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When two monolayer graphene sheets are twisted near 
a magic angle of 1.1°, spatially modulated interlayer 
tunnelling generates a pair of flat electronic bands at 

low energies1. The combination of quenched kinetic energies and 
multiple quantum degrees of freedom renders the system prone to 
various intriguing correlation-driven phases characterized by spon-
taneously broken symmetry2–33. At zero magnetic field, a cascade 
of Stoner-type transitions was reported9,10 to result in a series of 
changes in flavour polarization and a sawtooth pattern of inverse 
compressibility as a function of the number of electrons per moiré 
unit cell, ν. The same mechanism underlies the recent observa-
tion11,12 of a Pomeranchuk effect at ν = ±1.

In a perpendicular magnetic field B, moiré systems develop a 
fractal energy spectrum in the noninteracting limit known as the 
Hofstadter butterfly34 that depends on the number of flux quanta 
Φ/Φ0 per moiré unit cell. Although the Hofstadter spectrum for 
magic-angle twisted bilayer graphene (MATBG) has only been the-
oretically calculated at a single-particle level35–39, its flat electronic 
bands open up new opportunities to investigate Hofstadter-butterfly 
physics in the strongly correlated regime. Recent studies have iden-
tified a series of robust correlated Chern insulators (ChIs) at moder-
ate fields, which have been interpreted in terms of flavour-polarized 
states in which only subsets of the underlying Chern bands15,17,18 or 
Hofstadter subbands13,14,16 are occupied, with a driving mechanism 
analogous to quantum Hall ferromagnetism. Most studies have 
focused only on the flavour polarization/degeneracy of the ChIs 
themselves, with limited insight between the incompressible states. 
Moreover, the many-body Hofstadter spectrum has not been mea-
sured in MATBG or any other solid-state system, and it remains 
poorly understood theoretically.

Here we measure the local inverse electronic compressibility dμ/
dn (μ, chemical potential; n, density) of MATBG using a scanning 
single-electron transistor (SET). Our measurements reveal unex-
pected sequences of broken-symmetry ChIs at high fields, dem-
onstrate how they evolve from the sawtooth pattern of electronic 
compressibility at low fields and enable us to quantitatively extract 
the strongly correlated Hofstadter spectrum. We further observe 
multiple sharp features that exhibit negative dμ/dn, which corre-
spond to flavour phase transitions, some of which are first order and 
exhibit hysteresis. Because our thermodynamic probe is sensitive in 
both compressible and incompressible regimes, we are able to pin-
point exactly where phase transitions occur and construct a phase 
diagram of the number of partially occupied (or ‘active’) flavours as 
a function of ν and B. Finally, we observe broken-symmetry quan-
tum Hall states emanating from the charge neutrality point (CNP) 
at all integer Landau level (LL) fillings νC = nΦ0/B and apparent 
LL crossings at νC = ±2 (the subscript refers to the Chern number 
C). These behaviours suggest that mirror symmetry (My) break-
ing causes an energetic splitting of the moiré valleys that occur at 
inequivalent corners of the hexagonal moiré Brillouin zone (mBZ) 
for each graphene valley. The nanoscale resolution of the SET ren-
ders it less susceptible to spatial inhomogeneity and allows us to 
disentangle which of these phenomena are robust and which are 
sensitive to local details such as twist angle.

Correlated broken-symmetry Hofstadter butterfly
An optical micrograph of the sample and schematic of the experi-
mental setup are respectively shown in Fig. 1a and 1b (Methods and 
Supplementary Section 1). At B = 0, dμ/dn exhibits a sawtooth-like 
pattern (Fig. 1c), and measurements as a function of position 
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demonstrate similar behaviour over a range of twist angles at dif-
ferent locations (Extended Data Fig. 1). All integer fillings including 
the CNP are gapless, indicating that the hexagonal boron nitride 
(hBN) is not aligned. The findings presented below differ from 
and complement a recent local compressibility study of an aligned 
device20. In this paper, we focus on the behaviour of MATBG in a 
perpendicular field, where we observe multiple interpenetrating 
incompressible states (Fig. 1d). Each satisfies the Diophantine equa-
tion40, ν = t(Φ/Φ0) + s, where t is the sum of the Chern numbers of 
all filled bands and s is the band filling index. Figure 1e shows the 
experimentally determined Wannier diagram40.

The incompressible states can be grouped into sequences based 
on their intercepts at B = 0. When s = 0, they correspond to LLs 
originating from the CNP (herein, we refer to all s = 0 LLs as zeroth 
LLs (zLLs) and label them by νC ≡ t). We observe all the integer 

zLL states with |νC| < 4, which implies full symmetry breaking. This 
includes lifting of the degeneracy that would arise from the presence 
of two degenerate moiré valleys, which we discuss in more detail 
at the end of the manuscript. We also observe a series of LLs ema-
nating from the moiré superlattice band gaps at |s| = 4 that point 
towards lower density (Fig. 1d). They are much weaker than the 
zLLs, indicating that the narrow bands are less dispersive close to 
the superlattice gaps compared with near the CNP. Finally, gapped 
states with 0 < |s| < 4 are ChIs. The low-field ChI sequences are con-
sistent with earlier reports3–5,13,18,41, as are the strongest ChIs, which 
satisfy the relation |s| + |t| = 4 at high fields13–19. These ChIs appear 
over a range of twist angles (Extended Data Fig. 2). They are inde-
pendently confirmed by the changes in local conductivity probed 
by scanning microwave impedance microscopy (MIM) (Extended 
Data Fig. 3).
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Fig. 1 | Device geometry and local electronic compressibility of MATBG. a, Optical micrograph of the MATBG device. Scale bar, 2 μm. b, Schematic of 
the measurement setup (Methods). TBG, twisted bilayer graphene; VSET, voltage bias applied to the SET probe; ISET, measured current through the SET. 
c, Inverse electronic compressibility dμ/dn measured as a function of the moiré filling factor ν at a perpendicular magnetic field of B = 0. d, dμ/dn as a 
function of ν and B, measured at the location marked by the red dot in a with twist angle θ = 1.06°. Data are truncated at −1 × 10−11 ~ 5 × 10−11 meV cm2 in 
the colour map. e, Incompressible (gapped) states identified from d. Selected states are labelled by their slope t. Grey, red, yellow, blue, green and purple 
correspond to states with different integer and fractional intercepts (−1/2), respectively. Solid lines represent the strongest state in each group. For the 
zLLs, they denote multiples of |t| = 4.
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Unexpected correlated ChIs and other distinctive features appear 
at high fields. Nearly all reports on hBN-unaligned samples show 
ChIs that only emanate away from the CNP with increasing B. 
In contrast, we observe a positive-sloped (t, s) = (1, −3) state that 
forms above B ≈ 6 T. Similarly, a vertical incompressible (0, −2) state 
appears above B ≈ 9 T. Neither of these states have been reported 
before, and they are striking because they represent reentrant 
behaviour in s as a function of ν and B. In addition, the s = −1 ChIs 
follow an unusual hierarchy of t = {−3, −2, −5, −7} (in descending 
strength), whereas its electron counterpart has a sequence of t = {3, 
2, 4, 5}. Finally, we observe a ChI that extrapolates to a noninteger 
s = −1/2, indicative of translational symmetry breaking13. The phe-
nomenology described above is largely reproduced in other inde-
pendent regions of the sample (Extended Data Fig. 4) and is still 
robust at temperature T = 1.7 K (Extended Data Fig. 5).

The sequences of ChIs can be understood in the framework 
of correlation-driven flavour-polarized Hofstadter subbands13,14. 
Starting with a single flavour at fixed B, the basic structure and 
Chern numbers of the Hofstadter subbands are fixed by theoretical 

considerations35–39. The experimentally observed zLL/ChI sequences 
suggest additional substructure, and we schematically illustrate an 
inferred phenomenological model in Fig. 2a. Theory predicts that 
the subbands extending from the superlattice band edge carry C = 1, 
while near the CNP, C = 2 subbands are expected due to the presence 
of two moiré valleys of the same helicity35–39. However, we represent 
them as doublets of C = 1 subbands to account for the aforemen-
tioned moiré valley splitting observed experimentally. Finally, the 
remaining subbands whose single-particle gaps are small compared 
with disorder and/or thermal broadening are combined into one 
large subband that contains the van Hove singularity (vHs). This 
large subband must carry C = −4 to satisfy the total C = 0 constraint 
for the whole spectrum.

With multiple flavours and interflavour interaction, occupa-
tion of the Hofstadter subbands in Fig. 2a can be inequivalent for 
different flavours13,14,16, giving rise to broken-symmetry ChIs. The 
most prominent ChIs correspond to equal filling of an integer 
number of flavours up to the largest C = 1/−1 gaps13,14,16. Additional 
broken-symmetry ChIs are formed by further filling or emptying 
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of additional subbands within the same active flavours. All the 
ChIs that we observe can be explained within this framework. A 
representative example that explains the experimentally observed 
ChI sequence emanating from s = −1 is illustrated in Fig. 2b. The 
most prominent, (−3, −1) state involves equal occupation of three 
flavours (Fig. 2b, top). Figure 2b (bottom) schematically shows how 
adding charge to a single moiré valley subband of one flavour pro-
duces a (−2, −1) state, whereas removing charge from the highest 
occupied doublet in one or two flavours leads to the (−5, −1) and 
(−7, −1) ChIs, respectively. A more comprehensive explanation of 
all the ChIs that we observe is detailed in Supplementary Section 6.

Our data indicate a delicate competition between different ChIs 
in the presence of single-particle and interaction-driven symme-
try breaking. This is exemplified by the striking feature in Fig. 1e 
near ν = −8/3 and B =8.7 T and the corresponding region in Fig. 1d,  

where different ChIs with s = −4, −3, −2 and −1 all intersect. The 
behaviour near this parameter range also shows strong spatial 
dependence (Extended Data Fig. 6). We therefore conclude that 
details such as small twist angle and strain variations can tip the 
balance between closely competing ChIs. These ChIs also compete 
with compressible states, and for the same reason, it is difficult to 
predict which ChIs will appear. We note that, although multiple 
combinations of subbands can often produce the right (t, s), those 
that require additional numbers of active flavours are likely energet-
ically unfavourable, because they generate both large single-particle 
and interaction-energy penalties.

A key benefit of our measurement technique is that we can 
extract thermodynamic gaps and bandwidths by integrating dμ/dn 
to obtain μ(n, B). By selecting a number of equally spaced n, we 
can experimentally determine the many-body Hofstadter spectrum 
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(Fig. 2c and Supplementary Section 5) based on the data in Fig. 1d 
(Extended Data Fig. 7 shows an analogous spectrum from another 
location). Each dot in the plotted spectrum represents one state 
of energy E at a given B. Hence, the density of dots represents the 
many-body density of states and can be compared with a numeri-
cally calculated Hofstadter spectrum. The overall shape of the spec-
trum generally agrees with continuum-model-based single-particle 
calculations35–38 which are characterized by the saturation of the 
νC = ±4 zLL gaps and a reduction in total bandwidth with increasing 
B. While individual Hofstadter subbands are evident, their details 
differ from a simple replication of the single-particle spectrum due 
to the strong correlations present in MATBG. Most notably, we 
observe additional spectral gaps associated with broken-symmetry 
ChIs at high magnetic fields as well as LL-like ChIs emerging from 
ν = ±2 at moderate fields. The spectrum also exhibits a recurring 
pattern of dense points which reflect vHs-like features where the 
flavour phase transitions occur (Fig. 2c, black arrows).

The data in Fig. 2c represent the first quantitative measurement 
of an interacting Hofstadter spectrum. The resulting spectrum is 
distinct from typical tunnelling spectroscopy measurements of 
density of states in which a tunnel bias is swept while maintaining 
fixed density. This is because our measurement always probes at the 
Fermi energy and is therefore sensitive to many-body effects at all 
plotted energies, whereas electrons generally tunnel above or below 
the Fermi energy in tunnelling spectroscopies. Another advan-
tage of our approach is that it avoids tip-induced doping and soft 
Coulomb gaps that can be present in tunnelling experiments.

First-order polarization transitions and flavour phase 
diagram
Our measurements provide detailed information about the phase 
diagram of flavour occupancy as a function of ν and B. We first dis-
cuss the abrupt appearance of the ChIs at (±3, ±1). Theory predicts 
that these phase transitions can be first order33, and transport exper-
iments have indeed shown abrupt onset13 and hysteresis from other 
ChIs emanating from ν = 1 (Ref. 5). In our experiment, these states 
form abruptly in the middle of a zLL fan and are flanked by sharply 
negative dμ/dn (Fig. 3b,c,e,f). Their energy gaps saturate soon after 
they form (Fig. 3g), whereas the gaps of all other ChIs exhibit a 
more gradual increase near their onset (Fig. 3h, and Supplementary 
Section 4 for details of thermodynamic gap extraction). Strikingly, 
we observe hysteresis in dμ/dn near the critical B and ν of the  

(±3, ±1) states, which provides the first direct thermodynamic 
evidence of a first-order phase transition between unpolarized/
partially polarized zLLs and broken-symmetry ChIs. Hysteresis is 
apparent both when ν is modified at fixed B (Fig. 3a–f) and when B 
is adjusted at fixed ν (Extended Data Fig. 8). Interestingly, the hys-
teretic region coincides with the intersection point of zLLs with (±3, 
±1) and is not ubiquitous in the entire negative dμ/dn regions (Fig. 
3a,d). We do not observe hysteresis near these transitions at 1.7 K, 
and no hysteresis was evident in any other parts of the phase dia-
gram even at base temperature. However, we cannot preclude that 
other phase transitions are also first order but masked by disorder 
and/or thermal broadening.

We observe multiple additional features where dμ/dn < 0, many 
of which occur between incompressible states. Negative dμ/dn can 
be a hallmark of interaction-driven ground-state phase transitions, 
where the free energies of different electronic states cross42,43. In 
MATBG, these crossings correspond to flavour polarization tran-
sitions, and based on the locations of the negative dμ/dn features, 
we can construct a phase diagram that characterizes the number of 
active flavours in the entire ν–B plane (Fig. 3i and Supplementary 
Section 8). This phase diagram, which is a central result of this 
paper, reveals an intricate pattern of phase boundaries, including 
reentrant behaviour in the number of active flavours. The detailed 
slopes and curvatures of the negative compressibility features are 
likely related to the underlying spin/orbital moments of the adjacent 
phases. While a full explanation of their form lies beyond the scope 
of this work, our results inform and constrain microscopic theories 
that address specific spin and valley ordering throughout the phase 
diagram.

Our data also clarify the evolution between the characteristic 
sawtooth in dμ/dn at B = 0, which persists to finite fields, and the 
high-field regime of flavour-polarized Hofstadter subbands. The 
zLLs and low-field ChIs with |s| = 2 and 3 coexist with the sawtooth 
over a range of densities. An estimated boundary of the sawtooth is 
superimposed on top of the flavour phase diagram in Fig. 3i (dashed 
lines). The continuation of the sawtooth in nonzero B and its coexis-
tence with zLLs/ChIs can be simultaneously understood by consid-
ering a Stoner mechanism in the Hofstadter subbands near the CNP. 
This gives rise to a hierarchy of transitions. Namely, Stoner transi-
tions that maintain the same number of active flavours can generate 
quantum Hall (flavour) ferromagnets and give rise to the observed 
sequence of zLLs and low-field ChIs. Upon increasing density 
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toward the vHs, these give way to transitions which completely reset 
the number of active flavours, terminate the ChIs and can be under-
stood as continuations of the cascade of transitions at B = 0 (ref. 9). 
Interestingly, this mechanism was recently reported in a compress-
ibility measurement on rhombohedral trilayer graphene43, hinting 
at the universality of the polarizing mechanism in correlated itiner-
ant electronic systems with multiple internal degrees of freedom.

zLLs, ChI degeneracies and moiré valley polarization
The evolution of the zLLs with B provides further insight into the 
symmetry breaking present in our device. Figure 4a shows the 
zLLs plotted as a function of νC and B. We resolve all zLLs within 
−4 < νC < 4. Surprisingly, both even and odd integers emerge at 
similar magnetic fields and have similar gap sizes (Fig. 4b,c). This 
does not show obvious angle dependence over a large spatial region 
that encompasses a variety of twist angles (Extended Data Figs. 2 
and 4). Although singly degenerate zLLs have been reported previ-
ously4,13–19,41,44, no consensus has been reached on the driving mech-
anism. A second important experimental finding is the dips in the 
energy gaps at νC = ±2 that occur near B = 4 T (Fig. 4c). This behav-
iour indicates zLL crossings and is also reproduced in multiple loca-
tions in the sample (Extended Data Figs. 4 and 9).

Several theoretical mechanisms that could potentially lift the zLL 
degeneracy have been proposed, and we consider each in turn below. 
The density dependence of compressibility and the magnitudes of 
the energy gaps at νC = ±4 are consistent with a Dirac dispersion 
near the CNP, rendering the scenario where band extrema occur at 
the centre of the mBZ unlikely16. Two types of symmetry breaking 
can lift the zLL degeneracy29,38: C3z and My. Breaking C3z alone can 
halve the zLL degeneracy but is predicted to involve vHs physics and 
occur at finite B. Moreover, no level crossings are expected in this 
scenario. We therefore conclude that My breaking is the most likely 
explanation for the observed zLL behaviour16.

In MATBG, My can be broken by external effects such as het-
erostrain29,45,46, and can also be caused or further enhanced by 
interactions47. This would energetically distinguish the two Dirac 
nodes29,45,46 in each mBZ by an amount Δv (Extended Data Fig. 10a). 
Two quartets of zLLs are expected to emanate from each respec-
tive Dirac cone, with correlation gaps that scale linearly with applied 
field due to interflavour repulsion Uνiνj between flavours i and j  
(ref. 33) (Supplementary Section 9). Extended Data Fig. 10b illus-
trates the corresponding evolution of the zLL free energies, which 
results in crossings16 between states associated with different moiré 
valleys. This naturally explains the closing and reopening of the 
νC = ±2 gaps as a function of B, and also matches the observation 
that the odd νC gaps have similar magnitudes at high fields. Within 
this model, the effective U can be extracted from the B depen-
dence of the zLL gaps (Fig. 4b,c) to be ~10 meV (Supplementary 
Section 9), which is consistent with estimates from earlier thermo-
dynamic measurements11,14. Other crossings are predicted but are 
not apparent in our data. Their absence can be explained by dif-
ferences in interflavour splitting which could push them to fields 
below our experimental resolution (Extended Data Fig. 10d,e and 
Supplementary Section 9). We note that this mechanism does not 
require the two Dirac nodes to reside at the mBZ corners and is 
therefore still valid in the presence of C3z breaking. Furthermore, 
such moiré valley splitting also provides a natural explanation for 
the singly degenerate sequence of ChIs emanating from ν = 3, which 
cannot otherwise be reconciled with the presence of two degenerate 
moiré valleys contributing to the Hofstadter spectrum48.

Conclusion
We have experimentally determined the interacting Hofstadter 
spectrum and phase diagram of flavour occupancy in MATBG 
and shown that a unifying flavour symmetry-breaking mecha-
nism can capture the physics at multiple energy and field scales. A 

microscopic understanding of the specific spin and valley ordering 
in various regions of the phase diagram remains an exciting open 
question to be explored, and the close competition between ground 
states that we observe suggests that external tuning, for example, by 
strain, could be used as a control knob to switch between different 
correlated and topological ground states. More generally, we antici-
pate that the methods demonstrated here could be applied to map 
the phase diagrams and probe Hofstadter physics across the broad 
and rapidly growing set of strongly correlated moiré systems43,49,50.
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Methods
Device fabrication. The MATBG stack was fabricated using a standard dry transfer 
technique51. A monolayer graphene flake was precut by using a conductive atomic 
force microscopy probe26,27,50 in contact mode, with an alternating-current (AC) 
excitation of 10 Vp–p at 50 kHz, to minimize tearing-induced strain. The two isolated 
flakes were rotated 1.15° relative to each other before stacking and encapsulated 
by top (27 nm) and bottom (40 nm) hBN. Few-layer graphite was used as the 
bottom gate. Metal electrodes were subsequently patterned using standard e-beam 
lithography techniques to form edge contacts51.

Scanning SET measurements. The SET sensor was fabricated by evaporating 
aluminium onto the apex of a pulled quartz rod. The size of the apex, and thus 
the lateral dimension of the SET, is estimated to be 50–80 nm. It was brought to 
<50 nm above the MATBG sample surface, resulting in an overall spatial resolution 
of about 100 nm. The scanning SET measurements were performed in a Unisoku 
USM 1300 scanning probe microscope with a customized microscope head. An 
AC excitation of Vg = 4–8 mV at fg = 911.999 Hz was applied to the back gate, and 
an AC excitation V2d = 1 mV at f2d = 773.777 Hz was applied to the sample. We then 
measured the inverse compressibility ∝Ig/I2d, where Ig and I2d are demodulated 
from the SET current through the SET probe using standard lock-in techniques. A 
direct-current (DC) offset voltage V2d is further applied to the sample to maintain 
maximum sensitivity of the SET and minimize tip-induced doping (Supplementary 
Section 2). All data presented are taken at 330 mK unless otherwise specified.

Gate capacitance and twist angle determination. The sample gate capacitance 
(conversion between density and applied gate voltage) was calibrated by  
measuring the slope of zLLs, which yielded a value consistent with geometric 
considerations. The twist angle is then given by the relation θ(r) = (√3ns(r)/8)1/2 
where a = 0.246 nm is graphene’s lattice constant and ns(r) is the carrier density at 
full filling.

Background subtraction. A finite geometric capacitance between the tip and 
back-gate electrode can contribute to an overall constant spurious background in 
measured dμ/dn. To estimate this parasitic signal, we compare the measured dμ/dn 
of the higher dispersive bands at |ν| > 4 in the contact area and at the centre of the 
device, where the twist angle is slightly larger (~1.14–1.2°). The latter has a lower 
background because of better screening of the back gate and larger separation from 
its electrode. We found a small but finite difference of 8 × 10−12 meV cm2, which 
we subtract from all the presented data. Differences in dμ/dn from differences 
in the details of the dispersive bands are small and will therefore not affect our 
observations. The background contribution is still likely to be finite even at the 
centre of the sample given the small size of the device, so we conclude that we are 
likely undersubtracting the true parasitic background signal. This will enlarge the 
measured bandwidth by a small amount (<5%) but has a negligible effect on the 
extracted gap sizes.

Scanning MIM measurement. MIM measurements were performed in a 3He 
cryostat with a 12 T superconducting magnet and custom scanner incorporating 
Attocube nanopositioners. The MIM probe, an etched tungsten wire, was attached 
to a quartz tuning fork for topographic sensing, and scans were taken with the tip 
held approximately 20 nm above the sample’s surface. MIM measures changes in 
admittance between the tip and sample at GHz frequencies, which can be related 
to changes in local conductivity and permittivity in the sample. The measurements 
reported here were carried out at 6.8 GHz. At GHz frequencies, the tip and sample 
are strongly capacitively coupled, enabling subsurface sensing without requiring 
additional electrical contacts on the sample. MIM operates in the near-field limit, 

and the spatial resolution is dictated by the tip diameter (~100 nm) rather than the 
microwave wavelength.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request. Source data are provided with  
this paper.
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Extended Data Fig. 1 | Spatial dependence of electronic compressibility at zero field. Linecut of dμ/dn as a function of gate voltage (Vg) measured along 
a line in the top left contact area of the device shown in Fig. 1a. The Landau fans shown in Fig. 1 and Extended Data Fig. 4 are taken at x = 40 nm and 
x = 300 nm, respectively. The sawtooth pattern on the electron side generically exhibits a larger amplitude and negative dμ/dn at the ν = 2 transition. 
Dashed lines denote gate voltages corresponding to ν = ±4.
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Extended Data Fig. 2 | Spatial dependence of zLL and ChIs. Linecut of dμ/dn at 11 T. The positions with x > 0 correspond to those shown in Extended Data 
Fig. 1. While the overall strengths of the broken-symmetry zLLs is spatially dependent, those at odd integers have comparable strengths to those at even 
integers independent of position.
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Extended Data Fig. 3 | Comparison of inverse electronic compressibility and MIM measurements. Selected dμ/dn measurements as a function of moiré 
filling factor ν at different perpendicular magnetic fields reproduced from Fig. 1d. The curves are vertically spaced according to the applied magnetic field 
and the grey lines indicate the field dependence of the incompressible states identified in Fig. 1e. b, MIM measurements of the local conductivity at the 
same sample position as a function of ν and at the same magnetic fields. A decrease in MIM-Im corresponds to a decrease in conductivity confirming the 
main ChI and zLLs are associated with local resistive behavior. The MIM measurements were taken at T = 450 mK.
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Extended Data Fig. 4 | Landau fan of ChIs at a second location. dμ/dn measured at a second location (blue dot in Fig. 1a) with twist angle θ = 1.09˚ 
showing qualitatively similar ChIs/zLLs sequences and phase boundaries as in Fig. 1d.
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Extended Data Fig. 5 | Landau fan at higher temperature. dμ/dn measured at the location of Fig. 1d at temperature T = 1.7 K. The ChIs/zLLs and negative 
dμ/dn features are thermally broadened and weakened, but the qualitative pattern is unchanged. Interestingly, negative dμ/dn features that mark phase 
transitions appear closer to the adjacent incompressible states.
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Extended Data Fig. 6 | Spatial dependence and competing ChIs. Higher resolution Landau fans in the vicinity of (𝜈 = −8/3, B = 8.7 T) taken in the 
locations of Fig. 1d and Extended Data Fig. 4. The pattern of dominant ChIs and detailed regions of negative dμ/dn are distinct in each location. c-e, Spatial 
linecuts (same trajectory as in Extended Data Fig. 1) taken at B = 9.4, 8.7, and 7.4 T, respectively.
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Extended Data Fig. 7 | Hofstadter spectrum from a second location. Correlated Hofstadter spectrum extracted from the data in Extended Data Fig. 4. The 
spectrum qualitatively agrees with that in Fig. 2c with a slightly smaller total bandwidth.
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Extended Data Fig. 8 | Hysteresis as a function of B. dμ/dn measured as a function of both increasing (red) and decreasing (blue) B at fixed densities. 
Hysteretic regions are highlighted in yellow. d-e, Hysteresis as a function of density, reproduced from Fig. 3a, d. Overlaid yellow lines indicate ranges over 
which we observe hysteresis as a function of B. Solid (dashed) lines indicate dμ/dnup − dμ/dndown > 0 (<0), respectively. The ranges of ν and B in which 
hysteresis occurs are independent of which is swept as the fast axis.
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Extended Data Fig. 9 | zLL gap evolution at a second location. Thermodynamic gaps of νC = ±2 zLLs extracted from the data presented in Extended  
Data Fig. 4.
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Extended Data Fig. 10 | Phenomenological model of zLL evolution in the presence of mirror symmetry breaking. Schematic of the moiré valley splitting 
Δv between κM, κ′M by Δv. b, Evolution of the zLLs in the presence of inter-flavor Coulomb repulsion U (ignoring single-particle effects). Four zLLs with 
different flavors are split linearly in B within each moiré valley (red and blue, respectively), resulting in LL crossings. The corresponding Chern numbers are 
labeled within the gaps. c, B dependence of zLL gaps derived from b. d, Evolution of the zLLs if the Zeeman coupling is different for spin and valley flavors. 
Such single-particle gaps lead to different effective interactions U and U’ between LLs corresponding to different flavors within each moiré valley. This 
modifies the fields at which LL crossings occur, reducing B1, B2 and B3 relative to the predicted field B′1 at which the gaps at |νC| = 2 close and those at odd 
integer fillings saturate. e, B dependence of the zLL gaps derived from d.
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