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Abstract

The flexibility of two-dimensional materials allows for the creation of various structural config-

urations to engineer many-body electronic Hamiltonians and to explore new phases of matter. In

this thesis, I will discuss two different classes of graphene heterostructures that have enabled our

observation of novel quantum phases of electrons. The first utilizes small-angle twisting of 2Dma-

terials to create a moiré pattern, introducing a new length scale for electrons to move and interact.

By twisting two layers of Bernal bilayer graphene, we have observed emergent correlated metallic and

insulating states, along with their spin-polarization nature. By twisting three graphene layers with

alternating twist angles of ±1.56 degrees, we have discovered displacement field-tunable supercon-

ductivity, which occurs in close conjunction with correlation-driven flavor polarization. The similar

phenomenology can also be found in twisted quadrilayer graphene, with more intricate interplay

between the superconducting phases and the single particle dispersion. I will also discuss two ex-

perimental efforts in investigating the nature of the superconducting paring symmetry: fabricating

Josephson junctions between twisted trilayer graphene and an s-wave superconductor, and measur-

ing superfluid stiffness using microwave reflectometry. The latter has indicated the nodal nature of

the superconducting gap.

The second graphene heterostructure involves a graphene double-layer structure where two par-

allel graphene sheets are brought close to each other but remain separated. This enables Coulomb

interactions to couple electrons across the two layers, leading to a variety of interlayer correlated

states under strong magnetic fields, including exciton condensation, interlayer fractional quantum
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Hall states, and exciton condensation formed by composite fermions. The exploration of novel

material manipulation methods presented in this thesis not only reveals new phenomena and un-

derlying physical principles, but also holds significant promise for future material design and device

applications.
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1
Introduction

As opposed to a gas of non-interacting particles, condensed matter physics is a study of ”condensed”

systems, where a large number of particles interact with each other and give rise to emergent phe-

nomena and new laws that are fundamentally different from those of each individual constituent

particle. This is the well-known principle of ”more is different” by Philip W. Anderson1. A typical

many-body system of such kind is a solid state crystal, where atoms strongly bond with each other

through their valence electrons and form a periodic lattice. These valence electrons are now not

limited to their original localized atomic orbitals but can travel in some sense ”freely” in the lattice

characterized by a lattice momentum and their eigenenergies form an energy band. They further in-

teract with each other through Coulomb interactions. The most general Hamiltonian of this system
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can be written as

H =
∑

electron

[
p2i
2me

+ Ve-e(ri − rj) +
∑
ion

Vion-e(RI − ri)

]
+
∑
ion

[
P2
I

2Mion
+ Vion-ion(RI −RJ)

]

where pi, ri andme represent electrons’ momentum, position and mass, respectively, PI,RI and

Mion ions’ momentum, position and mass, respectively,Ve-e,Vion-e andVion-ion Coulomb inter-

actions between electron-electron, ion-electron and ion-ion, respectively. This seemingly simple

Hamiltonian is in fact incredibly hard to solve most of the time, yet it leads to a myriad of complex

phenomena in materials and many associated technical applications. Because of the dramatic differ-

ences in mass between electrons and ions, we can often decouple the two and focus on the electronic

degrees of freedom, which are responsible for some of the most interesting phases of matter. In

some sense, a big bulk of condensed matter study is the study of the many-body system of electrons

in the environment of crystal lattices.

Despite the myriad phases of matter, there are actually good principles that classify them and

help us understand them. Originally it was understood that symmetry dictates phases of matter

thanks to Landau and Ginzburg. The process of a system transitioning from a disordered state into

a more ordered state is essentially the process of certain symmetry spontaneously breaking. For ex-

ample, the paramagnet to ferromagnet transition corresponds to the breaking of spin SU(2) sym-

metry. However it was found that there are obviously different states of matter that share the same

symmetry, such as integer quantumHall states at different integer fillings. In this new regime of

phase transitions, not symmetry, but topology plays the key role. The topology here is related to

band topology and and states of matter involved are still product states in the language of quantum

information science. Later, it was realized that there is a third and even more exotic class of phases

termed topological ordered states. They represent the most frontier of condensed matter physics.

Theories capturing these states show that they are characterized by long-range quantum entan-
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glement, fractional excitations and topological degeneracy, and they can be used for topological

quantum computation. Distinct from the previous two classes, topological ordered states cannot

be simply written as product states of the large number of constituent objects, which are strongly

entangled with each other. There is no ”order” in the traditional sense in fact there is a good analogy

where topological ordered states are similar to a disordered liquid compared to ordered states but

they are melted by quantum fluctuations instead of thermal ones. The lack of traditional order also

makes it hard to study them because traditional condensed matter methods access primarily thermo-

dynamical quantities or linear responses, which often provide only indirect information – or none

at all – about their quantum nature. This fundamentally limits our ability of finding new physics

and pursuing next-generation quantummaterials. For example, one of the most exotic states of mat-

ter in condensed matter physics is the topological ordered states such as fractional Chern insulators

and quantum spin liquids. But the lack of direct tools to probe their quantum aspects severely hin-

ders their experimental realization and further application. New tools are needed to better study

these classes of matter.

Notably, with the recent quantum evolution, many atomic systems have become new play-

grounds for studying many body physics. Two of the most promising platforms are optical lattices

and Rydberg atom arrays. See Table 1.1 for a comparison for these different systems. Although

these systems are in a completely different environment and are controlled and measured using

different schemes, they are in rough stroke the same as solid state system, where large number of

identical objects interact with each and unique many-body states emerge. Whereas the solid state is

a system of electrons, optical lattices are a system of certain atoms governed by a Hubbard Hamilto-

nian and Rydberg atom array is a system of spins (two-level systems) governed by a particular spin

Hamiltonian. These atom systems have recently demonstrated their power in studying the topo-

logical ordered states given their unique capability to perform quantum state measurements and

non-local entanglement measurements.
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2 3

Interacting
objects

electrons atoms spins (two-level systems)

Hamiltonians He =
∑

electron(
p2i
2me

+
Ve−e(ri − rj) +∑

ion Vion−e(RI − ri))

HHubbard = −t
∑

⟨i,j⟩,σ c
†
i,σcj,σ +

U
∑

i
ni(ni−1)

2 +
∑

i,σ εini,σ

Hspin = ℏΩ
2

∑
i σix −

ℏδ
∑

i ni +
∑

i<j Vijninj

System size 1 μm2 2D sample: ∼ 107,
moiré: ∼ 104

∼ 102 − 104 ∼ 102 − 103

Tuning
knobs

chemical composition,
doping, lattice, pressure,
strain, magnetic/electric
field, twisting(moiré)...

atomic species, lattice arrangement, Hamiltonian
parameters, filling factor...

Measurement specific heat, density of
states, electrical/thermal
conductivity, optical
response, scattering experi-
ments, STM...

single-site imaging (allows for non-local operator mea-
surement, entanglement entropy)

Table 1.1: A comparison of different many‐body physics platforms

The study of condensed matter physics can potentially learn methods in these systems and apply

them to future material study. In fact, I believe the technologies developed in these fields can rad-

ically transform how we study materials. In the field of quantum science, the quantum states and

quantum entanglement of qubits are measured and controlled on a regular basis. The methodol-

ogy can be applied to probing the non-local quantum entanglement in condensed matter quantum

states. For example, one could envision embedding a 2Dmaterial into a superconducting circuit or
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a quantum-defect-hosting structure and coupling the material’s states with the qubits. These plat-

forms in fact already share to some extent similar workflow of on-chip device fabrication, character-

ization, and cryogenic measurements. By performing correlated measurements between two qubits,

one can extract non-local information and obtain a picture of quantum entanglement within the

target material. This would give us a completely new view of quantummaterials, which may in turn

illuminate how to utilize them for alternative quantum computing platforms.

In this thesis, I will mainly focus on the current 2Dmaterial system and methods used in more

traditional condensed matter physics. I demonstrate how we engineer interaction drive physics and

achieve new states of matter by creating novel use graphene heterostructrures, namely twisted struc-

tures and double layer structures of graphene.

1.1 Band structures of graphene and twisted graphene

As we have introduced above, the starting point of understanding the many-body system of elec-

trons in a solid is to first understand how they move on a single-particle level, i.e., their non-interacting

band structure. Here we give a quick review on the band structure calculation for monolayer graphene,

Bernal bilayer graphene and twisted multilayer graphene.

We use tight-binding model to calculate the band structure of monolayer graphene4,5. The

honey comb lattice of graphene is a triangular lattice with lattice vectors given by: a1 = a(1/2,
√
3/2),

a2 = a(−1/2,
√
3/2) as shown in Fig 1.1, where a = 0.246 nm is the lattice constant and related to

the nearest neighbour carbon atom distance d = a√
3= 0.142 nm. Each unit cell has two carbon sites

α = A,B and we define an in-unit-cell vector for site Bwith respect to A: τ = a√
3(0, 1). In fact we

can define all three relative position vectors of the three nearest-neighbour B sites with respect to an

A site: δ1 = τ, δ2 = τ− a1, δ3 = τ− a2.The real space triangular lattice has a honeycomb reciprocal

lattice in momentum space with the corresponding reciprocal lattice vector b1 = 4π√
3a(

√
3/2, 1/2),

5



Figure 1.1: a, honeycomb lattice of graphene with A and B sublattice per unit cell. a1 and a2 are primitive lattice vector
and δ1,2,3 are position vectors for nearest neighbours. b, reciprocal lattice in Brillouin zone with two inequivalent valleys
K,K′

.

b2 = 4π√
3a(−

√
3/2, 1/2). Under the single pz orbital tight-binding model and considering only the

nearest-neighbour hopping being−t, the Hamiltonian for monolayer graphene can be written as

Hmono = −t
∑

R,i=1,2,3

c†A(R)cB(R+ δi) + h.c.

=
∑
k

(
c†A(k) c†B(k)

) 0 −tf(k)

−tf∗(k) 0


cA(k)

cB(k)


f(k) =

∑
i=1,2,3

eik·δi

where the sum overR is over all the unit cells, c†α(R+ r) and cα(R+ r) are creation and annihilation

operators for site α in localizedWannier wavefunction basis and they have corresponding Bloch

wave function operators in the momentum space: c†α(k) = 1√
N

∑
R eik·(R+r)c†α(R + r), cα(k) =

1√
N

∑
R e−ik·(R+r)cα(R+ r). Solving for the eigenvalues of the Hamiltonian gives

E(k) = ±t

√
4 cos (

1
2
akx) cos (

√
3
2

aky) + 2 cos (akx) + 3

6



Near the two time-reversal symmetric points in momentum spaceK = 4π
3a (1, 0) andK

′ = −K, the

Hamiltonian reduces to a Dirac Hamiltonian

H±K
mono(q) = ℏvF

 0 ±qx − iqy

±qx + iqy 0

 = ℏvFq · (±σx, σy), q = k− (±K)

where the Fermi velocity vF =
√
3ta
2ℏ . The ab initio calculations provide t = 2.97 eV, giving vF =

0.96× 106 m/s.

In this low-energy limit, we may consider the annihilation operator for an electron near theK

valley varying slowly in real space, with the slow modulation determined by a small momentum q,

χKα (r) =
∫

dk
(2π)2

ei(k−K)·rcα(k) =
∫

dq
(2π)2

eiq·rcα(q)

Then we can obtain the corresponding real space Hamiltonian given that the total Hamiltonian

beingHK
mono =

∫ dq
(2π)2H

K
mono(q) =

∫
drHK

mono(r)

HK
mono(r) = −iℏvFσ · ∇r

For Bernal bilayer graphene, the Hamiltonian is an extension of that of monolayer graphene with

the addition of interlayer hopping terms (γ1, γ3, γ4) = (0.361, 0.283, 0.138) eV6. They correspond

to the next order hopping terms with larger carbon-carbon distances.
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Hbi =− t
∑
R,i

c†A,1(R)cB,1(R+ δi) + c†A,2(R− δi)cB,2(R) + h.c.

+ γ1
∑
R,i

c†A,1(R)cB,2(R) + h.c.

+ γ3
∑
R,i

c†B,1(R+ δ1)cA,2(R+ δ1 + δi) + c†A,2(R− δ1)cB,1(R− δ1 − δi) + h.c.

+ γ4
∑
R,i

c†A,1(R)cA,2(R− δi) + c†B,2(R)cB,1(R+ δi) + h.c.

+ U1
∑
R,i

c†A,1(R)cA,1(R) + c†A,1(R+ δi)cA,1(R+ δi)

+ U2
∑
R,i

c†B,2(R)cB,2(R) + c†A,2(R− δi)cA,2(R− δi)

=
∑
k



c†A,1(k)

c†B,1(k)

c†A,2(k)

c†B,2(k)



T

U1 −tf(k) γ4f
∗(k) γ1

−tf∗(k) U1 γ3f(k) γ4f
∗(k)

γ4f(k) γ3f
∗(k) U2 −tf(k)

γ1 γ4f(k) −tf∗(k) U2





cA,1(k)

cB,1(k)

cA,2(k)

cB,2(k)



Here all the terms are the same as the monolayer case andU1 andU2 are the electrostatic potentials

for layer 1 and 2 respectively when the bilayer graphene is under an electric field.

The band structure of twisted bilayer graphene (TBG) with a twist angle θ can be calculated

using the well-known ”continuum theory”7,8. The general form of its Hamiltonian is

HTBG =
∑
R1,R2

 H1(R1) T12(R1,R2)

T†
12(R1,R2) H2(R2)


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Figure 1.2: a, a illustration of moiré pattern formed by twisting two layers of graphene b, moiré Brillouin zones formed at
each original graphene valley

.

whereRl=1,2 are the positions in the two layers,Hl=1,2(R) are the Hamiltonians for each graphene

layer and in the low-energy limit, they are just the Dirac Hamiltonians that we have already solved

for, but in rotated coordinates now. T12(R1,R2) is the hopping term between the two layers and

the key term that results in many interesting new features of TBG.

A Dirac Hamiltonian rotated by an angle of θl=1,2 (for TBG with a twist angle θ, we can have

θl=1,2 = ± θ
2 or θl=1,2 = θ, 0) can be derived using a rotation matrix in momentum spaceR(θl) =cos θl − sin θl

sin θl cos θl

, which can be conveniently represented using which can be conviently repre-

sented using Pauli matrix σy asR(θl) = e−iθlσy :

HK
l (q) = ℏvF(R(θl)q) · σ = ℏvFq · (R(−θl)σ) = ℏvFq · σθl

where σ = (σx, σy), and σθl = eiσz
θl
2 (σx, σy)e−iσz

θl
2 . Here we have used the relation between rotation

9



in real space and rotation in spin space. Similarly forK′ = −K

HK′

l (q) = ℏvFq · σ̄θl , with σ̄θl = eiσz
θl
2 (−σx, σy)e−iσz

θl
2

From now on, we mainly focus on theK valley andK′ can always be similarly derived. Similar to the

monolayer graphene case, we can write a real space Hamiltonian for low energy electrons nearK,

HK
l (r) = −iℏvFσθl · ∇r

Nowwe try to calculate the more difficult hopping term. The general form of the hopping term

is

V12(R1,R2) =
∑

R1,α,R2,β

c†α,1(R1)T
α,β
12 (R1,R2)cβ,2(R2)

α, β are the sublattice index in layer 1 and 2 respectively, and Tαβ
12(R1,R2) is the position dependent.

We can reasonably assume this term is only determined by distance so that Tαβ
12(R1,R2) = Tαβ

12(R1+

τ1,α − R2 − τ2,β), with a 2D Fourier transform Tαβ
12(r) =

∫ d2p
(2π)2 e

ip·rTαβ
12(p). This translation

symmetry leads to an interlayer momentum ( mod (lattice momentum)) conservation condition,

i.e., an Umklapp condition between the two layers. More specifically, when we consider the hopping

term in momentum space

Tαβ
12(k1, k2) =

1
N

∑
R1,R2

e−ik1·(R1+τ1,α)Tαβ
12(R1,R2)eik2·(R2+τ2,β)

=
1
N

∑
R1,R2

e−ik1·(R1+τ1,α)eik2·(R2+τ2,β)
∫

d2p
(2π)2

eip·(R1+τ1,α−R2−τ2,β)Tαβ
12(p)

= N
∑
G1,G2

e−iG1·τ1,α eiG2·τ2,β
∫

d2p
(2π)2

Tαβ
12(p)δG1,k1−pδG2,k2−p

10



where we have used
∑

R eik·R = N
∑

G δk,G. We further use δk,k′ =
(2π)2
A δ(k − k′), where A is the

system’s total area, then we obtain

Tαβ
12(k1, k2) =

N
A

∑
G1,G2

e−iG1·τ1,α eiG2·τ2,βTαβ
12(k1 − G1)δk1−G1,k2−G2

This is saying that during the interlayer hopping process, the momentum change can only be mini-

Brillouin zone lattice momentum k1−k2 = G1−G2. Given that the interlayer distance is
√
d2⊥ + r2

where d⊥ is the interlayer distance, t(q) decays rapidly when qd⊥ > 1. Therefore in the expression

of Tαβ
12(k1, k2)where k1, k2 are close to theK point so that k1 = K1 + q1 and T

αβ
12(K1 + q1 −G1) ≈

t⊥(|K1 − G1|), we only need to keep the three terms that give the smallest and the same |K1 − G1|,

corresponding toG1 = 0, b1,1,−b1,2, where the first subscript index denotes the layer index and the

second one denotes the two reciprocal lattice vectors. Then we have

Tαβ
12(q1, q2) =

t⊥(|K|)
Aunit


1 1

1 1

 δq1−q2,g1 +

 1 ei
2π
3

e−i 2π3 1

 δq1−q2,g2 +

 1 e−i 2π3

ei
2π
3 1

 δq1−q2,g3


where we have used bl,1 · τl,B = 2π

3 , bl,2 · τl,B = −2π
3 for our choice of these vectors, B denotes the

sublattice site B. And we defined the three small reciprocal lattice vectors in the mini-Brillioun zone,

g1 = K1 − K2 = 2|K| sin (θ/2)(0,−1)

g2 = K1 − K2 + b1,1 − b2,1 = 2|K| sin (θ/2)(
√
3
2

,
1
2
)

g3 = K1 − K2 + b1,2 − b2,2 = 2|K| sin (θ/2)(−
√
3
2

,
1
2
)

This is assuming we have θl=1,2 = ± θ
2 , more generally we have

g1 = 2|K| sin (θ12/2)R(φ12)(0,−1), g2,3 = R(±2π
3
)q1, where θ12 = θ1−θ2, φ12 = (θ1+θ2)/2
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Having solved for all the terms of the TBGHamiltonian, now we can try to get a more intuitive pic-

ture. In fact, we can understand the calculation of TBG bands effectively as a tight-binding model

in k-space. For calculating energy at a particular q point, we create a honeycomb lattice using this q

point as a lattice site A′ and g1,2,3 as the relative position vectors for the nearest-neighbour sites B′

similar to the real space vector τ1,2,3. Then the onsite energy of this k-sapce lattice is given byH1(q)

orH2(q) depending on A′ or B′ site, and the ”hopping” is given by Tαβ
12(q1, q2)which is strictly lim-

ited to nearest neighbours.The original continuummode obtained magic angle by calculating Fermi

velocity vF.

Again by using

∫
dq1
(2π)2

dq2
(2π)2

c†α,1(q1)T
αβ
12(q1, q2)cβ,2(q2) =

∫
dr1dr2c†α,1(r1)T

αβ
12(r1, r2)cβ,2(r2)

in real space, we have

Tαβ
12(r) =

t⊥(|K|)
Aunit

 U0(r) U1(r)

U∗
1 (−r) U0(r)

 , U0(r) =
3∑

n=1
e−ign·r, U1(r) =

3∑
n=1

eim(n−1) 2π3 e−ign·r

In the ideal moiré pattern of two rigid honeycomb lattices, the local atomic configuration be-

tween the two layers is a continuous distribution from AA (A sites of the two layers are aligned) to

AB (top A sites is aligned with bottom B site) or BA. However in real materials of TBG, there are

strong relaxation effects for AB and BA have lower configuration energy than AA, making small

twist angle TBG a pattern of periodically distributed large AB and BA regions separated by narrow

AA boundaries9. This effect can be taken into account simply by including two factors wAA < wAB

for the larger AB regions contributing more interlayer coupling.
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Tαβ
12(r) =

 wAAU0(r) wABU1(r)

wABU∗
1 (−r) wAAU0(r)


The final real space TBGHamiltonian can be written as

HTBG(r) =

−iℏvFσθ1 · ∇r T12(r)

T†
12(r) −iℏvFσθ2 · ∇r


Clearly one can easily generate to multilayer twisted graphene with alternating twist angles10.

HTNG(r) =



−iℏvFσθ1 · ∇r T12(r) 0 ... 0

T†
12(r) −iℏvFσθ2 · ∇r T23(r) ... 0

0 T†
23(r) −iℏvFσθ3 · ∇r ... 0

... ... ... ... Tn−1,n(r)

0 0 0 T†
n−1,n(r) −iℏvFσθn · ∇r


This system forms a hierarchy of twisted angles. In particular, for twisted trilayer graphene, the

band structure can be effectively decomposed into that of a twisted bilayer graphene and monolayer

graphene.
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Figure 1.3: a, calculated energy bands of two layers of graphene rotated without interlayer hopping. b, magic angle TBG
bands. c, magic angle TTG bands. b, magic angle TQG bands.

.
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HTTG(r) =


−iℏvFσθ1 · ∇r T(r) 0

T†(r) −iℏvFσθ2 · ∇r T(r)

0 T†(r) −iℏvFσθ3 · ∇r



→ VHTTG(r)V† =


−iℏvFσθ1 · ∇r

√
2T(r) 0

√
2T†(r) −iℏvFσθ2 · ∇r 0

0 0 −iℏvFσθ3 · ∇r


In Figure 1.3 we show the calculated energy bands for twisted multilayer graphene up to 4 layers as

well as two graphene twisted but without any coupling to compare.

1.2 Symmetry and topology in graphene and twisted graphene

Symmetry is important for understanding many condensed matter systems. The most salient feature

of monolayer graphene, its Dirac dispersions, are indeed protected by the symmetries in the system,

which include time reversal (T ) symmetry, spin SU(2) symmetry (because spin-orbit coupling is

very weak), C3 rotation symmetry, C2 inversion symmetry (note in 2D, inversion is the same as C2

rotation around honeycomb center, so this combined with C3 gives C6 rotation symmetry), transla-

tional symmetry , mirror symmetry etc. The lecture notes by Leon Balents give a good argument for

how these symmetries can stabilize the Dirac cones11.

Rewriting the Dirac Hamiltonian that we have derived by now include bothK andK′ valley:

H(q) = ℏvF(μzσxqx + σyqy)
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where σx and σy are still Pauli matrices in sublattice space but μz =

1 0

0 −1

 is the Pauli matrix

inK andK′ valley space. In order to gap out Dirac cones, one needs to add a mass term propor-

tional toMσz to the Hamiltonian. SU(2) spin symmetry requires that this term cannot contain any

terms other than identity I in spin space. Translation symmetry ensures momentum conservation

up to a lattice momentum so two valleys cannot be scattered into each other, excluding μx,y in the

term. Then the available terms can then beMσz which adds the sameMass to both valleys orMσzμz

which adds opposite mass to the two valleys. However, time reversal changes the sign ofK and swap

valleys, μz → −μz. So time reversal symmetry eliminatesMσz. Finally inversion operation swaps

sublattice so inversion symmetry eliminatesMσz. This argument illustrates the power and impor-

tance of symmetry.

Another important element in graphene’s Dirac dispersion is its band topology. In fact we can

see how the Dirac crossings can stable due to the band topology which is enabled by time rever-

sal symmetry and inversion symmetry. The graphene wavefunction nearK valley satisfies similar

Schödinger equation as a spin Zeeman Hamiltonian B ∝ ℏvFq

ℏvFq · σ
∣∣∣φn,q

〉
= εn

∣∣∣φn,q

〉
,

∣∣∣φn=±,q

〉
=

1√
2
(1, e±iθq)T, θq = arctan (qy/qx)

Here n = ± correspond to conduction and valence bands. By calculating the Berry connec-

tionAn,q = Im
[〈

φn,q

∣∣∣∇q

∣∣∣φn,q

〉]
and we can obtain the Berry phase aroundK point ΘK =∮

K dqAn,q = π. Similary we could obtain a Berry phase nearK′: ΘK′ = −π. Now let’s argue

by contradiction that adding any perturbations that preserve time reversal and inversion symmetry

cannot gap out the Dirac points. First of all, the perturbations don not change the wavefunction∣∣∣φn,q

〉
by much therefore the integral

∮
K dqAn,q = π shouldn’t change much either. However,

we can use another method to calculate the Berry phase Θ =
∫∫

BZ d
2q · B where Berry curva-
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ture is defined B(q) = ∇ × A. Under time reversal B(q) → −B(−q) and under inversion

B(q) → B(−q), therefore in a system with time reversal symmetry and inversion symmetry we

expect B(q) = 0 as long as the wavefunction is analytic at q. If the perturbations indeed gapped out

the Dirac points, we would have Θ = 0, which would contradict the result of Θ shouldn’t change

much from π that’s calculated usingA. In fact, given that the physical quantity for Berry phase is

ω(C) = e
∮
C dqAn,q , and under T , ω(C) → ω∗(−C) and under inversion C2, ω(C) → ω(−C), a

system with time reversal and inversion symmetry must then have ω(C) = ±1, with 1 being trivial

and−1 meaning the loop C encircles a degeneracy point12.

It’s also easy to see that the Dirac Hamiltonian has a chiral symmetry: {H(q), σz} = 0 because

H(q) is only composed of σx and σy. This means that for every eigenstate that satisfiesH(q) |ψ(q)⟩ =

E(q) |ψ(q)⟩, σz |ψ(q)⟩ is also an eigenstate with energy−E(q). More intuitively, the negative-

energy eigenstate of the pseudo-spin Hamiltonian corresponds to the pesudo-spin being aligned

with the ”magnetic field” proportional to vFq, then σz simply rotates the spin by 180◦ and gives the

positive-energy eigenstate. AtKwhere E(0) = 0, there are two degenerate zero modes with oppo-

site eigenvalues of σz.

The continuummodel of TBG has essentially all the same symmetries as monolayer graphene

except that now the translation symmetry is that of a moiré lattice13,14. These symmetries are in

fact also good approximations in real TBG systems. A key difference, however, is that in TBG near

charge neutrality there are isolated electron bands (with single particle gaps) in each valley, and the

small mini Brillouin zone lattice constant decouples the electronic states at the originalK andK′,

leading to a separate charge conservation within each valley (valley ”charge” conservation) and the

correspondingU(1) symmetry for each valley. Given this, we should now consider the role of valley

in TBG as completely the same as that of spin. Note that although each valley breaks T symmetry

but preserves C2T symmetry. Similar to the robustness of Dirac points in monolayer graphene, the

combination of C2T symmetry also protects the Dirac points in TBG. There are now two Dirac
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points at charge neutrality for each valley coming from the two graphene monolayers and both

Dirac points have the same chirality. This non-trivial topology makes it impossible to construct a

simple two-band tight-binding model using localizedWannier functions, which would give Dirac

points with net zero chirality like in monolayer graphene.

In fact, the topological properties of TBG bands are more easily seen in the wavefunction written

in sublattice basis and in the limit of κ = wAA/wAB = 0. These properties persist even after we

recover κ to more realistic value of∼ 0.7. The κ = 0 limit is called chiral limit because now the

Hamiltonian again has a chiral symmetry σzHTBGσz = −HTBG, where σz = diag(1,−1, 1,−1)

in the basis of (ψA,1, ψB,1, ψA,2, ψB,2)
T, where once again A,B denotes sublattice and l = 1, 2 de-

notes the layer index. To get rid of the angle dependence in the Dirac part of the Hamiltonian, we

write it in a new basis where the spinor in each layer is rotated by±θ/2: (χA,1, χB,1, χA,2, χB,2)
T =

(eiσz
θ
4 (ψA,1, ψB,1)

T, (e−iσz θ4 (ψA,2, ψB,2)
T)T so that now we have

HTBG(r) = ℏvF|K|θ



0 −i(∂x − i∂y) 0 αU1(r)

−i(∂x + i∂y) 0 αU∗
1 (−r) 0

0 αU1(−r) 0 −i(∂x − i∂y)

αU∗
1 (r) 0 −i(∂x + i∂y) 0


, α =

wAB

ℏvF|K|θ

Note that the layer dependent rotation doesn’t change the form of the hopping matrices because of

the opposite rotation angles. To write this more compactly, we shuffle the basis to (χA,1, χA,2, χB,1, χB,2)
T

so that

HTBG(r) = ℏvF|K|θ

 0 D∗(−r)

D(r) 0

 , D(r) =

 −2i∂̄ αU∗
1 (r)

αU∗
1 (−r) −2i∂̄

 , ∂̄ =
1
2
(∂x + i∂y)

It was found that at certain angles corresponding to certain values of α, the chiral TBGHamiltonian
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has perfectly flat bands with zero energy at all momenta. This meansD(r)ψk(r) = 0 has solutions

at all k. We already know the Bloch wavefunction atK is a zero-energy solutionD(r)ψK(r) = 0

because that’s where the Dirac point is at α = 0 and at finite α it remains a zero mode because time

reversal, inversion and C3 rotation symmetry are still respected. The solution at other momenta is

constructed by multiplying ψK(r) by a meromorphic function Fk(z) that’s Bloch periodic where

z = x+ iy. First of all the zero mode atK still maintainsD(r)(FK(z)ψK(r)) = FK(z)D(r)ψK(r) =

0. However meromorphic function F(z) has poles. Importantly, at magic angles, ψK(r0) = 0 with

r0 = 1
3(a1−a2). This is the key for cancelling the poles and obtaining flat bands. We omit the details

for detailed procedure described in the reference15 and only give the final wavefunction

ψk(r) = ei2πk1z/a1
θ( z−z0

a1 − k
b2 |ω)

θ( z−z0
a1 |ω)

ψK(r), θ(u|t) = −i
∞∑

n=−∞
(−1)neiπτ(n+

1
2 )

2+iπ(2n+1)u

θ is the Jacobi theta function and ω = ei
2
3 π, z0, k, a1, b2 are complex forms of r0, k, a1, b2. Using this

explict wavefunction, one can calculate the Chern number and obtain C = 1. Naturally the band

related by C2 or T has C = −1. With valley and spin, we have 4 perfect flat bands with C = 1 and 4

with C = −1.

1.3 Interactions effects in twisted graphene

Having established that on the single particle level, we can think of the TBG flat bands manifold as 8

degenerate flat bands labeled by their spin, valley and sublattice, now we can include the interaction

effects. We follow closely to two references16,17 for the following discussion. First we are reminded

of quantumHall ferromagnets, where electrons in Landau levels tend to polarize their spins due to

interactions, following the similar principle to Hund rules. When the spins are aligned, the orbital

part of the wavefunction is anti-symmetric, effectively reducing the electron wavefunction overlap

and in turn minimizing the repulsion between electrons. Indeed experimentally, we see correlated
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insulators at integer fillings, in some cases, Chern insulators, consistent with flavor polarization

defined in 8-fold degenerate manifold of the flat bands.

A generic interacting Hamiltonian projected in the flat band manifold is

H =
∑
α,k

c†α,khα,β(k)cβ,k +
1
2A

∑
q

Vq : ρqρ−q :, V(q) =
∫

d2rV(r)e−iq·r

ρq =
∑
α,β,k

c†α,kΛ
α,β
q (k)cβ,k+q, Λα,β

q (k) =
〈
uα,k

∣∣uβ,k+q
〉

Here α, β are not just sublattice index, but include all 8 indices. The first term is the kinetic term and

the second term is the interaction term.
∣∣uβ,k+q

〉
is the periodic part of the Bloch wavefunctions

and Λα,β
q is the so-called form factor that includes the spatially varying wavefunciton magnitude

and can be derived from the generic form of density ρ(r) =
∫
d3rψ∗(r)ψ(r). The form factor is

strongly affected by the symmetry of the system. For instance, given the system has chiral symmetry

and σz
∣∣uA/B,k〉 = ±

∣∣uA/B,k〉, then
〈
uA,k

∣∣uB,k′〉 =
〈
uA,k

∣∣ σ2z ∣∣uB,k′〉 = −
〈
uA,k

∣∣uB,k′〉 = 0

This says that the form factor Λα,β
q is diagonal in the sublattice space, which means that the inter-

action is symmetric in terms of sublattice and won’t mix different sublattice species during scat-

tering processes. In fact, one can utilize all the symmetry in the chiral model and obtain Λq =

Fq(k)eiΦq(k)σzτz , where both Fq(k) and Φq(k) are scalars. τz is the Pauli matrix in valley space. In

fact σzτz corresponds to Chern number. This means that in terms of the interaction term, the 8 flat

bands can be divided into two groups determined by Chern number 1 or−1 and within each group,

the density operator is invariant under any unitary rotation, giving aU(4)× U(4) symmetry.

Knowing the form factor and ignoring the kinetic energy for now, we can obtain the ground state

purely determined by the interaction term which should satisfy ρq |Ψ⟩ = 0. The density operator
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Figure 1.4: A illustration of basis change in the chiral model where the original conduction and valence flat bands are
converted to the sublattice basis.

can be written explicitly

ρq =
∑
k

Fq(k)[eiΦq(k)(c†A,K,kcA,K,k+q+c†B,K′,kcB,K′,k+q)+e−iΦq(k)(c†A,K′,kcA,K′,k+q+c†B,K,kcB,K,k+q)]

We have omitted spin index for now since the system has full SU(2) and the form factor is indepen-

dent of spin. ρq consists of operators corresponding to momentum space hopping between k and

k+ q, therefore if a state with a combination fully filled or empty bands would be annihilated by

the operator and therefore become the ground state. Indeed this is similar to a quantumHall ferro-

magnet. For example, at half-filling, a ground state could be |Ψ⟩ =
∏

k c
†
A,K,kc

†
B,K′,k |0⟩. This state

fills completely a Chern sector with C = 2, corresponding to an anomalous quantumHall state.

Another effect of interactions is that bands are strongly renormalized by interaction effects and

have much larger bandwidth than that from single-particle calculations.

1.4 Magneto-exciton condensation in double layer structures

Electrons form discrete Landau levels (LLs) under a magnetic field B. For a parabolic band disper-

sion withH = P2
2m , the LLs are evenly spaced in energy. The energy separation, known as cyclotron

energy, is ℏω = ℏ eB
m . For example, bilayer graphene has an effective electron mass ofm ∼ 0.04me

18,
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Figure 1.5: A illustration of a two‐electron spatial wavefunction when their spins are a, aligned and b, anti‐aligned.

giving ℏω = ℏ eB
m ≈ 33.5K/T × B, whereK is temperature unit Kelvin and T is magnetic

field unit Tesla. For graphene, which has a Dirac dispersion, cyclotron energy has a different form:

ℏωc = vF
√
2eℏB ≈ 420K/

√
T ×

√
B. If we define the filling factor ν as the number of occupied

LLs, integer quantumHall (IQH) effect emerges at integer ν and interactions can lead to fractional

quantumHall (FQH) at fractional ν. The average electron separation within LLs is on the order of

magnetic length: lB =
√

ℏ/eB = 25.6nm/
√
T ×

√
B. Therefore, the Coulomb interaction is on

the scale of e2/εlB ≈ (650/ε)K/
√
T, where ε is the dielectric constant of the material.

Interactions can also play an important role at integer fillings and affect the spin degrees of free-

dom. The electron’s Zeeman energy ΔEZeeman = gμBB = 2 × ℏe
2me

B = 1.34K/T × B, which

is often much smaller than the cyclotron and Coulomb interaction energy, rendering spin up and

down effectively degenerate. Recall Hunt’s rule, as illustrated in Fig1.5: when two electrons’ spins

are aligned (or anti-aligned), their spatial wavefunction is antisymmetric (or symmetric) and has

less (or more) overlap, thus lowering (or raising) the interaction energy. Consequently, interactions

force all the spins of the electrons in the LL to align with each other, spontaneously breaking SU(2)

spin rotation symmetry and forming a ferromagnet. This phenomenon is known as quantumHall

ferromagnetism.

We can apply the principle of quantumHall ferromagnetism to a double layer system, which

consists of one layer of electrons stacked on top of another, separated by a thin insulator. In this
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Figure 1.6: a, An illustration of double layer system with red balls representing electrons in the top layer and yellow
balls representing electrons with a different layer index or layer peusospin quantum number that is ”bottom”. The blue
ball represents a superposition state between top and bottom layers. b, An illustration of single layer system with two
species of electron with up or down spin, similar to the layer top and bottom species in the double layer structure. The
blue ball represents a superposition state between spin up and down states.

combined system, electrons can interact across layers and layer index becomes a new quantum num-

ber. Electrons in the top and bottom layers act like two species with different pseudospins, akin to a

single layer electron system with two spin species of spin up or down. Spins can also be in arbitrary

orientations, which corresponds to a superposition state of electrons coherently coexisting in both

layers in a double-layer structure.

At a combined total integer filling factor νtot = νtop + νbot, the double layer structure ex-

hibits quantumHall ferromagnetism physics similar to that in a single layer at integer ν, but with

anisotropic interactions. The interlayer interaction is typically weaker than the intralayer interaction

due to the non-zero separation between layers. This situation corresponds to an equivalent single

layer spin system, in which interactions between opposite spins are weaker than those among iden-

tical spins. This discrepancy causes all spins to prefer alignment within the x-y plane (assuming spin

up and down are along z direction), spontaneously breaking an in-plane spin rotationU(1) symme-
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try. The spin ground state is described by

|Ψ⟩ =
∏
m

1√
2
(
|↑⟩m + eiφ |↓⟩m

)
, wherem labels the different degenerate wavefunctions within a LL and φ is the phase resulting

fromU(1) symmetry breaking.

Recall thatU(1) symmetry is the essential physics of spin XYmodel and superfluidity. In fact, if

we reinterpret the spin wavefunction in terms of layer index:

|Ψ⟩ =
∏
m

1√
2

(
c†m,top + eiφc†m,bot

)
|0⟩

, where c†m,top and c†m,bot are the create operators for themth LL wavefunction in top and bottom

layer, respectively, and |0⟩ is the vacuum state in which both layers are empty. This wavefunction

is indeed that of a exciton condensation. To see this, instead of starting with the vacuum state |0⟩

and then filling elelctrons to the state, we use a different vacuum state where top layer is already fully

filled: |0′⟩ =
∏

m c†m,top |0⟩, and we subsequently only add holes to the top layer. Consequently, the

ground state becomes

|Ψ⟩ =
∏
m

1√
2

(
1+ eiφc†m,botcm,top

) ∣∣0′〉
. This state mirrors the BCS superconducting wavefunction, except here is not pairing between

electrons but between electrons in the bottom layer and holes in the top layer, indicative of exciton

condensation.

1.5 Quantized transport signatures of interlayer quantumHall states in

Coloumb drag measurements
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2
Tunable Spin-polarized Correlated States in

Twisted Double Bilayer Graphene

Reducing the energy bandwidth of electrons in a lattice below the long-range Coulomb interaction

energy promotes correlation effects. Created by stacking van der Waals (vdW) heterostructures with

a controlled twist angle19,20,21, moiré superlattices enable the engineering of electron band struc-

ture. In an engineered moiré flat band, exotic quantum phases can emerge. The correlated insulator,

superconductivity, and quantum anomalous Hall effect found in the flat band of the magic angle

twisted bilayer graphene (MA-TBG) 22,23,24,25,26 have sparkled exploration of correlated electron

states in other moiré systems27,28,29. The electronic properties of vdWmoiré superlattices can fur-

ther be tuned by adjusting the interlayer coupling 24 or the band structure of constituent layers 27.
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Here, employing vdW heterostructures of twisted double bilayer graphene (TDBG), we demon-

strate a flat electron band that is tunable by perpendicular electric fields in a range of twist angles.

Similar to the MA-TBG, TDBG exhibits energy gaps at the half- and quarter-filled flat bands, indi-

cating the emergence of correlated insulating states. We find that the gaps of these insulating states

increase with in-plane magnetic field, suggesting a ferromagnetic order. Upon doping the half-filled

insulator, a sudden drop of resistivity is observed with lowering temperature. This critical behavior

is confined in a small area in the density-electric field plane, and is attributed to a phase transition

from a normal metal to a spin-polarized correlated state. Spin-polarized correlated states discovered

in the electric field tunable TDBG provide a new route to engineering interaction-driven quantum

phases.

2.1 Twisted double bilayer graphene configuration and band calculation

Moiré superlattices of two dimensional (2D) van der Waals materials provide a new scheme for cre-

ating correlated electronic states. By controlling the twist angle θ between atomically thin vdW lay-

ers, the size of the moiré unit cell can be tuned19,20,21. In particular, in twisted bilayer graphene

(TBG), the weak interlayer coupling can open up energy gaps at the boundary of the mini-Brillouin

zone, which modifies the energy bands of the coupled system. Theoretically, it has been predicted

that around θ ≈1.1◦ (the so-called magic-angle (MA)), the interlayer hybridization induces isolated

flat bands with drastically reduced bandwidth and enhanced density of states30. The combination

of flat band and moiré periodic potential fosters an environment where strongly correlated states

can emerge. Recent experiments performed inMA-TBG indeed confirmed the appearance of cor-

related insulating states associated with the flat bands22. Intriguingly, upon doping the half-filled

insulator, superconductivity was discovered. The phase diagram of MA-TBG thus phenomenolog-

ically resembles that of high temperature superconductors, whose undoped parent compounds are
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Mott insulators31. As a result, there is hope that MA-TBG could be a gateway to understanding

the long-lasting puzzle of high temperature superconductivity. Yet, in recent works, the connection

between superconductivity and the correlated insulator is under debate32,33,34,35,36,37.

One of the ways to study the MA-TBG system is to tune the band structure through the flat

band condition and observe how the correlated physics changes. To date, such an experimental

control is largely achieved by fabricating samples with different twist angles. However, different

samples, due to differences in uncontrollable factors such as the alignment with hBN, strain, and

dielectric thickness, often yield contradicting results regarding where the correlated insulator and su-

perconductivity appear. Only limited tunability has been demonstrated in TBG by the application

of hydrostatic pressure24. In ABC trilayer graphene/hBN superlattices, the electric field was shown

to modulate the correlated insulator gap27, opening up the possibility of continuous tuning of the

moiré flat band with electric field. However, the difficulty in identifying and preserving the unsta-

ble ABC trilayer graphene, together with the precise alignment required between the graphene and

hBN layers, makes it a less accessible platform. In this work, we demonstrate a wide range of electric

field tunability in the moiré flat band of twisted double bilayer graphene (TDBG), consisting of two

Bernal-stacked bilayer graphene sheets misaligned with a twist angle θ (Figure 2.1a).

In twisted systems, the twist angle for achieving a flat band is determined by the individual layer

band structure and the interlayer coupling strength. Unlike monolayer graphene, the band struc-

ture of Bernal-stacked bilayer graphene can be tuned by a perpendicular displacement fieldD4. As

|D| increases, the parabolic band touching at charge neutrality of bilayer graphene opens up a gap

and the bottom (top) of the conduction (valence) band lifts up (down) into a shallowMexican-

hat energy dispersion distorted by trigonal warping38. The gap in bilayer graphene can be as big as

200 meV for large |D| before the gate dielectric breaks down39. In TDBG, where two bilayers are

stacked, the displacement field affects the energy dispersion of each constituent bilayer graphene,

allowing a new experimental knob to tune the flat band condition (Fig. 2.1d). Fig. 2.2a shows
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Figure 2.1: a, Schematic diagram of twisted double bilayer graphene with a twist angle θ. b, Device schematic with
graphite top and bottom gates.c, Optical microscope image of the 1.33◦device. d, Brillouin zone and band structure
of the two individual bilayer graphene under perpendicular displacement field. The dashed hexagons represent the
mini‐Brillouin zone of the moiré superlattice.
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moiré band structures computed at finiteD using the single-particle continuummodel approxi-

mation40,30,41,42,43,44. We find that a well-isolated narrow conduction band can appear in a range

of twist angle θ, where the inter-band energy gaps and bandwidth can be controlled by the displace-

ment field (see Methods for details).

We fabricated TDBG devices by tearing and stacking Bernal-stacked bilayer graphene45,46. We

measured in total seven devices with twist angle θ =1.26, 1.32, 1.33, 1.41, 1.48, 1.53 and 2.00◦,

with the first six devices showing signatures of correlation effects. All of the devices measured are

encapsulated by hBN. Top gates are made from graphite or metal, while bottom gates are made

from graphite or silicon (details for each device structure are shown in Extended Data Fig. 9). We

focus our study on the two representative devices θ =1.33◦ and θ =1.26◦, while summarizing the

behaviors of the other devices in Methods and Extended Data Table. 1. The top and bottom gates

with voltagesVTG andVBG are used to control the density of electrons, n, and displacement field,D,

independently: n = (CTGVTG + CBGVBG)/e,D = (CTGVTG − CBGVBG)/2, where CTG (CBG) is

the capacitance between the TDBG and the top (bottom) gate.

2.2 Spin-polarized correlated insualtors

Fig. 2.2b shows the four-probe resistivity ρmeasured in the TDBGwith θ = 1.33◦ as a function of

VTG andVBG at temperature T = 1.6 K. CNP represents the charge neutral point of the TDBG,

while nS denotes the full filling of the flat band, corresponding to four electrons per moiré unit cell,

originating from the spin and valley degeneracy. For a linecut along a constant displacement field

D ∼ (D1 + D−
2 )/2 (positions ofD1,D±

2 are labeled in Fig. 2.2b), ρ exhibits several insulating states

where the corresponding conductance σ = ρ−1 vanishes as temperature T decreases (Fig. 2.3b), sug-

gesting a gap opening at the Fermi level of the system. Some insulating regions identified in Fig. 2.2b

can be well explained by the single particle band structure presented in Fig. 2.2a. For example, we
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Figure 2.2: a, Calculated band structure for θ = 1.33◦ TDBG at optimal displacement field. b, Resistivity as a func‐
tion of top and bottom gate voltages. Charge neutral point (CNP), full‐filled gaps (±nS) and half‐filled gaps (nS/2) are
marked. The displacement field where the CNP starts to open up a gap is labeled with D1 and D

±
2 labels where the gap

at full electron (hole) band filling closes.
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find that the CNP is gapless atD = 0 but develops a gap for |D| > D1 ̸= 0. Similarly, at full moiré

band filling n = ±nS, energy gaps Δ±nS are present within displacement field ranges |D| < D±
2 .

Consequently, forD1 < |D| < D+
2 (D1 < |D| < D−

2 ), there is an isolated conduction (valence)

band. Note thatD±
2 are different in the conduction band (+) and valence (−) band, due to the lack

of electron-hole symmetry in TDBG. All these single particle band gaps are nicely captured by our

calculation based on a continuummodel (Extended Data Fig. 1). The calculation also captures the

cross-like feature in Fig. 2.2b, which matches with the van Hove singularities of the bands (details

in Methods). Lastly, the calculated band structure (Fig. 2.2a) indeed demonstrates the existence of

an isolated flat band at θ = 1.33◦ under finite displacement field with a bandwidth around 10 –

15 meV.

In this single particle band structure, we expect a narrow but uninterrupted spectrum within

the lowest moiré conduction band (c1), separated by band gaps from both the valence band (v1)

and higher conduction band (c2) forD1 < |D| < D+
2 . However, we observe the development

of a well-defined insulating behavior at half-filling n = nS/2 (Fig. 2.2b, 2.3b). The onset dis-

placement field of this insulating state coincides withD1. But it ends well beforeD reachesD+
2 ,

suggesting both the isolation and the flatness of the band are required for creating the observed cor-

related gap (Fig. 2.2b, 2.3b). Along the same linecut shown in Fig. 2.3b (D ∼ (D1 + D−
2 )/2), we

measure the effective cyclotron massm∗ from the temperature dependent magnetoresistance oscil-

lations (Extended Data Fig. 8). Fig. 2.3a shows thatm∗ ≈ 0.2me for the first valence band (v1) and

m∗ ≈ 0.3me for the first conduction band (c1), whereme is the bare electron mass. Considering the

effective mass of Bernal-stacked bilayer graphene is≈ 0.04me
47, the experimentally observed large

m∗ indicates an order of magnitude narrower bandwidth than that of bilayer graphene bands folded

in the moiré superlattice Brillouin zone, especially for the c1 band. We then use the conduction band

effective massm∗ = 0.3me to estimate the bandwidth of c1 band to be∼ 10 meV. This bandwidth

matches with the continuummodel calculation of TDBG40, confirming the existence of the flat
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Figure 2.3: a, Effective mass measured by temperature dependent quantum oscillations corresponding to b. b, Temper‐
ature dependence of conductivity as a function of carrier density at a constant displacement field that passes through
the half‐filled insulator (D∼ (D1+D

−
2 )/2). Inset, Arrhenius plot for the full‐filled insulating state (nS) and the half‐filled

insulating state (nS/2) under different in‐plane magnetic fields.

band experimentally. The absence of correlated insulating behavior in the hole-doped regime under

similar experimental conditions can be explained by the larger bandwidth of the moiré valence band

v1 than that of c1 (Methods).

We measure the size of the insulating gaps from the activating behavior of ρ (Fig. 2.3b inset). For

θ = 1.33◦ TDBG, the half-filled insulator is robust with an energy gap of ΔnS/2 = 3 meV and

persists up to a perpendicular magnetic field B⊥ ≈ 7 T (Extended Data Fig. 7). Since the c1 band

is spin and valley degenerate in a single particle picture, the half-filled insulator is likely polarized in
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the four-fold spin-valley space. In-plane magnetic field B∥ can be used to probe the spin structure

of the state without significantly coupling to the valley degrees of freedom in the regime where in-

plane orbital effect is negligible. In MA-TBG, it has been shown that B∥ reduces ΔnS/2. Fig. 2.3b

inset and Fig. 2.4a show the change of ρ as a function of B∥ in our TDBG sample. We find that the

half-filled insulator becomes more insulating as B∥ increases (Fig. 2.3b inset) and the displacement

field range spanned by the half-filled insulator expands (Fig. 2.4a). More quantitatively, we find that

the growth of ΔnS/2 roughly follows the Zeeman energy scale gμBB∥, where μB is the Bohr magneton

and the effective g-factor g = 2 (dotted black line in Fig. 2.4b). This observation is consistent with

a picture where the occupied states (half of the states in c1) are spin-polarized along the direction of

the external magnetic field. The unoccupied excited states then carry the opposite spin, separated by

a ferromagnetic gap due to spontaneous symmetry breaking at half-filling. For spin-1/2, the Zeeman

term lowers the energy of the filled states ΔE↓ = −gμBB/2, while boosting the energy of the empty

states with opposite spins by ΔE↑ = gμBB/2, pushing the two bands further apart and enhancing

the gap (as illustrated by Fig. 2.4b insets). Calculations from the Hartree-Fock approximation also

supports the existence of a spin-polarized correlated insulating state at half-filling in TDBG40,41.

In the θ = 1.33◦ device, applying B∥ also induces additional correlated insulating states at

quarter-filling (n = 1
4nS) and three-quarter-filling (n = 3

4nS) (Fig. 2.4a). The quarter-filled insulat-

ing gap opens at B∥ ≈ 4 T and increases as B∥ increases (Fig. 2.4b). According to the hierarchy of

the symmetry broken states within mean field theory40, the quarter-filled gaps separate the ground

state and the excited state of the same spin and opposite valleys, and thus should be relatively insen-

sitive to in-plane magnetic fields. However, the enhancement of quarter-filled gaps with B∥ and the

positions where quarter-filled insulating states appear in the n–D plane (Extended Data Fig. 2) sug-

gest they are likely to separate states of the opposite spins, hinting that the origin of these strongly

correlated states goes beyond a simple mean field approach.
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Figure 2.4: a, Development of the correlated insulating states with in‐plane magnetic fields. Top and bottom panels
compare resistivity as a function of n and D under different in‐plane magentic fields. The middle panel shows the con‐
tinuous evolution of the correlated states by taking a line‐cut along the dashed lines in the top and bottom panels. All
three panels are measured at a temperature of T = 1.5 K. b, Half‐filled insulating gap ΔnS/2, quarter‐filled insulating gap
ΔnS/4 and full‐filled gap ΔnS as a function of in‐plane magnetic field. The dashed lines indicate Zeeman energy with
g = 2. ΔnS/2 of both devices increase with in‐plane magnetic field, indicating spin‐polarization of the half‐filled insu‐
lator. We also note that the single particle gap, ΔnS between c1 and c2 (purple curve), decreases linearly with Zeeman
energy with g‐factor of 2. Insets, schematic of the half‐filled insulating state at zero and large in‐plane fields.
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2.3 ”Halo” region – correlated metallic state

In the θ = 1.26◦ sample, a similar spin-polarized half-filled insulating state is observed (Fig. 2.5a),

with much smaller correlated gap ΔnS/2 = 0.3 meV (red line in Fig. 2.4b). Upon doping the half-

filled insulator, we identify the appearence of a ’halo’ (marked with a dashed circle in Fig. 2.5a) sur-

rounding the half-filled insulating state in theVTG–VBG plane. On the halo, the resistivity is slightly

higher than the nearby region. Such a halo-like feature commonly appears around the correlated in-

sulating states in different samples with varying twist angles (Fig. 2.6a-d, Extended Data Fig. 9). The

half-filled insulting state divides the halo-like region into two. For the samples with a strong half-

filled insulating gap, Hall measurements performed at low magnetic fields (Extended Data Fig. 2)

exhibit a sign change of the Hall signal across the boundary of the halo and also across the correlated

insulator. A similar observation has been noted in a recent related work48. The sign of Hall sig-

nal inside the halo complies with the carrier concentration counted from half-filling. This suggests

the metallic state in the halo is obtained by adding carriers to the spin-polarized band at half-filling

while retaining the spin-splitting of the band (Fig. 2.4b inset), and therefore is likely a ferromagnetic

metal. Since the Hall signal outside the halo matches the expectation for a moiré band without cor-

relation, the halo marks the border between the spin-polarized and the spin-unpolarized metallic

states (Extended Data Fig. 2.4a).

Studying the temperature dependence of the resistivity, ρ(T), inside the halo, we identify a criti-

cal transition with a sudden drop of resistivity as the temperature decreases. Fig. 2.5b shows resistiv-

ity measured at different gate configurations marked by matching symbols in Fig. 2.5a. We note that

the critical transition behavior, namely the sudden drop of resistivity, only occurs inside the halo.

In contrast, resistivity outside the halo increases linearly with temperature. The resistivity behavior

outside the halo is most likely due to ballistic transport at low temperatures and enhanced phonon

scattering at elevated temperatures. The critical transition behavior of ρ(T) inside the halo, how-
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Figure 2.5: a, Resistivity map around the half‐filled insulator. Dashed circle marks the halo. b, Resistivity as a function
of temperature at different spots marked by the colored symbols in a using the corresponding colors and shapes. c,
Current‐Voltage (I–V) curves at the black circle in Fig. 2.5a, Top left inset, I–V in log scale, demonstrating the BKT like
power‐law behaviour (see Extended Data Fig. 2.6 for more details). Bottom right inset, dV/dI as a function of bias
current, which shows a critical current of about 300 nA.

ever, appears non-trivial. The ρ(T) curve of the 1.26◦ device (black curve in Fig. 2.5b) in particular

strongly resembles that of a superconductor, with near-zero resistivity below 3.5 K. The current-

voltage (I-V) curve also exhibits superconducting-like non-linear behaviors: dV/dI vanishes for

bias current smaller than a critical current, I < Ic, and rises to a near-constant value that is close

to the normal resistivity above the critical transition for I > Ic (Fig. 2.5c bottom right inset). This

non-linear I-V characteristic is distinct from that of a heating effect (see Methods for a more de-

tailed analysis) and seemingly follows that of the Berezinskii-Kosterlitz-Thouless (BKT) transition

(Extended Data Fig. 2.6e).

While ρ(T) and the I-V characteristic discussed above for the 1.26◦ device are suggestive of super-

conductivity, we note that several factors require careful consideration. First, we have not observed

direct evidence of superconducting phase coherence, such as the Fraunhofer pattern under magnetic

fields. Second, ρ(T ≪ Tc) ≈ 0 has been observed only for the 1.26◦ device. Fig. 2.6a-d show four

other devices we measured with the twist angle ranging between 1.32-1.48◦. In these devices, similar

to the 1.26◦ device, critical transition behaviors in ρ(T) curves are commonly observed inside the

halo region that surrounds the half-filled insulator. These critical behaviors are best illustrated by
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Figure 2.6: a‐d, Resistivity as a function of filling fraction and displacement field around the half‐filled insulators mea‐
sured in four different samples with the twist angles 1.32, 1.33, 1.41 and 1.48◦. e, f, resistivity as a function of temper‐
ature inside and outside the halo regions surrounding the correlated insulator. The gate configuration for each curve is
marked by the red (outside the halo) and the black (inside the halo) symbols in a‐d. Upper panels show the derivative of
the resistivity to highlight the critical transition behavior.

the clear peaks in dρ/dT, which are absent outside the halo (Fig. 2.6e-f). The critical temperatures,

defined as the temperature where dρ/dT is maximum, are similar across all devices (Tc = 6 − 9 K),

despite their very different half-filled insulating gap sizes (Extended Data Table. 1). However, the

low-temperature resistivity ρ(T ≪ Tc) does not reach zero, unlike in the 1.26◦ device (Fig. 2.6e,

Extended Data Table. 1). Strong non-linear I-V at low temperatures is also absent in these devices.

Based on these experimental findings, we propose a few scenarios to explain the observed critical

transition behavior. One possibility is that the critical transition is a result of Cooper pair forma-

tion, but superconductivity is only developed in the 1.26◦ device. In other devices, the establish-

ment of phase coherence may be inhibited by an inhomogeneous distribution of strains or disorder.

Alternatively, the critical transition may correspond to a ferromagnetic transition of the doped half-

filled insulating states. Here, we note that the critical transition behaviors only occur inside the

halo region which we associate with ferromagnetic metallic states. As temperature increases, the
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ferromagnetic metal turns into a normal metal when correlation effect vanishes. Below the critical

temperature, carrier scattering processes related to spin-flip can potentially be suppressed by the

ferromagnetic order, resulting in a reduced resistivity. These two scenarios do not necessarily com-

pete with each other, leaving open the possibility of a ferromagnetic superconductor (Methods,

Extended Data Fig. 5). The highly tunable electronic structures of TDBG demonstrated here and

in related works49,50,51,48 may provide a new route to engineer correlated phenomena in a moiré

superlattice.
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3
Unconventional superconductivity in

magic-angle twisted trilayer graphene

We construct a van der Waals heterostructure consisting of three graphene layers stacked with al-

ternating twist angles±θ. At the average twist angle θ ∼ 1.56◦, a theoretically predicted magic

angle for the formation of flat electron bands, narrow conduction and valence moiré bands together

with a linearly dispersing Dirac band appear. Upon doping the half-filled moiré valence band with

holes, or the half-filled moiré conduction band with electrons, displacement field tunable super-

conductivity emerges, reaching a maximum critical temperature of 2.1 K. By tuning the doping

level and displacement field, we find that superconducting regimes occur in conjunction with flavor

polarization of moiré bands bounded by a van Hove singularity at high displacement fields. These
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experimental results are inconsistent with a weak coupling description, suggesting that the observed

moiré superconductivity has an unconventional nature.

3.1 Twisted trilayer graphene configuration and band structure

The experimental realization of twisted bilayer graphene (TBG) opened up new possibilities for

studying interaction effects in moiré engineered electronic bands. It was first predicted theoretically

that the hybridization of two twisted graphene sheets could produce nearly flat bands at the so called

“magic angles” (MA)52,53,54,55. Initial experiments showed that a significant reduction of kinetic

energy gives rise to correlated insulating phases and superconductivity upon doping these insulating

states22,56. In the follow-up experiments, additional interaction-driven phases were discovered in

MA-TBG, including isospin symmetry breaking metals57, orbital ferromagnetism58,59,60, and mag-

netic field induced Chern insulators61,62,63. Despite the rapid progress of the field, the question of

whether the superconductivity is unconventional, driven by strong electron-electron interactions,

or conventional, arising from electron-phonon interaction at weak coupling, remains under debate.

Some experiments suggested that the superconducting and insulating phases are independent or

maybe even competing, with the superconductivity persisting or strengthening when Coulomb in-

teraction is screened64,65,37,66. However, others have provided evidence that the superconductivity

has unconventional features, such as coexisting nematic order67 and a lack of correlation between

large density of states and higher critical temperature68, pointing to unconventional superconduc-

tivity of non-phononic origin.

The creation of moiré engineered van der Waals (vdW) interfaces has been extended to other

two-dimensional (2D) material systems as well, leading to the observation of many interesting

interaction-driven phases, such as quantum anomalous Hall states in twisted monolayer- bilayer

graphene69,70 and generalizedWigner crystal in WSe2/WS2 moiré superlattices71,72. On the other
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hand, MA-TBG remains the only system where superconductivity is unambiguously well-established56,73,59,37.

In contrast, initial reports of superconductivity in other 2D flat band systems such as ABC trilayer

graphene aligned with BN74, twisted double bilayer graphene75,48, and twistedWSe2 76 have proven

less conclusive77.

In this work, we study a new type of moiré engineered graphene multi-layer system, MA twisted

trilayer graphene (TTG) with vertical mirror symmetry78. We present a clear signature of supercon-

ductivity controlled by applied electric field. The continuously tunable band structure of MA-TTG

provides a new experimental knob for probing the superconducting mechanism.

Our TTG consists of three layers of graphene, with the twist angle between the top layer (T) and

middle layer (M) being θ, and the twist angle between the middle layer and the bottom layer (B) be-

ing−θ as shown in the schematic in Fig. 3.1a. The stacking with this alternating sequence of angles

with opposite signs preserves the vertical mirror plane symmetry (see Supplementary Material (SM),

S1), differing from the previously studied trilayer systems79. A recent theoretical work predicted

that the Hamiltonian for this system can be effectively decoupled into that of a monolayer graphene

and a TBGwith the inter-layer coupling strength enhanced by a factor of
√
278. As a result, the

band structure of TTG consists of a Dirac cone from the monolayer graphene coexisting with TBG

flat bands. Interestingly, the magic angle is predicted to be the TBGmagic angles multiplied by
√
2:

θTTG = 1.56◦ 78. Fig. 3.1c shows a band structure of TTG at this angle. To experimentally realize

such a system, we utilize the “cut and twist” technique65 (see SM S1 for details). An image of the

completed device is shown in Fig. 3.1b. The colored lines trace the original positions of the three

pieces of graphene. In addition to the TTG device fabricated in the three-layer overlapped region

(TMB), we made two other TBG devices, one in the region with only the top and middle layers

(TM), and the other in the region where there are only the middle and bottom layers (MB). These

two devices allow us to measure the TM twist angle, θTM, andMB twist angle, θMB, individually to

characterize our devices.
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Figure 3.1: (a) Schematic diagram of the three layers of TTG with alternating twist angles θ and−θ. The top and bottom
layers are aligned while the middle layer is twisted by θ relative to both layers, preserving the in‐plane mirror symmetry.
(b) Optical microscope image of the TTG device fabricated in the TMB region and two TBG devices fabricated in the TM
and MB regions. (c) Theoretical band structure for MA‐TTG atD/ε0 = 0 plotted on the mini Brillouin zone (BZ) marked
in purple in the bottom face. The blue Dirac cones sit at the mini BZK points, while the flat bands, orange (conduction)
and green (valence) are the most dispersive at the mini BZ Γ point. A contour plot of the valence band is projected on
the x–y plane.
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Fig. 3.2a and b show the longitudinal resistivity, ρ, as a function of perpendicular magnetic field

B and carrier density n, controlled by both top and bottom gates of the two TBG devices, TM and

MB. They exhibit typical magnetotransport features of large-angle TBG80, with no insulating resis-

tivity peaks other than at ν = 0 and 4. Here, ν is the moiré band filling factor ν = 4n/ns, where

ns is the carrier density at full filling of the four-fold degenerate moiré bands. From these fan dia-

grams, we estimate θTM = 1.35◦ and θMB = −1.69◦. The difference in angles is expected due to

imperfect angle control in experiments as well as the ubiquitous angle disorder in twisted devices.

Interestingly, however, we find such small angle difference between TM andMB regions yields no

appreciable effects in the TTG device formed in the TMB region. Fig. 1c shows the Landau fan di-

agram of the TTG device at a fixed back gate voltage,VBG = 0. ρ(B, n) exhibits emergent Landau

fans at integer fillings ν = 0,±2, 1, 3 which correspond to a twist angle of 1.55◦. In addition, the

device is highly uniform across most pairs of contacts, with angle disorder on the order of 0.02◦ es-

timated from similar magneto-transport data (SM, S3). Such high uniformity of twist angle in the

TMB region might indicate that the strain relaxation on atomic length scales forces θTM = −θMB

to be the average twist angle, favoring alignment between the top and bottom layer to reduce the

structural energy81. An alternative scenario is that the three layers are coupled so strongly that they

behave as a single system with the measured angle the average of θTM and θMB. In either case, the re-

sulting uniform device indicates that TTG is relatively robust against small angle misalignment and

disorder.

We find that, unlike in MA-TBG samples, ρ(n)measured in the TMB device at B = 0 (Fig. 3.2d)

does not exhibit strong insulating behavior at any filling, consistent with the additional Dirac cone

in the proposed TTG band structure in Fig. 3.1c. The Landau fan emanating from the charge neu-

trality has sequence -2, -6, -10, ... on the hole doped side and 2, 6 on the electron doped side. This

sequence indicates that Landau levels are four-fold degenerate but is different from the typical 4,

8, 12, ... sequence obtained inMA-TBG56. This change is similar to the sequence in ABA trilayer
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Figure 3.2: a and b Landau fan diagrams of the two TBG hall bars TM and MB. In each device, fans are visible emanating
from ν = 0 and ν = ±4 as well as an increase in resistance at the vHSs near ν = ±2. c Landau fan diagram of the
TTG Hall bar TMB. Resistive states and fans emerge at ν = 0,+1,±2 and+3. The most prominent sequences are
traced out by orange dashed lines (more details in Fig. S4). d Zero magnetic field resistivity as a function of filling in TM,
MB and TMB. e Hall conductivity in TMB at B =10 T.
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Figure 3.3: ρ as a function of ν taken at a fixedVBG = 0 V at several different temperature values. The formation of
superconducting regions is visible at ν < −2 and ν > 2. The left inset shows the superconducting dome in the T − ν
plane taken along a cut atVBG = 0 V for ν < −2, the right inset atD/ε0 = −0.56 V/nm for ν > 2.

graphene82, and likely results from the presence of the Dirac cone. Fig. 3.2e shows σxy(n) taken at

B = 10 T. Interestingly, we see large regions of σxy = −2e2/h near ν = −4 and σxy = −2e2/h

(e is the electron charge and h is the Planck constant) near ν = 4 (also see 1/ρxy(B, n) in Fig. S3).

More direct experimental evidence of the additional Dirac cone is present in the Landau fan dia-

gram taken at zero displacement field, where we observe quantumHall sequences originating from

the Dirac cone at low magnetic fields (see SM, S4). Flavor symmetry breaking is evident in the Lan-

dau fan coming from ν = −2 with sequence -2, -4, -6, ... and from ν = 2 with sequence 2, 4, 6, ...,

showing only two-fold degeneracy. Above a perpendicular magnetic field of 1T, the resistive state at

ν = −2 shows a resistivity minimum and quantized Hall resistance along the slope of -2, with hys-

teresis observed near 1 T (Fig. S6). This is an indication of a magnetic field induced Chern insulator

with Chern number C = −2 and orbital ferromagnetism associated with it.
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3.2 Superconductivity in twisted trilayer graphene

At low temperature and magnetic field, we find large regions of robust superconductivity in the

TTG sample. Fig. 3.3 shows ρ(n) at different temperatures atVBG = 0 V. At our lowest experimen-

tal temperature of T = 0.34 K, zero resistance regions appear on the hole-doped side of ν = −2 and

electron-doped side of ν = 2. The two insets show ρ(ν,T) near ν = −2 and ν = 2 respectively,

both displaying clear superconducting domes. The transition in ρ(T) across the dome boundary

is sharp as shown in Fig. 3.4a at ν = −2.3, the optimal filling for ν < −2. It is noteworthy that

ρ = 0 at T ∼ 2.1 K, which is higher than most MA-TBG devices in published literature56,73,59,37.

At ν = −2.3, we extract a Berezinskii–Kosterlitz–Thouless (BKT) transition temperature of 2 K

from the power law dependence of the current and voltage I-V characteristics in the low current and

voltage range as shown in the inset of Fig. 3.4a (see SM, S7 for the analysis details). Phenomenolog-

ically, we characterize, Tc, as the temperature at which ρ falls to 10% of the normal state resistance,

ρN, which we find to be consistent with the BKT transition temperature and a better measure for

2D superconductivity (SM, S6). Additional clear signatures of superconductivity are also visible

in the differential resistance, dV/dI, as a function of DC bias current as shown in Fig. 3.4b, which

shows a sharply defined critical current Ic. At B = 0 T, the sudden increase of dV/dI occurs at

Ic = 880 nA. At low temperature, there are oscillations of Ic in a Fraunhofer-like pattern demon-

strating phase coherence (Fig. S15). As the magnetic field increases, Ic becomes smaller and the

shape of dV/dI becomes more smooth, a characteristic behavior of 2D superconducivity suppressed

by perpendicular magnetic field. The resulting critical field, Bc, is evident in ρ(T,B) in Fig. 3.4c. We

extract the Ginzburg-Landau (GL) coherence length ξGL from the theory for a 2D superconductor:

Bc = [Φ0/(2πξ2GL)](1− T/Tc)
83, where Φ0 is the superconducting flux quantum. Using the BKT

transition temperature as Tc in the above relation, we estimate ξGL = 34 nm, several times the inter-

particle distance of 9 nm set by the moiré periodicity. Using Tc extracted at ρ = 0.5ρN, considering

46



Figure 3.4: a Superconducting transition in resitivity at ν = −2.3 andD/ε0 = 0.29 V/nm. The BKT transition
temperature TBKT is marked by the black square. Inset shows I − V characteristic of the superconductor from 0.34K
(blue) to 3K (red) on a log‐log scale, displaying a crossover from high power polynomial to linear behavior in lowV range.
The black dashed line marks whereV ∝ I3, defining TBKT. b Differential resistance as a function of DC bias current
at different magnetic fields. d ρ as a function of temperature and perpendicular magnetic field at ν = −2.3 and
D/ε0 = 0.4 V/nm. The dashed line corresponds to a GL theory fit with a coherence length of ξGL = 34 nm (see SM
for more details).

prevailing fluctuation effects, we find ξGL = 13.4 nm, only slightly larger than the interparticle dis-

tance. We have also seen superconductivity in an additional TTG device with θ = 1.39◦, shown in

Fig. S17.

Employing both the top and bottom gates, we can control both n and the displacement fieldD

independently, tuning the superconductivity in TTG by the electric field. Fig. 3.5 shows ρ as a func-

tion of ν and displacement fieldD at temperature T = 0.86 K. We observe at charge neutrality

a resistive peak that is not disturbed byD. This is expected for the Dirac cone crossings in the flat

bands. At ν = ±2, 1 and 3, there are resistivity peaks that are modulated byD. At ν = ±4, the

system has low ρ, which is expected due to the existence of the additional Dirac cone and lack of

band insulators at full filling. The superconductivity appears as the dark blue regions both on the

hole side between ν = −3 and ν = −2, and on the electron side between ν = 2 and ν = 3.

The hole side superconductivity persists for allD, with a width that first increases withD, and starts

to decrease atD/ε0 ∼ 0.4 V/m. The electron side superconductivity is weaker and affected more

strongly byD. At T = 0.86 K, it only starts to emerge atD/ε0 ∼ −0.4 V/nm. At a lower temper-
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ature T = 0.34 K, superconductivity on both sides extends to larger ranges (Fig. S16A). To better

illustrate the evolution of the superconductors withD, we have measured ρ(ν,T) at several discrete

Ds, as shown in Fig. 3.6a to c for holes and Fig. 3.6d to f for electrons, showing dome-like supercon-

ducting regimes (several representative ρ(T) curves are shown in Fig. 3.5 insets). While the optimal

doping νop where the maximum Tc occurs is insensitive toD, we find the maximum Tc of the dome

and the filling range, Δν, i.e., the height and width of the dome, are sensitive toD. We measure ρ(T)

at differentD at optimal filling to extract the transition temperature Tc at eachD, providing a quan-

titative description of theD dependence of superconductivity. Fig. 3.6g and h show Tc as a function

ofD for the hole-side and electron-side superconductors respectively. For the hole-side supercon-

ductor, starting fromD/ε0 = 0, Tc first increases, reaches maximum at aroundD/ε0 = 0.4 V/nm

and then decreases quickly. The electron-side superconductor displays a similar trend, with Tc in-

creasing after appearing atD/ε0 ∼ −0.5 V/nm then decreasing belowD/ε0 = −0.62 V/nm.

3.3 Signature of unconventional superconductivity

The electric field tunable superconductivity in TTG can be ascribed to the tuning of single particle

bands controlled byD84. Fig. 3.7a shows renormalized Hall density (measured Hall density divided

by ns) nH = σxyB/ens at a low magnetic field B = 0.5 T, near the region where the hole-side su-

perconductor resides. AtD/ε0 = 0.2 V/nm, away from zero filling, nH(ν) increases linearly with

a unity slope and then resets to 0 near ν = −2. This reseting behavior has been considered as a sig-

nature of the spin and valley isospin symmetry breaking, where the four-fold degeneracy turns into

two-fold. After this flavor symmetry breaking, the electrons completely fill the two lower energy

bands and nH corresponds to the density in the two higher energy bands. Similar flavor symmetry

breaking in moiré flat bands has been observed and discussed inMA-TBG65,61,85,86. This symmetry

breaking can be better illustrated by the quantity |nH− ν|, which directly gives the degeneracy of the
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Figure 3.5: ρ map as a function of ν andD at 0.86K. Superconducting regions appear for ν < −2 and ν > 2. The
upper (lower) inset shows the ρ at the superconducting transition in the hole (electron) region.
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Figure 3.6: a to f Dome shaped superconducting regions in the T − ν plane at differentD for ν < −2 [a to c] and
ν > 2 [d to f]. The size and shape of the domes are tuned byD. g and h Tc as a function ofD taken at ν = −2.3 (g)
and ν = 2.45 (h). Tc is chosen to be the point where ρ = 10%ρN and error bars correspond to 5%ρN and 15%ρN.

symmetry breaking phase57. Fig. 3.7b shows |nH − ν| as a function of ν andD, showing several sym-

metry breaking regions. At 0 > ν > −2, the large area of |nH − ν| = 0 shown as dark blue indicates

that the holes are filling the four bands equally. At−2 > ν > −3, the system enters the symmetry

breaking phase with two degenerate bands where |nH − ν| = 2, shown in white. At ν = −3 at

smallD another reset occurs, and at ν < −3, |nH− ν| is not integer valued, changing gradually from

3 to 4. This symmetry breaking behavior is affected asD tunes the single particle band structure of

the MA-TTG. In particular, for the hole side band (ν < 0), aboveD/ε0 = 0.35 V/nm a large re-

gion |nH − ν| = 4 emerges at ν < −3 (marked as I in Fig. 3.8b), indicating that the four bands

are being filled equally with no symmetry breaking. Interestingly, we find this region is bounded on
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the right by a van Hove singularity (vHS), whose existence can be detected from diverging nH fol-

lowed by a sign change61. The characteristic sharp divergences of two vHSs can be seen in Fig. 3.7a

atD/ε0 = 0.4 V/nm near ν = −3 (marked by vertical arrows), combining into one large divergence

at largerD. The left boundary of region I also shows a discontinuity. However, nH value across this

boundary is continuous, indicating that this is not a vHS. AsD increases, the flavor-polarizing vHS

moves to the right, expanding the |nH − ν| = 4 region. Importantly we note that this evolution

correlates with the reduction of superconductivity. In Fig. 3.7b, we superimpose the boundaries

of the zero magnetic field superconducting region at 0.34K (Fig. S16A) and 0.86K (Fig. 3.5) onto

the |nH − ν| plot as blue and orange dashed lines respectively. The 0.34K superconducting region

boundary aligns well with the |nH − ν| = 2 symmetry breaking phase boundary. More interestingly,

at 0.86K where superconductivity becomes weaker, we can see that the superconducting region is

reduced as the vHS and |nH − ν| = 4 region crowd out the |nH − ν| = 2 region. For the electron

side superconductor, similar analysis (Fig. 3.8d) shows that the superconducting region also shrinks

when the vHS starts to cross the symmetry breaking phase boundary.

The region near a vHS has an increased density of states (DOS), which promotes superconduc-

tivity in conventional Bardeen-Cooper-Schrieffer (BCS) theory in the weak coupling limit87,88.

Here, instead it is observed that superconductivity weakens as a vHS approaches and subsequently

flavor polarization occurs.The prominent role of vHS in the system can also be captured in single

particle band calculations. Fig. 3.8c shows calculated DOS as a function of ν and interlayer electric

potentialU, which is directly proportional to the experimentalD. The calculated DOS is symmetric

between positive and negativeU so only the positive part is shown. We observe that at lowD, there

is high density of states concentrated near charge neutrality, which is a reflection of the flatness of

the bands. An example band structure at lowDwithU = 11 meV is shown in Fig. 3.8a. AsD in-

creases, the bands become more dispersive and vHSs become prominent, shown as the white lines in

the DOS calculation at largerU. An example band structure in this range is shown in Fig. 3.8b. The
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Figure 3.7: a Renormalized Hall density nH at 0.5 T at severalD. Several resets in nH are visible at flavour symmetry
breaking boundaries. Sign reversal vHS with flavor symmetry breaking is marked by vertical arrows. b Subtracted Hall
density |nH − ν| as a function of ν andD in the same region. The four arrows with different colors mark the locations
of the line cuts in a. The blue and orange dashed lines trace out the boundaries of the superconducting region at 0.34K
(Fig. S16A) and 0.86K (Fig. 3.5) respectively. The |nH − ν| = 4 region marked by I crowds out the superconducting
region at largeD. d and d The same as a and b but near the ν = 2 superconducting state.
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prominent vHS in the theoretical density of states at largeU agrees with the vHS that appear at large

D in experiments.

The intrusion of this vHS, and the subsequent flavor ordering which limits the width of the

|nH − ν| = 2 region and consequently the region of superconductivity, accounts for the reduction

of the superconducting dome at largeD. However, the initial enhancement of the superconductiv-

ity seems to lie in the region where band flatness dominates the physics. In this regime, the average

DOS and bandwidth of the individual conduction and valence band remain roughly constant as

shown in Fig. 3.8c and d. The major change in the single particle band structure in this smallD

range happens at theK point, where the conduction and valence bands gradually split away from

each other, increasing the combined bandwidth at this point. Recent theoretical work has suggested

the importance of a second order process coupling flat bands, reminiscent of super-exchange, as the

driving force for pairing89,90. This process leads to an energy scale J ∼ t2/Ec, where t is related to

the overall effective bandwidth and Ec is a measure of the repulsion. This pairing mechanism also in-

vokes the presence of C2zT symmetry. Indeed, this symmetry requirement is consistent with the fact

that, at present, MA-TBG and alternating MA-TTG are the only two platforms exhibiting robust

superconductivity, and they are also unique among existing moiré systems in retaining this symme-

try. Within this picture, changing the overall effective bandwidth t can enhance superconductivity,

which may be related to the observed enhancement of both bandwidth and Tc on increasing the

displacement field at smallD. Further evidence for the strong coupling nature of superconductivity

is provided by the rapid increase of Tc(ν)with doping observed in the superconducting domes for

|ν| < |νop|. This suggests a picture where tightly bound Cooper pairs condense leading to Tc which

is limited by density and therefore grows with doping. One possible strong coupling mechanism

that is broadly consistent with these observations is skyrmion superconductivity90, wherein the J

interaction binds charged skyrmions into pairs. We estimate J to be a few meV from the experimen-

tally obtained slope of Tc(ν) in the regime of |ν| < |νop|, consistent with theoretical expectations90
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Figure 3.8: a and b Theoretical single‐particle band structures at small (a) and large (b) interlayer potentialU. The major
change in the band structure is a splitting at theK point. c Calculated density of states as a function of ν andU. The
large flat band density of states at smallU diverge into prominent vHSs diverge at largeU. d Bandwidth displayed as
the standard deviation of the conduction (c), valence (v), and combined (c+v) flat bands as a function ofU.

(SM, S8). We anticipate these results to stimulate further theoretical and experimental investigations

into these novel correlation driven phenomena.
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4
Artificial Josephson junction between

magic-angle twisted trilayer graphene and a

conventional s-wave NbN superconductor

The understanding of twisted graphene superconductors remains challenging due limited exper-

imental probes for two dimensional superconductors. Motivated by the proven effectiveness of

phase sensitive Josephson junctions in revealing the unconventional d-wave paring symmetry in

cuprate superconductors, here we realize a Josephson junction formed between magic-angle twisted

trilayer graphene (TTG) and a conventional s-wave superconductor niobium nitride (NbN). We

fabricate superconducting niobium nitride contacts to a TTG device and the contact resistance fully
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drops to zero when TTG turns superconducting near half-filling on both the hole- and electron-

doped side. We simultaneously measure the resistance of the TTG bulk and across the junction and

observe that the junction exhibits an independent superconducting critical current that is no bigger

than those of the intrinsic TTG superconducting states, accompanied by a quantum interference

pattern under a magnetic field that also has distinct behaviors than those from the TTG supercon-

ductors. The realization of such a Josephson junction paves the way for elucidating the pairing sym-

metry in the emerging graphene-based superconductors and developing hybrid quantum devices

leveraging these novel materials.

4.1 Introduction

Following the discovery of superconductivity in magic angle twisted bilayer graphene (TBG)23,

tremendous efforts have been made both to expand the material systems that host similar supercon-

ducting states, and to understand the nature of the superconducting pairing. It was first discovered

that twisted trilayer graphene (TTG) with alternating twist angles, which has a Hamiltonian that

can be decomposed into that of twisted bilayer graphene and single layer graphene91, hosts more

robust superconductivity with higher superconducting transition temperature (Tc)92,93. This al-

ternating twist approach was subsequently applied to more graphene layers and continue to pro-

duce similar superconducting phenomenology94,95,96. Concurrently, superconductivity was also

found in non-moiré graphene systems such as Bernal bilayer graphene and rhombohedral trilayer

graphene at high electric fields, where interaction effects become strong97,98. Meanwhile, there have

been accumulating evidence suggesting possible unconventional nature of the superconductivity

in these multilayer graphene systems. For example, superconducting states are consistently found

only within or in vicinity of the interaction driven iso-spin symmetry breaking phases92,93,97,98; large

Pauli limit violation in TTG and and Bernal bilayer graphene superconductors are suggestive of
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spin triplet paring99,98; superconductivity in TBG was shown to possess nematicity100; scanning

tunneling microscopy studies on TBG and TTG show possible nodal superconducting gap struc-

tures101,102. However, most of the evidence is indirect or complicated to interpret, given the limited

information these experimental methods can provide about the superconducting order parameter.

More direct approaches are needed to study properties such as pairing symmetry.

One of the most effective methods for identifying d-wave pairing symmetry in cuprates is con-

structing a phase-sensitive Josephson junction (JJ) between a cuprate and a conventional s-wave

superconductor103,104. By configuring the junction into a 90-degree ”corner” shape – aligning the

two perpendicular faces with the cuprate crystal’s two main in-plane axes respectively – the d-wave

order parameter’s internal phase modulation induces a π phase shift between the currents across

the two faces, leading to a critical current minimum at zero magnetic field and a significantly altered

quantum interference pattern compared to a s-wave to s-wave JJ. This phenomenon was experimen-

tally confirmed in YBa2Cu3O7-δ
105,106, providing robust evidence for d-wave paring. This approach

is valid only in the short junction regime with L ≪ λJ 107,108, where L is the junction length (the

length perpendicular to the current flow) and λJ ∼
√

Φ0/μ0Jcd is the Josephson penetration depth

for superconducting thin films. Here, Φ0 is the flux quantum, μ0 is the vacuum permeability, Jc is

the Josephson junction critical current, and d is the superconducting film thickness. The ultra-thin

graphene superconductors naturally fit into the short junction regime, making the corner JJ ap-

proach directly applicable for probing their pairing symmetry. Compared to cuprate bulk crystals,

graphene superconductors further offer fabrication flexibility, where various device shapes and inte-

gration of multiple superconducting contacts in different orientations can be achieved with relative

ease. Apart from exploring the fundamental nature of superconductivity, the ability to fabricate

transparent superconducting contacts that coherently couple to these novel superconductors is a

potentially important technological advancement for superconducting quantum circuits, where

large inductance with small footprints is highly desirable and the gate-tunability of gatemons opens
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Figure 4.1: a, Schematic of the device configuration. Twisted trilayer graphene is encapsulated by hexagonal boron
nitride, gated by a top graphite gate and a global silicon back gate, and connected to a NbN contact. The orange arrows
illustrate that magnetic field is screened by NbN superconductor but can completely penetrate the two dimensional
twisted graphene superconductor. b, The device image. Arrows denote gold and NbN contacts and the red dashed
rectangle denotes the junction which most of the junction data presented in the paper is from. c, Resistance v.s. filling
factor ν for both the TTG bulk and junction. Inset shows the temperature dependence of the resistance across a NbN
junction and NbN turns normal at 12.4 K.

up avenues for new architectures of quantum computers. Graphene superconductors are gate-

tunable low density superconductors with large kinetic inductance and can be potentially applied

to the next generation superconducting qubit construction.

4.2 Fabrication of s-wave superconducting contacts usingNbN

In this chapter we demonstrate that by fabricating niobium nitride (NbN) superconducting con-

tacts to magic-angle TTG, we can achieve a JJ between TTG superconductors and NbN supercon-

ductors. NbN is a conventional s-wave superconductor with a short coherence length ξ ∼ 5 nm109,
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which can minimize the proximity effect to TTG compared to other choices of superconducting

materials and ensure that we are probing the intrinsic superconductivity in TTG. Depending on the

extent of disorder, NbN films exibit a Tc of 9∼ 16 K. Fig. 4.1a is a schematic of the device configu-

ration. TTG is encapsulated by hexagonal boron nitride and gated by a local graphite top gate and a

global silicon back gate. We fabricate NbN contacts to TTG by ebeam evaporating 4nm of titanium

followed by sputtering 70 nm of NbN.We intentionally leave a 200 nm gap between the contacts

and the top gate defined channel region so that the graphene within the gap and graphene-NbN in-

terface may together act as a weak link and result in a superconductor-normal metal-superconductor

(S-N-S) junction.

Fig. 4.1b shows a picture of the device, where NbN contacts are in dark green color and gold con-

tacts in gold. Having gold contacts allows us to measure the intrinsic TTG bulk resistance without

being affected by NbN contacts. Each NbN contact branches into two before connecting to the

gold electrodes on the chip. This allows us to perform a quasi-4-probe measurement of the TTG-

NbN junction, where we source and drain a current through one gold contact and one branch of a

NbN contact, and measure the voltage between the other branch of the NbN contact and a differ-

ent but nearby gold contact. The measured resistance will primarily reflect the junction resistance,

with small contribution from a short section of the TTG bulk and a section of NbNmetal. Simul-

taneously we measure the 4-probe resistance of the bulk resistance in the same sample area using two

nearby gold contacts (see supplementary information for the detailed measurement configuration).

By comparing the bulk and junction measurements, we can distill the features unique to the junc-

tion. We focus on the junction denoted by a red dashed rectangle as shown in Fig. 1b and we mainly

use the global silicon back gate to tune the carrier density in the TTG device. Unless specified other-

wise, all measurements are done at a temperature of 250 mK.

Fig. 4.1c shows the resistance for both the TTG bulk and TTG-NbN junction as a function of

filling factor ν = n/n0, where n is the carrier density and n0 is the carrier density required for filling
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one electron per moiré cell area. The twist angle and corresponding moiré cell area are determined

based on fan diagrammeasurements, giving a twist angle of 1.5°(see supplementary information).

The bulk resistance curve shown in green exhibits pronounced peaks at integer fillings ν = -2, 0, 1,

2 and goes down to zero between ν = -3∼-2 on the hole side and in a narrower range within ν =

2∼3 on the electron side. This is fully consistent with our previous study of TTG92 with no indi-

cation of any extra effects from the NbN contacts. The junction resistance shown in red follows a

similar trend with understandably larger resistance due to the inclusion of the contact resistance.

Remarkably, the resistance vanishes when the bulk TTG becomes superconducting. The disap-

pearance of the contact resistance suggests that coherent transport is established between the TTG

superconductor and NbN. Since this effect happens strictly when TTG is superconducting, it can-

not come fromNbN-induced proximity effect. The inset shows the measured junction resistance at

high temperature and the sharp resistance drop at 12.4K indicates the superconducting transition of

the NbN contact.

4.3 Signatures of a twisted trilayer graphene toNbN Josephson junction

To further investigate the junction, we measure the current bias IDC dependence. Fig. 4.2a shows

the two dimensional (2D) map of differential resistance dV/dI as a function of IDC and ν for the

TTG bulk. The superconductivity states manifest as the deep blue zones of zero resistance between

ν = 2∼3 and -3∼-2, each bounded by a pair of positive and negative critical currents shown as resis-

tance peaks. They form dome shapes in ν and the hole-side dome is larger with stronger supercon-

ductivity than the electron-side. These features are typical of TTG superconductors. Noticeably,

in similar ranges of ν, there are another set of resistive peaks at higher IDC values on both the hole-

and electron-dope side. They form larger domes enclosing the zero-resistance domes. This is most

likely caused by the probed region being relatively inhomogeneous and containing two supercon-
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ducting areas with different strengths, presumably resulting from different twist angles. Fig. 4.2b is

the simultaneous measurement of the TTG-NbN junction resistance, which shows almost identi-

cal features with elevated resistance in most regions, in particular the two sets of critical currents on

both the hole- and electron-doped sides. However, the zone of zero resistance on the hole side now

becomes smaller and bounded by a new pair of critical currents. This critical current is smaller than

the bulk critical currents at the optimal doping and converge together with the lower bulk critical

current near the dome edge. Fig.4.2d shows a linecut at ν = −2.7 clearly showing two sets of large

critical currents in both the bulk and junction curves and a third set of critical currents with smaller

values only in the junction, denoted by two dashed lines. This is the sign of the emergence of a JJ,

which tends to be a ”weaker” superconductor than the two superconducting reservoirs and there-

fore has a smaller critical current. Note that the critical current of the NbN contact far exceeds the

range of the current bias applied in our experiments.

The critical current of a S-N-S JJ can depend on several factors such as the S-N interface trans-

parency, the scattering within the normal metal weak link, and the coherence length and strength of

the superconducting banks110. In our measurements near optimal doping, the formal two factors

dominate and lead to a smaller junction critical current whereas close to the dome edge where junc-

tion and bulk critical currents start to converge, the strength of the TTG bulk superconductivity be-

comes the limiting factor. On the electron-doped side, given the weak bulk superconductivity across

all fillings, we always observe only two sets of critical currents, with the JJ critical current aligning

with the smaller bulk critical current, clearly shown in Fig. 4.2c marked by two black dashed lines.

4.4 Quantum interference pattern of the Josephson junction

The most striking difference between the bulk and junction physics shows up in the magnetic field

dependent critical current measurements, which result in Fraunhofer patterns due to quantum in-
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terference effects in JJs. Fig. 4.3a and 4.3b are 2Dmaps of differential resistance at ν = −2.55 as

a function of IDC and magnetic field B for the TTG bulk and TTG-NbN JJ respectively. Both of

them show Fraunhofer patterns but they look distinct. The Fraunhofer pattern in TTG bulk has

been previously prevalently observed in various twisted graphene superconducting devices and is

attributed to an inhomogenerou distribution of superconducting and metallic phases within the de-

vice. The Fraunhofer patterns of this kind are highly dependent on doping and usually more easily

observed near the dome where islands of non-superconducting phases start to proliferate. By tak-

ing the first minimum of the critical current as the end of the first period, we obtain a periodicity of

∼ 13 mTwhich gives an effective junction area of 0.16 μm2. The magnetic field distribution in a

2D superconductor is governed by the so-called Pearl length Λ = 2λ2/dwhere λ is the supercon-

ducting penetration depth and d is again the 2D superconductor’s thickness. On the other hand,

the TTG-NbN JJ shows a very different Fraunhofer pattern with a much smaller periodicity of∼

3.4 mT, corresponding to a bigger effective junction area of 0.66 μm2. The Fraunhofer pattern is

also different from a typical sin (πΦ/Φ0)/(πΦ/Φ0) form. More interestingly, the junction pattern

is significantly affected by field sweeping directions and suffer irregular jumps (see supplementary

information), whereas the bulk Fraunhofer pattern is unaffected. This is possibly due to the trap-

ping of vortices in NbN, which should only affect the electrical transport across the junction. To

obtain the more normal-looking Fraunhofer pattern shown in Fig. 4.3b and minimize the effects

of flux trapping, we needed to warm up above NbN’s Tc, conduct two separate zero-field cools,

and sweep field up and down, respectively to obtain the data at positive and negative fields. These

phenomena further prove the existence of an artificial JJ that is distinct from the intrinsic TTG su-

perconducting states. Finally, the periodicity of the junction is unaffected by filling factor as shown

in supplementary information, consistent with having a junction formed by junction since the junc-

tion area is mainly determined by the device geometry and not too much affected by doping as long

as the sample is mostly superconducting.
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Fig. 4.3c and 4.3d showmeasurements of the bulk and junction in a second TTG device. Here

the TTG bulk doesn’t show any interference pattern, presumably because the probed sample area is

uniformly superconducting. The junction in this device is a 90°corner junction. The junction here

at zero current bias and magnetic field doesn’t fully go to zero possibly due to certain portions of

the sample along the measurement path being not superconducting. Nevertheless it clearly shows

an interference pattern which is also affected by hysteresis. This pattern here is more close to that of

a superconducting quantum interference device (SQUID), with relatively equal distanced critical

current minimum. Future experiments are needed to produce twist angle free samples.
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5
Relectometry measurement of superfluid

stiffness in magic-angle twisted trilayer

graphene

5.1 Introduction

The two-fluid model of superconductors assumes that there are two components that can con-

tribute to the EM field response of a superconductor: the superfluid part, which is essentially con-

densed Cooper pairs, and the normal fluid part, which comes from quasi-particle excitations. Let’s

denote the superfluid density as ns, and normal fluid density as nn. In the simplest transport model
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of charged particles, the Drude mode, we have

m
dv
dt

= iωvm = eE−m
v
τ
, J = nev =

ne2τ
m

1
iωτ+ 1

Here v is velocity,m is particle mass, ω is the EM field frequency, e is the particle charge, τ is the

scattering time and J is the current density. Given this, we can obtain the complex conductivity:

σ(ω) = σ1(ω)− iσ2(ω) =
ne2τ
m

(
1

1+ ω2τ2
− iωτ

1+ ω2τ2
)

We apply this model to the superfluid component, for which τs = ∞ by definition. Recall that

limη→0
η

x2+η2 = πδ(x). Consequently, the resulting expressions for the conductivities are:

σ1s(ω) =
nse2

m
πδ(ω), σ2s(ω) =

nse2

mω

Similarly, the conductivities for the normal component, which has a finite scattering time τn, are:

σ1n(ω) =
nne2τn
m

1
1+ ω2τ2n

, σ2n(ω) =
nne2

m
ωτ2n

1+ ω2τ2n

In the low frequency regime of ωτn ≪ 1

σ1n(ω) =
nne2τn
m

, σ2n(ω) =
nne2

m
ωτ2n ≪ σ2s(ω)

As a result, the real part of the conductivity of a superconductor is given by:

σ1(ω) =
nse2

m
πδ(ω) +

nne2τn
m
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This formulation shows that at ω = 0, the superfluid component enables dissipationless transport

by shunting the normal fluid, and at finite frequencies, dissipation arises from the normal fluid com-

ponent. Meanwhile, the imaginary part of the conductivity is solely contributed by the superfluid

component:

σ2(ω) =
nse2

mω

. Therefore, we can model the superconductor as a parallel circuit comprising a resistor with resis-

tanceR, defined by 1/R = σ1 = nne2τn
m , and an inductor Lk, given by 1/ωLk = nse2

mω . We call Lk the

kinetic inductance:

Lk =
m
nse2

Another characteristic frequency, ω = R/L, demarcates the system’s behavior: below this fre-

quency, the response is predominantly inductive; above it, it is resistive.

Regarding the sample size effect, becauseR satisfiesV = RI and kinetic inductance Lk satisfies

V = Lk
dI
dt , Lk has the same sample size dependence asR, namely:

in 3D, Lk =
m
ne2

L
Wd

, where n is the volume density

in 2D, Lk =
m
ne2

L
W

, where n is the surface density, ensuring consistent units for Lk

Superfluid stiffness ρs characterizes the rigidity of the phase of the superconducting order param-

eter, and is normally defined throughH = 1
2ρs

∫
dxd (∇θ)2 . If we write ρs as a temperature scale,

when temperature T < ρs, there is high cost in energy to have phase gradients so the superfluid can

have long-range phase coherence; when T > ρs, thermal energy gives rise to large phase fluctuations

and destroy phase phase coherence. To understand the relationship between kinetic inductance LK

and superfluid stiffness ρs, we use the Ginzburg-Landau Hamiltonian for superconductors as out-
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lined in Tinkham’s textbook111:

H =
1

2m∗

∫
dxd

(
ℏ∇θ− e∗

c
A
)2

|ψ|2, n∗s = |ψ|2

where ψ represents the Ginzburg-Landau wavefunction for superconducting particles,m∗ the par-

ticle mass, e∗ the particle charge,A the vector potential and n∗ the particle density. Given that su-

perconducting particles consist of Cooper pairs, with each pair containing two electrons, we have

m∗ = 2m, e∗ = 2e and n∗s = ns/2, wherem, e and n represent the mass, charge and density of

electrons, respectively.

Therefore, we have

ρs =
ℏ2n∗s
m∗ =

ℏ2

e∗2
n∗s e∗2

m∗ =
ℏ2

4e2
nse2

m
=

ℏ2

4e2
1
Lk

Fundamentally, both the kinetic inductance and diamagnetism of a superconductor come from

the kinetic term in the Hamiltonian, thus both kinetic inductance LK andMeissner effects are fea-

tures of a superconductor’s electric-magnetic (EM) field response, and LK is related to penetration

depth λ. Meissner effect, the expulsion of electromagnetic fields from the bulk of a superconducting

material is one of the defining characteristics of the superconducting state of matter. While a host of

techniques such as magnetic penetration depth112 and muon spin relaxation113 are available in bulk

materials to probe and characterize the Meissner effect, alternative methods are required for two-

dimensional materials with a small sample volume. A direct manifestation of the Meissner effect is

the inductive response of phase-coherent Cooper pairs to an oscillating electromagnetic field.
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5.2 Reflectometry measurement setup and kinetic inductance extraction

In this chapter, we develop a technique to measure the superconducting kinetic inductance, or

equivalently its inverse, the superfluid stiffness in micron-sized samples of 2D superconductors,

and apply it to twisted trilayer graphene (TTG)114,115. TTG is a recently discovered superconductor

from the twisted graphene family where the combination of moiré lattice potential, electronic cor-

relations, and band structure topology is expected to have unusual and possibly exotic influences on

the nature of the superconducting state. Our measurements of the superfluid stiffness as a function

of carrier density and temperature (T) show linear-in-T behavior within the entire superconducting

dome, consistent with nodal superconductivity: an unconventional superconducting state where

the superconducting gap disappears along certain directions on the Fermi surface. We also measure

the superfluid response as a function of supercurrent bias and show evidence for the non-linear

Meissner effect, another hallmark of nodal pairing. Finally, we observe a roughly linear dependence

of the superconducting transition temperature (Tc) on the measured superfluid stiffness, indicating

that phase fluctuations, rather than the suppression of Cooper pairing, destroy superconductivity in

TTG. Altogether, our observations provide strong evidence for unconventional superconductivity

in this system, and show close parallels with the phenomenology of superfluid stiffness in high Tc

materials such as the cuprate superconductors.

Inspired by recent developments in quantummeasurement technologies, we adapt radio-frequency

reflectometry to measure the superfluid response of micron-sized flakes of twisted trilayer graphene.

Flakes of 2Dmaterials have an additional impedance arising from the typically large contact resis-

tances (Rc) that appears in series with the kinetic inductor LK [ 5.1a], making the device impedance

much larger than the characteristic impedance Z0 = 50 Ω of a standard microwave measurement

circuit. Notably, previous kinetic inductance measurement implementations have either been con-

ducted in quasi-2D and 3Dmaterials samples where contact resistances are small 116,117, or in 2D
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Figure 5.1: a Schematic of the RF reflectometry setup. An L‐matching network consisting of L0 and CP transforms the
device impedance 1− 5kΩ to the 50Ω characteristic impedance of the RF measurement circuit. b Optical micrograph
of the twisted‐trilayer graphene device reported in the main paper. c DC resistanceR of the device as a function of
Moire filling factor ν. The sample is superconducting (R = 0) in both the electron and hole‐doped sectors. Insets show
the amplitude and phase response of the complex reflection co‐efficient S21 showing shifts in resonance frequency
between the normal and superconducting states. d 2D map of the normalized amplitude of S21 shown as a function of
frequency f and filling factor ν. The resonator undergoes large frequency shifts Δfr ≃ 10 − 15MHz when the sample
changes from normal to superconducting states.
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materials where the normal contact is substituted with a superconducting contact, with carefully

chosen superconducting materials to avoid Josephson junctions and superconducting proximity ef-

fect from the contact material. Our approach toward this problem is the use of impedance matching

networks. We use an L-matching circuit consisting of an external inductor L0 ≃ 100 − 200 nH

and the naturally build-in parasitic capacitance in a typical experiment, CP ≃ 1 − 10 pF. The ef-

fective L − C − R circuit resonates with a frequency fr = fr0
(
1+ LK/(2R2

cCP)
)
, where the

change of kinetic inductance is linearly proportional to the relative shift of the resonance frequency:

ΔLK = 2R2
cCP (Δfr/fr0), for LK ≪ R2

cCP ≃ 10 μH.

Our experimental setup allows simultaneous DC electrical transport and microwave measure-

ments. We observe zero resistance for a range of moiré filling factors−3 < ν < −2 for hole doping

and−1.5 < ν < −3 for electron doping, as shown in Fig. 5.1c. Simultaneously, the complex re-

flection coefficient of the resonator S21 shows distinct frequency shifts Δfr ≃ 10 − 15 MHz in both

the amplitude and phase response as the sample transits from normal to superconducting (inset of

Fig. 5.1c). This is captured in Fig. 5.1d as a function of νwhere the resonator shifts to lower fre-

quencies in the range of filling factors where the device is superconducting as measured with simul-

taneous DC transport. We perform a fitting of the resonances in the complex plane to accurately

estimate the resonance frequency fr, together with the internal (QI) and coupling (QC) quality fac-

tors, which are related to the high-frequency resistanceRs =
(

L0
Z0CP

)
QC
QI
, while fr is used to obtain

the kinetic inductance LK and the superfluid stiffness ρs = (w/l)LK, w/l ≃ 5 is the geometrically

estimated aspect ratio of the device, where w and l are the sample width and length, respectively.

5.3 Linear in T behavior and doping dependence of superfluid stiffness

Focusing on the hole-side superconducting dome, we measure the DC and microwave response of

the device as a function of ν and sample temperature T, with a range of−1.5 ≤ ν ≤ −3.5, and
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Figure 5.2: Two‐dimensional map of the a DC resistanceR and b resonator frequency fr measured as a function of
Moire filling factor ν and sample temperature T. c Superfluid stiffness ρs as a function of T for a range of filling factors
around ν = −2.4. d (Left‐axis) Zero‐temperature superfluid stiffness obtained by linear extrapolation of curves in c as
a function of ν. (Right axis) Tc obtained from DC resistance measurements as a function of ν. e Low‐temperature slope
dρ/dT obtained as a function of ν.

0.03 ≤ T ≤ 2.55 K, as shown in Fig. 5.2a and 5.2b. In Fig. 5.2c we showmeasurements of ρs

as a function of T for a range of filling factors around optimal doping ν = −2.4 with the largest

Tc ≃ 1.2 K. Tc is defined as the onset temperature for non-zero values of the DC resistance. ρs(T)

shows pronounced linear-in-T behavior for 0.03 K< T < 0.2 − 0.5 K, covering roughly an order

of magnitude in T. The onset of linearity occurs at T ≃ 0.4Tc in this range of filling factors.

The low-temperature behavior of the stiffness response can be characterized by a zero temper-

ature superfluid stiffness ρs0 and the low-temperature slope dρs/dT. In Fig. 5.2d, we express ρs0 in

Kelvin and compare it with the superconducting transition temperature Tc extracted fromDCmea-

surements. The two quantities appear to roughly track each other as a function of filling, and pro-

duce a bell-shaped curve that is centered around ν = −2.3. On the other hand, the low-temperature

slope dρs/dT is roughly constant∼ 0.2 − 0.3 for fillings−2.6 ≤ ν ≤ −2.4 and then shows a

change rising to almost≃ 0.9 around ν = −2.3 before tapering off to a lower value as we approach
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the right edge of the dome at ν = −2.

We first explore the relationship between ρs0 and Tc. We observe a roughly linear dependence

between the two quantities as shown in Fig. 5.3b, with a saturation at Tc ≃ 1.2 K for larger values

of ρs0. A linear dependence of Tc on ρs0 suggests that phase-fluctuations, characterized by ρs0, play

a strong role in determining the superconducting transition temperature Tc. Such behavior has

been observed in unconventional superconductors, most notably the cuprates where the superfluid

stiffness (expressed in units of energy) is much lower than the the BCS gap, Δ, associated with the

energy scale that determines Cooper pairing118,119. This is consistent with STMmeasurements of

the superconducting gap in TTGwhere Δ ≃ 10 K 120, whereas Tc ≃ 1 K and ρs ≃ 0.5 K as

obtained from our measurements, indicating that phase coherence (rather than Cooper pairing)

determines the gross value of Tc in TTG.

We investigate the role of phase-fluctuations further by estimating a Berezinskii–Kosterlitz–

Thouless (BKT) transition temperature (TBKT) through the Nelson–Kosterlitz criterion121: TBKT =

π
2 ρs [Fig. 5.3(a)]. Two notable observations emerge: i) TBKT is smaller than Tc roughly by a factor of

3; ii) the scaling of TBKT with ρs0 shows a linear dependence with a slope of∼ 1 [Fig. 5.3(b)]. While

we expect TBKT ≃ Tc in a perfect two-dimensional superconductor, the factor of∼3 difference

between the two may arise from two possible effects. First, inhomogeneity within the superconduct-

ing state may lead to an underestimation of the superfluid stiffness purely from geometric reasons,

where the effective aspect ratio of the superconducting region (l/w)∗ is larger than (l/w) ≃ 5

estimated from the device geometry [Fig. 5.1a, Fig. 5.3c]. Second, we speculate that a BKT-like tran-

sition in our samples may be pushed to higher temperatures due to finite-size effects or large vortex

core energies. The BKT transition proceeds through the unbinding and motion of vortex-antivortex

pairs and applies in the thermodynamic limit where the sample dimension l,w ≫ λ, where λ is the

superconducting penetration depth and determines the spatial extent of the supercurrent circula-

tion around the vortex core (size ξ, the coherence length). We estimate penetration depth λ ≃ 2 μm
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Figure 5.3: aWaterfall plot showing ρs as a function of T and ν. The curves have been smoothed with a 5‐pt moving
mean average to aid visualization. The BKT transition temperature (TBKT) is obtained from the intersection between
the universal BKT plane represented as ρc = 2T/pi and the experimental stiffness curves. b Tc and TBKT as a function
of rhos0 c Schematic showing inhomogeneous superconducting paths that may lead to an underestimation of the super‐
fluid stiffness. d Hartree‐Fock renormalized bands in TTG as a function of momentum k within the mini‐Brillouin zone.
e (Top) Theoretical calculation of the superfluid stiffness and (Bottom) Fermi velocity based on the renormalized band
model.

75



from our stiffness measurements (λ =
√
ℏ2d/(4e2μ0ρs), d = 1 nm is the sample thickness) which

is comparable to the sample dimensions 2 − 5 μm. Furthermore, the BKTmechanism assumes that

the energy of a vortex is predominantly of order ρs, the contribution arising from the circulation of

supercurrent around the core, but neglects the vortex-core energy itself. If vortex-core energies are

high, then thermal fluctuations may not produce a proliferation of vortices at the universal value of

2T/π but instead at a higher temperature.

We now focus on the behavior of ρs0 as a function of ν. Recalling that ρs = ns/(e2ms), we expect

a linear relationship between ρs0 and ν ∝ ns for parabolic bands that are well described by a single ef-

fective massme. The bell-shaped dependence observed in the experiment [Fig. 5.3d], particularly the

drop of the ρs0 with increasing hole doping for ν < −2.4 suggests a departure from the parabolic-

band approximation. Theoretical modeling of the twisted graphene band structure for moiré fillings

between−3 < ν < −2 suggests the presence of strongly renormalized bands that are highly non-

parabolic, as shown in Fig. 5.3d. An interplay between strong Coulomb repulsion and quantum

geometric effects, particularly the concentration of Berry curvature near k = 0, leads to a bandstruc-

ture that is highly dispersive close to ν = −2 but gets progressively flatter on approaching ν = −3.

The superfluid stiffness now admits a more general formulation ρs(ν) =
∑kF(ν)

k=0 nkd2E/dk2 and

leads to a doping dependence as shown in Fig. 5.3e. Starting at ν = −2, the initial steep rise of ρs

is enabled by the strong dispersion of the bands at k = 0. However, on further doping, the nega-

tive curvature (d2E/dk2 < 0) of the bands [Fig. 5.3d] causes a drop of the superfluid stiffness with

increasing doping, followed by an eventual saturation when the filling reaches the flat sectors of the

bandstructure. It is worth noting that a similar drop of superfluid stiffness with increasing doping is

observed in the overdoped cuprates and remains a subject of active investigation118,122.

We now turn to the temperature dependence of ρs. The linear-in-T suppression of ρs implies a

T-linear increase in quasiparticle excitations. This is not expected in a fully gapped superconductor

where the quasiparticle population is exponentially suppressed for T ≤ 0.3 Tc. Instead, the T-
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linear behavior is consistent with a nodal superconducting order where the superconducting gap

vanishes along certain directions on the Fermi surface. Within a picture of nodal superconductivity,

the low-temperature slope dρs/dT = − log 2/4π(vF/vΔ)123,124, vF is the Fermi velocity of the

normal carriers and vΔ = dΔ/dk describes the slope of the superconducting gap at the nodal point

as a function of momentum k. From the experimentally measured dρs/dT [Fig. 5.2(e)], we obtain

vF/vΔ ≃ 10−50. We compare this to Cuprates that generally show d-wave nodal superconductivity

with vF/vΔ ≃ 10. Furthermore, if we assume that vΔ does not vary with ν, we expect dρs/dT(ν) ∝

vF(ν)which is qualitatively consistent with vF(ν) obtained from our theoretical model of the TTG

bands (compare Fig. 5.2(e) with Fig. 5.3d).

5.4 NonlinearMeissner effect in TTG superconductors

To solidify our interpretation of nodal superconductivity, we measure ρs in the presence of a finite

supercurrent bias I at T = 30 mK [Fig. 5.4a and b]. In fully gapped superconductors, finite su-

percurrents do not affect the superfluid stiffness for I ≪ Ic, where Ic is the critical current. On the

other hand, for nodal superconductors, even small supercurrents are expected to produce a sup-

pression of the superfluid stiffness125,126,127. This phenomenon is known as the non-linear Meiss-

ner effect and was initially proposed as a ”zero”-temperature test for nodal superconductivity in

Cuprates125. Our experiments indicate a rapid suppression of ρs with increasing I [Fig. 5.4c], with

the strongest signatures close to optimal doping (ν = −2.4, Ic ≃ 0.12μA). The suppression fol-

lows a characteristic shape with a quadratic behavior, δρs = −bI2 close to I → 0, that turns linear

with δρs = −cI after the supercurrent exceeds a temperature-dependent cross-over scale I∗. This is

exemplified in [Fig. 5.5c] where we investigate ρs(I)measured at optimal doping (ν = −2.4) at dif-

ferent temperatures. We observe a drastic suppression of the quadratic coefficient bwith increasing

T [Fig. 5.5b].
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Figure 5.4: Two‐dimensional map of the a DC resistanceR and b Resonator frequency fr measured as a function of
Moire filling factor ν and supercurrent bias I. c Superfluid stiffness ρs as a function of I for a range of filling factors
ν = −2.14 to ν = −2.64 (T = 30 mK). ρs(I) ∝ −I2 for I → 0 with a crossover to linear dependence ρs(I) ∝ −I.
The linear behavior persists for a large range of I < Ic ≃ 0.12 μA at ν = −2.4. Curves are shifted for clarity.
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Figure 5.5: a, sample resistance and superfluid stiffness as a function of bias current. b, The curvature of ρs(I) at I =
0, b as a function of T shows diverging behavior as T → 0, a signature of nodal superconductivity. c, ρs(I) measured
at ν = −2.4 at different values of sample temperature T. The curvature of ρs(I) at zero current decays with increasing
temperature.
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To understand this effect, we model the electrodynamic response of a 2D nodal superconductor

in the presence of a supercurrent bias. We obtain Δρs(I) ∝ (vF/vΔ)(1/T)(ℏI2/(ne2W2)) for

I → 0 and Δρs(I) ∝ I/(vΔneW) for I > I∗, where the crossover current I∗(T) = (neW/mVF)T

that separates the quadratic and linear regimes of ρs(I). Our model explains all three experimental

features: the quadratic suppression of stiffness at I → 0, the crossover to a linear dependence at a

current threshold I∗ , and the divergence of the quadratic coefficient b for T → 0.

To summarize, we have three key findings. First, phase fluctuations play a dominant role in de-

termining the superconducting transition temperature, a feature that TTG shares with other un-

conventional superconductors with low superfluid stiffness. Second, the linear-T suppression of

superfluid stiffness combined with the observation of non-linear Meissner effect in the presence of

a supercurrent provides strong evidence for nodal superconductivity in TTG. Finally, a parabolic

band approximation fails to explain our superfluid stiffness data even at a qualitative level. On the

other hand, a relatively simple model that accounts for Coulomb interactions and quantum geo-

metric effects of the flat bands provides a reasonable understanding of our experimental results,

highlighting the strongly correlated nature of superconductivity in TTG.

80



6
Interplay between Superconductivity,

Symmetry breaking and Single Particle

Dispersion in Twisted Quadrilayer

Graphene

Superconductivity in twisted multilayer graphene systems has been studied extensively due to its

potentially unconventional nature. Several studies have used monolayer graphene in close proximity

to twisted graphene in order to measure the chemical potential in the twisted system, providing ev-

idence of symmetry breaking due to strongly correlated interactions. In our study, we demonstrate
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how the unique combination of flat and dispersive bands in TQG allows us to simultaneously tune

the band structure through carrier density and displacement field, measure the chemical potential

(inverse compressibility), and probe superconductivity in a single system. The low-density disper-

sive bands provide a sensitive measure of the inverse compressibility in the flat bands, which ties to

symmetry-breaking phase transitions at integer fillings. Using displacement field to tune the band-

width of, and hybridization between, the flat band and dispersive band sectors, we are able to turn

on and off symmetry-breaking in the system. We discover that the emergence of the superconduc-

tivity is strongly tied to the ν = ±2 symmetry-broken state. In addition, the hybridization between

the dispersive and flat bands results in a Lifshitz transition, and superconductivity is enhanced in

the high density of states regime where the flat and dispersive band Fermi surface merge. Overall,

we show the high degree of tunability in TQG paves a route for understanding the relationship be-

tween symmetry-breaking, band structure, and superconductivity in twisted multilayer graphene

systems.

6.1 Twisted quadrilayer graphene configuration and transport properties

Since the 2018 discovery of superconductivity in twisted bilayer graphene (TBG), the field of twisted

graphene, and, generally, moire systems, has grown immensely. TBG offers gate- and twist angle-

tunable narrow electronic bands, which easily lend themselves to the study of strongly correlated

physics. Many interesting phases have been observed in these flat band systems, including super-

conductivity, correlated insulators, and ferromagnetism, all of which are likely tied to correlated

electron interactions. The superconducting phase has drawn particular interest because of the po-

tential for unconventional superconductivity. Recently, the family of moire graphene has been

extended to include alternating angle twisted multilayer graphene (TMG), where electric field and

density tunable superconductivity have been observed, adding an additional degree of freedom be-
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yond TBG.Moreover, unlike in TBG, the superconductivity in TMG systems generally exhibits an

in-plane critical field approximately 3 times larger than that of the Pauli limit for conventional BCS

superconductors. This series of discoveries has provided additional motivation for the tantalizing

possibility of unconventional superconductivity in moire graphene systems. However, much still re-

mains to be understood about the nature of this family of superconductors. We will seek to address

some of these questions in our work on alternating angle twisted quadrilayer graphene (TQG).

In our work, we use displacement field to sensitively tune the band structure of TQG to explore

the effects of bandwidth and Fermi surface size on symmetry-breaking and superconductivity. We

demonstrate that the dispersive sector of the band structure can be used as a sensitive probe of the

physics in the flat band sector, and use it to show superconductivity is enhanced by high density of

states near a Lifshitz transition.

We study three devices, TQG1 (1.6◦), TQG2 (1.6◦ with disorder near 1.9◦), and TQG3 (1.6◦), all

below the predicted largest magic angle of 1.77◦ . We focus primarily on TQG1 in the main figures,

with additional data presented in the Supplementary Information.

Near the magic angle, the strongly correlated behavior of TMG systems is characterized by the

flat bands (“flat” or “magic sector”) which can be mapped to that of a magic angle (≈ 1.1◦) twisted

bilayer. Each additional pair of layers beyond the first two contributes a dispersive band that can

be mapped directly to that of an off-magic-angle twisted bilayer (“dispersive sector”), while odd-

layered TMG contains and additional monolayer-like Dirac cone (“dispersive cone”). For our sam-

ples twisted at 1.6◦ the flat and dispersive sectors are equivalent to TBG at≈ 0.99◦ and≈ 2.6◦,

respectively.

This is illustrated in Figure 6.1a, with the magic sector in red and the dispersive sector in blue.

Despite their seemingly different low energy band structures, all TMG systems (nlayers = 2 − 5)

studied experimentally thus far exhibit very similar behavior, namely pockets of superconductivity

near half filling of the conduction and valence band of the magic sector and symmetry breaking near
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Figure 6.1: a) Four layers of monolayer graphene are stacked with alternating twist angle (layers 1 and 3, purple: +θ/2,
layers 2 and 4, orange: −θ/2). Each set of aligned layers (1 and 3, 2 and 4) energetically prefers AA stacking, such that
the four layers align A‐B’‐A‐B’ where the ’ indicates a relative twist. The km (k′m) points of within a single moiré brillouin
zone come from the sameK valley of the even (odd) monolayers as indicated in the sketch. The 8 × 8 Hamiltonian
describing the tunneling between the four layers can be decomposed into 4 × 4 block‐diagonal matrices, where the
tunneling in each block is scaled up (down) by a factor of φ. Each block directly describes a twisted bilayer scaled by φ,
such that near the magic angle of TQG θTQG, φθTQG = 1.1, the magic angle of TBG. b) Temperature dependence from
250 mK (blue) to 50 K (red) of TQG1, showing superconductivity emerging around 1 K near |n| = 4 × 1012 cm−2 of
the electron and hole sides. c) Four‐terminal resistivity versus carrier density n and displacement fieldD. Two oblong
pockets of superconductivity (black) emerge on both the electron and hole side, and are displacement field tunable. The
green dashed line indicates the zero displacement field line along which b and d are measured.
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quarter, half, and three-quarter fillings. Several previous works have intimated that the interaction-

induced symmetry-broken state near half filling appears to bound the observed superconducting

state, implying that the origin of superconductivity may be unconventional and that the pairing

mechanismmay require the specific flavor polarization. However, a number of competing theo-

ries suggest alternative origins, including a more conventional electron-phonon mediated pairing.

Thus, exploring the nature of the superconductor from a variety of perspectives is imperative to a

complete understanding of this fascinating system.

Twisted quadrilayer graphene is a particularly interesting system to explore because the dispersive

band sector can act as an extremely sensitive probe of the strongly interacting physics in the flat band

sector. AtD = 0 the two sectors are fully orthogonal, as shown in Figure 6.1a, where the flat (dis-

persive) band in red (blue) is comprised of antisymmetric (symmetric) wavefunctions with a total

degeneracy of 8 in each sector (spin (↑↓), valley (±), odd/even layer). Away from charge neutrality,

the Fermi surface of the magic sector is generally much larger than that of the dispersive sector.

Magneto-oscillations provide a measure of the number and size of Fermi surfaces active in each

sector at any given filling, and are one of the primary probes we utilize to study the effect of hy-

bridization and Fermi surface changes on symmetry-breaking and superconductivity in TBG. For

example, from theD = 0 Landau fan (LF) in Figure 6.2a, we can clearly observe Landau levels

(LLs) at high field that extrapolate back to non-zero filling, resulting from the symmetry broken

states of the flat bands. At the same time, oscillations at low field originate from the simultaneous

filling of the dispersive sector, indicating the general form of the predicted band structure matches

experimental data well. The periodicity of the Shubnikov de Haas oscillations (SdHO) gives the

carrier density, n, in each subsystem:

nsector =
ge

Δ(B−1)h
(6.1)
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Figure 6.2: a) Landau fan atD = 0 from 0 to 12 T. b) Fourier transform of the Landau fan in d, in units of carrier
density, |n| = 4e/B−1

F h. The carriers in the dispersive band show up as the black, scalloped feature.

where Δ(B−1) is the period in units of Tesla−1, e is the charge of an electron, h is Planck’s constant,

and the degeneracy g = 8. Using this to calculate the number of charges in the dispersive sector and

that n = nflat + ndispersive, we find≈ 15% of the carriers reside in the dispersive bands for ntotal > 0,

as shown in Figure. 6.2b. For ntotal < 0, however, only≈ 10% of the carriers reside in the dispersive

bands. This electron-hole asymmetry must be accounted for in a theoretical description of the TQG

band structure.

It is convenient to use full-filling of the moire unit cell as a metric, rather than the carrier density,

so we will discuss our observations in terms of ν = 4n/ns, where ns =
√
3θ2
8a2 is the total number of

carriers required to fill one moire unit cell. Because of the two or more co-existing sectors in twisted

multilayer systems, it is also useful to define the filling of the flat sector alone: i.e., νflat = 4nflat/ns =
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4(n− ndispersive)/ns, where nflat ≈ 0.85n for n > 0 and nflat ≈ 0.9n for n < 0. This is an important

distinction to make as it is expected that the superconductivity primarily arises due to the flat band

subsystem, rather than the dispersive subsystem. Indeed, many of the strongly correlated features in

the data, including superconductivity, align with integer values of νflat rather than ν.

6.2 Symmetry breaking and superconducvitiy

In this flat band sector, similar to previous observations in other moire flat-band systems, we see evi-

dence of physics beyond the single particle picture, most obviously through spontaneous symmetry-

breaking of the 8-fold degenerate flat band sector at integer fillings, νflat. Figure 6.2a shows Chern

insulators appearing as dark black lines particularly visible on the electron side, with Chern numbers

matching that of a symmetry-broken 8-fold degenerate flat band (see Supplementary Information).

Since the two sectors are in equilibrium, the dispersive sector can be used as a probe of the chemical

potential μ of the flat sector and thereby extract the inverse compressibility dμ/dn. We calculate μ

using the linear dispersion of the low energy cones of the dispersive bands,

μdispersive = v∗FkF = v∗F
√

πndispersive/2 (6.2)

μflat = μdispersive (6.3)

Drawing a direct comparison to Refs.128,129,130, we can interpret the vanishing of dμ/dn near inte-

ger fillings as symmetry-breaking phase transitions. Broadly, when μ plateaus as a function of carrier

density, this indicates an ongoing phase transition, or a region of extremely flat bands. A more de-

tailed discussion is included in the Supplementary Information.

These symmetry-breaking features strongly resemble those seen in TBG, indicating the flat band

physics in bilayer versus multilayer systems is very similar. However, one of the main differences

between TBG and TMG systems is the degree to which their band structure can be tuned by dis-
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placement field. Away from the magic angle, out-of-plane electric field can push charges to be more

strongly localized on the top or bottom layer in twisted bilayer graphene, which in turns shifts the

Dirac-like points at the minibrillouin zone cornersKm andK′
m in opposite directions. However,

near the magic angle, the layers are strongly hybridized, so this layer polarization effect is very small,

therefore displacement field has a weak effect. TMG systems, on the other hand, have one or more

additional dispersive sectors on top of the flat band sector, and thus displacement field can have a

larger effect: it will be able to appreciably shift the weakly hybridized dispersive sector in opposite

directions atKm andK′
m as well as allow tunneling between the flat and dispersive sectors. The latter

can greatly change the overall band structure, for example, allowing the flat and dispersive sectors

to hybridize near theKm andK′
m points and open a gap. We will take advantage of displacement

field as an additional tuning knob in our exploration of TQG to explore the effect of dispersion and

Fermi surface on superconductivity.

Figure 6.3a shows the subtracted Hall density over the maximum range ofD and n accessible in

TQG1. The subtracted Hall density, ν − νH, is a convenient quantity to use to identify regions of

symmetry-breaking: the symmetry broken state at half filling, for example, appears as a broad white

plateau of value ν − νH = 2 on both the electron and hole sides. Even more telling is how closely

the region of superconductivity matches these boundaries (Figure 6.1c), showing that supercon-

ductivity in TQG is strongly tied to the symmetry-broken state at νflat = 2. Notably, the system

appears to favor the flavor polarized ground state of ν = 2 and symmetry-breaks to this state even

before reaching ν = 2, presumably meaning the carriers in the flat bands will be hole-like in this

small region. The superconductivity correspondingly extends over this entire region.

From the subtracted hall density, we can see there are regions of clear symmetry-breaking but also

regions that follow a simpler single particle picture. For example, starting above |D| ≈ 0.6 V/nm,

moving from charge neutrality outwards, we see the system does not symmetry break but rather

maintains the single particle band structure, switching directly from ν − νH = 0 to ν − νH = 4
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Figure 6.3: The band structure of TQG can be tuned by displacement field. a) Subtracted Hall density, ν − νH, anti‐
symmetrized at±0.5 T. The large white plateaus indicate the ν = 2 symmetry broken regime where superconductivity
appears at zero field. b) Cartoon of the n vs. D phase diagram. At low displacement field, the system symmetry‐breaks
at integer filling. However, at high displacement field, the bands are sufficiently dispersive that they do not symmetry
break. Red line: van Hove singularity (vHs) of the single particle (SP) bands. Dashed black: boundary between SP and
flavor polarized (FP) regions. Blue: ν = 1 FP. Yellow: ν = 2 FP. Orange: ν = 3 FP. Dark red: ν = 4. Flat bands fully
filled. White: SP or ν = 0 flavor polarization, which are indistinguishable in transport.
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across the single particle van Hove singularity (SP vHs). In contrast, for |D| ≲ 0.4, the system

symmetry-breaks at each integer filling ν = 1, ..., 4, as indicated by the four different colors for

each flavor in both Figure 6.3a and b. The dashed dark grey line in Figure 6.1b generically indicates

a boundary between the single-particle (SP) and flavor polarized (FP) regimes. However, because the

ν = 0 symmetry-broken state and the single particle state cannot be distinguished in transport (as

they both have ν − νH = 0), we extend the dark grey line to surround the ν = 0 state and color the

entire ν − νH = 0 white. The superconductivity, indicated by the dashed magnenta line in Figure

6.3a, is clearly bounded by the single-particle regime, further supporting the claim that the physics

of the symmetry-broken ν = 2 state is vitally tied to the origin of the superconducting state.

The electron-side superconductivity has a maximum Tc = 1.7 K, as shown in Figure 6.4b, a simi-

lar order of magnitude compared to other twisted graphene systems. Additionally, both the electron

and hole superconducting domes violate the Pauli limit by nearly a factor of 2 (Supplementary In-

formation), similar to previously published works. This may indicate that the superconductivity

observed is likely triplet or at least mixed singlet and triplet. We provide conventional metrics for

the superconductivity on both the electron and hole side, demonstrating both support Fraunhofer

oscillations and calculating the critical temperature Tc and the Kosterlitz-Thouless transition tem-

perature TBKT in the Supplementary Information.

6.3 Band dispersion and superconductivity

One unusual feature of the superconducting dome in TQG1 is that there are obvious regions of

stronger and weaker superconductivity. Somewhat similar observations have been made by other

groups, but without the degree of displacement field tunability this device posseses. Figure 6.4a

shows the electron-side superconducting dome at B⊥ = 50 mT, while Figure 6.4b shows the tem-

perature dependence alongD = 0. Both figures show stronger superconductivity at ν = 2− δ, and
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Figure 6.4: Magnetotransport showing a Lifshitz transition occuring at high displacement field. a) Electron‐side super‐
conducting dome at B⊥ = 50 mT. Two regions of stronger superconductivity symmetric in displacement field are
visible as black, zero‐resistance states. b) Superconducting dome atD = 0 versus temperature, showing stronger su‐
perconductivity for νflat = 2− δ. c) Quantum oscillations at finite displacement fieldD = 0.4 V/nm. The dashed green
line indicates the carrier density νflat = 2.4 where c is measured.‐e) Fourier transform of low field quantum oscillations
arising from the dispersive subsector versusD, assuming a linear dispersion at low energy. From left to right: increasing
carrier density. f‐i) Cartoon showing the flat band and dispersive bands as a function of displacement field and filling. f
D = 0, νflat = 2+ δ. gD > 0, νflat = 2+ δ. hD >> 0, νflat = 2+ δ. iD > 0, νflat = 2+ Δ, where Δ > δ.

interestingly, at high displacement field for ν = 2 + δ. We provide additional characterization of

the superconducting dome in n andD in the Supplementary Information versus T,H⊥, andH∥. In

order to have a better understanding of the band structure in this regime and how it might relate to

the varying strength of superconductivity, we can use the dispersive bands to probe the band struc-

ture as a function of displacement field using magnetotransport on their small Fermi surfaces. We

attempt to correlate features observed in the superconductivity with our “spectroscopic” observa-

tions.

We measure the quantum oscillations of the dispersive cones versus B up to≈ 3 T as shown

in Figure 6.4c. Then, at fixed n, we can measure the same quantum oscillations as a function ofD

(Figure 6.4d). Taking an FFT to get the carrier density ndispersive and assuming a linear dispersion, we

91



calculate the distance between the Fermi level and the Dirac point of the two cones in meV, plotted

in Figure 6.4e and f versusD at two different carrier densities νflat. AtD = 0, the two cones are

equally spaced in energy and their Fermi surfaces are the same size. However, as we applyD, two

sets of Fermi surfaces appear, one of which moves down withD > 0 and the other moves in the

opposite direction. These two Fermi surfaces appear to “cross” atD = 0 in Figures 6.4e and f. To

first order, we knowD couples linearly to the dispersive subsector, acting with opposite sign atKm

andK′
m, the minibrillouin zone valleys. This will push the cone atKm up while pushing the cone at

K′
m down in energy, and vice versa for oppositeD. The observed difference in energy (≈ 5 meV at

D = 0.3) matches that predicted by theory131,132.

We also note the cone that is pushed down in energy (therefore appearing as larger Fermi surface

or higher energy branch in Figure 6.4d-f) seems to disappear at smallerD as n increases. With finite

displacement field applied, we expect the flat bands and dispersive bands to hybridize near where

they cross in energy, as shown in the cartoon in Figure 6.4f-i. When the lower cone’s Fermi surface

“vanishes”, it is simply hybridizing with the flat band (Figure 6.4i), and the system undergoes a Lif-

shitz transition as the two Fermi surfaces merge into a single larger one. The second strongest region

of superconductivity seems to occur exactly after this point: when one of the cones hybridizes with

the flat band and the Fermi level is high enough to encircle this new larger Fermi surface. From this

we can conclude a higher density of states benefits superconductivity in this case.

6.4 Conclusion

We demonstrate how the unique combination of flat and dispersive bands in TQG allows us to si-

multaneously tune the band structure through carrier density and displacement field, measure the

chemical potential (inverse compressibility), and probe superconductivity in a single system. The

low-density dispersive bands provide a sensitive measure of the inverse compressibility in the flat

92



bands, which ties to symmetry-breaking phase transitions at integer fillings. Using displacement

field to tune the bandwidth of and hybridization between the flat band and dispersive band sectors,

we are able to modify the flavor symmetry-breaking in the system. We discover that the emergence

of the superconductivity is strongly tied to the ν = ±2 symmetry-broken state. In addition, the

hybridization between the dispersive and flat bands results in a Lifshitz transition, and supercon-

ductivity is enhanced in the high density of states regime where the flat and dispersive band Fermi

surface have merged. Overall, we show the high degree of tunability in TQG paves a route for un-

derstanding the relationship between symmetry-breaking, band structure, and superconductivity in

multilayer moire graphene systems.
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7
Exciton condensation between N=1

Landau level orbitals in double bilayer

graphene

In the quantumHall regime, electrons in different Landau levels experience distinct Coulomb in-

teractions, which plays a crucial role in determining the ground states. For instance N = 1 orbitals

in GaAs and bilayer graphene give rise to exotic even denominator states. On the other hand, when

two two-dimensional electron systems are brought close to each other, the introduction of inter-

layer Coulomb interaction leads to a range of new interlayer correlated states, including exciton

condensation. Combining these two levels of interaction engineering, double bilayer graphene pro-
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vides a new platform for exploring novel correlated states. Here we report observation of interlayer

quantumHall states with fractional total fillings when both layers are in the N = 0 Landau level, as

confirmed by Coulomb drag measurement. More interestingly, we also observe integer interlayer

states when both layers are in the N = 1 Landau level, and their drag and drive responses are consis-

tent with exciton condensation between the N = 1 Landau levels. This paves way for exploring more

exotic interlayer fractional states in N = 1 orbitals and novel phase transitions to even denominator

states.

7.1 Introduction to quantumHall double layer physics

Electrons moving in two dimensional space and under a strong magnetic field are quantized into

discrete Landau levels (LLs), indexed by an orbital quantum number N = 0, 1, 2..., with N = 0 cor-

responding to the lowest LL and the wavefunction becoming increasingly nodal as N increases.

These ultra flat electronic bands create an ideal environment for Coulomb interactions to dominate

and induce various many-body ground states, such as Wigner crystal, charge density wave, and most

notably, fractional QuantumHall (FQH) effect, where quasi-particles with fractional charge and

statistics can emerge. The nature of the electronic wavefunction plays a crucial role in interaction

physics due to the different forms of Haldane pseudopotential in LLs with different N133. Particu-

larly, the even-denominator FQH states at half-filled LLs, believed to be described by a class of states

includingMoore-Read Pfaffian state134, which can host non-AbelianMajorana excitations, have

been predominantly observed in N = 1 LL135,136,137,138,139,140. There is also numerical evidence that

composite fermions can pair in N = 1 LL due to softened Coulomb repulsion, unlike in N = 0141.

Although it remains unclear what specific features of N = 1 LL stabilize these non-Abelian even-

denominator states given the challenging energetics numerically142, recent theories has revealed a

fundamental difference between lowest LL (N = 0) and higher LLs, termed vortexability143. Ex-
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perimentally, the ability to access different LLs effectively provides an important knob for tuning

electron-electron interactions and fostering exotic phases of matter.

QuantumHall (QH) physics can be further enriched by placing two parallel layers of two-dimensional

electron systems close to each other but electrically isolated so that electrons in one layer inter-

act with those in the other layer solely through Coulomb interaction. This double layer struc-

ture not only enables more complex multi-component states by introducing a new pseudospin

component—the layer index, but also provides unique experimental access to these states by allow-

ing for spatially separate probing in the two layers, which is impossible in a regular multi-component

state composed of internal spin or valley degrees of freedom. In particular, the multi-component

Halperin (111) state144 composed of layer pseudospins becomes an interlayer exciton condensate

(EC) formed between electrons in the partially filled LL in one layer and holes in the other145,146.

This EC was first observed in GaAs double well147,148, and later realized in double layer struc-

tures of monolayer or Bernal bilayer graphene149,150,151,152. The flexibility and tunability of these

graphene double layer structures further enabled the observation of BEC-BCS crossover153, novel

interlayer fQH states151,152, and exciton solids154. However, all of these interlayer states are real-

ized when both layers are in the N = 0 LL, and no interlayer states between N = 1 LLs have been

observed. As N = 1 can give rise to distinct FQH states in a single layer, it could potentially support

a different interlayer state structure in double layer systems. Furthermore, once an EC between N

= 1 LLs is realized, the transition between this interlayer coherent EC and individual-layer even-

denominator states could be a highly nontrivial topological phase transition155. Previously it has

been shown through quantum capacitance measurements that 2H-stacked bilayer WSe2 hosts

gapped states that are consistent with interlayer EC in higher LLs up to N = 6156. However, while

the lack of layer separation helps achieve ultra-strong interlayer coupling, it excludes the possibil-

ity of directly probing the interlayer nature the EC state and also limits the tunability of the phase

diagram. Here we report the first realization of interlayer correlated states between N = 1 LLs in a
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highly tunable double bilayer graphene structure, and their transport signatures are consistent with

those of an EC.

7.2 Double layer structure of Bernal bilayer graphene

Fig. 7.1a and 7.1b depict the device and a schematic of its configuration, respectively. Two layers

of Bernal bilayer graphene are stacked on top of each other separated by a thin hexagonal boron ni-

tride (hBN) insulator layer of 2.5 nm thickness. They are further encapsulated by layers of hBN and

graphite on both the top and bottom, with the graphite layers acting as local gates. Separate gold

contacts are made to the top and bottom bilayer graphene where they do not overlap. This configu-

ration inevitably results in long graphene leads and poor equilibrium between the gold contacts the

channel region, which seriously affects measurements of QH states at high magnetic fields. To rem-

edy this, we utilize the global silicon back gate and fabricate additional aluminum oxide dielectrics

and gold contact gates on top of the heterostructure to heavily dope the top and bottom graphene

leads respectively.

The phase diagram of bilayer graphene at high magnetic fields is controlled by both the displace-

ment field and the carrier density. When ignoring higher-order energy anisotropies, the zeroth LL of

bilayer graphene consists of 8 degenerate flavours, spin up and down, valleyK andK′, and an orbital

degree of freedom, N = 0 and 1. Fig. 1c illustrates these latter two flavors. The N = 0 orbital has a

LL wavefunction similar to the lowest LL in GaAs while the N = 1 orbital is a mixture of the tradi-

tional lowest and second LL wavefunctions. Depending on the valley flavour, these wavefunctions

are polarized in one of the layers within the bilayer graphene. Previous studies on QH states in bi-

layer graphene have shown that these 8 flavours form a hierarchy in energy due to next-order energy

anisotropies and are sequentially filled when carrier density increases139,138. This hierarchy is altered

by a displacement field, which shifts the relative potential energy of the two graphene layers.
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Figure 7.1: a, Device picture with dashed lines denoting the original flake placement. The semi‐transparent region is
covered by contact gate. b, Schematic of the double layer structure and device configuration.

In our experiment, by applying direct current (dc) voltages to the top and bottom graphite

gates,VTG andVBG, as well as between the two graphene layersVint (with the top bilayer graphene

grounded), we can control the carrier density and displacement field in both the top and bottom

bilayer graphene. This control allows us to selectively tune each layer into different flavours, facili-

tating the study of their combined phases of different flavour combinations. More specifically the

carrier densities are given by ntop = 1
e (Ct(VTG −Vint)− CintVint) and nbot = 1

e (CbVBG + CintVint),

and the displacement fieldsDtop/ε0 = 1
2(Ct(VTG − Vint) + CintVint) andDbot/ε0 = 1

2(−CbVBG +

CintVint). Here, e is the electron charge, and Ct, Cint and Cb are geometric capacitances between

the top graphite and top bilayer, between the top and bottom bilayer, and between the bottom bi-

layer and bottom graphite, respectively. We perform Coulomb drag measurements, similar to our

previous experiment151, where longitudinal and Hall resistance for both the drive and drag layers

Rxx/xy
drive/drag are measured. A non-trivial drag signal often provides an unambiguous indication of an

interlayer state. Unless specified otherwise, most of the data presented in the main text involve using

the bottom bilayer graphene as the drive layer and the top as the drag layer, taken at a temperature of

250 mK and a magnetic field of 16 T.
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7.3 QuantumHall phase diagram of a single Bernal bilayer graphene

We first examine the QH phase diagram of the single bottom bilayer graphene by fixingVTG = 0

and changing onlyVint andVBG, effectively using the top bilayer graphene as a top gate for the bot-

tom layer. Fig. 7.2a displaysRdrive
xx as a function of the displacement fieldDbot and filling factor νbot.

the filling factor of LLs is defined as nu = n/n0, where n0 = eB/h is the LL degeneracy per

unit area, B is the magnetic field, and h is the Planck constant. The range of νbot spans from -2 to

4, covering part of the zeroth LL manifold of bilayer graphene. We observe generally vertical features

consistent with the previous studies; large regions of zeroRdrive
xx , shown in deep blue at integer νbot,

correspond to integer QH states, while the resistive regions in between indicate partially filled LLs.

There are visually two distinct types of partially filled LLs in the data: one characterized by sharp

resistance minima, most prominent between 0 < νbot < 1 and 2 < νbot < 3, indicative of FQH

states with a denominator of 3. Zoom-in data with better resolution around these regions also reveal

FQH states with a denominator of 5 (see supplementary information). This is characteristic of N =

0 LL orbitals. The other type is generally featureless and predominantly in the range of 1 < νbot < 2

and 3 < νbot < 4, with very weak development of denominator 3 FQH states, indicative of N =

1 LL orbitals. Additionally, sharp horizontal resistive features at aroundDbot/ε0 = 0 in all ranges

andDbotε0 = ±100 mV/nm around νbot = 1 intersect the vertical features, marking the hierar-

chy change transitions. These features are pictorially depicted in Fig. 7.2b, where solid black lines

mark FQH states and the boundaries of integer QH states, and dashed lines represent the hierarchy

change transitions. We obtain a phase diagram in good agreement with previous studies conducted

at similar magnetic fields. By comparing them, we can assign different sections of our data to LLs

with different valley and orbital flavours. Notably, the spin is polarized on each side of νbot = 0.

A key difference between our data and previous measured phase diagrams is that feature are not

perfectly vertical and exhibit zig-zag shapes. This is because the top bilayer graphene intermittently
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Figure 7.2: a, Drive resistance (bottom layer) as a function of displacement fieldDbot and filling factor νbot. b, Schematic
of the features in a. c, Illustration of valley and orbital flavor of zeroth Landau level in bilayer graphene. Spin flavor is not
included.

enters gapped QH states asVint changes, making it unable to act as a gate.

We notice that we do not observe any even denominator FQH states in the N = 1 orbitals. Given

that the device is made with both top and graphite gates, fabricated under the cleanest conditions

possible, and considering that we observe interlayer FQH states, which will be mentioned later, we

attribute this lack of even-denominator states to the enhanced screening effects due to the relative

small thickness of the hBN layers (top hBN at 12 nm and bottom hBN at 17 nm). Previous studies

that demonstrated even denominator FQH states generally used thicker hBN layers. The visually

distinct FQH structures within the partially N = 0 and N = 1 LLs inRdrive
xx already makes the orbital
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flavor of the bottom bilayer graphene obvious. However, the QH phase diagram of single bilayer

graphene serves as a more accurate reference, from which the flavours of both layers for any combi-

nation ofVint,VTG andVBG can be deduced.

7.4 Exciton condensation and interlayer quantumHall states betweenN

= 0 Landau level orbitals

We now fixVint = 0 and useVTG andVBG to independently control νtop and νbot, and study the

two layers’ collective phase diagram. Fig. 7.3a and b showRdrive
xx and the correspondingRdrag

xx as a

function of νtop and νbot, covering the range of−4 ≤ νtop ≤ 4 and 0 ≤ νbot ≤ 4. We again ob-

serve vertical features that are mostly QH states of the drive layer — the bottom bilayer graphene.

Based on the FQH features, we can already directly see that the bottom bilayer graphene is within

N = 0 LL for 0 ≤ νbot ≤ 1 and 2 ≤ νbot ≤ 3, and within N = 1 LL for 1 ≤ νbot ≤ 2

and 3 ≤ νbot ≤ 4. These assignments of LL orbitals are further confirmed by calculating the

correspondingDbot and comparing with the single-layer phase diagram. The top bilayer graphene

has a similar correspondence between the LL orbital and νtop range. The zig-zag shape of the ver-

tical features reflects quantitative chemical potential change in the top bilayer graphene. νbot and

νtop shown in the x and y axis here are directly proportional toVBG andVTG whenVint = 0.

However, the more accurate formula of nbot = νbotn0, which includes chemical potential, is

nbot = 1
e

(
CbVBG − (Cb + Cint)μbot + Cintμtop

)
, where μtop and μbot are the chemical potentials

of each bilayer graphene. Therefore, if we follow a resistance feature of bottom bilayer graphene that

signals a fixed nbot and μbot, theVBG value of that feature is directly proportional to μtop. Indeed a

negative slope in the νbot − νtop plane (or more accuratelyVBG − VTG plane) is a sign of gapped state

across which the chemical potential of top layer jumps up.

In addition to these individual layer features, we also observe features of interlayer nature, which
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Figure 7.3: a, Drive resistance (bottom layer) as a function of νtop and νbot. b, The corresponding drag signalR
drag
xx

are highlighted by 8 dashed squares in both Fig. 7.3a and 7.3b. They occur when both bilayer

graphene are in partially filled N = 0 LL orbitals and manifest as diamond-shape features with a

diagonal feature in the middle. The diagonal features are along a line of νtot = νtop + νbot = integer,

where the number of quasi-holes in one layer equals to the number of quasi-electrons in the other

layer. Furthermore, when νtop > 0 and νbot > 0, the diagonal features manifest as a resistance

minimum close to 0 in bothRdrag
xx andRdrive

xx , and close to 1
νtot

h
e2 in bothR

drag
xy andRdrive

xy (see supple-

mentary information), consistent with the transport signatures of EC previously studied in double

layer structures of both monolayer and bilayer graphene. Indeed, Fig. 7.4a and 7.4b are zoomed-

in onRdrag
xx near (νbot, νtop) = (0.5, 2.5) at B = 16 T and 25 T, respectively, and Fig. 7.4c near

(νbot, νtop) = (0.5, 0.5) at B = 16 T, all of which clearly show a wide feature of zeroRdrag
xx along the

diagonal line (see zoomed-in on other channels of resistance in supplementary information). In par-

ticular, Fig. 7.4d shows a linecut of the data in Fig. 7.4a along the off-diagonal line νbot = νtop − 2.

At (νbot, νtop) = (0.5, 2.5), where the EC is,Rdrag
xx = Rdrive

xx = 0 andRdrag
xy = Rdrive

xy = 1
3
h
e2 .
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Figure 7.4: Drag resistanceRdrag
xx near (νtop, νbot) = (0.5, 2.5) at B = 16 T a,, B = 25 T b, and near (νtop, νbot) =

(0.5, 0.5) at B = 16 T c. d, Linecut across the EC state in a showingRdrag
xx as wellRdrag

xy andRdrive
xx .
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The areas surrounding the EC within these diamond-shaped features also present other interlayer

correlations driven phenomena. Whereas the verticalRdrag
xx = 0 features at νbot = 2

3 in Fig. 7.4a

and 7.4c, and the horizontalRdrag
xx = 0 features at νtop = 22

3 in Fig. 7.4a and νtop = 2
3 in Fig. 7.4c

are trivial individual FQH states, we observe features with slopes that are not -1. Specifically, we see

Rdrag
xx peaks along νbot +

2(νtop−2)
3 = 1 and νbot +

3(νtop−2)
5 = 1 in Fig. 7.4A, and along νbot +

2νtop
3 = 1, νbot +

νtop
3 = 1 and νbot

3 + νtop = 1 in Fig. 7.4c (see supplementary information for

more detail analysis). Fig. 7.4b is measured at 25 T in similar ranges to Fig. 7.4a. At this field, the

state structure is slightly altered, with individual QH states at νbot and νtop equal to 1/3 and 3/5

appearing and additional line features along 3νbot
2 + (νtop − 2) = 1 and νbot +

3(νtop−2)
2 = 1.

These line features are termed as semi-quantized states, previously observed in double monolayer

graphene but not in double bilayer graphene. These states are interlayer fractional states that can

be understood as resulting from electrons in one layer attaching interlayer vortices due to interlayer

Coulomb interactions. The observation of these fractional states indicates the high quality of the

sample. Fig. 7.4c has an additional sharp transition in the middle of the structure. This occurs as the

top bilayer graphene switches valley flavour near zero D but remains in the N = 0 orbital. There is

an overall drop ofRdrag
xx , but the general state structure remains unchanged.

7.5 Exciton condensation betweenN = 1 Landau level orbitals

Having seen that the data atVint = 0 accesses the combinations of partially filled N = 0 LLs in each

layer and produces similar phenomenology to that fromN = 0 LLs in double monolayer graphene,

suggesting that interlayer QH state structures are dependent more on the LL wavefunction and less

on the specific material, we switch onVint and try to access the combinations of N = 1 LLs in each

layer. Fig. 7.5a and 7.5b areRdrive
xx and the correspondingRdrag

xx atVint = 0.07V. At this voltage,

we first again observe the N = 0 interlayer states that manifest as diamond-shaped features at the 4
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Figure 7.5: textbfa, Drive resistance as a function of νtop and νbot atVint = 0.07V. Dashed squares labels the EC
states formed by N = 0 orbitals. Dashed circles marks the newly observe states formed by N = 1 orbitals. b, The corre‐
sponding drag signalRdrag

xx

locations with the combination of bottom filling 0 < νbot < 1 or 2 < νbot < 3, and top filling

−4 < νtop < −3 or 0 < νtop < 1, again marked by dashed squares. Intriguingly, new interlayer

states emerge at locations with the combinations of bottom filling 1 < νbot < 2 or 3 < νbot < 4,

and top filling−3 < νtop < −2 or−1 < νtop < 0, marked by the dashed circles. These are locations

where both layers are in N = 1 orbitals. These new states also manifest as resistance minimum in

Rdrive
xx and non-zero drag signals along diagonal lines with νtot = integer, unambiguously indicating

their interlayer nature. However they display distinct appearances than the N = 0 interlayer states.

On top of Fig.7.5a overlays two zoomed-in views ofRdrive
xx for the two classes of states. Whereas

the N = 0 state has a characteristic wide diagonal zeroRdrive
xx feature cutting into the resistive region

from one side which is surrounded by other fractional states, the newN = 1 states show as a narrow

zeroRdrive
xx line cutting into the resistive region from both sides and completely through, with no

additional interlayer features in their surroundings. These newN = 1 states appear at more locations
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Figure 7.6: Zoom‐in on the state near (νtop, νbot) = (1.5, 0.5) atVint = 0.1V forRdrag
xx a andRdrag

xy b. c, Linecuts
across the state showing all other transport channels. Dashed lines denote the state location and quantization value. d,
Illustration of two different states formed by coupling N=0 and N=1 orbitals.

when we go to higherVint = 0.1V (see supplementary information).

Despite these visually distinct appearances, the N = 1 states seem to be consistent with EC that

hasRdrag/drive
xx = 0 andRdrag/drive

xy = 1
νtot

h
e2 . Fig. 7.6a and 7.6c showRdrag

xx andRdrag
xy for the N

= 1 state near (νbot, νtop) = (1.5, 0.5) atVint = 0.1V, which has a resistance dip inRdrag
xx encircled

by more resistive region, and a resistance peak inRdrive
xx . By doing a linecut along νbot = νtop −

1 across this state, as shown in Fig. 7.6b, we clearly see that at (νbot, νtop) = (1.5, 0.5), bothRdrag
xy

andRdrive
xy approach to the quantization value 1/νtot = 1/2 h

e2 , and bothR
drag
xx andRdrive

xx dip to 0,

characteristic signatures of EC. Fig. 7.6d illustrates the two types of EC states formed by coupling

N = 0 and N = 1 LL orbital wavefunctions, respectively. This is the first time a N = 1 EC has been

observed in double layer graphene heterostructures. More careful study is needed to investigate the

aspects where the N = 1 EC has different properties than the N = 0 EC.

Another interesting question is how to understand the strongVint dependence of these N = 1 EC
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states, i.e., what is their existence condition in the parameter space of νtop/bot andDtop/bot. To study

this, we first note that theVint = 0.07V data shown in Fig. 7.5a and 7.5b, and theVint = 0.1V

data shown in supplementary information Fig. D.4 ensure that these N = 1 EC states can appear at

νbot = 3.5 or 1.5. Then we change all three gatesVTG,VBG andVint simultaneously while keeping

the bottom filling factor fixed to νbot = 3.5 or 1.5, or more accurately keepingVBG + Cint
Cb

Vint a

constant. The resulted 2DVTG − Vint (or equivalentlyVTG − VBG) map varies νtop,Dtop andDbot,

from which we can directly see how the N = 1 EC states evolve. It is more intuitive to convert the

VTG − Vint map into ntop − Dtop map, which is effectively a phase diagram of top layer bilayer

graphene with additional effects from changingDbot.

Fig. 7.7a and 7.7b are these 2Dmaps ofRdrive
xx andRdrag

xx for fixed νbot = 3.5 and Fig. 7.7c isRdrive
xx

for fixed νbot = 1.5. Despite the different appearances of Fig. 7.7a and 7.7c, they both show resis-

tive patterns that are generally periodic in νtop, indicative of the top bilayer graphene QH states that

manifest in bottom bilayer resistanceRdrive
xx due to screening effects. Fig. 7.7a and 7.7b also show

identical horizontal features around (νtop,Dtop/ε0) = (−1 ∼ 0, 0 mV/nm), (0 ∼ 1, 108 mV/nm),

and (1 ∼ 2, 108 mV/nm), as well as curved line features roughly along a line connecting (0.1, 95 mV/nm)

and (0.8, 73 mV/nm), and a line connecting (−1.6, 20 mV/nm) and (−1, 35 mV/nm). These fea-

tures are consistent with the hierarchy transitions in the top bilayer graphene. We illustrate these

features pictorially as shown in Fig. 7.7d and assign each region with different colors representing

different valley flavors and orbital numbers.

The N = 1 EC states show as non-zero drag resistance peaks in the mostly zeroRdrag
xx in Fig. 7.7b,

with corresponding resistance dips inRdrive
xx in Fig. 7.7a and 7.7c. Note that an EC should have zero

resistance in bothRdrag
xx andRdrive

xx but an imperfect location of νbot can move away from the narrow

resistance dip and lead to the resistance peaks ofRdrag
xx in Fig. 7.7b. We represent the N = 1 EC states

in Fig. 7.7d as thick solid lines and it is immediately clear that they only appear when the top bilayer

graphene is in N = 1 orbitals andK′ valley, which means that the N = 1 LL wavefunction is mostly
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Figure 7.7: a,Rdrive
xx at fixed νbot = 3.5 as a functionDtop and νtop. b,R

drag
xx in the same range. Showing clearly

interlayer states. c,Rdrive
xx at fixed νbot = 1.5. d, Schematic of the features in the resistance data. This shows theN = 1

interlayer states only forms when N=1 orbitals are on the nearest layers.
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populated in the bottom part of the top bilayer graphene. Meanwhile, we can also work out that in

the ranges where the N = 1 EC states exist, the bottom bilayer graphene is in N = 1 orbital andK

valley, with most of the N = 1 LL wavefunction in its top part. Taking these together, we conclude

that the N = 1 EC states can only exist when the N = 1 LL wavefunctions in the two layers are the

closest to each other, as depicted on the top left of Fig. 7.7d.
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A
Twisted double bilayer supplementary

information

S1 Band structure of twisted double bilayer graphene

The band structure of TDBGwith Bernal-stacked bilayers is obtained as the following. In TDBG,

each bilayer graphene has a tight-binding Bloch Hamiltonian at a momentum k given by

H(k) =



U1 + Δ −γ0f(k) γ4f
∗(k) γ1

−γ0f
∗(k) U1 γ3f(k) γ4f

∗(k)

γ4f(k) γ3f
∗(k) U2 −γ0f(k)

γ1 γ4f(k) −γ0f
∗(k) U2 + Δ


, (A.1)
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which is labelled in the order of A1, B1, A2, B2 sites of the top (1) and the bottom (2) Bernal stacked

bilayer graphene. f(k) ≡
∑

l eik·δl , where δ1 = a(0, 1), δ2 = a(
√
3/2,−1/2), δ3 = a(−

√
3/2,−1/2)

with a = 1.42 Å. In particular, the electrostatic energy differenceU between top and bottom-most

layers is an important tuning parameter controlled byD. With this Hamiltonian, one can follow the

continuummodel approach in Ref.157 to calculate the moiré band structure.

In the numerical simulation, we use phenomenological parameters

(γ0, γ1, γ3, γ4,Δ) = (2610, 361, 283, 138,−15)meV (A.2)

obtained from Ref.158. Compared to TBG, TDBG has additional parameters γ1, γ3 (trigonal warp-

ing), γ4 (particle-hole asymmetry) and Δ, in addition to γ0 (nearest-neighbor hopping). Here, γ1

and Δ are the inter-layer hopping and the on-site energy at A-B stacked sites where the A-site of the

first layer (A1) sits on top of the B-site of the second layer (B2), respectively. Although these parame-

ters are much smaller than γ0, they are important to understand the experimental data. Particularly,

for vanishingU, a finite value of γ3 yields a larger bandwidth and overlap between c1 and v1. This is

why the system is metallic at CNP and there is no magic-angle condition atD = 0. Furthermore,

γ4 and Δ give rise to the electron-hole asymmetry. Due to these terms, the bandwidth of v1 is much

larger than that of c1, resulting in smaller band isolation for v1 (Fig. SA.1). For the moiré hopping

parameters, (w0,w1) = (0.08, 0.1) eV is used to account for the relaxation effect described by

Ref.159. The relaxation increases the gap between c1 and c2 (v1 and v2), stabilizing the insulating

states for the range ofD at ν = ±4 fillings. For more details, See Ref.160.

Fig. SA.1c-d shows a direct comparison between experimental resistivity and the calculated den-

sity of states at the Fermi energy for the θ = 1.33◦ TDBG. The experimental results are plotted

against displacement fieldDwhile the calculation is plotted against onset potential difference be-

tween the top-most and bottom-most graphene layerU. The conversion between experimental
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parameterD and calculation parameterU is not straightforward due to the screening of the electric

field by the graphene layers themselves. Thus convertingD toU requires a self-consistent calcula-

tion of the screening effect produced by the TDBG band-structure, which in turn depends onU.

However, in Fig. SA.1, we see a very good match between experimental single particle insulating

states and theoretical gaps at the Fermi energy when we convertD intoUwith an empirical factor:

U = 0.1nm × eD, where e is the electron charge. Besides the single particle gaps, the calculation

also displays regions of high density of states. Particularly, in experimental data, there are two lines

with higher resistivity than the surroundings: from (n,D) = (-1, -0.2) to (1, 0.6) and from (n,D) =

(-1, 0.2) to (1, -0.6). These two lines form a cross and pass through the half filled insulator as well

as the halo features. By comparing with the calculation, we recognize these experimental features

correspond to the regions of high density of states shown in Fig. SA.1.
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Figure A.1: a, calculated band structure of TDBG at zero displacement field and optimal displacement fieldD0 for the
isolated flat band. b, calculated parameter space for isolated conduction band (x‐axis is onsite potential difference
U = Vt − Vb between the top and bottom bilayer graphene, y‐axis is twist angle). Color represent bandwidth of the
first conduction band c1 (meV). In the colored parameter space, c1 is isolated from the remote band and valence bands.
Dotted line represents cuts at θ = 1.26, 1.33◦. c, resistivity as a function of filling fraction and displacement field in the
θ = 1.33◦ sample. A cross‐like feature of high resistivity is formed along two lines from (n,D) = (‐1, ‐0.2) to (1, 0.6) and
(‐1, 0.2) to (1, ‐0.6), passing through the half‐filled insulating state. d, density of states at the Fermi energy calculated by
the continuum model. The single particle insulators (n = 0,±1) in experiment match well with the gaps shown in the
calculation and the van Hove singularity captures the cross‐like pattern in experiment.
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S2 Hall measurements

S2.1 Hall effect and ferromagnetism phase boundary

In Fig. SA.2, we show the Hall effect measured in the sample with the most robust half-filled insu-

lating states (θ = 1.41◦, ΔnS/2=4.2meV). There is a clear change of Hall resistance behavior across

the halo boundary, which is identifiable in the longitudinal resistance measurement (Fig. SA.2a).

Inside the halo, the Hall resistance changes sign across the half-filled insulating state, with a positive

value above half filling and negative value below half filling. This Hall measurement demonstrates

that the metallic states inside the halo are closely related to the half-filled insulator, likely by a change

of Fermi level from half filling to the inside of the sub-band (Fig. SA.2c). Given that the half-filled

insulator is spin-polarized, the metallic states are likely a ferromagnetic metal, which contains two

spin bands that are shifted in energy by the ferromagnetic exchange coupling (Fig. SA.2c 2 ). Out-

side the halo, the Hall effect follows the expectation of a continuous moiré band without correlation

effects such as in large angle twisted bilayer graphene, indicating the system recovers to a normal

metallic state.

In Fig. S A.2a, we also notice a three quarter filled insulating state appears on the border of the

halo. The simplest possible candidate of this state is a spin and valley polarized state. However,

within a simple mean field picture, we expect the lowest lying excitations in this state to be associ-

ated with valley-flip rather than spin-flip since the spin exchange coupling is expected to be larger

than the valley exchange splitting160. This naive picture appears to be inconsistent with the en-

hancement of the gap by in-plane magnetic field shown in Fig. 2d in the main text. In addition, the

appearance of the quarter filling state right at the edge of the halo suggests a mean field picture may

fail to capture the relevant physics. We leave this question regarding the nature of the quarter filling

state to future theoretical works.
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Figure A.2: a,b, longitudinal resistivity and Hall resistance of θ = 1.41◦ device around half filling at T = 1.5 K and
perpendicular magnetic field B⊥ = 1 T. Data is symmetrized between positive and negative fields to eliminate mixing.
The halo structure is apparent around the half filling insulator and a three quarter filled insulating state resides on the
border of the halo. The Hall resistance changes sign across the half‐filled insulator inside the halo. c, illustration of
electron orders for different regimes. The left half (right half) of the cartoon represents the filling status of spin down
(up) electrons. For half filling, only one species of spin is filled. Inside the halo, one spin species is populated more than
the other. Outside the halo, both spins are equally populated.

S2.2 Magnetic field induced Chern insulator state in the 1.26◦ sample

In the θ = 1.26 sample, we observed distinctly different behavior of Hall resistance. Under a small

perpendicular magnetic field, Hall resistance is always positive inside the halo (Fig. SA.3b), rather

than changing signs across half-filling. The absent sign change of Hall signal across half filling may

relate to thermal excited carriers of both types due to the small insulating gap, or relate to the Chern

insulator behavior discussed below. Measuring Hall resistance with changing magnetic field and

density at a fixed displacement field, Fig. SA.3d reveals a single line of large Hall signal tracing to

half filling with a slope corresponding to ν = 4. At the same time, longitudinal resistance devel-

ops a minimum along the same line (Fig. SA.3c). Following the ν = 4 line (black guiding lines in

Fig. SA.3c-d), Fig. SA.3e shows the Hall resistance reaches close to a quantized value of h/4e2 when

perpendicular magnetic field B⊥ > 3T.

The fact that a single Hall plateau emerges from half filling strongly suggests this is not a normal
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quantumHall state. Instead, the data highly resembles the Chern insulator shown inMA-TBG

(35). Indeed, our theory predicts that in TDBG, the first conduction band has a Chern number

C = 2 in one valley and an opposite Chern number C = −2 in the other valley160. As shown in

the main text, without a perpendicular magnetic field, the half-filled state is spin polarized and valley

un-polarized, giving a total Chern number of 0. However, perpendicular magnetic fields couples

to the valley degree of freedom through orbital valley Zeeman effect. When the spin-polarized gap

is small such as in the 1.26◦ device, the valley Zeeman energy can overcome the spontaneous spin-

polarized gap and converts the spin-polarized half-filled insulating state into valley polarized Chern

insulator. Using valley Zeeman factor from STM study (cite:Xiaomeng etc unpublished) and cal-

culation160, we estimate valley Zeeman energy exceed 0.3meV at a perpendicular field of 0.2T. This

valley polarized half-filled state fills two moire bands (of two spins) in one valley, adding up to a total

Chern number of four.
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position for ν = 4 Chern insulator state originating from half filling. e, longitudinal resistivity and Hall resistance along
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S3 Critical transition behaviors in θ = 1.26◦ sample

S3.1 Density, displacement field and magnetic field dependence

In Fig. SA.4c, a dome of the superconducting-like state, similar to MA-TBG, can be seen next to the

half filled insulator. In addition, cutting through a constant density line, a similar dome structure

is visible over the displacement field axis (Fig. SA.4b). The dome in the displacement field termi-

nates on the boundary of the halo. It may first appear that the low resistance state outside the halo

boundary resembles a superconductor as well. However, as we discussed in the main text, there is no

critical transition outside the halo. In addition, the IV characteristic outside the halo is very differ-

ent from inside. Within the halo, differential resistance shows a critical current that reduces to zero

117



when approaching the halo boundary (Fig. SA.4f). Outside the halo, in contrast, the I–V charac-

teristic does not fit that of a superconductor (Fig. SA.4g). We believe the low resistance outside the

halo is purely caused by ballistic transport. Fig. SA.4d shows the superconducting-like state has a

critical perpendicular magnetic field of∼ 0.1 T.
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Figure A.4: a, resistivity in 1.26◦ device plotted against filling factor and displacement field. b, resistivity as a function
of displacement field and temperature along the constant density line shown in a. c, resistivity as a function of filling
and temperature along the tilted line in a. A dome of low resistance state can be seen next to the half filled insulator. d,
resistivity in log scale as a function of filling and perpendicular magnetic field. e, the power α inV ∝ Iα as a function
of temperature from fitting the top left inset of Fig. 3c. α=3 is defined as the BKT transition temperature. f, differential
resistance as a function of current and displacement field along the constant density line shown in a. g, I–V curves
outside the halo.

S3.2 Nonlinear transport and heating effect estimation

In a recent work48, He et al. observe a sudden drop of resistance with a residue resistance about

1 kΩ, similar to our 1.32◦ device. They also reported a nonlinear I–V curve, where dV/dI(I) grad-

ually increases with current in a parabolic manner to up to a factor of two without signs of critical

current. This observation is in stark contrast to the data from our superconducting-like sample,
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where dV/dI reaches zero at zero bias and saturates to a finite value above critical current. In their

paper, they explain this nonlinear I–V as an effect from temperature rise due to bias current heating.

While this argument can explain the nonlinear I–V observed in their sample with large residue resis-

tance, we demonstrate that our superconductor-like nonlinear I–V is unlikely caused by heating.

At 2 K, the zero-bias resistivity of the sample is close to zero. If we assume the sample is metallic,

we can translate resistivity to thermal conductivity. Taking the upper bound of resistivity to be 50

Ω, it converts to 1 nW/K in heat conductivity according toWiedemann-Franz law at 2 K. From the

I–V curve shown in Fig. 3c, we can extract the heating power to be∼ 13 pW at the critical current

of∼300 nA. As a result, the temperature rise is about 13 mK. In contrast, it requires 5 K tempera-

ture rise to bring the sample resistance to the normal value (Fig. 3b). This provides additional con-

firmation that our observed nonlinear I–V is likely the intrinsic property of the device rather than a

heating effect.

S3.3 Enhancement of the transition temperature with B∥

If the superconducting-like behavior in 1.26◦ is indeed from superconductivity, the parallel field

dependence shown below suggests it might be an exotic spin polarized superconductor. We investi-

gate the behavior of ρ(T) as a function of B∥. Fig. SA.5a shows that the superconducting dome in

(n,B∥) plane with the maximum critical parallel magnetic field Bc∥ ≈ 1 T. The salient experimen-

tal feature is the B∥ dependence of the superconducting state below the critical field Bc∥. Fig. SA.5b

shows ρ at optimal density and displacement field (nm,Dm) as a function of T and B∥. In this op-

timal superconducting state, ρ vanishes critically as T and B∥ decreases. We use a phenomenolog-

ical definition of the critical temperature T50% defined as the 50% transition point. Interestingly,

T50%(B∥) follows a non-monotonic behavior. In particular, T50% increases as B∥ increases from 0 to

∼0.3 T before it decreases for B∥ > 0.3 T. We also performed I–V characterization at the optimal

gate configuration (nm,Dm) as a function of B∥ and T to obtain TBKT (Fig. SA.4e). Similar to T50%
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above, TBKT(B∥) also exhibits a non-monotonic behavior as shown in Fig. SA.5b (black circles).

This set of evidence suggest that a small B∥ can strengthen the superconductivity.

The increase of TBKT with B∥ suggests the Cooper pairs responsible for the superconductivity

here, if confirmed, are likely to be spin-polarized. One possible scenario for such a state is illustrated

in Fig. SA.5d, where the Cooper pairs form between Fermi surfaces with the same spin (spin-triplet)

and opposite valley. This model is consistent with our previous discussion of a ferromagnetic metal

parent state inside the halo next to the half filled insulator (S2.1), where Fermi surfaces of two dif-

ferent spins have different filling status. In this spin-polarized pairing scheme, a parallel magnetic

field enlarges the majority spin Fermi surface, and strengthens the superconductivity, inducing the

change of the critical temperature ΔTc ∝ B160. The eventual destruction of superconductivity

at high magnetic fields can result from the following mechanism. Magnetic flux in between layers

leads to a momentum shift which has an opposite sign in the two valleys, thereby bringing the two

pairing Fermi surfaces out of alignment. The latter effect is expected to reduce the critical temper-

ature, ΔTc ∝ −B2 160. Alternatively, if the ferromagnetic pairing is caused by spin fluctuations,

as suggested in the heavy fermion metals161,162,163, strong parallel magnetic field can suppress the

superconductivity by suppressing spin fluctuations164.
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Figure A.5: a, resistivity as a function of in‐plane magnetic field across the half‐filled insulator and superconducting‐
like state in the 1.26◦ device. b, Resistivity as a function of temperature and in‐plane magnetic field at optimal doping
and displacement field. TBKT denote Berezinskii‐–Kosterlitz‐–Thouless (BKT) temperature extracted from nonlinear IV
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in‐plane magnetic fields. d, Illustration of pairing in spin‐polarized superconductor. The blue (red) surface represents
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hexagon represents the Brillouin zone of graphene lattice. Pairing thus happens between Fermi surfaces of the same
spin and opposite valleys.

S3.4 Origin of a small residual resistivity at T ≪ Tc

Meanwhile, in the measurement shown in Fig. SA.5d, we notice that the 0 T resistivity goes slightly

negative (∼-30 Ω) at the lowest temperature for this specific thermal cycle. Generally, we find the 4-
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terminal resistivity we measure in the 1.26◦ device sometimes shows a small residue (-50–50 Ω) that

varies between different thermal cycles. The residual resistance is not present in the measurement

shown in Fig. 3b. This residual resistance (when it is present in a specific thermal cycle) is sensitive

to the measurement configuration. Fig. SA.6 shows two different 4-terminal resistance measure-

ment configurations. Between the two configurations (blue curve and red curve), we essentially

flip the direction of the current. Since we use low-frequency AC (∼ 17 Hz) for the current source

and lock-in amplifier for voltage probe, in an ideal condition, we expect to obtain the same signal

with opposite polarity. However, we find that the measured signals deviate from this expectation

when there is residual resistance at low temperature. Specifically, when flowing current from top to

bottom (blue curve in Fig. SA.6), 4-terminal resistance is positive, and a positive residual resistance

about 50 Ω remains at the lowest temperature, 2 K. However, when the current is flowing from

the bottom to the top (red curve), the 4-terminal resistance at higher temperature is negative as ex-

pected, but the residual resistance at lower temperature is still positive and is nearly identical to that

in the blue curve (see inset).

We believe that the observed anomaly in the residual resistance originates from bias induced gat-

ing in combination with thermoelectric voltages present in our cryostat wiring. Due to the temper-

ature gradient in the cryostat, a DC thermoelectric voltage is always present between different pairs

of wires. This DC voltage is simply added to the voltage probes on top of the AC voltage induced

by bias current. In such cases, the AC bias voltage on the sample (about half of the bias voltage on

the source lead, since the drain is grounded) can modulate the DC thermalelectric voltage through

bias induced gating effect (see165 for the similar effect observed in a drag experiment), producing in

a voltage signal synchronizing with the applied AC bias current. We can eliminate this bias induced

AC gating effect of thermalelectric voltage by subtracting the blue curve from the red curve, where

we obtain a near-zero residual resistance within noise level. During the thermal cycle in obtaining

the data in Fig. SA.5d, we did not collect the data in two different configurations, and thus such cor-
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rection was not possible. Note that this AC gating effect becomes only appreciable when the device

resistivity is really small(< 50 Ω).

I

V
+

–

I

V
+

–

Red Curve

Blue Curve

0 5 10 15 20 25 30
T(K)

-3

-2

-1

0

1

2

3

(k
)

2 2.5 3 3.5 4
T(K)

-0.1

0

0.1

0.2

(k
)

Figure A.6: R(T) curve measured in the superconducting regime of the 1.26◦ device in two measurement configura‐
tions. The voltage probes are kept the same between the two configurations while the source and the drain contacts are
switched.

S4 Landau Fan diagram

S4.1 Landau level sequence of the 1.33◦ device

Under a perpendicular magnetic field, clear fans can be identified coming from the charge neutral

point, full-fillings±ns (≈ ±4.1 × 1012 cm−2) as well as half-filling ns/2 on the electron-doped side

(Fig. SA.7). The Landau fan from the charge neutral point exhibits well-developed quantumHall

(QH) sequence with four-fold degeneracy on the valence band side under low magnetic fields, and

subsequently develops the full degeneracy-lifted QH states under higher magnetic fields. The Lan-

dau fans on the conduction band side (n > 0) are highly unusual. The fan from the charge neutral

point exhibits only a sequence of odd filling fractions ν = 3 and 5. While the fan coming from the
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correlated insulating state at half-filling shows a degeneracy of two, consistent with the picture of a

spin-polarized half-filled band, the sequence is also of odd numbers ν = 3, 5 and 7. The odd integer

sequenced quantumHall effect from the half-filling gap may relate to a Berry phase effect on the

Landau level, similar to the QHE in monolayer graphene. Theory160 predicts that the isolated flat

conduction band (c1) in TDBG carries non-trivial Berry curvature and non-zero Chern number. It

is then possible that the Berry curvature accumulates to a π or 3π phase on certain Landau orbits,

resulting in a quantumHall filling fraction sequence of 2(N-1/2) or 2(N-3/2), with integerN.

There is also a single QH state ν =3 projected down to the quarter-filled conduction band. This

state could be a magnetic field induced Chern insulator, similar to S2.2. Since this fan projects down

to quarter filling, it is likely that both spin and valley are polarized for this state. We note that the

valley Chern number corresponding to this specific state is C = 3, although a C = 2 is generally ex-

pected160. Further study is required to clarify these experimental observations. Above a perpendicu-

lar magnetic field of 7 T, the half-filled insulator disappears, presumably due to the orbital effect of

the perpendicular magnetic field.

S4.2 Hofstadter’s butterfly in the 1.26◦ device

The fan diagram of 1.26◦ is also intriguing. Beside the Landau fans, we point out there is an ob-

vious oscillation of longitudinal resistance around n = −nS/2 that does not sensitively depend

on doping (horizontal features marked in Fig. SA.7 bottom panel). These oscillations are not from

quantumHall states, but fromHofstadter’s butterfly. They are a result of the interplay between

two different periodicities in the system: moire superlattice and magnetic length. When one moire

superlattice contains 1/Nmagnetic flux (N is an integer), the two length scale becomes commensu-

rate and produces a minimum in resistivity. These features are indicative of highly uniform twisting

angle distribution in the sample. We use these features to determine the twist angle in this device.
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S5 Effective mass of θ = 1.33◦ and θ = 1.26◦ samples

We calculate the effective cyclotron mass from temperature dependent magnetoresistance (SdH)

oscillations. The cyclotron mass is a measure of the density of states and thus directly related to the

Landau level separation (cyclotron gap) under a given magnetic field. As temperature rises, the SdH

oscillation amplitude is reduced following ΔR ∝ χ/ sinh(χ), where χ = 2π2km∗

ℏe
T
B .

For θ = 1.33◦ sample, we measured SdH oscillations at all densities between filling factor n/nS

= -1 and 1, at T = 0.3, 2, 3, 4, 6, 9, 14 K (example: Fig. SA.8a-c). We then extracted the oscillation

amplitudes and plot them as a function of T/B. Fitting ΔR(T/B)with the above formula with

m∗ being the only fitting parameter, we obtain the effective cyclotron mass shown in main text.

Similarly, we measured SdH oscillations for the θ = 1.26◦ sample and extracted an effective mass

m∗ = 0.23me, as shown in Fig. SA.8e-f.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1/B(T-1)

-1000

-500

0

500

1000

1500

2000

2500

R
-R

1T
(

)

T=0.3K
2K
3K
4K
6K
9K
14K

θ=1.33˚
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8-500

0

500

1000

1500

2000

2500

1/B(T-1)

R
-R

1T
(

)

T=0.3K
2K
3K
4K
6K
9K
14K

θ=1.33˚
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-500

0

500

1000

1500

2000

2500

R
-R

1T
(

)

1/B(T-1)

θ=1.33˚

n = -1.3*1012cm-2 n = 1.45*1012cm-2 n = 2.65*1012cm-2

a b c

00

100

200

300

400

500

fit

T/B(KT-1)

 R
 (

)

62 4

d

2.65*1012cm-2

1.45*1012cm-2

-1.3*1012cm-2

θ=1.33˚

T=0.3K
2K
3K
4K
6K
9K
14K

0 0.2 0.4 0.6 0.8 1 1.2

T/B(KT-1)

0

100

200

300

400

500

600

R
(

)

R
fit

θ=1.26˚

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1/B(T-1)

0

2

4

6

8

10

R
/R

(1
T)

1.5K
3K
5K
7K
9K

n= 0.61*1012cm-2

a b

e f

θ=1.26˚
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S6 Characterization of devices used in this work

Wemeasured in total of six devices with different twist angles in this study. All samples are encapsu-

lated by the hBN layers. In 1.32◦, 1.33◦, 1.41◦ and 2.00◦ devices, both the top and bottom gates are

made from graphite. 1.26◦ device utilizes a graphite top gate and a heavily doped silicon bottom gate

below the hBN substrate and 300 nm SiO2 dielectric. The 1.48◦ device employs a silicon bottom

gate and a metal top gate. Most of the devices are fabricated into Hall bars with the exception of the

1.26◦ and 1.41◦ samples, which are fabricated into a Van der Pauw geometry. The gate configura-

tions and device images are shown in Fig. SA.9

Fig. 1f and Fig. SA.10a,c-f show large scale gate scans of the longitudinal resistivity in all samples.

These samples exhibit insulating states at fulling filling under zero displacement field and at CNP

under large displacement field. Moreover, particularly, the 1.32◦, 1.48◦, 2.00◦ devices exhibit a

CNP gap under the zero displacement field, which closes and reopens with increasing displacement

field. We note that neither the 1.26◦ nor the 1.41◦ device has a gap at the CNP under zero displace-

ment field. For the 1.32◦ device, we also notice that the gate scan diagram exhibit a wide insulating

region at full filling and double peaks at half filling, suggesting that there is additional moire period-

icity in the channel other than 1.32◦. The CNP gap in 1.32◦ under zero displacement field is likely

originated from the larger twist angle region of the sample. We remark that theory160 predicts a gap

at CNP opens up even at zero displacement field when θ > 1.5, qualitatively agreeing with our

experimental observation.

In Fig. SA.10a, we observe negative resistivity in a part of the 2D gate scan. These anomalous

signals can be attributed to nontransparent contacts in these gate regions. Comparing with the 2D

map of the 2-terminal resistance measured in this device (Fig. SA.10b), we find that the gate regions

where negative resistivity were observed in Fig. SA.10a in general correspond to the gate regions

where a large contact resistance is demonstrated by the 2-terminal measurement. This strong cor-
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relation between the apparent ’negative’ 4-terminal resistivity and high contact resistance suggests

that the negative 4-terminal resistivity originates from inefficient contact equilibration in these gate

regimes. Indeed, the contact transparency can be hindered by the unintended PN junction forma-

tion near the metal contacts when the applied gate voltages conspire with the work function mis-

match between graphene and metal to cause an accumulation of the opposite polarity of charges

near the contact and in the channel. However, near the half-filled insulator region, where most of

our research is focused, the 2-terminal resistance stays less than 10 kΩ, demonstrating excellent con-

tact transparency. Thus, we conclude that the contact anomaly can be excluded as a possible cause

of our experimental observation near the correlated insulator regime. We also notice that the cor-

related insulating state in the positive displacement field side (VTG < 0 andVBG > 0) shows a

much weaker signature than the negative displacement field side. The absence of a clear signature of

correlated insulator on the opposite side of the displacement field is also likely due to the inefficient

contact equilibration in these particular gate configurations, as shown in Fig. SA.10b.
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B
Twisted trilayer graphene supplementary

information

S1: Device fabrication and characterization

Our twisted trilayer graphene (TTG) device TMB (device names used in Fig. 1) and the twisted

bilayer graphene (TBG) device TM have both top and bottom graphite gates. The TBG device MB

is controlled by top graphite gate and silicon back gate. The van der Waals heterostructure stack

for making the devices consists of 8 layers of two-dimensional materials in the order of hBN, few-

layer graphite, hBN, mono-graphene, mono-graphene twisted with angle θ, mono-graphene twisted

with angle−θ, hBN and few-layer graphite. The stack was prepared using the dry transfer method,

similar to the procedures introduced in most published literature on twisted graphene devices. We
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make stamps consisting polycarbonate (PC) polymer and polydimethylsiloxane and pick up each

layer sequentially. The temperature is kept under 180 ◦C through out the transfer process. We find

that generally graphene flakes with large area (e.g., 70 μm by 70 μm) give higher yield in making

twisted graphene samples. In order to minimize the movement of graphene flakes during transfer

processes, we use an atomic force microscope (Asylum Cypher S) to precut the graphene flakes.

For this, we follow the general procedure described in reference65, using a platinum doped AFM

cantilever and contact mode. An 100kHz AC bias of 30V is applied to the cantilever during cutting.

We find that this AC bias is critical but its exact role in cutting is currently unknown. The stack is

deposited on top of a 300-nm SiO2/Si substrate that has evaporated gold alignment marks on it.

Alignment marks are made beforehand so the twisted sample is not subject to the high temperature

of the evaporation process before being etched. Three Hall bar devices were fabricated in the regions

of TMB, TM andMB following the standard e-beam lithography and dry etch procedures.

The transport data was measured at 17.7 Hz using the standard lock-in technique, with a 0.5–

1 mV voltage bias and a current-limiting-resistor of 180 kΩ connected in series with the sample,

which limits the current in the sample to an upper bound of 2–5 nA. The sample is connected to

the cryostat probe through an RC filter to reduce noise.

We calculate twist angles using two independent methods. The first is to use the geometric ca-

pacitance between the twisted samples and gates. The carrier density is determined by the top gate

voltageVt and the bottom gate voltageVb through n = ctVt + cbVb, where ct (cb) is the capacitance

between the top (bottom) gate and the sample , and it can be directly calculated ct(b) = κε0/dt(b).

κ is the dielectric constant for hBN and is usually taken as 3.9. ε0 is the vacuum permittivity. dt(b) is

the top (bottom) hBN thickness. Using the resistivity, ρ, versus gate voltageVt(b) at zero magnetic

field, we can associate the resistive peaks with integer fillings of the moiré bands, and therefore ob-

tain the gate voltage, or equivalently using the above formulae the carrier density ns for full filling

at ν = 4. This carrier density corresponds to 4 electrons per moiré unit cell ns = 4/Am, where
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Am is the moiré unit cell area and is connected to the small twist angle by Am =
√
3a2
2θ2 , where a

is the lattice constant for graphene. The main uncertainty in this method comes from the uncer-

tainty in the value of the dielectric constant κ and the finite width of the integer-filling resistive

features. The second method uses the Landau fan diagrams shown in magnetotransport data. By

comparing the longitudinal resistivity data with the Hall conductance, we can assign each line in the

Landau fans with a Chern number C so that σxy = Ce2/h, where e is the electron charge and h is

the Planck’s constant. The slopes of the lines in Landau fans are connected to the Chern numbers

through BAm/φ0 = Cn/ns + s, where B is magnetic field, φ0 = e/h is the magnetic flux quantum,

s is the filling fraction from which the Landau fan emanates. The main uncertainty in this method

comes from how well the slopes are fit. This gives an uncertainty of±0.02◦ in calculating the angle.

S2: Band structure calculation andDOS

In this section we discuss the single particle band structure of magic angle twisted trilayer graphene,

shown in Fig. 1C and 4E, F. The density of states was also plotted in Fig. 4G. The band structure

was computed from the trilayer analogue78 of the Bistritzer-Macdonald model52 of twisted bilayer

graphene. In this case, however, the in-plane displacement between layers matters. As shown in

Ref.78, the Hamiltonian can be brought to a form where only the relative displacement between the

top and bottom layers appears. We denote this distance d. For a single spin and graphene valley, the

Hamiltonian is

H(d) =


−ivσθ/2 ·∇ T(r− d/2) 0

T†(r− d/2) −ivσ−θ/2 ·∇ T†(r+ d/2)

0 T(r+ d/2) −ivσθ/2 ·∇

 . (B.1)
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Here, σθ/2 = e−
i
4 θσz(σx, σy)e

i
4 θσz , v is the graphene Fermi velocity, and

T(r) =

 w0U0(r) w1U1(r)

w1U∗
1 (−r) w0U0(r)

 ,

U0(r) = e−iq1·r + e−iq2·r + e−iq3·r,

U1(r) = e−iq1·r + eiφe−iq2·r + e−iφe−iq3·r,

(B.2)

with φ = 2π/3. The vectors qi are q1 = kθ(0,−1) and q2,3 = kθ(±
√
3/2, 1/2). The wavevector

kθ = 2kD sin θ
2 is the moiré version of the Dirac wavevector kD = 4π/3a0, where a0 is the graphene

lattice constant. For the other graphene valley, the Hamiltonian is the complex conjugate of (B.1).

The spectrum ofH(d) depends strongly on d. However, Ref.81 finds that d = 0 has the lowest

energy due to relaxation effects, and that the system is likely to slide into this configuration naturally.

We therefore focus on d = 0 which corresponds to AA stacking between the top and bottom layers.

For d = 0, the Hamiltonian has a symmetry under exchanging the top and bottom layer.

Mz =


0 0 1

0 1 0

1 0 0

 . (B.3)

We may then consider separately the Hamiltonian in theMz = ±1 sectors. ForMz = +1 we find a

TBGHamiltonian

H+ =

−ivσθ/2 ·∇
√
2T(r)

√
2T†(r) −ivσ−θ/2 ·∇

 , (B.4)

where the tunneling is
√
2 times stronger. On the other hand forMz = −1 we obtain ordinary

graphene

H− = −ivσ+θ/2 ·∇. (B.5)
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Here, the ordinary graphene electrons come from the top and bottom layers only and the Dirac

cone is centered around the moiréK point. Similarly in the other graphene valley the Dirac cone is

centered at the moiréK′ point. Thus, for this system we expect that when the angle is
√
2 times the

TBGmagic angle, we will obtain flat bands from (B.4) together with a Dirac cone from (B.5). This

band structure is depicted in Fig. 1C. with parameters θ = 1.55◦, w1 = 110meV, and κ = w0/w1.

A nonzero displacement field mixes the TBG and graphene sectors by breakingMz; its effect is

largest at the K point where the bands intersect. There, the two Dirac points near charge neutrality,

one from each of the graphene and TBG subsystems, split and hybridize so that there is one above

zero energy and one below zero energy. These Dirac points are still protected by inversion com-

bined with time reversal which acts asH(r) → σxH∗(−r)σx and is a symmetry when d = 0. Band

structures with nonzero displacement fields are shown in Fig. 4E and F. with the same parameters as

Fig. 1C.

The density of states is shown in Fig. 4G in the main text. It is obtained from the band structure

of the Hamiltonian (B.1) by a gaussian-smoothing over energy levels with standard deviation 0.03

meV. Here we also include the density of states plotted versus energy instead of filling, see Fig. SB.1.

S3: Sample homogeneity

Fig. S2 shows a comparison of ρ versus nmeasured withVBG = 0 for different pairs of contacts.

From Fig. S2A to E, the blue circles in the device image illustrate the pair of contacts, labeled P1

- P5, used for measuring the data on the right. Red dashed lines label the resistive states at integer

fillings ν =-2, 0, 1, 2, 3. It can be seen that for different contacts, the red dashed lines are slightly

misaligned with respect to each other, indicating that the regions between the contacts have dif-

ferent angles. We calculated the angle for P2 using quantum oscillations. Then using their relative

ratio of full filling densities, we obtained angle for each pair of contacts. The measured angles are

θ1 = 1.552◦,θ2 = 1.567◦, θ3 = 1.567◦, θ4 = 1.572◦, and θ5 = 1.572◦ all with uncertainty
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Figure B.1: Density of states versus energy and displacement field. Similar to Fig. 4G in the main text, one sees two flat
bands that spread out after a sufficiently large displacement field is applied. Prominent van Hove singularities are visible
in white and spread out with increasing displacement field.
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±0.02◦. Although the third digit in the angles maybe seemmeaningless given the magnitude of the

uncertainty, they indicate the relative angle difference between different pairs of contacts, which has

smaller uncertainty. There are double peak features in P5 indicating a region of θ = 1.61◦. None

of the presented data was taken in this more diordered region. We note that over the majority of the

sample, the angle is extremely uniform changing less that 0.02◦. The angle gradually becomes larger

from the left to the right. And there is more angle disorder on the right side of the sample. The su-

perconductivity is strongest at the left end of the sample with θ1 = 1.552◦, and the majority of the

presented data was taken in this region.

S4: Fan diagram comparison

Fig. S3A shows longitudinal resistivity ρ and inverse Hall resistivity 1/ρxy as a function of ν and B at

VBG = 0 and T = 0.86 K. This is complementary to the ρ(B, n) data shown in Fig. 1F. We can

see large area of 1/ρxy = −2e2/h near ν = −4 and 2e2/h near ν = 4. From the single particle

band calculation we know that when a displacement field is applied, the originally independent

Dirac cone and flat bands at zero displacement field mix resulting in two Dirac cones splitting to

higher and lower energy respectively. The large regions of quantized reverse Hall resistivity are likely

from the quantumHall states of these Dirac cones. Fig. S2C is a schematic of the quantumHall

structure observed in Fig. 1F. Emanating from the charge neutrality, the main sequences are C =

−2,−6,−10, . . . on the hole doped side and C = 2, 6, 10 on the electron doped side. At higher

magnetic field, between C = −2 and C = −6, symmetry breaking states with C = −3,−4 and−5

emerge and the sequence C = −14,−18,−20 transitions into C = −12,−16,−20.

Fig. S4 shows the fan diagram at zero displacement field. The Landau fan sequences emerging

from neutrality, ν = ±2 are similar to that observed in theVBG = 0 fan. Interestingly, in low

field range, we observe “arc-like” features or a coexisting quantum oscillation structure distinct

from those of the flat bands. We argue these are in fact the quantumHall states of the additional
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138



Dirac cone. Fig. S5A shows ρ and Hall conductance σxy as a function of inverse magnetic field at

ν = −3.82, where the arcs are prominent. We see clear quantum oscillations, displayed as the

equally distanced minima in ρ. The σxy values corresponding to the first two minima are quantized

to−2e2/h and−6e2/h, the same as the Dirac Landau level sequence. σxy for the other minima are

not well quantized. Most likely because they appear at lower magnetic fields and are not well devel-

oped. Fig. S5B shows dρ
dB to make these quantum oscillations more prominent.

The quantumHall states of the Dirac cone appear as arcs instead of the normal straight lines

emanating from ν = 0 because the flat bands and the Dirac cones are filled simultaneously. Kinks

in the Dirac cone states correspond to changes in the flat band chemical potential due to strong-

interaction induced symmetry breaking as has been observed in TBG86,85,68. To confirm that these

structures are the Landau fan of the additional Dirac cone, in Fig. S5C and D, we trace out ρmin-

ima for the visible states which we assume are the C = 6, 10 and 14 states for the Dirac cone, labeled

by the triangle symbols with different colors. With these traces, we obtain the positions in magnetic

field B6, B10, and B14 as a function of ν for the C = 6, 10 and 14 states respectively. According to

Diophantine equation ν − s = Cφ/φ0 (where s is the filling where the Landau fan emerges from

and φ = BA is the magnetic flux through the sample and A is the sample area), if these structures

are quantumHall states of C = 6, 10, 14, we expect that 6B6 = 10B10 = 14B14 even with charge

carriers filling both the Dirac cone and the flat bands. Fig S5B and C shows the normalized ratio

between 6B6, 10B10 and 14B14 and indeed they are roughly one, confirming that the states originate

from the Dirac cone. We also note that these arcs are not present in the fan diagram withVBG = 0,

in whichD is mostly nonzero. This is consistent with the theoretical prediction that a gap opens at

the Dirac cone when a displacement field is applied, causing the Dirac cones to not fill until after the

flat bands.
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S5: Hysteresis of the field induced Chern insulator at ν = −2

Fig. S6 shows the Hall resistivity ρxy and longitudinal resistivity ρxx along the black dashed line em-

anating from ν = −2 as shown in Fig. S3. It corresponds to a slope with Chern number -2. ρxy is 0

at B=0 but increases rapidly with a small B and saturates to a quantized resistance h/2e2 above 1T.

ρxx first increases but then drops to a low value above 1T. This behavior in transport is a signature of

magnetic field induced Chern insulator with a Chern number C = −2 that is only fully developed

above 1T. Furthermore, we observe a difference between magnetic field sweep directions in both ρxy

and ρxx near the onset of the Chern insulator. This indicates the presence of orbital ferromagnetism

associated with it.

S6: Critical temperature and GL coherence length

We extract Tc from ρ(T) by first fitting a line to the high temperature linear part of ρ(T), then ex-

trapolating this normal state resisitivty ρN to low temperature, and finally finding the temperature

where ρ(T) = xρN(T), where x is a percentage. An example of this linear fit for data at 2 T is shown

in Fig SB.7 as well as ρ(T) taken at several different magnetic fields. We note that a dip in ρ at low

143



1 2 3 4 5 6 7
T (K)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 (k
)

0.000 T
0.030 T
0.075 T
0.120 T
0.240 T
1.000 T
2.000 T

Figure B.7: Tc extraction ρ(T) measured at several different fields at ν = −2.3 andD/ε0 = 0.29 V/nm. The dashed
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temperature is evident in the data even at high B although ρ does not go to zero. A similar tail of low

ρ extending to high field is evident in the dV/dI data and ρ(ν,B), shown in Fig. SB.8. It is possible

that this dip is due to a vortex phase with non-zero ρ.

This dip in resistivity results in very different results for Tc depending on the choice of x. Fig. SB.9

shows this difference for x = 0.1 and x = 0.5. For x = 0.1 we find a linear relationship as

described by the Ginzburg-Landau (GL) theory for a two-dimensional superconductor: Bc =

[Φ0/(2πξ2GL)](1 − T/Tc)where ξGL is the GL coherence length83. For x = 0.1, ξGL = 34 nm.

For x = 0.5 the resulting Tc is much higher and remains above 1.5 K to fields larger than 2 T. It is

also very non-linear, although fitting the low field portion gives ξGL = 13.4 nm. We have chosen

x = 0.1 as the standard for this paper as it more clearly defines the region where we observe ρ = 0 at

low temperature, and agrees well with the measured BKT transtion temperature.
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S7: Berezinskii–Kosterlitz–Thouless (BKT) transition analysis

Like other ordered phases in 2D, a 2D superconductor does not have a true finite-temperature phase

transition but can go through a topological phase transition called BKT transition. Below the BKT

transition temperature TBKT, vortices and anti-vortices of the order parameter bind closely with

each other and above TBKT, these vortices and anti-vortices proliferate and become independent,

dominating the physics in the system. One manifestation of this transition in a 2D superconduc-

tor is that itsV − I dependence follows a power law below TBKT and the power exponent, α goes

through a rapid crossover near the transition, with α = 3 at TBKT. To analyze the BKT transi-

tion, at each temperature, we use a lock-in to measure dV/dI as a function of DC bias current, as

shown in Fig. SB.10a. We integrate this and assignV = 0 at zero I to obtain theV(I) curves shown

in Fig. 2 and Fig. SB.10B. When fitting to a power law to obtain α, we fit only the low voltage be-

haviour below 1 μV. This low voltage behaviour captures the initial unbinding of vortex-anti-vortex

pairs under the effect of temperature166,167. We note that if α is extracted at high current it captures

unbinding of the vortices and anti-vortices due to current instead of temperature. This is common

error in experimental analysis and one that we made in out initial analysis of the BKT temperature.

Fig. SB.10B shows clearly shows theV − I curves follow a power-law in low current range and the

power exponent rapidly decreases with increasing temperature. The black dashed line has α = 3.

The α values extracted from this procedure are shown in the inset of Fig. SB.10a.

S8: Strong-coupling superconductivity

The rapid increase in Tc with doping in addition to the suppression of superconductivity due to

the van Hove singularity point towards a strong coupling (BEC) scenario for superconductivity

where preformed bosonic charge 2e objects are condensed. One such model is the skyrmion model

of superconductivity proposed in Ref.90 where such bosonic charge 2e objects were proposed to be
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and the Tc are correlated.

topological skyrmion textures in some pseudospin variable. Regardless of the actual mechanism, a

strong-coupling BEC superconductor obtained by condensing charge 2e objects whose density is ν2e

and mass isM2e is characterized by the critical temperature121

kBTc =
ν2eπℏ2

2AMM2e
=

ν2eJ
2

, (B.6)

Here, we take the filling fraction of the charge 2e objects ν2e to be equal to half the filling fraction

measured relative to half-filling ν = ±2. AM denotes the area of the moiré unit cell and J is an

effective pairing scale. We can use this formula to extract J from our data by fitting Tc(ν) near its

maximum, where we expect this formula to apply. Fig. SB.11 Shows examples of these fits in the

electron and hole superconducting domes superimposed onto the dome resistivty. Since the super-

conductivity appears only in the flavour symmetry broken regions where nH − ν = 2, where the

relevant carrier filling fraction is related to ν = ±2, we constrain the fits so that Tc(ν = ±2) = 0.

The resulting fits agree reasonably well with our data and correspond to values of J between 2.5 and

3.5 meV on the hole side and 0.6 and 1.2 meV on the electron side. This is roughly of the same or-

der as the coupling scale predicted theoretically90. Moreover, as shown in Fig. SB.12, we find that
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J is correlated with the maximum Tc at a givenD as we would expect if J is a measure of the pairing

strength. We note that based on our extracted values of Jwe calculateM2e ∼ me for the hole super-

conductivity andM2e ∼ 3me − 5me for the electron superconductivity.

The presence of dispersive Dirac band may affect the interaction between electrons in the flat

band. Considering, small density of state of the Dirac electrons, this screening effect can be small. If

we take a bandwidth of flat band 20 meV, as shown in Fig. 1c, and count all the states in this win-

dow, the ratio of Dirac electrons to flat band electrons is only∼ 3%. We estimate the effective di-

electric constant increases by around 3.5 using the method presented in Ref.168. It is also noted that

Dirac electrons could aid Cooper pairing in the flat band169,170,171. Further detailed calculations

and experiments are needed to check this possibility.

S9: Sample Temperature Calibration

The data shown in Fig. 2A insets and Fig. 3 was taken without heavy filtering of signal lines. By

comparing the data taken before and after refined filtering, we found that the only effect is that the

electronic temperature of the samples Treal without heavy filtering is higher than the RuO2 ther-

mometer reading Tmeas. This noise induced heating is significant only below∼ 1.4 K and does not

have an effect above. This effect is experimentally visible in the resistance curves measured before

and after filtering in Fig. SB.13. In order to get the real electron temperature, we compare the re-

sistance as a function of measured temperature at the same ν andD before filtering,Ri, and after

filtering,Rf. We can find the mapping from Tmeas to Treal by finding whereRf(Treal) = Ri(Tmeas).

We have performed this calibration at several points, and find good agreement, as shown in Fig.

SB.14A. After correcting for the higher electron temperature, we find good agreement between data

taken before and after improving the filtering, as shown in Fig. SB.14B. We implement this tem-

perature recalibration to the data taken in Fig. 2A insets and Fig. 3. The rest of the data involving

temperature measurements is taken with improved filtering.
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S10: Fraunhofer Pattern

With improved filtering, we see a clear Fraunhofer-like pattern at low temperature, as shown in Fig.

SB.15. The Fraunhofer oscillations providing a clear indication of superconducting phase coherence

and confirms the nature of the zero resistance state.

S11: LowTemperature Data

With improved filtering we are able to reach our actual base temperature of 340 mK, ans see an ex-

panded region of superconductivity both near ν = −2 and ν = 2 as shown in Fig. SB.16A. Due

to a limited gate range in the later measurements we are unable to cover the range of ν andD shown

at higher temperature in the main text. However, we note that when comparing the region of super-

conductivity with the subtracted hall data in Fig. SB.16B, the boundaries of the superconductivity

region aligns exactly with the region with nH − ν = ±2.

S12: Superconductivity in an additional sample

In addition to the device shown in the main text, we have observed signatures of superconductivity

in a second TTG device, which has a twist angle of 1.39◦. The device is encapsulated by both top
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Figure B.16: Low temperature transport data. (A) Resistivity and (B) subtracted Hall data at the base temperature of
340 mK after improved filtering. The blue dashed line traces out the 0 resistance region.

and bottom graphite gates but the data shown here were taken with the top gate floating. Fig S17A

shows resistance as a function of temperature at ν = 2.05. The resistance drops quickly below 2 K

and reaches 0 at 0.4 K. The inset shows an image of the device. Fig S17B shows the differential resis-

tance and the I−V characteristic at the same filling. They show the typical nonlinear I−V behavior

of a 2D superconductor. Furthermore, Fig S17C shows Fraunhofer pattern at ν = 2.05, confirming

the observed 0 resistance and nonlinear I− V characteristic are a result of superconductivity.
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ν = 2.05. Inset, the device image. (B) dV/dI at ν = 2.05 and the corresponding I‐V characteristic. (C) Fraunhofer
pattern at ν = 2.05.
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C
TTG JJ supplementary information

Like described before, we can use the fan diagrams in the magnetotransport measurements to extract

twist angles. Fig. C.1a to C.1d show 4 fan diagrams measured using 4 pairs of voltage probes that

are located near the top, mid-top, mid-bottom and bottom of the sample, as marked by the green,

orange, pink and purple solid circles in Fig. C.1e, giving a twist angle of 1.5°, 1.45°, 1.39°and 1.31°,

respectively. This shows that the sample is relatively inhomogeneous, which explains why we see

TTG-NbN JJ in only one of the NbN contacts, and more than one critical currents in the super-

conducting states.

Fig. C.2 shows two measurement configurations used for the data shown in the main text, both

of which focus on the same top-right TTG-NbN junction, but use different current source probes

and voltage probes. The measurement configuration 1 shown in Fig. C.2a is used for data shown

Fig. 1 and Fig. 2 and the measurement configuration 2 shown in Fig. C.2b for the Fraunhofer pat-
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Figure C.1: a‐d, fan diagrams measured using the voltage probes located close to the green, orange, pink and purple
circles in e, respectively. e, the 4 circles mark where the fan diagrams are measured and the corresponding twist angle
extracted from the fan diagrams.
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Figure C.2: a, measurement configuration 1, with the red arrow denoting the current bias path, blue voltage probes mea‐
suring the TTG sample bulk resistance and red voltage probes measuring the resistance across the TTG‐NbN junction b,
measurement configuration 2 with similar annotations.

Figure C.3: Fraunhofer patterns measured at ν = −2.63 using measurement configuration 1 for a, TTG bulk and b, the
TTG‐NbN junction, respectively.

terns in Fig. 3.

Fig. C.3 shows resistance measured using the measurement configuration 1 as a function of B and

IDC for the TTG bulk and TTG-NbN junction, displaying clearly different B dependence. While

the sample bulk has a critical current monotonically decreasing as B increases, the junction resistance

has a Fraunhofer pattern.

Fig. C.4 shows resistance measured at ν = −2.55 using the measurement configuration 2, same

as the main text Fig. 3a and 3b. Fig. C.4a and C.4b are obtained by sweeping magnetic field up

from -30 mT and Fig. C.4c and C.4d are sweeping down from 30 mT.While the bulk resistance

and its Fraunhofer pattern are unaffected by the sweeping direction, the interference pattern in the

junction is drastically altered by the change of the sweeping direction. The junction pattern also
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experience frequent discrete jumps after the field sweeps up (or down), after which it is as if the field

was reduced (or enhanced) by certain amount, consistent with the effects of trapping or detrapping

of vortices, which should contribute quantized magnetic flux.

Fig. C.5 shows similar comparisons of bulk and junction resistance using the measurement con-

figuration 2 at ν = −2.2 and ν = −3, away from the optimal doping.

In order to see how the Fraunhofer pattern, or more specifically the periodicity of the pattern

depends on doping, we measure the bulk and junction resistance as a function of B and ν at a finite

current bias IDC = 90nA, as shown Fig. C.6. The junction resistance shows a sharp horizontal resis-

tive line at around 4 mT, corresponding to where the first period of the junction Fraunhofer pattern

ends. The doping-independent period supports again that there is a JJ as long as the sample is super-

conducting and the Fraunhofer pattern in the junction is primarily dependent on the junction and

sample geometry.

Finally, Fig. C.7 shows the image of a second TTG device where we focus on the top left corner

junction. The junction also shows a Fraunhofer pattern that is unseen in the bulk measurement, as

shown in the main text.
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Figure C.4: Fraunhofer patterns measured at ν = −2.55 using measurement configuration 2 by a and b, sweeping
the magnetic field up from ‐30 mT to 30 mT, c and d, sweeping the magnetic field down from 30 mT to ‐30 mT, e and f,
doing two separate zero‐field cool‐downs and sweeping the magnetic field from 0 to 30 mT and ‐30 mT, respectively, as
described in the main text. The junction patterns in b and d suffer severely from jumps due to vortex trapping.
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Figure C.5: Fraunhofer patterns measured using measurement configuration 2 at a and b, ν = −2.2 , c and d, ν = −3.

Figure C.6: Resistance for a, the TTG bulk and b, TTG‐NbN junction measured at a finite current bias of 90 nA using
measurement configuration 2.
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Figure C.7: Device image and measurement configurations for the second device. a, measurement configuration the
TTG sample bulk resistance. b, measurement configuration the top left TTG‐NbN junction resistance.
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Figure D.1: Resistance derivative dRdrive
xx /dνbot corresponding to the data in Fig. 1d, which more prominently shows

quantum Hall state and hierarchy transition features.

Figure D.2: Other resistance channels atVint = 0. a,Rdrive
xy , b,Rdrag

xy , c,Rdrag
xx plotted as a function ofDtop andDbot.
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Figure D.3: Other resistance channels atVint = 0.07V. a,Rdrive
xy , b,Rdrag

xy , c,Rdrag
xx plotted as a function ofDtop and

Dbot.
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Figure D.4: All resistance channels atVint = 0.1V. a,Rdrive
xx , b,Rdrive

xy , c,Rdrag
xx , d,Rdrag

xy , e,Rdrag
xx plotted as a function

ofDtop andDbot.

Figure D.5: Zoomed‐in on the N = 0 interlayer states near (νbot, νtop) = (0.5, 2.5) atVint = 0 and at 16 T. a,Rdrag
xy ,

b,Rdrive
xy , c,Rdrive

xx .
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Figure D.6: Zoomed‐in on the N = 0 interlayer states near (νbot, νtop) = (0.5, 0.5) atVint = 0 and at 16 T. a,Rdrag
xy ,

b,Rdrive
xy , c,Rdrive

xx .

Figure D.7: Zoomed‐in on the N = 1 interlayer states near (νbot, νtop) = (1.5, 0.5) atVint = 0 and at 16 T. a,Rdrive
xx ,

b,Rdrive
xy .
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