nature physics

Article

https://doi.org/10.1038/s41567-025-02786-z

Coulombinteractions and migrating Dirac
conesimaged by local quantum oscillations

intwisted graphene

Received: 24 March 2024

Accepted: 4 December 2024

Published online: 14 February 2025

W Check for updates

Matan Bocarsly ®"°, Indranil Roy ®'°, Vishal Bhardwaj"?, Matan Uzan®’,
Patrick Ledwith ®?, Gal Shavit ® 34, Nasrin Banu', Yaozhang Zhou',

Yuri Myasoedov', Kenji Watanabe ® ®, Takashi Taniguchi®¢, Yuval Oreg®’,
Daniel E. Parker™®, Yuval Ronen®' & Eli Zeldov®"

Flat-band moiré graphene systems are a quintessential platform for

investigating correlated phases of matter. Various interaction-driven ground
states have been proposed, but despite extensive experimental effort,

there has beenlittle direct evidence that distinguishes between various
phases, in particular near the charge neutrality point. Here we probe the

fine details of the density of states and the effects of Coulomb interactions
inalternating-twist trilayer graphene by imaging the local thermodynamic
quantum oscillations with a nanoscale scanning superconducting

quantum interference device. We find that the charging self-energy

dueto occupied electronic states is most importantin explaining the
high-carrier-density physics. At half-filling of the conduction flat band, we
observe ferromagnetic-driven symmetry breaking, suggesting thatitis the
most robust mechanismin the hierarchy of phase transitions. Near charge
neutrality, where exchange energy dominates over charging self-energy, we
find anematic semimetal ground state, which is theoretically favoured over
gapped statesinthe presence of heterostrain. In this semimetallic phase,

the flat-band Dirac cones migrate towards the mini-Brillouin zone centre,
spontaneously breaking the threefold rotational symmetry. Our low-field
local quantum oscillation technique can be used to explore the ground states
of many strongly interacting van der Waals systems.

Moiré materials offer a combination of strongly correlated phases
together with high experimental tunability. They provide a control-
lable window into the mechanisms and origins of interacting quantum
materials. The example of magic-angle twisted bilayer graphene
(MATBG)'"°led the way. It has flat bands (FBs) whose electronic inter-
actions produce prominent correlated insulating states and uncon-
ventional superconductivity. Subsequently, the same basic phenomena
were discovered in alternating-twist trilayer graphene (tTLG)" . In
that material, the top and bottom layers are twisted with the same angle

O relative to the middle layer (Fig. 1a). This similarity isa consequence
of mirror symmetry, which splits the tTLG band structure (BS) into two
decoupled sectors'>*°, MATBG-like FBs and a bystander monolayer-
graphene-like Dirac cone. The extra Dirac cone sector can be used to
probe the correlated physics in the FB sector”. Additionally, the appli-
cation of a transverse displacement field D breaks the mirror symme-
try and hybridizes the two sectors, thus providing a different degree
ofinsitutunability. Indeed, possibly due to the larger magic angle, the
correlated insulators and superconductors in tTLG are more stable
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Fig.1| Transport measurementsin tTLG. a, Top, schematic of the tTLG

sample. Top platinum (Pt) gate and bottom graphite (Gr) gate voltages, Vt‘;‘: and
VbdgC + Vbagc, and the corresponding a.c. magnetic field B2 imaged by the scanning
SOT areindicated. Bottom, schematic of alternating t TLG. b, Optical image of the
tTLG sample with indicated contacts where the longitudinal voltage V, and
transverse voltage V, are measured. The dotted black line marks the line cuts in
Figs.2and 3, and the red circle marks the point measurementsin Fig. 4.c,
Longitudinal resistance R,, versus carrier density n (top axis) and magnetic field

4 -3 -2

B, attemperature 7=300 mKshown on alogarithmic scale. Two Landau fans
emanate from the CNP: a steep fan originating from the FB LLs and a shallow fan
originating from the Dirac LLs (Extended Data Fig. 1aand Supplementary
Information SectionI). Dashed blue lines follow the R, minimalabelled by their
Chern number C, defined by the slope. The blue circle marks where the first Dirac
LL, Np =1, crosses the top of the FB. d, Transverse resistance R, versusfilling
factor vand B, inunits of h/e%.

thanin MATBG*, making it a prime platform for exploring the nature
of these phases.

However, despite extensive theoretical and experimental efforts,
theidentity of many phases—including the phase at the charge neutrality
point (CNP)—remains unknown. Theoretical studies®**, including
self-consistent Hartree-Fock (HF) and strong coupling analytics, have
considered symmetry-broken states of magic-angle FB systems at
integer fillings. Numerous ground states have been proposed, including
the valley polarized state, the valley Hall state and Kramer’s intervalley
coherent (KIVC) state?, all of which are gapped, and a gapless nematic
semimetal (NSM) that spontaneously breaks the C; symmetry?.
However, there is little direct experimental evidence distinguishing
between these orders, especially at the CNP. Transport studies have
revealed Chern insulators at some integer fillings>*'°, but many of the
underlying symmetries of the various many-body states remain unclear.
Morebroadly, transport measurements are less well suited for identify-
ing ground states as they do not directly probe the density of states
(DOS), and merely afew techniques directly probe the BS. One example
isscanning tunnelling microscopy, which has recently revealed anincom-
mensurate Kekulé spiral order at v=*2 in twisted graphene
systems'®*** From a theoretical perspective, the ground state at the
CNP plays a central role in determining the entire phase diagram. Yet,
barring observations of C;-symmetry breaking by scanning tunnelling
microscopy in some systems'®***, there has been little experimental
exploration of CNP ground states. This provides strong motivation for
developing experimental techniques that can probe charge neutrality.

Here we study the local thermodynamic de Haas-van Alphen
quantum oscillations (QOs)*** in tTLG slightly away from the magic
angle. We detected QOsin the Dirac sector down to amagnetic field of
56 mT. This was facilitated by the low DOS of the Dirac sector and the
lower sensitivity of the local measurements to the effects of disorder.
In addition to providing high-energy resolution, these oscillations
allowed us to probe the ground-state physics and to directly visualize

the symmetry breaking and BS renormalization due to the direct and
exchange Coulombinteractionsin the FBs.

By employing self-consistent mean-field Hartree calculation, we
found that the FB dispersion was substantially renormalized by Cou-
lomb repulsion and that the Hartree interaction term describes well
the evolution of the bandwidth with filling'>****. At half-filling of the
conduction FB, we found clear evidence of spontaneous flavour-
symmetry breaking®*, which suggests that the Stoner-polarized
symmetry-broken phase is the parent state of the pervasive v =2
correlated insulator in MATBG***". Most importantly, near the CNP we
found strong evidence that the CNP ground state is an exchange-
interaction-driven NSM that spontaneously breaks C; symmetry. This
phaseis not generally favoured theoretically*’. However, even a small
amount of heterostrain can make it energetically favourable*s. Our
findings of a semimetallic ground state provide invaluable insights
intothelong-standing puzzle regarding the absence of an observable
gap atthe CNPin MATBG.

Transport measurements

The tTLG sample was fabricated using the dry-transfer method and
encapsulated in hexagonal boron nitride (hBN; Fig.1a,b and Methods).
The d.c. voltages Vtgc and VbdgC applied to the top and bottom
gates allowed us to control the carrier density nand D simultaneously.
Transport measurements of R, and R, at constant D =0, were pet-
formed at a temperature 7=300 mK as a function of the applied
out-of-plane magnetic field B, and n, respectively (Fig.1c,d). At D=0,
themirror symmetry preserved the decoupling of the FB sector and the
Dirac cone (Fig.2h)"**°. As such, two Landau fans emanate from the CNP:
adense fan emerging at large B, reflecting Landau levels (LLs) in the
FBs and a highly dispersing fan atlow B, reflecting the LLs arising from
the Diracsector (Fig.1cand Extended Data Fig.1a). As the Diracbandis
populatedin parallel with the FBs, it shunts any gapped FB state, includ-
ing the fourfold filling of the FBs (which is highly resistive in MATBG).
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Fig.2|Imaging Dirac LLs and Hartree interactions. a, B2 (x) versus hole carrier
density measured along the dotted black linein Fig. 1cat D = Oand B, = 251 mT,
showing QOs due to LLs in the Dirac band. b, Cross section of B versus density
along the white dashed line in a. Red (blue) triangles mark maxima (minima) in
thelocal magnetization due to equilibrium currents flowing in the compressible
(incompressible) states in Dirac LLs, labelled by their |Np|. ¢, Carrier density in the
Diracsector np derived fromb. Each oscillationin B3¢ corresponds to adding
Anp = 4B,/¢, carriers to the Dirac sector (where ¢ is the flux quantum). Red
(blue) circles correspond to np extracted from maxima (minima) pointsin
b.d, npderived fromthe Hartree calculation. It is in good agreement with c.
e, Numerical derivative of ¢, dnp/dn, which reflects the fraction of carriers added
to the system that go to the Dirac sector, as a function of density. Red (blue)
circles correspond to derivatives between the adjacent maxima (minima) points
inb.f, dnp/dnextracted from theoretical calculationind. Itisin good agreement

with e.g, Schematic of the moiré pattern due to the twist angle 6 between the
middle and top/bottom layers. The AAA and ABA stacked regions are zoomed in.
The wavefunctions of the FB electrons are mostly localized to the AAAregions,
leading to a charging self-energy described by the periodic Hartree potential
shown by the heat map and to a doping-dependent BS. h-j, BS line cuts through
high symmetry points of tTLG with Hartree interaction at |v| = 0 (h), 2.7 (i) and
4.2 (j) showing how the BS changes with doping. At v = 0, the Hartree interaction
termis zero and the BS is equivalent to a single-particle continuum model. As vis
increased, the Hartree interaction increases approximately linearly with filling
(Supplementary Video 1). Purple arrows indicate the inversion of the I' point
energy from the top of the conduction band at small v to the bottom of the
conductionFB atlarge v. The red dotted linesindicate the LL energy levels s,'?, in
theDiracsector at B, = 251 mT. The black dashed line shows the evolution of the
Fermienergy || with doping and the corresponding Dirac LL |Np | that it crosses.

Therefore, extracting information from transport demands a careful
analysis of the two sectors (Supplementary Information SectionI)”.

The Chern number sequence in the Dirac band is Cp = 4Np + 2,
and the energies of the corresponding LLs are

€D = sgn (Np) g/ 2eh [Np | B,.

@

Here, e is the elementary charge, f the reduced Planck
constant, vg is the Dirac Fermi velocity and Np = 0, +1,+2, ...isthe LL
indexintheDiracsector. The N, = OLLresidesatthe CNPwith Cp, = 2,
and the half-filled compressible N, = 1LL (dotted linein Fig.1c) crosses
theedgeofthe FBat ny = 4.03 x 10” cm2and B, = 2.25T (bluecircle
inFig.1c). Atthis pointin phase space, the Ny = OLL s filled along with
half of the N =1 LL. Therefore, the density in the Dirac sector is
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Fig.3|Symmetry breakingatv = 2.a, B (x, v) QOs as in Fig. 2 but for electron
doping and at alower B, = 131 mT, which provides higher resolution for
analysing the symmetry breaking at v = 2. b, Cross section of B¢ (v) along the
white dashed line inawith red (blue) triangles marking local maxima (minima).

A Gaussian filter was used to smooth the data and locate the extrema. ¢, Fraction
of electrons populating the Dirac sector as electrons are added to the system,
dnp/dn, extracted from the maxima (red) and minima (blue) pointsinb.

d, dnp/dnderived from the Hartree calculation, assuming an ansatz of a 20 meV

flavour degeneracy lifting for 2 < v < 2.6 (shaded region). e,f, BSat v = 2 with
the proposed Stoner ansatz. Compared to the symmetric case (e), in the
symmetry-broken state (f), the energy of one flavour (A) is decreased by 20 meV
whereas the energy of the other flavour (B) isincreased by 20 meV. In the
symmetry-broken state, €y increases, and hence, further carriers are transferred
into the Dirac cone (shaded green). g, Schematic of the occupation v;, where i
corresponds to the different flavours, with the ansatz of symmetry breaking for
2 < v < 2.6 (Supplementary Information Section III).

np = 4B,/¢o = 0.22 x 10" cm2, where ¢o = h/eis the flux quantum.
The density in the FBs is then ny = ng — np = 3.81 x 10" cm?,
which we assigned to be the filling factor v = 4 in the FB. This allowed
us to determine the twist angle of the tTLG device, 6 =1.3°
(Supplementary Information Section I), which is slightly below the
magicangle.

Inserting B, =225 T and N, =1 (Fig. 1c, blue circle) into
equation (1), we found g = W = 49.4 meV, where W is the bandwidth
of the conduction FB. This is substantially larger than W calculated
from the non-interacting continuum model of W ~ 24 meV (Fig. 2h),
indicating that Coulomb interactions are occurring as discussed below.
Note that the hole spectrum has no pronounced features within the
FB, whereas theelectronspectrumhasadistinctdipin R,,above v = 2,
along with non-trivial R, (Fig.1d). Additionally, the slope of the Dirac
LLs changes as they cross the v = 2 peak in R, (black dotted lines in
Fig. 1c and also Extended Data Fig. 1a), indicating strongly correlated
behaviour in the FBs'*", as elaborated below.

Imaging QOs and the DiracLLs
Under small B,, the dense LLs in the Dirac band serve as a powerful
built-in ruler and spectrometer for probing the FB physics. We used a
scanning superconducting quantum interference device fabricated
on the apex of a sharp pipette (SQUID-on-tip, SOT)*’ to detect the de
Haas-van Alphen QOs associated with Dirac LLs at B, < 250 mT. This
approach, in addition to offering a fine energy scale, provides
position-dependent spectroscopy on the nanoscale*’. Anindium SOT
ofabout160 nm diameter was scanned ata height of h ~ 180nmabove
the sample surface (Fig. 1a) at T = 300 mK (Methods). In addition to
the d.c. voltages applied to the gates, asmall a.c. voltage V- of 85 mV
r.m.s. was applied to the bottom gate, which modulated t?le carrier
density by n® corresponding to v*¢ = 0.03 r.m.s., and the resulting
B¢ (x,y) = n*(dB,/dn)was imaged across the sample.

We explored first the valence FB upon hole doping. A simpler
picture was expected, as nosymmetry breaking was observed intrans-
port. We measured the evolution of B3 (x)with carrier densityat D = 0

Nature Physics | Volume 21| March 2025 | 421-429

424


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-025-02786-z

-05 -04 -03 -02 -01 0 041 0.2
D(Vnm™)

Fig.4|Displacement field dependence and HF calculations. a, B3 QOs due to
LLsin the Dirac band measured at a fixed SOT position (red circle, Fig. 1b) asa
function of vand D at B, = 251 mT. Diagonal streaks are an artefact coming from
the bottom gate. The Oth Dirac LL has no D dependence. The N, = +1LL curves
towards the CNP, whereas higher LLs curve away from the CNP.b, Same asabut at
B, = 56 mT.The Oth LL hasno D dependence, but all other LLs curve towards the
CNP. ¢, Simulation of Dirac LLs as a function of the layer potential difference U at
B, = 251 mT, using the NSM state obtained from a full HF treatment (purple) and
the Hartree interaction only (dashed grey). The evolution of Np = 0, +1LLsinthe
experimentis consistent with the simulation foraNSM. d, BS of NSM state

B,=251mT
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(Extended DataFig. 5b) at U = O (blue) and U = 40 meV (red). FB Dirac cones
migrate towards I'. The HF gap at K, and K_is ~2 Ay = 40 meV. U-induced
hybridization between the Dirac cone and FBs (red) causes areduced vg in the
Dirac cone below the hybridization energy (Extended Data Fig. 5a). e, Cross
section of B“ averaged over arange around D ~ 0inthe dashed boxinb. Thered
arrow marks the first electron-doped paramagnetic peak, and the blue arrow
marks the diamagnetic peak at Np = 1.f, dnp/dn extracted from e. The shaded
region marks the low carrier density where the Hartree interaction is negligible
and the Fock interaction dominates. g, Theoretical calculation of dnp/dn using
the Hartree interaction BS (grey) and the Fock-induced NSM BS (purple).

(Fig. 2a) by repeated scanning along the black dotted line in Fig. 1b,
while incrementing vin 0.02 steps at B, = 251 mT. The oscillations in
B¢ reflect the de Haas-van Alphen QOs in the magnetization due to
alternating diamagnetic and paramagnetic equilibrium currentsin the
compressible and incompressible LL states™. Owing to the high DOS
in the FB sector and the low B,, only oscillations from Dirac LLs with
larger energy gaps are discerned**°. As |v|is increased, the frequency
of the B3° (x) oscillations increases, and at |v| ~ 4.2, there is an abrupt
jump in the frequency, as the Fermi energy &; enteres the dispersive
bands. The spatial variation of the oscillations reflects the inherent
disorderinthe sample.

Figure 2b shows a cross section of Bi¢as afunction of dopingalong
the dashed white linein Fig. 2a. Each maximum (red triangle) marks the
centre of the Nycompressible LL whereas each minimum (blue triangle)
marks theincompressible state above thesame LL.Intherange |v| < 4.2,
where the Dirac LLs and FBs coexist, nine maxima were observed,

[Np| = 9. Using the Dirac LLs as an energy ruler (equation (1)),
we found that the FBis fully occupied when |eg|reaches sg’ = 49.5meV.
Thislarge derived W of the FBisin good agreement with transport data
and is much larger than the calculated single-particle W ~ 24 meV,
emphasizing thekey role of interactions. Similar behaviour can be seen
insamples 2and 3 in Extended DataFig. 2 (Supplementary Information
SectionI).

Each QO periodreflects thefilling of another DiracLL and anincrease
inthe Dirac sector carrier density npby Anp, = 4B,/¢o = 2.4 X 10"%cm™.
Therefore, by counting the periods upon increasing the total carrier
density n, we directly determined np as a function of doping (Fig. 2c).
Inthe FBregion (|v| < 4.2), np grows monotonically with filling, reach-
ing np ~ 0.22 x 10% cm?,in agreement with the value extracted from
transport. Upon doping the dispersive bands (|v| > 4.2), there was a
sharpincreaseintheslope. Thisis seen clearly for the derivative dnp/dn
in Fig. 2e, which can be understood as the fraction of electrons that
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populate the Dirac sector as carriers are added to the system. Such
large values of np and dnp/dn cannot be accounted for in a
single-particle picture and, therefore, interactions must be
considered.

Charging self-energy and doping-dependent BS
To account for interactions, we began by considering the charging
self-energy, which was modelled by a self-consistent calculation of the
Hartree term (Supplementary Information SectionIV.b). As the wave-
functions of the FB carriers are mostly localized to the AAA regions of
the moiré pattern (Fig. 2g), an electron added to the system sees the
charge build-up on the AAA sites as a background periodic
potential**"*>, The strength of the periodic Hartree potential V; (equa-
tion (11) in Supplementary Information Section IV.b) is proportional
to n,whichleads toadoping-dependentBS, asshownin Fig.2h-j (Sup-
plementary Video 1 and Supplementary Information Sections IV and
VIfor BS calculations and parameters). Particle-hole symmetry allowed
us to refer to the conduction band for convenience. At the CNP, the
chargingself-energyiszero, and the states at I'are at the highest energy
inthe conduction FB (Fig. 2h, purple arrow). Uponincreasing the car-
rier density, the charging self-energy increases, and states away from
', which are mostly localized to the AAA regions, have their energies
increased due to electronic build-up, eventually causing aninversion
of the T point to reside at the bottom of the conduction FB (Fig. 2j,
purplearrow). This effectisaccompanied by alarge increase of the FB
bandwidthrelative to the non-interacting single-particle W (Fig. 2h)"*,
Fromthe Hartree calculation, we extracted the evolution of e with
filling. It crosses the top of the flat conduction band at an energy
~49 meV consistent with W extracted from the experiment. As the Dirac
cone is static, g directly translates into the Dirac cone density,
np = 4Sp/4m? = Tk} = (1/m)(e/hvg), where Spis the k space area
of'the Dirac cone, kg is the Fermi momentum and factor 4 comes from
degeneracy. np versus dopingis plotted in Fig. 2d. The datamatch the
experimental results well (Fig. 2c). Furthermore, Fig. 2f shows the
derivative dnp/dn, which is the fraction of carriers that populate the
Dirac band upon further doping. dnp/dn increases as a function of n,
reaching values of 0.1for |v| < 4.2.Inanon-interacting system, the BS
isstaticand dnp/dnwould be given by the ratio of the Dirac DOS to the
total DOS and be at most about 0.005 due to the extremely high DOS
of the FBs, which causes g to change slowly with doping. When
accounting for the charging self-energy, however, the DOS of the FBs
plays only a minor role, as the BS evolves with doping. The charging
energy causes &g to increase with doping at a much faster rate, as the
FBs are pushed up in energy, transferring more carriersinto the Dirac
sector (Fig.2h-jand Supplementary Video1). For |v| > 4.2,thejumpin
dnp/dnis reproduced well by the theory in Fig. 2f, reflecting the drop
in the total DOS at g upon entering the dispersive bands. The agree-
mentbetweenthe highly sensitive theoretical and experimental dnp/dn
forsuchanextended rangein v, throughthe FBs and into the dispersive
bands, is striking. This emphasizes the importance of the charging
self-energy for providing a complete description of the
mirror-symmetric twisted graphene family, which has the strongest
superconductivity of all moiré systems?.

Symmetry breaking at half-filling

We now explore the electron-doped spectrum, which shows signatures
of symmetry breaking in transport. Figure 3a shows B3°(x) versus nat
alower B, = 131 mT, which provides higher energy resolution (see
Extended Data Fig. 3 for B, = 251 mT data). For v < 2, the B oscilla-
tions are like those of their hole counterpart, whereasfor2 <v < 2.6,
abunching of QOs is observed along with increased intensity. This is
seen more clearly in the cross section of B3¢ along the dashed white
lineinFig.3a (Fig.3b) and in the derived dnp/dn (Fig. 3c). For both low
(v 5 2)and high fillings (v 2 2.6), dnp/dn behaves like a valence band
(Fig. 2e). However, at half-filling of the conduction FB, there is a clear

jumpin dnp/dn (shaded region), which is absent in the valence band
(Fig. 2e). Thissignifies thatalarger fraction of carriers are populating
the Dirac sector and is a clear signature of interaction-driven degen-
eracy lifting.

Following the data, we took as an ansatz a simple Stoner instability
model, where for 2 < v < 2.6, one flavour was increased in energy by
Ayr and the other was decreased by the same amount (Fig. 3e-g and
Supplementary Information Section IlI). Based on HF calculations at
even integer fillings in MATBG***?**2, we took Ay = 20 meV, which
we add to the Hartree-calculated bands (Fig. 3f). The resulting occupa-
tion of the two flavours in this simple Stoner model is sketched in
Fig.3g. The shaded region marks the symmetry-broken state. Figure 3f
shows that in this state, ¢ is much larger than in the symmetric state
(Fig.3e), and consequently, more carriers are transferred into the Dirac
sector. This results in an increase in the calculated dnp/dn, as shown
in Fig. 3d (shaded region), in agreement with the data in Fig. 3c. Addi-
tionally, this mechanismis consistent with the increased amplitude of
the B2 oscillations, as in the symmetry-broken state there are fewer
statesinthe FBsector to tunnel to, resultinginlower Dirac LL broaden-
ingand alarger signal.

Displacement field dependence

To explore the BS evolution with displacement field D, we measured
B as afunction of vand D ata fixed SOT position (red circle, Fig. 1b)
at B, = 251 mT (Fig. 4a) and at B, = 56 mT, which has a better energy
resolution with denser LLs (Fig.4b). At B, = 251mTand D ~ 0(dashed
box), the QOs as a function of v are similar to those in Figs. 2a and 3a,
as expected. However, the B, = 56 mT data at D ~ 0 (dashed box) do
not scale as expected. From equation (1), it follows that the Ny = 1LL
at56 mTshould appear at alower energy by afactor of the square root
oftheratio of B,, thatis1/251/56 ~ 2.1.Forahighand uniform FBDOS,
the Np =1 LL that appears at v=0.95 and D ~ O in Fig. 4a should
appear at v = 0.45 at 56 mT. Strikingly, Fig. 4b shows that the Ny = 1
LLappearsatv = 0.27,almostafactor of two below the above estimate.
Thisstrongly indicates that considering only the charging self-energy,
which was used to elucidate our results thus far, cannot fully describe
the correlated physics in this system close to the CNP.

Next, we analyse the dispersion of the Dirac LLs with |D|, or equiva-
lently, as a function of the outer-layer potential difference U. Finite D
breaks the mirror symmetry and hybridizes the Dirac and FB sectors.
In models where the graphene and FB Dirac cones overlap at the
mini-Brillouin zone corners (K, and K), such as single-particle and
Hartree-only systems, the hybridization occurs at the CNP (Extended
Data Fig. 4). With increasing U, the Dirac node gets pushed to higher
energy. As aresult, the Oth Dirac LL along with all the higher LLs are
pushed away fromthe CNP (Fig. 4c, grey dashed line), as occurs for ABA
trilayer graphene®.. Figure 4aindeed shows that the higher LLs disperse
away from the CNP as expected. However, there are two peculiarities.
First, the Oth LL stays pinned at the CNP, independent of D.Second, the
Np = *1LLsbehave contrarytoexpectation, curving towards the CNP.

Atlower B, = 56 mT (Fig.4b), we confirmthatthe N, = OLL does
not disperse, and in addition, all the detectable [Np| > O LLs curve
towards the CNP. Combining the information from Fig. 4a,b, we con-
clude that the Dirac LLs residing at |v| S 1.5 curve towards the CNP,
whereas LLs appearing at |v| > 1.5 curve away from the CNP, in sharp
contrast to the Hartree prediction in Fig. 4c (grey dashed line). The
behaviour of the higher carrier density is, thus, apparently captured
wellby considering only charging self-energy, asin Figs.2 and 3. How-
ever, as the charging self-energy becomes small near the CNP, it is
necessary to consider exchange interactions to gain insights into the
underlying physics.

Exchange interactions
The observed D dependence revealsalack of hybridization atthe CNP,
which means that graphene and FB Dirac cones do not overlap at zero
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energy. This can arise either due to gapping of the FB Dirac cones,
namely aninsulating FB state forms, or because they move away from
the mini-Brillouin zone corners (K_and K,) to maintain a semimetallic
FB phase. Note that the latter automatically breaks C; rotational sym-
metry,independent of the exact nature of the ground state. At the CNP,
the charging self-energy is zero but strong exchange interactions in
the FBs, modelled by the mean-field Fock interaction, may drive
symmetry-broken orders. HF calculations at the CNP in tTLG allow
many candidate symmetry-broken ground states, including the valley
polarization state, the valley Hall state, KIVC and the NSM*. We first
analyse the NSM ground state, in which exchange energy causes the
FB Dirac cones to migrate towards the I' point (Extended Data Fig. 5b
and Supplementary Information SectionIV.d), spontaneously breaking
Csandnolonger overlapping the graphene Dirac cones. Asaresult, at
U =0, the Dirac cones and FBs intersect at an energy equal to
Ayr ~ 20 meV (Fig. 4d (blue) and Extended Data Fig. 5d). Conse-
quently, at U # 0, the hybridization occurs at energies around Ay
(Fig. 4d, red curve), rather than near the graphene Dirac nodes as in
the Hartree-only or single-particle cases (Extended Data Fig. 4). As U
isincreased, the hybridization strengthincreases, effectively lowering
vr (orequivalently the slope) of the Dirac cone below the hybridization
energy, as can be seenin Fig. 4d (red).

This picture successfully explains the low-energy behaviour. First,
the graphene Dirac node never hybridizes, so the N, = O LL does not
disperse.Second, increasing|D|decreases vgbelow Ay, thereby reduc-
ingthe energy of the DiracLLs (equation (1)). This can be seenin Fig. 4c
(purple), which shows the simulated Dirac LLs at B, = 251 mT, by cal-
culating the renormalized v as afunction of |D|in the NSM (Extended
DataFig.5a).Finally, the experimentally observed boundary of |v| ~ 1.5
separating the upward- and downward-dispersing Dirac LLs corre-
spondsto a hybridization energy of about 19 meV, in good agreement
with Ay from the simulation.

Note that other HF ground states similarly resultin arenormaliza-
tion of vp with U. These states, such as KIVC, have gapped FB Dirac
cones, which also leads to hybridization at higher energies Ay
(Extended Data Fig. 5¢). Therefore, the measurements of the D field
dependence provideirrefutable evidence that the FB Dirac cones either
break C; and migrate away from the mini-Brillouin zone corners, asin
the NSM case, or have been gapped, as for KIVC.

Ground state at the CNP

We return focus on the D ~ 0 segment of Fig. 4b. Figure 4e shows a
cross section of B3¢ averaged around D ~ O in the dashed black box.
Thedense LLs at B, = 56 mT carry a wealth of information about the
correctground state. Note that at this B,, the N = 1LLresides at energy
s? = 7.8 meV, observed as a diamagnetic peak in the QOs (blue arrow
inFig.4e).Furthermore, the first paramagnetic peak, due to equilibrium
currents flowing in the incompressible gap betweenthe Ny = Oand 1
LLs (red arrow in Fig. 4e), can be approximated to be at energy
s?/z = 3.9 meV. Figure 4e shows that this paramagnetic peak appears
atdensity v ~ 0.1 correspondingto n =9 x 10" cm2, whereas only
np =2B,/¢y = 2.7 X 10° cm carriers reside in the Dirac band. This
means that at this energy, most of the carriersresidein the FB, namely
the FB has a substantial DOS below 3.9 meV. Hence, if a gap exists, it
must be less than a few milli-electronvolts. In fact, a more careful
detailed analysis of the QO dataallowed us to place an evenlower bound
of <1 meV on the possible gap at the CNP (Extended Data Fig. 6 and
Supplementary Information Section V). This bound seemsincompat-
ible with a correlated gapped phase, where the gap is expected
to be comparable to the Coulomb repulsion energy scale ~20 meV
(refs.23,24).

Furthermore, the separation between the upward- and
downward-dispersing LLs occurs at |v| ~ 1.5, which corresponds to a
hybridization energy and, hence, a K-point FB gap of about 19 meV.
There is no generic theoretical reason for an order of magnitude

difference between the K-and I'-point gapsinthe FBs. Inthe vast theo-
retical literature on mirror-symmetric twisted graphene, there are no
ground-state candidates with a K-point gap ~19 meV and a tiny global
gap. These theoretical and experimental considerations provide strong
evidence for the lack of a gap in the FBs, and they effectively rule out
the KIVC or any other gapped ground state at the CNP. We, thus, con-
clude that the CNP ground state is a C5-breaking NSM.

To verify this conclusion, we extracted dnp/dn (Fig. 4f) from the
QOs in Fig. 4e at B, = 56 mT. For the lowest Dirac LLs, |[Np| < 3, we
neglected the charging self-energy and assumed a static BS renormal-
ized by the exchange energy. Thus, dnp/dn is simply the relative DOS
of the Dirac sector in the static BS, which can readily be calculated, as
shown in Fig. 4g for the Hartree term only case (grey) and for the HF
NSM case (purple). For large v (|Np| > 3), the charging self-energy
becomes dominant and the data follow dnp/dn calculated with the
Hartree term only. Close to the CNP, however, the HF NSM has the cor-
rect FB DOS needed to qualitatively match the experimental values.
This provides further corroboration that the ground state at the CNP
is,indeed, an NSM.

Discussion

Generally, HF analytics find the KIVC or valley Hall state to be ener-
getically favourable with respect to the NSM state”. However, even
small amounts of heterostrain drive a transition that stabilizes the
NSM*, Twisted systems in general have been shown to have substantial
strain®’, including tTLG, for which scanning tunnelling microscopy
measurements show that the angle mismatch often relaxes into the
mirror-symmetric configuration'*. The apparent strain is probably
related to the spatial variations in the QOs observed in Figs. 2a and 3a.
Our finding of aNSM ground state at the CNP is consistent with these
considerations and consistent with most experiments that find no
evidence of agap at the CNP>*75,

The regime of slightly off magic-angle graphene, where
correlated-electron effects are weaker, provides opportunities for
studying symmetry-breaking instabilities as well as their hierarchy.
Our finding that the Stoner transition persists even in the absence of
insulating states (Fig. 3) establishes the Stoner polarized states as the
parent state for the emergence of correlated insulators. By reducing
the interaction strength, we found the transition near half-filling to
be most robust, in agreement with the appearance of the strongest
correlated insulator state in MATBG at the same filling.

The high sensitivity of the low-magnetic-field thermodynamic
QOs to the BS makes our measurement technique a powerful probe
of low-energy interaction effects and fragile ground states that have
yet remained unsolved in highly correlated systems. The emerging
framework isolates the interaction effects at high doping, which are
governed by the charging self-energy, from those atlow doping where
the exchange energy becomes dominant. This technique with thermo-
dynamic QOs canreadily be generalized to interacting systems thatdo
not naturally contain a Dirac cone in the BS. One can add a Dirac band
to essentially any van der Waals system by adding another monolayer
graphene sheet twisted at a large angle****, such that the graphene
and the system of interest share the charge density but are effectively
isolated from each other at low energy.
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Methods

Device fabrication

The hBN-encapsulated tTLG devices were fabricated using the
dry-transfer method. The flakes were exfoliated onto a Si/SiO,
(285 nm) substrate and picked up using a polycarbonate on poly-
dimethylsiloxane dome stamp. The number of graphene layers was
determined by Raman microscopy, and the crystallographic orien-
tations of the hBN and tTLG were determined from their straight
edges. The WITec alpha300 R Raman Imaging Microscope was used
to carry out Raman measurements using a wavelength of 532 nmand
to cut monolayer graphene into three pieces using a1,064 nm laser
beam. During the dry-transfer process, the crystal axes of each layer
of the tTLG stack were aligned by a mechanical rotation stage. After
encapsulationwith hBN, the stacks were released onto a pre-annealed
graphite local bottom gate (-7-10 nm) patterned on an Si/SiO, wafer
for devices 1and 2. For device 3, p-doped Si was used as the bot-
tom gate. The finalized stacks were annealed in vacuum at 350 °C to
release the strain. A Ti (2 nm)/Pt (12 nm) top gate was then deposited
on top of the stack for device 1. For devices 2 and 3, the top gate was
Ti (4 nm)/Au (14 nm). The one-dimensional contacts were etched by
SF, and O, plasma, followed by deposition of contacts of Cr (4 nm)/
Au (70 nm) in an angle-rotated e-gun evaporator. Subsequently, the
Hall bar geometry was etched using SF, and O, plasma. Finally, the
surface resist and etching residues were swept off by atomic force
microscopy in contact mode.

Device summary. Devicel(presented in the main text): Graphite bot-
tom gate, Ti/Pt top gate; bottom hBN thickness ~-55 nm, bottom gate
capacitance Cyg ~ 3.4 x 10"'e cm™ V™, top hBN thickness -32 nm, top
gate capacitance C, ~ 5.8 x 10"e cm™?V'and twistangle 6y ~ 1.3°. The
capacitances were calculated by fitting the slopes of Chern insulator
lines in the magneto-transport measurements.

Device 2: Graphite bottom gate, Ti/Au top gate; bottom hBN thick-
ness -36 nm, Cyg ~ 5.2 x10"e cm™ V7, top hBN thickness -60 nm,
Cg ~3.1x10"ecm?V7'and twistangle 6y ~ 1.5°.

Device 3: p-doped Si bottom gate, Ti/Au top gate; bottom hBN
thickness-36 nm, Gy ~ 7.5 X 10'% cm V', top hBN thickness -60 nm,
Cig ~ 3.4 x10"e cm™Vand twist angle 6y ~ 1.5°.

SOT fabrication and QO measurements

Thea.c. magnetic field measurements were done using anindium SOT
of 160 nm effective diameter, which was fabricated as described
previously*>**". The imaging was performed at 7= 300 mK using a
cryogenic SQUID series array amplifier*®. The SOT had amagnetic field
sensitivity down to10 nT Hz ¥?and was attached to a quartz tuning fork
excited at its resonance frequency of ~33 kHz for height control as
describedinref. 59. The scanning was performed at a height of 180 nm
above the sample surface.

The B2¢images were obtained with pixel size of 90 nm and acquisi-
tion time of 1s per pixel. The measured signal B2 = n* (dB,/dn) is
proportional to the modulationin the carrier density n*induced by a
small a.c. voltage Vis of 85 mV r.m.s. applied to the back gate at a fre-
quency of f~ 5kHz. To obtain the best signal-to-noise ratio from the
QOsinthe Diracband, the Vlfg‘-‘ amplitude was optimized for the lowest
B, = 56 mT, for which the period of the QOs Anwas the smallest.

Data availability

The data that supports the findings of this study are available from
the corresponding authors on reasonable request. Source data are
provided with this paper.
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B, =3.2Talongthedashedlinesin (b). Quantized R, values are indicated with their

Chernnumbers that match the accompanying slopes of the R, minimain Fig. 1c.

Extended DataFig. 1| Transport and Chern numbers. a, Numerical derivative of
R, showninFig.1c, dR,./dB,.Here the Dirac LLs are readily discerned. The
yellow circle marks the crossing of the N = 1Dirac LL with the top of the FB.
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Extended Data Fig.2|QOsin Devices 2and 3 (0 ~1.5°). a,BZ(x, v)in Device 2 at
D = 0and B, =250 mT upon hole and electron doping. b, Cross-section of BZ(v)
along the white dashed linein (a). ¢, Fraction of carriers added to the system that
go to the Dirac sector, dnp/dnvs. doping, extracted from (b). Green circles

v
highlight peaksin dnp/dnnear v = 2 and 3 indicating symmetry breaking.
d, BZ(v)inDevice 3. e, dnp/dnvs. doping extracted from (d). Green circles
highlight peaksin dnp/dnnear v =2and 3.
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Extended DataFig. 3| QOsinDevices1upon electrondoping at B,=251mT. extracted from (b) showing a peak above v =2, indicating degeneracy lifting. The
a-d, Sameasin Fig. 3a-d but at a higher B, =251mT. a, B(x, v) upon electron resolution of the peak is poorer than in Fig. 3c due to sparser LLs at higher B,.
doping. b, Cross-section of B(v) along the white dashed linein (a). ¢, dnp/dn, d, dnp/dnfrom the Hartree calculation.
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Extended Data Fig. 4 | Hartree potential band structure with U=0. a-e, Band atlarger U Dirac LLs appear at larger v as shown in Fig. 4c. f, Band structure line
structure line cuts for a single valley with self-consistently calculated Hartree cutfor U = 40 meV for asingle particle calculation. Here, a similar effectis seen
potential for U = 0(a),U =10(b), U =20(c), U = 30(d),and U = 40 meV (e). where the graphene and FB Dirac cones overlap and hybridize at zero energy,
Band structure cuts are shown at the indicated values of v for which &, (dashed pushingall N LLs up in energy.

line) reaches the hybridized Dirac point where the 0™ LL resides, illustrating that
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Extended Data Fig. 5| Hartree Fock calculations. a, Calculation of the
renormalization of the Dirac cone v at CNP as a function of U in the NSM state.
Values are normalized by v9, vy at U = 0, and used to plot the LL spectrumin
Fig.4c.b, BS of the conduction FB, g(ky, k, ), of the HFNSMstateat U = Oinan
extended mBz for the K valley (K’ is related by a180° rotation). The system
spontaneously breaks C; symmetry and FB Dirac cones migrate towards I, while
the graphene Dirac point stay at the mBz corner. The dashed line marks the

Hartree-Fock NSM
| 425

0
€ (meV)

Hartree-Fock NSM

U= 0meV |
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linecut along which (d) and Fig. 4d are plotted. ¢, BS of the gapped KIVC state for
U = 0(blue) and U = 40 meV (red). Coherence between K and K’ folds both
bandsinto asingle mBz. Application of U hybridizes the bands and renormalizes
the Dirac cone vr, similar to the NSM state. d, BS of the NSM state at U = O along
theback dashed linein (b). The system spontaneously breaks C; and the FB Dirac
cones are shifted towards .
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Extended DataFig. 6 | QO simulations at CNP. a, Zoomed-in B%(n) near CNP at B, =56 mT, reproduced from Fig. 4e. b, Simulations of QOs, dM/0n, arising from the

Diracbandinthe presence of FB described by Dirac dispersion with reduced ufB andvariable FBgap A from O to3 meV. Evenasmallgap of A = 1meVisinconsistent

with the shape of the measured QOs in (a).
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