concentrated LDOS away from
the bias window. However, with our gate range, even dispersive bands have some
distribution centered around AA and we cannot get rid of it completely. We are able
to lower it as low as 0.1 =<, hence the physical corrugation is less than this value.
This issue sometimes complicates the spectroscopic mapping.

We can measure the moiré wavelengths in all three directions, and typically they
are not equal. The main source is coming from heterostrain of the two layers, the
relative strain in upper and lower layer. A small amount of strain in one of the
layers can cause significant distortion in moiré lattice [27]. Assuming only one
layer is slightly stretched [28] and with the inputs of three moiré wavelengths, we
can identify the twist angle, as well as the amount of heterostrain. Our samples give
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Figure 2.4: Moiré lattice and stacking configurations. a) Moiré lattice with twist
angle around 1.1°. Typical tunneling parameters are : � = 30 ?�,+�80B = ±100<+ ,
+�0C4 ∼ 0 <+ . b) Atomic configurations of AA and AB stackings. c,d) High-
resolution topography around AB and AA regions, respectively.

an average around 0.1 − 0.3% of strain. This method gives a much more precise
value of twist angles than the ones measured in transport, which we will discuss
further in Chapter 3. STM is the most accurate way to measure local twist angle
and the level of strain in TBG.

2.4 Point spectroscopy
We now want to discuss the band structure of TBG using the spectroscopic ability
of STM. According to the calculations discussed in Chapter 1, two Van Hove
singularities (VHSs) are present in TBG near the small angles. Indeed, spectra
taken at the small angles (\ < 3°) at a fixed gate voltage all show two sharp peaks
above and below the Fermi energy at charge neutrality point (Fig. 2.5). We take the
spectra on an AA site since the VHSs are most pronounced on an AA site due to the
LDOS concentration. Also, as the twist angle decreases from ∼ 3° to 1° close to
the magic angle, the separation of the two VHSs decreases as well from ∼ 400 <4+
to ∼ 30 <4+ , consistent with the theoretical calculations and previous experiments
[18, 19].
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Figure 2.5: Point spectroscopy and VHS on an AA site. a) \ = 2.77°. b) \ = 1.92°.
c) \ = 1.01°. Tunneling parameters : � = 50 ?�, +�80B = −200 <+ , +�0C4 ∼ 0 <+ .

2.5 Evolution of point spectrum with doping
At slightly different gate voltages (+�0C4) around the charge neutrality point, Figure
2.6 shows the doping dependence of the observed point spectra for the non-magic
twist angle \ = 1.92° (an AA site). The two peaks in the local tunnelling density of
states (LDOS) are again identified as VHSs separated by approximately 150 <4+ .
Changing the position of the Fermi level relative to the VHS via the back gate shifts
the positions of the two peaks in bias voltage but leaves their separation and overall
line shape approximately unchanged. This is consistent with a simple band-structure
picture.
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Figure 2.6: Point spectra at different gate voltageswith \ = 1.92°. a)+�0C4 = −0.6+ .
b) +�0C4 = −4.6 + .

However, for regions near the magic angle (\ = 1.01°), the observed spectra differ
qualitatively (Fig. 2.7). Here, the overall shapes of the peaks change as they
approach the Fermi energy (+�80B = 0<+). When the upper VHS is closer to the
Fermi energy, the upper VHS is much sharper than the lower VHS (Fig. 2.7a). On
the other hand, when the lower VHS is closer to the Fermi energy, the lower VHS is
much sharper than the upper VHS (Fig. 2.7a).

To visualize how the VHSs evolve with doping, we continuously plot the spectrum
as a function of gate voltage, or doping (Fig. 2.8a). We compare the observed
evolution with the schematic of the TBG band structure at small angles (Fig. 2.8b).
When the flat bands sit below the Fermi level and the remote band is at the Fermi
level (3.8 + < +�0C4 < 10 + , green region in Fig. 2.8), the completely filled flat
bands shift linearly as +�0C4 is reduced. The slope of Δ+�0C4/Δ+�80B ≈ 1 +/5 <+ is
directly proportional to the density of states Δ=/Δ` at the Fermi level in the regimes
(with = being the carrier concentration and ` the chemical potential). When the
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Figure 2.7: Point spectra at different gate voltageswith \ = 1.01°. a)+�0C4 = −0.7+ .
b) +�0C4 = −3.6 + .

DOS is high, the slopeΔ+�0C4/Δ+�80B is large as substantial changes in the back-gate
voltage are needed to shift the chemical potential. In the opposite limit, when the
Fermi level passes through a gapped region, the slope Δ+�0C4/Δ+�80B is close to
zero since the DOS is very low. The linear shift of the peaks for the green region
indicates a nearly constant DOS as expected when the Fermi level is located in the
remote band (the green region).

The slope is reduced in the gate range 2.7 + < +�0C4 < 3.8 + (the orange region)
just before the flat bands start to cross the Fermi level. This observation indicates
the existence of a gap between the flat and the upper remote band, of approximately
25 <4+ according to the total shift in the chemical potential over the orange region.
We also find that the gap decreases for smaller twist angles (Fig. 2.9) as predicted
theoretically [29]. The extracted gap values strongly suggest that the additional
remote bands will become increasingly important and contribute to the transport as
the twist angle drops below 1°.
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Figure 2.8: Evolution of the spectrum with doping at \ = 1.04°. a) Gate voltage
dependence of point spectra. b) Schematic band structure.
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Figure 2.9: Flat band—remote band gap energy as a function of twist angle. The
gap decreases linearly around the magic angle. The data is taken from two devices,
D1 and D2.

For −9.5 + < +�0C4 < 3 + (Fig. 2.8, the grey region), the bands become distorted
due to electronic correlations. We observe several suppressions of the LDOS
at the Fermi level, and the slope Δ+�0C4/Δ+�80B changes repeatedly. First, the
slope is large as the upper flat band, with its large DOS, crosses the Fermi level
(−1 + < +�0C4 < 2.7 +). In this region, suppressions of the LDOS near the Fermi
energy are observed, indicating correlation driven gapped states. As the upper flat
band is depopulated, the slope Δ+�0C4/Δ+�80B of the upper VHS peak decreases,
while the slope of the lower peak barely changes, enhancing the apparent splitting
between the upper and lower flat bands. At +�0C4 ≈ −3.2 + , the charge neutrality
point (CNP) is reached. As +�0C4 is reduced further, the splitting between the
LDOS peaks is gradually reduced and then the peak corresponding to the lower flat
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band passes through the Fermi level. Again, when the lower flat band is partially
populated, signatures of correlation driven gapped states are present at the Fermi
energy.

The total range of Δ+�0C4 ≈ 13±1+ (the grey region) over which the two flat bands
cross the Fermi level is expected to change the charge density by Δ@ = 84/� (A is
the measured area of this moiré unit cell), corresponding to filling of the two bands
by a total of 8 electrons per moiré unit cell. This matches the change in charge
density extracted experimentally based on the gate capacitance for a hBN thickness
3 = 40 =<, as measured by atomic force microscopy (AFM), and dielectric constant
n ≈ 3. The relation between the+�0C4 range and a density change of 8e/A is accurate
to within 10% and allows us to determine +�0C4 values corresponding to fractional
fillings of the flat bands. We will improve this method of assigning filling factors in
the later chapters.

2.6 Interaction effect at charge neutrality point
One of the surprising results of the doping dependence of the spectrum is the
enhanced splitting between LDOS peaks (VHSs) around the CNP compared with
the splitting when the flat bands are fully occupied (Fig. 2.10a). The peak separation
in the red curve (fully filled) is much smaller than the peak separation in the blue
curve (CNP). Moreover, this enhancement seems to be strongest around the magic
angle (Fig. 2.10b). Away from the magic angle, the peak separation is nearly
constant with doping. However, when the angle approaches 1.1°, there is a huge
enhancement Δ%%, defined by the difference between the separation at the CNP and
at the fully filled case. This enhancement stands out at higher energies from the
Fermi energy, hence has not been reported in transport measurements, which are
only sensitive to energy scales of a few<4+ from the Fermi level. We claim that this
effect is due to electronic interaction, and it is remarkable that the interaction effect
is not only present at half fillings of the flat band, but also very strong at the CNP.
To rule out trivial origins of the enhancing VHS separation, we later systematically
consider the effect of heterostrain in Chapter 4. As expected from some theoretical
calculations, the heterostrain could impact the VHS separation [30]. However, the
huge amount of enhancement is not consistent with the heterostrain, especially the
doping dependence.
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Figure 2.10: Enhancement of VHS separation at CNP. a) Red : when the flat bands
are fully filled. Blue: at CNP. b) The enhancement is maximal around the magic
angle.
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2.7 Exchange interaction as theoretical explanation
Exchange interactions are a plausible origin of the enhanced splitting at the CNP
in analogy with Quantum Hall ferromagnetism [31]. In this scenario, the strong
exchange interaction maximizes the separation between the bands when one of
the flat bands is completely filled and the other completely empty. Two important
differences distinguish TBG from quantumHall systems. First, no external magnetic
field is needed as flat bands are already present at zero field; and second, the exchange
interaction may not open a hard gap. Certain points in the Brillouin zone (away
from the flat regions of the band causing the VHS) can remain gapless as a result of
preserved symmetries [32, 33].

We support this interpretation by calculations within the framework of a ten-band
model for TBG developed in Ref. [34]. While several effective models were
proposed as starting points for studying TBG with and without interactions [35–
39], the ten-band model captures the non-interacting band structure of magic-angle
TBG while going beyond the flat bands and incorporates all relevant symmetries.
Although its overall bandwidth for the flat bands and the VHS peak splitting (7<4+
and 1<+ , respectively) are small compared with our observations, the model
provides qualitative guidance on interaction effects, including broken symmetries.
To account for interaction effects, we have added a symmetry-preserving short range
interaction of strength �2 and solved the model self-consistently within mean-field
theory assuming that the symmetry between the four flavours (spin and valley)
remains unbroken. We find several nearly degenerate broken-symmetry states. The
solution breaking �3 symmetry qualitatively reproduces the observed splitting near
the CNP (Fig. 2.11). Other features such as the overall broadening of the bands
near the CNP are also qualitatively captured. The resulting solution shows that the
peaks in the local density of states (LDOS) are split by an amount set by �2. For
1 < �2/, < 2, with , being the bandwidth of the non-interacting model, the
relative increase in the splitting matches well with our experimental observations
(Fig. 2.11). The �2) symmetry broken solution creates a hard gap, which we don’t
see in the experimental spectrum.

The competitive energy of the �3 breaking solution suggests a high susceptibility
towards nematicity [40, 41]; effects such as sample strain and unaccounted electronic
correlations can plausibly stabilize this order as the unique ground state. Figure
2.12a shows the corresponding band structure across the Brillouin zone, with the
Dirac cones protected by �2) symmetry as indicated by the black dots. Broken �3
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Figure 2.11: Simulated evolution of VHSs with �3 symmetry broken solution. a)
Evolution of VHSs. b) At full filling, the separation is small. c) At CNP, the
separation is large due to interactions.

symmetry as a function of doping is clearly visible in Figure 2.12b.

Moreover, the model predicts that the spatially varying breaking of the�3 symmetry
is most pronounced in the LDOS at the domain walls connecting different AA sites
for energies close to VHS peaks, as calculated in Fig. 2.13.

Consistent with these theoretical findings, spatially resolved LDOS maps taken
on sites within the most �3 symmetric moiré regions (from topography) show
anisotropic LDOS profiles near the CNP (Fig. 2.14). The most pronounced domain-
wall direction changes depending on whether +�80B is adjusted to probe the lower
or upper VHS as expected from the model calculations (Fig. 2.13). At full fillings,
however, the anisotropy significantly reduces. We argue that the interaction plays a
significant role in additionally breaking rotational symmetry on top of strain.
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Figure 2.12: Band structure with �3 symmetry breaking. a) The band structure.
b) Dirac points are shifted from K points and create breaking of �3 symmetry as a
function of doping.

2.8 Signatures of correlated states at integer fillings
Finally, we focus on the states near half-filling of the flat bands where correlated
insulating states and superconductivity were found in transport [10, 11]. Figure 2.15
shows two point spectroscopies at electron side half filling and hold side half filling
for a moiré site with a local twist angle \ = 0.99°. A suppression in the LDOS at
the Fermi energy is observed near half-filling both for electrons and holes, which
signals the emergence of correlated gaps. The gap values between 4 and 8 meV
are measured, which are higher than the values extracted from thermal activation
in transport experiments [10, 12]. In Chapter 4, with better quality of samples and
tips, we showed that the gap values are actually around 2 meV at the maximum. The
difference may be caused by tip induced quantum dot charging energies.
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Figure 2.13: Effect of �3 symmetry breaking in real space at CNP. Domain wall
brightness or LDOS changes depending on the energy.

Figure 2.14: dI/dVmap at CNP, showing�3 symmetry breaking. a)+�80B = −10<+ .
b) +�80B = +14<+ . Domain wall brigntness changes with energy in different
directions.

To make a connection to transport experiments and better resolve the dependence on
the filling of the flat band, we plot the zero-bias LDOS as a function of +�0C4 in Fig.
2.16. The trace shows minima at charge neutrality and fully filled region, which is
expected since there are lowDOS in those regions (blue and gray regions). The trace
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Figure 2.15: Spectra at half fillings at \ = 0.99°. a) Electron side. b) Hole side.

also shows local minima of the zero-bias LDOS for half-filling of the flat bands,
consistent with correlated ground states at these fillings (green and pink regions).
The observed gaps typically occur near half-filling, although they are sometimes
offset, presumably due to local electrostatic disorder, strain, or tip-related effects.
Occasionally, the less-developed states at one-quarter and three-quarter filling may
also be resolved. These observations strongly indicate that the measured gaps
originate from correlated states at commensurate fillings and are distinct from other
effects such as the Coulomb gap [42] that can also suppress the LDOS near the Fermi
level in two dimensional systems with strong electronic correlations [22, 43–47].
In Chapter 3, we utilized this new type of measurement in STM to obtain LDOS
Landau fan diagram. In Chapter 4, with better quality samples and tips, we are
able to find these correlated gaps almost exactly at integer fillings, consistent with
transport experiments.
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Figure 2.16: Gapped states as a function of doping. dI/dV is measured at fixed
+�80B = 0<+ while changing the +�0C4. Suppression of LDOS is observed near half
fillings.
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C h a p t e r 3

CORRELATION-DRIVEN TOPOLOGICAL PHASES

As discussed in Chapter 1.3, among many interesting phases, TBG also hosts
non-trivial topology in the system. To identify non-trivial topology, dominant
experimental tools have been electrical transport measurements, using Hall bar
geometry. In this chapter, I will present our novel method that enables STM to give
information on non-trivial topology of a system.

With our new tool, we discover a new kind of topological phases, which develops
with perpendicular magnetic field in TBG due to strong correlation. We benefit
from the spectroscopic capability of STM, and directly visualize its mechanism:
Stoner instability. Spatial ability of STM also helps to navigate different twist
angles continuously, and corroborate identified mechanism of the new phases.

3.1 Cascade of phase transitions
Stoner instability in MATBG
Zondiner et al. [48] with local compressibility measurements and Wong et al. [49]
with STM measurements reported cascade of phase transitions in MATBG, imply-
ing flavor symmetry breaking of four-fold degenerate flat bands. The explanation
from Zondiner et al. [48] highlights the role of correlations, in the context of
Stoner instability. In the case of Stoner ferromagnetism, initially degenerate two
spins energetically favors spin polarization when the Stoner criterion �$( > 1/*,
where U is the strength of interaction, meets. A notable example is Quantum Hall
ferromagnetism. When a Landau level with high density of states approach to the
Fermi energy, the degeneracy of the Landau level is brokenwhen the Stoner criterion
meets, polarizing the spins (and valleys if any) and creating a correlated gap. Similar
physics happens in MATBG since the VHS also have a high density of states. When
the four-fold degenerate (spin and valley) VHS approaches to the Fermi energy, the
Stoner criterion is satisfied at some point and breaks the flavor symmetry. Since it
has four flavors, while completely filling (emptying) the band, the band experiences
the symmetry breaking four times, creating cascade of phase transitions.
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Cascade of phase transitions in our sample
After getting cleaner samples and more reliable STM tips, we also observe a cascade
of phase transtions in our samples, which was not obvious in our first generation
experiments in Chapter 2. Figure 3.1 shows the evolution of the two LDOS peaks
originating from the VHSs of the flat bands. At VGate > +5V, both peaks are
below the Fermi energy (EF, VBias = 0 mV), indicating completely filled flat bands.
As VGate is reduced, the nearby VHS corresponding to the conduction flat band
crosses EF several times, resetting its position at gate voltages corresponding to
a = 3, 2, and 1 electrons per moiré unit cell. At a = 0 charge neutrality point (CNP)
is reached, where the splitting between VHS is maximized.

Figure 3.1: Cascade of phase transitions at \ = 1.03°, on an AB site
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Role of WSe2

We usemonolayerWSe2 as a substrate forMATBG in the measurements in Chapters
3 and 4, since our previouswork [50] suggests thatWSe2 improves the sample quality
and does not change the magic-angle condition. The effects of spin-orbit interaction
studied in Ref. [50] showed that the corresponding energy scale is ∼ 1<4+ , smaller
than the spectroscopic features we focus on. Our spectroscopy of MATBG on
WSe2 is qualitatively very similar to the report with MATBG directly on hBN [49].
Our observations thus indicate that the added WSe2 does not significantly alter the
spectrum or the cascade mechanics.

3.2 Landau levels in MATBG and signature of unusual phases
We now apply a perpendicular magnetic field and investigate the Landau levels
(LLs) that appear in the flat band (Fig.3.2). In the magnetic field, the biggest change
in the overall spectrum is the developed LLs in the flat bands around the CNP (white
arrows in Fig.3.2). Multiple LLs gradually appear starting from � = 0.5) from
CNP, but at � = 4) only two at the center remain and the others all merge with the
VHSs (see Chapter 3.6 for details).

Hofstadter spectrum and merging of Landau levels
To understand the origin of these LLs near the CNP, a linecut at B = 8 T shows four
well-resolved peaks (Fig.3.3a). The phenomenological ten-band model [34] with
parameters chosen to semi-quantitatively match the data (Fig.3.3b) suggests that the
inner two peaks are zeroth LLs (zLLs) originating from MATBG Dirac points. The
outer peaks are composed of the LLs from all other parts of the band structure,
merged with VHS, and cannot be individually resolved. We call the merged outer
peaks simply VHSs.

Importantly, both zLLs and VHSs are expected to carry non-zero Chern number (+1
and −1 respectively per spin and valley flavor) and four-fold spin-valley degenerate.
The total Chern number of zLL (VHS) is � = +4 (� = −4). The importance of
non-zero Chern numbers will be clear in the next sections. The four-fold degeneracy
of zLLs can be seen by observing the splitting of the levels into four distinct branches
by Quantum Hall ferromagnetism, when each of the zLLs crosses the Fermi energy
(Fig.3.4). Since there are two zLLs slightly lifted in energy outside of the Fermi
energy, we observe in total eight separate branches crossing the Fermi energy
(Fig.3.4b).
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Figure 3.2: Landau levels in MATBG : a) � = 4) , b) � = 8) . LLs from CNP is the
most obvious landau levels (white arrows). Onsets of cascade shift to higher filling
factors with higher magnetic field (black arrows).

Signature of unusual phases
The next obvious change is the shifting of the onsets of the cascade transitions with
magnetic field (see black arrows in Fig.3.2). These onsets are accompanied by a
low LDOS at EF and nearly horizontal resonance peaks, indicating the presence of
gapped states. We attribute the shifting of cascades and the accompanying gaps
to the formation of Chern insulating phases enabled by correlations, as we discuss
below.

3.3 LDOS Landau fan diagram
Sincewe see Landau levels from spectroscopy, wewant to compare it to the electrical
transportmeasurements reported. MATBG inmagnetic fields has so far been studied
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Figure 3.3: Hofstadter spectrum and merging of Landau levels. a) � = 8) linecut
around CNP on AA (dashed) and AB (solid) sites. Four peaks are visible. Two inner
peaks are from Landau levels, and the two outside peaks are from merging of VHS
and multiple LLs, we simply call them VHSs. b) Calculated Hofstadter spectrum,
showing four peaks at large (� > 6)) B field, reproducing (a).
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Figure 3.4: Four-fold degeneracy of zeroth Landau level and Quantum Hall ferro-
magnetism. a) Similar to Fig.3.2, but at � = 7) . b) High-resolution blow up of (a)
around CNP, showing Quantum Hall ferromagnetic transitions. Each zeroth Landau
level experiences four transitions due to four-fold degeneracy. c) Linecuts at each
Quantum Hall ferromagnetic transitions, showing degeneracies and corresponding
spectral weight shifting.

via Landau fan diagram using transport with Hall bar geometry, and it only provides
information close to EF [10, 12, 51, 52]. We relate these experiments to our STM
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measurements by a novel method that enables measuring a full Landau fan diagram
via LDOS. Since the transport Fan diagram has information at EF, we measure
LDOS at the Fermi energy to capture the same physics (Fig.3.5). LDOS at EF is
suppressed at gapped regions such as spaces between LLs, and pronounced when
there is high density of states, such as LL or VHS. This LDOS Landau fan is
acquired by taking the tunneling conductance when the tip height is fixed without
feedback and measure LDOS at VBias = 0 mV while sweeping VGate. After each
measurement at a fixed magnetic field, we go to feedback mode again and change
the field, and track to the same point relative to the moiré pattern to compensate for
any spatial shifting due to magnetic field.

Figure 3.5: Principle of LDOS Landau fan diagram

LDOS Landau fan diagram
Our LDOS Landau fan (Fig.3.6), taken at an AB point, reproduces many of the fea-
tures established in previous MATBG magneto-transport measurements although it
records a fundamentally different quantity—LDOS— instead of transport resistance
'GG . A sequence of 0,±4,±8, . . . from a = 0, and a sequence of +4, +8, . . . from
a = +4, a sequence of −4,−8, . . . from a = −4 are reproduced. Fermi surface
reconstructions at a = ±2, which single particle band structure doesn’t capture, are
also visible in fans emanating from a = ±2, with two-fold degeneracy.
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Figure 3.6: LDOS Landau fan diagram taken at an AB site, \ = 1.02°. Gate ranges
of filling factors inside a = ±4 are magnified by 5 to clarify the signals. Lower side
shows eye-guides with corresponding Chern numbers.

LDOS Landau fan from STM also verifies the conventional method for angle deter-
mination in transport measurements. In transport, pinpointing a = ±4 from the fan
emanating from it allows to convert carrier densities of a = ±4 (=B) to a twist angle
by =B ≈ 8\2/(

√
302), where 0 is the graphene lattice constant. In our LDOS fan

diagram, we can practice the same method to get the twist angle. Moreover, we can
just directly scan the topography of the area and measure the moiré wavelengths and
obtain the twist angle. The twist angle value extracted from the LDOS Landau fan
matches with the one seen in topography within 0.01°, which justifies the usage of
fan diagram as an angle deducing method.
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Trivial advantages of LDOS Landau fan
One obvious advantage of our LDOS fan diagram is that it does not suffer from
angle inhomogeneity in a sample. Uri et al. [52] showed that a TBG sample
with typical dimensions of ∼ 1 µ< has significant amount of angle inhomogeneity,
and the transport measurement averages them all and shows the data of the most
dominant angle. Immediate consequence is that when the inhomogeneity is large,
the fans from a = ±4 are faint. However, LDOS fan diagram does not suffer from
inhomogeneity since the STM tip is atomically sharp and only picks the information
on that particular angle. Therefore, we see very pronounced fans from a = ±4.

The other advantage of LDOS Landau fan diagram is that we can precisely identify
gate voltages with the correct filling factors. Once gate voltages corresponding to
a = 0 and a = ±4 are identified, conversion between gate voltage and filling factor
is fully defined. This approach, equivalent to the one previously used in transport
measurements, is much more precise than the alternative methods used in previous
MATBG STM measurements [28, 53–55], where the filling-factor assignments are
more ambiguous. By using the LDOS Landau fan, the full filling position can be
determined with an error of less than about 0.1 V (Fig. 3.7) or, equivalently, a
filling-factor error of 0.07 electrons per moiré unit cell.

3.4 Emergence of correlated Chern insulating phases
Importantly, in addition to Landau levels, we observe strong LDOS suppressions that
abruptly appear in finite fields (B > 3 T for a > 0 and B > 6 T for a < 0; red dashed
lines in Fig. 3.6), indicating the formation of unusual insulating phases emanating
from a = ±1, ±2, and +3. The corresponding Chern numbers, � = ±3, ±2, and +1,
respectively, can directly be assigned from the observed slopes of the gap positions as
a function of a and the Diophantine equation [56], a(B) = �×Am×B/q0+a(B = 0).
HereAm =

√
3Lm

2/2 is themoiré unit cell area, q0 is the flux quantum, and a(B = 0)
denotes the filling (±1,±2, +3) from which the phases emanate. Transport studies
simultaneously reported similar phases from their Fan diagrams [57–59]. They
observe that these phases are insulating, which means that they are Chern insulators
that abruptly appear with finite magnetic field.

Connection to spectroscopy
The power of our LDOS Landau fan diagram is that we can perform spectroscopic
measurements together. Figure 3.8a shows the spectrum at � = 7 ) , focusing on
the conduction side. The three white arrows identifies the gaps that appeared in
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Figure 3.7: Fitting of fans to asign correct filling factors. a) Best matching case. b)
Deviation seen around a = −4 when the used voltage parameter +a=−4 is shifted by
0.1 + . c) Deviation seen around a = 0 when the used voltage parameter +a=+4 is
shifted by 0.1 + .

the LDOS Landau fan, which have Chern numbers � = +3, +2, +1 emanating from
a = +1, +2, +3, respectively (see Fig. 3.6). As we discussed in Chapter 3 Section 2,
at+�0C4 = 2 the left peak is the zeroth LL and the right peak is the VHS. As the gate
voltage increases from VGate ≈ 2 V, the four-fold degenerate VHS approaches the
Fermi level. Just before crossing VGate ≈ 3 V, a gap open up at the Fermi energy,
accompanied by a set of nearly horizontal resonance peaks.

As a digression, these resonances and accompanied Coulomb diamond features are
signatures of the quantum dot formation around the tip due to the emergence of
a fully gapped insulating state in its vicinity. For example, bandgaps between the
remote bands and the flat band, gaps between LLs andChern insulating gaps all show
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resonances around the gaps. We note that the majority of resonances and Coulomb
diamonds are formed below (in +�0C4) the gap position expected from the LDOS
Landau fan. Because the STM tip and graphene have different work functions, even
at zero bias the tip acts as a top gate and slightly dopes the region in the immediate
vicinity. The likely presence of Au atoms on the tip and the observed positions
of resonance peaks are both consistent with tip-induced hole doping underneath.
Consequently, as we increase +�0C4, the global sample enters the insulating regime
first, and the area underneath the tip can still be conducting—thereby creating
a conducting island (that is, quantum dot) and consequent resonances. Further
doping will bring the area underneath the tip to the gapped phase, explaining that
resonances are below the gap in +�0C4. We interpret the resonances and observed
Coulomb diamonds as direct evidence of fully developed gaps, given that quantum
dots form only when the insulating-phase resistance exceeds the resistance quantum.

Back to the Fig. 3.8a, as VGate further increases from VGate ≈ 3 V, part of the VHS
is abruptly pushed up in energy, reducing its spectral weight. Similar transitions
are observed also near VGate ≈ 4 V and VGate ≈ 5.1 V with the spectral weight
reducing after each transition. This transition sequence is analogous to the B = 0 T
cascade, though with the finite-field. As the Chern gaps follow the position of the
corresponding Chern number positions with changing magnetic field, the onsets of
the cascade also shift to new VGate positions to follow the corresponding Chern
numbers (Fig. 3.9). We note that for the valence band, the onsets of the cascade
do not change until � = 6 ) , where the correlated Chern insulating phases start
to occur. For � > 6 ) , the cascade onsets from the valence band also match with
the Chern number lines. To summarize the observation, the gaps open up at the
positions of corresponding Chern numbers, and at the same time, cascade of phase
transition occurs following the gaps. It suggests that there is an intrinsic connection
between the gaps and the cascade of phase transitions at finite magnetic field.

Stoner instability in MATBG at finite magnetic field
These observations can be explained within the physics we discussed from Sections
1 and 2. In Section 1, we explained how high DOS brings instability, breaks flavor
symmetry and could open a gap due to correlations. In Section 2, we showed that
in magnetic field, MATBG developes two inner LLs (� = +4) and two outer VHSs
(� = −4), and the VHSs have high DOS. Figure 3.8b illustrates what happens at
finite magnetic field. When the conduction band’s VHS is empty, the Chern number
of the occupied bands is � = −4 + 4 × 2 = +4 (here −4 comes from the valence
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Figure 3.8: Connection to gate spectroscopy at � = 7 ) . a) Gate spectroscopy
around the conduction side. b) Schematic of the Chern numbers of the system with
respect to doping.

band VHS, while +4×2 comes from zLLs). Consequently, the gap between the zLL
and the bottom of the VHS follows the corresponding � = +4 slope in the LDOS
Landau fan emanating from CNP. As charge density increases, all four spin-valley
flavors in the conduction band are populated equally, until the VHS reaches EF and
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Figure 3.9: Shifting of cascade with magnetic field. a) 4T, b) 5T, c) 6T, d) 7T, e) 8T.
The onsets of cascade nicely follow the positions of corresponding Chern numbers.

the instability shifts all carriers to one flavor VHSwhile the other three are pushed to
higher energies, creating a gap. Since the added single-flavor VHS carries � = −1,
the total Chern number is now � = +3, and the next corresponding gap in the
LDOS Landau fan follows an accordingly reduced slope. This sequence repeats,
creating a cascade. Hence, these unusual Chern insulating phases are the results of
correlations at finite magnetic field.

3.5 Phase diagram of the correlated Chern phases
According to the explained mechanism of the correlated Chern insulating phases,
there are two independent ways to make the phases easier to happen. One is to have
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higher magnetic field; the higher magnetic field would bring more LLs closer in the
band structure and make VHS tighter (DOS higher). The other is to change twist
angle closer to the magic value; the band structure would be flatter and DOS would
be higher.

Angle and magnetic field dependence
We extend the principle of LDOS Landau fan technique to visualize the evolution
of these phases with twist angle. For this purpose, we focus on an area where the
angle slowly changes over hundreds of nanometers (many moiré periods), so that
twist angle is locally well-defined and the strain is low (<0.3%) (Fig. 3.10a). By
measuring the LDOS at EF vs. VGate and spatial position, we image the development
of the Chern phases and the zLLs (Fig. 3.10b). While LL gaps around the CNP
form at filling factor a!! = ±4,±2, 0 at fixed VGate independent of the twist angle,
the Chern insulating phases move away from the CNP for larger angles as expected
from the change of the moiré unit cell size. The Chern insulating phases are also
only observed in a certain narrow range around the magic angle, highlighting the
importance of correlations for their formation. For example, the � = −3 state
emanating from a = −1 appears only for 1.02° < \ < 1.14° at B = 7 T while
the � = −2 state is stable for a slightly larger range. Further, we note a general
electron-hole asymmetry of the angle range where Chern phases are observed: the
� = −2 phase emanating from a = −2 on the hole side is seen for 1.19° > \ > 1.01°,
while the � = 2 state on the electron side is observed for 1.15° > \ down to 0.99°.
This observation indicates that the ‘magic angle’ condition where correlations are
strongest differs between the conduction and valence flat bands and highlights the
sensitivity ofMATBGphysics to tiny twist-angle changes. Moreover, at lower fields,
the angle range where the Chern phases are visible also diminishes (Fig. 3.10c-e).

Phase diagram
We now draw the phase diagram (Fig. 3.11a) that the correlated Chern phases occur
inside the region, which depends sensitively on both magnetic field and twist angle.
The observed evolution of the Chern phases with twist angle reflects a competition
between Coulomb interactions and kinetic energy. Here the electron-electron inter-
action scale is approximately set by * ≈ 42/4cnLm (4 and n respectively denote
the electron charge and dielectric constant) and increases for larger twist angle. The
typical kinetic energy scale, taken to be the bandwidth, of the� = −1 single flavor
VHS, instead exhibits non-monotonic twist-angle dependence, and is minimal at the
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Figure 3.10: Mapping correlated Chern insulating phases. a) an area where the
angle continuously changes from \ = 1.0° to \ = 1.3°. b) LDOS map at +�80B ≈ 0
showing gaps as dark regions, � = 7) . c) 6T. d) 5T. e) 4T. As magnetic field
decreases, the Chern phases also diminish to smaller angle range.

magic angle and further narrows with increasing magnetic field (Fig. 3.11b). We
thus expect Chern insulating phases to occur close to the magic angle, with larger
fields required for their onset away from the magic angle since. Estimates of */,
as a function of B based on a continuum model support this reasoning (Fig. 3.11c)
and nicely reproduces the shape of the experimental phase diagram.

3.6 Spectroscopy of Landau levels near CNP
Since we observe Landau levels, we can utilize them to discern some of the mys-
teries on the band structure of MATBG. Many MATBG properties around the CNP
remain poorly understood—e.g., the appearance of four-fold degenerate LLs around
charge neutrality [10] instead of eight-fold as expected from the eight degenerate
Dirac cones of the two stacked monolayers. These discrepancies are largely due to
difficulties in performing band-structure calculations at CNP that incorporate elec-
tronic correlations [38, 60, 61], strain [30] and atomic reconstruction [29]. Several
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Figure 3.11: Phase diagram and theoretical understanding. a) Experimental phase
diagram of � = −2 and � = −3 phases. b) VHS bandwidth W with changing B
calculated from continuum model. c) Measure of correlation strength U/W as a
function of B and \.

mechanisms were proposed to explain the four-fold degenerate LLs formed at CNP
[30, 62, 63], although no general consensus has emerged.

Figure 3.12 shows the evolution of CNP LLs for 0.5 T< B < 4 T, as the separations
between LLs increase with magnetic field. The four-fold LL degeneracy is seen
here through the equal separation between LLs in VGate as they cross EF (compare
color codings from the diagram in Fig. 3.6). Equal separation in VGate also means
that there are no hidden LLs that are invisible to the spectroscopy. We focus on
the relative energy separation between LLs taken at fixed VGate while varying B
(Fig. 3.13). Since the energy separation between LLs can be affected by exchange
interactions when LLs cross the Fermi energy, we choose VGate values to avoid such
interaction-altered regions. We then compile the energy spectrum in Fig. 3.13d. We
note that, although fine features of the LL spectrum may vary with spatial location,
the amount of energy separations remains similar.
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Figure 3.12: Landau levels around charge neutrality. a,c,e) Evolution of LLs from
CNP at � = 0.5) , � = 1) , and � = 2.5) , respectively. b,d,f) Tracing the LLs from
(a,c,e)

Figure 3.13: Energy spectrum of Landau levels at charge neutrality. a,b,c) Energy
spectrum at+�0C4 = −1+ ,+�0C4 = 0.2+ ,and+�0C41.1+ , respectively. d) Compiled
energy spectrum of the CNP LLs.

The observed LL spectrum can be explained with a scenario wherein the two
moiré Brillouin zone Dirac cones are shifted in energy, either by strain (0.3% in
this area) [62, 63] or layer polarization due to a displacement field [64]. In this
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scenario, 0+ and 0− LLs (Fig. 3.13) originate from the two Dirac points and the
spectrum can be compared to the Dirac-like dispersion �= = B6=(=)E�

√
24ℏ|=|B

with B6=(=) = =/|=|. The observed LL separations (e.g., 8 meV for 0− to 1− and
5 meV for 1− to 2− at B = 2 T) yield a Dirac velocity E� ≈ 2 × 105 m/s. The
extracted value exceeds continuum-model predictions by an order of magnitude,
highlighting interaction-induced modification of MATBG bands near the CNP.

Although this scenario (details in Fig. 3.14c,d) matches well with most of the
Landau levels, as shown in Fig. 3.14i, experimental data seem to miss the LLs
from the lower blue dashed lines. Here the two Dirac cones create separate sets of
Landau levels, colored in blue and red. Other scenarios such as Fig. 3.14e,f,g,h all
induce very complicated mixtures of LLs which we don’t see in the experiment. One
possible scenario remaining is that the observed LLs are actually from W pockets
(Fig. 3.14a,b). But the origin of this giant inversion of W pockets is not understood
yet. We believe that some kind of partial mixtures of W and the Dirac cone could
reproduce the experimental spectrum.

Moreover, electron-hole asymmetry is also present, as the energy differences be-
tween the first few LLs on the hole side are larger than their electron-side coun-
terparts. Moreover, upon doping, LLs move together toward the VHS while the
separation between them is hardly affected (Fig. 3.12a,c,e). This finding signals that
dispersive pockets within the flat bands do not change significantly as flatter parts
of the bands deform [38, 60]. These observations place strict restrictions on the
MATBG electronic bands and provide guidance for further theoretical modeling.
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Figure 3.14: Possible scenarios for the band structure around charge neutrality.
a,c,e,g) Model band structures. b,d,f,h) Landau level spectrum from the model band
structures. i) Experimental data laid on calculation from (c). Overall the spectrum
is matching well, although the blue dashed lines are missing in the experiment.
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C h a p t e r 4

INTERACTION-DRIVEN BAND FLATTENING

Flat band dispersion is a necessary ingredient for having strong electronic correla-
tions in TBG. Seminal theoretical considerations [5–7] suggested that, when two
graphene sheets are twisted at a particular magic angle of 1.1°, the Dirac velocity
of the resulting TBG electronic bands vanishes and the band becomes entirely flat
with the bandwidth less than 5 meV. However, experimental bandwidths from STM
[28, 53–55] as well as compressibility measurements [48, 65] are all much larger,
of the scale of 50 meV. Since the rough estimate of electronic interaction is given
by * ∼ 42

4cn!"
∼ 30 <4+ , */, , which tells strength of correlation, becomes less

than unity and might not be enough to bring strong correlations.

To resolve this discrepancy, we utilize STM to look into the detailed TBG band
structure. By following Landau levels that form with perpendicular magnetic field,
we find that electronic interaction significantly deforms the band and creates locally
flatter portions within the band structure. We show that the correlated phenomena
begin not because the entire band is flat, but because the relevant portion of the band
is flat.

4.1 Band structure at slightly larger twist angle
As shown in Chapter 2 and 3, the measured LDOS contains large contributions
from correlations around the magic angle. To minimize the effect of correlations
and reveal the bare band structure, we measure a TBG region with local twist angle
larger than the magic angle (∼ 1.1°).

Gate dependent spectra at larger angle
Figure 4.1 shows the gate dependent spectroscopy at 1.26°. Two VHSs are separated
by ∼ 30 <4+ , and cross the Fermi energy as the system is doped, as we discussed
in to Chapter 2 and 3. However, all the important signatures of correlations such as
enhancement of VHS separation at the CNP or the cascade of phase transitions are
missing, providing an ideal playground for investigating the bare band structure of
TBG.
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Figure 4.1: Gate dependent spectra at \ = 1.26°.

Two sets of Landau levels in TBG band structure
To examine the band structure in more detail, we probe Landau levels (LLs) that
develop when an out-of-plane magnetic field is applied. The tunneling conductance
spectrum taken on an AB site shows LLs at \ = 1.32° (Fig. 4.2), similar to Chapter
3.2. However, at this larger angle, two different sets of LLs are observed as LDOS
peaks separated by the VHSs. The LLs from the inner set, with energies bounded
within the two VHSs [66] (Chapter 3), originate from band pockets around the ^
and ^′ high symmetry points of the moiré Brillouin zone; we therefore denote them
as ^LLs (Fig. 4.2). Similarly we define the LLs outside the VHSs as WLLs since
they originate from portions of the bands around the W point (see Chapter 1.1 for the
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discussions on high symmetry points).

Figure 4.2: Landau levels at \ = 1.32°, � = 7 ) on an AB site.

Figure 4.3: Field dependence of the Landau levels at \ = 1.32°. a,b,c) 4T, 6T, 8T,
respectively. The positions of the red and blue arrows are used in the next figure.
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This assignment is justified by the magnetic-field dependence of the observed LL
spectrum (Fig. 4.3). In particular, upon increasing the magnetic field, the zeroth
WLLs (WLL0 in the valence and conduction bands, marked in blue and red arrows in
Fig. 4.3) approach the VHSs, as expected from the conduction- and valence-band
dispersion at the W point (Fig. 4.4a); the ^LL energies, in contrast, do not change—
consistent with the zeroth LLs expected from the Dirac-like dispersion at the ^, ^′

points. Continuum model calculations of Landau level spectrum confirms that the
LLs from W point move in energy with magnetic field, but the LLs from ^, ^′ points
do not move in energy with magnetic fields (Fig. 4.4b).

Figure 4.4: Evolution of W LLs and ^ LLs with magnetic field. a) Experimentally
extracted energy spectrum of W LLs from Fig. 4.3. b) Theoretical Landau level
spectrum.
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Moreover, even though both ^LLs and WLLs are visible on the AB sites, only the
^LLs are resolved on AA sites (Fig 4.5). This observation suggests that the spectral
weight of the ^, ^′ pockets is spatially located predominantly on AA sites while the
weight of the W pocket is distributed instead over AB sites and intermediate domain
walls, in line with previous theoretical calculations [38, 64, 67].

Figure 4.5: Spatial variations in LLs. a) Both ^!!B and W!!B are visible on an
AB site. b) Only ^!!B is clearly visible and W!!B is faint. c) Linecuts showing the
relative spectral weight.

Setting continuum model parameters with Landau level separations
As a side note, the non-interacting continuum model has a range of different pa-
rameters, notably the moiré interlayer couplings D, D′, bare graphene velocity E, and
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twist angle \. Their ratio [ = D/D′ is denoted as a relaxation parameter. To fix these
two parameters D and D′ we focus on the largest experimentally measured angle of
\ = 1.32◦ where the role of interactions is least important. We fix D′ = 90 meV and
D = 0.4D′ to correctly reproduce the LL spectrum spacing between the W!! and the
first LLs from the remote bands (∼ 60 <4+), as seen in Fig. 4.6. Conventionally
used value of [ = 0.8 cannot reproduce our experimental data. We assume these
deduced values to hold to lower angles in the calculations in the later sections. This
approximation misses the subtle role that relaxation plays on increasing the ratio [
as the twist angle is brought closer to the magic angle [68].

Figure 4.6: Theoretical LL spectrum as a function of the parameter [ at \ = 1.32°.
Note that the spacing between the first LL from the remote band and the W!! from
the flat band is mainly determined by [.
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Band deformation revealed by LL separations
Importantly, the energy separation between WLL0 and WLL1 changes with carrier
density (Fig. 4.2, highlighted by black arrows), signaling significant deformation
of the moiré bands with doping even at the large twist angle 1.32°. Figure 4.7a
highlights this effect by fixing the position of ^!! to 0 at various gate voltages.
Extracted energies are shown in Figure 4.7b as a function of filling factor. For
the conduction band, the separation is maximized at a = −4, where � (WLL0) −
� (WLL1) ≈ 25 meV, and monotonically decreases below 5 meV near a = +4. For
the valence band, the trend is reversed: the separation between WLLs increases with
filling factor. The inset in Figure 4.7b represents that this effect is a result of the
band deformation. The separation between LLs from the flat band and the remote
band are also changing, as shown in Figure 4.8a. Figure 4.8b shows the change of
effective mass due to this band deformation.

Figure 4.7: Energy separation of LLs as a function of doping. a) Linecuts from
Fig. 4.2, setting the position of ^!! to zero. b) Extracted energy separations
� (WLL0) − � (WLL1) as a function of doping, for conduction band (black) and
valence band (red). The inset represents that this effect is caused by the band
deformation.

Note that a displacement field, likely present due to the single back-gate geometry
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Figure 4.8: Effective mass as a function of doping. a) Extracted energy separations
� (ALL0) − � (WLL0) as a function of doping, for conduction band (black) and
valence band (red). b) Effective mass changing with the doping.

of our device, might also slightly modify the band structure with doping. However,
the displacement field would change the conduction and the valence bands sym-
metrically, in contrast to the observed asymmetric evolution of WLLs. As shown
in Fig. 4.9, the separations between W!!0 and W!!1 are not much changing with
displacement field, although ^!! starts to split into two which we do not resolve in
the experiment, meaning that the simulated displacement field is in the right range.
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Figure 4.9: Effect of displacement field. The displacement field cannot explain
observed asymmetric separation change.

4.2 Interaction-driven band deformation : Hartree effect
The doping-dependent shifts between WLLs are well-captured by a model that in-
cludes interaction effects deriving from the inhomogeneous charge distribution in
a moiré unit cell [38, 60, 69–71]. Starting from charge neutrality, electrons are
first added or removed from states near ^, ^′ that localize primarily on AA sites—
creating an associated inhomogeneous electrostatic Hartree potential peaked in the
AA regions. States near the W point feel this potential less strongly compared to
states near the ^ point because they are relatively delocalized within the unit cell.
The electrostatic potential experienced differently in each part of the moiré bands
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renormalizes the band dispersion. This band deformation changes upon doping
because the Hartree potential depends on the filling of the moiré bands. Figure 4.10
presents the calculated band structures for different integer fillings at B = 0 T. The
conduction and valence bands deform asymmetrically with doping: the conduction
(valence) band becomes flatter and the valence (conduction) band more dispersive
as the filling factor increases (decreases).

Figure 4.10: Hartree effect on band structure. ^ points and W point shift relatively
upon doping.

Consequently, in finite magnetic fields the energy separation between WLLs also
changes asymmetrically. The Landau level spectrum evaluated with only the elec-
trostatic Hartree potential (Fig. 4.11) indeed reproduces the main features of the
experimental data for this twist angle.
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Figure 4.11: Simulated DOS incorporating Hartree effect with magnetic field. The
calculation captures the doping dependent energy separation change between W!!B.

4.3 Mapping the band flattening
An interaction-induced deformation of the moiré bands completely flattens the W
pocket when the twist angle approaches the magic-angle value, as can be deduced
from the measured evolution of WLLs. By visualizing this interaction-driven band
flattening effect frommapping the LL evolution changing the twist angle and doping,
we are able to pinpoint where the W pocket merging happens. As shown in Chaper 3,
to change the twist angle continuously, we focus on an area where the angle changes
over a ∼ 600 nm area and strain is relatively low (< 0.3%), see Fig. 4.12a.

Spatially resolved measurements in this area reveal the twist angle-dependent evolu-
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Figure 4.12: Mapping the band flattening. a) An area where the twist angle con-
tinuously changes from \ = 0.98° to \ = 1.27°. b) Spatial evolution of LLs at
+�0C4 = 200 <+ . W!!0 on the conduction and valence band merge with VHS at
angles below ∼ 1.15°.

tion of LLswith electrostatic doping (Fig. 4.12b). AtVGate near the charge neutrality
point (CNP, +�0C4 = 200<+), we observe that, for both the valence and conduction
moiré bands, the WLL0 eventually merges with the corresponding VHS—signaling
maximal band flattening. The onset of merging occurs at somewhat larger angles
for the valence band (∼ 1.15°) compared to the conduction band (∼ 1.1°).

Moreover, doping strongly shifts this onset. For example, in the valence band (Fig.
4.13a) the W!! merging point, or the maximal band flattening, moves considerably
towards larger twist angles for hole doping. At electron doping, themerging happens
around 1.10°. At charge neutrality, the merging happens around 1.15°. And at hole
doping, the merging is shifted to around 1.25°. This shifting of merging angles
upon doping clearly visualizes the effect of the interaction-driven band flattening.

4.4 Band flattening and Correlated Chern Phases in finite magnetic field
As discussed in Chapter 3, in out-of-plane magnetic field, DOS becomes high
enough to ignite Stoner’s instability and create correlated Chern phases emanating
from integer fillings. Here we show that the correlated Chern phases start to
occur with the twist angle when WLL0 merges with a VHS, which enhances DOS
significantly.

At 1.23° (Fig. 4.14a), the WLL0 energies are well-resolved in both the valence and
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Figure 4.13: Shifting of W!! merging point upon doping. a)+�0C4 = 1.7+ , electron
doped. b) +�0C4 = 0.2 + , charge neutrality. c) +�0C4 = −1.7 + , hole doped. The
inserted band structures schematically show corresponding band structures.
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conduction bands between a ≈ −2.2 and a ≈ +3.3, beyond which one of the two
merges with the corresponding VHS; in this case, the joining further occurs at the
doping where the VHS lies at the Fermi energy +�80B = 0 mV. The difference in
the filling factor magnitude where the conduction and valence band WLLs merge
reflects an appreciable electron-hole asymmetry. At this large twist angle, aside
from quantum Hall ferromagnetism in the zeroth ^LL (responsible for the structure
between a = −1 and +1), no pronounced correlated gaps are observed at the Fermi
energy.

As the twist angle is decreased to 1.17°, the WLL0 in the valence band merges with
the VHS at a lower |a |, and an additional correlated gap appears when the merged
WLL0 crosses the Fermi energy (black arrow in Fig. 4.14b). This correlated gap
is the same kind of gap due to the correlated Chern phases from Chapter 3. For
an even lower angle of 1.15°, correlated gaps also begin to emerge on the electron-
doped side after the WLL0 merges with conductance band VHS (black arrows in Fig.
4.14c). Our observations suggest that such correlated Chern phases emerge only
once portions of the bands around W become maximally flat and join with the VHS.

4.5 Band flattening and Correlated Insulating phases at zero magnetic field
Recent theoretical considerations also suggest that the band flattening is linked to
the formation of certain correlated phases [72]. To explore the development of zero-
field correlated phases as a function of twist angle, we perform angle-dependent gate
spectroscopy to trace out the evolution of the LDOS at the Fermi level (+�80B ≈ 0) as
a function of charge density (+�0C4); see Fig. 4.15. Pronounced LDOS suppression
near the Fermi energy occurs at certain integer filling factors a. For all angles,
prominent suppression is observed at a = ±4, 0, reflecting the small LDOS around
the CNP (a = 0) and band gaps at full fillings (a = ±4). At a = ±2, +3, +1, we
additionally observe sharp LDOS drops that can be attributed to emerging correlated
insulating gaps similar to those observed in transport [10, 12, 50, 51].

Importantly, the observed LDOS suppressions at integer fillings begin to emerge
within the same range of angles that displays considerable band flattening in finite
fields. For example, the angle onset for a = −2 filling insulating state starts around
1.17°, where the W!! is fully merged with VHS (Fig. 4.14b). The angle onset for
a = +2 filling insulating state starts around 1.12°, after the W!! is fully merged with
VHS (Fig. 4.14c is not yet merged at a = 2). The angle onsets of the insulating
regions for the conduction and valence bands (marked by dashed lines and arrows)
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Figure 4.14: Band flattening and correlated Chern phases. a,b,c) \ = 1.23°,
\ = 1.17°, \ = 1.15°, respectively. Correlated Chern phases appear when the
corresponding band becomes flat due to interactions.
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Figure 4.15: Mapping LDOS at zero bias as a function of twist angle and filling
factors. Dark regions correspond to low LDOS or gapped regions. Correlated gaps
at integer fillings are observed, their onsets marked by arrows.

have an electron-hole asymmetry that is also consistent with the band flattening.

Spectra at a = ±2 taken at various twist angles (Fig. 4.16) indeed show that LDOS
suppressions originate from the development of a gap at the Fermi energy. And it also
shows the a = −2 gap emerges at slightly higher angles—a further demonstration
of electron-hole asymmetry. The maximal size of this half-filling gap is ∼ 1.5 meV,
slightly larger than the activation gap extracted from transport [10, 12, 50, 51],
supporting that the gap we observe is indeed from the insulating gap considering
spatial averaging from transport. We note that the LDOS suppression from the
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observed gaps in Figure 4.16 may also be, in part, related to the Fermi surface
reconstruction due to flavour symmetry-breaking cascade [48, 49]. Taken together,
our observations suggest a close relation between band flattening, correlated gaps
and cascade physics.

Figure 4.16: Correlated insulating gaps at a = ±2 at various angles. a) On the hole
side, a = −2. b) On the electron side, a = +2.

4.6 Theoretical understanding on the angle onsets
A theory analysis of the continuum-model band structure [7, 37] with interactions
treated at a mean-field level in part accounts for the observed band flattening and re-
lated symmetry-breaking cascade instabilities near the magic angle. While the dop-
ing dependence of the moiré band deformation at larger angles is well-modeled by
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assuming only a Hartree correction (Fig. 4.10), near the magic angle a Hartree-only
theory becomes insufficient: such theory cannot describe cascade, and, moreover,
by construction it is equivalent to the non-interacting model at charge neutrality,
thus predicting unrealistically small flat-band bandwidths. Fock terms, although
difficult to include in a way that produces complete quantitative matching with the
experiments [61, 69, 73, 74], alleviate some of these qualitative shortcomings.

Focusing only on the W-pocket near the magic angle, Fock terms counteract Hartree-
driven inversions and thereby may further stabilize band flattening. Regardless of
the exact details, the band-flattening significantly amplifies the density of states
(DOS) at the Fermi level (EF) relative to expectations from non-interacting models
(by up to a factor of ∼ 4 for a = 2 and ∼ 15 for a = 3 in our model); see Figure 4.17.
This interaction-driven magnification of the already-substantial DOS around the
VHS accordingly promotes the symmetry-breaking cascade of electronic transitions
[48, 49].

Figure 4.17: Enhanced DOS due to Hartree-Fock corrections. Compared to non-
interacting case, the enhancement of DOS is more than 5 times for a = 2, 3, which
significantly enhances correlations.

For a more quantitative treatment of the cascade instabilities, we compare the ener-
gies of unpolarized and flavor-polarized states at integer fillings for different twist
angles. Depending on the model, a non-self-consistent treatment that neglects band
renormalization predicts either spontaneous flavour polarization within a narrow
window around the magic angle or no cascade at all. A self-consistent treatment that
incorporates band flattening (Fig. 4.18), by contrast, exhibits cascade behaviour over
broader twist-angle windows whose widths depend strongly on filling—in agree-
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ment with experimental data on the electron-doped side of Fig. 4.15. These findings
are also in agreement with recent theoretical calculations [72] that predict a broader
twist-angle window where correlated physics is observed when band-flattening is
taken into account.

Figure 4.18: Increased range of angles that favors cascade of phase transitions. When
Hartree-Fock corrections are added, the range significantly increases, compared to
non-interacting cases.

4.7 Effect of heterostrain
As some papers note the role of heterostrain in the band structure, we systematically
study how much the strain affects the band structure. We compare the VHS separa-
tion as a function of strain and angle. We took the VHS separation at full filling to
exclude additional increase in the separation that happens at partial flat-band filling
due to interactions (Figure 4.19a). Figure 4.19b shows that the VHS separation
increases by 3.1±0.5<4+ per increase in 0.1% heterostrain in the twist angle range
1.01° - 1.06° . A similar value has been predicted from theory [30]. Because our
sample has heterostrain of 0.15 - 0.3%, we expect an enhanced VHS separation
of around 4 - 8 <4+ . This enhancement could potentially affect the onset of the
cascade, but the role of the Hartree-driven band flattening remains. Robustness of
the band-flattening physics stems from the fact that the nature of the inhomogenous
charge distribution coming from different momentum points persists in a strained
system as well. The interaction-driven band flattening mechanism is thus valid
within the range of heterostrain.
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Figure 4.19: Effect of heterostrain. a) VHS separations at a > +4. b) The VHS
separation linearly increases with heterostrain.

4.8 Conclusion
Our observations reconcile the apparent discrepancy between the predominance of
interactions implied by the emergence of correlated phases around the magic angle
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and previous measurements, including (i) a large Dirac velocity around the CNP
[66], (ii) a total bandwidth exceeding 40 meV [28, 48, 53–55, 65], and (iii) a large
separation of the VHSs [28, 53], that seem at odds with supposedly crucial aspects
of the band theory predictions. These quantities—Dirac velocity, total bandwidth
and the VHS separation—appear not to be essential. For example, Fig. 4.20 shows
that the measured Dirac velocity and VHS separation are even smaller at 1.18°
than 1.04°, while signatures of strongly correlated phases (e.g., symmetry-breaking
cascade and correlated gaps) appear at the latter twist angle but not the former.
Instead, we identify the interaction-driven flattening of the moiré bands around the
W pockets, with the consequent increase in the density of states, as the decisive
feature needed for the formation of correlated phases.
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Figure 4.20: Dirac velocities at different twist angles. Note that 1.04° has larger
Dirac velocities than 1.32°, where former shows correlated physics and latter does
not.
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C h a p t e r 5

OUTLOOK

5.1 Search for superconductivity : a candidate
The central question around all the interesting phenomena in TBG is the question
of superconductivity. What is the paring glue: phonon or a more exotic one? What
is the paring symmetry? Can the mechanism of TBG superconductivity give any
hint on understanding high temperature superconductivity? Since properties of
superconductivity may be hidden in the spectroscopy of the superconducting gap,
we have been searching for the signatures of superconductivity through STM.

We find gapped structures we suspect due to superconductivity. First, prominent
LDOS suppressions at the Fermi level are visible in both the 2 < a < 3 and
−3 < a < −2 doping regions (Fig. 5.1).

Figure 5.1: Gapped regions between 2 < a < 3 and −3 < a < −2.

Of the two regions, the feature between a = +2 and +3 has a ‘tilted V’ shape
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at small bias voltages, which can be largely understood as a consequence of the
relative prominence of the flavor polarization in the conduction band compared to
the valence band. There, two of the four flavors are pushed away from the Fermi
energy by strong interactions [48], consistent with the LDOS being predominantly
shifted to higher energy and resulting in an asymmetric spectrum down to the Fermi
energy (Fig. 5.2a).

Figure 5.2: Shape of the gaps. a) 2 < a < 3, the gap has an asymmetrically tilted V
shape. b) −3 < a < −2, in addition to global asymmetry, there is a more symmetric
gap at the low energy.

In contrast, the spectrum between a = −2 and −3 exhibits a slightly different shape
that cannot be fully explained by a simple flavor-symmetry-breaking cascade that
produces a large overall asymmetry. Additionally, this doping range also shows
a clear, more symmetric gapped feature at small bias voltages (Fig. 5.2b). The
fine resolution data focusing on this region shows that the corresponding gap spans
almost the entire filling range −3 < a < −2 (Fig. 5.3).
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Figure 5.3: High resolution spectrum at −3 < a < −2.

The gap reaches its maximal size of 2Δ ≈ 1.1 meV. Also, it becomes prominent
only below \ = 1.16°, and gradually recedes with temperature and disappears above
5 K (Fig. 5.4). The gap size as well the temperature dependence of this feature is
similar to the gap at a = −2; however, the filling range observed here is unusually
large. Importantly, the gap exists over a filling range that superconductivity has been
observed in transport at similar angles for TBG on WSe2 [50] as well as in many
hBN-only encapsulated devices [11, 12, 51]. This correspondence indicates that the
observed feature may be related to superconductivity itself or signals the possible
existence of a pseudo-gap phase that precedes superconductivity [75]. Regardless of
its exact origin, the pronounced suppression (instead of increase) of the LDOS near
the Fermi energy, together with symmetry-breaking cascade features, for fillings
where superconductivity is anticipated may suggest either an electronic pairing
origin [76] or a regime of strong-coupling superconductivity as recently pointed out
for magic-angle trilayer graphene [77, 78].
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Figure 5.4: Temperature dependence of the gap. It vanishes around 5K.

5.2 Superconductivity in a similarmoiré system : magic angle twisted trilayer
graphene

In general, twisted-N-layer graphene can host a flat band similar to the twisted
bilayer graphene, with slight modification of the band structure. One example is
magic angle twisted trilayer graphene (MATTG). Calculations [79] predicted that
the mirror symmetric stacking of three graphene sheets — top and the bottom are
un-rotated but the middle one is rotated by \ (Fig. 5.5), the band structure consists
of a flat band and a dispersive Dirac cone, and the magic angle is around 1.5°, 50%
larger than the MATBG.

Park et al. [77] and Hao et al. [78] reported that phenomenology of MATTG
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Figure 5.5: Schematic of twisted trilayer graphene. Middle layer is rotated by \.

is similar to MATBG, including superconductivity around 2 < a < 3 and −3 <

a < −2, or cascade of phase transitions around integer fillings and resistive states.
Additional feature compared to MATBG is that this system has a clear tunability of
superconductivity with the displacement field.

One of the practical properties about the MATTG is that the superconductivity is
more robust than MATBG. The critical temperature and magnetic field are slightly
higher. )� ) reaches as high as 2.2 K in MATTG, where in MATBG the typi-
cal highest value is only around 1 K, giving hope that spectroscopic signature of
superconductivity might also be more robust in MATTG.

Topography
With that in mind, we measure MATTG with our STM. Topography that shows the
moiré pattern looks very similar to the topography of TBG (Fig. 5.6). The moiré
wavelength is around 10 nm, which corresponds to the twist angle of around 1.5°.
Spectroscopy as a function of doping also looks very similar to MATBG (Fig. 5.7),
although the twist angle is very different (1.1° for MATBG and 1.5° for MATTG).
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Figure 5.6: Topography of MATTG. Moiré wavelength is around 10 nm.

Spectroscopy
The two Van Hove singularities originating from the flat bands, detected as peaks
in 3�/3+ ∼ !�$(, are separated further apart at the charge neutrality point (CNP,
a = 0) compared to full filling of four electrons (holes) per moiré unit cell (a = ±4).
This factor of five increase in VHSs separation indicates that the flat band structure is
largely determined by the electronic correlations [53]. Note that in MATTG shorter
moiré length is expected to result in even stronger electron-electron interactions.
The enhanced separation between VHSs has not been observed in TBG at similar
twist angles of around 1.5°. Moreover, a well-developed cascade of flavor symmetry
breaking phase transitions [48, 49] is also observed (Fig. 5.7).
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Figure 5.7: Spectroscopy of MATTG taken on a topographic peak (AAA site) at
1.51° as a function of doping.

Superconductivity in MATTG
Similar to Figure 5.3 from MATBG, gapped feature is pronounced between −3 <
a < −2. In this range, transport studies established superconductivity [77, 78].
The gaps are observed in two separate regions of doping, a smaller region between
a = −1.9 and a = −2.1) and a larger one between a = −2.2 and a = −3 (Fig.
5.8). The smaller region is convoluted with the correlated gap from insulating state
since it is accompanied by Coulomb diamonds and nearly horizontal resonance
peaks, signaling existence of a quantum dot [66]. Moreover, the center of this
region coincides with a = −2 which is directly pinpointed by the LDOS Landau fan
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diagram, agreeing with the increase in resistance at a = −2 [77, 78]. We emphasize
that in both gapped regions, gaps necessarily originate from correlations effects as
any trival gap coming from the band structure effects will shift away from the Fermi
energy with doping.

Figure 5.8: Superconducting gap of MATTG around a ∼ −2 at \ = 1.51°.

In the following we focus on this larger region where the gap is well-pinned to
the Fermi energy. Strikingly, this gap is accompanied by peak structures. The
development such sharp narrow peaks, strongly resemble coherence peaks occurring
in superconductors and are difficult to explain by other mechanisms. We thus
attribute the observed gap and corresponding coherence peaks in the larger doping
region (from a = −2.2 to a = −3) to superconductivity in MATTG. Note that in 5.3,
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sharp coherence peaks were missing in MATBG, possibly due to weaker strength
of superconductivity.

Figure 5.9: Temperature (a) and Magnetic field (b) dependence of the supercon-
ducting gap.

To further check whether the gap and corresponding coherence peaks are indeed
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consistent with the expectation of superconductivity in this system, we characterize
the gap evolution with temperature andmagnetic field (Fig. 5.9). As the temperature
andmagnetic field are increased, we observed that coherence peaks on the both sides
of �� subside sharply.

Figure 5.10: Doping dependence of the gap size.

By defining peak-to-peak distance as 2Δ, we plot doping dependence of Δ (Fig.
5.10). We find that the gap size peaks around a = −2.4. This observation resembles
with the doping dependence of the critical temperature )� [77, 78], also peaking
around a ≈ −2.4. However, putting Δ ≈ 1.6 <4+ and taking upper limit for
superconductivity )� ≈ 2 − 3  yields 2Δ/:�)� ≈ 13 which exceeds conventional
BCS value (∼ 4) by a factor of ∼ 3, highlighting possible unconventional nature of
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superconductivity in MATTG.

Figure 5.11: Dip-hump structure at different gate voltages.

Dip-hump structure
In addition to gaped regions and corresponding coherence peaks, we observe features
that is closely associated to superconductivity. In the large range of doping, we can
resolve clear dip-hump structures outside the gap, which are usually interpreted as the
signature of a bosonic excitation due to superconducting glue. The mode at energy
� = Δ +Ω (Δ is the superconducting gap and Ω the excitation energy) is a signature
of strongly coupled superconductivity. In unconventional superconductors, such as
cuprate [80–82], the features have given insights on paring mediators. In Figure
5.11, clear dip-hump structures are present at different gate voltages. The structure
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only exists at the the superconducting pocket and the positive dip and negative
dip are nearly symmetric in energy, ruling out the possibility that the dip-hump is
intrinsic to DOS (or background effect) (Fig. 5.12a).

We measure the energy of the mode Ω = � − Δ as a function of doping (Fig.
5.12a). Moreover, as shown in Fig. 5.12b, Ω/(2Δ) is anticorrelated with the gap
and bounded to be less than 1, similar to other unconventional superconductors
[80–82].

Figure 5.12: Energetics of the dip-hump structure. a) Ω as a function of doping, b)
anticorrelation between Ω/(2Δ) and Δ.

Looking forward, having identified the superconductivity spectroscopically, several
measurements can be done in the future to answer some of the questions regarding
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the nature of superconductivity. We hope that further analysis such as the shape of
the superconducting gap, behavior of the gap under magnetic or non-magnetic impu-
rities, and spatial distribution of the superconducting gap and dip-hump structures,
would shed light on this unconventional superconductivity.

5.3 Possible experimental techniques to study superconductivity
In situ measurement of transport and STM
A MATBG or MATTG device that is capable of both STM measurement and
electrical transport measurement would give additional information. Many different
aspects that have been observed inMATBG, such as quantized anomalousHall effect,
nematic superconducting behavior, percolating superconductivity and percolating
quantum Hall states can be directly connected and visualized to STM’s spatial and
spectroscopic abilities.

Also, to verify if the identified −3 < a < −2 gap is indeed from superconductiv-
ity, we could simultaneously measure gaps and superconductivity from transport,
changing temperatures and magnetic fields. The resulting trend or alignment would
tell whether the gap is indeed related to superconductivity.

Shot noise with STM
Frommeasuring shot noise, effective charge can bemeasured. In fractional quantum
Hall effect, the 1/3 state is predicted to have fractional charge 1/3e. Using shot
noise through a junction, experiments showed that indeed that was the case [83].
For superconductivity, due to Andreev reflextion the effective amount of charge
becomes 2e when a system turns from normal to superconducting state. Recently,
STM has been used to measure such a shot noise and identify superconductivity
[84].

In addition to the gap we found, measuring 2e from the shot noise can be alternative
signature for superconductivity in MATBG, and give a way to relate the gap and
superconductivity. Bastiaans et al. used shot noise measurement with STM and
found that superconducting pairing survives even above the critical temperature in
a thin film superconductor [85]. It is interesting to search for similar phenomena in
TBG since the superconducrtivity in MATBG is likely to be highly unconventional.

5.4 Pomeranchuk effect and nematicity
Another interesting observation we have in MATBG is that, while the gap-like fea-
tures at the Fermi energy become weaker with increasing temperature, features at
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higher energies—previously identified to be related to flavor symmetry breaking
transitions—are enhanced; see the temperature evolution in Figure 5.13. The rela-
tion of these features and various recently reported phases that emerge at elevated
temperatures [86, 87] remains a subject for future investigations.

Cao et al. [88] found that at very narrow angle ranges, superconductivity seems to
be nematic, adding another interesting possible phases in MATBG. Few is known
why this directional difference occurs. In Chapter 2, we showed that there is a
spatially preferred direction with energies. It will be interesting to see if there is any
relation between those nematic behaviors.
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Figure 5.13: Temperature dependence of cascade of phase transitions. a,b,c,d) 2K,
7K, 9.5K, 20K, respectively.
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