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ABSTRACT

While graphene has been dubbed as a "wonder material" because of its amazing
characteristics, such as the ability to conduct electricity better than copper and being
two hundred times stronger than steel, until recently, the key quantum phenomenon
of superconductivity was missing from the list of properties exhibited by graphene.
In 2018, an astonishing discovery showed that by placing two sheets of graphene on
top of each other in a structure known as Twisted Bilayer Graphene, it is possible
to realize superconductivity when the rotation angle between the sheets is close
to the "Magic Angle" value of 1.1�. More surprisingly, superconductivity in the
initial reports was observed in close proximity to insulating states - resembling the
phase diagram of High Tc superconductors. This sparked a fierce debate about its
origin and its possible relation to High Tc superconductors. In this thesis, we show
that by carefully engineering the dielectric environment of TBG, it is possible to
stabilize superconductivity in non-magic angle TBG devices without the presence
of any insulating states. This discovery imposes severe constraints on the origin of
superconductivity in TBG.We also report, for the first time, the successful induction
of spin-orbit coupling in TBG and discuss its implications.

Superconductivity can also be induced into graphene via coupling to conventional
superconductors, and the strength of the induced supercurrent depends strongly on
temperature. We employ this thermal dependence by integrating graphene into su-
perconducting circuits that serves two purposes a) to investigate graphene’s thermal
behavior at milliKelvin temperatures and b) to utilize its extremely low heat capacity
in making functional devices that have the potential to achieve ultra-high thermal
sensitivity.
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C h a p t e r 1

INTRODUCTION

Wolfgang Pauli once remarked that "God made the bulk, the surface was invented by

the devil". His reasoning for making this statement was driven by the understanding

that in the bulk of any material, the constituent atoms face a very di�erent surround-

ing environment compared to atoms on the surface. Since the surface is directly in

contact with the environment, its properties can be very di�erent from the bulk - the

energy landscape of the surface doesn't have to match the bulk energy landscape.

Therefore, surface properties can be very di�cult to control. In addition, when

one dimension of the material becomes smaller than the electron wavelength, the

degree of freedom enjoyed by electrons is reduced. In such a two-dimensional (2-D)

material, quantum e�ects begin to dominate and can give rise to exotic electronic

phases.

One can ask, what happens as you keep on thinning down a material? Can you

even reach the limit of single atomic thickness? As it turns out, some materials are

easier to thin down (or exfoliate) than others, the most prominent example being

graphite which is ubiquitously used in pencils. The 3-D material is comprised of

two-dimensional sheets of carbon (i.e. graphene) that are held together by weak

van der Waals forces. This class of materials, which have strong forces between

atoms of the same layer and weak van der Waals forces between atoms of di�erent

layers, are known asvan der Waals (vdW) materials. Before its isolation in 2004

[1], it was a widely held belief that an atomically thin sheet of carbon would curl

up or crumble upon isolation to a single layer. But as it turns out (luckily for us!),

graphene was stable enough to be isolated in a monolayer form along with hundreds

of other van der Waals materials. One of the biggest concerns about the isolation of

graphene was the expectation that the thermal �uctuations (as one approaches the

2D limit) would be big enough to rupture the graphene sheet. While graphene does

have weak� bonds that provide delocalized electrons, giving excellent electronic

properties and the low energy bandstructure, the strong interatomic� bonds make

it structurally very stable. In fact, it remains defect free upto 500� C in atmosphere

[2]. In addition, because it is isolated in a 2-D form from a 3-D crystal, it is believed

that graphene is "quenched" into a meta-stable �at state [3].
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As we will discuss more in Chapter 2 of this thesis, physicists were fascinated by

the electronic properties of graphene due to its "massless" charge carriers. While

quantum phenomena like the quantum hall e�ect usually can only be seen at very

low temperatures, graphene's remarkably low scattering and high mobility enabled

the observation of the quantum hall e�ect at room temperature in 2007, three years

after its discovery[4]. Apart from its amazing electronic properties, graphene also

has extraordinary strength [5]: it is the strongest material know to humans with with

an intrinsic tensile strength of 130 GPa (19,000,000 psi) and a Young's modulus

(sti�ness) of 1 TPa (150,000,000 psi). Lastly, it has exceptionally high thermal

conductivity [6, 7], which could have applications in thermal management and heat

dissipation in integrated circuit-based electronic systems.

1.1 Emergent phenomena

In the context of materials where electrons begin to interact, the concept ofemer-

genceis of particular relevance. Emergence as a principle �rst gained attention in

philosophy where [8] in 1846, the British philosopher John Stuart Mill wrote the

following about the nature of living organisms:

All organized bodies are composed of parts, similar to those composing

inorganic nature, and which have even themselves existed in an inorganic

state; but the phenomena of life, which result from the juxtaposition of

those parts in a certain manner, bear no analogy to any of the e�ects

which would be produced by the action of the component substances

considered as mere physical agents. To whatever degree we might

imagine our knowledge of the properties of the several ingredients of

a living body to be extended and perfected, it is certain that no mere

summing up of the separate actions of those elements will ever amount

to the action of the living body itself. The tongue, for instance, is, like

all other parts of the animal frame, composed of gelatine, �brine, and

other products of the chemistry of digestion; but from no knowledge of

the properties of those substances could we ever predict that it could

taste, unless gelatine or �brine could themselves taste; for no elementary

fact can be in the conclusion which was not in the premises.

In his seminal article "More is Di�erent" [9], P.W. Anderson highlighted the impor-

tance of emergence in physics. Complex systems around us are layers upon layers of

simple phenomena built upon each other. As physicists, one of the most rewarding
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intellectual pursuits is to be able to reduce a complex problem down to simple laws

that govern the nature of many things. It is then possible to ask, why do we care

about this reductionist approach after all, since we know that the Schrodinger equa-

tion lies at the heart of all quantum mechanical phenomena? The words of Wigner

and Seitz [10] perfectly answer this question:

If one had a great calculating machine, one might apply it to the problem

of solving the Schrodinger equation for each metal and obtain thereby

the interesting physical quantities, such as the cohesive energy, the

lattice constant, and similar parameters. It is not clear, however, that a

great deal would be gained by this. Presumably the results would agree

with the experimentally determined quantities and nothing vastly new

would be learned from the calculation. It would be preferable instead

to have a vivid picture of the behavior of the wave functions, a simple

description of the essence of the factors which determine cohesion and

an understanding of the origins of variation in properties from metal to

metal.

How is any of this this relevant to vdW materials? Recently, it was shown that

under the right conditions, in the case of graphene, the combination of graphene (a

metal) and graphene, can give rise to a superconductor, an insulator [11, 12] and

a ferromagnet [13]! It would be the equivalent of a stack of paper appearing blue

but the individual sheets of paper themselves are red. As a result, understanding the

behavior of these 2-D sheets both individually and collectively is a very interesting

and challenging problem!

1.2 Novel quantum states of matter in vdW materials

As discussed earlier, understanding how di�erent electronic phases interact with

each other has been one of the most exciting problems in condensed matter physics.

In this context, van der Waals (vdW) materials o�er an interesting prospect to the ex-

perimental physicist. In contrast to other methods of creating hetero-structures, van

der Waals (vdW) materials are not restricted by constraints such as lattice matching.

The �exibility o�ered in this context is immensely important. For example, it is

very easy to integrate graphene (a semi metal) into a vdW heterostructure with a

superconductor [14], semiconductors with strong spin-orbit coupling [15], quantum

spin hall insulators [16], and ferromagnetic insulators [17].
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Topological phase - Quantum Spin Hall state

One of the most famous exotic electronic phases is the Quantum Spin Hall (QSH)

state conceived by Eugene Mele and Charlie Kane in 2005 [18]. What is exotic

about this phase? When the material is in this phase, electrical currents do not

�ow uniformly through the sample but only through the edges; additionally, the

direction of movement of electrons on the edge is locked to their spin in a way that

prevents them from reversing their direction on scattering from a defect or other

sources of disorder (also known as "backscattering"). Backscattering electrons

dissipate their lost energy in the form of heat - this dissipation is suppressed in

QSH insulators. Because of this unique feature, QSH insulators can be promising

materials for realizing low energy loss devices. In Chapter 2, we will look into more

details on why graphene was expected to exhibit topological characteristics and how

people harnessed the power of stacking to try to engineer robust topological states

in graphene.

Correlated electronic states: Twistronics

As if this wasn't exciting enough, it was recently discovered that stacking the same

2-D material on top of each other with a small degree of rotation between the two

layers (known as twisting) can also lead to correlated insulators, superconductivity,

ferromagnetism, orbital magnetism, and Chern insulators! All within the same

material system (composed of carbon atoms) accessed by tuning the Fermi level

using an electrostatic gate. This was achieved by twisting two sheets of single-layer

graphene on top of each other by approximately 1.1� , known as Magic Angle Twisted

Bilayer Graphene (MATBG) [11]. More generally, rotating two sheets of graphene

by an arbitrary angle results in Twisted Bilayer Graphene (TBG). For lack of a better

phrase, TBG took the world of 2-D physics by storm. This led to an explosion of

interest in "magic angle" graphene along with twisting and stacking all sorts of 2-D

materials [19, 20, 21], giving rise to a new �eld known as "Twistronics". There have

even been reports of observing superconducting states by twisting and stacking two

semiconductors [22].

The discovery of superconductivity in TBG itself was truly astonishing, however,

what made its existence even more remarkable was the fact that in the initial exper-

iments, the superconducting pocket was always in close proximity to an insulating

state (which was dubbed as a "Mott" Insulator). As we will see later in the thesis,

this insulating state is not a necessary precondition for observing superconductivity

in TBG. While several other interesting phases have been observed in magic angle
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graphene, questions about the origins of these states remain unanswered. In this

thesis, we will try to rule out certain theories while placing bounds on the other

ones.

Engineering states in vdW materials by stacking

Many of the interesting vdW materials shown in Fig. 1.2 are very sensitive to air

exposure, especially in the few layer limit where entire �akes can disappear upon

exposure to air for a few seconds. Using micromanipulator-based setups inside

glovebox(s), it is possible to achieve pristine quality interfaces between dissimilar

materials [23, 24]. An example of this is shown in Fig1.1, where we sandwiched

few-layer WTe2 (a Weyl semimetal) between 2 �akes of few layer NbSe2 (a 2D su-

perconductor) in an Argon-�lled glovebox (<0.5ppm O2 and <0.5ppm H2O). Both

of these materials are sensitive to air exposure. Once the air sensitive layers are

stacked, we cap them with insulating h-BN to protect them for the device processing

steps done outside the glovebox. Despite both of these materials being very air

sensitive, by using this method, we managed to induce robust superconductivity in

WTe2. Clean interfaces between superconducting and non-superconducting materi-

als are notoriously di�cult to realize, and the quality of the interface determines how

strong the induced superconductivity will be in the non-superconducting material.

Here, we were able to obtain a very clean interface between the two materials, as

evidenced by a zero resistive state in WTe2 for about 300µA in a few µm2 junction

area.

There are hundreds of known vdW materials and possibly, thousands undiscovered.

Fig 1.1 shows just a few of these materials along with some of their interesting

properties. It is possible to obtain atomically �at topographies and extremely

pristine interfaces between two di�erent vdW materials just by laying them on top

of each other. Therefore, two dimensional van der Waals materials o�er unlimited

possibilities for designing novel nano-devices that study exotic electronic states.

1.3 Towards application-oriented devices

A promising direction towards ultra-sensitive calorimetry and detection of single-

microwave photons exploits the temperature rise of absorbers with low heat capaci-

ties. Graphene, with its vanishing heat capacity and weak electron-phonon coupling

at cryogenic temperatures, is a promising candidate. We therefore perform disper-

sive thermometry on a graphene Josephson Junction (gJJ) integrated with a resonant

circuit. In contrast to other detection methods (ones that involve switching between
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Figure 1.1: A vdW Josephson Junction made from stacking air sensitive materials.

Figure 1.2: Family of van der Waals materials.
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the superconducting and resistive states), ours allows for fast, continuous readout of

electron temperature, paving the way for continuous detection of low-energy photons

and phonons. Although we haven't approached the theoretical limit for graphene in

our experiment, through better design of the device (minimizing area) and/or using

a higher Tc superconductor for proximitizing graphene, or through changing the

supporting substrate that minimizes the heat leak through the graphene �ake, it is

possible to come close to the theoretical detection limit.

1.4 Thesis outline

In Chapter 2, we will go into more detail about the unusual bandstructure of graphene

and its implications for electronic transport at low temperatures along with its be-

havior in high magnetic �elds. In addition, we discuss the emergence of interest in

twisted bilayer graphene from a theoretical standpoint and the technical advance-

ments that made it possible to make high quality samples with the correct rotation

between the two graphene layers.

In Chapter 3, we introduce a new class of devices that build on the established

structure of TBG devices. We will demonstrate the presence of superconductivity

in these devices in the total absence of insulating states. The robust nature of

superconductivity without insulating states in this new class of devices is in essence

the central discovery of this work.

Chapter 4 will explore the behavior of WSe2/TBG under the application of per-

pendicular magnetic �elds. This can provide us insight into how symmetries are

broken in TBG through proximity to WSe2 along with the con�rmation of the angle

between the TBG layers. We will also discuss the theoretical modeling of the TBG

bandstructure in the presence of spin-orbit along with some implications for the

superconducting state.

In Chapter 5, we pivot towards an experiment that makes use of graphene's vanish-

ingly small heat capacity and its thermal behavior at low temperatures in ultra-clean

devices. We will also talk about why we haven't been able to achieve the desired re-

sponsivity in the current device, and how, through better design, we can circumvent

the problems faced in the present experiment. Broadly speaking, there are two ways

of approaching thermal measurements in graphene, the �rst is using microwave

technology to better understand the fundamental physics of graphene and other 2-D

materials with an eye towards applications in sensing. The second is to use 2-D

materials like graphene in Josephson Junctions for improving qubit technology. In
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this work, we will focus more on the former theme.

Chapter 6 talks about the possible future experiments that build from the work

presented here. A wealth of new phenomenology remains to be discovered with

graphene-based heterostructures, and we discuss a combination of new techniques

and devices architectures to uncover some of this physics.

Finally, the appendices cover some technical details related to device fabrication

and measurement setup.
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C h a p t e r 2

PHYSICS OF GRAPHENE AND TWISTED BILAYER
GRAPHENE (TBG)

In early 2018, a breakthrough was made in the �eld of condensed matter physics

when superconductivity was demonstrated in Twisted Bilayer Graphene (TBG).

This discovery has sparked an intense debate among physicists about the origin of

this superconductivity and created a buzz in the �eld that hadn't been seen since

the isolation of graphene itself. To understand the reason behind this excitement,

it's important to �rst discuss the physics of graphene, the theoretical predictions

regarding the "magic angle" and the technical developments in twistronics that led

to this breakthrough.

2.1 Overview of Graphene

The electronic structure of graphene is very peculiar, one big reason why physicists

were excited about isolating it. The valence and conduction bands of graphene

touch each other at the K and K' points of the Brillouin Zone and follow a linear

dispersion for low energies. Even though the tight binding method is very simplistic,

it is very e�ective for graphene's low energy bandstructure. Considering only

nearest-neighbouring hopping, the Hamiltonian can be written as:

Ĥ = � t1
Õ

<i; j >

¹ay
i bj + by

i aj º (2.1)

where i(j) represent sublattice sites A(B), the operatoray
i (ai ) creates (annihilates) an

electron at the A site whose position isr i , and similarly forby
i (bi ). t1 is the overlap

between neighboring pz orbitals and the usual value is chosen to be around 3.16 eV.

Note, this nearest neighbor hopping occurs between atoms of di�erent sublattices.

Fig. 2.1 displays the wavevectors and the Brillouin zone of graphene.

By replacing j with� (the nearest neighbour vector), the summation can be re-written

as: Õ

<i; j >

¹ay
i bj + by

i aj º =
Õ

i � A

Õ

�

¹ay
i bi+� + by

i ai+� º (2.2)

If N is the total number of sites, then we can assume that N/2 is the A sublattice
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Figure 2.1:a) Honeycomb lattice of graphene showing wavevectors and sublattice
points,b) First Brillouin zone of graphene denoting the K and K' Dirac points.

sites. Therefore, we can replace the creation and annihilation operators with the

reciprocal lattice vectors through the following expression

ay
i =

1
p

N•2

Õ

k

eik�ri ay
k (2.3)

Similarly for bi+� . The simpli�ed Hamiltonian then becomes

H = � t1
Õ

�; k

¹e� ik�� ay
kbk + eik�� by

kakº (2.4)

To solve for the eigenvalues, the Hamiltonian is expressed as,

H =
Õ

k

	 y f ¹kº	 (2.5)

the wavefunctions have the following form

	 =

 
ak

bk

!

	 y =
�
ay

k by
k

�
(2.6)

also,

f ¹kº = � t1

 
0 � k

� �
k 0

!

(2.7)

and

� k =
Õ

k

eik�� (2.8)
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Calculating� k for a honeycomb lattice leads to

� k = e� ikxa»1 + 2ei3kxa•2 cos

 

kya

p
3

2

!

¼ (2.9)

with eigenvalues of the form

� � = � t1
q

� k� �
k (2.10)

More explicitly, the eigenvalues are:

� � ¹kº = � t1

vut

1 + 4 cos
�
3akx

2

�
cos

 p
3aky

2

!

+ 4 cos2¹

p
3aky

2
º (2.11)

These eigenvalues are used to model the conduction (� � ) and valence bands (� ) as

shown in Fig. 2.2

According to the band theory of solids, the e�ective mass of charge carriers is

inversely proportional to the band curvature; therefore, for a linear dispersion like

graphene, the e�ective mass of electrons (and holes) is zero. It also exhibits a

very high Fermi velocity of 106 m/s, and the electrons (and holes) in graphene can

enable the study of "relativistic condensed matter physics", o�ering an opportu-

nity to observe physics that mimics QED (Quantum Electrodynamics) in table-top

experiments.

One of the most beautiful features related to this bandstructure is Klein tunneling in

graphene[25, 26]. Klein tunneling is a counter-intuitive relativistic e�ect in which an

incoming electron can transmit perfectly through a potential barrier when the barrier

height exceeds the rest energy of the electron (mc2). Usually, quantum tunneling

decays exponentially with increasing barrier height; in the case of Klein tunneling

however, the transmission probability depends very weakly on the height of the

barrier and approaches perfect transparency for very high barriers. When Klein

tunneling occurs in a resonant cavity, such as between two graphene p-n junctions,

the back re�ection at zero magnetic �eld acquires a� shift in zero magnetic �eld,

leading to a peculiar Fabry-Perot interference pattern which is shifted by half a

period [27]. This clear experimental signature was con�rmed in experiments by

Younget al. and Standeret al. [28, 29].

2.2 Topology and topological phases in graphene

Quantum Hall E�ect

The Quantum Hall E�ect, discovered in 1980 by Klaus von Klitzing, was the �rst

experimental demonstration of a topological phase [30] in condensed matter physics.
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Figure 2.2: Tight binding simulation of the graphene bandstructure: Linear disper-
sion around K and K' points is clear from the zoom-in.

For classically charged particles, an applied magnetic �eld causes motion perpen-

dicular to the direction of motion through the Lorentz force. If a current is sourced

through in a horizontal direction and a magnetic �eld is applied perpendicular to

the plane of the electron gas, electrons experience a vertical force in addition to the

horizontal one, and a voltage can be measured in the vertical direction (Hall voltage

also called as "Vxy"). This e�ect is the classical Hall e�ect, and the usual setup to

measure the Hall voltage (or Hall conductance) is shown in Fig. 2.3. By equating

the electric �eld and the Lorentz force, one can derive the Hall conductance (� H)

� H = neB� 1

wheren is the carrier density. So, for the classical case,� H / n, which means that

the Hall conductance should keep on increasing with an applied magnetic �eld.

What happens in the quantum case? For the case of a 2-D electronic system, with

increasing magnetic �eld, electrons begin to become more localized and move in

"cyclotron orbits" because of the Lorentz force. The cyclotron orbit radius becomes

smaller with a larger �eld. This radius (rc) is given byrc = mv•eB. The magnetic

�eld strength isB for an electron with velocityv. An electron performing a cyclotron

orbit at velocityv has angular momentumL = mvrc = eBr2c . Quantum mechanics

dictates that the angular momentum of electrons in these orbits must be quantized

i.e. L = n~ will be allowed. Equating the quantized momentum to the classical
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momentum derived using magnetic �eld,r 2
c = n~•eB, one obtains that only some

discrete values are allowed for the radius,rn =
p

nlB, wherel B =
p

~•eB is called

the magnetic length.

Figure 2.3:a) Electrons being localized as a result of perpendicular magnetic �eld.
The edges can still conduct due to skipped orbits at the edges.b) Typical setup for
measuring transverse (Rxy) and longitudinal resistance (Rxx).

The frequency of the cyclotron orbits is! c = eB•m, which does not depend on the

radius. The energy of the electron in this quantized orbit is equal toL! c = n~! c.

So, the energy spectrum is exactly the same as for a harmonic oscillator. All the

energy levels are also shifted up from zero energy by the zero-point motion of the

harmonic oscillator,~! c•2. We �nally obtain the allowed energy levels:

En = ~! c

�
n + 1

2

�
:

These quantized energy levels of electrons in a magnetic �eld are called "Landau

Levels (LLs)". How many electrons can you put in the same Landau level? One

for every �ux quantum of the magnetic �ux passing through the system, so with

increasing �eld, you can squeeze more electrons into the same level. At high

enough �elds, all the electrons in the sample can be �t into a single Landau level.

The degeneracy of Landau levels also scales with the area of the sample.

Now, the electron energies are quantized in Landau levels, and ifn Landau levels are

�lled at a given chemical potential, the �lling factor is� = n. Therefore, adding the

conductance from all channels give us the Hall conductance as� H = � e2• h = ne2• h.

The longitudinal conductivity has to be zero because the gapped system does not
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allow dissipation of energy in the bulk. How is this related to topology? The

fact that the quantized hall resistance is independent of the sample geometry and

microscopic characteristics (in fact, it has been measured to a precise value of one

part in a billion) is an indication of toplogy being at play where the conductance is

immune to local perturbations.

Haldane Model and the Quantum Anomalous Hall (QAH) E�ect

By 1987, the integer Quantum Hall E�ect was the only topological phase observed,

and Duncan Haldane began to wonder if it would be possible to realize topological

edge modes that wouldn't require the application of a magnetic �eld. He came

up with a toy model known as the "Haldane model" [31] for a honeycomb lattice

(like graphene, although he did not have speci�cally graphene in mind) that was

the �rst theoretically predicted phase hosting topological modes in zero magnetic

�eld. The Haldane model is the precursor for the Quantum Spin Hall (QSH) E�ect

developed by Kane and Mele [32, 33]. Quantized edge conductance in the absence

of a magnetic �eld is known as the Quantum Anomalous Hall E�ect (QAH) [34].

To make a topological quantum system, one would need to open a gap (in a gapless

system), close it, and then reopen it depending on the choice of parameters used.

When a system is gapless, the edge modes can become either topological or trivial

based on the parameters and this evolution is shown in Fig. 2.4. A trivial way of

opening up the gap is to simply break the onsite sublattice symmetry in graphene, for

instance by aligning h-BN crystallographic axes with the graphene crystallographic

axes.

What happens when you break the sublattice symmetry of graphene by aligning it

with h-BN? It becomes energetically most favorable when half the carbon atoms in

the graphene sheet are directly above boron atoms, and the centers of graphene's

hexagonal structure are directly above the nitrogen atoms [35]. This results in the

sublattice becoming corrugated in the z direction and no longer symmetric. How is

this z dependence important? Revisiting the tight binding Hamiltonian again, where

� k =
Õ

k

eik�� =
Õ

k

»cos¹k � � º + i sink � � ¼ (2.12)

f ¹kº = � t
Õ

�

 
0 cos¹k � � º + i sin¹k � � º

cos¹k � � º � i sin¹k � � º 0

!

(2.13)
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Figure 2.4: When a gap opens up in a honeycomb lattice model like graphene,
modes on the edge can connect cones at di�erent valleys in a trivial manner or a
topological manner.

and using Pauli matrices

f ¹kº = � t
Õ

�

»cos¹k � � º� x � sin¹k � � º� y¼ (2.14)

Adding a z direction term to this

f ¹kº = � t
Õ

�

»cos¹k � � º� x � sin¹k � � º� y + g� z¼ (2.15)

f ¹kº = � t
Õ

�

 
g cos¹k � � º + i sin¹k � � º

cos¹k � � º � i sin¹k � � º g

!

(2.16)

What this does is that it raises the energy of the A sublattice and lowers the energy

of the B sublattice and the new eigenvalues are

� � ¹kº = � t

vut

1 + 4 cos
�
3akx

2

�
cos

 p
3aky

2

!

+ 4 cos2¹

p
3aky

2
º + g2 (2.17)

The Dirac points therefore become gapped (with a valueg) and that has been

experimentally observed in both monolayer graphene and TBG [36, 37, 38, 39, 13].
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We saw earlier a tight binding description of graphene including the nearest neigh-

bour hopping term. What Haldane realized is that if we include a complex second-

nearest neighbor hopping term in addition to the nearest neighbor hopping, the

lattice can be made topological as shown in Fig. 2.5.

Figure 2.5: Next nearest neighbour hopping introduced by Haldane that considers
hopping between atoms of the same sublattice (denoted by t2).

The Haldane addition to the tight binding Hamiltonian (Eqn. 2.1) (with the next

nearest neighbor hopping amplitude given byt2) is

HHaldane = t2
Õ

i; j

ei � i j ay
i bj (2.18)

The term� i; j is either+� or � � depending on the direction of hopping (clockwise

or anti-clockwise). It is important for this hopping term to be complex to break the

time reversal symmetry - if it is complex then the time reversed path will not be

equal to the initial path. The Haldane term can be simpli�ed to

HHaldane¹k; � º = 2t2 sin� »sin¹k � a1º � sin¹k � a2º � sin¹k � ¹a1 � a2ºº¼� z (2.19)

wherea1 anda2 are the lattice vectors of the honeycomb lattice. This can be further

simpli�ed for the K and the K' valleys as

HK �
� t1

p
3

2
¹qx� x � qy� yº + ¹m� 3

p
3t2 sin� º� z (2.20)
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and

HK0 �
� t1

p
3

2
¹qx� x + qy� yº + ¹m+ 3

p
3t2 sin� º� z (2.21)

Wheremis a mass term that breaks the sublattice symmetry (similar to the breaking

discussed earlier). It is important to note that the gap can be closed and opened for

several values of the extra parameterm. The phase diagram showing the relationship

between this parameter and the topological nature of the gap is shown in Fig.

2.6. This was the �rst prediction, a topological phase in graphene (although not

discovered at that time) without the need for an external magnetic �eld.

Figure 2.6: Phase diagram for the Haldane model showing the parameter space for
which the system becomes topological.

Kane and Mele model - Quantum Spin Hall (QSH) E�ect

Kane and Mele took the Haldane model further by removing the requirement of

breaking time-reversal symmetry. They realized that if the spin was coupled to

the momentum of the electrons, they could get two copies of the Haldane model

and make the system topological even though the system remained time-reversal

symmetric. When an electric �eld was applied to such a system, there would be no

net Hall current, but there would be a net spin current. The model built up on the

Haldane model by adding a spin dependence to the Next Nearest Neighbor (NNN)

hopping. The Kane-Mele model used on-site spin orbit coupling in graphene to

couple the spin to the hopping in the tight binding model. This opened up a gap at

the Dirac point, which was topological as de�ned by the Z2 topological invariant.

The resulting band structure from their calculations is shown in Fig. 2.7. The chiral
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edge states connecting the conduction and valence bands are visible. An excellent

treatment of this topic can be found on [40].

Figure 2.7: Qualitative band structure calculated for graphene within the Kane-
Mele model. The chiral edge states connecting the conduction and valence band are
visible are visible.

In spite a lot of experimental e�ort dedicated to observing the QSH E�ect in

graphene, it continues to remain elusive, with the reason being that the intrinsic

spin-orbit coupling in graphene is too weak to e�ectively open a gap at the Dirac

points. The QSH E�ect, however, was later predicted and observed in other 2-D

systems such as HgTe quantum wells and monolayer WTe2 [41, 32, 42, 43]. In

general, based on experimental observations, the QSH E�ect seems to be less robust

to microscopic disorder than the Quantum Hall or the Quantum Anomalous Hall

and is possibly due to backscattering enhancement caused by magnetic impurities

[42].

2.3 Inducing spin-orbit coupling in graphene

After it became clear that the intrinsic spin-orbit coupling in graphene was too

weak on its own (to open up a gap large enough to see the QSH e�ect), physicists

started exploring ways to provide spin-orbit coupling to graphene externally in an

e�ort to revive its candidacy for hosting a topological phase. One such method

was adatom deposition of heavy atoms on a sheet of graphene [44]. The proposal

involved "decorating" an ordinary graphene sheet with a dilute concentration of

heavy-element atoms so that graphene would inherit their strong spin-orbit coupling.
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Calculations predicted that covering a graphene sheet by a few % of indium or

thallium atoms would make graphene exhibit a robust topological Quantum Spin Hall

(QSH) phase having gaps detectable in transport measurements. Experimentally

however, this didn't work because on deposition, the adatoms would tend to cluster

in pockets instead of remaining scattered throughout, which adversely a�ected the

electronic quality of graphene.

The second method which ended up gaining more experimental traction was cou-

pling a graphene sheet to another 2-D material with string intrinsic spin-orbit cou-

pling. The most commonly available materials were the Transition Metal Dichalco-

genides such as MoS2, MoSe2, WS2, and WSe2, and the e�ect of coupling these

materials to graphene was investigated by many groups [45, 15, 46, 47]. Gener-

ally, WSe2 was found to be the most e�ective in inducing the spin-orbit e�ect in

graphene, and the values of measured spin-orbit coupling ranged from 1-10 meV

(10-100 times stronger than the intrinsic spin-orbit interaction in graphene). Three

di�erent types of spin-orbit coupling are proposed to have been induced in graphene

as a result of the proximity e�ect to TMDCs.

1. Rashba coupling, which is present in 2-D electron gases with structural inver-

sion asymmetry [48];

2. Ising spin-orbit coupling, that couples the spin to the valley;

3. Kane-Mele coupling, which opens a gap at the Dirac point in graphene.

The presence of spin-orbit interaction in graphene is deduced from either Weak Anti-

Localization measurements or the Shubnikov-de Haas oscillations that reveal the

presence of two fermi surfaces, and details of these measurements will be discussed

in Chapter 4. The former method is much more widely used and is an accepted proof.

WAL measurements often involve �tting 3-4 parameters to a peak in conductance

at zero magnetic �eld. This �tting procedure usually has a lot of �exibility because

of the number of parameters used which results in large discrepancies for the values

of spin-orbit coupling quoted. For instance, Wakamuraet al. report [47] that the

main type of spin-orbit coupling observed in their measurements was the Kane-Mele

term, whereas in the work of Wanget al. [49], the dominant spin-orbit interaction

was the Rashba one. What is consistent however in all the measurements, is that

the overall spin-orbit strength measured in these devices, regardless of the type, is

strong!



20

2.4 Search for superconductivity in single-layer graphene

Soon after the discovery of graphene, many people began speculating if graphene

could support a superconducting state and if so, whether it would be a highly

unconventional mechanism. It showed promise by being able to carry supercurrents

in both hole and electron doped regimes by proximity to aluminum [50]. The

observation of superconductivity in bulk graphite intercalated with alkali metal

adatoms provided more lift to the hope of seeing superconductivity in graphene

[51, 52].

One should look at the McMillan formula [53] to extract a superconducting transition

temperature within the BCS theory,

Tc / � De� 2•¹ � 0D¹� ºº (2.22)

where� D is the Debye temperature,� 0 is the electron-phonon coupling potential

and D¹� º is the Density of States (DOS) as function of energy [53]. In spite of

the Debye temperature being very high (over 2200K), the transition temperature

is severely limited by the low density of states in graphene at the Dirac point.

It therefore became clear that it would be challenging to observe phonon-driven

superconductivity in pristine graphene without substantially increasing the DOS.

Two landmark theoretical studies [54, 55] proposed two di�erent methods to boost

superconductivity in graphene. The �rst approach focused on conventional (BCS)

superconductivity and the means by which it could be achieved in graphene. Since

phonons play a pivotal role in the BCS theory, it was important for graphene to have

strong electron-phonon coupling. However, because the in-plane vibrations are very

strong in graphene, it signi�cantly reduces the electron-phonon coupling, thereby

reducing a possible superconducting transition temperature to experimentally un-

detectable levels. In analogy to the bulk graphite superconductivity, Profetaet al.

[54] studied Cooper pairs in graphene under the Eliashberg theory of phonon me-

diated superconductivity and suggested decorating the graphene sheet with lithium

adatoms. According to their calculations, this would more e�ectively couple the

soft, out-of-plane phonon modes and the vibrations in lithium surface atoms with

the � electrons in the graphene sheet. As a result, Cooper pair formation would

become favorable, and calculations indicated a transition temperature as high as 8K

in LiC6 and 18K in Li2C6.

The second approach relied on boosting electron pairing in graphene through a more

unconventional mechanism i.e. through electron-electron interaction. Nandkishore
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et al. [55] studied the behavior of electron-electron interaction in graphene at

extremely high carrier densities (1013/cm-2) - carrier densities where the Fermi level

would approach the saddle points (van Hove singularities in density of states) of the

� * bands shown in Fig. 2.2. Upon inducing electron-electron interactions under

these conditions, it appeared that a single particle degenerate electron system was an

unstable state. To �gure out what the appropriate ground state should be, the authors

used a renormalization-group approach to remove any implicit bias that calculations

could have towards �nding the ground states [56]. Surprisingly, a superconducting

state was the most favored ground state akin to the case of La2CuO4 proposed by

Dzyaloshinskii [57]. More excitingly, this superconductivity had d-wave pairing

along with chiral Andreev states running along the edge of the sample. Naturally,

experimentalists pursued this idea with a lot of enthusiasm.

Three years after the theoretical prediction, four groups reported observations of

superconductivity within 4 days of each other through di�erent measurements.

Through lithium decoration of graphene in ultra-high vacuum, Ludbrooket al. [58]

showed signatures of a superconducting gap (0.9 eV) in ARPES (Angle Resolved

Photo Emission Spectroscopy) measurements. Tiwariet al. used the Meisnner e�ect

to show a superconducting transition temperature of about 7K in Li intercalated

�akes of multilayer graphene[59]. Chapmanet al. isloated single-layer graphene,

decorated it with calcium, and assembled it back together to report a superconducting

Tc of 6K [60]. Finally, Ichinokuraet al. got as close to monolayer graphene in

electronic transport as possible by showing superconductivity in bilayer graphene

intercalated with calcium atoms below 2K [61]. Because none of these claims

have been able to demonstrate magnetic �eld dependence and zero resistance of

the superconducting state for the case of monolayer graphene, they are still under

scrutiny in the �eld [62].

Reaching high enough carrier densities as needed by the proposal in [55], required

use of special gating techniques beyond the usual dielectrics. A normal h-BN

or SiO2 gate would break down on applying gate voltages commensurate with

extremely high carrier densities. To solve this, Efetovet al. [63] used ionic liquid

gating where mobile ions can be frozen in a polymer (typically below 250K). Upon

applying a positive(negative) voltage to the top of the polymer, negative(positive)

ions accumulate near the gate electrode and positive(negative) ions accumulate very

close to the surface of graphene. As a result, it becomes possible to move the

Fermi level substantially. However, even at carrier densities of 1014/cm-2, graphene
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remained metallic down to milliKelvin temperatures [63]. This method however, has

been used successfully in another 2-D material (MoS2) to observe superconductivity

[64].

Despite a lot of e�ort, observation of intrinsic superconductivity in graphene remains

elusive. Against this backdrop, we will see why superconductivity in TBG quickly

became one of the most exciting topics in condensed matter physics.

2.5 Periodic potentials in twisted bilayer graphene

As mentioned in the �rst chapter, di�erent vdW materials can be stacked together

without any speci�c thermodynamic constraints. One can also stack the same

material on top of each other. An important role then is also played by the relative

rotation. Using two sheets of materials with similar lattice constants, one can obtain a

so-called "moiré" superlattice whose lattice constant depends on the relative rotation

of the two sheets. If the lattice constants are the same (i.e. same material), then the

superlattice can theoretically be made in�nitely large. The dependence of the moiré

wavelength on the relative rotation angle (for a heterostructure of a graphene sheet

and a material with a lattice constant mismatch of� ) is shown in Eq. 2.5 wherea is

the lattice constant of graphene and� is the relative rotation [65].

� =
¹1 + � ºa

p
2¹1 + � º¹1 � cos� º + � 2

(2.23)

Twisted bilayer graphene became a subject of theoretical and experimental study

soon after the isolation of graphene [66, 67, 68] as a system with two graphene

layers that could be independently controlled. Because the low energy physics

of graphene is dictated by non-zero K vectors, a large relative twist between two

graphene results in two independent Fermi surfaces in the two layers without any

signi�cant overlap. Therefore, one obtains twice as many independent Dirac cones

as single-layer graphene that preserve linear dispersion. This fact was used to

simultaneously realize two Quantum Hall states with opposite chiralities. Quantum

Hall states with opposing charge carriers but with similar level doping will have

opposite chiralities (analagous to the Quantum Spin Hall e�ect but in the presence

of magnetic �eld). Two single graphene layers with decoupled band structures

but within the same heterostructure provide this necessary feature of coexisting

electron-like and hole-like bands [69, 70].
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Figure 2.8:a), two sheets of graphene far apart.b), sheets of graphene in contact
at arbitrary rotation angle.c), "Twisted Bilayer Graphene" with di�erent rotation
angles - di�erence in moiré wavelength are pointed out by red lines.

Figure 2.9: Moiré wavelength calculated from Eq. 2.5 for Gr-Gr and h-BN-Gr
superlattices. Around zero angle mismatch, the Gr-Gr moiré wavelength diverges.



24

2.6 Low angle twisted bilayer graphene

What happens to the electronic bandstructure at lower angles with twisting? As

you decrease the rotation angle, the interlayer coupling becomes stronger, leading

to hybridization of the Dirac cones and a reduction in the Fermi velocity. As

neighboring K points in the brillouin zones of the two layers begin to hybridize, the

low energy linear dispersion of graphene begins to "�atten out". This �attening of

the dispersion leads to a large increase in the corresponding density of states (DOS).

A schematic is shown in Fig. 2.10. Since the superlattice edges are around 13 nm

for the case of magic angle TBG vs the lattice constant of 0.246 nm for single layer

graphene, the superlattice reciprocal wavevector is correspondingly a lot smaller.

In this two-layer system, because of the small twist, there are locations where the

carbon atoms from the two layers are directly on top of each other, known as "AA"

sites, and locations where carbon atoms have no overlap known as "AB" sites. The

"AA" sites of two di�erent moiré unit cells are connected by domain boundaries

separating "AB" and "BA" regions. The electrons in this moiré unit cell prefer to

localize on these "AA" sites. STM data from our lab [71] clearly demonstrated this

localization in real space, as shown in Fig. 2.11.

An in�uential theoretical study in 2011 by Bistritzer and Macdonald [72] predicted

that the Fermi velocity of twisted bilayer graphene would be slowed down signi�-

cantly for several "magic angle" values - namely� � 1.1� , 0.5� , 0.35� , 0.24� , and

0.2� . The �rst of these angles later became know as the "magic angle". This cal-

culation was made possible by making a simplifying assumption that the interlayer

tunneling in TBG would be dictated only by the moiré unit cell (as a function of

twist angle) and not by the (thousands of) individual constituent atoms. While

usually there is a signi�cant barrier for electrons in one layer to tunnel through to

to the other layer and vice versa, Bistritzer and Macdonald calculated that for these

special angles, the barrier would become exactly zero. As a result of this drastic

increase in interlayer tunneling, the electrons in the same layer would slow down

and begin interacting with each other. Their bandstructure calculations also pre-

dicted the emergence of "�at bands" which were low energy bands with almost no

dispersion. When electrons begin to interact in these �at bands, interesting things

begin to happen such as the rise of insulating states even in a largely metallic system.

An illustration of this is shown in Fig. 2.12. Nobody however, dared to predict the

emergence of superconductivity at the "magic angle". Bistritzer and MacDonald

also calculated bandstructures for a few twist angles that showed a signi�cant en-
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Figure 2.10: Schematic of Dirac cone hybridization in TBG with angle.a) The
two monolayers are decoupled for large angles.b), The two Dirac cones begin to
hybridize around 2� . c) Around the magic angle, the interactions are maximized
and "�at band" emerge. The density of states in these "�at bands" is extremely high.
d) Reciprocal lattice behavior for two layers twisted below 2� . The superlattice
brillouin zone is shown in black and is much smaller than the original brillouin
zones.
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Figure 2.11: a) Determining the moiré wavelength - positions of individual car-
bon atoms are shown for "AA" and "AB" sites,b) Surface topography of TBG
captured by an STM for twist angle of 1.92� , the AA(AB) sites appear to have in-
creased(decreased) height because of increased(decreased) density of states. Images
taken from our work inNature Physics[71].

hancement in the DOS around the "�rst magic angle". Continuum model based

calculation results performed for our devices and the associated band structures

along with the details of the theoretical model will be discussed in Chapter 3.

Figure 2.12: Tradeo� between Coulomb energy and Kinetic energy.

Another more conceptual (and less quantitative) way to think about the moiré

wavelength (and therefore the angle) required to engineer strong correlations in

a 2-D conductor is to think in terms of the bandwidth and Coulomb energy. For

strong correlations, we want the coulomb energy U> kinetic energy of electron
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bandst since,

U /
e2

� L
(2.24)

and

t /
~2k2

2me
/

1
meL2

(2.25)

whereL is the lattice constant for a 2-D lattice. Therefore

U
t

/ me � L (2.26)

which means forU•t � 1,

me = 1 � m0 �! L = 1nm

and me = 0:1 � m0 �! L = 10nm:

Because the e�ective mass in graphene is so low, it seems reasonable to expect that

a moiré wavelength of the order of 10s of nm would be necessary to observe the

e�ects of strong correlations in TBG.

2.7 Tear and Stack method

To test out the predictions by Bistritzer and MacDonald, one would need to make a

device with two sheets of graphene stacked on top of each other rotated by exactly

1.1� . This was very challenging to do experimentally, because one would require

two di�erent �akes of graphene with very well de�ned axis. Moreover, the edges

of graphene come in two varieties (i.e. zigzag and armchair), making the task

of making a device with an exact rotation of angle of 1.1� nearly impossible. A

breakthrough came in late 2015 when an ingenious method of fabricating precisely

controlled twisted bilayer graphene was invented [73, 74]. Though the details of

this method can be found in these publications (see Appendix for a schematic of

the modi�ed version of this method), we will brie�y summarize the key aspects.

Here, instead of trying to �nd two di�erent graphene �akes with well de�ned edges,

you would start with one big graphene �ake (the nature of its edges doesn't matter).

Then, an h-BN �ake is brought into contact with part of the graphene �ake. Upon

lifting up, the original graphene �ake is "torn" and the part that was underneath the

h-BN �ake is picked up with the h-BN. This method utilizes the strong vdW forces

between graphene and h-BN. We fabricated several of these devices in our lab and

Fig. 2.13 displays images from the fabrication process of a representative device.
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The initial papers that used this method [75, 74] reported for the �rst time, obser-

vations of single particle gaps opening up in low twist angle (<3� ) TBG devices in

contrast to previous studies [76, 77] where TBG was placed on SiO2 with presum-

ably the high charge disorder in SiO2 obscuring the visibility of these gaps. These

gaps separated the low energy �at bands from the higher energy dispersive bands

with energy gaps ranging from 10-50 meV. This enabled the study of the �at band

behavior done later, leading to the observation of superconductivity. Interestingly,

the gaps observed experimentally are considerably larger than the ones predicted by

theory and have not been reconciled yet.

2.8 Correlated Insulators and Superconductivity in Magic Angle Twisted Bi-

layer Graphene

After Caoet al. [74] and Kimet al. [75] showed the existence of low energy bands

separated from high energy dispersive bands by large energy gaps (also known as

full �lling gaps) in low angle twisted bilayer graphene, Caoet al. began working on

fabricating devices close to the magic angle (1.1� ). They �rst discovered insulating

states at half �lling of the �at bands in addition to the previously observed full �lling

gaps. These half �lling insulating states were attributed to electronic correlations

at the magic angle, similar to Mott insulators. Near the half �lling, unexpected

jumps in conductance were also observed. Because these initial devices had only

two contacts, it was hard to understand these jumps fully. However, upon fabricating

devices that enabled a 4-point measurement, it became clear that these jumps were

actually caused by superconductivity! What was more surprising was how closely

spaced the superconducting and insulating phases were, akin to the phase diagram

of high Tc superconductors. This observation led to an avalanche of research papers

attempting to describe the origin of this superconductivity.

Superconductivity in TBG happens at astonishingly low electron(hole) densities of

about 2x1012/cm-2, an order of magnitude lower than LaAlO3/SrTiO3 interfaces and

doped MoS2, which themselves are orders of magnitude lower than other supercon-

ductors in terms of charge densities. To paint this picture in more concrete terms,

superconductivity arises in TBG for 1 electron(hole)/100,000 carbon atoms - that's

almost an unbelievable number.

Yankowitz et al. used pressure as a knob to change the conditions of the magic

angle. For angles greater than 1.1� , the interlayer tunneling in TBG diminishes with

increasing angle. On applying pressure, the separation between the two graphene
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