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Emergence of Chern Insulating States in Non-Magic Angle Twisted Bilayer
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Twisting two layers into a magic angle (MA) of ∼1.1∘ is found essential to create low energy flat bands and
the resulting correlated insulating, superconducting, and magnetic phases in twisted bilayer graphene (TBG).
While most of previous works focus on revealing these emergent states in MA-TBG, a study of the twist angle
dependence, which helps to map an evolution of these phases, is yet less explored. Here, we report a magnetotransport study on one non-magic angle TBG device, whose twist angle 𝜃 changes from 1.25∘ at one end to 1.43∘
at the other. For 𝜃 = 1.25∘ we observe an emergence of topological insulating states at hole side with a sequence
of Chern number |𝐶| = 4 − |𝑣|, where 𝑣 is the number of electrons (holes) in moiré unite cell. When 𝜃 > 1.25∘ , the
Chern insulator from flat band disappears and evolves into fractal Hofstadter butterfly quantum Hall insulator
where magnetic flux in one moiré unite cell matters. Our observations will stimulate further theoretical and
experimental investigations on the relationship between electron interactions and non-trivial band topology.

DOI: 10.1088/0256-307X/38/4/047301
Twist angle plays an important role in twisted
bilayer graphene (TBG) and other two-dimensional
twisted moiré systems. By twisting two layers into a
magic angle (MA) of ∼1.1∘ in TBG, moiré bands are
generated with a narrow band width of ∼10 meV, socalled flat band where it favors electron interactions
over kinetic energy,[1−9] contributing to the realizations of correlated insulating,[2] superconducting,[3−5]
and orbital magnetic phases.[5,10−12] As the twist angle is increased further to non-magic angle (NMA), the
moiré band width is increased very fast and the bands
are no longer flat, where the electrons tend to lose
correlation.[1,13,14] Recently, aside from the observation of non-zero Chern bands in TBG,[5,11,12] twisted
multilayer graphene[15,16] and ABC-stacked trilayer
graphene[17] where inversion symmetry (𝐶2 ) is broken, the strong electron interactions in MA-TBG are
found able to break time reversal symmetry (𝑇 ), untie the degeneracy between the flat bands, and thus
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reveal a sequence of non-trivial topological insulating
states with Chern number |𝐶| = 4 − |𝑣|,[18−21] where
𝑣 = 𝑛/𝑛0 is the number of electrons (or holes) filled
in one moiré unit cell, 𝑛 is the carrier density, and 𝑛0
is carrier density of one electron per moiré unit cell
area. Then, intuitively one may ask how strong an
electron interaction is needed to produce these Chern
bands, and if it survives even for NMA-TBG or not.
The question is interesting and important, and yet to
be explored.
In this Letter, we try to bridge the gap by studying
magneto transport properties of an NMA-TBG device
with different twist angles. A perpendicular magnetic
field (𝐵) would have impacts on TBG in two different ways. First, the magnetic field tends to recombine
the flat bands of TBG into a series of fractal Landau levels (LLs), i.e., the so-called Hofstadter butterfly spectra, in which the recurring fractal bands are
dependent on the number of magnetic fluxes in each
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by quantized Hall conductance 𝜎𝑥𝑦 = 𝐶𝑒2 /ℎ, where 𝑒
is the electron charge and ℎ is Planck’s constant. The
Chern number could also be obtained from a linear
slop of the quantized conductance in Landau fan diagram by 𝐶 = (ℎ/𝑒)(𝑑𝑛/𝑑𝐵), where 𝑛 is the carrier
density. Although the ratio between the characteristic
Coulomb interaction strength 𝑈 and the moiré bandwidth 𝑊 is significantly reduced for NMA TBG, it
is still of fundamental interest to reveal the interplay
and competition between the fractal LL spectra and
the topological moiré bands driven by (interactionenhanced) orbital Zeeman splittings. We shed light on
such an intriguing problem by measuring Landau fan
diagrams in NMA TBG samples with different twist
angles.

moiré primitive cell. Second, aside from the formation of LLs, the magnetic field also induces splitting
between the flat bands with opposite Chern numbers
+/−1 due to the orbital Zeeman effect.[22] Such orbital
Zeeman splitting originates from the intrinsic orbital
magnetism of the topological flat bands of TBG, and
can be dramatically enhanced by Coulomb interactions, which would give rise to a series of time-reversal
broken moiré Chern bands without the necessity of
forming LLs. Note that quantum Hall insulator is
in principle a Chern insulator, where the LL filling
factor corresponds to the Chern number. To avoid
confusion, we use “Chern” specifically for moiré Chern
bands in this Letter. These moiré Chern bands under
(weak) perpendicular magnetic field 𝐵 are manifested
TBG
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Fig. 1. Hofstadter butterfly spectra in TBG with 𝜃 = 1.38∘ . (a) Schematic side view of TBG device structure.
(b) Two-terminal conductance as a function of carrier density 𝑛 acquired among different Hall bar pairs and at
temperature 𝑇 = 1.7 K. The scale bar in the inset is 4 µm. (c) Schematics of twist angle distribution. (d) Transverse
Hall resistance 𝑅𝑥𝑦 mapping plot versus electron or hole filling of moiré unit cell and perpendicular magnetic fields.
(e) Schematic illustration of Wannier diagram in panel (d). (f) Line cuts at varied fields from panel (d), showing
suppression of quantum Hall ferromagnetism near CNP.

A schematic illustration of the device is shown in
Fig. 1(a). The twisted graphene layers are encapsulated by hBN, and they are not aligned with hBN
substrate in order to hold the 𝐶2 sublattice symmetry (Fig. S1 in Supplementary Information). The nonmagic angle nature is revealed in the transfer curves at
different positions as shown in Fig. 1(b), from which
the extracted twist angle changes from 1.25∘ at one
end to 1.43∘ at the other in Fig. 1(c), and corre-

lated insulating states are absent in our device. The
twist angles are further quantified and validated in the
magneto-transport, regardless of a moderate inhomogeneity of ±0.03∘ for each device presented in the main
text. The details for assignment of twist angle and related discussions of twist inhomogeneity are presented
in the first section of Supplementary Information.
We start with magneto transport studies at a twist
angle 𝜃 ∼ 1.38∘ , where fractal Hofstadter butterfly
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netic field where LLs from 𝑣 = 0 and from 𝑣 = 4 intersect, consistent with the Hofstadter butterfly spectra in the previous well-studied graphene/hBN superlattice heterostructure.[24−28] Additionally, quantum Hall ferromagnets (QHFMs), well developed here
with LL filling factors 𝑣LL = ±1, ±2, ±3, 5, 6, 7
near charge neutral point (CNP), are formed by lifting the 8-fold spin, valley, and layer degeneracies.
Close to the Hofstadter gaps at 𝛷 = 𝛷0 /𝑞, the system experiences a reverse Stoner transition due to
superlattice-modulated bandwidth broadening, which
is manifested by the suppression of QHFM. Instead of
being quantized plateaus, the Hall resistances develop
into a series of peaks and valleys with positive and
negative values respectively, and the alternating Hall
resistance sign change [see the red curve of Fig. 1(f)] is
a direct evidence of recurring fractal Hofstadter Butterfly bands.

spectra dominate. The measurements are performed
at 20 mK, and a color mapping of Hall resistance 𝑅𝑥𝑦
as a function of carrier density and magnetic field is
shown in Fig. 1(d). In the TBG moiré system, a single particle picture of fractal LL spectra can be derived from the interplay of periodic interlayer moiré
potential and magnetic fields.[23] They are featured by
the recurring embryo LLs which emanate from magnetic flux per moiré unit cell 𝛷 = 𝛷0 (𝑝/𝑞), where 𝑝
and 𝑞 are co-prime integers, 𝛷0 = ℎ/𝑒 is the quantum magnetic flux. These embryo LLs are well understood as replica minibands at effective magnetic field
𝐵eff = ±|𝐵 − 𝐵𝑝/𝑞 |, with spin-valley symmetry breaking driven by electron interactions.[24−28] Notably, as
depicted in Fig. 1(e), one could identify LLs from
charge neutral point (CNP) at 𝑣 = 0 and that from
full filling at 𝑣 = 4, and the fractal LLs appear only in
the regimes between two rational fluxes at high magRxx (W)
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Fig. 2. Symmetry-broken Chern insulators in TBG with 𝜃 = 1.25∘ . (a) Landau fan diagram of TBG acquired at
temperature 𝑇 = 20 mK. (b) Schematic illustration of Wannier diagram. Grey and dark blue lines represent integer
quantum Hall (IQH) insulators originated from CNP and gap edge of fulfilling, respectively. Light blue line shows
symmetry-broken Chern insulators (SCIs) interrupted by fractal Hofstadter gaps at rational magnetic flux. Orange
shades represent band gap at CNP and fulfillings. (c) Schematic of Chern number texture of flat band under 𝐶2
symmetry or time-reversal symmetry breaking. The dashed lines indicate Fermi level location at 𝑣 = −1 filling.

Next, we discuss the transport measurements at
𝜃 ∼ 1.25∘ , an angle closer to magic angle of ∼1.1∘ , and
we observed a phases diagram beyond Hofstadter butterfly spectra. Similar to the device with 𝜃 ∼ 1.38∘ ,
correlated insulating states are absent at zero magnetic field, and LLs from 𝑣 = 0 and from 𝑣 = 4 at
20 mK are clearly shown in Fig. 2(a). The major difference lies in the emergence of longitudinal resistance
𝑅𝑥𝑥 minima, as depicted by the red dashed lines in

Fig. 2(b). These states are characterized by a series
of Chern number (or LL filling factor) of −1, −2, −3,
which could be traced to integer moiré band fillings of
𝑣 = −3, −2, −1 at 𝐵 = 0 T, respectively. For simplicity, we name these states by (𝐶, 𝑣), that is, (−1, −3),
(−2, −2), and (−3, −1).
These states are not originated from the fractal
bands in Hofstadter Butterfly spectra. Take the state
(−2, −2), for example, the onset magnetic field is very
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low, at 𝐵 < 2 T (∼0.05𝛷0 ), which suggests that magnetic flux plays a trivial role [Fig. 2(a) and Fig. S6].
In addition, the state threads through several rational
fluxes in a fan diagram, which is also in contrast to
the expected restriction to one rational flux for fractal minibands. Similar threading behaviors are found
in the states (−1, −3) and (−3, −1), which emerge at
𝐵 = 8 T and 12 T respectively. It is also noted that the
state (−2, −2) is robust, and it shows a thermal activation gap comparable to LL (𝑣LL = −2) originated
from CNP (Fig. S4). The twist angle inhomogeneity
here precludes well-developed Hall plateaus for these
states (Fig. S5).
We interpret these states as the emergence of
topologically nontrivial moiré Chern insulators, which
have also been observed in MA-TBG in recent related
works.[18−21,29,30] As discussed in previous theoretical works, the low-energy flat bands in TBG can be
interpreted as 8 valley-spin degenerate Chern bands
with opposite Chern numbers +/−1, which carry opposite orbital magnetization and exhibit opposite orbital 𝑔 factor.[22] As a result, once a (weak) perpendicular magnetic field is applied, time-reversal symmetry would be broken due to the orbital Zeeman effect,
which splits the 8-fold degenerate flat bands into two
sets of 4-fold degenerate Chern bands with 𝐶 = +1
and 𝐶 = −1 respectively, equivalent to zeroth pseudo
LLs.[31] If an integer number (𝑣) of the 4-fold degenerate Chern bands are filled (emptified) on the electron
(hole) side, a gap would be opened up between the
occupied and unoccupied bands due to exchange interactions, leading to an interaction-driven Chern insulator with Chern number |𝐶| = 4 − |𝑣|. Therefore,
one would expect to see a sequence of Chern insulator
states (−1, −3), (−2, −2), (−3, −1) as the filling factor 𝑣 decreases from −1 to −3, which is clearly marked
in Fig. 2(b). Such a picture is similar to the QHFM for
cyclotron LLs in graphene.[32,33] In a finite magnetic
field, Coulomb interactions tend to first break either
one of the spin or valley symmetry forming twofold
degenerate LLs, and eventually lift all fourfold degeneracy. Coming back to the flat bands of TBG, the
above picture implies that a symmetry-broken Chern
insulator (SCI) (−2, −2) should appear first with the
increase of magnetic field, followed by the (−1, −3)
or (−3, −1) SCI states. This argument is consistent
with our observed hierarchy of SCIs, and explains why
a tiny field (∼2 T) is required to establish the (−2,
−2) state. It is worthwhile to note that although an
approximate particle–hole symmetry is present in the
continuum model of TBG, it is absent in a more realistic band structure of TBG including the effects of
atomic corrugations,[34] in which the conduction flat
band has a wider bandwidth than the valence band,
which suppresses the emergence of the SCIs on the
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electron side.
Our results demonstrate that the emergence of
non-trivial band topology is not restricted to the
magic angle regime. Aside from the 𝑅𝑥𝑦 data acquired
at 𝑇 = 20 mK for 𝜃 = 1.38∘ , we also measured 𝑅𝑥𝑥
responses for various 𝜃 of 1.25∘ , 1.38∘ , and 1.43∘ at an
elevated temperature 𝑇 = 1.7 K, with 𝐵 = 0–9 T. For
band filling −4 < 𝑣 < 0, SCI (−2, −2) and (−1, −3)
are observed in the 𝜃 = 1.25∘ TBG device, but not the
𝜃 = 1.38∘ and 1.43∘ devices (see Fig. 1, Fig. 3, Fig. S7,
and Fig. S8). Experimentally, it is surprising to find
the SCI in the 1.25∘ device for two reasons, one is the
non-magic twist angle, and the other is a moderate
twist angle inhomogeneity. Usually, the inhomogeneity would destroy the correlated behavior and impede
the observation of SCI. However, seeing is believing,
the observation of SCIs in turn suggests that the relatively large twist angle does not play a dominant role
here, and an explanation of microscopic mechanism
behind as well as what role played by strain is beyond our work. And instead, we tend to offer a tentative yet quantitative analysis of electron interaction
and kinetic energy. We found that our observation of
Chern bands at 1.25∘ is very close to the crossover
regime where Coulomb interaction and moiré band
bandwidth are comparable (see Fig. S9). Since the
moiré bandwidth 𝑊 increases almost linearly with the
twist angle (when 𝜃 is larger than the MA), the disappearance of the SCI states at larger twist angles can
be explained by the reduced interaction effects due
to the enhanced kinetic energy. Note that the above
analysis electron interaction is kind of rough, and it
strongly depends on the dielectric constant and also
on how the electron separation is treated. The critical
twist angle below which such SCIs can emerge requires
more detailed exploration in the future.
As discussed above, the SCI states observed in the
1.25∘ device is interpreted as an interaction-driven
symmetry breaking state triggered by a tiny onset
magnetic field. The gap in the SCI state is generated by electrons’ Coulomb interactions, while the
topological nature of the gap is triggered by a tiny
𝐵 field through the orbital Zeeman coupling. Thus,
the resulted symmetry breaking state exhibits an orbital ferromagnetic order with nonzero Chern numbers. At larger twist angles, the Coulomb interaction may not be strong enough to overcome the moiré
kinetic energy, then the symmetry-breaking scenario
sketched above cannot happen and the system would
still preserve valley and spin symmetries (despite the
non-interacting spin and orbital Zeeman splittings induced by the small 𝐵 fields, which are negligible compared to the bandwidth without considering interaction effects). However, another possible scenario is
that the absence of SCI states in 1.38∘ and 1.43∘ TBG
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is accounted by the intrinsic trivial topology of the
low-energy bands at larger twist angles such that the
system remains topologically trivial even if the interactions are strong enough to drive the system into a
symmetry-breaking state at larger twist angles. Although the intervalley couplings at the single particle are still negligible (∼0.05–0.1 meV) at 1.38∘ and
1.43∘ , it could be dramatically enhanced by electron–
phonon coupling,[35] thus we cannot rule out this possibility. A method to distinguish these two scenarios
is by further elevating magnetic fields to enhance√exchange Coulomb energy which is proportional to 𝐵
or reducing device disorders, to fully break spin and
valley isospin symmetry. If the nontrivial topology is
preserved at larger twist angles, one would expect to
see the emergence of SCIs with fully lifted valley-spin
degeneracy at stronger magnetic fields. The specific
mechanism for the interplay between electrons’ interactions and the nontrivial band topology would be
further elucidated by checking if the SCI states would
emerge or not at high-enough magnetic fields.
Lastly, we show the interplay and competition be-30
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Butterfly picture as demonstrated in Figs. 1(d) and
1(e) with 𝜃 ∼ 1.38∘ . This argument is further supported in Figs. 3(d) and 3(e) at elevated temperature of 𝑇 = 1.7 K. The fractal Hofstadter butterfly
survives as the Brown–Zak oscillations[36] in Fig. 3(e)
for 𝜃 ∼ 1.38∘ , while they are absent in Fig. 3(d) for
𝜃 ∼ 1.25∘ . The suppression of conventional fractal
Hofstadter bands suggests a competition, which is sensitive to electron interactions between LL quantization
effect and non-trivial topological effect at zero magnetic field from moiré Chern bands.
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Fig. 3. Landau fan diagram in TBG with respect to twist angle 𝜃. (a), (b), (c) Density of states (DOS) versus
band energy for varied twist angles 𝜃 = 1.25∘ , 1.38∘ , and 1.43∘ , respectively, according to the Bistritzer–MacDonald
model[1] calculations with a hopping energy of 110.7 meV. Orange shades represent single-particle band gap at
𝑣 = ±4 fillings. (d), (e), (f) Landau fan diagrams for varied twist angles in one device. Dashed lines in panels (a)
and (b) show 𝑅𝑥𝑥 minima of SCI and Brown–Zak oscillations, respectively.

Here, we give a simple and self-consistent qualitative explanation in the framework of a competition
between orbital Zeeman effect and cyclotron quantization. In one way, the orbital Zeeman effects from
the nontrivial topology of the flat bands in TBG are
characterized by effective orbital 𝑔-factor,[37−39] which
may be enhanced by electron–electron interactions.
In another way, the cyclotron quantization is proportional to Fermi velocity (or inversely proportional to
effective mass). At a magic angle, the moiré band is
ultra-flat with the Fermi velocity greatly suppressed,
i.e., orbital effects dominate over cyclotron quantization, and thus moiré Chern bands are dominating in
the Landau fan diagram with a greatly suppressed LL
quantization and eventually suppressed fractal Hofs-

tadter butterfly spectra. When the twist angle increases to a non-magic angle, the Fermi velocity tends
to increase and thus leads to a situation where both
orbital effects and cyclotron quantization matter. As
a result, moiré Chern bands and cyclotron LLs coexist and show intermediate interactions, as shown by
instances that the trajectory of SCI (−2, −2) beads
between rational fluxes 𝑝𝛷0 /10 and is crossed by Landau fan emanating from CNP [Fig. 2(b)]. At some
points, e.g., by increasing the twist angle or by tuning doping level, the orbital effects fail and cyclotron
quantization will win, eventually moiré Chern bands
give way to Hofstadter butterfly fractal gaps, as manifested by prevailed Brown–Zak oscillations in electron
branch of 1.25∘ NMA-TBG and also both electron and
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hole branches of 1.38∘ NMA-TBG. For a 1.43∘ device,
the disappearance of moiré Chern bands is strongly
related to the reduced 𝑈/𝑊 for an increased moiré
bandwidth, and the disappearance of Brown–Zak oscillations is due to a smaller moiré period and weaker
moiré potential, in line with fan diagram of a 1.8∘
TBG device in Ref. [13] where two graphene layers are
weakly coupled.
In summary, our results demonstrate non-trivial
topology for low-energy flat bands in non-magic-angle
TBG with broken 𝑇 symmetry. The stabilization of
Chern insulators requires both a tiny magnetic field
and strong electron interactions stemmed from flat
bands, implying a related 𝑇 symmetry breaking mechanism. Our studies also point out a crucial role of
electron interactions in shaping Landau level phases
in TBG. These discoveries would help us unveil the
mystery of electron correlation effects in band topology and even correlated insulators and superconductivities.
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1. Device fabrication, twist angle distribution and band gap at CNP
The hBN/TBG/hBN sandwich structure is fabricated through a typical “tear and stack” method1 and then
followed by ebeam lithography and reactive ion etching techniques. One-dimensional Cr/Au edge contact is
applied2. We misalign graphene and hBN substrate to preserve C2 symmetry, and also reserve untwisted
monolayer graphene where we can check whether the C2 symmetry is truly kept according to its transport
behavior. An absence of satellite resistance peaks in the measured density range for monolayer graphene
reveals little moirésuperlattice potential modulation present between graphene and hBN (Fig. S1b).
We extract roughly the dominant twist angle between each Hall bar pairs by the formula 𝑛𝑠 =

8𝜃 2
,
3𝑎 2

which relates the twist angle θ to carrier density ns of full filling (here a is the graphene lattice constant). A
further analysis of Hofstadter butterfly features, for instance Brown-Zak oscillations and fractal minibands,
which directly give moiréunit cell area A according to ϕ=BA=ϕ0/q (here ϕ is the featured rational magnetic
flux, q is an integer, and B is the corresponding magnetic field), finally help us to define the exact value of
twist angles. For 1.25 degree device, we extracted the twist angle from the carrier densities at which C=-3, -2,
-1 Chern insulators at B=0T. And for 1.38 degree device, the twist angle is extracted from the Brown-Zak

oscillations of Hofstadter butterfly due to the rational filling of magnetic flux in a moiréunit cell to quantum
flux. For 1.43 degree device, the twist angle is quantified from carrier density difference between two points
at B=0T where two set of landau levels fan out.
Fig. S1c shows temperature-varied resistance behavior in TBG with θ=1.25°. A metal-insulator transition
occurs at low temperature, indicating gap opening at CNP. The linearly fitted thermal activation gap is about
1.35meV. Gap opening at CNP is typically attributed to C2T symmetry breaking3, which is specifically
induced by a C2 symmetry or T symmetry breaking. As C2 symmetry is most likely already kept in our device,
we thus speculate incipient T symmetry breaking present in our device.
We summarize the transfer curves for all pairs of probes on both sides of the hall bar in Fig. S2. For
probe pairs 2-3 and 10-9, which are located at different sides but a same distance from probe 1, they show
similar carrier density for fulfilling, i.e. the similar twist angle, yet with different twist inhomogeneity (±
0.03o for 2-3 and ±0.08o for 10-9). Results are the same for probes 3-4 and 9-8, as well as 4-5 and 8-7, with a
moderate twist angle of ~±0.03o. The twist angle is increased when probes are further away from probe 1. In
fact, such a twist angle distribution is most likely caused by the presence of bubbles at probes 1 and 6, which
produce twist angle gradient from 1 to 6. Our transport data thus show an average result over a specific twist
angle range. Despite the moderate twist angle inhomogeneity, it is noted that we can extract the exact twist
angle contributed to the transport data precisely from the magnetic flux ϕ0/q for Brown-Zak oscillation and
carrier density at which Chern insulators are traced to at B=0T.

FIG.S1 Symmetry breaking in TBG device. a, optical microscope images of our device. The left one shows
initial sandwich image. We outline the edge direction of hBN and graphene with orange and white lines,
respectively. Red and blue dash lines enclose regions of TBG and monolayer graphene, respectively. Scale
bars of both images represent 4μm. b, four-terminal resistance as a function of carrier density in monolayer
graphene. c, temperature dependence of four-terminal conductance acquired between electrode 2 and 3. d,
Arrhenius fitting of thermal activation gap at CNP.

FIG.S2 Twist angle distribution all over the device. From the carrier density where gap edge appears for
fulfilling, we extract the twist angle these probes as ~1.25°(a), ~1.38°(b) and 1.43°(c). The data are acquired
at 1.7K.

Generally speaking, mixed twist angle or twist angle inhomogeneity will tend to broaden the resistance peak
at full filling, or even yield several peaks and thus bring several set of landau levels in the fan diagram (noted
that the presence of gap opening at full filling will also tend to increase the width of the resistance peak). In
our transport data, we only see two set of landau level, one from the charge neutral point, and the other from
moirésuperlattice period, which suggests trivial role played by twist angle inhomogeneity and a good sample
quality of our device.
Besides, mixed twisted angle may bring additional scattering in the TBG and make it difficult to observe well
quantized hall conductance plateau. However, the failure to observe quantized conductance in our 1.25 degree
device is more likely due to big bandwidth at non-optimum twist angle, rather than few meV at magic angle of
~1.1 degree.
Lastly, mixed twisted angle is also predicted to induce C3 symmetry breaking and lift landau level degeneracy
in TBG devices4. This might relate to the lifted degeneracy transition from 8 folds to 4 folds for Landau levels
emanating from charge neutral point, indicated by the dashed line in the figure below. However, electron
interaction might also lift the degeneracy of landau levels.

2. Emergence of symmetry-broken and fractional Landau levels in remote bands
While most of attention is focused on the flat band in TBG, characteristics of remote dispersive bands are
rarely studied. For remote bands, Fermi surface encloses Γ point in moiré Brillouin zone, producing four-fold
spin-valley degeneracy. We find here that the four-fold degeneracy is fully lifted, yielding well-developed
symmetry-broken LLs with vLL=1, 2, 3 (Fig. S3). These LLs are characterized by longitudinal
magnetoresistance Rxx minima around zero, but without Hall plateaus due to twist angle inhomogeneity. We
further find two Rxx minima trajectories with a slope

𝑑𝐵
𝑑𝑛

=

𝜙0
,
𝑣𝐿𝐿

where vLL for one LL is estimated to be 1/3,

and another uncertainly to be 2/3 or 3/5. This phenomenon indicates an emergence of fractional quantum Hall
effect (FQHE) for remote bands.

FIG.S3 Symmetry-broken Landau levels and signatures of fractional quantum Hall effects in remote
dispersive bands in θ=1.25° TBG. The arrows in (a) point to Rxx minima of fractional Landau levels, as
depicted in (b).
3. Chern insulators: gap size, Hall resistance and onset at tiny field
Because of the pronounced twist angle inhomogeneity in our device, Hall resistances for Chern insulators
(Fig. S5) deviate from quantized plateaus, instead shows a peak tracing the corresponding Rxx minima as in
Fig. 2a. We apply Arrhenius fitting to obtain the thermal activation gap for Chern insulator (-2, -2). At B=9T,
its gap reaches to 11.7K, which is comparable to that of LL with vLL=-2 from CNP. We also zoomed in the LL
fan diagram to focus on the onset of Chern insulator (-2, -2). Fig. S6 shows that the Rxx minima and also sign
change of dRxx/dn for Chern insulator (-2, -2) develop below B=1T.

FIG.S4 Temperature dependence of Rxx at B=9T for Chern insulator (-2, -2) (a) and symmetry-broken LL
vLL=-2 originated from CNP (b). The inset figures show fitted thermal activation gap according to Arrhenius
formula 𝑅 ∝ exp(−Δ/2𝑘𝑇).

FIG.S5 Hall resistance Rxy behaviors in θ=1.25°TBG. a, two-dimensional mapping of Rxy as a function of
carrier density and magnetic fields. Dash lines show expected trajectories of Hall plateaus and Rxx minima for
Chern insulators. b, line cuts of Rxy and Rxx at B=16.66T. We mark the Chern insulators (-1, -3), (-2, -2), (-3, -1)
and (-4, 0) with light blue shades and symmetry-broken LLs from CNP with orange shades. Additionally,
violet bars are added to show the expected quantized value of Rxy. All the data are acquired at T=20mK.

FIG.S6 Onset of Chern insulator (-2, -2) in tiny magnetic fields for θ=1.25°TBG. a, zoomed-in Landau fan
diagram. b, derivate of Rxx with respect to carrier density n as a function of filling v and field B. c, line cuts of
Rxx with respect to carrier density. All the data are acquired at T=20mK.

4. Landan fan diagram for varied twist angle

FIG.S7 Landau fan diagram for both of hole and electron branches. The spike line in (a) comes from an
unexpected error in our measurement system.

FIG.S8 Brown-Zak oscillation in θ=1.38°TBG. The data are obtained from Fig.S7b, shown as a line cut at
density n=-2.3n0.

We show a full image of Landau fan diagram both for electron and hole sides. At T=1.7K and B<9T,
Chern insulators (-1, -3) and (-2, -2) still survive in the θ=1.25° TBG. We observed more pronounced
Brown-Zak oscillations at electron side as compared to one at T=20mK. This behavior is similar to that in
graphene/hBN superlattice, where the fractal minibands will evolve into Brown-Zak subbands when
temperature is elevated. Fig. S8 shows clearly Brown-Zak oscillations surviving down to ϕ0/11 in 1.38°TBG
at hole side. While for 1.43°TBG, no signal of Brown-Zak oscillations is found.

5. Coulomb interaction and kinetic energy
A rigid calculation for Chern band formation at varied twist angle with e-e interaction involved is far beyond
the content of our paper, instead we present a general analysis considering the competition between Coulomb
interaction and kinetic energy here. In TBG with a small twist angle of θ, the Coulomb interaction can be
𝑒2

estimated as U = 4𝜋𝜖 𝜖

0𝜆

, where e is the electron charge, 𝜖 the relative dielectric constant, 𝜖0 the vacuum

𝑎

permittivity, and 𝜆 ≈ 𝜃 the moire wavelength and a the graphene lattice constant. We calculated the Coulomb
interaction by assuming 𝜖=4 as shown in the picture below. From the continuum model, we extract bandwidth
W for valence and conduction band to describe the kinetic energy. The bandwidth of valance band and
conduction band is calculated by continuum model. We choose the minimum and maximum points on the path
of mini-Brillouin zone from Gamma to M to K to calculate the bandwidth. Therefore, the bandwidth may
slightly different from that calculated from the density of the state diagram. The calculation result indicates a
crossover at 𝜃 = 1.27o when U/W=1, which locates the similar range of twist angle where we observed the
symmetry-broken Chern insulators.

FIG.S9 Band width calculated from continuum model and Coulomb repulsion energy for a small twist angle

It is also noted that the dielectric environments have a strong influence on the Coulomb energy. In our analysis,
we chose a relative dielectric constant of 4, which is very close to that of hBN. The agreement between this
simple assumption and our experimental results points to a screening effect in 3 dimensions by the dielectric
environment. In experiments, 𝜖 might vary from device to device and bring a big uncertainty when
quantifying Coulomb energy.
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