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Correlated insulator behaviour at half-filling in 
m

agic-angle graphene superlattices
Yuan Cao

1, Valla Fatem
i 1, Ahm

et D
em

ir 1, Shiang Fang
2, Spencer L. Tom

arken
1, Jason Y. Luo

1, Javier D
. Sanchez-Yam

agishi 2, 
Kenji W

atanabe
3, Takashi Taniguchi 3, Efthim

ios K
axiras 2,4, Ray C. Ashoori 1 &

 Pablo Jarillo-H
errero

1

A
 van der W

aals heterostructure is a type of m
etam

aterial that 
consists of vertically stacked two-dim

ensional building blocks held 
together by the van der W

aals forces between the layers. This design 
m

eans that the properties of van der W
aals heterostructures can be 

engineered precisely, even m
ore so than those of two-dim

ensional 
m

aterials 1. O
ne such property is the ‘twist’ angle between different 

layers in the heterostructure. This angle has a crucial role in the 
electronic properties of van der W

aals heterostructures, but does 
not have a direct analogue in other types of heterostructure, 
such as sem

iconductors grow
n using m

olecular beam
 epitaxy. 

For sm
all twist angles, the m

oiré pattern that is produced by the 
lattice m

isorientation between the two-dim
ensional layers creates 

long-range m
odulation of the stacking order. So far, studies of the 

effects of the twist angle in van der W
aals heterostructures have 

concentrated m
ostly on heterostructures consisting of m

onolayer 
graphene on top of hexagonal boron nitride, w

hich exhibit 
relatively weak interlayer interaction owing to the large bandgap 
in hexagonal boron nitride 2–5. H

ere we study a heterostructure 
consisting of bilayer graphene, in which the two graphene layers 
are tw

isted relative to each other by a certain angle. W
e show 

experim
entally that, as predicted theoretically 6, when this angle is 

close to the ‘m
agic’ angle the electronic band structure near zero 

Ferm
i energy becom

es flat, owing to strong interlayer coupling. 
These flat bands exhibit insulating states at half-filling, which 
are not expected in the absence of correlations between electrons. 
W

e show that these correlated states at half-filling are consistent 
w

ith M
ott-like insulator states, which can arise from

 electrons 
being localized in the superlattice that is induced by the m

oiré 
pattern. These properties of m

agic-angle-twisted bilayer graphene 
heterostructures suggest that these m

aterials could be used to study 
other exotic m

any-body quantum
 phases in two dim

ensions in 
the absence of a m

agnetic field. The accessibility of the flat bands 
through electrical tunability and the bandwidth tunability through 
the twist angle could pave the way towards m

ore exotic correlated 
system

s, such as unconventional superconductors and quantum
 

spin liquids.
Exotic quantum

 phenom
ena, such as superconductivity and the frac-

tional quantum
 H

all effect, often occur in condensed-m
atter system

s 
and other system

s with a high density of states. O
ne way of creating a 

high density of states is to have ‘flat’ bands, which have weak dispersion 
in m

om
entum

 space, with the kinetic energy of the electron set by the 
bandw

idth W
. W

hen the Ferm
i level lies w

ithin the flat bands, 
Coulom

b interactions (U) can greatly exceed the kinetic energy of the 
electrons and drive the system

 into various strongly correlated phases 
(

/
≫

U
W

1 ) 7–11. The study of such flat-band system
s in bulk m

aterials 
is therefore scientifically im

portant, and the search for new flat-band 
system

s, such as in kagom
e and Lieb lattices and in heavy-ferm

ion 
system

s, is ongoing 7–12.

Recent advances in tw
o-dim

ensional m
aterials have provided 

a new route to achieving flat bands. A
n inherent advantage of two- 

dim
ensional m

aterials is that the chem
ical potential of electrons can 

be tuned continuously via the electric-field effect without introducing 
extra disorder. In a twisted van der W

aals heterostructure, the  m
ism

atch 
betw

een tw
o sim

ilar lattices generates a m
oiré pattern (Fig. 1b).  

This additional periodicity, w
hich can have a length scale orders of 

m
agnitude larger than that of the underlying atom

ic lattices, has been 
shown to create a fractal energy spectrum

 in a strong m
agnetic field

2–4.  
In tw

isted layers, the interlayer hybridization is m
odulated by the 

m
oiré pattern as well. As an exam

ple, the band structure of tw
isted 

bilayer graphene (TBG) can be tailored to generate bandgaps and band 
curvatures that are otherwise absent 6,13–17. Although the well-known 
building blocks for van der W

aals heterostructures, such as graphene 
and transition-m

etal dichalcogenides, do not have intrinsic flat bands 
at low energies, it has been predicted theoretically that flat bands could 
exist in TBG

6,14–16,18. H
ere we dem

onstrate experim
entally that when 

the tw
ist angle of TBG

 is close to the theoretically predicted m
agic 

angle, the interlayer hybridization induces nearly flat low-energy bands. 
This quenching of the quantum

 kinetic energy leads to a correlated 
insulating phase at half-filling of these flat bands, which is indicative 
of a M

ott-like insulator in the localized flat bands.
To zeroth order, the low-energy band structure of TBG

 can be con-
sidered as two sets of m

onolayer-graphene D
irac cones rotated about 

the Γ  point in the Brillouin zone by the twist angle θ (Fig. 1d) 6. The 
difference between the two K (or K

′ ) wavevectors gives rise to the m
ini 

Brillouin zone (shown as a sm
all hexagon), which is  generated from

 
the reciprocal lattice of the m

oiré superlattice (Fig. 1d). The D
irac 

cones near either the K or K
′  valley m

ix through interlayer hybridiza-
tion, whereas interactions between distant D

irac cones are suppressed 
 exponentially 6,13. As a result, the valley rem

ains (for all practical 
 purposes) a good quantum

 num
ber. Two experim

entally verified con-
sequences of this hybridization are the energy gaps that open near the 
intersection of the D

irac cones and the renorm
alization of the Ferm

i 
velocity

∇
=

=
′

v
ħ

E
1

k
k
k

K
F

,K

at the D
irac points 13,19–21.

The theoretically calculated m
agic angles θ

im
agic

()
, with i =

  1, 2, …
, are 

a series of twist angles at which the Ferm
i velocity at the D

irac points 
becom

es zero
6. The resulting low-energy bands near these twist angles 

are confined to less than about 10 m
eV. The flattening of the energy 

bands near the m
agic angle can be understood qualitatively from

 the 
com

petition between the kinetic energy and the interlayer hybridiza-
tion energy (Fig. 1e–g). Intuitively, when the hybridization energy 2 w 
is com

parable to or larger than ħv0 k
θ , where v0  =

  10 6 m
 s −

1 is the Ferm
i 

velocity of graphene, k
θ  ≈

  G
K θ is the m

om
entum

 displacem
ent of the 
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The em
ergence of half-filling states is not expected in the absence of 

interactions between electrons and appears to be correlated with the 
narrow bandwidth near the first m

agic angle. In our experim
ent, sev-

eral separate pieces of evidence support the presence of flat bands. First, 
w

e m
easured the tem

perature dependence of the am
plitude of 

Shubnikov–de H
aas oscillations in device D

1, from
 which we extracted 

the effective m
ass of the electron, m

* (Fig. 3b; see M
ethods and 

Extended D
ata Fig. 3 for analysis). For a D

irac spectrum
 with eight-fold 

degeneracy (spin, valley and layer), we expect that 
⁎=

/
π

m
h
n

v
(8

)
2

F 2
, 

which scales as 1/vF  . The large m
easured m

* near charge neutrality in 
device D

1 indicates a reduction in vF  by a factor of 25 com
pared to 

m
onolayer graphene (4 ×

  10 4 m
 s −

1 com
pared to 10 6 m

 s −
1). This large 

reduction in the Ferm
i velocity is a characteristic that is expected for flat 

bands. Second, we analysed the capacitance data of device D
2 near the 

D
irac point (Fig. 3a) and found that vF  needs to be reduced to about 

0.15v0  for a good fit to the data (M
ethods, Extended D

ata Fig. 1b). Third, 
another direct m

anifestation of flat bands is the flattening of the con-
ductance m

inim
um

 at charge neutrality above a tem
perature of 40 K 

(therm
al energy kT =

  3.5 m
eV

), as seen in Fig. 3c. Although the con-
ductance m

inim
um

 in m
onolayer graphene can be observed clearly even 

near room
 tem

perature, it is sm
eared out in m

agic-angle TBG when the 
therm

al energy kT becom
es com

parable to vF k
θ /2 ≈

  4 m
eV—

the energy 
scale that spans the D

irac-like portion of the band (Fig. 1c) 24–26.
O

wing to the localized nature of the electrons, a plausible explanation 
for the gapped behaviour at half-filling is the form

ation of a M
ott-like 

insulator driven by Coulom
b interactions between electrons 27,28. To 

this end, we consider a H
ubbard m

odel on a triangular lattice, with 
each site corresponding to a localized region with AA stacking in the 
m

oiré pattern (Fig. 1i). In Fig. 3d we show the bandwidth of the E >
  0 

branch of the low-energy bands for 0.04° <
  θ <

  2° that we calculated 
num

erically using a continuum
 m

odel of TBG
6. The bandwidth W

 is 
strongly suppressed near the m

agic angles. The on-site Coulom
b energy 

U of each site is estim
ated to be e 2/(4π εd), where d is the effective linear 

dim
ension of each site (with the sam

e length scale as the m
oiré period), 

ε is the effective dielectric constant including screening and e is the 
electron charge. Com

bining ε and the dependence of d on twist angle 
into a single constant κ, we write U =

  e 2θ/(4π ε0 κa), where a =
  0.246 nm

 
is the lattice constant of m

onolayer graphene. In Fig. 3d we plot the 
on-site energy U

 versus θ for κ =
  4–20. As a reference, κ =

  4 if we 
assum

e ε =
  10ε0  and d is 40%

 of the m
oiré wavelength. For a range of 

possible values of κ it is therefore reasonable that U/W
 >

  1 occurs near 
the m

agic angles and results in half-filling M
ott-like gaps 27. H

owever, 
the realistic scenario is m

uch m
ore com

plicated than these sim
plistic 

estim
ates; a com

plete understanding requires detailed theoretical anal-
yses of the interactions responsible for the correlated gaps.

The Shubnikov–de H
aas oscillation frequency fSdH  (Fig. 3b) also 

supports the existence of M
ott-like correlated gaps at half-filling. N

ear 
the charge neutrality point, the oscillation frequency closely follows 
fSdH  =

  φ
0 | n| /M

 where φ
0  =

  h/e is the flux quantum
 and M

 =
  4 indicates 

the spin and valley degeneracies. H
owever, at | n|  >

  n
s /2, we observe 

oscillation frequencies that corresponds to straight lines, fSdH  =
  φ

0 (| n|   
−

  n
s /2)/M

, in which M
 has a reduced value of 2. M

oreover, these lines 
extrapolate to zero exactly at the densities of the half-filling states, n =

   
±

 n
s /2. These oscillations point to sm

all Ferm
i pockets that result from

 
doping the half-filling states, w

hich m
ight originate from

 charged 
quasi  particles near a M

ott-like insulator phase 29. The halved degener-
acy of the Ferm

i pockets m
ight be related to the spin–charge separation 

that is predicted in a M
ott insulator 29. These results are also supported 

by H
all m

easurem
ents at 0.3 K (Extended D

ata Fig. 4; see M
ethods for 

discussion), w
hich show a ‘resetting’ of the H

all densities w
hen the 

system
 is electrostatically doped beyond the M

ott-like states.
The half-filling states at ±

 n
s /2 are suppressed by the application 

of a m
agnetic field. In Fig. 4a, b we show that both insulating phases 

start to conduct at a perpendicular field of B =
  4 T and recover norm

al 
conductance by B =

  8 T. A sim
ilar effect is observed for an in-plane 

m
agnetic field (Extended D

ata Fig. 5d). The insensitivity to field  

 0

 0.05

–1.8
–1.3

 0
0.3 K

p-side

p-side

Insulating

M
etallic

n-side

n-side

1.7 K

 1.0
 1.5 0.3 K

1.7 K

C
arrier density, n (10

12 cm
–2)

0
0.1

0.2
0.5

1.0
1.5

2.0
2.5

3.0

T
–1 (K

–1)

10
–2

10
–3

10
–4

T = 4 K

 0

 0.05

 0.1

–2

Conductance, G (mS)Conductance, G (mS)

Conductance, G (mS)

C
arrier density, n (10

12 cm
–2)

 0

 0.05

 0.1–4
 0

 2
 4

–n
s

–n
s /2

n
s /2

–n
s /2

n
s /2

–n
s

n
s

n
s

D
1

D
2

D
3

D
4

0

D
1

D
2

D
3

D
4

ab
c

d

T = 1.08°

T = 1.10°

T = 1.12°

T = 1.16°

Figure 2 | H
alf-filling insulating states in m

agic-angle TBG
. a, M

easured 
conductance G of m

agic-angle TBG
 device D

1 with θ =
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T =
  0.3 K. The D
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See M
ethods for a definition of the error bars. b, M

inim
um

 conductance 
values in the p-side (red) and n-side (blue) half-filling states in device 
D

1. The dashed lines are fits of exp[−
 ∆

/(2kT)] to the data, where 
∆

 ≈
  0.31 m

eV
 is the therm

al activation gap. c, d, Tem
perature-dependent 

conductance of D
1 for tem

peratures from
 about 0.3 K (black) to 1.7 K 

(orange) near the p-side (c) and n-side (d) half-filling states.
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A
 van der W

aals heterostructure is a type of m
etam

aterial that 
consists of vertically stacked two-dim

ensional building blocks held 
together by the van der W

aals forces between the layers. This design 
m

eans that the properties of van der W
aals heterostructures can be 

engineered precisely, even m
ore so than those of two-dim

ensional 
m

aterials 1. O
ne such property is the ‘twist’ angle between different 

layers in the heterostructure. This angle has a crucial role in the 
electronic properties of van der W

aals heterostructures, but does 
not have a direct analogue in other types of heterostructure, 
such as sem

iconductors grow
n using m

olecular beam
 epitaxy. 

For sm
all tw

ist angles, the m
oiré pattern that is produced by the 

lattice m
isorientation between the two-dim

ensional layers creates 
long-range m

odulation of the stacking order. So far, studies of the 
effects of the tw

ist angle in van der W
aals heterostructures have 

concentrated m
ostly on heterostructures consisting of m

onolayer 
graphene on top of hexagonal boron nitride, w

hich exhibit 
relatively weak interlayer interaction owing to the large bandgap 
in hexagonal boron nitride 2–5. H

ere we study a heterostructure 
consisting of bilayer graphene, in w

hich the two graphene layers 
are tw

isted relative to each other by a certain angle. W
e show 

experim
entally that, as predicted theoretically 6, when this angle is 

close to the ‘m
agic’ angle the electronic band structure near zero 

Ferm
i energy becom

es flat, ow
ing to strong interlayer coupling. 

These flat bands exhibit insulating states at half-filling, w
hich 

are not expected in the absence of correlations between electrons. 
W

e show that these correlated states at half-filling are consistent 
w

ith M
ott-like insulator states, w

hich can arise from
 electrons 

being localized in the superlattice that is induced by the m
oiré 

pattern. These properties of m
agic-angle-twisted bilayer graphene 

heterostructures suggest that these m
aterials could be used to study 

other exotic m
any-body quantum

 phases in two dim
ensions in 

the absence of a m
agnetic field. The accessibility of the flat bands 

through electrical tunability and the bandwidth tunability through 
the twist angle could pave the way towards m

ore exotic correlated 
system

s, such as unconventional superconductors and quantum
 

spin liquids.
Exotic quantum

 phenom
ena, such as superconductivity and the frac-

tional quantum
 H

all effect, often occur in condensed-m
atter system

s 
and other system

s with a high density of states. O
ne way of creating a 

high density of states is to have ‘flat’ bands, which have weak dispersion 
in m

om
entum

 space, with the kinetic energy of the electron set by the 
bandw

idth W
. W

hen the Ferm
i level lies w

ithin the flat bands, 
Coulom

b interactions (U
) can greatly exceed the kinetic energy of the 

electrons and drive the system
 into various strongly correlated phases 

(
/
≫

U
W

1 ) 7–11. The study of such flat-band system
s in bulk m

aterials 
is therefore scientifically im

portant, and the search for new flat-band 
system

s, such as in kagom
e and Lieb lattices and in heavy-ferm

ion 
system

s, is ongoing 7–12.

Recent advances in tw
o-dim

ensional m
aterials have provided 

a new
 route to achieving flat bands. A

n inherent advantage of tw
o- 

dim
ensional m

aterials is that the chem
ical potential of electrons can 

be tuned continuously via the electric-field effect without introducing 
extra disorder. In a twisted van der W

aals heterostructure, the  m
ism

atch 
betw

een tw
o sim

ilar lattices generates a m
oiré pattern (Fig. 1b).  

This additional periodicity, w
hich can have a length scale orders of 

m
agnitude larger than that of the underlying atom

ic lattices, has been 
shown to create a fractal energy spectrum

 in a strong m
agnetic field

2–4.  
In tw

isted layers, the interlayer hybridization is m
odulated by the 

m
oiré pattern as w

ell. A
s an exam

ple, the band structure of tw
isted 

bilayer graphene (TBG
) can be tailored to generate bandgaps and band 

curvatures that are otherwise absent 6,13–17. A
lthough the well-known 

building blocks for van der W
aals heterostructures, such as graphene 

and transition-m
etal dichalcogenides, do not have intrinsic flat bands 

at low energies, it has been predicted theoretically that flat bands could 
exist in TBG

6,14–16,18. H
ere we dem

onstrate experim
entally that when 

the tw
ist angle of TBG

 is close to the theoretically predicted m
agic 

angle, the interlayer hybridization induces nearly flat low-energy bands. 
This quenching of the quantum

 kinetic energy leads to a correlated 
insulating phase at half-filling of these flat bands, w

hich is indicative 
of a M

ott-like insulator in the localized flat bands.
To zeroth order, the low-energy band structure of TBG

 can be con-
sidered as two sets of m

onolayer-graphene D
irac cones rotated about 

the Γ  point in the Brillouin zone by the tw
ist angle θ (Fig. 1d) 6. The 

difference between the two K (or K
′ ) wavevectors gives rise to the m

ini 
Brillouin zone (show

n as a sm
all hexagon), w

hich is  generated from
 

the reciprocal lattice of the m
oiré superlattice (Fig. 1d). The D

irac 
cones near either the K or K

′  valley m
ix through interlayer hybridiza-

tion, whereas interactions between distant D
irac cones are suppressed 

 exponentially 6,13. A
s a result, the valley rem

ains (for all practical 
 purposes) a good quantum

 num
ber. Two experim

entally verified con-
sequences of this hybridization are the energy gaps that open near the 
intersection of the D

irac cones and the renorm
alization of the Ferm

i 
velocity

∇
=

=
′

v
ħ

E
1

k
k
k

K
F

,K

at the D
irac points 13,19–21.

The theoretically calculated m
agic angles θ

im
agic

()
, with i =

  1, 2, …
, are 

a series of twist angles at w
hich the Ferm

i velocity at the D
irac points 

becom
es zero

6. The resulting low-energy bands near these twist angles 
are confined to less than about 10 m

eV. The flattening of the energy 
bands near the m

agic angle can be understood qualitatively from
 the 

com
petition between the kinetic energy and the interlayer hybridiza-

tion energy (Fig. 1e–g). Intuitively, when the hybridization energy 2 w 
is com

parable to or larger than ħv0 k
θ , where v0  =

  10 6 m
 s −

1 is the Ferm
i 

velocity of graphene, k
θ  ≈

  G
K θ is the m

om
entum

 displacem
ent of the 
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Strong interactions am
ong particles lead to fascinating states of m

atter, 
such as quark–gluon plasm

as, various form
s of nuclear m

atter within 
neutron stars, strange m

etals and fractional quantum
 H

all states 1–3. 
An intriguing class of strongly correlated m

aterials is the unconven-
tional superconductors, w

hich includes m
aterials w

ith a range of 
superconducting critical tem

peratures T
c , from

 heavy-ferm
ion and 

organic superconductors w
ith relatively low

 T
c  (a few

 to a few
 tens 

of kelvin) to iron pnictides and cuprates that can have T
c  >

 100 K  
(refs 4–8). D

espite extensive experim
ental efforts to characterize these 

m
aterials, unconventional superconductors are challenging to study 

theoretically because the m
odels that are typically used to describe 

them
 cannot be solved exactly, m

otivating the developm
ent of alter-

native approaches for investigating and m
odelling strongly correlated 

system
s. O

ne approach is to sim
ulate quantum

 m
aterials with ultra-

cold atom
s trapped in optical lattices, although technical advances are 

necessary to realize d-wave superfluidity with ultracold atom
s at lower 

tem
peratures than are currently possible 9,10.

H
ere we report the observation of unconventional superconductivity 

in a two-dim
ensional superlattice m

ade from
 graphene—

specifically, 
‘m

agic angle’ twisted bilayer graphene (TBG
). Created by the m

oiré 
pattern between the two graphene sheets, the m

agic-angle TBG
 super-

lattice has a periodicity of about 13 nm
, between that of crystalline 

superconductors (a few ångström
) and optical lattices (about a m

icro-
m

etre). O
ne of the key advantages of this system

 is the in situ electrical 
tunability of the charge carrier density in a flat band with a bandwidth 
of the order of 10 m

eV. This tunability enables us to study the phase 
diagram

 of unconventional superconductivity in unprecedented resolu-
tion, without relying on m

ultiple devices that are possibly ham
pered by 

different disorder realizations. The superconductivity that we observe 
has several features sim

ilar to that of cuprates, including dom
e struc-

tures in the phase diagram
 and quantum

 oscillations that point to sm
all 

Ferm
i surfaces near a correlated insulator state. Furtherm

ore, it occurs 
for record-low carrier densities of the order of 10

11 cm
−

2, orders of 
m

agnitude lower than the carrier densities of typical two-dim
ensional 

superconductors. The relatively high T
c  =

 1.7 K for such sm
all densities 

puts m
agic-angle TBG

 am
ong the superconductors with the strongest 

coupling, in the sam
e league as cuprates and the recently identified 

FeSe thin layers 11. O
ur results establish m

agic-angle TBG
 as a purely 

carbon-based two-dim
ensional superconductor and, m

ore im
portantly, 

as a relatively sim
ple and highly tunable m

aterial that enables thorough 
investigation of strongly correlated physics.

M
onolayer graphene has a linear energy dispersion at its charge neu-

trality point. W
hen tw

o aligned graphene sheets are stacked, the 
hybridization of their bands due to interlayer hopping results in fun-
dam

ental m
odifications to the low-energy band structure depending 

on the stacking order (AA or AB). If an additional twist angle is present 
between layers, a hexagonal m

oiré pattern consisting of alternating 
AA- and AB-stacked regions em

erges and acts as a superlattice m
odu-

lation
12–16. The superlattice potential folds the band structure into the 

m
ini Brillouin zone. H

ybridization between adjacent D
irac cones in 

the m
ini Brillouin zone has an effect on the Ferm

i velocity at the charge 
neutrality point, reducing it from

 the typical value 12–18 of 10 6 m
 s −

1.  
At low twist angles, each electronic band in the m

ini Brillouin zone has 
a four-fold degeneracy of spins and valleys, the latter inherited from

 
the original electronic structure of graphene 12,17,19. For convenience, 
w

e define the superlattice density n
s  =

 4/A to be the density that 

The behaviour of strongly correlated m
aterials, and in particular unconventional superconductors, has been studied 

extensively for decades, but is still not w
ell understood. This lack of theoretical understanding has m

otivated the 
developm

ent of experim
ental techniques for studying such behaviour, such as using ultracold atom

 lattices to sim
ulate 

quantum
 m

aterials. H
ere w

e report the realization of intrinsic unconventional superconductivity—
w

hich cannot be 
explained by w

eak electron–phonon interactions—
in a tw

o-dim
ensional superlattice created by stacking tw

o sheets of 
graphene that are tw

isted relative to each other by a sm
all angle. For tw

ist angles of about 1.1°—
the first ‘m

agic’ angle—
the electronic band structure of this ‘tw

isted bilayer graphene’ exhibits flat bands near zero Ferm
i energy, resulting in 

correlated insulating states at half-filling. U
pon electrostatic doping of the m

aterial aw
ay from

 these correlated insulating 
states, w

e observe tunable zero-resistance states w
ith a critical tem

perature of up to 1.7 kelvin. The tem
perature–carrier-

density phase diagram
 of tw

isted bilayer graphene is sim
ilar to that of copper oxides (or cuprates), and includes dom

e-
shaped regions that correspond to superconductivity. M

oreover, quantum
 oscillations in the longitudinal resistance 

of the m
aterial indicate the presence of sm

all Ferm
i surfaces near the correlated insulating states, in analogy w

ith 
underdoped cuprates. The relatively high superconducting critical tem

perature of tw
isted bilayer graphene, given such 

a sm
all Ferm

i surface (w
hich corresponds to a carrier density of about 10

11 per square centim
etre), puts it am

ong the 
superconductors w

ith the strongest pairing strength betw
een electrons. Tw

isted bilayer graphene is a precisely tunable, 
purely carbon-based, tw

o-dim
ensional superconductor. It is therefore an ideal m

aterial for investigations of strongly 
correlated phenom

ena, w
hich could lead to insights into the physics of high-critical-tem

perature superconductors and 
quantum

 spin liquids.
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Strong interactions am
ong particles lead to fascinating states of m

atter, 
such as quark–gluon plasm

as, various form
s of nuclear m

atter within 
neutron stars, strange m

etals and fractional quantum
 H

all states 1–3. 
An intriguing class of strongly correlated m

aterials is the unconven-
tional superconductors, w

hich includes m
aterials w

ith a range of 
superconducting critical tem

peratures T
c , from

 heavy-ferm
ion and 

organic superconductors w
ith relatively low

 T
c  (a few

 to a few
 tens 

of kelvin) to iron pnictides and cuprates that can have T
c  >

 100 K  
(refs 4–8). D

espite extensive experim
ental efforts to characterize these 

m
aterials, unconventional superconductors are challenging to study 

theoretically because the m
odels that are typically used to describe 

them
 cannot be solved exactly, m

otivating the developm
ent of alter-

native approaches for investigating and m
odelling strongly correlated 

system
s. O

ne approach is to sim
ulate quantum

 m
aterials with ultra-

cold atom
s trapped in optical lattices, although technical advances are 

necessary to realize d-wave superfluidity with ultracold atom
s at lower 

tem
peratures than are currently possible 9,10.

H
ere we report the observation of unconventional superconductivity 

in a two-dim
ensional superlattice m

ade from
 graphene—

specifically, 
‘m

agic angle’ twisted bilayer graphene (TBG
). Created by the m

oiré 
pattern between the two graphene sheets, the m

agic-angle TBG
 super-

lattice has a periodicity of about 13 nm
, between that of crystalline 

superconductors (a few ångström
) and optical lattices (about a m

icro-
m

etre). O
ne of the key advantages of this system

 is the in situ electrical 
tunability of the charge carrier density in a flat band with a bandwidth 
of the order of 10 m

eV. This tunability enables us to study the phase 
diagram

 of unconventional superconductivity in unprecedented resolu-
tion, without relying on m

ultiple devices that are possibly ham
pered by 

different disorder realizations. The superconductivity that we observe 
has several features sim

ilar to that of cuprates, including dom
e struc-

tures in the phase diagram
 and quantum

 oscillations that point to sm
all 

Ferm
i surfaces near a correlated insulator state. Furtherm

ore, it occurs 
for record-low

 carrier densities of the order of 10
11 cm

−
2, orders of 

m
agnitude lower than the carrier densities of typical two-dim

ensional 
superconductors. The relatively high T

c  =
 1.7 K for such sm

all densities 
puts m

agic-angle TBG
 am

ong the superconductors with the strongest 
coupling, in the sam

e league as cuprates and the recently identified 
FeSe thin layers 11. O

ur results establish m
agic-angle TBG

 as a purely 
carbon-based two-dim

ensional superconductor and, m
ore im

portantly, 
as a relatively sim

ple and highly tunable m
aterial that enables thorough 

investigation of strongly correlated physics.
M

onolayer graphene has a linear energy dispersion at its charge neu-
trality point. W

hen tw
o aligned graphene sheets are stacked, the 

hybridization of their bands due to interlayer hopping results in fun-
dam

ental m
odifications to the low-energy band structure depending 

on the stacking order (AA or AB). If an additional twist angle is present 
between layers, a hexagonal m

oiré pattern consisting of alternating 
AA- and AB-stacked regions em

erges and acts as a superlattice m
odu-

lation
12–16. The superlattice potential folds the band structure into the 

m
ini Brillouin zone. H

ybridization between adjacent D
irac cones in 

the m
ini Brillouin zone has an effect on the Ferm

i velocity at the charge 
neutrality point, reducing it from

 the typical value 12–18 of 10 6 m
 s −

1.  
At low twist angles, each electronic band in the m

ini Brillouin zone has 
a four-fold degeneracy of spins and valleys, the latter inherited from

 
the original electronic structure of graphene 12,17,19. For convenience, 
w

e define the superlattice density n
s  =

 4/A to be the density that 

The behaviour of strongly correlated m
aterials, and in particular unconventional superconductors, has been studied 

extensively for decades, but is still not w
ell understood. This lack of theoretical understanding has m

otivated the 
developm

ent of experim
ental techniques for studying such behaviour, such as using ultracold atom

 lattices to sim
ulate 

quantum
 m

aterials. H
ere w

e report the realization of intrinsic unconventional superconductivity—
w

hich cannot be 
explained by w

eak electron–phonon interactions—
in a tw

o-dim
ensional superlattice created by stacking tw

o sheets of 
graphene that are tw

isted relative to each other by a sm
all angle. For tw

ist angles of about 1.1°—
the first ‘m

agic’ angle—
the electronic band structure of this ‘tw

isted bilayer graphene’ exhibits flat bands near zero Ferm
i energy, resulting in 

correlated insulating states at half-filling. U
pon electrostatic doping of the m

aterial aw
ay from

 these correlated insulating 
states, w

e observe tunable zero-resistance states w
ith a critical tem

perature of up to 1.7 kelvin. The tem
perature–carrier-

density phase diagram
 of tw

isted bilayer graphene is sim
ilar to that of copper oxides (or cuprates), and includes dom

e-
shaped regions that correspond to superconductivity. M

oreover, quantum
 oscillations in the longitudinal resistance 

of the m
aterial indicate the presence of sm

all Ferm
i surfaces near the correlated insulating states, in analogy w

ith 
underdoped cuprates. The relatively high superconducting critical tem

perature of tw
isted bilayer graphene, given such 

a sm
all Ferm

i surface (w
hich corresponds to a carrier density of about 10

11 per square centim
etre), puts it am

ong the 
superconductors w

ith the strongest pairing strength betw
een electrons. Tw

isted bilayer graphene is a precisely tunable, 
purely carbon-based, tw

o-dim
ensional superconductor. It is therefore an ideal m

aterial for investigations of strongly 
correlated phenom

ena, w
hich could lead to insights into the physics of high-critical-tem

perature superconductors and 
quantum

 spin liquids.
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corresponds to full-filling of each set of degenerate superlattice bands, 
where 

θ
≈

/
A

a3
(2

)
2

2 is the area of the m
oiré unit cell, a =

 0.246 nm
 

is the lattice constant of the underlying graphene lattice and θ is the 
twist angle. In Supplem

entary Video, we present an anim
ation of the 

way in w
hich the band structure in the m

ini Brillouin zone of TBG
 

evolves as the twist angle varies from
 θ =

 3° to θ =
 0.8°, calculated using 

a continuum
 m

odel for one valley 12.
Special angles, nam

ely the ‘m
agic angles’, exist, at which the Ferm

i 
velocity drops to zero; the first m

agic angle is predicted
12 to be 

θ
m

agic
(1)

 ≈
 1.1°. N

ear this twist angle, the energy bands near charge neu-
trality, which are separated from

 other bands by single-particle gaps, 
becom

e rem
arkably flat. The typical energy scale for the entire band-

width is about 5–10 m
eV (Fig. 1c) 12,18. Experim

entally confirm
ed con-

sequences of the flatness of these bands are high effective m
ass in the 

flat bands (as observed in quantum
 oscillations) and correlated insu-

lating states at half-filling of these bands, corresponding to n =
 ±
n

s /2, 
where n =

 CV
g /e is the carrier density defined by the gate voltage V

g  (C 
is the gate capacitance per unit area and e is the electron charge) 18. 
These insulating states are a result of the com

petition between Coulom
b 

energy and quantum
 kinetic energy, w

hich gives rise to a correlated 
insulator at half-filling that has characteristics consistent with M

ott-like 
insulator behaviour 18. The doping density that is required to reach the 
M

ott-like insulating states is n
s /2 ≈

 (1.2–1.6) ×
 10 12 cm

−
2, depending 

on the exact tw
ist angle. H

ere we report transport data that clearly 
dem

onstrate that superconductivity is achieved as the m
aterial is doped 

slightly away from
 the M

ott-like insulating state in m
agic-angle TBG

. 
W

e observed superconductivity across m
ultiple devices with slightly 

different tw
ist angles, w

ith the highest critical tem
perature that we 

achieved being 1.7 K.

Superconductivity in m
agic-angle TBG

In Fig. 1a we show the typical device structure of fully encapsulated 
TBG

 devices. The two sheets of graphene originate from
 the sam

e 
exfoliated flake, which perm

its a relative twist angle that is controlled 
precisely to within about 0.1°–0.2° (refs 17, 20, 21). The encapsulated 
TBG

 stack is etched into a ‘H
all’ bar and contacted from

 the edges 22. 
Electrical contacts are m

ade from
 non-superconducting m

aterials 
(therm

ally evaporated Au on a Cr sticking layer) to avoid any potential 

V
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Figure 1 | Two-dim
ensional superconductivity in a graphene 

superlattice. a, Schem
atic of a typical twisted bilayer graphene 

(TBG
) device and the four-probe (V

xx , V
g , I and the bias voltage V

bias ) 
m

easurem
ent schem

e. The stack consists of hexagonal boron nitride 
on the top and bottom

, with two graphene bilayers (G
1, G

2) twisted 
relative to each other in between. The electron density is tuned by a 
m

etal gate beneath the bottom
 hexagonal boron nitride layer. b, Four-

probe resistance R
xx  =

 V
xx /I (V

xx  and I are defined in a) m
easured in two 

devices M
1 and M

2, which have twist angles of θ =
 1.16° and θ =

 1.05°, 
respectively. The inset shows an optical im

age of device M
1, including the 

m
ain ‘H

all’ bar (dark brown), electrical contact (gold), back gate (light 
green) and SiO

2 /Si substrate (dark grey). c, The band energy E of TBG
  

at θ =
 1.05° in the first m

ini Brillouin zone of the superlattice. The  
bands near charge neutrality (E =

 0) have energies of less than 15 m
eV.  

d, The D
O

S corresponding to the bands shown in c, for energies of  
−

10 to +
10 m

eV
 (blue; θ =

 1.05°). For com
parison, the purple lines show 

the total D
O

S of two sheets of freestanding graphene without interlayer 
interaction (m

ultiplied by 10 3). The red dashed line shows the Ferm
i 

energy E
F  at half-filling of the lower branch (E <

 0) of the flat bands, 
which corresponds to a density of n =

 −
n

s /2, where n
s  is the superlattice 

density (defined in the m
ain text). The superconductivity is observed 

near this half-filled state. e, Current–voltage (V
xx –I) curves for device 

M
2 m

easured at n =
 −

1.44 ×
 10 12 cm

−
2 and various tem

peratures. At 
the lowest tem

perature of 70 m
K, the curves indicate a critical current 

of approxim
ately 50 nA. The inset shows the sam

e data on a logarithm
ic 

scale, which is typically used to extract the Berezinskii–Kosterlitz–
Thouless transition tem

perature (T
BKT  =

 1.0 K in this case), by fitting to a 
V
xx  ∝

 I 3 power law (blue dashed line).

©
 2018 M

acm
illan Publishers Lim

ited, part of Springer N
ature. A

ll rights reserved.



Q
uasi-C

rystals in Tw
isted

G
raphene

30 degree m
isaligned bilayergraphene: 12 fold sym

m
etry quasi crystal

ARPES data on quasicrystals

•
W
2 W

ed 5:30; Joung
R
eal A

hn
(experim

ent)

•
W
3 W

ed 18:15; Pilkyung
M
oon (theory)

S.J. Ahn
et al., Science in press (2018)



Intercalation of G
raphene/M

oS
2 H
eterolayer

Electrochem
ical devices determ

inistically 

stacked hBN
/graphene/M

oS2 

M
agnetotransportm

easurem
ent:

•
Interm

ediate intercalation of discrete 
heterointerfaces

•
C
harge transfer to individual layers

D
. K. Bediako

et al., N
ature in press (2018)

•
N
ext K

eynote Speech by J. Sm
et



Funding:

T
M

D
 H

eterostructure : K
e

W
ang, K

. D
e G

reve, L. Jauregui, A
. Joe, K

. Pitsunova, D
. , M

. Lukin
and H

. Park

M
agneto E

xcitons:X
iaom

eng Liu , Jia Li, C
ory D

ean, B
ertrand H

alperin

Interlayer E
xcitons:L. Jauregui , A

. Joe, K
. Pitsunova, D

. W
ild, Y. Zhou, G

. Scuri, A
. H

igh, M
. Lukin and H

. Park

vdW
Intercalation:K

. B
ediako , M

. R
ezaee, F. Zhao, H

. Yoo, D
. Larson, T. B

row
er, E. K

axiras


