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Flat bands in magic-angle twisted bilayer graphene (MATBG) 
have recently emerged as a rich platform to explore strong cor-
relations1, superconductivity2–5 and magnetism3,6,7. However,  
the phases of MATBG in a magnetic field and what they 
reveal about the zero-field phase diagram remain relatively 
uncharted. Here we report a rich sequence of wedge-like 
regions of quantized Hall conductance with Chern numbers 
C = ±1, ±2, ±3 and ±4, which nucleate from integer fillings of 
the moiré unit cell v = ±3, ±2, ±1 and 0, respectively. We inter-
pret these phases as spin- and valley-polarized many-body 
Chern insulators. The exact sequence and correspondence 
of the Chern numbers and filling factors suggest that these 
states are directly driven by electronic interactions, which 
specifically break the time-reversal symmetry in the system. 
We further study the yet unexplored higher-energy disper-
sive bands with a Rashba-like dispersion. The analysis of 
Landau-level crossings enables a parameter-free comparison 
to a newly derived ‘magic series’ of level crossings in a mag-
netic field and provides constraints on the parameters of the 
Bistritzer–MacDonald MATBG Hamiltonian. Overall, our data 
provide direct insights into the complex nature of symmetry 
breaking in MATBG and allow for the quantitative tests of the 
proposed microscopic scenarios for its electronic phases.

Electron interactions can break the underlying symmetries of 
condensed matter systems and drive the formation of various quan-
tum phases. In twisted bilayer graphene (tBLG) rotated by the magic 
angle of θm ≈ 1.1°, ultraflat moiré bands8 host strongly interacting 
electrons that give rise to phases including correlated insulators1,9,10, 
superconductors2–5 and orbital magnets3,6,7. The variety of phases 
observed in magic-angle twisted bilayer graphene (MATBG) sug-
gests the presence of interesting low-energy states in the many-body 
spectrum, some of which can be stabilized by external tuning 
parameters such as pressure, strain and fields. However, the exact 
nature of the interaction-driven symmetry-broken ground states is 
still not well understood. Recently, it was proposed that the two-spin 
valley-degenerate flat bands can be understood as a series of eightfold 
(quasi-) degenerate topologically non-trivial bands with opposite 
Chern numbers C = 1 and C = −1 (refs. 11,12), with recent experimen-
tal evidence mounting in favour of this picture5,13–15. Moreover, the 
nature of the high-energy dispersive bands and the possible phases 
that can appear at higher filling factors have not been explored.

To reveal the topologically non-trivial properties of the 
low-energy states of MATBG, it is necessary to lift their degeneracy 

by creating an energy gap between them. The single-particle band 
structure of MATBG obeys the inversion and time reversal of the C2 
and T symmetries, which protects the Dirac points. Breaking this 
symmetry can create a gap and give rise to Chern insulators with 
quantized Hall conductance. This has been achieved in the past by 
breaking the C2 lattice symmetry at the single-particle level by struc-
tural alignment with hexagonal boron nitride (hBN) substrates6,7. 
Recent studies have also observed Chern insulators in devices with-
out alignment to the hBN and hence without explicit single-particle 
symmetry breaking3,5. For these samples, strong electronic interac-
tions could directly break one or both the C2 and T symmetries and 
valley polarize the system, creating isolated (quasi-) flat bands in 
the K and K' valleys and giving rise to a sequence of quantum Hall 
ferromagnets.

Here we report studies of tBLG devices close to the first magic 
angle θ = 1.03–1.15°, which were not specifically aligned to the hBN 
substrates. Figure 1a shows the schematic of the typical devices, 
which consist of a quadruple van der Waals heterostructure of 
graphite/hBN/MATBG/hBN. We perform four-terminal longi-
tudinal resistance (Rxx) and Hall resistance (Rxy) measurements, 
where the carrier concentration n in the MATBG is continuously 
controlled by voltage Vg at the graphite gate. We normalize n by 
nS = 4n0, where nS is the density of the fully filled fourfold spin- and 
valley-degenerate moiré bands and n0 is the density per flavour; fur-
ther, the filling factor of the carriers per moiré unit cell is defined 
as ν = n/n0. Applying a perpendicular magnetic field B⊥ at T = 1.5 K 
(Fig. 1b,c) reveals a set of broad wedge-shaped regions in the n–B 
phase space, where Rxx ≈ 0 Ω and Rxy ≈ h/Ce2 (where e is the electron 
charge and h is Planck’s constant). These quantized regions follow a 
linear slope of dn/dB = Ce/h, which can be traced to different inte-
ger fillings ν at B = 0. These singular states show a clear correspon-
dence between the Chern number and filling factor (C, ν). We find 
a robust sequence for the (±4, 0), (±3, ±1), (±2, ±2) and (±1, ±3) 
states in different devices, as shown in Fig. 1e, showing the sche-
matic of their cumulative phase diagrams.

At lower T, we also observe a clear set of Landau-level (LL) 
fans, which follow the typically reported fourfold degeneracy at the 
charge neutrality point (Supplementary Fig. 3). The energy gaps 
associated with these states are up to an order of magnitude smaller 
than the gaps of the (C, ν) states, which have values of Δ ≈ 1 meV 
(Supplementary Information). The (C, ν) states are more visibly pro-
nounced, and some already quantize below B⊥ < 0.3 T and T < 10 K 
(Supplementary Fig. 6). This is in contrast to LL quantization,  
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where MATBG typically occurs above B⊥ > 3 T and below T < 1 K. 
This allows us to disentangle these gaps by elevating T and to 
observe their robust and unperturbed sequence. However, these 
states do not form in a zero B⊥ field; even though they require a B⊥ 
field to nucleate, the (±4, 0), (3, 1) and (−2, −2) states already form 
at a negligibly small B⊥ > 0.1 T. The very small values of the field for 
which these states appear, especially the (−2, −2) state12, suggests 
that they are very competitive to the true ground state in the zero 
field. In contrast, the (−3, −1) and (±1, ±3) states require higher 
fields of B⊥ > 2 T. Figure 1e summarizes the corresponding critical 
B⊥ fields for all the states and devices.

We interpret these states as correlated Chern insulators (CCIs) 
that are driven by interactions and stabilized by a small B⊥ field. 
These states are possible because the underlying flat bands of 
MATBG can be thought of as Chern bands with eightfold val-
ley, spin and sub-lattice degeneracy, which carry opposite Chern 
numbers C = 1 and C = −1 (refs. 11–15). Lifting the degeneracy of 
these bands by gaping out their Dirac points and polarizing them 
can create topologically non-trivial gaps. This is analogous to the 
interaction-driven formation of quantum Hall ferromagnets from 
degenerate LLs in large B fields, although the microscopic origins 
are distinct16–18. In MATBG, the flat moiré bands allow interac-
tions to dominate and open CCI states in the zero B-field limit.  

Chern bands are known to be favourable in MATBG: due to the 
topology of the active bands, any bandgap opening creates individ-
ual non-zero Chern bands (whose total Chern number adds to zero 
without interactions). However, valley or spin ferromagnetism then 
polarizes the Chern bands to create ground states with non-zero 
Chern number. Moreover, the robust sequence for the (±4, 0),  
(±3, ±1), (±2, ±2) and (±1, ±3) states strongly constrain the under-
lying band topology and driving mechanisms. To explain the data, 
interactions that break T rather than break the C2 symmetry are 
required14. Overall, this picture can well explain the observed peck-
ing order of the Chern numbers between the neighbouring states. 
This indicates that starting from ν = 0, the total Chern number of 
C = 4 is decreased by 1 when ν is increased to the next integer value 
on the electron side. Equivalently, on the hole side, starting from 
C = −4 at ν = 0, C increases by 1 when ν is decreased to the next 
integer value. This can be understood as the repeated filling of the 
correlation-induced valley-/spin-polarized sub-bands with Chern 
numbers C = −1 for electrons and C = 1 for holes13–15 (Fig. 1d).

The exact sequence of Chern numbers at different fillings gives 
an insight into the dominant symmetry-breaking mechanisms. 
Unlike in previous studies, where C2 symmetry was deliberately bro-
ken by the alignment of MATBG with hBN substrates, we avoid this 
by keeping the angle between the crystallographic orientations of 
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Fig. 1 | Emergent CCIs in MATBG. a, Schematic and cross-section of the hBN-encapsulated graphite-gated MATBG device. A moiré pattern with 
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(4, 0), (3, 1), (2, 2) and (1, 3). c, Corresponding Hall conductance σxy versus ν and B⊥ (top) and line cuts showing quantized σxy and vanishing longitudinal 
conductance of the Chern insulators at B⊥ = 8 T (bottom). d, Schematic of the proposed band arrangement sequence for the symmetry-broken topological 
bands and CCIs at different fillings (ν = 0, 1, 2 and 3), as a function of energy E and momentum k, where EF marks the position of the Fermi energy. We note 
that a valley-coherent configuration for the (2, 2) state is also allowed (Supplementary Fig. 10). e, Schematic of the cumulative phase diagram for several 
devices, summarizing the observed CCI, superconductor (SC) and orbital magnet (OM) in the ν–B⊥ plane. The position of the device icons for each CCI 
corresponds to the critical B⊥-field values (uncertainties indicated by the error bars are defined by the full-width at half-minimum values of dRxx/dB⊥ versus 
B⊥ for fixed C) at which these states form. Similarly, the optimal doping positions for SC are marked by the corresponding device icons.
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MATBG and hBN as θ > 10°. Generally, broken C2 symmetry (and 
keeping T unbroken) leads to a sign reversal of the Chern numbers 
in the K and K' valleys; in contrast, broken T symmetry (and keep-
ing C2 unbroken) is expected to preserve their Chern numbers. This 
can have a clear impact on the resulting many-body states and the 
predicted Chern numbers for each ν. As shown in Supplementary 
Fig. 10, while breaking either symmetry at charge neutrality as a 
parent state of the other fillings predicts the (±2, ±2) and (±1, ±3) 
states, C2 breaking predicts the existence of the (±1, ±1) and (0, 0) 
states, instead of the (±3, ±1) and (±4, 0) states predicted from the 
breaking of T symmetry and observed in the experiment13–15. We, 
therefore, suggest that the interactions in the B⊥ field in MATBG 
specifically break the T symmetry at ν = 0 and break both T and C2 
symmetries at ν = ±1 and ±3.

A central question is why the Chern insulators require a 
non-zero B⊥ field to nucleate. Since the (±4, 0), (3, 1) and (−2, −2) 
states already occur in the weak-field limit as low as B⊥ ≈ 0.1 T cor-
responding to a negligibly small magnetic flux per moiré unit cell of 
only Φ < 0.01Φ0 (where Φ0 is the flux quantum), we find it unlikely 
that the onset of the Hofstadter sub-bands is responsible. Because 
T breaking is crucial to the observed sequence of Chern states, 
we would expect the application of weak B⊥ to stabilize this phase 
because the applied magnetic field breaks the T symmetry (but not 
C2). At B⊥ = 0, the many-body states of different Chern numbers, 
including topologically trivial C = 0 states, closely compete with one 
another in energy and are obscured by disorder, but the applica-
tion of B⊥ energetically favours the states with higher C values19–21. 
Hence, our proposed scenario of a T-broken CCI is supported by 
the appearance of such states at non-zero B⊥. A further many-body 
study suggests that at ν = ±1, the C = ±1 and ±3 states are degen-
erate in the Coulomb Hamiltonian projected to the active bands22. 
When a magnetic field is added, the C = ±3 bands become energeti-
cally favourable22.

The symmetry and topology of the underlying ground state 
has dramatic implications for the understanding of the possible 
mechanisms responsible for all the other emergent phases, which 
can also be observed in the reported devices (Fig. 1e and Fig. 2a–c). 
Their phase space lies close to the Chern insulators, where most 
samples are robust superconductors and topologically trivial insula-
tors around ν = ±2. In particular, device A2 shows a critical super-
conducting temperature for MATBG devices of Tc ≈ 5 K (Fig. 2b), 
as well as strong resistance peaks at half filling that interrupt the  

superconducting domes (Fig. 2a). However, in the previously 
reported device D1 (ref. 5), we did not observe a C = 0 insulator at 
ν = −2; instead, we found a broad superconducting dome region 
and a (C = −2)-correlated insulator formed above B⊥ > 0.2 T. In 
addition, in device A3, at ν = 1, we observe an orbital magnet at 
B⊥ ≈ 2 T very close to forming a correlated insulator (Fig. 2c), likely 
created through a similar microscopic mechanism. Overall, these 
findings may suggest a close competition between topologically 
trivial and non-trivial insulators at B⊥ = 0, which directly impacts 
the superconductor and orbital magnet phases.

We further tune the carrier density beyond the full filling of the 
flat bands at |ν| > 4 and populate the largely unstudied higher-energy 
dispersive bands of MATBG. Figure 3a shows the calculated energy 
dispersion of MATBG using the Bistritzer–MacDonald model8 
including corrugations (Supplementary Discussions 10 and 11). 
The two lowest-lying fourfold degenerate higher-energy bands can 
be modelled with a Rashba-like Hamiltonian, that is, a two-band 
model to order O(k2) that transitions from a Dirac point into qua-
dratic free-electron bands (Fig. 3b). The model can be justified by 
a perturbative calculation, and the trigonal distortion terms are 
also computed (Supplementary Discussion 12). The Rashba-like 
Hamiltonian does not originate from the spin–orbit coupling, 
which is negligible in these samples, but from the crystalline terms. 
In this regime, we perform B⊥-field-dependent Rxx versus v mea-
surements, which reveal a rich fourfold degenerate LL spectrum 
with a multitude of well-pronounced LL crossings23–25, Hofstadter 
sub-bands and a new set of LLs at |ν| = 8 (Fig. 3c). These features are 
well developed in all devices and show relatively symmetric elec-
tron–hole features in the valence and conduction bands.

We exactly solve the Rashba Hamiltonian in the B⊥ field and 
obtain the LLs (Supplementary Discussion 10), which are in excel-
lent quantitative agreement with the experimental findings. The 
calculation reveals a series of LLs, each carrying the Chern num-
ber C = 4, which interpolate between the Dirac node and quadratic 
free-electron regimes. Critically, all the LLs undergo a series of cross-
ings, or gap closings, as calculated (Supplementary Discussion 10) 
and experimentally seen in the Rxx versus v and B⊥ measurements 
close to the bandgaps (Fig. 3c); for clarity, Fig. 3f shows the conver-
sion of the same data into Rxx versus C and 1/B⊥. The LL crossing 
between the nth and (n + 1)th LLs happen in the well-defined field 
of B⊥ = B* (Fig. 3d), and it can be understood as an interruption 
of the LL gap with C = n in the LL fan diagram. However, the gap 
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reappears at a higher field (Fig. 3e). Each LL gap is interrupted sev-
eral times, where we count the different generations of crossings for 
each LL from high to low B⊥. We extract the B* values for all the LL 
crossings (from Fig. 3c,f); normalize these to B*

j24j;3
I

, which is the 
field at the third crossing of the LL at C = ±24 (for electrons and 
holes, respectively); and fit them with our calculations shown in 
Fig. 3g. This allows us to extract an estimate of the Rashba coupling 
parameter ξ (Supplementary Discussions 10–12). Moreover, we find 
that the ratios between all the B* values are independent of all the 
parameters of the low-energy Hamiltonian and therefore present a 
stringent, parameter-free test of the physics—we call this the ‘magic 
series’. The two corrugation parameters w0 and w1 of the Bistritzer–
MacDonald Hamiltonian are constrained by the measured Rashba 
coupling ξ = 0.186/Ω (h = 1 and Ω ¼

ffiffiffi
3

p
=2 13:5 nmð Þ2

I
 is the area 

of the moiré unit cell), presenting a direct estimation of the physi-
cal parameters of MATBG (Supplementary Discussions 10–12). 
Neglecting the particle–hole symmetry breaking, we find that the 
ranges 0.7 ≤ w0/(vFkD/√3) ≤ 0.80 and 0.95 ≤ w1/(vFkD/√3) are in 
good agreement with the measurements of the Rashba coupling, 
where vF is the Fermi velocity and kD is the moiré wavevector19,20,26.

In summary, our data provide a new and detailed view of the 
high-B⊥-field phase diagram of MATBG and demonstrate its under-
lying topologically non-trivial properties. The topological nature of 
the flat bands in MATBG observed in this study has implications for 
the potential understanding of the superconducting phase, which 
needs to be understood on the basis of the ground states found here; 

further, this could be considered as topological superconductiv-
ity27. To further comprehend the microscopic mechanisms driv-
ing the CCI and interactions between the various quantum states 
(CCI, superconductor and orbital magnet), one possible direction 
is to control the correlated states by inducing dielectric screen-
ing or spin–orbital coupling in higher-quality devices in further 
experiments5,28,29.
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Methods
Device fabrication. The MATBG samples were fabricated using a ‘cut-and-stack’ 
method. The graphene was cut into two pieces using an AFM tip to prevent any 
unintentional strain during the tearing process. Then, a stamp of poly(bisphenol A 
carbonate)/polydimethylsiloxane mounted on a glass slide was used to pick up an 
hBN flake (typically 10–15 nm thick) at 100–110 °C. The hBN flake was then used 
to carefully pick up the first half of the pre-cut graphene piece from the Si++/SiO2 
(285 nm) substrate. The second layer of graphene was rotated by a target angle of 
θ = 1.1–1.2° and simultaneously picked up by the hBN/graphene stack from the last 
step at 100 °C. Subsequently, another hBN layer was picked up to completely cover 
the tBLG. The final layer of the heterostructure consists of a few layers of graphite, 
which acts as a local back gate. In the end, poly(bisphenol A carbonate) was melted 
at 180 °C and the full stack was dropped on an O2-plasma-cleaned Si++/SiO2 chip. 
The electrical connections to the tBLG were made by CHF3/O2 plasma etching and 
deposition of Cr/Au (6 nm/50 nm) as the metallic edge contacts.

Measurements. All our transport measurements were carried out in a dilution 
refrigerator (Bluefors SD250) with a base temperature of 20 mK. We have used a 
standard low-frequency lock-in technique (Stanford Research SR860 amplifiers) 
with an excitation frequency f = 13.111 Hz. To achieve a lower electron temperature 
in our measurements, we used a very low excitation current (10 nA) owing to 
the risk of overheating electrons and fragility of the superconductivity phases. 
Keithley 2400 voltage sourcemeters were used to control the back-gate voltage. The 
differential resistance dVxx/dI (where Vxx is the voltage drop and I is the resulting 
current) was measured with an a.c. excitation current (1 nA) applied through an 
a.c. signal generated by the lock-in amplifier in combination with a 10 MΩ resistor. 
A d.c. bias current was applied through a 1/100 divider and a 1 MΩ resistor before 
combining with the a.c. excitation. The as-induced differential voltage was further 
measured at the same frequency (19.111 Hz) with the standard lock-in technique. 
We also performed the electronic filtering of the measurement setup using a 
network of commercially available low-pass RC and LC filters.

Twist angle extraction. The phase diagrams shown in Supplementary Figs. 3–5 
are used to estimate the twist angle θ in the measured devices. We use the relation 
nS ¼ 8θ2=

ffiffiffi
3

p
a2

I
, where a = 0.246 nm is the lattice constant of graphene and nS 

is the charge carrier density corresponding to a fully filled superlattice unit cell. 
Quantum oscillations propagating outside the fully filled flat band were used to 
define nS. The carrier density was calibrated with the trajectory of LLs and low-field 
Hall effect. The twist angles are as follows: A1, ~1.04°; A2, ~1.03°; A3, ~1.10°.

Data availability
All data that support the plots within this paper and other findings of this study are 
available from the corresponding authors upon reasonable request.
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the Generalitat de Catalunya through the CERCA programme, funding from the 
European Research Council (ERC) under the European Union’s Horizon 2020 research 
and innovation programme (grant agreement no. 852927) and the La Caixa Foundation. 
B.A.B. was supported by the Department of Energy grant no. DE-SC0016239, the 
Schmidt Fund for Innovative Research, Simons Investigator grant no. 404513 and the 
Packard Foundation. Further support was provided by the National Science Foundation 
EAGER grant no. DMR 1643312, NSF-MRSEC DMR-1420541, US–Israel BSF grant 
no. 2018226, ONR no. N00014-20-1-2303 and Princeton Global Network Funds. 
I.D. acknowledges support from the INphINIT ‘la Caixa’ (ID 100010434) fellowship 
programme (LCF/BQ/DI19/11730030).

Author contributions
D.K.E., X.L. and I.D. conceived and designed the experiments. I.D. and X.L. performed 
the device fabrication and transport measurements. J.H.-A., Z.-D.S. and B.A.B. performed 
the theoretical modelling of the data. K.W. and T.T. provided the hBN crystals. I.D., X.L., 
J.H.-A., Z.-D.S., B.A.B. and D.K.E. analysed the data and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41567-021-01186-3.

Correspondence and requests for materials should be addressed to X.L. or D.K.E.

Peer review information Nature Physics thanks Shubhayu Chatterjee, Feng Wang and Ke 
Wang for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

NATuRE PHySICS | www.nature.com/naturephysics

https://doi.org/10.1038/s41567-021-01186-3
http://www.nature.com/reprints
http://www.nature.com/naturephysics

	Symmetry-broken Chern insulators and Rashba-like Landau-level crossings in magic-angle bilayer graphene
	Online content
	Fig. 1 Emergent CCIs in MATBG.
	Fig. 2 Correlated insulators, superconductors and orbital magnets in MATBG.
	Fig. 3 Rashba-like bands and LL crossings in higher-energy dispersive bands.




