
Moire superlattice in van der Waals interface: 

Experimental opportunities and challenges

Philip Kim

Department of Physics, Harvard University



2D van der Waals Materials Family Ajayan, Kim and Banerjee, Physics Today (2016)

• Semiconducting materials: WSe2, MoSe2, MoS2, WS2, BP… 
• Complex-metallic compounds : TaSe2, TaS2, … 

• Magnetic materials: Fe-TaS2, CrSiTe3, CrI3…

• Superconducting: NbSe2, Bi2Sr2CaCu2O8-x,… 

• Topological Insulator/Wyle SM: Bi2Se3, MoTe2

Experimentally popular vdW Materials (partial list)

Assembling van der Waals Materials

Functioning vdW heterostructures

A
B

A
C

A



Moire Superlattice Engineering in van der Waals Interface

Twisted van der Waal interface of homo & hetero structure



Moire Superlattice Engineering in van der Waals Interface

Heterostructures consisting of atomically thin materials in a multi-
layer stack provide a newmeans of realizing a two-dimensional system
with a laterally modulated periodic structure. In particular, coupling
between graphene and hexagonal boron nitride (hBN), whose crystal
lattices are isomorphic, results in a periodic moiré pattern. The moiré
wavelength is directly related to the angular rotation between the two
lattices22–24, and can be tuned through the desired length scaleswithout
the need for lithographic techniques8,9. Moreover, hBN provides an
ideal substrate for achieving high-mobility graphene devices, which is
crucial for high-resolution quantumHall measurements25,26, and field-
effect gating in graphene allows the Fermi energy to be continuously
varied through the entire moiré Bloch band.
In this study, we used Bernal-stacked bilayer graphene (BLG) Hall

bars fabricated on hBN substrates (Fig. 1a, b) using mechanical exfo-
liation followed by co-lamination (Methods Summary). Figure 1b
shows a non-contact atomic force microscopy (AFM) image acquired
from an example device. In the magnified region, a triangular moiré
pattern is visible with wavelength 15.56 0.9 nm. This is comparable to
the maximal moiré wavelength of ,14 nm expected for graphene on
hBN22–24, suggesting that in this device the BLG lattice is oriented
relative to the underlying hBN lattice with near-zero angle mismatch.
Figure 1c shows transport data measured from the same device. In

addition to theusual resistancepeakat the chargeneutralitypoint (CNP),
occurring at gate voltage Vg< 2V, two additional satellite resistance
peaks appear, symmetrically located at Vsatl<630V relative to the
CNP. These satellite features are consistent with a depression in the
density of states at the superlattice Brillouin zone band edge, analogous
to previous spectroscopic measurements of single-layer graphene
coupled to a moiré superlattice24,27. Assuming non-overlapping bands,
jVsatlj gives an estimate of the moiré wavelength of ,14.6 nm
(Supplementary Information), in good agreement with the AFM mea-
surements.Thenature of these satellite peaks canbe furtherprobed in the
semiclassical, low-B transport regime. In Fig. 1d, longitudinal resistance,
Rxx, and transverse Hall resistance, Rxy, are plotted versus gate voltage at

B5 1T. Near the central CNP, the Hall resistance changes sign as the
Fermi energy passes from the electron to the hole band. The same trend
also appears nearVsatl, consistent with the Fermi energy passing through
a second band edge. This provides further confirmation that the moiré
pattern, acting as a periodic potential superlattice, gives rise to a mini-
Brillouin zone band28. We observed the satellite peak to be more
developed in the hole branch than in the electron branch in all samples,
in agreementwith previous experimental and theoretical studies of hBN-
supported monolayer graphene24,27,28. The satellite peaks vanish at tem-
peratures above 100K (Fig. 1c, inset), indicating that the coupling
between the BLG and hBN atomic lattices is of order ,10meV.
Perfect crystallographic alignment between graphene and hBN is
expected to open a,50-meV bandgap29,30, leading to a low-temperature
divergence in the resistance at the CNP. The weak temperature depend-
ence observed in our device suggests the absence of a gap, possibly owing
to the lattice mismatch between the BLG and hBN.
In the remainder of this Letter, we focus onmagnetotransport mea-

sured at high field. Figure 2a shows the evolution of Rxx and Rxy for
magnetic fields up to 31T. In the left panel (a Landau fan diagram),Rxx
is plotted against the experimentally tunable gate voltage andmagnetic
field. In the right panel, the magnitude of the corresponding Rxy is
plotted against the dimensionless parameters appearing in the
Diophantine equation, n/no and w/wo. ThisWannier diagram is simply
the Landau fan diagram with both axes relabelled by dimensionless
units defined by normalizing to the moiré unit-cell area.
In a conventional quantumHall system, the Landau fan diagram exhi-

bits straight lines, tracking minima in Rxx and plateaux in Rxy. Plotted
against n/no and w/wo, the slope of each line is precisely the Landau level
filling fraction, n, and all lines converge to the origin.White lines in Fig. 2a
identify QHE states matching this description, tracking Landau level
filling fractions n54, 8 and 12. This is consistent with the usual QHE
hierarchy associated with a conventional degenerate BLG spectrum.
At large magnetic fields, several additional QHE states, exhibiting

minima in Rxx together with plateaux in Rxy, develop outside the usual
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Figure 1 | Moiré superlattice. a, Sketch of graphene on hBN showing the
emergence of a moiré pattern. The moiré wavelength varies with the mismatch
angle, h. b, Left: an AFM image of a multiterminal Hall bar. Right: a high-
resolution image of a magnified region. The moiré pattern is evident as a
triangular lattice (upper inset shows a further magnified region). A fast Fourier
transform of the scan area (lower inset) confirms a triangular lattice symmetry

with periodicity 15.56 0.9 nm. c, Measured resistance versus gate voltage at
zero magnetic field. Inset: the corresponding conductivity versus temperature,
indicating that the satellite features disappear at temperatures greater than
,100K. d, Longitudinal resistance (left axis) and Hall resistance (right axis)
versus gate voltage at B5 1T. The Hall resistance changes sign and passes
through zero at the same gate voltage as the satellite peaks.
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BLG sequence and also follow straight lines in the Landau fan diagram,
but converge to non-zero values of n/no. Yellow and red lines in Fig. 2a
trace examples of these anomalous QHE states appearing within the
lowest Landau level. Unlike the conventional QHE states, each of the
anomalous QHE states is characterized by both an integer-valued
intercept, s (yellow and red lines converge to n/no5 1 and 2, respec-
tively) and an integer-valued slope, t (labelled along the top axis in the
figure). In Fig. 2b, longitudinal and Hall conductivities measured at
constantmagnetic field (corresponding to horizontal line cuts through
the fan diagram in Fig. 2a) are plotted against Landau level filling
fraction, n. At large magnetic fields, the anomalous QHE states are
remarkably well developed, exhibiting wide plateaux in sxy concom-
itant with sxx5 0. Moreover, these states appear in general at non-
integer filling fractions. Comparison between Fig. 2a and Fig. 2b further
reveals that Hall conductivity plateaux are quantized in integer multi-
ples of e2/h, where the quantization integer t equals the slope in the
Wannier diagram. Similar internal structure is observed within higher-
order Landau levels (Fig. 3 and Supplementary Information). The ano-
malous QHE states observed here are consistent with fully developed

spectral gaps resulting from a Hofstadter-type energy spectrum.
Moreover, our ability to map fully the density-field space provides a
remarkable confirmation of the Diophantine equation: we observe
direct evidence that QHE features associated with the Hofstadter spec-
tral gaps are characterized by the two quantum numbers, s and t, cor-
responding to the n/no intercept and the slope, respectively, in the
Wannier diagram.
Figure 3 shows similar data to Fig. 2, but measured from a separate

device in which the moiré wavelength is only 11.6 nm. Again, QHE
states appear outside the conventional Bernal-stacked BLG sequence
and follow straight lines whose origin and slope are both integer
valued, with the slope exactly matching the Hall quantization, in pre-
cise agreement with the Diophantine equation. Similar to the previous
device, the n5 0 insulating state undergoes a drastic change near
w/wo5 1/2, when anomalous QHE states associated with the fractal
gaps begin to develop fully.
In Fig. 3b, the lower panel shows sxx measured at B5 25T, corres-

ponding to a horizontal line cut throughFig. 3a (dashedwhite line), for
a variety of sample temperatures. The magnitudes of the fractal gaps
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Figure 2 | Emergence of anomalous quantum Hall states. a, Landau fan
diagram showing longitudinal resistance, Rxx (left), and Hall resistance, Rxy
(right). Rxx is plotted versus magnetic field on the vertical axis and versus gate
bias on the horizontal axis. In the diagram showing Rxy, the axes are scaled by
the size of the moiré unit cell to give w/wo on the vertical axis and n/no on the
horizontal axis. QHE states corresponding to the conventional BLG spectrum
are indicated by white lines. Solid yellow and red lines track the QHE outside
this conventional spectrum, with dashed lines indicating the projected n/no
intercept. The slope of each line is shown on the top axis. b, Longitudinal and

transverse Hall conductivities corresponding to line cuts at constant magnetic
field (constant w/wo) from the Landau fan diagram in a. At B5 7T, the QHE
ladder is consistent with previous reports for bilayer graphene. At B5 18 and
26T, additional QHE states emerge, showing Hall conductivity plateaux
quantized in integer multiples of e2/h, but appearing at non-integer Landau
level filling fractions. Yellow and red bars indicate correspondence to the
similarly coloured anomalous features marked by solid lines in a. Blue bars
indicate the conventional QHE features. Numbers label the quantization
integer for each plateau.
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Figure 3 | Fractal gaps. a, Landau fan diagrams similar to those in Fig. 2 but
measured from a separate device. Here the zero-field satellite peak position
indicates amoiré period of 11.6 nm, indicating that the superlattice unit cell was
approximately 1.5 times smaller in this device than in the one used in Fig. 2.
Significantly more structure is observed here than in Fig. 2. b, Bottom: the
evolution of sxx with temperature varying between 2 and 20K, acquired at
constant B5 25T, which corresponds to the line cut shown in a. Top: the
corresponding sxy at T5 2K. The bracketed numbers label the (s, t) values of

the corresponding fractal gaps according to the Diophantine equation.
c, Bubble plot of energy gaps determined from the temperature dependence
calculated at two magnetic fields (B5 25 and 28.5 T). The gaps are plotted as
circles with radius scaled relative to the largest gap value measured. Dashed
lines trace select fractal gap positions allowed by the Diophantine equation.
Solid lines trace regionswhere the corresponding fractal gaps appear asminima
in sxx together with quantized plateaux in sxy. The colours indicate gaps with
the same quantum number s.
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Hofstadter’s butterfly spectrum and Fractal quantum Hall effect

Graphene on hBN: moire superlattice
Dean et al,, Nature (2013)

See also
Ponomarenko et al,, Nature (2013)
Hunt et al,, Science (2013)
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Correlated insulator behaviour at half-filling in 
magic-angle graphene superlattices
Yuan Cao1, Valla Fatemi1, Ahmet Demir1, Shiang Fang2, Spencer L. Tomarken1, Jason Y. Luo1, Javier D. Sanchez-Yamagishi2, 
Kenji Watanabe3, Takashi Taniguchi3, Efthimios Kaxiras2,4, Ray C. Ashoori1 & Pablo Jarillo-Herrero1

A van der Waals heterostructure is a type of metamaterial that 
consists of vertically stacked two-dimensional building blocks held 
together by the van der Waals forces between the layers. This design 
means that the properties of van der Waals heterostructures can be 
engineered precisely, even more so than those of two-dimensional 
materials1. One 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 Waals heterostructures, but does 
not have a direct analogue in other types of heterostructure, 
such as semiconductors grown using molecular beam epitaxy. 
For small twist angles, the moiré pattern that is produced by the 
lattice misorientation between the two-dimensional layers creates 
long-range modulation of the stacking order. So far, studies of the 
effects of the twist angle in van der Waals heterostructures have 
concentrated mostly on heterostructures consisting of monolayer 
graphene on top of hexagonal boron nitride, which exhibit 
relatively weak interlayer interaction owing to the large bandgap 
in hexagonal boron nitride2–5. Here we study a heterostructure 
consisting of bilayer graphene, in which the two graphene layers 
are twisted relative to each other by a certain angle. We show 
experimentally that, as predicted theoretically6, when this angle is 
close to the ‘magic’ angle the electronic band structure near zero 
Fermi energy becomes 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. 
We show that these correlated states at half-filling are consistent 
with Mott-like insulator states, which can arise from electrons 
being localized in the superlattice that is induced by the moiré 
pattern. These properties of magic-angle-twisted bilayer graphene 
heterostructures suggest that these materials could be used to study 
other exotic many-body quantum phases in two dimensions in 
the absence of a magnetic field. The accessibility of the flat bands 
through electrical tunability and the bandwidth tunability through 
the twist angle could pave the way towards more exotic correlated 
systems, such as unconventional superconductors and quantum 
spin liquids.

Exotic quantum phenomena, such as superconductivity and the frac-
tional quantum Hall effect, often occur in condensed-matter systems 
and other systems with a high density of states. One way of creating a 
high density of states is to have ‘flat’ bands, which have weak dispersion 
in momentum space, with the kinetic energy of the electron set by the 
bandwidth W. When the Fermi level lies within the flat bands, 
Coulomb 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 systems in bulk materials 
is therefore scientifically important, and the search for new flat-band 
systems, such as in kagome and Lieb lattices and in heavy-fermion 
systems, is ongoing7–12.

Recent advances in two-dimensional materials have provided 
a new route to achieving flat bands. An inherent advantage of two- 
dimensional materials is that the chemical potential of electrons can 
be tuned continuously via the electric-field effect without introducing 
extra disorder. In a twisted van der Waals heterostructure, the  mismatch 
between two similar lattices generates a moiré pattern (Fig. 1b).  
This additional periodicity, which can have a length scale orders of 
magnitude larger than that of the underlying atomic lattices, has been 
shown to create a fractal energy spectrum in a strong magnetic field2–4.  
In twisted layers, the interlayer hybridization is modulated by the 
moiré pattern as well. As an example, the band structure of twisted 
bilayer graphene (TBG) can be tailored to generate bandgaps and band 
curvatures that are otherwise absent6,13–17. Although the well-known 
building blocks for van der Waals heterostructures, such as graphene 
and transition-metal dichalcogenides, do not have intrinsic flat bands 
at low energies, it has been predicted theoretically that flat bands could 
exist in TBG6,14–16,18. Here we demonstrate experimentally that when 
the twist angle of TBG is close to the theoretically predicted magic 
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 Mott-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 monolayer-graphene Dirac 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 mini 
Brillouin zone (shown as a small hexagon), which is  generated from 
the reciprocal lattice of the moiré superlattice (Fig. 1d). The Dirac 
cones near either the K or K′  valley mix through interlayer hybridiza-
tion, whereas interactions between distant Dirac cones are suppressed 
 exponentially6,13. As a result, the valley remains (for all practical 
 purposes) a good quantum number. Two experimentally verified con-
sequences of this hybridization are the energy gaps that open near the 
intersection of the Dirac cones and the renormalization of the Fermi 
velocity

∇= = ′v
ħ

E1
k k k KF ,K

at the Dirac points13,19–21.
The theoretically calculated magic angles θ i

magic
( ) , with i =  1, 2, …, are 

a series of twist angles at which the Fermi velocity at the Dirac points 
becomes zero6. The resulting low-energy bands near these twist angles 
are confined to less than about 10 meV. The flattening of the energy 
bands near the magic angle can be understood qualitatively from the 
competition between the kinetic energy and the interlayer hybridiza-
tion energy (Fig. 1e–g). Intuitively, when the hybridization energy 2 w 
is comparable to or larger than ħv0kθ, where v0 =  106 m s−1 is the Fermi 
velocity of graphene, kθ ≈  GKθ is the momentum displacement of the 

1Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. 2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, 
USA. 3National Institute for Materials Science, Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan. 4John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, 
Massachusetts 02138, USA.
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The emergence 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 magic angle. In our experiment, sev-
eral separate pieces of evidence support the presence of flat bands. First, 
we measured the temperature dependence of the amplitude of 
Shubnikov–de Haas oscillations in device D1, from which we extracted 
the effective mass of the electron, m* (Fig. 3b; see Methods and 
Extended Data Fig. 3 for analysis). For a Dirac spectrum with eight-fold 
degeneracy (spin, valley and layer), we expect that ⁎= / πm h n v(8 )2

F
2 , 

which scales as 1/vF . The large measured m* near charge neutrality in 
device D1 indicates a reduction in vF by a factor of 25 compared to 
monolayer graphene (4 ×  104 m s−1 compared to 106 m s−1). This large 
reduction in the Fermi velocity is a characteristic that is expected for flat 
bands. Second, we analysed the capacitance data of device D2 near the 
Dirac point (Fig. 3a) and found that vF needs to be reduced to about 
0.15v0 for a good fit to the data (Methods, Extended Data Fig. 1b). Third, 
another direct manifestation of flat bands is the flattening of the con-
ductance minimum at charge neutrality above a temperature of 40 K 
(thermal energy kT =  3.5 meV), as seen in Fig. 3c. Although the con-
ductance minimum in monolayer graphene can be observed clearly even 
near room temperature, it is smeared out in magic-angle TBG when the 
thermal energy kT becomes comparable to vFkθ/2 ≈  4 meV—the energy 
scale that spans the Dirac-like portion of the band (Fig. 1c)24–26.

Owing to the localized nature of the electrons, a plausible explanation 
for the gapped behaviour at half-filling is the formation of a Mott-like 
insulator driven by Coulomb interactions between electrons27,28. To 
this end, we consider a Hubbard model on a triangular lattice, with 
each site corresponding to a localized region with AA stacking in the 
moiré 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 
numerically using a continuum model of TBG6. The bandwidth W is 
strongly suppressed near the magic angles. The on-site Coulomb energy 
U of each site is estimated to be e2/(4π εd), where d is the effective linear 

dimension of each site (with the same length scale as the moiré period), 
ε is the effective dielectric constant including screening and e is the 
electron charge. Combining ε and the dependence of d on twist angle 
into a single constant κ, we write U =  e2θ/(4π ε0κa), where a =  0.246 nm 
is the lattice constant of monolayer graphene. In Fig. 3d we plot the 
on-site energy U versus θ for κ =  4–20. As a reference, κ =  4 if we 
assume ε =  10ε0 and d is 40% of the moiré wavelength. For a range of 
possible values of κ it is therefore reasonable that U/W >  1 occurs near 
the magic angles and results in half-filling Mott-like gaps27. However, 
the realistic scenario is much more complicated than these simplistic 
estimates; a complete understanding requires detailed theoretical anal-
yses of the interactions responsible for the correlated gaps.

The Shubnikov–de Haas oscillation frequency fSdH (Fig. 3b) also 
supports the existence of Mott-like correlated gaps at half-filling. Near 
the charge neutrality point, the oscillation frequency closely follows 
fSdH =  φ0| n| /M where φ0 =  h/e is the flux quantum and M =  4 indicates 
the spin and valley degeneracies. However, at | n|  >  ns/2, we observe 
oscillation frequencies that corresponds to straight lines, fSdH =  φ0(| n|   
−  ns/2)/M, in which M has a reduced value of 2. Moreover, these lines 
extrapolate to zero exactly at the densities of the half-filling states, n =   
± ns/2. These oscillations point to small Fermi pockets that result from 
doping the half-filling states, which might originate from charged 
quasi particles near a Mott-like insulator phase29. The halved degener-
acy of the Fermi pockets might be related to the spin–charge separation 
that is predicted in a Mott insulator29. These results are also supported 
by Hall measurements at 0.3 K (Extended Data Fig. 4; see Methods for 
discussion), which show a ‘resetting’ of the Hall densities when the 
system is electrostatically doped beyond the Mott-like states.

The half-filling states at ± ns/2 are suppressed by the application 
of a magnetic field. In Fig. 4a, b we show that both insulating phases 
start to conduct at a perpendicular field of B =  4 T and recover normal 
conductance by B =  8 T. A similar effect is observed for an in-plane 
magnetic field (Extended Data Fig. 5d). The insensitivity to field  
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∆ ≈  0.31 meV is the thermal activation gap. c, d, Temperature-dependent 
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A van der Waals heterostructure is a type of metamaterial that 
consists of vertically stacked two-dimensional building blocks held 
together by the van der Waals forces between the layers. This design 
means that the properties of van der Waals heterostructures can be 
engineered precisely, even more so than those of two-dimensional 
materials1. One 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 Waals heterostructures, but does 
not have a direct analogue in other types of heterostructure, 
such as semiconductors grown using molecular beam epitaxy. 
For small twist angles, the moiré pattern that is produced by the 
lattice misorientation between the two-dimensional layers creates 
long-range modulation of the stacking order. So far, studies of the 
effects of the twist angle in van der Waals heterostructures have 
concentrated mostly on heterostructures consisting of monolayer 
graphene on top of hexagonal boron nitride, which exhibit 
relatively weak interlayer interaction owing to the large bandgap 
in hexagonal boron nitride2–5. Here we study a heterostructure 
consisting of bilayer graphene, in which the two graphene layers 
are twisted relative to each other by a certain angle. We show 
experimentally that, as predicted theoretically6, when this angle is 
close to the ‘magic’ angle the electronic band structure near zero 
Fermi energy becomes 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. 
We show that these correlated states at half-filling are consistent 
with Mott-like insulator states, which can arise from electrons 
being localized in the superlattice that is induced by the moiré 
pattern. These properties of magic-angle-twisted bilayer graphene 
heterostructures suggest that these materials could be used to study 
other exotic many-body quantum phases in two dimensions in 
the absence of a magnetic field. The accessibility of the flat bands 
through electrical tunability and the bandwidth tunability through 
the twist angle could pave the way towards more exotic correlated 
systems, such as unconventional superconductors and quantum 
spin liquids.

Exotic quantum phenomena, such as superconductivity and the frac-
tional quantum Hall effect, often occur in condensed-matter systems 
and other systems with a high density of states. One way of creating a 
high density of states is to have ‘flat’ bands, which have weak dispersion 
in momentum space, with the kinetic energy of the electron set by the 
bandwidth W. When the Fermi level lies within the flat bands, 
Coulomb 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 systems in bulk materials 
is therefore scientifically important, and the search for new flat-band 
systems, such as in kagome and Lieb lattices and in heavy-fermion 
systems, is ongoing7–12.

Recent advances in two-dimensional materials have provided 
a new route to achieving flat bands. An inherent advantage of two- 
dimensional materials is that the chemical potential of electrons can 
be tuned continuously via the electric-field effect without introducing 
extra disorder. In a twisted van der Waals heterostructure, the  mismatch 
between two similar lattices generates a moiré pattern (Fig. 1b).  
This additional periodicity, which can have a length scale orders of 
magnitude larger than that of the underlying atomic lattices, has been 
shown to create a fractal energy spectrum in a strong magnetic field2–4.  
In twisted layers, the interlayer hybridization is modulated by the 
moiré pattern as well. As an example, the band structure of twisted 
bilayer graphene (TBG) can be tailored to generate bandgaps and band 
curvatures that are otherwise absent6,13–17. Although the well-known 
building blocks for van der Waals heterostructures, such as graphene 
and transition-metal dichalcogenides, do not have intrinsic flat bands 
at low energies, it has been predicted theoretically that flat bands could 
exist in TBG6,14–16,18. Here we demonstrate experimentally that when 
the twist angle of TBG is close to the theoretically predicted magic 
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 Mott-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 monolayer-graphene Dirac 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 mini 
Brillouin zone (shown as a small hexagon), which is  generated from 
the reciprocal lattice of the moiré superlattice (Fig. 1d). The Dirac 
cones near either the K or K′  valley mix through interlayer hybridiza-
tion, whereas interactions between distant Dirac cones are suppressed 
 exponentially6,13. As a result, the valley remains (for all practical 
 purposes) a good quantum number. Two experimentally verified con-
sequences of this hybridization are the energy gaps that open near the 
intersection of the Dirac cones and the renormalization of the Fermi 
velocity

∇= = ′v
ħ

E1
k k k KF ,K

at the Dirac points13,19–21.
The theoretically calculated magic angles θ i

magic
( ) , with i =  1, 2, …, are 

a series of twist angles at which the Fermi velocity at the Dirac points 
becomes zero6. The resulting low-energy bands near these twist angles 
are confined to less than about 10 meV. The flattening of the energy 
bands near the magic angle can be understood qualitatively from the 
competition between the kinetic energy and the interlayer hybridiza-
tion energy (Fig. 1e–g). Intuitively, when the hybridization energy 2 w 
is comparable to or larger than ħv0kθ, where v0 =  106 m s−1 is the Fermi 
velocity of graphene, kθ ≈  GKθ is the momentum displacement of the 
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Strong interactions among particles lead to fascinating states of matter, 
such as quark–gluon plasmas, various forms of nuclear matter within 
neutron stars, strange metals and fractional quantum Hall states1–3. 
An intriguing class of strongly correlated materials is the unconven-
tional superconductors, which includes materials with a range of 
superconducting critical temperatures Tc, from heavy-fermion and 
organic superconductors with relatively low Tc (a few to a few tens 
of kelvin) to iron pnictides and cuprates that can have Tc > 100 K  
(refs 4–8). Despite extensive experimental efforts to characterize these 
materials, unconventional superconductors are challenging to study 
theoretically because the models that are typically used to describe 
them cannot be solved exactly, motivating the development of alter-
native approaches for investigating and modelling strongly correlated 
systems. One approach is to simulate quantum materials with ultra-
cold atoms trapped in optical lattices, although technical advances are 
necessary to realize d-wave superfluidity with ultracold atoms at lower 
temperatures than are currently possible9,10.

Here we report the observation of unconventional superconductivity 
in a two-dimensional superlattice made from graphene—specifically, 
‘magic angle’ twisted bilayer graphene (TBG). Created by the moiré 
pattern between the two graphene sheets, the magic-angle TBG super-
lattice has a periodicity of about 13 nm, between that of crystalline 
superconductors (a few ångström) and optical lattices (about a micro-
metre). One 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 meV. This tunability enables us to study the phase 
diagram of unconventional superconductivity in unprecedented resolu-
tion, without relying on multiple devices that are possibly hampered by 

different disorder realizations. The superconductivity that we observe 
has several features similar to that of cuprates, including dome struc-
tures in the phase diagram and quantum oscillations that point to small 
Fermi surfaces near a correlated insulator state. Furthermore, it occurs 
for record-low carrier densities of the order of 1011 cm−2, orders of 
magnitude lower than the carrier densities of typical two-dimensional 
superconductors. The relatively high Tc = 1.7 K for such small densities 
puts magic-angle TBG among the superconductors with the strongest 
coupling, in the same league as cuprates and the recently identified 
FeSe thin layers11. Our results establish magic-angle TBG as a purely 
carbon-based two-dimensional superconductor and, more importantly, 
as a relatively simple and highly tunable material that enables thorough 
investigation of strongly correlated physics.

Monolayer graphene has a linear energy dispersion at its charge neu-
trality point. When two aligned graphene sheets are stacked, the 
hybridization of their bands due to interlayer hopping results in fun-
damental modifications 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 moiré pattern consisting of alternating 
AA- and AB-stacked regions emerges and acts as a superlattice modu-
lation12–16. The superlattice potential folds the band structure into the 
mini Brillouin zone. Hybridization between adjacent Dirac cones in 
the mini Brillouin zone has an effect on the Fermi velocity at the charge 
neutrality point, reducing it from the typical value12–18 of 106 m s−1.  
At low twist angles, each electronic band in the mini Brillouin zone has 
a four-fold degeneracy of spins and valleys, the latter inherited from 
the original electronic structure of graphene12,17,19. For convenience, 
we define the superlattice density ns = 4/A to be the density that 

The behaviour of strongly correlated materials, and in particular unconventional superconductors, has been studied 
extensively for decades, but is still not well understood. This lack of theoretical understanding has motivated the 
development of experimental techniques for studying such behaviour, such as using ultracold atom lattices to simulate 
quantum materials. Here we report the realization of intrinsic unconventional superconductivity—which cannot be 
explained by weak electron–phonon interactions—in a two-dimensional superlattice created by stacking two sheets of 
graphene that are twisted relative to each other by a small angle. For twist angles of about 1.1°—the first ‘magic’ angle—
the electronic band structure of this ‘twisted bilayer graphene’ exhibits flat bands near zero Fermi energy, resulting in 
correlated insulating states at half-filling. Upon electrostatic doping of the material away from these correlated insulating 
states, we observe tunable zero-resistance states with a critical temperature of up to 1.7 kelvin. The temperature–carrier-
density phase diagram of twisted bilayer graphene is similar to that of copper oxides (or cuprates), and includes dome-
shaped regions that correspond to superconductivity. Moreover, quantum oscillations in the longitudinal resistance 
of the material indicate the presence of small Fermi surfaces near the correlated insulating states, in analogy with 
underdoped cuprates. The relatively high superconducting critical temperature of twisted bilayer graphene, given such 
a small Fermi surface (which corresponds to a carrier density of about 1011 per square centimetre), puts it among the 
superconductors with the strongest pairing strength between electrons. Twisted bilayer graphene is a precisely tunable, 
purely carbon-based, two-dimensional superconductor. It is therefore an ideal material for investigations of strongly 
correlated phenomena, which could lead to insights into the physics of high-critical-temperature superconductors and 
quantum spin liquids.
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Strong interactions among particles lead to fascinating states of matter, 
such as quark–gluon plasmas, various forms of nuclear matter within 
neutron stars, strange metals and fractional quantum Hall states1–3. 
An intriguing class of strongly correlated materials is the unconven-
tional superconductors, which includes materials with a range of 
superconducting critical temperatures Tc, from heavy-fermion and 
organic superconductors with relatively low Tc (a few to a few tens 
of kelvin) to iron pnictides and cuprates that can have Tc > 100 K  
(refs 4–8). Despite extensive experimental efforts to characterize these 
materials, unconventional superconductors are challenging to study 
theoretically because the models that are typically used to describe 
them cannot be solved exactly, motivating the development of alter-
native approaches for investigating and modelling strongly correlated 
systems. One approach is to simulate quantum materials with ultra-
cold atoms trapped in optical lattices, although technical advances are 
necessary to realize d-wave superfluidity with ultracold atoms at lower 
temperatures than are currently possible9,10.

Here we report the observation of unconventional superconductivity 
in a two-dimensional superlattice made from graphene—specifically, 
‘magic angle’ twisted bilayer graphene (TBG). Created by the moiré 
pattern between the two graphene sheets, the magic-angle TBG super-
lattice has a periodicity of about 13 nm, between that of crystalline 
superconductors (a few ångström) and optical lattices (about a micro-
metre). One 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 meV. This tunability enables us to study the phase 
diagram of unconventional superconductivity in unprecedented resolu-
tion, without relying on multiple devices that are possibly hampered by 

different disorder realizations. The superconductivity that we observe 
has several features similar to that of cuprates, including dome struc-
tures in the phase diagram and quantum oscillations that point to small 
Fermi surfaces near a correlated insulator state. Furthermore, it occurs 
for record-low carrier densities of the order of 1011 cm−2, orders of 
magnitude lower than the carrier densities of typical two-dimensional 
superconductors. The relatively high Tc = 1.7 K for such small densities 
puts magic-angle TBG among the superconductors with the strongest 
coupling, in the same league as cuprates and the recently identified 
FeSe thin layers11. Our results establish magic-angle TBG as a purely 
carbon-based two-dimensional superconductor and, more importantly, 
as a relatively simple and highly tunable material that enables thorough 
investigation of strongly correlated physics.

Monolayer graphene has a linear energy dispersion at its charge neu-
trality point. When two aligned graphene sheets are stacked, the 
hybridization of their bands due to interlayer hopping results in fun-
damental modifications 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 moiré pattern consisting of alternating 
AA- and AB-stacked regions emerges and acts as a superlattice modu-
lation12–16. The superlattice potential folds the band structure into the 
mini Brillouin zone. Hybridization between adjacent Dirac cones in 
the mini Brillouin zone has an effect on the Fermi velocity at the charge 
neutrality point, reducing it from the typical value12–18 of 106 m s−1.  
At low twist angles, each electronic band in the mini Brillouin zone has 
a four-fold degeneracy of spins and valleys, the latter inherited from 
the original electronic structure of graphene12,17,19. For convenience, 
we define the superlattice density ns = 4/A to be the density that 
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extensively for decades, but is still not well understood. This lack of theoretical understanding has motivated the 
development of experimental techniques for studying such behaviour, such as using ultracold atom lattices to simulate 
quantum materials. Here we report the realization of intrinsic unconventional superconductivity—which cannot be 
explained by weak electron–phonon interactions—in a two-dimensional superlattice created by stacking two sheets of 
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the electronic band structure of this ‘twisted bilayer graphene’ exhibits flat bands near zero Fermi energy, resulting in 
correlated insulating states at half-filling. Upon electrostatic doping of the material away from these correlated insulating 
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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 moiré unit cell, a = 0.246 nm 
is the lattice constant of the underlying graphene lattice and θ is the 
twist angle. In Supplementary Video, we present an animation of the 
way in which the band structure in the mini Brillouin zone of TBG 
evolves as the twist angle varies from θ = 3° to θ = 0.8°, calculated using 
a continuum model for one valley12.

Special angles, namely the ‘magic angles’, exist, at which the Fermi 
velocity drops to zero; the first magic angle is predicted12 to be 
θmagic

(1)  ≈ 1.1°. Near this twist angle, the energy bands near charge neu-
trality, which are separated from other bands by single-particle gaps, 
become remarkably flat. The typical energy scale for the entire band-
width is about 5–10 meV (Fig. 1c)12,18. Experimentally confirmed con-
sequences of the flatness of these bands are high effective mass in the 
flat bands (as observed in quantum oscillations) and correlated insu-
lating states at half-filling of these bands, corresponding to n = ±ns/2, 
where n = CVg/e is the carrier density defined by the gate voltage Vg (C 
is the gate capacitance per unit area and e is the electron charge)18. 
These insulating states are a result of the competition between Coulomb 

energy and quantum kinetic energy, which gives rise to a correlated 
insulator at half-filling that has characteristics consistent with Mott-like 
insulator behaviour18. The doping density that is required to reach the 
Mott-like insulating states is ns/2 ≈ (1.2–1.6) × 1012 cm−2, depending 
on the exact twist angle. Here we report transport data that clearly 
demonstrate that superconductivity is achieved as the material is doped 
slightly away from the Mott-like insulating state in magic-angle TBG. 
We observed superconductivity across multiple devices with slightly 
different twist angles, with the highest critical temperature that we 
achieved being 1.7 K.

Superconductivity in magic-angle TBG
In Fig. 1a we show the typical device structure of fully encapsulated 
TBG devices. The two sheets of graphene originate from the same 
exfoliated flake, which permits 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 ‘Hall’ bar and contacted from the edges22. 
Electrical contacts are made from non-superconducting materials 
(thermally evaporated Au on a Cr sticking layer) to avoid any potential 
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Figure 1 | Two-dimensional superconductivity in a graphene 
superlattice. a, Schematic of a typical twisted bilayer graphene 
(TBG) device and the four-probe (Vxx, Vg, I and the bias voltage Vbias) 
measurement scheme. The stack consists of hexagonal boron nitride 
on the top and bottom, with two graphene bilayers (G1, G2) twisted 
relative to each other in between. The electron density is tuned by a 
metal gate beneath the bottom hexagonal boron nitride layer. b, Four-
probe resistance Rxx = Vxx/I (Vxx and I are defined in a) measured in two 
devices M1 and M2, which have twist angles of θ = 1.16° and θ = 1.05°, 
respectively. The inset shows an optical image of device M1, including the 
main ‘Hall’ bar (dark brown), electrical contact (gold), back gate (light 
green) and SiO2/Si substrate (dark grey). c, The band energy E of TBG  
at θ = 1.05° in the first mini Brillouin zone of the superlattice. The  
bands near charge neutrality (E = 0) have energies of less than 15 meV.  

d, The DOS corresponding to the bands shown in c, for energies of  
−10 to +10 meV (blue; θ = 1.05°). For comparison, the purple lines show 
the total DOS of two sheets of freestanding graphene without interlayer 
interaction (multiplied by 103). The red dashed line shows the Fermi 
energy EF at half-filling of the lower branch (E < 0) of the flat bands, 
which corresponds to a density of n = −ns/2, where ns is the superlattice 
density (defined in the main text). The superconductivity is observed 
near this half-filled state. e, Current–voltage (Vxx–I) curves for device 
M2 measured at n = −1.44 × 1012 cm−2 and various temperatures. At 
the lowest temperature of 70 mK, the curves indicate a critical current 
of approximately 50 nA. The inset shows the same data on a logarithmic 
scale, which is typically used to extract the Berezinskii–Kosterlitz–
Thouless transition temperature (TBKT = 1.0 K in this case), by fitting to a 
Vxx ∝ I3 power law (blue dashed line).
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proximity effects. The carrier density n is tuned by applying a voltage 
to a Pd/Au bottom gate electrode. In Fig. 1b we show the longitudi-
nal resistance Rxx as a function of temperature for two magic-angle 
devices, M1 and M2, with twist angles of 1.16° and 1.05°, respectively. 
At the lowest temperature studied of 70 mK, both devices show zero 
resistance, and therefore a superconducting state. The critical temper-
ature Tc as calculated using a resistance of 50% of the ‘normal’-state 
(non-superconducting) value is approximately 1.7 K and 0.5 K for the 
two devices that we studied in detail. In Fig. 1c, d we show a single- 
particle band structure and density of states (DOS) near the charge 
neutrality point calculated for θ = 1.05°. The superconductivity in both 
devices occurs when the Fermi energy EF is tuned away from charge 
neutrality (EF = 0) to be near half-filling of the lower flat band (EF < 0, 
as indicated in Fig. 1d). The DOS within the energy scale of the flat 
bands is more than three orders of magnitudes higher than that of 
two uncoupled graphene sheets, owing to the reduction of the Fermi 
velocity and the increase in localization that occurs near the magic 
angle. However, the energy at which the DOS peaks does not gener-
ally coincide with the density that is required to half-fill the bands. 
In addition, we did not observe any appreciable superconductivity 
when the Fermi energy was tuned into the flat conduction bands 
(EF > 0). In Fig. 1e we show the current–voltage (I–Vxx, where Vxx 
is the four-probe voltage, as defined in Fig. 1a) curves of device M2 
at different temperatures. We observe typical behaviour for a two- 
dimensional superconductor. The inset shows a tentative fit of the 
same data to a Vxx ∝ I3 power law, as is predicted in a Berezinskii–
Kosterlitz–Thouless transition in two-dimensional superconductors23. 
This analysis yields a Berezinskii–Kosterlitz–Thouless transition tem-
perature of TBKT ≈ 1.0 K at n = −1.44 × 1012 cm−2, where, as before, 

n is the carrier density induced by the gate and measured from the 
charge neutrality point (which is different from the actual carrier  
density involved in transport, as we show below).

In contrast to other known two-dimensional and layered super-
conductors, the superconductivity in magic-angle TBG requires the 
application of only a small gate voltage, corresponding to a minimal 
density of only 1.2 × 1012 cm−2 from charge neutrality, an order of mag-
nitude lower than the value of 1.5 × 1013 cm−2 in LaAlO3/SrTiO3 inter-
faces and of 7 × 1013 cm−2 in electrochemically doped MoS2, among 
others24. Therefore, gate-tunable superconductivity can be realized 
in a high-mobility system without the need for ionic-liquid gating or 
chemical doping. In Fig. 2a we show the two-probe conductance of 
device M1 versus n at zero magnetic field and at a 0.4-T perpendic-
ular magnetic field. Near the charge neutrality point (n = 0), a typical 
V-shaped conductance is observed, which originates from the renor-
malized Dirac cones of the TBG band structure. The insulating states 
centred at approximately ±3.2 × 1012 cm−2 (which corresponds to ns 
for θ = 1.16°) are due to single-particle bandgaps in the band structure 
that correspond to filling ±4 electrons in each superlattice unit cell. In 
between, there are conductance minima at ±2 and ±3 electrons per 
unit cell. These minima are associated with many-body gaps induced by 
the competition between the Coulomb energy and the reduced kinetic 
energy due to confinement of the electronic state in the superlattice 
near the magic angle; these gaps give rise to insulating behaviour near 
the integer fillings18. One possible mechanism for the gaps is similar 
to the gap mechanism in Mott insulators, but with an extra two-fold 
degeneracy (for the case of ±2 electrons) from the valleys in the origi-
nal graphene Brillouin zone17,18,25,26. In the vicinity of −2 electrons 
per unit cell (n ≈ −1.3 × 1012 cm−2 to n ≈ −1.9 × 1012 cm−2) and at a 
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Figure 2 | Gate-tunable superconductivity in magic-angle TBG. 
a, Two-probe conductance G2 = I/Vbias of device M1 (θ = 1.16°) measured 
in zero magnetic field (red) and at a perpendicular field of B⊥ = 0.4 T 
(blue). The curves exhibit the typical V-shaped conductance near charge 
neutrality (n = 0, vertical purple dotted line) and insulating states at the 
superlattice bandgaps n = ±ns, which correspond to filling ±4 electrons 
in each moiré unit cell (blue and red bars). They also exhibit reduced 
conductance at intermediate integer fillings of the superlattice owing to 
Coulomb interactions (other coloured bars). Near a filling of −2 electrons 
per unit cell, there is considerable conductance enhancement at zero field 
that is suppressed in B⊥ = 0.4 T. This enhancement signals the onset of 

superconductivity. Measurements were conducted at 70 mK; Vbias = 10 µV. 
b, Four-probe resistance Rxx, measured at densities corresponding to 
the region bounded by pink dashed lines in a, versus temperature. Two 
superconducting domes are observed next to the half-filling state, which 
is labelled ‘Mott’ and centred around −ns/2 = −1.58 × 1012 cm−2. The 
remaining regions in the diagram are labelled as ‘metal’ owing to the 
metallic temperature dependence. The highest critical temperature 
observed in device M1 is Tc = 0.5 K (at 50% of the normal-state resistance). 
c, As in b, but for device M2, showing two asymmetric and overlapping 
domes. The highest critical temperature in this device is Tc = 1.7 K.
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Figure 1a is a schematic of a typical graphite-gated, hexagonal boron 
nitride (hBN)-encapsulated MAG heterostructure device. The atomic 
force microscopy image in Fig. 1b shows the high structural homoge-
neity of the device. Figure 1c shows four-terminal resistance Rxx as a 
function of n at different out-of-plane magnetic fields B", measured 
at a temperature T of 16 mK. We find strong resistance peaks at n = 4n0 
≈ ±3 × 1012 cm−2 that mark the edges of the flat bands, consistent with 
previous studies3,6,18. The full-band density corresponds to an average 
twist angle across the device of about 1.10°. By comparing 2n0 values 
extracted from two-terminal measurements between different contact 
pairs (Extended Data Fig. 4), we estimate that the variation in twist angle 
(∆θ) is only around 0.02° over a span of about 10 µm. Such homogeneity 
in the twist angle is, to our knowledge, unprecedented in a MAG device.

In addition to the resistance peaks at the CNP and at ν = ±4, we also 
observe interaction-induced resistance peaks at all non-zero integer 
fillings of the moiré bands (ν = ±1, ±2, ±3), corresponding to 1, 2 and 

3 electrons (+) or holes (−) per moiré unit cell (Fig. 1c). Signatures of 
some of these resistive states have been observed previously3,6,18,24, 
but they are much more strongly developed here. From temperature-
dependent transport behaviour over a range of 10 K (Fig. 1f), it is possible 
to extract the activated gap size of the correlated insulator states. We 
obtain values of 0.34 meV (ν = −2), 0.37 meV (ν = 2) and 0.25 meV (ν = 3).  
Evidence for thermally activated transport is much weaker for the  
ν = 1 state (0.14 meV) and is entirely absent for the ν = −3 and ν = −1 states, 
which might indicate that these are correlated semi-metallic states 
rather than insulating states25.

Our device also shows clear temperature-activated transport behav-
iour below 33 K at the CNP, with an extracted gap size of 0.86 meV. Gaps 
at the CNP do not require broken flavour symmetries, but they do require 
that at least one of the emergent C3 and C2T symmetries—which pre-
vent CNP bands from touching—be broken. These symmetries can be 
explicitly broken by crystallographic alignment of the MAG and hBN 
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Fig. 1 | Integer-filling correlated states and new superconducting domes.  
a, Schematic of a typical MAG device. b, Atomic force microscopy image and 
schematic of how various measurements are obtained. Scale bar, 2 µm.  
c, Four-terminal longitudinal resistance plotted against carrier density at 
different perpendicular magnetic fields from 0 T (black trace) to 480 mT (red 
trace). d, Colour plot of longitudinal resistance against carrier density and 
temperature, showing different phases including metal, band insulator (BI), 
correlated state (CS) and superconducting state (SC). The boundaries of the 
superconducting domes—indicated by yellow lines—are defined by 50% 
resistance values relative to the normal state. Note that the transition from the 
metal to the superconducting state is not sharp at some carrier densities, which 
adds uncertainty to the value of Tc extracted. e, Longitudinal resistance at 
optimal doping of the superconducting domes as a function of temperature. 
The resistance is normalized to its value at 8 K. Note that data points for  

n = −7.5 × 1011 cm−2 are overlaid by the data points for n = 5 × 1011 cm−2, as both 
curves follow a very similar line. f, Conductance Gxx plotted against inverse 
temperature at carrier densities corresponding to ν = 0, 1, ±2 and 3. The straight 
lines are fits to Gxx ∝ exp(−∆/2kT) (where ∆ is the size of the correlation-induced 
gap and k is the Boltzmann constant), for temperature-activated behaviour, and 
give gap values of 0.35 meV (ν = −2), 0.14 meV (ν = 1), 0.37 meV (ν = 2), 0.27 meV  
(ν = 3) and 0.86 meV (ν = 0; CNP). g, Mean-field phase diagram for neutral ν = 0 
(CNP) twisted bilayer graphene, as a function of twist angle and interaction 
strength, showing different configurations of C2T symmetry and Chern number 
(C). Red and blue regions with solid outlines indicate states that do not break 
symmetry, and therefore have bands with no Berry curvature and vanishing 
Chern number. Blue indicates a gapped state and red indicates a gapless state. 
Zones filled with other colours indicate gapped states that break C2T symmetry 
and have bands with different Chern numbers, as shown.

Cao et al., Nature 556, 43–50 (2018).

Lu et al, Nature 574, 653–657 (2019).

2

SC

a

b

c

d

2.5

2.0

SC

4.0

3.0

Device 2
T = 1.09°± 0.02°, dhBN = 6.7 nm

Q
-4 -3 -2 -1 0 1 2 3 4

Device 1
T = 1.08°± 0.02°, dhBN = 68 nm

Device 3
T = 1.04°± 0.02°, dhBN = 38 nmUxx (k:)

-4 -3 -2 -1 0 1 2 3 4

Device 4
T = 1.18°± 0.03°, dhBN = 7.5 nm

4.0

3.0

2.0

1.0

-4 -3 -2 -1 0 1 2 3 4
SC

1.5

1.0

0.5

2.0

1.0

T 
(K

)
T 

(K
)

Filling factor  Q Q

1.5

1.0

0.5

Q
-4 -3 -2 -1 0 1 2 3 4

SC

SC

300 300

300300

Uxx (k:)

Uxx (k:)Uxx (k:)

FIG. 1. Longitudinal resistance ⇢xx as a function of temperature T and filling factor ⌫ in four devices. a, b, c and d show data for
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determined by a resistance drop of 50% relative to the normal state state.

lated insulating states at ⌫ = �2, as well as additional insu-
lating states or resistivity peaks at ⌫ = +2 and +3 consis-
tent with previous observations in homogeneous tBLG under
high[5] and ambient pressure[6]. In contrast, Devices 3 and 4,
which are both farther from the flat band condition in angle at
✓=1.04� and 1.18�, respectively, show superconductivity de-
spite the absence of an insulating state at ⌫ = �2 (for Device
3) and total absence of any correlated insulating states at all
(for Device 4).

The contrasting behavior observed between Devices 1-2
and 3-4 raises the question of the role of disorder, particularly
inhomogeneities in ✓ which may vary from sample to sample
and obscure the intrinsic phenomenology of tBLG. For exam-
ple, previous studies of twisted bilayer graphene have found
that in the low temperature limit, superconductivity may ob-
tain even at exactly ⌫ = �2[4, 5], a finding attributed to per-
colation of superconducting domains due to variations in the
local ⌫ across the sample. The absence of an insulating state
at ⌫ = �2 in the devices presented here appears instead to
be intrinsic, based on several observations. First, devices with
and without a correlated insulator at ⌫ = �2 show distinct
behavior in finite magnetic field (Figs. 2a and b). Fig. 2a
shows magnetoresistance of Device 5. A sequence of quan-
tum oscillations, with an apparent degeneracy of 2, is clearly
visible originating at ⌫ = �2, indicating the formation of a

new Fermi surface associated with this insulating state. In
contrast, for Devices 3 and 4 (Figs. 2b and S8), we observe
no strong quantum oscillations originating from ⌫ = �2. In
addition, the apparent resetting of the Hall density typically
concomitant with the appearance of a correlated insulator at
⌫ = �2 (Fig. 2c) as is observed in Device 5 (see also Figs.
S11a and b), is suppressed in Device 3 (Fig. S11c) and nearly
completely absence in Device 4 (Fig. 2d). In Device 4, shown
in Fig. 2b, the neighborhood of ⌫ = �2 shows only a strong
magnetoresistance over a broad range of filling factor, devoid
of oscillations but bracketed on either side by quantum os-
cillations originating from ⌫ = 0 and ⌫ = 4. The distinct
behavior of quantum oscillations and Hall effect in Devices
3 and 4 support the absence of significant interaction-induced
Fermi surface reconstruction near ⌫ = �2 in detuned devices
as an intrinsic property.

While the quantum oscillations show highly contrasting be-
havior between flat band and detuned devices, superconduct-
ing states appear to be phenomenologically similar to each
other. Figures 2e and f show dV /dI versus magnetic field (B)
and DC current (IDC) at 10 mK in Devices 5 and 4 at den-
sity of �1.75 ⇥ 1012 and �2.15 ⇥ 1012 cm�2, respectively;
similar data for Devices 1, 2 and 3 is shown in Fig. S10. All
devices show an apparent critical current, weakly modulated
by the applied magnetic field. The period of the oscillations

Saito et al., arXiv:1911.13302 (see also Singh et al., arXiv 2002.03003)
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encapsƵlaƚed beƚǁeen ƚop and boƚƚom hͲBN ;blƵeͿ͕ placed on a meƚallic backͲgaƚe ;pƵrpleͿ͕ and conƚacƚed 
bǇ side conƚacƚs ;ǇelloǁͿ͘ We image ƚhe inǀerse elecƚronic compressibiliƚǇ͕ 𝑑ߤ/𝑑͕݊ Ƶsing a scanning 
nanoƚƵbeͲbased single elecƚron ƚransisƚor ;SETͿ ;inseƚͿ ;ǁhere ߤ is ƚhe chemical poƚenƚial of ƚhe carriers in 
ƚhe TBG and ݊ is ƚheir densiƚǇͿ͘ The SET measƵres ƚhe local ߤߜ in response ƚo a densiƚǇ modƵlaƚion͕ ͕݊ߜ 
prodƵced bǇ an AC ǀolƚage on ƚhe backͲgaƚe͕ ߜ𝑉஻ீ  ;see SIϮͿ͘ In ƚhese measƵremenƚs ƚhe TBG is kepƚ 
groƵnded͕ and a DC backͲgaƚe ǀolƚage͕ 𝑉஻ீ ͕ seƚs ƚhe oǀerall ݊͘ Some measƵremenƚs Ƶse a parallel magneƚic 
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ƚhe ƚop foƵr conƚacƚs ;lefƚ inseƚͿ as a fƵncƚion of carrier densiƚǇ͕ ͕݊ and 𝐵||͕ aƚ 𝑇 ൌ 50𝑚𝐾͘ The േ݊௦/2 labels 
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;blƵe͕ obƚained bǇ inƚegraƚing ƚhe formerͿ measƵred as fƵncƚion of ͕݊ aƚ 𝑇 ൌ 4𝐾͘ Arroǁs mark ƚhe charge 
neƵƚraliƚǇ poinƚ ;CNPͿ and ƚhe gaps separaƚing ƚhe flaƚ bands from ƚhe higherͲenergǇ dispersiǀe bands͘ d͘ 
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Fig. 3. Mapping the twist angle and Landau levels in MATBG. (a) !"#$ image of the dashed area in the 
AFM inset at %&' = −16.4 V. Incompressible (compressible) QH regions are visible as bright blue to 
yellow (dark blue). Inset: AFM image of hBN encapsulated MATBG device A with edges outlined in white, 
light brown area indicating the underlying PdAu backgate, and bright spots showing bubbles. (b) 2D map 
of the twist angle *(,) derived from tomography of Movie M1 in the dashed region in (a). Grey-blue 
indicates regions which do not display MATBG physics due to disorder (bubbles outlined in black) or due 
to a very different twist angle. The dashed area is presented tomographically in (d). (c) 2D map of 
|/*(,)| showing patches of slowly varying *(,) and a network of abrupt * jumps. (d) Slice from the 
tomography of device A showing disordered LLs in the bulk of the sample in the p dispersive band (see 
Movie M5 and [30] for interactive interface). The x-axis is flipped for clarity. (e-g) Same as (a-c) for device 
B with (e) acquired at %&' = −15 V and (f) derived from tomography of Movies M3 and M4. (h) Charge 
disorder map 012(,) of device B. (i) Histogram of local * in devices A and B with dashed lines marking 
the global * derived from transport. 

Applying the procedure of Fig. 1c to the tomographic LL data, we derive 2D maps of the twist angle *(,) 
in devices A and B (Figs. 3b,f). The grey-blue color in Fig. 3b reflects areas where no QH states were 
detected within the measured span of %&'. These regions correlate with the locations of bubbles (black 
outlines) as revealed by the AFM image of device A (Fig. 3a inset). The magic angle physics is apparently 
absent within the bubbles as well as in their surrounding areas up to 0.5 µm from the bubble edges. The 
LLs are absent also in additional regions where no particular features were observed in the AFM. The 
map in Fig. 3b also shows that the MA regions in device A do not create a percolation path between the 
contacts. This is consistent with our transport measurements that do not show fully developed 
superconductivity, although correlated insulating states are present in this device (SI2). In device B, in 
contrast, four-probe transport measurements showed high quality correlated insulator states at multiple 

3 
 

Fig. 1. Resolving the local quantum Hall states in flat and dispersive bands in MATBG. (a) Experimental 
setup schematics with SOT scanning over MATBG (blue) encapsulated in hBN (light blue). Voltage !"#$% &
!"#'% is applied between the PdAu backgate and the grounded MATBG. Twist angle gradients () induce 
internal electric field and counterpropagating equilibrium QH currents *+,% and *%-. in incompressible 
(red) and compressible (blue) strips respectively, flowing along equi-) contours and measured by /0'%. 
(b) Calculated band structure with flat and dispersive bands. Blue and red represent the two valleys. (c) 
Zoomed-in /0'% peaks in the dispersive bands for device A at /' = 1.19 T, illustrating the procedure for 
determining the local 23 and the corresponding local ) (p-band data multiplied by minus sign for clarity). 
(d) Global 455 vs. electron density 26 and /' of device B showing insulating states at integer fillings, 
Landau fans and superconductivity. (e) 455(26) at /' = 1.08 T (dashed purple in (d)). (f) /0'% measured 
at a point in the bulk of device B vs. 26 at /' = 1.08 T. The sharp /0'% peaks reflect *+,% in incompressible 
strips with sign determined by 9:5, magnitude by LL energy gap, and separation by LL degeneracy (red 
bars). The dispersive bands are shaded in yellow, the signal in the flat bands is amplified 3 times, and the 
;-doped signal is multiplied by minus sign. 
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For a smaller value of r, gapped regimes in Fig. 7a–c expand in the parameter space
of ðθ;UÞ, giving arise to a wider band isolation regime (data available upon
request).

Chern number. In the main text, we presented Chern number carried by Moire
first conduction bands from K ± -valleys. Here, we carefully examine the evolution
of Chern. First, at U ¼ 0, the reflection symmetry My enforces C ¼ 0 for both
valleys as My maps the system back to itself without exchanging valleys, but
ky 7!$ ky so Berry curvature flips its sign24. In the quadratic band approximation
limit of BLG, as we increase U , the band inversion between conduction and valence

bands occurs at the Moiré K2-point (K1 for negative U) with a quadratic touching.
Thus, Chern number of ± 2 is exchanged.

Next, let us understand the Chern number evolution in the realistic
Hamiltonian with parameters of Eq. (14) along the dotted line in Fig. 3b. With a
trigonal warping term, the quadratic band touching point splits into four Dirac
cones, three with positive and the other with negative chirality. These three
Dirac cones are located at generic momenta, thus would not be observed in the
band plot along the high symmetric line. Under the presence of particle–hole
asymmetry terms, the degeneracy between four Dirac cones split, and the band
inversion would happen first at three Dirac cones, exchanging Chern number by
± 3. Then, the band inversion would occur at the center Dirac cone, exchanging
Chern number by %1. In total, it will still change the Chern number by ± 2. At
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electron-doping side, consistent with the theoretically expected
particle–hole asymmetry. Note that the bandwidth is not as flat as
that of magic-angle TBG. However, the bandwidth is still small
compared with the interaction scale which implies that strongly
correlated physics can still arise. Indeed, there is some debate
regarding the bandwidth of magic-angle TBG itself, with reported
bandwidths ranging from 10 to 40 meV33.

Another crucial difference compared with TBG is the absence
of twofold rotational symmetry, which protects the Dirac points
in TBG. As a result, the physics of TDBG is controlled by a single
narrow band (per spin per valley) rather than two as in TBG. The
TDBG Hamiltonian has the following symmetries (i) threefold
rotation symmetry C3, (ii) time-reversal symmetry T , and, (iii)
mirror reflection about the x-axis My , which only exists in the
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Ferromagnetic Mott Insulators in tDBG q = 1.33o

• ns /4 & 3ns /4 gaps appear at finite B//

• ns /2 states become stronger

• Gap increases with B//

• g ~ 2

Spin polarized Mott State!
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electron-doping side, consistent with the theoretically expected
particle–hole asymmetry. Note that the bandwidth is not as flat as
that of magic-angle TBG. However, the bandwidth is still small
compared with the interaction scale which implies that strongly
correlated physics can still arise. Indeed, there is some debate
regarding the bandwidth of magic-angle TBG itself, with reported
bandwidths ranging from 10 to 40 meV33.

Another crucial difference compared with TBG is the absence
of twofold rotational symmetry, which protects the Dirac points
in TBG. As a result, the physics of TDBG is controlled by a single
narrow band (per spin per valley) rather than two as in TBG. The
TDBG Hamiltonian has the following symmetries (i) threefold
rotation symmetry C3, (ii) time-reversal symmetry T , and, (iii)
mirror reflection about the x-axis My , which only exists in the
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Superconducting Or Not Superconducting?

Figure 3: | Superconductivity in 1.24� sample. a, Resistivity map around the half-filled insulator.

Dashes circle marks the halo. b, Resistivity as a function of temperature at different spot marked

by colored symbols in a using the corresponding colors and shapes. c, I–V curves at the black

circle of Fig. 3a, Top left inset, I–V in log scale. Bottom right inset, dV/dI as a function of current.
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Figure 4: | Spin-polarized superconductivity. a-d, Resistivity in different twist angle samples as
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inside and outside the halo. Upper panels shows the derivative of the resistivity to highlight the

critical behavior.
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See also similar data in He et al., arXiv:2002.08904



Superconducting(?) Twisted bilayer WSe2

For 2.5o Vtg = -21V (2h+/MUC)

-- V ~ I3
TBKT = 1.6K

Angle : 2.5o

-- V ~ I3

TBKT = 0.3K

Angle : 3o

See also similar data in An et al., arXiv:1907.03966

Superconducting-like state Tc ~ 0.3 - 3 K 
has been realized in a wide angle range!

~ 8 K
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Dislocations in bilayer graphene
Benjamin Butz1, Christian Dolle1, Florian Niekiel1, Konstantin Weber2, Daniel Waldmann3, Heiko B. Weber3, Bernd Meyer2

& Erdmann Spiecker1

Dislocations represent one of themost fascinating and fundamental
concepts in materials science1–3. Most importantly, dislocations are
the main carriers of plastic deformation in crystalline materials4–6.
Furthermore, they can strongly affect the local electronic and optical
properties of semiconductors and ionic crystals7,8. Inmaterials with
smalldimensions, theyexperienceextensive image forces,whichattract
them to the surface to release strain energy9. However, in layered
crystals such as graphite, dislocationmovement ismainly restricted
to the basal plane. Thus, the dislocations cannot escape, enabling
their confinement in crystals as thin as only two monolayers. To
explore the nature of dislocations under such extreme boundary
conditions, the material of choice is bilayer graphene, the thinnest
possible quasi-two-dimensional crystal in which such linear defects
can be confined. Homogeneous and robust graphene membranes
derived from high-quality epitaxial graphene on silicon carbide10

provide an ideal platform for their investigation. Here we report
the direct observation of basal-plane dislocations in freestanding
bilayer graphene using transmission electron microscopy and their
detailed investigation by diffraction contrast analysis and atomistic
simulations. Our investigation reveals two striking size effects. First,
the absence of stacking-fault energy, a unique property of bilayer
graphene, leads to a characteristic dislocationpattern that corresponds
to an alternating AB«AC change of the stacking order. Second,
our experiments in combinationwith atomistic simulations reveal a
pronounced buckling of the bilayer graphenemembrane that results
directly fromaccommodationof strain. In fact, the buckling changes
the strain state of the bilayer graphene and is of key importance for
its electronicproperties11–14.Our findingswill contribute to theunder-
standing of dislocations and of their role in the structural, mech-
anical and electronic properties of bilayer and few-layer graphene.
In graphite, the bulkmaterialmost closely related to graphene, basal-

plane dislocations have been well known since the early 1960s15. The
dissociation of perfect basal-plane dislocations into pairs of Shockley
partial dislocations (partials) bounding a stacking-fault ribbon in the
basal planewasobservedusing conventional transmission electronmicro-
scopy15,16 (TEM).The separationof partials (or thewidthof the stacking-
fault ribbon) is determined by the balance between the repulsive forces
(reduction of total strain energy) and the attractive forces (minimization
of stacking-fault energy). Similarly, the dissociation of perfect disloca-
tions into Shockley partials plays an essential role for most materials
with face-centred-cubic structure and is of particular importance for the
plasticity of face-centred-cubic metals9.
Also in few-layer graphene, changes of the stacking sequence have been

reported17–22. For instance, dark-field TEMwas used to reveal changes
in the stackingorder and twistingof freestandingbi- and trilayer graphene
grown by chemical vapour deposition18 (CVD). However, the partials
necessarily connected to the stacking faults were not addressed in that
study.Moreover, scanning tunnellingmicroscopywas used to investigate
local changes in the stacking sequence of few-layer graphene onmica19.
The boundaries, which separate areas of different stacking order, form
a pattern that closely resembles dislocation networks in bulk graphite,

indicating that it may be possible to study basal-plane dislocations in
few-layer graphene. Two recent publications17,20 address inmore detail
the local stacking transition AB«AC in bilayer graphene grown by
CVD (subsequently stacked17 or as-grown20). In both studies, the authors
applied dark-field TEM to investigate the local bilayer graphene stacking
and to characterize the distribution of the transition regions. Moreover,
atomistic models were derived from comparison with high-resolution
scanning TEM (STEM) images. The transition regions were described
either in terms of strain solitons using a Frenkel–Kontorovamodel17 or
with complicated atomistic models, including the delamination of the
two graphene layers, which were proposed, on the basis of molecular
dynamics simulation, to explain the experimental data20. However, none
of this work describes the transition regions in terms of classical dis-
location theory.
Important modifications of dislocations are expected when going

from graphite to freestanding few-layer graphenemembranes. First, pro-
nounced buckling of the membrane is expected as a result of strain
accommodation. Moreover, in bilayer graphene the unique situation
occurs that both stacking variants,ABandAC(orBA,whichmeans the
same), are equivalent. This means that no stacking-fault energy exists
and, therefore, that no attractive forces act between partials to reduce
the stacking-fault area.
In the following, we present the detailedmicroscopic study of basal-

plane dislocations in bilayer graphenemembranes prepared fromhigh-
quality epitaxial graphene on the (0001) surface of 6H-SiC (ref. 10;
throughout the manuscript four Bravais–Miller indices are used to
account for the hexagonal symmetry). The central region of a typical
TEM sample with more than 150 membranes is shown in Fig. 1a. The
colour-coded STEM image of one membrane (Fig. 1b) indicates the
local variation in the number of graphene layers as determined by
Raman microscopy10 and TEM (see below). Apart from the bilayer

1Center for Nanoanalysis and Electron Microscopy, Friedrich-Alexander-Universität Erlangen-Nürnberg, Cauerstraße 6, 91058 Erlangen, Germany. 2Interdisziplinäres Zentrum für Molekulare Materialien
und Computer-Chemie-Centrum, Friedrich-Alexander-Universität Erlangen-Nürnberg, Nägelsbachstraße 25, 91052 Erlangen, Germany. 3Lehrstuhl für Angewandte Physik, Friedrich-Alexander-
Universität Erlangen-Nürnberg, Staudtstraße 7, 91058 Erlangen, Germany.
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Figure 1 | Freestanding bilayer graphene membranes in a SiC frame.
a, Dark-field STEM image (obtained in a scanning electron microscope) of a
sample with circular and rectangular membranes. The non-transparent SiC is
dark and the freestanding membranes appear bright. b, Single membrane at
higher magnification. The colour code indicates the local number of graphene
layers (compare with ref. 10).
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layers (compare with ref. 10).
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Before discussing the phenomenon of strain accommodation in detail,
wemake comparison with the TEM experiments to validate themodel
and to confirm the Burgers vector analysis. In this relation, dark-field
images were calculated using both atomistic configurations (buckled
and flat). Figure 4b compares the experimental and simulated disloca-
tion contrast in {11!20} dark-field images (other reflections are shown
inExtendedData Fig. 4).Within the accuracy of the experiment (owing
to residuals on the membrane, the contrast varies slightly between the
dislocations), there is very good agreement between experiment and
simulation (especially using thebuckled atomic configuration; seeFig. 4b).
In particular, the applicability of the g ? b5 0 invisibility criterion for
determination of the Burgers vector is confirmed.
Most remarkably, the dislocation-induced buckling of the bilayer

graphene could be validated by comparing the second-order derivative
calculated fromexperimental images (Fig. 4c, lower part)with the respect-
ive distributions obtained from both simulations (Fig. 4c, upper part).
The same curvature (given by the second derivative) at the intensity max-
imaandminimaof theoriginal (11!20) dark-field image, reflected inbright
lines with similar intensities in themodulus of the second derivative, is
an excellent fit to the predictionof our simulationwith the buckled atomic
configuration. Prospectively, membranes with improved quality will
allow for a more precise evaluation of the intensity distribution across
single dislocations, enabling both the optimization of the theoretical
interaction potential between graphene layers and the determination
of the Peierls potential of the dislocations. These results will help to
explain the mechanical properties of bilayer and few-layer graphene.
Figure 4d and Fig. 4e compare the respective profiles of the in-plane

strain components, exx, eyy and exy, for the two layers in both configur-
ations. It can be seen that the buckling completely alters the strain state
of the two graphene layers. In the flat configuration, the normal strain
component, exx, shows pronounced maxima and minima at the dis-
locations cores (localized tension and compression of the graphene
layers), whereas the same strain component almost completely levels
out on buckling, resulting in a small and uniform strain (tensile in the
lower layer but compressive in the upper layer) across thewhole bilayer
graphene ribbon. For symmetry reasons, eyy is almost zero for the two
layers (in both configurations). Unexpectedly, the shear component,
exy, is much more localized in the buckled configuration. As a result,
both the local disregistry, that is, the relative shift of the two layers, and
the Burgers vector distributions are completely different for the buckled
and the flat configurations (compare the respective distributions in the
bottom parts of Fig. 4d and Fig. 4e).
Our simulations demonstrate how sensitively the strain state and

the local stacking of the two graphene layers dependon the topography
of the bilayer graphene. This is of great interest because one key aim of
the field is to engineer a suitable bandgap for applications using strained
bilayer or few-layer graphene. However, the dislocation-induced local
buckling and, in particular, the resulting strain redistribution have been
neglected in the literature so far14,17,20.
It is worth comparing the basal-plane dislocations in bilayer graphene

with dislocations inmonolayer graphene (see, for example, refs 24–26)
and putting both in the context of classical dislocation theory. At first
glance, the two typesofdislocations seemfundamentallydifferent.Whereas
the former lie in the plane of the membrane and can be as long as
several micrometres, the dislocations in monolayer graphene possess
an infinitesimally short dislocation line perpendicular to the graphene
membrane (making even the definition of a dislocation line question-
able) and thus seemmore like topological defects in a two-dimensional
(2D) crystal. However, in both cases the membranes are embedded in
3D space, allowing for strain relief in the thirddimensionby, for example,
buckling (see, for example, refs 25, 27 formonolayer graphene). In fact,
dislocations intersecting a thinplate in thenormaldirectionwere studied
in elasticity theory more than 60 years ago28. The focus was on screw
dislocations (for which there is no equivalent in monolayer graphene),
but inrelationtoedgedislocations itwasstatedthat in ‘‘certaincircumstances
an edge dislocation will be able to relieve most of its stress by slight
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Figure 3 | Burgers vector analysis. a, b, Series of {11!20} (a) and {1!100}
(b) dark-field images of the same region as in Fig. 2a (the corresponding
diffraction pattern is given in Extended Data Fig. 4). The {11!20} reflections
(a) have a large structure factor for both AB and AC stacking18 owing to the
constructive interference for all atoms, such that relative shifts of the two
graphene sheets in the displacement field of the dislocation lowers the local
diffracted intensity. Therefore, the dislocations appear as dark lines on a bright
background. In contrast, for {1!100} dark-field images (b), they appear as bright
lines on a dark background because the structure factor for such reflections
is small owing to partial destructive interference of scatteringwaves from atoms
in the A and B planes, as a result of which enhanced intensity is obtained in
the displacement field of the dislocations. In contrast to {2!200} dark-field
images (Fig. 2b), the {1!100} dark-field images do not show pronounced
stacking-fault contrast because the deviation from the Bragg condition is too
small for normal incidence. The diagram below each image shows the Burgers
vector analysis, that is, a comparison of {11!20} dark-field images of the same
parallel dislocations (green box and magnified sections below the images).
In the first two images only every second dislocation is visible (the ones that
are seen in the first image are absent from the second one, and vice versa),
whereas the third image shows both. Left of the enlarged dark-field images
are schematic diagrams of the orientation relation between the respective
diffraction vectors g (black arrow) and Burgers vectors b (red and blue arrows).
By applying the g ? b5 0 invisibility criterion, the two dislocation types are
identified as 60u partials with Burgers vectors b15 (1/3)[10!10] (blue) and
b25 (1/3)[01!10] (red). On the basis of these Burgers vectors, the contrast of the
{1!100} dark-field images (b) is understood as well. Dislocations show up with
relatively strong contrast if g and b are parallel or antiparallel ( |g?b | 5 2/3),
whereas they almost vanish if the angle between g and b is 60u ( |g?b | 5 1/3).
Applying this finding to our reference region, only one variant of the partials
shows up in the top two {1!100} dark-field images, whereas only faint or residual
contrast is seen in the third dark-field image. In b, the areal contrast variations
in the trilayer region, marked by dashed lines, are due to changes of the
stacking sequence from ABA (bright) to ABC (dark).
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buckling of the plate’’. Along similar lines, the buckling of a thin foil
due to dislocations lying in the plane of the foil (such as our basal plane
dislocations in bilayer graphene) has also been investigated29. As in our
case, thebuckling is causedbyan in-plane edge componentof theBurgers
vector. Thus, both the edge dislocations in monolayer graphene and
the basal-plane dislocations in bilayer graphene can be viewed as lim-
iting cases of classical dislocations in thin plates.
We have studied basal-plane dislocations in freestanding bilayer

graphene—the thinnest possible crystal that can host such dislocations—
by combiningdark-fieldTEMandatomistic simulations. In contrast to
dislocations inmonolayer graphene, the dislocations reported here are
real line defects confined between the two graphene layers. By applying
Burgers vector analysis, we unambiguously identify the dislocations as
partial dislocations with b5 (1/3)Æ1!100æ, causing a change of the local
stacking from AB to AC, and vice versa. The absence of stacking-fault
energy, auniquepeculiarityofbilayergraphene, gives rise toacharacteristic
equidistant arrangement of dislocationswith alternatingBurgers vectors

observed in large sample areas. One outcome of this study is that pro-
nounced buckling of the bilayer graphenemembrane at the dislocations
enables the partial compensation of the normal strain and, surprisingly,
the complete delocalization of the respective residual compressive and
tensile strains in the two graphene layers. This makes the dislocations
in freestanding bilayer graphene distinctly different from correspond-
ing ones in graphite or other 3Dcrystals. In contrast to recent publications
on strain solitons17 and stacking-fault boundaries20 based on observa-
tions in graphene grown by CVD, in our treatment of the investigated
one-dimensional topological defects in bilayer graphene we consis-
tently use the well-established concept of dislocations in crystalline
solids and extend it to quasi-2D crystals.
We expect our findings to contribute to our understanding of basal-

plane dislocations and their role in tailoring the mechanical and elec-
tronic properties of bilayer and few-layer graphene. Our observation
that suchdislocations are already present in the initial epitaxial graphene
on SiCwill help explicate the restrictions on the transport properties of
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Figure 4 | Atomistic simulation of 606 partial dislocations: atomic
configuration, TEM simulation, strain distribution and Burgers vector
distribution. a, Atomistic simulation of a pair of parallel 60u partials as
observed in our bilayer graphene (compare with Fig. 3): 3D visualization, side
view, top view. The blue and red lines mark the dislocation cores. The gradual
change of the stacking sequence, AB«AC«AB, across the two partials is
shown enlarged together with the corresponding Burgers vectors of type
(1/3)Æ1!100æ (blue and red). The total relative shift (black vector) amounts to one
lattice translation along the x direction (total Burgers vector of type (1/3)Æ11!20æ;
for example, (1/3)[10!10]1 (1/3)[01!10]5 (1/3)[11!20]). The local bond lengths
and angles are depicted in ExtendedData Fig. 6. b, Comparison of experimental
{11!20} dark-field images (compare with Fig. 3) with simulated ones that are
based on the buckled configuration in a (blue outline) and, as reference, a flat
one (orange outline). The specific strain states of these atomic configurations
cause different intensity distributions across the dislocations in dark-field
imaging. In particular, the widths of the respective intensity minima are
remarkably different for the two configurations, most notably in the (11!20)

dark-field images, in which the edge components of both dislocations are
directly probed (further dark-field images with other reflections are depicted in
Extended Data Fig. 4). c, Proof of local buckling using the second derivative
of the dark-field intensity distributions. The second-derivative profiles
(obtained from b), the absolute values of which are plotted in the upper part,
are distinctively different for the buckled and the flat configurations. Applying
the same procedure to experimental (11!20) dark-field images (lower part)
validates our buckled atomistic configuration. The inset in the second
derivative of the experimental image depicts a representative intensity profile
(averaging over 3 pixels) with characteristic variations. d, e, Atomistic strain
components, exx, exy and eyy, for the two layers of the buckled configuration (d)
and for those of the flat reference configuration (e), where the movement
of the atoms during optimization was restricted to the x–y plane (fixed z
coordinate). The distributions are shown together with the disregistry, that is,
the relative shift of the two graphene layers, and the Burgers vector distributions
for the edge and screw components of the partials.
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buckling of the plate’’. Along similar lines, the buckling of a thin foil
due to dislocations lying in the plane of the foil (such as our basal plane
dislocations in bilayer graphene) has also been investigated29. As in our
case, thebuckling is causedbyan in-plane edge componentof theBurgers
vector. Thus, both the edge dislocations in monolayer graphene and
the basal-plane dislocations in bilayer graphene can be viewed as lim-
iting cases of classical dislocations in thin plates.
We have studied basal-plane dislocations in freestanding bilayer

graphene—the thinnest possible crystal that can host such dislocations—
by combiningdark-fieldTEMandatomistic simulations. In contrast to
dislocations inmonolayer graphene, the dislocations reported here are
real line defects confined between the two graphene layers. By applying
Burgers vector analysis, we unambiguously identify the dislocations as
partial dislocations with b5 (1/3)Æ1!100æ, causing a change of the local
stacking from AB to AC, and vice versa. The absence of stacking-fault
energy, auniquepeculiarityofbilayergraphene, gives rise toacharacteristic
equidistant arrangement of dislocationswith alternatingBurgers vectors

observed in large sample areas. One outcome of this study is that pro-
nounced buckling of the bilayer graphenemembrane at the dislocations
enables the partial compensation of the normal strain and, surprisingly,
the complete delocalization of the respective residual compressive and
tensile strains in the two graphene layers. This makes the dislocations
in freestanding bilayer graphene distinctly different from correspond-
ing ones in graphite or other 3Dcrystals. In contrast to recent publications
on strain solitons17 and stacking-fault boundaries20 based on observa-
tions in graphene grown by CVD, in our treatment of the investigated
one-dimensional topological defects in bilayer graphene we consis-
tently use the well-established concept of dislocations in crystalline
solids and extend it to quasi-2D crystals.
We expect our findings to contribute to our understanding of basal-

plane dislocations and their role in tailoring the mechanical and elec-
tronic properties of bilayer and few-layer graphene. Our observation
that suchdislocations are already present in the initial epitaxial graphene
on SiCwill help explicate the restrictions on the transport properties of
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Figure 4 | Atomistic simulation of 606 partial dislocations: atomic
configuration, TEM simulation, strain distribution and Burgers vector
distribution. a, Atomistic simulation of a pair of parallel 60u partials as
observed in our bilayer graphene (compare with Fig. 3): 3D visualization, side
view, top view. The blue and red lines mark the dislocation cores. The gradual
change of the stacking sequence, AB«AC«AB, across the two partials is
shown enlarged together with the corresponding Burgers vectors of type
(1/3)Æ1!100æ (blue and red). The total relative shift (black vector) amounts to one
lattice translation along the x direction (total Burgers vector of type (1/3)Æ11!20æ;
for example, (1/3)[10!10]1 (1/3)[01!10]5 (1/3)[11!20]). The local bond lengths
and angles are depicted in ExtendedData Fig. 6. b, Comparison of experimental
{11!20} dark-field images (compare with Fig. 3) with simulated ones that are
based on the buckled configuration in a (blue outline) and, as reference, a flat
one (orange outline). The specific strain states of these atomic configurations
cause different intensity distributions across the dislocations in dark-field
imaging. In particular, the widths of the respective intensity minima are
remarkably different for the two configurations, most notably in the (11!20)

dark-field images, in which the edge components of both dislocations are
directly probed (further dark-field images with other reflections are depicted in
Extended Data Fig. 4). c, Proof of local buckling using the second derivative
of the dark-field intensity distributions. The second-derivative profiles
(obtained from b), the absolute values of which are plotted in the upper part,
are distinctively different for the buckled and the flat configurations. Applying
the same procedure to experimental (11!20) dark-field images (lower part)
validates our buckled atomistic configuration. The inset in the second
derivative of the experimental image depicts a representative intensity profile
(averaging over 3 pixels) with characteristic variations. d, e, Atomistic strain
components, exx, exy and eyy, for the two layers of the buckled configuration (d)
and for those of the flat reference configuration (e), where the movement
of the atoms during optimization was restricted to the x–y plane (fixed z
coordinate). The distributions are shown together with the disregistry, that is,
the relative shift of the two graphene layers, and the Burgers vector distributions
for the edge and screw components of the partials.
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Burgers Vector for Moire Boundaries in TBG
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Following Alden et al., PNAS (2013)



Lattice Shift Vector: Order Parameter for Relaxation Process
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Define Lattice Shift Vector: 

u =  [R(upper layer) – R(lower layer)]unit cell

We also define u = 0 for untwisted sample and u = 0 for a AA site as a rotational center.

RelaxedUnrelaxed

a1

a2

a3

AB

AB

AB

BA
BA

BA

AA

AA

AA AA

AA

AB

BA

Order parameter u in periodic lattice

After Relaxation
AB
a1

AB
a2

AB
a3

BA
-a3

BA
-a1

BA
-a2

Order parameter
Configuration space
(periodic unit cell)

Shift vector: u

Following Alden et al., PNAS (2013)



Topology of Moire Network

Real Space Dark Field Moire Images
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Vortex and Anti-Vortex Pair

2

FIG. 1. Topology of uniform strain patterns applied to a graphene bilayer. Top: Displacement vector fields between
layers (u(r)) for five types of uniform strain applied to only the top layer of a graphene bilayer. Clockwise rotation (CW),
counter clockwise rotate (CCW), isotropic expansion, and uniaxial/shear strain. Note that uniaxial and shear strain are actually
the same displacement field, just rotated 45� relative to one another. Bottom: Local configuration between the layers as a
function of space, using the standard coloring scheme. Both rotations and uniaxial expansion cause vortex structures (clockwise
RBG around 6-fold nodes), while the uniaxial/shear strains cause antivortex structures (clockwise RGB around 6-fold nodes).
Note that although the uniaxial and shear fields are 45� rotations of one another, their configuration space maps rotate 90�!!
The real-space displacements of anti-vortices are a double cover of the configuration space information?

gle of the domain-wall lines. It should be noted that
by “angle” of the domain-wall lines, we mean relative to
the bottom layer’s lattice (because we are not perturb-
ing it!). Simply do cos(�)M✓ + sin(�)M↵ for vortices,
or cos(�)M�1 + sin(�)M�2 for antivortices (Fig. 2). If
one mixes vortex with antivortex generators, the domain
structures will become oblong (e.g. no longer equilateral
triangles). If one mixes a vortex matrix with an equal
strength antivortex matrix (say, ↵ = �2), one will get
only straight dislocation lines between the layers (Fig.
2). So while the mixing of the vortex (antivortex) matri-
ces alone controls the relative angle of the domain-walls
with respect to the lattice (�), mixing vortex and an-
tivortex matrices will control the relative angle of the
domain-walls with one another (e.g. the angle of vertices
in the white triangular domains).

III. FINDING THE VORTEX-ANTIVORTEX
PAIR

In existing experimental TEM data of TBLG, no “an-
tivortices” have ever been seen to my knowledge. This
has a simple explanation: the antivortices are only gen-
erated by uniaxial or shear strain, which is energy un-
favorable even in a monolayer. To see true domain-wall
solitons, this uniaxial strain would have to be further
confined into narrow regions, greatly increasing the en-
ergy cost. However, the vortices are everywhere (and
the original motivation for our study) because they can
be formed by a rotational strain which has no internal
(monolayer) straining energy associated with it. To go

further, this global rotation straining can be achieved
and controlled during the fabrication process, so if we
want to see an “antivortex” we need to find a two-layer
system that shows natural uniaxial strain.

A solution would be to put a material with a square
lattice on top of a material with a slightly rectangular
lattice. This will cause a global displacement vector field
similar to that of uniaxial strain in a bilayer, but will
have no internal strain energy associated with it. Even
more exciting, we can still control the twisting angle, and
thus can check the interplay between a vortex matrix
(M✓) and antivortex matrix (M�1) (See Figs. 2 and 3).
If we tune ✓ correctly, we should be able to transition
smoothly between a system of uniform vortices (✓ > �1)
and a system with uniform antivortices (✓ < �1). In this
intermediate region (✓ ⇡ �1) vortex-antivortex physics
should occur! The twisting angle would thus control the
form of a rich topological domain network.

IV. COMPUTING THE LOCAL STRAIN

For an inhomegeneous system, without uniform strain,
as in Fig. 3, if the local displacement field u(r) is known
it is easy to calculate the gradient matrix uij . Each uij

can be decomposed into its rotational, isotropic, uniax-
ial, and shear strain components. With this information,
one can estimate the expected density of vortices or an-
tivortices in any given region.

Vortex/Antivortex structure of Burgers vectors in misaligned 2D bilayers:
Domain-wall engineering via rotation and strain

Stephen Carr and collaborators
(Dated: August 30, 2019)

I. INTRODUCTION

Motivated by topological vortex/antivortex descrip-
tions of emergent domain-wall structures in condensed
matter systems, we wish to apply a similar rigor to the
case of relaxed twisted bilayers. However, most vor-
tex/antivortex systems previously studied have a config-
uration space that is isomorphic to C, the complex plane,
with a physically motivated “zero”. In superconductivity,
the parameter is the BCS wavefunction, with both a pair
density (radius) and phase (angle). In multiferroic sys-
tems, the parameter is a small tilting of a plane of atoms,
with a tilting distance (radius) and angle. An energy con-
sideration allows one to simplify both of these problems
by assuming a fixed distance in configuration space from
the high-energy “zero” point, reducing the physics to the
structure of a circle, U(1). One can then define vortices
and antivortices in experimental devices by looking at
the U(1) winding of the order parameter in space.

The bilayer systems also have a two-dimensional con-
figuration space, but it is NOT isomorphic to the complex
plane. Instead, it is the 2D torus, T 2, which leads to a
number of complications. The main problem is that it
is no longer sensible to reduce the problem to U(1). We
find that under energy considerations, our problem will
reduce to the mathematical structure of the free group
of order n, Fn, where n depends on the stacking-fault
energy profile of the bilayer of interest. This yields a
much more complicated picture of topological winding
numbers compared to U(1), but still gives new insight
into understanding misaligned moiré heterostructures.

II. ATOMIC GEOMETRY AND UNIFORM
STRAIN FIELDS

The i’th layer has atomic positions rn, given by rn =
Ain for n 2 Z2 and Ai the unit-cell of the layer. For
bilayers the two unit-cells are identical and the system
begins in an aligned low-energy state (Bernal stacking in
the case of bilayer graphene). Now consider some uni-
form strain applied to the top layer only. It perturbs the
positions of atoms on the top layer and causes the local
stacking to now vary in space. This variation in local
stacking in space, u(r), is a physical observable whose
structure we want to understand. If you translate the
top layer by a unit cell vector, the system returns to
itself and thus u is unchanged. Thus u must be mathe-
matically described by the torus, T 2.

The displacement vector u takes the following form
under weak uniform strains:

u(r) =

✓
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@ui

@rj

◆
r. (1)

The 2⇥ 2 matrix @ui/@rj ⌘ uij has four independent
variables. We will take a hint from continuum elasticity
and study four independent forms of the uij matrix:

✓
cos(✓)� 1 � sin(✓)
sin(✓) cos(✓)� 1

◆
Rotation

✓
↵ 0
0 ↵

◆
Isotropic

✓
�1 0
0 ��1

◆
Uniaxial

✓
0 �2
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◆
Shear

(2)

These four linearly independent matrices (M✓, M↵,
M�1 and M�2) can generate any uij matrix. In the small
angle limit the rotation matrix can be approximated as
anti-symmetric, and so each matrix is either diagonal or
off-diagonal with a positive or negative sign between pa-
rameters. The �1 and �2 parameters are related, as the
uniaxial and shear strain matrices transform into one an-
other under a 45� rotation of the coordinate system. This
is because the rotation and isotropic strain matrices are
rotationally symmetric one-dimensional representations,
while the uniaxial and shear matrices together form a
two-dimensional representation of the uij matrix.

The realspace displacement and configuration-space
colorings for each of these matrices can be seen in Fig. 1.
The first take away is that both the clockwise and coun-
terclockwise rotations give identical configuration-space
colorings. This makes it clear that the “vortex” and “an-
tivortex” topology of a twisted 2D system are NOT de-
scribed by the handedness of the rotation. The rotation
and expansion/compression matrix yield vortices (RBG
sequence going clockwise around an AA spot). The two
strain matrices (�i) yield antivortices (RGB sequence go-
ing clockwise around an AA spot).

These four matrices can of course be combined with
one another. By looking at the configuration space
colorings of Fig. 1, it is clear that the rotation and
isotropic strains are related to one another by a 90� ro-
tation in configuration space (look at the direction of
the red lines). Similarly, the uniaxial and shear strains
are also related by 90�. Thus, with complete control of
the straining field one can create a uniform number of
vortices or antivortices with arbitrary density and an-
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Vortices and Antivortices in mixed 
(shear + rotation) elastic deformation

Carr et al., preparation
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Toward Transport Through A Vortex

1 μm
1 μm

Near field IR scanning microscopy by Yue Luo

~0.01° twist~0.1° twist

Designing with ultra-small twist angles

K
K’

Valley-selective topologically protected modes

Investigate transport at vortex 
formed by intersecting domain walls

Imaging -> rational device 
design based on structure



Broken Mirror Symmetry and Spontaneous Dipoles 

J. Sung et al., arXiv:2001.01157 (Collaboration with H. Park Group)

  

FLJXUH 1. AB/BA GRPaLQV LQ W-MRSH2/MRSH2 GHYLFHV. (a) DaUN-fLeOd TEM LPage Rf D1 RQ a 

VLOLcRQ QLWULde PePbUaQe RbWaLQed b\ fLOWeULQg RXW aOO bXW RQe MRSe2 dLffUacWLRQ SeaN (g=101ത0) 

ZLWh Whe deYLce WLOWed Rff Whe ]RQe a[LV. The WZLVWed bLOa\eU UegLRQ (eQcORVed b\ Whe daVhed ZhLWe 

OLQe) VhRZV aOWeUQaWLQg, PLcURQ-VL]ed, AB aQd BA dRPaLQV. (b) TRS aQd VLde YLeZV Rf aWRPLc 

VWUXcWXUeV LQ WZLQQed UhRPbRhedUaO AB (MRWRSSebRWWRP) aQd BA (SeWRSMRbRWWRP) VWacNLQg 

cRQfLgXUaWLRQV. (F) SchePaWLc Rf a W-MRSe2/MRSe2 deYLce XVed fRU RSWReOecWURQLc chaUacWeUL]aWLRQ. 

The RXW-Rf-SOaQe eOecWULc fLeOd (E]) aQd Whe dRSLQg cRQceQWUaWLRQ caQ be LQdeSeQdeQWO\ cRQWUROOed 

b\ dXaO gUaSheQe gaWeV. The bOacN aUURZ defLQeV Whe SRVLWLYe dLUecWLRQ Rf E]. (G) A PL PaS Rf D2 

aW 4 K ZLWh 660-QP OaVeU e[cLWaWLRQ. The PRQROa\eU UegLRQ LV eQcORVed b\ Whe \eOORZ aQd ZhLWe 

daVhed OLQeV aQd Whe RYeUOaSSed UegLRQ LV W-MRSe2/MRSe2. The VROLd Ued OLQeV VhRZ Whe RXWOLQe Rf 

a PW cRQWacW WR Whe WRS aQd bRWWRP MRSe2 PRQROa\eU. The RULgLQaO MRSe2 PRQROa\eU ZaV WRUQ 

aORQg Whe daVhed OLQe LQdLcaWed LQ Whe LQVeW WR geQeUaWe W-MRSe2/MRSe2. ScaOe baU, 10 PP. (H) 

NRUPaOL]ed PL VSecWUa fURP Whe W-MRSe2/MRSe2 (Ued) aQd PRQROa\eU MRSe2 (bOXe) aW E] = 0.  
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FigXUe 2. ElecWUic-field dependenW PL VpecWUa of Whe XI,1 peakV obWained fUom D2 aW 4K. (a-c) 

PL VSHcWUa RI WKH XI,1 SHaNV aV a IXQcWLRQ RI WKH HOHcWULc ILHOG aW VSRW 1,2, aQG 3, UHVSHcWLYHO\. IQVHW: 

VcKHPaWLc RI W-MRSH2/MRSH2, VKRZLQJ LQWHUOa\HU H[cLWRQV ZLWK WKH SUHIHUUHG GLSROH RULHQWaWLRQV. 

WKLWH GRWWHG OLQHV, E] = 0 V/QP. (d) A PaS RI K, GHILQHG b\ (PL(+) ± PL(-))/(PL(+) + PL(-)). 

PL(�) LV WKH PL LQWHQVLW\ aW E] = �0.15 V/QP, LQWHJUaWHG RYHU WKH HQHUJ\ UaQJH bHORZ 1.36 HV 

(ZKLWH VROLG OLQH LQ (b)). RHG, SUHIHUUHG GLSROH RULHQWaWLRQ XS; bOXH, SUHIHUUHG GLSROH RULHQWaWLRQ 

GRZQ. TKH W-MRSH2/MRSH2 UHJLRQ LV LQGLcaWHG b\ WKH GaVKHG bOacN OLQH. BOacN VROLG cLUcOHV 

UHSUHVHQW VSRW 1,2, aQG 3 ZKHUH WKH VSHcWUa aUH WaNHQ. 

  

MoSe2/MoSe2 near 0 degree

AB
BA

Interlayer dipole moment due to charge transfer!

Arrays of alternating dipole moment 
interlayer excitons due to broken 
mirror/inversion symmetry in the AB 
and BA domains.

Electric Field Dependent Photoluminescence
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Fig. 3: Periodic exciton and doping landscape in reconstructed superlattice. A) Side view of 
AB and BA domains. Maroon and orange boxes indicate type I and II locations, respectively. In 
type I locations, excitons have lower energy due to stronger interactions with holes and a smaller 
optical band gap. B) Schematic of band structure at the K-point in AB and BA domains, for top 
and bottom layers. The BA (AB) domains have a higher VBM in the top (bottom) layer, and are 
thus preferentially p-doped. C-D) Schematic of the two-dimensional triangular exciton array. For 
clarity, only excitons in the top layer are shown. When ߣ୫ is large (C), type II excitons are 
unable to move to other domains before recombining, resulting in an array of spatially 
alternating emission energies. In the case of smaller ߣ୫ (D), type II excitons can move to other 
domains to form lower-energy (type I) excitons (final positions indicated by faded exciton), 
causing predominantly type I emission.  

  



Summary and Outlook
• Moire superlattice fabrication in vdW interfaces provide band 

structure engineering in nanometer length scale.

• Correlated physical states appear in magic angle twisted bilayer 
graphene.

• Spin polarized correlated insulator in twisted double bilayers.

• AA site of moire lattice can be considered as topological defects. 

Going Forward:

• Symmetry elements in the materials can be engineered by twist angle 
control.

• Can we generate topologically non-trivial electronic structures from 
twisted vdW stacks?
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