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Magic-angle twisted bilayer graphene (MATBG) exhibits a range of correlated phenomena
that originate from strong electron-electron interactions. These interactions make the Fermi
surface highly susceptible to reconstruction when +1, +2, +3 electrons occupy each moiré
unit cell and lead to the formation of various correlated phases'™. While some phases have
been shown to carry a non-zero Chern number>®, the local microscopic properties and topo-
logical character of many other phases remain elusive. Here we introduce a set of novel
techniques hinging on scanning tunneling microscopy (STM) to map out topological phases
in MATBG that emerge in finite magnetic field. By following the evolution of the local den-
sity of states (LDOS) at the Fermi level with electrostatic doping and magnetic field, we
visualize a local Landau fan diagram that enables us to directly assign Chern numbers to all
observed phases. We uncover the existence of six topological phases emanating from integer
fillings in finite fields and whose origin relates to a cascade of symmetry-breaking transitions
driven by correlations”®. These topological phases can form only in a small range of twist
angles around the magic-angle value which further differentiates them from the Landau lev-
els observed near charge neutrality. Moreover, we observe that even the charge-neutrality
Landau spectrum taken at low fields is considerably modified by interactions and exhibits
prominent electron-hole asymmetry and features an unexpectedly large splitting between
zero Landau levels (~ 3 — 5 meV). Our results show how strong electronic interactions im-
pact the MATBG band structure and lead to correlation-enabled topological phases.

MATBG features a triangular moiré lattice with a period L,, = a/(2sin(f/2)) ~ 13 nm set
by the twist angle # ~ 1.1° and the graphene lattice constant @ = 0.246 nm”'°. This additional spa-



tial periodicity gives rise to an effective mini-Brillouin zone, which due to its small-size is expected
to give rise to topological Chern insulating phases at realistic magnetic fields'!~'* characteristic of a
Hofstadter’s spectrum!>!°, Yet the impact of strong correlations on Hofstadter physics and result-
ing topological phases in MATBG is still underexplored. We study MATBG placed on a tungsten
diselenide (WSe;) monolayer, thick hBN dielectric layer and graphite gate; see Fig. fig: figla as
well as Extended Data Fig. 1 and Methods, section 1. We use monolayer WSe, as a MATBG im-
mediate substrate since previous work!” suggests that WSe, improves the sample quality and does
not change the magic-angle condition. In STM, twist angle can be determined by measuring the
distance between neighbouring AA moiré sites in the topographic data (Fig. 1b)!*2°. Measured
quantity, tunneling conductance (dI/dV), corresponding to the local density of states (LDOS), as
a function of sample bias (Vpi,s) and a gate voltage (Vgate) that tunes electrostatic doping, shows
the evolution of the two LDOS peaks originating from the Van Hove singularities (VHS) of the
flat bands (Fig. 1c). At Vgate > +5V, both peaks are below the Fermi energy (Eg, Vpjas = 0
mV), indicating completely filled flat bands. As V.. 1S reduced, the first VHS corresponding to
the conduction flat band crosses Er several times, resetting its position around gate voltages cor-
responding to occupations of v = 3,2, and 1 electrons per moiré unit cell until the v = 0 charge
neutrality point (CNP) is reached—at which the splitting between VHS is maximized!*? (See
Methods, section 4, for assigning of filling factor v to Vate). A similar cascade was previously
observed in MATBG placed directly on hBN®; our observations thus demonstrate that the added
WSe, does not significantly alter the spectrum or the cascade mechanics.

Landau levels in MATBG

In a perpendicular magnetic field, the overall spectrum changes as Landau levels (LLs) develop in
the flat bands around the CNP, and the onsets of the cascade transitions shift accordingly (see black
arrows in Fig. 1d,e). These onsets are accompanied by a low LDOS at Er and nearly horizontal
resonance peaks, indicating the presence of gapped states?*. Focusing first on identifying LLs near
the CNP, a linecut at B = 8 T shows four well-resolved peaks (Fig. 1f). The phenomenological
ten-band model** with parameters chosen to semi-quantitatively match the data (Fig. 1g) suggests
that the inner peaks are zero LLs (zLLs) originating from MATBG Dirac points, while the outer
peaks (that include the VHS) form from the LLs that descend from less-dispersive parts of the band
structure and can not be individually resolved. Importantly, both zLLs and the broad-feature that
includes VHS are expected to be four-fold spin-valley degenerate and carry non-zero Chern number
(+1 and —1 respectively per spin and valley flavor, see also Methods, section 8a). For simplicity,
we will refer to the C' = —1 broad-feature (that consist of non-resolved LLs and includes VHS) as
a simply VHS. In this notation, the total Chern number of zLL (VHS) is C' = +4 (C' = —4). The
four-fold degeneracy of zLLs is further corroborated by observing the splitting into four distinct
branches, when each of the zLLs crosses the Fermi energy (Extended Data Fig. 4). The Chern
number assignment takes into account splitting of Dirac cones in energy that is experimentally
observed via two inner peaks instead of one and accounts for the reduction of an eight- to four-fold
degeneracy observed in previous transport MATBG experiments (see Methods, sections 8a and 7b).



With this interpretation in mind, and as discussed in the remainder of the paper, we attribute the
shifting of the zero-field cascades (black arrows in Fig. 1d and Fig. le; see also Methods, section 6
and Extended Data Fig. 3) and the accompanying gaps to the formation of Chern insulating phases
enabled by correlations.

LDOS Landau fan diagram

The spectrum of MATBG in magnetic fields has so far been studied using transport measurements
that provide information about electronic structure close to Ep'-3*25, We relate these experiments
to our STM findings by utilizing a novel approach that enables measuring a full Landau fan dia-
gram via LDOS. This LDOS Landau fan is acquired by taking the tunneling conductance without
feedback and keeping Vgi.s = 0 mV, such that the STM probes MATBG at Er as electron den-
sity (Vgate)?® and magnetic field are varied. The resulting signal, reflecting LDOS at Ep, is thus
suppressed in certain regions of carrier densities where gaps develop (Fig. 2a and b).

Our LDOS Landau fan (Fig. 2c), taken at one specific AB point, reproduces many of the
features established in previous MATBG magneto-transport measurements'>%!7 despite the fact
that it records a fundamentally different quantity—LDOS instead of transport resistance. The
approach also allows verifying whether the twist angle values extracted from the Landau fan match
the ones seen in topography (agreement is within 0.01°). Importantly, in addition to LLs, we also
observe strong LDOS suppressions that abruptly appear in finite fields (B > 3 T for » > 0 and
B > 6 T for v < 0; red dashed lines in Fig. 2c), indicating the formation of insulating phases
emanating from v = £1, £2, and +3 2%, The corresponding Chern numbers, C' = +£3, £2,
and +1, respectively, can directly be assigned from the observed slopes of the gap positions as a
function of v and the Diophantine equation®’, v(B) = C' x A, x B/¢y + v(B = 0) (see Extended
Data Fig. 6 for data showing the C' = —1 state). Here A,, = v/3L,> /2 is the moiré unit cell
area, ¢y is the flux quantum, and v(B = 0) denotes the filling (£1, +2, +3) from which the phases
emanate.

Correlated Chern insulating phases

To better understand how Chern phases develop, we perform spectroscopic measurements for fixed
magnetic field (Fig. 2d). Focusing on the conduction flat band, as the gate voltage increases from
Vaate = 2V, the four-fold degenerate VHS approaches the Fermi level. Just before crossing
(Vgate = 3 V), a series of small gaps open up, accompanied by a set of nearly horizontal res-
onance peaks. These resonances are attributed to quantum dot formation around the tip due to
the emergence of a fully gapped insulating state in its vicinity (see also Methods, section 5). As
Vate further increases, part of the VHS-LDOS feature is abruptly pushed up in energy (seen at
higher Vp;,s in Fig. 2d), reducing its spectral weight. Similar transitions are observed also near
Vaate = 4 V and Vgate = 5.1 V with the spectral weight reducing after each transition. This tran-



sition sequence is analogous to the B = 0 T cascade, though with the finite-field, onsets shifted to
new Vaate positions that trail the location of nearby Chern insulating phases (see also the additional
discussion in Methods, section 6 and Extended Data Fig. 3).

These observations can be explained within the Hofstadter picture (Fig. 1f,g), where each
zLL carries total Chern number C' = +4 and the VHS, carries C' = —4. Here the factors of four
reflecting spin-valley flavor degeneracy. When the conduction band’s VHS is empty, the Chern
number of the occupied bands is C = —4 + 4 x 2 = +4 (here —4 comes from the valence band
VHS, while +4 x 2 comes from zLLs). Consequently, the gap between the zLL and the bottom
of the VHS follows the corresponding C' = +4 slope in the LDOS Landau emanating from CNP
(marked with the gray line labeled +4 in Fig. 2¢). As charge density increases, all four spin-valley
flavors in the conduction band are populated equally, until the VHS reaches Er and interactions
underlying the cascade’ shift all carriers to one flavor VHS while the other three are pushed to
higher energies (Fig. 2e). Since the added single-flavor VHS carries C' = —1, the total Chern
number is now C' = +3, and the next corresponding gap in the LDOS Landau fan follows an
accordingly reduced slope. This sequence repeats, creating a cascade.

Angle dependence

To verify the role of correlations on the Chern insulating phases, we extend the technique intro-
duced in Fig. 2a-c to visualize the evolution of these phases with twist angle. For this purpose, we
focus on an area where the angle slowly changes over hundreds of nanometers (many moiré peri-
ods), so that twist angle is locally well-defined and the strain is low (<0.3%) (Fig. 3a). By measur-
ing the LDOS at Er vs. Vaate and spatial position, we image the development of the Chern phases
and the zLLs (Fig. 3b). While LL gaps around the CNP form at filling factor v;;, = £4,£2,0
at fixed Vaate independent of the twist angle, the Chern insulating phases move away from the
CNP for larger angles as expected from the change of the moiré unit cell size. The Chern insu-
lating phases are also only observed in a certain narrow range around the magic angle (Fig. 3b),
highlighting the importance of correlations for their formation. For example, the C' = —3 state
emanating from v = —1 appears only for 1.02° < § < 1.14° at B = 7 T while the C' = —2 state is
stable for a slightly larger range. Moreover, at lower fields, the angle range where the Chern phases
are visible also diminishes (Fig. 3c-e). The phase diagram (Fig. 3f) thus depends sensitively on
both magnetic field and twist angle.

The observed evolution of Chern insulators with twist angle reflects a competition between
Coulomb interactions and kinetic energy, similarly to the cascade at B = 0 T. Here the electron-
electron interaction scale is approximately set by U =~ e?/47eL,, (e and € respectively denote the
electron charge and dielectric constant) and increases for larger twist angle. The typical kinetic
energy scale, taken to be the bandwidth W of the C' = —1 single flavor VHS, instead exhibits
non-monotonic twist-angle dependence, and is minimal at the magic angle and further narrows
with increasing magnetic field. We thus expect Chern insulating phases to occur close to the magic



angle, with larger fields required for their onset away from the magic angle (Fig. 3f). Estimates of
U/W as a function of B based on a continuum model support this reasoning (see Methods, section
8). Further, we note a general electron-hole asymmetry of the angle range where Chern phases
are observed (Fig. 3b): the C' = —2 phase emanating from » = —2 on the hole side is seen for
1.19° > 0 > 1.01°, while the C' = 2 state on the electron side is observed for 1.15° > 8 down to
0.99°. This observation indicates that the ‘magic angle’ condition where correlations are strongest
differs between the conduction and valence flat bands and highlights the sensitivity of MATBG
physics to tiny twist-angle changes.

Spectroscopy of Landau levels near CNP

Now we explore low-magnetic-field LLs observed near the CNP, which are directly relevant for
the MATBG band structure. Many MATBG properties remain poorly understood—e.g., the ap-
pearance of four-fold degenerate LLs around charge neutrality' instead of eight-fold as expected
from the eight degenerate Dirac cones of the two stacked monolayers, and the measured flat-
band bandwidth (~ 40 meV)'*"*? that far exceeds theoretical predictions!®. These discrepancies
are largely due to difficulties in performing band-structure calculations that incorporate electronic
correlations®*2, strain*® and atomic reconstruction®*. Several mechanisms were proposed to ex-
plain the four-fold degenerate LLs formed at charge neutrality**3>3, although no general consen-
sus has emerged. Figure 4a-f shows the evolution of CNP LLs for 0.5 T< B < 4 T. The four-fold
LL degeneracy, revealed in Fig. 2c, is seen here through the equal separation between LLs in Vgate
as they cross Ep (see vy; marked in Fig. 4f and the compare color coding from the diagram in
Fig. 2¢ ). Here, we focus on the relative energy separation between LLs taken at fixed Vg, While
varying B (Fig. 4g-1). Since the energy separation between LLs can be affected by exchange inter-
actions when LLs cross the Fermi energy, we choose V.. values to avoid such interaction-altered
regions and compile the single-particle energy spectrum in Fig. 4j. We note that, although fine
features of the LL spectrum may vary with spatial location, the energy separations remain similar.

The observed LL spectrum is consistent with a scenario wherein the two moiré Brillouin
zone Dirac cones are shifted in energy, either by strain (0.3% in this area)***¢ or layer polarization
due to a displacement field®’ (see also Methods, section 10). In this scenario, 0+ and 0— (Fig. 4j)
originate from the two Dirac points and the spectrum can be compared to the Dirac-like dispersion
E,, = sgn(n)vpy/2eh|n|B with sgn(n) = n/|n|. The observed LL separations (e.g., 8 meV for
0— to 1— and 5 meV for 1— to 2— at B = 2 T) yield a Dirac velocity vp =~ 1.5 — 2 x 10° m/s than
exceeds continuum-model predictions by an order of magnitude, highlighting possible interaction-
induced modification of MATBG bands near the CNP. Electron-hole asymmetry is also present, as
the energy differences between the first few LLs on the hole side are larger than their electron-side
counterparts. Moreover, upon doping, LLs move together toward the VHS while the separation
between them is hardly affected (Fig. 4a,c,e). This finding signals that dispersive pockets within
the flat bands do not change significantly as flatter parts of the bands deform®®3!. Together these
observations place strict restrictions on the MATBG electronic bands and provide guidance for



further theoretical modeling. Looking ahead, we anticipate that the novel STM spectroscopic
techniques developed here will enable the exploration of other exotic phases in MATBG and related
moiré systems.

Note: In the course of preparation of this manuscript we became aware of the related work>®.
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Figure 1 | Spectroscopy of MATBG with magnetic field at 2 K. a, Schematic experimental
setup. MATBG is placed on a monolayer WSe, and supported by hBN. A graphite gate resides
underneath. Inset shows details of WSe, and graphene crystal structure. b, Typical topography
showing a moiré pattern at the magic angle (Vg;,s = —400 mV, I = 20 pA). c-e, Point spectra on
an AB site at § = 1.03° as a function of Vg, for magnetic fields B=0T (¢), B=4T (d), and
B =8 T (e) applied perpendicular to the sample. Panel (¢) shows the evolution of the zero-field
density-of-states peaks originating from flat-band VHS. As each of the peaks crosses the Fermi
energy, a cascade of transitions appears, manifested here as splitting of the VHS into multiple
branches close to integer filling factors v. Features observed near the CNP are discussed further
in Methods, section 7a. Finite-field measurements in (d, e) reveal Landau levels forming around
charge neutrality (v = 0), along with newly formed field-induced gaps (black arrows) visible as a
suppression of dI/dV conductance. f, Conductance linecuts at Vg, = 0.6 Vand B = 8 T on AA
and AB sites. Landau levels are more visible on the AB site due to reduced VHS weight. Since
the large intensity of VHS peaks on the AA sites can obscure some of the fine features related to
high fields, we focus on the AB sites throughout the paper (see Extended Data Fig. 2 for AA-site
spectra). g, Energy spectrum calculated from the ten band model with parameters chosen such that
the relative peak positions match the experimental data in (f). Most LLs merge into the electron
and hole VHS that each carry Chern number C' = —1, while two isolated LLs at charge neutrality
remain around zero energy and both carry C' = +1. Due to spin-valley degeneracy the total Chern
number for zZLLs and VHS is then C' = +4 and C' = —4.
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Figure 2 | Local Density of States (LDOS) Landau fan and gaps induced by Chern insulating
phases. a, Principle of acquiring LDOS Landau fan. Conductance dI/dV oc LDOS is measured
while sweeping Vate to change carrier density at fixed Vgi,s = 0 mV. b, Example linecut taken
at B=8Tand -6 V < Vgae < 6 V. Insulating phases appear as LDOS dips. Chern insulating
phases and LLs are indicated by grey regions and blue vertical lines, respectively. The position of
these lines is obtained from the slopes in (¢). ¢, LDOS Landau Fan diagram at an AB site for 6 =
1.02°. LDOS data, taken by sweeping Vgate, 1s normalized by an average LDOS value for each
magnetic field (separately for flat and remote bands). Black solid (blue dashed) lines indicate gaps
between LLs originating from the CNP (half-filling). Purple lines on the yellow background show
the LL gaps in remote (dispersive) bands. Magnetic-field-activated correlated Chern insulator gaps
are marked by red dashed lines. The signal in the flat-band region is multiplied by five to enhance
visibility in relation to the remote bands. The uncertainty in Vg, of the filling factor v = +4
position is approximately 0.1 V, see Methods, section 4. The color coding of regions near CNP
separated by LL gaps mark different Landau levels in Fig. 4. d, Point spectra on the same AB point
as in (c) as a function of V.4 taken at B = 7 T, highlighting the crossing of the electron-side VHS
in magnetic field. Chern insulator gaps corresponding to C' = 3, C' = 2 and C' = 1 are indicated
by white arrows. The gaps are accompanied by resonances (horizontal features) originating from
quantum dots formed within the insulating bulk (see Methods, section 5). Similar features are also
observed on the hole side (see Extended Data Fig. 5). e, Schematic of the cascade in magnetic

field. Each time the VHS crosses the Fermi enk2gy, a Chern gap appears and the corresponding
band Chern number changes.
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Figure 3 | Angle and magnetic-field dependence of the LDOS and identification of Chern
insulators. a, Topography of a 40nm x 520nm area where twist angle gradually changes from 1.3°
(top yellow line) to 1.0° (bottom yellow line); tunneling conditions are Vpi,s = 100 mV, I = 20 pA.
b, Conductance at Vg;,s = 0 mV and B = 7 T taken at different spatial points—characterized by
different local twist angles #—and for different V... Measurements were spatially averaged over
the horizontal direction within the green dashed box shown in (a). Chern insulating gaps develop
only in a certain range of angles near the magic angle. The V g, positions of the Chern insulating
phases emanating from the integer fillings shift with local twist angle 6 since the non-zero filling
depends on the moiré unit cell area A,, = v/3L2, /2. Landau level gaps originating from the CNP,
by contrast, do not shift with V... c-e, Magnetic-field dependence of the LDOS for hole doping
(-5V<Vgate <0OV)at B=6T (¢), B=5T (d), and B =4 T (e). The Chern insulating gaps
disappear as the magnetic field is lowered. f, Reconstructed phase diagram showing the range of
fields and angles where C' = —2 and C' = —3 Chern insulators are observed. In the shaded regions
the suppression of LDOS due to Chern insulators is prominent. See Extended Data Fig. 6 for
high-resolution data resolving the C' = —1 state.
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Figure 4 | Evolution of Landau levels from charge neutrality. a-f, Point spectra as a function
of Vaate (,¢,€) and schematics tracking the evolution of Landau levels (b,d,f) for B = 0.5T (a,b),
B =1T (¢,d), and B = 2.5T (e,f). At the Fermi energy, each Landau level is equally separated in
electron density (Vgate) as marked by the Landau-level filling v 1, indicating four-fold degeneracy
of each level. g-i, Linecuts at Vgae = —1 V (€), Vgate = 0.2 V (h), and Vgae = 1.1 V (i)
illustrating the LL spectrum change with magnetic field. A smooth background was subtracted to
enhance visibility. The indicated LLs were identified in (b,d,f). j, Combined energy spectrum for
LLs around charge neutrality. Zero energy is set as the midpoint between 0+ and 0— levels. Error
bars in j are set by the measured width of the corresponding LLs.
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Methods

1 Device fabrication

The device in this study was fabricated with the Polydimethylsiloxane (PDMS)-assisted stack-
and-flip technique developed in our previous work?®. Thick (~30nm) hBN, monolayer WSe,
(purchased from HQ Graphene), and monolayer graphene are exfoliated on SiO, and identified
optically. We used a poly(bisphenol A carbonate) (PC)/PDMS stamp to pick up hBN, WSe,, and
used the stack to tear and twist graphene layers!’, all at ~90°C. We manually rotated the two
graphene pieces by ~ 1.0°. The entire stack attached to PC is then transferred onto a clean PDMS,
twisted bilayer graphene (TBG) side facing the PDMS. We dissolve PC in N-Methyl-2-pyrrolidone
(NMP) and the stack is transferred on a chip with a graphite gate and gold electrodes. In the final
step, TBG is connected to the electrodes by another graphite flake. This method results in good
sample quality where we can easily find a contamination-free area of dimensions more than 400nm
x 400nm (Extended Data Fig. 1b) and negligible surface corrugation due to graphite back gate.

2 STM measurements

The STM measurements were performed in a Unisoku USM 1300J STM/AFM system using STM
mode. We used a platinum iridium (Pt/Ir) tip, first prepared on a Ag(111) crystal. The tip quality
is verified by measuring quasiparticle interference and a spectrum that shows the Ag(111) surface
state. Additionally, the tip has been cleaned on the MATBG sample by pulsing on the gold elec-
trode and verifying the resulting spectrum®. It is likely that the final tip also contains Au atoms.
All the features reported here are robust with more than ten different microtips. The measurements
were performed at 2K and the lock-in parameters were modulated at voltage V04 = 0.5 — 1 mV
and frequency f = 973 Hz; set parameters for dI/dV were Vg;,s = 100 mV and [ = 1 nA, un-
less specified otherwise. The piezo scanner was calibrated on a Pb(110) crystal. The twist angle
uncertainty in MATBG measurements is +0.01°, originating from measured lengths in topography.

The LDOS-Landau fan measurements shown in Fig. 2c were performed by taking STM data
in the feedback off mode while sweeping V.. After the data set is collected, we change the
magnetic field while keeping track of the same spatial position and turning the feedback on. For
each magnetic field the LDOS data at the Fermi energy is normalized by the average value.

3 Effects of WSe,

One of the main differences between this work and previous MATBG results is the use of mono-
layer WSe, as a substrate. This approach enables finding larger areas (400 nmx400 nm) that are
cleaner and have much less twist angle disorder. Apart from this technical difference, the effects
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of spin-orbit interaction (SOI), studied in Ref. 17, have corresponding energy scales of 1 meV—
similar to the Landau level broadening observed with STM at 2K. For this reason, we believe that
SOI effects do not play a critical role in the results reported here. Also the features observed in
zero field qualitatively match results obtained in MATBG on hBN®. However, it is plausible that
some WSe, related effects*® combined with different measurement geometry, such as possible en-
hancement of Rashba SOI, may affect details of the MATBG band structure. Future studies will
be focused on a systematic investigation of MATBG placed on different substrates.

Based on optical inspection (Extended Data Fig. 1a), WSe, and MATBG are not aligned.
Also, since WSe, and graphene have very different lattice constants, in contrast to hBN, global
C5 symmetry breaking is unlikely even in the case of perfect alignment. Importantly, our STM
measurements do not show any Cy symmetry-breaking signatures in electronic structure, and we
find that signatures in topography of the possible moiré pattern between MATBG and WSe, are
much weaker compared to similar signatures that can be observed in MATBG/hBN structures. This
is not surprising, as the MATBG/WSe, moiré-pattern length scale is expected to be around 1 nm
and thus comparable to inter-atomic distances.

4 Filling-factor assignment

From the LDOS Landau fan diagram (Fig. 2¢), we can precisely identify gate voltages that cor-
respond to origins of different LLs and Chern insulator states. Once gate voltages corresponding
to =0 and v=14 (sometimes also £2) are identified, conversion between gate voltage and filling
factor is fully defined. We have verified that this conversion also gives twist angles that match
the values estimated from topography. This approach, equivalent to the one previously used in
transport measurements, is much more precise than the alternative methods used in all previous
MATBG STM measurements® 1-20:22:38 ' where LDOS fan diagram is missing and the filling factor
assignments are more ambiguous, see Extended Data Fig. 10. By using LDOS Landau fan, the full
filling position can be determined with the error less than about 0.1 V or equivalently the error in
filling factor is 0.07 electrons/moiré unit cell. This is a factor of 3-5 smaller error in comparison to
determining filling factor from the half-filling positions at zero magnetic field’.

5 Quantum-dot formation

In our high resolution spectra, various gaps at the Fermi energy are accompanied by nearly hor-
izontal resonance peaks and Coulomb diamonds. For example, band gaps between the remote
bands and the flat band (Extended Data Fig. 4a at Vgae ~ 46 V), gaps between LLs (Fig. 4e
and Extended Data Fig. 4b), and the Chern insulating gaps (Fig. 2d) all show resonances around
the gaps. We note that the majority of resonances and Coulomb diamonds are formed below (in
Vate) the expected gap position from the LDOS Landau fan. This observation can be explained
by quantum-dot formation around the tip. Since the STM tip and graphene have different work
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functions®, even at zero bias the tip acts as a top gate and slightly dopes the region in the immedi-

ate vicinity. The likely presence of Au atoms on the tip and observed positions of resonance peaks
are both consistent with tip-induced hole-doping underneath. Consequently, as we increase Vgage
the global sample enters the insulating regime first, and the area underneath the tip can still be
conducting—thereby creating a conducting island (i.e., quantum dot) and consequent resonances.
Further doping will bring the area underneath the tip to the gapped phase, explaining resonances
being below the gap in V... We interpret the resonances and observed Coulomb diamonds as
direct evidence of fully developed gaps, since quantum dots only form when the insulating-phase
resistance exceeds the resistance quantum. Due the presence of quantum dots, extracting exact
values of Chern insulating gaps is not straightforward, as both the Chern gaps and the quantum dot
charging energy (typically 2 — 3 meV) are comparable.

6 Magnetic-field dependence of the cascade of phase transitions

Extended Data Fig. 3 shows point spectra at magnetic fields from B = 4 T to 8 T. Positions of the
dashed lines are calculated from the slopes in the LDOS Landau fan diagram with the appropriate
Chern numbers. As discussed in the main text, for the conduction band, the onsets of the cascade
of transitions, where the LDOS is pushed up away from the Fermi energy, match well with the
positions expected from the Chern number and magnetic field. For the valence band, onsets of the
cascade do not change until B = 6 T, where the correlated Chern insulating phases start to occur.
For B > 6 T, the cascade onsets also match with the Chern number lines. We note that with or
without a magnetic field, cascade features are more visible in the conduction band, as the LDOS
at the Fermi energy becomes very low after crossing each cascade transition. In the valence band,
however, LDOS at the Fermi energy is not sufficiently suppressed after the transition. For example,
around v ~ —1 the VHS peak is still pinned to Er while a small amount of spectral weight is
pushed away; in contrast, at v ~ 1 the whole VHS peak is lifted from Er. This observation again
illustrates the electron-hole asymmetry present in MATBG and is consistent with our observation
in the LDOS Landau fan (Fig. 2¢) that Landau levels originating from the CNP may still be visible
beyond v = —1 filling.

7 Magnetic-field dependence of flat-band Landau levels

a. Landau Levels and zero-field features near the CNP: As shown in Fig. 4, in our experiment
we can resolve Landau levels around CNP down to B = 0.5 T (measured at T = 2 K). This reso-
lution is in line with transport measurements taken at similar temperatures. However, even at zero
magnetic field, we often see small additional LDOS peaks around the CNP within the VHS (see
Fig. 1c); note that their intensity is much lower compared to the main LDOS peaks (VHS) that
are determined by the flat parts of the band structure. Mostly likely, these minor peak features at
B = 0 T are related to MATBG band structure details that are not captured by simple continuum
models. Recent ab-initio modeling suggested that the + points in the moiré Brillouine zone can
be significantly distorted, with local minima/maxima residing close to the Dirac points®!. These
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local extrema in the band structure would manifest as small peaks in the LDOS observed by STM.
We also note that similar fine LDOS peaks at B = 0 T were recently observed in a very different
quantum material with Dirac dispersion*!, possibly indicating that other effects such as local fluc-
tuations in chemical potential can also play a role. Importantly, at fields B > 0.5 T the Landau
levels become more prominent and can be easily distinguished from these zero-field features by
their systematic shift in magnetic field and Vgate.-

b. Quantum Hall ferromagnetism of 0+ and 0— Landau levels: When partially filled, the two
four-fold degenerate Landau level closest to the CNP, 0+ and 0—, exhibit quantum Hall ferromag-
netism at high magnetic fields (Extended Data Fig. 4b,c). Consider the evolution of the 0+ level.
Starting from the top line cut of Extended Data Fig. 4c, as Vgae is lowered the 0+ level splits
several times when crossing the Fermi energy due to exchange. Each time, only the part of the
LDOS corresponding to one of the flavors is transferred above Ep. By tracing the evolution of
0+, we can resolve splitting between all four flavors. Note, however, that the visibility of such
flavor-resolved LLs (i.e., the corresponding LDOS) is not equal, indicating that the filled LLs in
the quantum Hall ferromagnetetic states have different spatial distribution. In particular the dI /dV
peak at Vp;,s < 0 mV labeled 2 in the upper part of Extended Data Fig. 4c is of similar height as
the one above (labeled 3), whereas the last peak (labeled 1) is quite reduced, i.e., the LDOS there is
low. We observe similar LDOS evolution of the 0— level. These variations possibly originate from
layer polarization. That is, some of the flavor-resolved LL wavefunctions may live predominantly
on the bottom layer—thereby reducing the corresponding LDOS measured by the STM tip on the
top layer. These effects can also reduce the visibility of different v;; gaps in Fig. 2 and Fig. 3,
where odd vy, are difficult to resolve (v, = +1 is 'missing’ in Fig. 2c and v;;, = +1,4+3 in
Fig. 3; see also Extended Data Fig. 6).

c¢. Electron-hole asymmetry: Our STM observations highlight electron-hole asymmetry visible
in MATBG’s Landau level evolution. We note that measurements showing this asymmetry in
Fig. 2 and Fig. 3 differ fundamentally from the ones discussed in Fig. 4. Figure 2c and Fig. 3
discuss gaps at the Fermi level that develop due to formation of Landau levels or Chern insulators
and access physics close to Eg; in this context, these measurements are similar to transport. The
electron-hole asymmetry of MATBG in these measurements is inherited from the gap evolution
with magnetic field and Vg,i.. For example, Fig. 3—which shows the gap evolution with twist
angle—suggests that flat portions of the valence flat band that make up the VHS evolve differently
from the corresponding conduction band. Concretely, starting from angles above the magic angle,
the bandwidth of the valence band narrows more rapidly than the conduction band and becomes
sufficiently narrow for the development of Chern insulators at larger twist angles. As the twist angle
is further lowered, the bandwidth increases again. By contrast, the bandwidth of the conduction flat
band becomes sufficiently narrow to give rise to Chern insulators at lower twists angles (around
1.14° at B =7 T). Ultimately, at around 1°, our data are consistent with the flat portion of the
conduction band becoming narrower than the valence band, given that Chern insulators become
visible at lower magnetic fields on the electron side; recall Fig. 2c.
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In contrast to this observation of MATBG Fermi-level physics, Fig. 4 discusses the LL energy
spectrum when the LLs are far from Ep and thus reflects directly the asymmetry in the shape of
MATBG flat bands near the Dirac points.

8 Theoretical modeling and comparison with experiment

a. MATBG in magnetic field: Chern number assignments In this subsection we discuss the
assignment of Chern numbers to the MATBG magnetic field bandstructure shown in Fig. 1g. To
understand the Chern number assignment it is helpful to start from monolayer graphene. When
placed in a magnetic field*?, graphene’s quantum Hall conductivity per spin is quantized in steps
of (2n + 1)e?/h, where n is a LL index as defined in the main text. By relating this fact with the
conventional formula for the quantum anomalous Hall (QAH) conductance per spin, C'e?/h, we
find that the Oth LL has a Chern number of C' = 1 (note that the sign of C' and its relation to the
QAH conductance is a convention—we could equally well have specified C' = —1). With each
consecutive LL, the total Chern number of occupied states increases until the VHS when it starts
to fall, with the conductance of the two filled bands vanishing*}. This reasoning holds also for
MATBG, where the zLL similarly carries Chern number C' = 1 35 However, as discussed in the
main text, because of how flat the original bands are, in high fields it is experimentally difficult to
resolve other flat-band LLs beyond the zLL. It is therefore helpful to think of the zLLs individually
and group the remaining LLs into two sub-bands centered around the electron/hole VHS. In doing
so we can then assign Chern number C' = —1 to the two “effective” sub-bands containing the
VHS, as the overall two bands, when fully filled or empty, must have vanishing Hall conductance
(and hence total Chern number zero). In the main text we refer to this VHS centered sub-band as
simply VHS.

b. Modeling: We used both continuum and ten-band models to calculate the energy spectrum of
MATBG subjected to magnetic fields (see supplementary information for calculation details). The
continuum model is known to qualitatively capture the correct physics of twisted bilayer graphene
at twist angles away from the magic angle. However, it underestimates the experimentally observed
bandwidth energy scale in MATBG by an order of magnitude®, and thus does not capture the
correct low-field LL spectrum near the CNP. This discrepancy is in part expected since strong
correlations, alongside atomic reconstruction, play a critical role in the physics of MATBG. For
this reason, our analysis also employed the phenomenological ten-band model that keeps track
of the MATBG symmetries while also possessing a range of parameters that can be easily tuned
to allow for a more direct comparison with the experiment. Results from the continuum model
are presented in Extended Data Fig. 7. The ten-band model results, discussed in the context of
low-energy LL spectrum, are shown in Extended Data Fig. 9.
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9 U/W evolution with magnetic field and the phase diagram of Chern insulating phases

Extended Data Figure 8 shows an estimate of the ratio between the characteristic interaction energy
U and kinetic energy W as a function of twist angle 6 and magnetic field B. Results from panels
a,b follow from a continuum model (see supplementary information for calculation details). The
bandwidth IV is chosen as the width of the C' = —1 Chern bands that includes the VHS but not the
zero LLs; we respectively denote the bandwidths on the electron and hole sides by W, and W}, (see
Extended Data Fig. 7b). The characteristic interaction scale, as specified in the main text, is taken
to be U = e%/4meL);. Roughly, beyond a critical U/W we expect cascade transitions to become
energetically favorable, leading to the experimentally observed Chern insulator phases. Panels a,b
depict constant U /W contours (taking ¢ = 5) for various twist angles, excluding a narrow window
close to the magic angle where the bandwidths can not be reliably extracted. These constant U/TV
contours qualitatively reproduce trends observed in the experiment (Fig. 3f), most notably the
minimum of the U/W contours near the magic angle. The model’s small but nonzero electron-
hole asymmetry—manifest in the shifted contours relative to panels a,b—is also consistent with
observations.

The main trends for U/W evolution with magnetic field and twist angle can be captured ana-
lytically, thus further elucidating the underlying physics. To proceed, we estimate the dependence
of the bandwidth W' on magnetic field and twist angle. As shown in Extended Data Fig. 7, each
C' = —1 band narrows with field from its B = 0 value W, (which is half of the full zero-field
flat-band bandwidth). We crudely capture this narrowing as follows. First, the inner C' = —1 band
edges, close to the CNP, are modified by LLs descending from charge neutrality with energies
o Vv/B. The outer C' = —1 band edges in general further squeeze the bandwidth by a model-
dependent quantity. For simplicity, however, we take the bandwidth reduction arising from the

upper and lower edges of a given C' = —1 band to be identical. This approximation yields an
effective bandwidth
W(B) ~ WO—Q’UFVQQB, (1)

where v is the twist-angle-dependent velocity of the Dirac cone and the factor of 2 comes from
our rough assumption of symmetric band squeezing. The critical field B. at which Chern insu-

lators appear, corresponding to the edges of the regions in Fig. 3f, correspond to a solution of
U/W(B.) =n (withn > 1), i.e.,
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We estimate the B = 0 bandwidth as set by W, ~ vgr where k = 47 /(3L,,) is the x point at the
corner of the mini Brillioun-zone. Finally, to find a simple expression for vz as a function of twist
angle, we follow Ref. 10 and write
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with vy = 10° m/s the monolayer graphene band velocity and w; the moiré interlayer coupling
parameter that defines the magic angle. As required'’, at the magic angle the term in parenthesis
above vanishes. To allow for a finite bandwidth, we have thus included a broadening parameter
ove. We plot Eq. (2) for several values of 7 in Fig. 8c. In the plot we use dvp = 0.013, wy = 117
meV and € = 5. The essential feature of the experimental phase diagram, i.e., the minimum near
the magic angle, is correctly reproduced. The observed phase boundary, as reproduced by the
numerical estimates of Extended Data Fig. 8a,b, is however much steeper with magnetic field—a
feature not captured by the crude approximation for W (B) introduced in Eq. (1). The above ana-
lytical and numerical analyses demonstrate the critical role played by the twist angle and magnetic
field in forming the Chern insulting states driven by correlations.

10 Landau level spectrum for low fields and MATBG band structure

As discussed in the main text, our LL spectrum, shown in Fig. 4j, provides essential input about
MATBG band structure. Besides setting a lower bound on the Dirac velocity through the spacing of
LLs, it indicates the likely presence of gapless (or nearly gapless) Dirac cones in the MATBG band
structure, contrasting some recent theoretical studies. Here we provide a more detailed analysis
of different MATBG band-structure scenarios near the CNP. For this purpose we use the ten-band
model and corresponding Hofstadter spectra to qualitatively match the experimental findings. Ex-
tended Data Fig. 9a-h provides an overview of the different band-structure scenarios that we con-
sidered. Throughout we stipulate that the Dirac points either remain fixed to the x, ' points or
are gapped, though in practice they may be also shifted by the presence of strain®*. Such shifts,
however, do not have a substantial impact on the energy spectrum of the system or our analysis. In
the following, we briefly outline four possibilities for the MATBG band structure:

(i) Dirac cones at k, v’ are strongly gapped by the presence of strong correlations, and the dis-
persion around the +y point is inverted as proposed by several recent theoretical studies®? (Extended
Data Fig. 9a,b). This scenario implies that all LLs originate from states near the v point, which
would require an unrealistic linear-like dispersion to accommodate our observed LL structure—
most notably, nearly flat zero LLs. It may also imply a fully gapped system around the CNP even at
zero field (unless the flat bands touch at the y point or exhibit some other dramatic reconstruction),
which is not consistent with our observations. In our simple simulations, even when the  point
bands do touch, the separation between zero LLs increases much more rapidly than observed in
experiments.

(ii) Dirac cones at k, ' remain gapless and the flat bands at the v point merge with the VHS.
In this scenario all observed LLs originate from the Dirac dispersion (Extended Data Fig. 9c,d).
Energetically this scenario is consistent with the observed spectrum and reproduces all the rele-
vant features including the /B dependence of the LL spacing. However, we stress that in this
scenario, likely accidental crossings between LLs originating from different Dirac cones have not
been observed. A possible explanation for the absence of these crossings involves Dirac cones be-
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ing highly asymmetric, with band curvature leading to different Dirac velocities for electron-like
and hole-like excitations. Curvature effects combined with the fact that the energetically shifted
Dirac points always reside closer to one of the VHS than the other may explain the absence of
certain LLs. That is, the ‘missing” LLs could simply be absorbed into the nearest VHS for low
fields, before they become visible in experiment (~ 0.5 — 0.75 T).

(iii) Dirac cones at x, <’ remain gapless, and the dispersion around the  point becomes heav-
ily inverted—giving rise to a subset of the observed LLs (Extended Data Fig. 9e,f). For example,
within this scenario, the Dirac points can contribute the 0+ and O- levels, while all LLs originate
from the 7 point inverted band structure. In this explanation the relative separation between O-
and 1- (and between 0+ and 1+) would not be determined by the Dirac velocity, but rather by
band-structure details (such as the relative energy difference between Dirac point and inverted ~y
point bands, as well as shape of the  centered pocket). Viability of this scenario requires the Dirac
velocity vp to exceed vp > 2.5 — 3 x 10° m/s; otherwise additional Landau levels descending from
the Dirac cones would be visible.

(iv) One Dirac cone is gapped and the other merges with a VHS (Extended Data Fig. 9g,h).
This scenarios is outlined only for completeness, as it can be easily ruled out based on the main
features observed in the Hofstadter spectrum. In general, the crossing between the zero LL and
other levels (originating from the other Dirac cone) has to happen at a certain finite field, which
was not observed experimentally.

Based on this analysis we believe that only scenarios (ii) and (iii) are plausible for MATBG
band structure. Further research is needed to fully distinguish between them. We also note that a
small mass term may result in zero LLs that disperse with field. Recall from Fig. 4 that we observed
a mild increase in the separation between 0+ and O- levels as the field increased. This feature is
not universal, however, as occasionally these levels would move in parallel or approach each other,
consistent with the existence of non-spatially uniform mass term that determined evolution of these
levels with field. Future work will be focused on relating the LL evolution to possible strain effects.
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Extended Data Figure Legends:
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TBG/hBN

-0.2nm

Extended Data Figure 1 | Optical image of the device and STM topography of WSe, / hBN
boundary. a, Optical image of the device. Blue dashed line indicates the region with TBG. b,
STM topography of a WSe, boundary underneath twisted bilayer graphene (Vpi,s = —400 mV,
I =20 pA). ¢, Linecut along the yellow dashed line in (b). The height difference is around 0.8 nm,
which matches with the monolayer WSe, thickness. Small ripples originate from the moiré pattern.
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Extended Data Figure 2 | AA site point spectra versus gate voltage with magnetic field. a,
B=0T.b,B=4T. ¢, B=S8T. The area (with § = 1.03°) is the same as where Fig. 1c-e data
are taken. The VHS are more pronounced compared to the AB site, making LL features harder to
resolve.
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Extended Data Figure 3 | Evolution of cascade with magnetic field. a-e, Point spectra versus
gate voltage on an AB site (| = 1.03°)atB =4T (), B=5T(b),B=6T(),B=7T
(d), B = 8 T (e). Colored dashed lines indicate positions calculated with corresponding Chern
numbers. f, Tracking of cascades on the conduction band at different magnetic fields. As the field
is increased, the shifting of cascade onsets follows the evolution of Chern insulators. a and e are
the same data as Fig. 1d and e; b-d are at intermediate fields on the same area.
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Extended Data Figure 4 | Quantum Hall ferromagnetic states in the zero LL. a, Point spectra
on an AB site at # = 1.01° as a function of Vg, for magnetic field B = 7 T. b, Zoom-in
around the CNP, where zero LLs (0+ and 0—) cross the Fermi energy. The four-fold degeneracy
of each zero LL is broken by exchange interactions at the Fermi energy, creating gaps at vy, =
—4,-3,...,+4. ¢, Line cuts when the 0— and 0+ LLs cross the Fermi energy, with vertical
offset for clarity. Shifting of the spectral weight of the fourfold degenerate 0— and 0+ LLs cross
the Fermi level is clearly visible. Numbers in blue (red) correspond to the number of spin-valley
flavors of 0— (0+) LLs below and above the Fermi level (Vg;,s = 0) as they cross Eg near vy, =
4,3,2,1,0,—-1,-2, -3, —4.
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Extended Data Figure 5 | Chern insulating phases in the valence band. a, Full gate voltage
range of Fig. 2d at B = 7T, from v = —4 to v = 4. b, d, f, Zoom-in of Extended Data Fig. 5a
around C' = =3 (b), C' = —2 (d), and C = —1 (f), and their line cuts (c, e, g) at various Vgaze
with vertical offset. Shifting of the spectral weight across Fermi level is clearly visible in ¢ and e.
The C' = —1 state was not visible at this angle (f = 1.02°) and magnetic field (B = 7 T).
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Extended Data Figure 6 | C' = —1 phase in high-resolution angle-dependent LDOS map at
B =7 T. Measurements were taken over a 20 nm x 200 nm area where the twist angle varies
continuously from 6 = 1.01° to 1.18° by using Vp;,s = 0 mV and changing the spatial position
and carrier density (Vgate). Signature of the C' = —1 phase as well as vy, = 1, £3 which were
not visible in Fig. 3b, are now observed due to the enhanced Vg, resolution and the electron-
hole asymmetry between Chern phases is even more pronaunced. We note that visibility of v, =
+1, £3 shows strong spatial dependence while the visibility of v;;, = +2, +4 is high throughout

the range.
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Extended Data Figure 7 | Spectrum of a continuum model taking into account effects of a
displacement field. The three panels correspond to twist angles § = 1.03° (a); # = 1.06°; (b) and
6 = 1.09° (¢). The displacement field expressed as an energy difference between the two graphene
monolayers is 10 meV, and the ratio between AA and AB tunneling amplitudes wy/w; = 0.4 is the
same for all panels. Similar spectrum is obtained for larger w/w; ratios. The simple continuum
model known to predict correct trends can capture energetically offset Dirac cones by including a
displacement field. However, it underestimates the bandwidth of the flat bands (or equivalently the
separation between VHS) and exhibits unrealistically strong dependence on the twist angle; even
at angles slightly away from the magic angle (¢ = 1.06 — 1.09°) the model predicts a 2 — 4 times
smaller bandwidth than observed in the data. All panels feature a well-separated LL starting from
each band edge that moves inward with the field. This LL originates from the ~ point in the mini
Brillouin zone and has not been observed in the experiment. Bandwidth W, (W),) corresponding
to conductance (valence) flat VHS sub-band is used for estimating U /TV values in Extended Data
Fig. 8.
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Extended Data Figure 8 | Estimate for the ratio between correlation and kinetic-energy scales
U/W as function of twist angle and magnetic field. a,b, Estimates from the continuum model
for the conduction (a) and valence (b) bands for wy/w; = 0.4. ¢,d, The same calculation for
wo/wy = 0.7. e, Analytical estimate from Eq. (2). The bandwidth in (a,b,c,d) is evaluated as
the total width of all levels that together comprise the sub-band that includes VHS (and carry
C = —1 Chern number). Points very close to the magic angle are not shown due to a lack of clear
energy separation from adjacent levels. The plotted constant-U/TV curves outline regions where
U/W exceeds a threshold value and qualitatively reproduce the structure of the experimental phase
diagram where Chern insulating phases are observed (Fig. 3f). In e, the large 7 values are necessary
to compensate for the crude approximation of the bandwidth from Eq. (3), which underestimates

the bandwidth as compared to the numerical simulation in a,b,c,d.
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Extended Data Figure 9 | Overview of different possible MATBG band-structure scenarios
obtained using the ten band model, alongside the corresponding Landau-level spectra. a, b,
Scenario (i); ¢, d, Scenario (ii); e, f, Scenario (iii); g, h, Scenario (iv); The inset in panel a shows the
relevant high-symmetry momenta. Colors in panels b, d, f and h represent the normalized density
of states (DOS) obtained via Lorentzian broadening of the Landau spectrum by 0.3 meV. i, A
possible fit to the data shown in Fig. 4j corresponding to scenario (ii) yielding vp; = 2.3 x 10° m/s
and vpy = 1.9 x 10° m/s for the LLs originating from two two Dirac cones (here marked with red
and blue solid lines). The dashed lines correspond to expected LLs that have not been observed,
possibly due to relative positions of Dirac cones with respect to VHS. We note that this fitting

scenario is not unique. However, all analyzed scenarios give vp in the range that exceeds 10° m/s.
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Extended Data Figure 10 | Landau fan diagram overlaid on experimental data for different
choices of gate voltages corresponding to v = +-4. a, LDOS Landau fan where the gate voltages
V,—_4 and V,_,, corresponding to v = =+4, are the same as in Fig. 2c. The same gate voltages
(Vy——y =-56Vand V,—, =62 V) are used in b and d. b, ¢, LDOS Landau fan zoomed-in
around hole-side dispersive band with different choice of gate voltages. The choicein¢ (V,—_4 =
-5.7 Vand V,_, = 6.2 V) does not reproduce data well. Similar comparison around CNP where
panel e corresponds to V,,—_, =-5.7 V and V,_, = 6.3V. From this comparison, we extract error
in determining v = £4 to be 0.1 V. All LDOS data are normalized by an average LDOS value for
each magnetic field. f, Linecut of the LDOS fan Extended Data Fig. 10a along the Landau-level
filling of —2 emanating from v = —2, averaged over a Vgate Wwindow of 0.04 V. The state above
B =6 T that we identify as a Chern insulating phase is distinguished from half-filling Landau
levels by the abrupt drop in LDOS.
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