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I Transport measurements

Four-probe transport measurements were performed at T = 300 mK using standard lock-in technique with
an ac bias current of /% = 10 nA rms at ~ 11 Hz. Longitudinal and transverse resistivity (Ry, and R,,) are
measured vs n and B,. From R,,,, measurements we distinguish the Dirac sector from the FBs and find the
full filling of the FBs at ny = ny — np = 3.81 X 1012 cm. We assign this density np = 4v = 4/A4,,, where

2
A, is the moiré unit cell area and is connected to the twist angle 6 by A4,,, = %’ where a = 0.246 nm is
2
the graphene lattice constant. We determine the twist angle of the tTLG Device 1 of 8 = ia ~ 1.3°,
m

slightly below the magic angle.

The transport measurements in Fig. 1 and BZ€ line scan data in Figs. 2 and 3 were done at D = 0, while
the point scan data in Fig. 4 of BZ€ are as a function of v and D. The displacement field is defined in terms

of the top gate voltage, Vi, and bottom gate voltage, Vi, as D = (Ctg(Vt‘gc — V) — Cog (Vi — Vbog)) /
2€,. Here € is the permittivity of free space, and Vt%, and V,?g correspond to the charge neutrality of the
top and bottom gates respectively obtained from transport measurements at zero magnetic field.

As the Dirac and FB sectors are populated in parallel, the total Chern number is C = Cp + Cf, the sum of
the Dirac and FB Chern numbers. The R,,, = 0 line that emanates from the blue circle in Fig. 1c and extends
to higher B,, has a slope of C = 2. At these high B,, only the N, = 0 Dirac LL is occupied with Cp =2, and
thus at v = 4 we find that Cr = 0 (as expected with time reversal symmetry). This is seen further in
Extended Data Fig. 1c, which shows line cuts of Ry, and Ry, at B, = 3.2 T. Above the full filling of the FB
(v = 4.2) a sequence of quantized Ry, and dips in Ry, is observed with C = 2, 6, 10, corresponding to
Cr = 0andCp =2, 6,10 (Fig. 1c). Additionally, the most prominent LL emanating from CNP is C = 6, unlike
C = 4 in MATBG [1], corresponding to the sum of Cp = 2 and Cr = 4, further confirming the presence of
the 0™ LL in the Dirac cone.

Extended Data Fig. 1a shows dR,, /dB, of the R,, data shown in Fig. 1c. The derivative data shows clearly
the LLs emanating from the Dirac sector. Similar to Ref. [2] a peak in dR,,/dB, appears when a
compressible Dirac LL passes through a compressible FB state, whereas a dipole-like feature is observed
when the FB is gapped (near v = 4), as well as in the remote bands. The yellow circle marks where the
Np = 1 LL crosses the top of the FB, which is used to extract the bandwidth of the FB. A clear kink in the
Dirac LLs is seen upon passing through the v = 2 symmetry broken state.

A prominent electron-hole asymmetry is evident, with no correlated states observed in the valance FB. On
the electron side however, at elevated fields B, = 1.5 T, a R,,, minimum follows a C = 6 slope and the
corresponding R, is quantized with the same Chern number (Extended Data Fig. 1c). At these fields, only
the Np = 0 LL is filled, giving Cp, = 2 and Cr = 4. A topological band with such a high Chern number Cp is
surprising, and might be explained by translation symmetry breaking that doubles the number of low
energy bands [3], but is not the focus of this work. Our local QO measurements explore low fields, where
Ry, quantization disappears and the slope in R, more closely follows a C = 2 line (Extended Data Fig. 1a
at B, < 1T), suggesting a different ground state.

. Magnetization oscillations in Device 2 and 3

Similar to Device 1, thermodynamic QOs are observed in Devices 2 and 3 (Extended Data Fig. 2). Upon hole
doping, a monotonic increase in dnp /dn is observed (Extended Data Figs. 2b,e), similar to Device 1 (Fig.
2). In contrast, electron doping displays jumps in dnp /dn indicating symmetry breaking. Interestingly, in
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Devices 2 and 3, dnp /dn peaks occur both at v = 2 and 3 (green circles). This matches transport data for
Device 3, where at high B, insulating states appear near v = 1, 2, and 3. This is likely because the twist
angle in these devices (6 = 1.5°) is closer to the magic angle.

1l. Observation of symmetry breaking in Device 1

Figure 3 shows a peak in dny /dn signifying a symmetry breaking at v = 2 measured at B, = 131 mT. The
same behavior is observed at higher B, = 251 mT (Extended Data Fig. 3), albeit with lower resolution due
to sparser LLs. The precise symmetry broken ground state is unknow from theory, depending on the
symmetries imposed. Furthermore, to understand our experimental data (dnp /dn) we are mainly
interested in the evolution of € which is not affected significantly by the exact form of the symmetry
broken state at v = 2, but rather by the energy shift. To this end, we keep our analysis general and use as
an ansatz a simple Stoner instability model where for 2 < v < 2.6 the FB of one flavor type is increased in
energy by Ayr= 20 meV and the other is reduced by Ayg (Figs. 3f,g). Flavor here can include the Chern
basis, intervalley coherent, or involve the graphene sublattice. No matter the actual state, the broad
features will be similar and the important energy shift Ayr will appear.

IV.  Theoretical modeling of band renormalization in tTLG
a. Continuum model

We calculate the non-interacting BS of tTLG by expanding the Bistritzer-MacDonald (BM) model [4,5], The
Hamiltonian of the three decoupled layers expanded around the K valley is

Hy = Z Z ll)zk ik Yuk
1=1,2,3 k

(2)

where 1, is a spinor in sublattice space of electronic annihilation operators on layer [ at momentum k
. . S -4 L l .
(relative to K), the intralayer Hamiltonian is h;, = vpe 2912 (kya, + kyay)ezleldz +(G— 1)U, 6, isthe

twist angle applied to [, U is the potential difference between the outermost layers, vy is the monolayer

graphene Fermi velocity, and the g; Pauli operators act on sublattice. In the alternating-angle tTLG case,
6

6
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The interlayer tunneling is described by (neglecting tunneling between the outermost layers)

H, = Z z(ll);r,k + 'l’;r,k) Tj2k+q; t hoC.y "
j ok
where the tunneling matrices are given by
2m
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and g, =Ly,q, = %(—\/gx - y), qs = %(\/§x - y),L = {;—Zsmg. Here wy and w; are the tunneling
strengths in the AAA and ABA stacked regions, respectively. Due to lattice relaxation, the AAA regions
shrink, and thus wy is phenomenologically lowered in comparison to w;.

First, we focus on a system absent of displacement field, where mirror symmetry exists and the intralayer
Hamiltonians for layers [ = 1 and 3 are identical. We then re-define creation and annihilation operators in

anew basis, Y, = - + . The H,; part of the Hamiltonian remains decoupled in this new basis,
+k vz 1,k 3,k d

and the interlayer part H; only couples ¥ j to ¥, with an extra factor of V2 entering the tunneling



matrix. The Hamiltonian thus is decomposed into two decoupled sectors: a Dirac-cone, and a FB sector
with a modified magic angle 8,7,c = V26075¢ ([4]).

Shifting the momentum origin of the middle [ = 2 layer by q,, we define the moiré lattice vectors b; =
g3 — qq,and b, = q3; — q,. We write the total non-interacting Hamiltonian H, = H; + H; as

Hy, = Z Z Z ¢'Zk+¢; hik+6¥ik+c + Z Z Z fj;G,ar(ll’I,kJ,G + ¢;r,k+a) TiY2 ke+q+6r (5)
%

1=123 G J GG k

where G, G' are reciprocal lattice vectors and fi:6,6r = 0,1 defines the nearest-neighbor-only connectivity
between Dirac cones in momentum space. We find that keeping only reciprocal lattice vectors at size 6|G|
is sufficient.

b. Interactions and Hartree potential

To recover interaction induced BS modifications we now take the Coulomb repulsion between electrons
into account. This is done, by considering:

1
H = 5 jdrdr’ﬁ(r)V(r —r)p((r"), (6)

where p(1) is the density operator relative to charge neutrality, and the Coulomb potential is V(1) =
e?/4me|r| (€ is the effective dielectric constant). A Hartree approximation in sufficient to reproduce the
experimentally observed density dependent shift in energy between the Dirac band and the FBs. We
determine the BS by self-consistent calculation of the mean field Hamiltonian,

Hyr = Ho + Hyareree (V). (7)
where the filling-dependent Hartree term is given by
1 t t
Hyartree = Q Va (lpl"k’_qlpl',k’>v lpl,k+qlpl,k- (8)
kkr,q

Here a summation over repeated layer indices is assumed, V, is the Fourier transform of V(r), and Q is
the system volume. The expectation value (. ), is evaluated by finding the ground state of Hy, |¥,), and
calculating (. ), = (¥, | . |¥,) — (Pl . |¥y), i.e., relative to charge neutrality.

The q = 0 part of this expectation value is exactly offset by the contribution of the background charge,
and is thus discarded. Due to the moiré pattern which breaks the translation symmetry on the graphene
scale, momentum is only conserved up to reciprocal lattice vector G. We write

A
1
Hyartree = EZ Ve Z (l/);r"k’_gll)l',k’>v Z ¢Zk+alpl,k' (9)
k

G kr
where the summation Y};; is over the six reciprocal lattice vectors in the first star (following [6]). The value
of the Coulomb repulsionis V; = e?/(ea/2 sin (g)). Further noticing the fact that V; Yy, (l/)lT, -k

should all be equal within this first star, we define

1 !
_ 1
Vi =50 ZG Ve Z Wy v a v (10)

and finally write Eq. (9) in the concise form:



Huartree = Vu Z Z lka+Glrbl.k' (11)
G ki

The form of Eq. (11) suggests a simple interpretation of the Hartree band renormalization term: it is a
periodic potential (with the moiré pattern periodicity) acting on the electrons by the spatially non-uniform
distribution of the same electrons.

To find the value of the v-dependent Hartree potential we employ an iterative self-consistent method. An
initial value VH(O) is chosen. The mean-field Hamiltonian Hy [Eq. (7)] is then diagonalized using this initial

value. We then use the ground state of the mean-field Hamiltonian to calculate the next value VH(l) asin
the expression above Eq. (10). This step depends explicitly on v at which we calculate VV;. We repeat these
steps until IV converges, typically ~ 10 steps.

c. Effect of displacement field

A displacement field induces an interlayer potential, U # 0, between [ = 1 and 3. This couples the ¥

U
T2
sector. As a result, the FBs and the Dirac cone hybridize at the Dirac point. Vyg¢ree is calculated similarly
in a self-consistent fashion with U # 0. Extended Data Figs. 4a-e show the renormalized Hartree potential
BS for several values of U. As U is increased the graphene and FB Dirac cones hybridize and are pushed to
higher energy. Subsequently, v must be increased to larger values before &5 reaches the Dirac node (red
arrows), where the approximate N = 0 LL appears. This causes the general trend of Dirac LLs dispersing
to higher v as a function of U. The same effect occurs in the single particle picture (Extended Data Fig. 4f),
and more generally in any model where the graphene and FB Dirac nodes overlap in k-space, namely C3 is
not broken or FB Dirac cones are not gapped, as discussed in the following section.

sectors throughaterm X 9, i ( ) Y_ + h.c.,whichinturn couplesthe FB sector with the Dirac cone

To calculate the Dirac LL spectrum at B, = 251 mT, as seen in Fig. 4c (grey dashed), we track the density
of carriers in the Dirac cone, np, as a function of v. At values of v for which np = 4N B, /®,, the
compressible N, LL is half filled corresponding to the peaks in QOs. This procedure is done for a number
of values of U, and the results interpolated and smoothed to get the continuous spectrum shown in Fig.
4c (grey dashed).

As discussed in the main text, this Hartree only calculation is sufficient to describe the experimental
observations for |v| = 1.5, but to explain the low energy physics near CNP, inclusion of the Fock term is
necessary.

d. Full Hartree Fock calculations

In this section we describe our self-consistent Hartree Fock calculations of the low energy tTLG bands [7—
10]. We use a dual-gate screened Coulomb interaction with screening length dg; = 20 nm and effective
dielectric constant € ® 16 — 17 that accounts for both hBN screening and screening from remote tTLG
electrons [11], the latter modeled through static Dirac cone screening. We further use the infinite
temperature subtraction scheme to address double counting of interaction effects in band-structure
parameters [12,13]. The specific BS parameters used are described in the following section, although we
have checked that our qualitative conclusions are robust to varying these parameters within a physically
reasonable range.

The inclusion of the Fock term is crucial for symmetry breaking states. While for symmetric states the Fock
dispersion only acts to renormalize the non-interacting band structure, for symmetry breaking states the
dispersion is drastically altered. Previously, for v = 2, we approximated Hartree Fock dispersion of Stoner
states by splitting the Hartree bands symmetrically with a phenomenological k-independent Fock energy
Ayr. This is a reasonable approximation at the Fermi momenta, which are not too close to the I' point at

4



v = 2, such that the k-dependence of the Fock dispersion is weak. In contrast, near CNP, the large scale
and strong k-dependence of the Fock Hamiltonian makes it the dominant term; the Hartree term vanishes
at CNP, and the Fock term dwarfs the non-interacting BS. Furthermore, the low energy dispersion of the
Fock term is near I for all symmetry breaking states.

While one could, with significant effort, perform self-consistent Hartree Fock across all filling factors, it is
a more controlled approximation at integer filling due to the proximity to the strong-coupling limit, and it
does not include, for example, the dynamical screening of flat-band electrons that is likely necessary for a
guantitatively correct treatment of the metallic states. We will therefore focus our efforts at CNP, where
the Fock term is most needed and most reliable.

Our goal is to investigate the influence of various CMP symmetry breaking states on the graphene Dirac
cone and its LLs through self-consistent Hartree Fock. The results we find are consistent with prior works
[11,14,15]. For simplicity we assume spinless electrons and we take N = 4 bands per valley which is the
minimal number of bands needed to capture the FBs and the low-energy part of the decoupled graphene
Dirac cone.

By imposing or not imposing each of U(1), (valley conservation) and C,T (two-dimensional inversion
combined with time-reversal) symmetries, we can disallow or allow different symmetry breaking states. If
no symmetries are imposed, we obtain the KIVC state [8] at not too large displacement field D, as expected
from strong coupling arguments [8,11,16—18]. The KIVC state, breaks valley conservation causing a folding
of both valleys into one mBz, preserves C,T, and gaps the FB Dirac cones through intervalley hybridization
(Extended Data Fig. 5¢). If we impose U(1)y, ruling out KIVC, we either obtain a C3 breaking NSM [9], or a
VH state which breaks C,T. The VH state gaps the graphene Dirac cone with a mass « UZ2. This is
inconsistent with experiment, as the graphene Dirac cone 0™ LL does not split and disperse away from CNP
with D field (Fig. 4a,b). We will therefore not consider the VH state further.

Nominally the NSM is disfavored relative to KIVC as well, but becomes the ground state with small amounts
of strain [9,19]. Because C,T and U(1)y is preserved, and the two FB Dirac cones have the same chirality,
the Dirac cones annihilate. The C5 breaking of the NSM state moves the FB Dirac cones to a close vicinity
of the I' point (Extended Data Fig. 5b). At the K-point, the graphene Dirac cone is protected by a FB K-gap
and C,T symmetry, similar to KIVC state. With D, the graphene Dirac cone shifts slightly, and its velocity
becomes slightly anisotropic, since it perturbatively feels the C5 breaking of the moiré electrons. However,
it remains at zero energy [11,14,15] and hybridization occurs at Ayg in sharp contrast to the CNP
hybridization in the C3 symmetric case. With increasing U, the hybridization increases and the graphene
Dirac cone vy is effectively renormalized (Fig. 4d). A similar effect happens in the KIVC state (Extended
Data Fig. 5c).

To quantify this effect and facilitate qualitative comparison to experiment, we evaluate the NSM BS at
various values of U. vy is computed with respect to U = 0 (Extended Data Fig. 5a), and then the N, = +1
LL is scaled as a function of U by the renormalized v (Fig. 4c, magenta).

Note that in the NSM the migration of the FB Dirac cones to I" is due to the concentration of the FB Berry
curvature (in the Chern-basis [8]). Roughly speaking, the Dirac cones behave like k-space vortices that see
the Chern-basis Berry curvature as a k-space magnetic field. The energetic competition between repulsion
of vortices and a vortex tending to overlap magnetic fields, then determines the final location of the FB
Dirac cones [9,11,20]. The uniformity of the Berry curvature in the FBs is mostly governed by the gap at
the I" point to the dispersive bands. At zero gap, the Berry curvature is a delta function and the FB Dirac
cones squeeze close to the I" point with larger FB vg, whereas a gap increased the Berry curvature spread
and the FB Dirac cones reside further from the I' point with lower FB vy. Therefore the I' point gap size
determines the low density FB Dirac cone v, which is what governs dnp /dn, the quantity compared to
experiment (Fig. 4f,g).



V. Lack of gap at CNP

Experiment shows a significant density in the FB sector below the first peak in magnetization due to
equilibrium currents flowing in the incompressible gap between the N, = 0 and 1 LLs. At 56 mT (Fig. 4b),
this can be approximated to be at an energy equal to eP /2 = 3.9 meV, implying a significant FB density
below such a small energy.

As discussed in the main text, gaped states should generically be of order of the Coulomb scale, ~20 meV.
This, coupled with the fact that the D field dependance of the local LLs (Figs. 4a,b) give a K-point gap of
the theoretically expected order (19 meV), is strong evidence of the lack of a gap at CNP in our device.

Additionally, other local probes, such as STM have measured the gap at v = 2 in MATBG of order 10 meV
[21], which is likely an underestimate due to the metallic screening of the STM tip. This is again in
agreement with the theoretical order. Although some transport measurements at v = 2 measure smaller
gaps (~few meV), this should be considered as a lower bound due to averaging over um scale in systems
that have large disorder, which a local probe avoids.

To put a more stringent bound on a possible gap in the system, we preform simulations of the QOs in
magnetization on a simplified model and compare to experimental B&¢(n) (Extended Data Fig. 6). To
model the FB at low densities we take two Dirac cones with renormalized vE? ~ v, /3.5, and calculate the
QOs arising from the LLs in the Dirac sector broadened by the Dingle I' = 1 meV, as described in [22]. To
best match the experiment we add some small mass to the FB cones, such that the zero crossing is not
linear. This implies an enhanced DOS in the FB at CNP that can be explained either by disorder or by a NSM
state in which the FB Dirac cones move very close to each other such that they hybridize and effectively
have a parabolic dispersion at very low energy. Finally, we allow a gap A to open in the FB and extract
0M/ dn « BZ¢ by convolving the calculated magnetization with our ac density excitation, n%¢. With
increasing A, a sharp peak appears at n ~ 0.04 x 10'? (Extended Data Fig. 6b), which is not present in
experiment. Even at A = 1 meV (red), a small peak is discerned in simulations. Therefore, we place as a
conservative estimate, A < 1 meV. Note that the steep initial rise of the calculated dM / dn cresting at the
peak, in contrast to the much more gradual initial increase in the experimental BZ¢, is the result of rapid
initial filling of the Dirac band for finite A due to the absence of DOS in the FB.

A very small gap of 1 meV or smaller cannot be completely ruled out experimentally. Indeed, there can be
a second order phase transition between the NSM and KIVC state, tuned by the strength of the strain [19].
In this scenario, the state would have both a NSM order parameter (which is C5 breaking) and a KIVC order
parameter, where the NSM order parameter is much larger than the KIVC. Effectively this can be thought
of as an NSM that breaks C3 with a small mass term induced by the small KIVC order parameter. Therefore,
even if there were to be a small FB gap that experiment is not sensitive to, the state should still be thought
of as a NSM from a theoretical perspective.

VI. Fitting BS parameters

The B, = 251 mT experimental data and derived dnp /dn in Fig. 2 allow for sensitive fitting of BS
parameters [22,23] with the information from the FBs and up through the dispersive bands (v > 4.2).
Particularly, there are three features that we would like to fit:

1. The maximal value of dnp /dn = 0.1 at the top of the FB.
The lack of a large gap to the dispersive band in the FB sector. A large gap would result in
dnp /dn = 1in the gap, since there would be only the graphene Dirac cone Fermi surface, which
is not observed.
3. Increased dnp /dn = 0.2 in the dispersive bands.
Additionally, we have the B, = 56 mT experimental data and derived dnp /dn in Fig. 4f with information
about the physics near CNP. As described in the previous section, the gap to the dispersive bandatv = 0
is related to vy of the FB Dirac cones in the NSM state, and therefore to the DOS of the FBs near CNP. We
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find that with no gap, dnp /dn is too large (~0.1). Therefore, to fit both high and low field data (or
equivalently, both high and low energy physics), we need a clear single particle gap to the dispersive bands
at v = 0, that is not too large when reaching v = 4 from the added Hartree potential (Figs. 2h-j).

We assign the generally accepted value y, = 2800 as a starting point and span the generally expected
range of the other parameters. We find that using w; = 110 meV, wy = 0.72w,, and € = 17 matches both
the high and low energy physics. Due to the large number of parameters compared to the number of
features, there can be other parameter sets that would match qualitatively our data.

Note that it would not be surprising if parameters that yield zero gap at v = 4 give only a qualitatively
accurate DOS at charge neutrality. There are many effects in practice that the BM model does not take
into account, such as C3 symmetric strain due to lattice relaxation, as well as heterostrain. Additionally,
there is no source of particle-hole symmetry breaking. These could have distinct quantitative effects, that
are hard to predict on these two very different states — NSM at charge neutrality and the Hartree
renormalized BM bands at v = 4. Furthermore, the sparse k-space grid for HF simulations leads to
inherent numerical uncertainty and should only be taken qualitatively. For these reasons, qualitative
agreement is the realistic measure in FB graphene systems. We are not aware of any works that have good
guantitative agreement across such different filling factors for the same parameters.
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