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Magic-angle twisted bilayer graphene hosts a variety of strongly

correlated states at partial fillings of its flat bands. In a magnetic field,

these flat bands evolve into a Hofstadter spectrum renormalized by strong
Coulombinteractions. Here we study the interacting Hofstadter states

that spontaneously form within the topological magnetic sub-bands of
anultraclean magic-angle twisted bilayer graphene device, including
symmetry-broken Cherninsulator states and fractional quantum Hall states.
The observed symmetry-broken Cherninsulator states form a cascade, with
their Chern numbers mimicking the main sequence of correlated Chern
insulators. The fractional quantum Hall states formin a Jain sequence.
However, they disappear at high magnetic field, in contrast to conventional
fractional quantum Hall states that strengthen with increasing magnetic
field. We reveal a magnetic-field-driven phase transition from composite
fermion phases to a dissipative Fermiliquid. Our theoretical analysis of the
magnetic sub-bands hosting the fractional quantum Hall states predicts
non-uniform quantum geometric properties far from the lowest Landau
level. This points towards a more natural interpretation of these states as
in-field fractional Cherninsulators of the magnetic sub-bands.

The Hofstadter butterfly' is a general term describing the recursive
energy band spectrum for electrons confined to two dimensions and
with amagnetic length /; comparable to the lattice periodicity. A new
class of topologically ordered states, termed in-field Cherninsulators,
emerges upon fully filling a set of the magnetic sub-bands within the
Hofstadter butterfly® Each such gapped state is characterized by an
integer total Chern number tand integer moiré band filling factor sasso-
ciated with its limit following the gap to zero magnetic field. Strongly
correlated states, beyond those predicted within the non-interacting
Hofstadter butterfly, can also emerge when Coulomb interactions

become comparable to or exceed the width of the magnetic sub-bands.
Theseinteracting Hofstadter states arise upon partially filling the mag-
netic sub-bands and can be categorized into two distinct classes: those
withfractionalsandinteger tand those with fractional tand non-zeros.
The former generally correspond to symmetry-broken Chern insula-
tor (SBCI) states that enlarge the unit cell by spontaneously breaking
the discrete translational symmetry of the moiré lattice®*. The latter
states instead result from electrons fractionalized into anyons and
correspond toin-field fractional Cherninsulator (FCI) states of the mag-
netic sub-bands*. Interactions could also generate states that exhibit
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Fig.1| Transport characterization ofa 6 = 1.03° high-quality MATBG/WSe,
sample. a, Schematic of the device structure. b, Flat bands of the MATBG
calculated at twist angle 6 =1.05° for uniaxial heterostrain strength £ = 0.2% and
orientation ¢ = 0° (see Supplementary Information for details). ¢, p,, versus v
measured at T=340 mK. Regions of observed superconductivity and anomalous
Hall effects are denoted by arrows. Inset: optical micrograph of the sample.

d, Temperature dependence of p,,.in the vicinity of superconductivity.

e, Measurements of p,,as Bis swept back and forth. Anomalous Hall effects appear
nearv=1(left panels) and v=2 (right panels). The top panels show the amplitude
of the hysteresis loop, Apy, = pjy — py1, acquired as functions of temperature.
Thebottom panels show line traces measured at 7=300 mK. f, Landau fan
diagram of p,, measured up to 12 T at 7=300 mK (the corresponding p,,.is shown

in Supplementary Fig. 3, along with measurements from a different contact pair).
g, Schematic diagramindicating the different phases seenin the devices. At zero
magnetic field, we denote superconductivity with the blue rectangle and regions
exhibiting the anomalous Hall effect with orange. Tentative assignments of the
correlated states at integer fillings are also denoted: gapped incommensurate
Kekulé spiral states (magenta), gapless incommensurate Kekulé spiral states
(green) and a semimetallic phase (yellow). At finite field, we denote Chern
insulators and integer quantum Hall states with purple lines, SBCI states with red,
FQH states with yellow and the topologically trivial insulators states with black.
Scale bar, 5 pm. AHE, anomalous Hall effect; Cl, Chern insulator; IQH, integer
quantum Hall state; SC, superconductivity.

the coexistence of charge fractionalization and a SBCI*, necessarily
arising at both fractional sand ¢.

SBCI states and in-field FCI states have been seen previously in
moiré superlattices of monolayer or Bernal bilayer graphene aligned
with hexagonal boron nitride (hBN)**. However, these moiré lattices
require extremely high magnetic fields of B > 20 T, owing to their large
electronicband dispersions at zerofield. By contrast, the flat electronic
bands of magic-angle twisted bilayer graphene (MATBG)* ", and other
twisted graphene multilayers, greatly enhance the strength of Coulomb
interactions and promote the formation of correlated states at much
lower B¢, In MATBG, fingerprints of strong interactions at finite
magneticfield have beenseenin the formofacharacteristic sequence
of correlated Cherninsulators (CCIs)"*'7', Regardless of slight differ-
encesintwistangle and microscopic straindistribution, twisted bilayer
graphene devices near the magic angle always exhibit similar CCls,
having Chernnumbers [¢| = 1,2 and 3 with moiré filling factors |s| = 3,2
and], respectively. Theoretically reproducing this robust experimental
feature has only recently been achieved in an interacting Hofstadter
calculation” that includes uniaxial heterostrain. Experimentally, only
limited experimental attention®”* has been given to gaining an under-
standing of the correlated Hofstadter states with fractional tor sarising
within the interaction-renormalized magnetic sub-bands.

By studying an ultra-high-quality MATBG device, we report the
observation of a cascade of SBCI states that forms primarily upon
hole-doping its magnetic sub-bands. The sequence of Chern numbers
ofthesestatesis closely connected to the parent CCl states, inthatboth

formacascade where the Chern number |¢| changesinincrements of 1.
These sequences are captured well by a self-consistent Hartree-Fock
calculation of the interacting Bistritzer-MacDonald model in a finite
magnetic field. We additionally see a sequence of fractional quantum
Hall (FQH) states (fractional t and s = 0) that form within the magnetic
sub-bands emanating fromthe charge neutrality point. Although these
states follow the usual Jain sequence” and have previously been sighted
in MATBG®, their appearance in the regime where the magneticlengthis
comparable to the moiré periodicity marks akey distinction from FQH
states seen in typical Landau levels (LLs), pointing to their unconven-
tional nature. This is experimentally signified by the phase transitions
from FQH statesinto anormal Fermiliquid. This behaviourisinstrong
contrast to the usual monotonically enhanced FQH states in crystalline
graphene and most other two-dimensional electronic gases. Our Har-
tree-Fock band analysis shows that these fractional states arise out of
strained magnetic sub-bands with finite bandwidth and non-uniform,
non-ideal quantum geometric properties. Unlike in pristine LLs, this
unusual quantum geometric structure pointsto a potential description
of these states within the framework of magnetic field-induced FCls.

High-quality MATBG/WSe, sample and its Landau
fandiagram

Wefocusourattention ona MATBG device withatwist angle of 6 =1.03°
(Fig.1a,b). It has been argued that the presence of monolayer WSe,
stabilizes the twist angle and reduces the resulting moiré disorder®**,
Figure 1c shows the longitudinal resistivity p,, versus the moiré filling
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Fig. 2| Cascades of SBCl states. a, Zoom-in measurement of the p,, Landau fan
focusing on the SBClI states on the hole-doped side. b, Schematic diagram of the
most robust gapped states. The left y axis shows the corresponding magnetic flux
ratio, @/®,. c, Further zoom-in of the region denoted by the white dashed box
ina.d, Schematic diagram of the most robust gapped states. The green shading
indicates amagnetic sub-band with a total Chern number of -3. e, |0,/ (right axis)

and p,, (left axis) measured at B=8.5 T (red arrows in a). Shaded regions mark
the SBCl states (red) and the main-sequence CCls (grey). Inset: measurements
ofthe thermal activation gap of the three SBCl states denoted in b. f, The same
measurementatB=7.2T (red arrowsin c). The green shadingindicates the SBCI
statesseenind.

factor vmeasured at a temperature 7=340 mK (see Supplementary
Fig.1for the temperature dependence). In addition to the correlated
insulating states at v=-2, +2 and +3, we observe superconductivity
at slight hole doping of v=-2 (Fig. 1d) and orbital ferromagnetism*
associated withanomalous Hall effects near v=+1and +2 (Fig. 1e). Both
instances of the anomalous Hall effect show typical hysteresis loops
in the Hallresistance p,, with an amplitude of approximately 1kQ (see
Supplementary Fig. 2 for the dependence on v). Overall, our observa-
tions are consistent with previous studies of MATBG, both with***?
and without®>'a WSe, substrate.

The simultaneous observation of superconductivity and the
anomalous Hall effect in a single device is rare?** and partially signi-
fies the high sample quality. The unprecedented homogeneity of our
deviceisbestreflectedintherich Landaufan diagrams of both p,, and
Py (Fig.1fand Supplementary Fig. 3). Acomprehensive phase diagram
atboth zero andfinite magnetic field isshownin Fig.1g. The Hofstadter
states at finite magnetic field are identified by the simultaneous sup-
pression of p,.and quantization of p,, to values of h/te?, corresponding
to their Chern number ¢, where h is the Planck constant. States with-
out fully quantized p,, are identified by the slope of their trajectories
defined by the Streda formula®, ¢ = (h/e)(dn/0B). Integer quantum Hall
states and in-field Chern insulators having both integer ¢ and s form
the primary features of the Landau fan at finite magnetic field and are
represented by purple lines in the schematic (see also the Landau fan
at 2K in Supplementary Fig. 4). Close inspection of the fan diagram
further reveals strongly correlated states beyond the single-particle
Hofstadter spectrum, including numerous SBCl states (red lines) and
FQH states (yellow lines). We will elaborate on the nature of these states
inthe remainder of our discussion.

Cascades of SBCIs

Figure 2a,c shows high-resolution zoom-ins of two groups of SBCI
states observed on the hole-doped side of the Landau fan (see p,, in
Supplementary Fig. 5), with the most robust gapped states denoted

schematicallyin Fig.2b,d, respectively.In addition to the conventional
hierarchy of CCls reported across many devices previously, we see an
associated cascade of SBCl states indicated by the red lines in Fig. 2b.
Notably, these states exhibit the same cascading sequence of Chern
numbers (¢ =-3, -2 and -1) as their adjacent parent CCI but with
half-integer moiré filling indices (s = -1/2, -3/2 or —=5/2). We adopt the
notation (¢, s) for simplicity in referencing each of these states. Figure 2e
shows line cuts of p,, and the Hall conductivity o, calculated from
Oy = Pyl (05 + P3,) at B=8.5T. The (-2,-3/2) and (-3,-1/2) SBCl states
are almost perfectly developed, with vanishing p,.and nearly quantized
0,,, whereas the (-1, -5/2) SBCl is clearly visible in the Landau fan but
is not fully quantized. We determine the associated energy gaps 4
(Fig. 2e inset and Supplementary Fig. 6) from the thermal activation
behaviour of p,, « /27 where kg is the Boltzmann constant. We find
that the (-2, -3/2) and (-3, -1/2) states have energy gaps about three
times larger thanthat of the (-1, -5/2) state. Theresults from the former
two states are consistent with previous studies". Together, these
three SBCl states form a cascade with an equal interval of At =-1and
As=1between each state, exactly as describes the main sequence of
CClsbutshifted by afractional moiréfilling factor s, =1/2. These SBCI
states can be understood as maintaining the same spin and valley
polarization properties of their parent CCI" but further breaking the
moiré lattice translational symmetry by forming a charge density wave
that spontaneously doubles the unit cell area™.

Intriguingly, we find that these three SBCI states disappear at
the same lower threshold of the magnetic field, corresponding to a
simple rational flux ratio @/®,=1/4. A second group of SBClI states,
(=3, -2/3) and (-4, -1/3), are also closely tied with a simple rational
flux ratio @/®,=1/3 (Fig. 2c,d,fand Supplementary Fig. 6). These two
SBCl states are flanked by the (-2, -1) and (-5, 0) Chern insulators.
Together, these bound amagnetic sub-band with Chernnumber C=-3
emanating from @/®,=1/3 towards zero field (green-shaded region).
The two SBCl states can be intuitively understood as partitioning the
C=-3sub-bandinto three parts, each with C =-1. Note that we do not
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Fig. 3 | Finite-field Hartree-Fock calculation of the SBCl states. a, Calculated
gapped states at finite magnetic field. The marker size is proportional to the gap
size at each filling factor vand magnetic flux ratio @/®,. The gapped states
originating frominteger values of vare denoted by purple and grey. Purple
states here match the states denoted in purple in Fig. 1g. The SBCl states are
denoted by red. Robust topologically trivial states are denoted by black. Inset:
calculated gap size of the three SBCls at ®/®, = 3/10. b, Interacting Hofstadter

x/ay

spectrumwhen the Fermi energy is in the gap of the (-3, -1/2) state. Occupied
and unoccupied states are in black and green, respectively. ¢, Local density of
states calculated for the valence band edge of the (-3, -1/2) SBCl state at
®/®,=1/6 (purple arrowinb). ay, = 1/|L;| ;| is the effective periodicity of the
strained moiré superlattice, where |L,| and |L,| are deformed moiré lattice
vectors. LDOS, local density of states.

see a similar cascade of SBClI state on the electron-doping side (Sup-
plementary Fig. 7).

Hartree-Fock calculations at finite magnetic field
We perform in-field self-consistent Hartree-Fock calculations of the
interacting Bistritzer-MacDonald Hamiltonian at twist angle 6 =1.05°
and crucially include uniaxial heterostrain £ = 0.2% (see Supplementary
Information for details). Figure 3a shows the calculated phase diagram
oftheincompressible states formed between magnetic flux ®/®,=1/12
and1/2, withthe marker radius denoting the size of the associated charge
gap. Wefurther characterize each data point by examining the wavefunc-
tion, isospin symmetry and moiré translational symmetry (Supplemen-
taryFig.8) and group themaccordingto their topological indices (¢, s).
States with the largest energy gaps form the main sequence of the CCI
states with |[t| =1,2and 3 and |s| =3, 2 and 1, respectively, as well as the
integer quantum Hall states with [t| =4,3,2and1and |s| = 0 (denoted as
purple). The black markers represent the topologically trivial correlated
insulatorsat|s| =2and 3, which correspond to the states marked by the
black lines in Fig. 1g. These ¢ = O states are adiabatically connected to
the zero-field ground state (marked by magenta in Fig. 1g), which are
now commonly believed to be incommensurate Kekulé spiral statesin
the presence of strain®**. A detailed theoretical analysis of the [s| =3
and 2 states also reveals their incommensurate Kekulé spiral state like
isospin symmetry-breaking (Supplementary Fig.9).

Thecalculation predicts aseries of Cherninsulatorswith[t|=1,2and
3and|s|=5/2,3/2and1/2,denotedinred, along with a (-3, -2/3) state with
asmaller energy gap. All correspond to SBCl states seen in our Landau
fan. Figure 3b shows the calculated energy spectrum of the (-3, -1/2)

SBCl gap as a function of magnetic flux (Supplementary Fig. 10). The
interaction-driven gap size changes non-monotonically with magnetic
field, with an apparent energy gap opening for ®/®,>1/8 and closing
for ®/®,=1/2. The calculated local density of states at the edge of the
gap exhibits a real-space charge modulation that forms a stripe-like
feature (Fig. 3c and Supplementary Fig. 11). The fractional filling factor
s, non-zero Chern number [¢| and the broken moiré translational sym-
metryareall consistent with our interpretation of these states as SBCIs.

Overall, we find good qualitative agreement between our theoreti-
cal calculations and the experimental phase diagram. This can be fur-
ther demonstrated by comparing the calculated and measured energy
gaps of the three half-integer SBClIs (Fig. 3ainset versus Fig. 2e inset).
Although the experimentally measured transport gaps are probably
underestimated due to the presence of (twist angle) disorder®, we find
they follow the samerelative hierarchy asinthe calculation. Inaddition,
the calculated phase diagramis robust against perturbations from the
proximity-induced spin-orbit coupling of the adjacent WSe, layer as
well as from small changes to the graphene-graphene twist angle (Sup-
plementaryFigs.12and13). Our Hartree-Fock calculations also predict
intervalley coherence underlying the SBCI states (Supplementary
Fig. 14), much like the parent CCl states. Future microscopic studies
using scanning tunnelling microscopy will be critical for revealing
the broken moiré translational symmetry and exploring the potential
Kekulé pattern® of the SBCl states.

Unconventional FQH in magnetic sub-bands
We next discuss the observation of FQH states and highlight their
unconventional nature. Figure 4ashows amap of p,, at high field, where
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Fig. 4| Unconventional FQH states in magnetic sub-bands with finite
bandwidth. a, Zoom-in measurement of the p, Landau fan (taken froma
different contact pair thanin Fig. 1f, as shown in Supplementary Fig. 3), plotted
againstv..b, o, (left y axis) and g, (right y axis) measured at B=7 T. Inset:
measured thermal activation gaps of the FQH states with denominator 3. ¢, p,,
and p,, measured as a function of Bat v, =-5/3and -4/3 (top) and v. = -3/2
(bottom). The FQH states and composite Fermi liquid at low magnetic field
transition to a normal Fermi liquid at high magnetic field. d, Calculated

interacting Hofstadter spectrum when the Fermi energy is in the gap of the (-4, 0)
state. Occupied states are marked by black, and unoccupied states are marked by
greenand red. The red bands are the magnetic sub-band hosting the observed
FQH states. e f, Berry curvature F (e) and quantum metric g (f) of the red
magnetic sub-band, calculated at ®/®,=1/4 (purple arrowind). gy is defined
following gy = v/Ig1]1g21/q at flux ratio ®/®, = p/q. g, and |g,| are deformed
moiré reciprocal lattice vectors.

we observe FQH states at certain partial fillings of each magnetic
sub-band with effective filling factors v, = v. — [v.]=1/3, 2/5,3/5and
2/3,wherev,=n@,/BistheLLfilling fraction. These fillings are consist-
ent with the usual Jain sequence®, as is generally observed in the low-
est LL with orbital number N=0. Figure 4b shows line cuts of ,, and
the longitudinal conductivity, 0, = py/(p5, + pZ,), at B=7T,which
exhibits nearly quantized o,, = v.e’/h atv. =-1/3,-2/3,-4/3,-5/3,-7/3
and -8/3. The values of 0, at v. = -10/3, -11/3 deviate from their antic-
ipated values due to mixing with the larger residual g,,. The inset of
Fig.4b shows measurements of the thermal activation gaps of the FQH
states with denominator 3 (Supplementary Fig. 15). All gaps are close
to1Kand, in certain cases, do not respect particle-hole symmetry
relative to half-filling. These energy gaps are one order of magnitude
smaller thanthose in Laughlinstates atv.=1/3 or 2/3 in monolayer***°
and bilayer graphene**. They are about 0.01F,, assuming Coulomb
energy E, = e*/4miee I, with effective dielectric constant £ = 15, where &
is vacuum permittivity. Besides the inevitable moiré disorder®, which
is absent in crystalline graphene, the FQH energy gaps could also be
weakened by a competing Fermi liquid phase due to the finite band-
width of the magnetic sub-bands or by charge/spin density wave insta-
bilities due to strain and non-uniform quantum geometry.

The FQH states disappear at high magnetic fields (above approxi-
mately 8.5-10 T). This is distinct from the usual case of LLs, where the
FQH gapsscale with the strength of the Coulombinteractions and, thus,
monotonically increase with the magnetic field. Figure 4c shows line
cutsof p,,and p,. asafunction of B, showing the evolution of FQH states
atv,=-4/3and-5/3 (top panel) into agapless Fermiliquid. We see simi-
lar crossover behaviour at half-filling, v, = =3/2 (bottom panel), which
isa putative composite Fermiliquid when flanked by FQH states. Both
panels show a smooth phase transition from the Jain-sequence FQH
states toadissipative Fermiliquid phase as Bincreases (Supplementary
Fig.16).Intuitively, this can be understood as the FQH states becoming
destabilized by thebroadened bandwidth ata higher magneticfield and
eventually losing the competition to a normal Fermi liquid.

Similar non-monotonic behaviour of FQH states was previously
observed in aligned graphene/hBN**, yet little is known about the
nature of these states. In moiré lattices, FQH states appear at partial
filling of the interaction-renormalized magnetic sub-bands emanat-
ing fromthe charge neutrality point. For MATBG, these are commonly
referred to as the zero-energy LLs, but despite their name, the cor-
responding energy bands are, in fact, distinct from LLs due to the
non-uniform distribution of the Berry curvature. Rather, they are
strongly influenced by the moiré pattern and should be thought of as
magnetic sub-bands within the Hofstadter butterfly. They feature finite
dispersion and arise by hybridizing different low-energy LLs from the
charge neutrality point of the two graphene layers. As aresult, they
may differ substantially from the physics of the N= 0 lowest LL*®, even
when they have the same Chern number, as we elaborate upon below.

Figure 4d shows the interaction-renormalized energy spectrum
with the Fermi energy in the gap of the (-4, 0) state. Red denotes the
magnetic sub-bands hosting the observed FQH states. Although a
detailed theoretical modelling of the FQHs by exact diagonalization is
beyond the scope of this work, we qualitatively evaluate their nature
by inspecting the quantum geometry of the relevant magnetic
sub-bands. We adopt the notion of ideal quantum geometry
indicators*, which evaluate the similarity of the sub-band withthe N=0
LL (see Supplementary Information for details), and we calculate
whether the magnetic sub-bands are close to the ideal conditions
needed for hosting fractionalized states. We note that these indicators
provide only abasic framework for predicting the presence of fraction-
alized states but are not strictly necessary and sufficient conditions,
as the formation of such states depends on Coulomb interactions in
addition to the quantum geometry of the band. Figure 4e,f shows the
distribution of the imaginary part of the quantum geometry 5 (Berry
curvature ) and the real part of  (quantum metricg) of the red mag-
netic sub-bands. Notably, both 7 and g exhibit a non-uniform profile
within the magnetic Brillouin zone, distinct from the N=0 LL with a
uniform distribution of the value 2m. The uniformity of # is measured
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by its standard deviation, o(¥) ~ 0.113, which is finite, unlike that for
the N=0 LL, but nevertheless, relatively small*®, The trace condition
measures the similarity of the wavefunctions of the sub-bands to the
N=0LLandisfoundtobe T(r) = 4.226 (see Supplementary Information
for details). In contrast to the relatively uniform Berry curvature dis-
tribution, the large trace condition indicates dissimilarity with the
lowest LL (where T(r) = 0).

Conclusion

Nearly uniform Berry curvature is known to support fractionalized
states, allowing us to rationalize the appearance of the Jain-sequence
FQH states eveninbands unlike the lowest LL. This is further confirmed
by the decomposition of the magnetic sub-bands into the basis of the
LLs of monolayer graphene (Supplementary Fig. 17), from which we
find that most of the contribution comes from LLs with N # 0. Despite
their emanation from the charge neutrality point like conventional
FQH states, our calculations indicate that the fractionalized states
are closer to in-field FCIs from a lattice Chern band. These states
require a magnetic field to form and arise despite the quantum geo-
metric non-idealities of the magnetic sub-bands, including their finite
bandwidth, quantum metric fluctuations and the small gaps to nearby
bands. Similar arguments should be applicable to an entire class of
FQH states in moiré superlattices where the quantum geometry is
non-uniformand the magneticlengthis comparable to the superlattice
period. Direct evidence of the non-trivial quantum geometry proper-
ties of the MATBG Hofstadter sub-bands awaits future experimental
confirmation using probes such as nonlinear transport*>*°, optical
high harmonic generation®, dichroic angle-resolved photoemission
spectroscopy” or the circular photogalvanic effect™ at infrared or
terahertz frequency.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
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Methods

Sample fabrication

Heterostructures of graphite/hBN/WSe,/MATBG/hBN/graphite were
assembled using astandard dry-transfer technique with a polycarbon-
ate/polydimethylsiloxane stamp and transferred onto a Si/SiO, wafer.
The MATBG stack was fabricated using the tear-and-stack method.
We used 3-5 nm of graphite asthe bottom gates, and 3-5layers of gra-
phene were used for the top gate to minimize its optical absorption.
We had no intentional control over the twist angle between WSe, and
itsadjacent graphene layer during the stacking process. CHF,/0, and
0, plasma etching followed by electron-beam lithography were used
to define a Hall bar geometry, and Cr/Au contacts (7 nm/70 nm) were
finally added using electron-beam evaporation.

Transport measurements

Transport measurements were conducted inaBluefors dilution refrig-
erator. Measurements were performed with al-5nAa.c. excitation cur-
rentateither13.3 or13.7 Hz. The current and voltage were pre-amplified
by DL 1211 and SR560 amplifiers, respectively, and then read out by
SR830/SR860 lock-in amplifiers. The gate voltages were supplied by
either NIDAQ or Keithley 2450. In this study, we used the bottom gate
voltage V, to control the carrier density n = V,,C,/e, where C, is the bot-
tomgate capacitance per unitarea. A global Sigate voltage was applied
toreduce the contact resistance.

Thefilling factor vis defined as the number of electrons per moiré
unit cell. Full filling of the eightfold-degenerate flat bands in twisted
bilayer graphene correspondsto four electrons or holes per moiré unit
cell,v=*4.The carrier densities corresponding to the full fillings v = +4
were determined by measuring the Hall coefficient at a small magnetic
field B, R, = [p,,(B) — p,,(~B)1/(2B). The Hall carrier density, n,,= 1/eRy,
reverses the carrier type (from electron to hole or vice versa) across
the full fillings v = +4 and can be identified as the zero crossing in the
R, measurements. The twist angle was then determined from
n = 86%/y/3a% where a = 0.246 nmis the graphene lattice constant. The
twist angle was confirmed by fitting the observed quantum Hall states
and Cherninsulators within the allowed Hofstadter states in the Wan-
nier diagram.
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