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Non-trivial interacting phases can emerge in elementary materials. As a
prime example, continuing advances in device quality have facilitated

the observation of a variety of spontaneously ordered quantum states in
bilayer graphene. Its natural extension, rhombohedral trilayer graphene—
inwhichthe layers are stacked in an ABC fashion—is predicted to host
stronger electron-electron interactions than bilayer graphene because
ofits flatter low-energy bands and larger winding number. Theoretically,
five spontaneous quantum Hall phases have been proposed to be
candidate electronic ground states. Here we observe evidence for four of
the five competing ordered states in interaction-maximized, dual-gated,
rhombohedral trilayer graphene. In particular, at small magnetic fields,
two states with Chern numbers 3 and 6 can be stabilized at elevated and
low perpendicular electric fields, respectively, and both exhibit clear
magnetic hysteresis. We also show that the quantum Hall ferromagnets of
the zero-energy Landau levels are ferroelectrics with spontaneous layer
polarizations even at zero electric field, as evidenced by electric hysteresis.

The competition between kinetic and exchange energies in conjunc-
tion with the band topology determines the ground state properties
of an interacting system. Recently, experiments featuring Chern
insulator ground states in moiré superlattices without the require-
ment of applying any external magnetic field or magnetic dopant'~
have gained notable interest. In fact, two such quantum anomalous
Hall (QAH) phases were predicted to be competing ground states of
the naturally occurring rhombohedral graphene systems such as AB
bilayer®” and ABC trilayer®®. Although consistent signatures have
already been identified in a recent experimental examination of sus-
pended AB bilayer graphene (BLG)?, in principle, the susceptibility
towards spontaneously gapped phasesin ABCtrilayer graphene (r-TLG)
should be still stronger®'°. This is evident by comparing the experi-
mental conditions to observe the unexpectedly discovered Stoner
magnetism and unusual superconductivity in lightly hole-doped
BLG*"*and r-TLG"",

In rhombohedral multilayer graphene, quasiparticles can be
described by atwo-component pseudospinor associated with the two
low-energy sublattice sites located respectively on the two outermost
layers®*'"", leading to an effective two-touching-band Hamiltonian

wep)"
H= y
be appropriately ignored for this work; see also Supplementary
Section 1.) Here, Nis the number of layers, v; is the Fermi velocity in
graphene, y; is the nearest-neighbour interlayer hopping energy, p is
the momentumwith ¢ = tan_lfpy/px, &=tllabelstheKandK’valleys,
and o are the Pauli matrices acting on the layer pseudospin. A quasi-
particleacquires aBerry phase of ENtwhen encircling the band touch-
ing point at K or K’. The band touching nature and Berry phase
quantizationis protected by the sublattice or chiral symmetry and by
the inversion and time-reversal symmetries®. Thus, a perpendicular
electric field"®" or electron-electroninteractions®*'" can explicitly or

[cos (N@) 0, + sin (Ng) 0, ]. (The trigonal warping effect can
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Fig.1|Microscopy and transport measurements. a, Overview of the five
predicted spontaneous quantum Hall states in r-TLG with their corresponding
layer polarizations (T for top and B for bottom), total orbital magnetizations and
charge Hall conductivities. b,c, Optical microscopy image (b) of asuspended
dual-gated r-TLG sample (black dotted box) together with the corresponding
scattering scanning near-field optical microscopy image (c). The amplitude in
cisgiveninarbitrary units (a.u.) and the vertical discontinuity in the ABC region
isameasurement artefact. d-f, Differential conductance map as a function of
top and bottom gate voltagesatB=0T(d), B=3T (e) and B=8 T (f). Landau-level

E(mVnm™)

filling factors are indicated by numerals. Line cuts (dotted lines in the contour
plots) at constant charge carrier density n or electric field £ are shown in the

top panels. The dotted line at vanishing electric field is omitted in ffor better
visibility of the discontinuities in the conductance (marked by black arrows).

g, Differential conductance map as a function of £ and B at charge neutrality. Line
cuts at constant Bare shown in the top panel. The inset shows an enlarged image
close to vanishing fields. The low conductance regions can be identified as the
LAF/CAF (I) and QVH (II) phases.

spontaneously break the symmetry and open an energy gap. Moreover,
rhombohedral multilayer graphene has apower-law dispersion E « pV
that flattens with increasing V. This is reflected by the density of states
(DOS) near charge neutrality that is proportional to E@-M/N so that it
vanishes for monolayer graphene (N =1), is constant for BLG (N =2)
and diverges for thicker systems (N > 2). This yields the important fact'
that the electron-electron interactions, modelled as a coupling con-
stant in a renormalization group theory, become more and more rel-
evant with increasing N and drive the spontaneous chiral symmetry
breaking. Theoretically, thisamounts to producing aspontaneous gap
term in the quasiparticle Hamiltonian: H,,,= H + mo,. The gapless
nematic states, whichadd mean-field terms proportional to o, or g, to
the Hamiltonian, were shown to be disfavoured in theory*** and thus
willnot be considered below. Depending on the projected sign of mat
each spin valley, a family of five competing broken-symmetry phases
were predicted®®: the quantum valley Hall (QVH) state, the QAH state,
the layer antiferromagnetic (LAF) state, the quantum spin Hall (QSH)
stateand the ALL state, as summarized in Fig. 1a. They exhibit distinct

Hall conductivities, orbital magnetizations and layer polarizations.
When magnetization and/or layer polarization are coupled to electric
and/or magnetic fields, a particular state may be favoured®’.

In the experimental identification of these competing ordered
states, we benefit from the high sample cleanliness (Supplementary
Section 2) and low dielectric surrounding of freestanding samples,
which maximize the interaction effects in r-TLG. Figure 1b shows an
optical microscopy image of a suspended, dual-gated r-TLG device.
Figure 1c shows its scattering scanning near-field optical microscopy
image, which confirms the stacking order homogeneity of the sample
(Supplementary Section 3). An overview of all r-TLG devices used in
this study is given in Supplementary Table 1. Figure 1d-g shows the
two-terminal differential conductance G as a function of the top and
bottom gate voltages (V; and V;, respectively) and of the electric and
magnetic fields (£ and B, respectively).

We first discuss our observations at elevated magnetic fields,
where the spontaneously gapped states introduced above adiabati-
cally evolve into symmetry-broken quantum Hall states. Indeed, at
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Fig.2|Electric hysteresis of quantum Hall ferromagnets. a,b, Derivative
ofthe conductance maps shownin Fig. le,f, respectively, with respect to the
bottom gate voltage. Landau-level filling factors are indicated by numerals.
The discontinuities at vanishing electric field are highlighted by white dotted
ellipses. ¢, Map of the resistance difference AR between forward and backward
sweeps across the transition line shown in b as a function of electric field Eand
charge carrier density nat B=8 T. Line cuts of forward (solid) and backward
(dotted) sweeps at filling factors v=2,2.5and 3 are shown in the top panel.

d, Forward (solid) and backward (dotted) sweeps at v=-2 and B=8 T for different
temperatures between 14 mK (blue) and 1K (red). The lines are offset by 0.5 ¢ A
withrespectto each other for clarity.

B=3T, the 12-fold degeneracy of the zero-energy Landau levels® is
already fully broken and all plateaus atinteger filling factors-6 <v< 6
arewellresolved (Fig. 1e). Thisunderscores the high device quality and
the strong influence of exchange interaction in the system. Although
such symmetry-broken states have been described previously*?*, we
observe surprisingly sharp discontinuities in the conductance within
a constant filling factor close to the £=0 line at B=8 T (indicated by
black arrows in Fig. 1f). Although the discontinuities are difficult to
identify in the conductance maps, they become apparent after dif-
ferentiation of Fig. 1e,f with respect to the bottom gate voltage, as
showninFig.2a,b.Here, the discontinuities are visible as sharp lines of
high derivative, whereas the quantum Hall plateaus appear as regions
with vanishing derivative. The discontinuities are present in all the
symmetry-broken states with O < |v| < 6 and are clearly visible even
at B=3T (Fig. 2a). Because the top and bottom layers of r-TLG are
expected to have different effective couplings to the metallic contacts,
such adiscontinuous jump in conductivity reflects the layer polariza-
tion of a symmetry-broken state that reverses across the E=0 line.
To investigate this inversion of layer polarization, several measure-
ments sweeping across the layer-polarization transitions at different
filling factors and different temperatures, but constant charge carrier
densities, for B=8 T are shown in Fig. 2¢,d (see also Extended Data
Fig.1). Near the sharp transitions (Fig. 2c), an extremely small change in

electric field of less than 50 pV nm™ determines the spontaneous layer
polarization between the two outermost layers, indicating ferroelec-
tricquantum Hall states. Thisisin stark contrast to the observationin
BLG, inwhichsimilar transitions occur at finite electric fields or extend
over a broad transition region of several mV nm™ with increased con-
ductance®® %, Moreover, the transitionsin r-TLG show a pronounced
electric hysteresis, asshownintheline tracesin the top panel of Fig. 2c.
This hysteresis vanishes at temperatures above 400 mK (Fig. 2d). Unlike
the case of AlAs quantum wells?’, we do not find resistive spikes at the
first-order quantum phase transitions, consistent with the absence
of dissipation: owing to the coincidence of layer and valley degrees of
freedom?, the counterpropagating edge modes between domains of
oppositely layer-polarized quantum Hall states are localized at oppo-
site valleys and most likely not fully gapped.

Hereafter we focus on the low-magnetic-field regime. At zero
magnetic field but high electric fields, in agreement with single-particle
theories®'®'” and previous experiments®>?!, the opening of abandgap
isevidenced by adecrease in conductance, asindicated by thered line
traceinFig.1d. Thisagain confirms therhombohedral stacking order, as
such abandgap openingisimpossible for Bernal TLG"**%*>% However,
unexpected from the single-particle picture, instead of monotonously
increasing with decreasing the electric field, the conductance drops
again at small electric fields, indicating the opening of a spontane-
ous energy gap due to the electron-electron interactions®®. This is
consistent with the first transport spectroscopy measurements on
r-TLG** that showed a similar spontaneous gap at vanishing electric
fields, although no gap closing (and reopening) by electric field was
observed. To explain this spontaneously gapped phase, Fig. 1g shows
the conductance as a function of the electric and magnetic fields at
charge neutrality. Clearly, the phase can be suppressed by the electric
field but strengthened by the magnetic field. This observation agrees
well with theoretical predictions®® and previous measurements on
rhombohedral graphene few-layers'”****~*, and enables the identifi-
cation of the emergent phase at vanishing electric fields (phase I) as
a LAF state (or a canted antiferromagnetic (CAF) state at finite mag-
netic fields®****’). The QSH state can be excluded, considering that
its protected edge states would lead to at least 2 e* h™! two-terminal
conductance (see Supplementary Section 4 for more details). With
increasing electric field, the layer-balanced LAF/CAF state becomes
unstable towards a fully layer-polarized QVH state (phase II). The two
transition lines between the CAF and QVH states are marked by an
increase in conductance and become linear at high magnetic fields.
This observation is in harmony with theoretical predictions”**** and
previous measurements>?*?4°*2on BLG. Note that the transition lines
areverysharp, indicating the absence of an extra intermediate metallic
phase proposed in BLG* and the absence of several domains®® within
the device. Thisis consistent with the more divergent DOS, the stronger
interaction effects, and thus alarger spontaneous gap inr-TLG at charge
neutrality, as compared with BLG. Similar to the case of BLG, signatures
for other interaction-driven phases can be observed at low magnetic
and electric fields”****, As shown in the inset of Fig. 1g, indications of a
local conductance minimum at a (negative) constant electric field can
beobservedinalldevices. Thus, we examine the remaining spontane-
ously gapped phases below to shed light on the as yet unknown ground
states at vanishing fields and charge carrier densities.

Figure 3a,b shows the differential conductance as a function of
charge carrier density and electric fieldat B=0.2and 0.5 T.Inaddition,
fandiagrams downto B = 0 wererecorded at various electric fields, as
exemplified by Fig. 3c. Distinct quantum Hall plateaus at v=0, +3, +6
together with several fainter plateausatv=-1,-2,-4 and -5 arereadily
identifiable even at these weak magnetic fields (Fig. 3c). The insulating
v =0 state can again be identified as the CAF state (I) that transitions
to the two QVH states (II) at high electric fields. In agreement with the
previous observations, the critical electric field at which the transition
occurs shifts towards higher electric fields with increasing magnetic
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Fig.3| Anomalous quantum Hall states at low magnetic fields. a,b, Differential
conductance map as a function of electric field £ and charge carrier density
natB=0.2T(a)and B=0.5T (b). The top and right panels show the conductance
along lines of constant £ and constant n, respectively, asindicated by the dotted
lines in the main panels. ¢, Fan diagram of the differential conductance at

E=-38 mV nm™. The top panel shows the conductance along lines of constant B,

n(10°° cm™)

10 10

n(10°° cm™)

asindicated by the dotted lines in the main panel. d-f, Fan diagrams

of the derivative of the conductance with respecttonat E=0 mVnm™(d),
E=-19mV nm™(e) and £=-38 mV nm™ (f). The filling factors and their
corresponding slopes are indicated on the top of each panel. The roman
numerals indicate the predicted spontaneous quantum Hall states, namely,
the LAF/CAF (I), QVH (Il), ALL (111) and QAH (IV) states.

field (Fig. 1g). The observation of prominent plateaus at v=+6 and
especially v= %3 at these low magnetic fields, however, is unconven-
tional (similar v=t6 states can even be observed in an hexagonal boron
nitride screened device®). Remarkably, the v = +6 states show only a
weak electric field dependence and are visible at zero electric field,
whereas the v = 13 states stabilize at finite electric fields only.

To track these quantum Hall states to lower magnetic fields, it is
instructive to examine the derivative of the fan diagram with respect
to charge carrier density, as shown in Fig. 3d-f (see Extended Data
Fig.2for further data). In such a diagram, quantum Hall plateaus appear
as regions with vanishing derivative. In addition, in their vicinity fea-
tures with the same slope are visible that correspond to fluctuations
nearincompressible quantum states. These states are indicative of an
energy gap and allow to identify emerging quantum Hall states even
before their signature is visible in conventional magneto-transport
measurements”***, At zero electric field (Fig. 3d), the v=+3 states are
absent whereas the v = +6 states persist down to approximately 100 mT.
Withincreasingelectricfield, the v = £3 states become more and more
distinct and even stabilize at exceptionally low magnetic fields of less
than 50 mT. Note that the LAF/CAF state at v= Qis visible only at higher
magneticfieldsin Fig. 3f,because the chosenelectricfieldis closeto the
critical value for the LAF-QVH phase transition (Fig. 1g). Overall, com-
pared to the aforementioned theory, the observations align well with
the stabilization of the ALL (I1I) and QAH (IV) states that were predicted®
to have Chern numbers 3 and +6, respectively, as featured in Fig. 1a.
Because they have non-trivial orbital magnetization®®, both states are

expected to be favoured in external magnetic fields. Moreover, as the
ALL stateis partially spin-and, in particular, layer-polarized®®, thev=+3
states are expected tobe favouredinelectric fields. Our observations
areindeed consistent with these predicted properties.

To shed more light on the nature of the spontaneous quantum
Hall states and to examine their competition for the ground state,
the two-terminal conductance at various different filling factors was
tracked while sweeping the magnetic field through zero. As the QAH
and ALL states both exhibit orbital magnetism®?, they are expected
to show hysteretic behaviour in the longitudinal and Hall conduct-
ances'”. The same is true for the two-terminal conduction that con-
tains contributions fromboth conductances. (Althoughindications of
magnetisminrhombohedral graphene have been observed previously,
their origins are irrelevant to the QAH and ALL states”** as they did
nottrace these states by fixing the filling factors.) Figure 4a,c features
the conductance as functions of magnetic field for both forward and
backward sweeps at constant filling factors at £=-20 mV nm™., For
comparison, Fig. 4b shows the conductance at constant charge car-
rier densities, that is, varying filling factors. In all cases, forward and
backward sweeps are mirror symmetric with respect to B= 0. First,
noticeable hysteresis can be evidenced at filling factors close to the
v=-3andthev=-6states, whereasitis absentatfilling factors far away,
for example, v=0 and v=-8 (Fig. 4c). Second, there is no noticeable
hysteresis at any fixed charge carrier density (Fig. 4b). These hysteretic
features are consistent with the stabilization of the QAH stateatv=+6
and the ALL state at v= 3. However, the fact that their conductances
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Fig. 4 |Magnetic hysteresis at a constant electric field E = -20 mV nm™.

a, Conductance as a function of magnetic field B at the filling factor v=-3.

The hysteresis loop area formed by the forward (blue) and backward (red)
sweeps is shaded in yellow. b, Conductance as a function of Bat the densities
n=-2x10" cm?(black),n=0cm2(red)and n=2x10° cm2 (blue). The forward
andbackward sweeps are indicated in dark and bright colours, respectively.

¢, Similar to a, but for asequence of filling factors ranging fromv=0tov=-8.
Here they axis was rescaled for each filling factor to enhance the visibility of
hysteresis.

droptovaluesbelowle® h™at B= 0implies that there are no percolating
edgestatesat B=0, and that both states lose the competition against
the LAF or QVH state at B = 0. Besides, it has also been pointed out for
similar devices that the current annealing-induced disorder close to
theelectrical contacts could hinder the coupling between edge chan-
nels and electrical contacts, thereby obscuring the observation of
conductanceatB = 0 (ref. 46). In this scenario, the magnetic hysteresis
supported QAH state near zero electric field and ALL state at elevated
electric fields might persist down to B= 0, although they cannot be
accessed by two-terminal transport measurements.

Although future study using multi-terminal devices with still
higher quality is necessary to unveil the fate of the QAH, ALL and
ferroelectric states at strictly B=0, our findings underscore that
the natural rhombohedral graphene systems are fertile grounds for
intrinsically interacting electron physics with no need of the delicate
moiré engineering®” large electric fields or hexagonal boron nitride
encapsulation.
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Methods

Sample preparation

r-TLG flakes were exfoliated onto a Si wafer with a 300 nm SiO, layer
and identified by optical microscopy, Raman spectroscopy and
atomic force microscopy. In addition, scattering scanning near-field
optical microscopy was used to ensure stacking order homogeneity
down to nanometre scale and to confirm the absence of any struc-
tural (ABC-ABA) domain walls* (see also Supplementary Section 3).
Suspended dual-gated structures were fabricated as follows. First,
regions with homogeneous stacking order were cut out using standard
electron-beam lithography together with reactive-ion etching to pre-
ventarhombohedral to Bernal stacking transition*. Electrical contacts
(5/100 nm Cr/Au), a140 nm SiO, spacer and the top gate (5/160 nm
Cr/Au) were fabricated consecutively using electron-beam lithogra-
phy. To decrease the contact resistance, contacts were treated in a
ultraviolet/ozone environment for 1 min before metal evaporation.
Subsequently, samples were submersed in buffered hydrofluoricacid
toremove the SiO,spacer and150 nm of the SiO, below the r-TLG flake.
The devices were transferred to ethanol and dried in a critical point
dryer to prevent collapse of the suspended graphene devices. A sche-
matic of asuspended device is shown in Extended Data Fig. 3.

Quantum transport

All measurements were performed in a dilution refrigerator at tem-
peratures below 10 mK (unless specified otherwise) using a standard
lock-intechnique atana.c.frequency of 78 Hzand currents below 5 nA.
Before any measurement, the devices were cleaned in situ by current
annealing (Supplementary Section 5). By adjusting the voltages V; and
V;of thesiliconback gate and the gold top gate, respectively, both the
charge carrier density n = Cg (aV; + V) /e and the electric field
E = Cg (aVy — V) 12g4 could be tuned independently®. Here, Gy is the
capacitance per unit area of the bottom gate, a is the ratio of top and
bottom gate capacitances a = C;/Cg, e is the electron charge and ¢, is
the vacuum permittivity. The calibration procedure is outlined in
Supplementary Section 6. The contact resistance R. and the bottom
gate capacitance were extracted from the quantum Hall plateaus at
B=3Tand various electric fields.

Data availability
Original data are available in the Gottingen Research Online Data
repository (GRO.data) at https://doi.org/10.25625/VXUMPN.
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Extended Data Fig. 1| Ferroelectric states. a,b, Map of the resistance difference between forward and backward sweep of the electric field as function of electric field
and charge carrier density at B=3 Tinaand B =8 Tinb. The region with vanishing conductance at zero density has been removed due to large resistance variations to

enhance visibility.
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Extended DataFig. 2| Quantum Hall states at low magnetic fields. a-c, fan
diagrams of the conductance derivative with respect to the charge carrier density
of device A2 (cf. Supporting Table1) atE=0 mV nm’ina, E=24 mV nm™in

b and E =47 mV nm™in c. Thefilling factors and their corresponding slopes are
indicated on the top of each panel. The roman numerals indicate the associated

spontaneous quantum Hall states, namely the LAF/CAF state (l), the ALL state
(111) and the QAH state (IV). d-f, Fan diagrams of the conductance derivative
withrespect to the charge carrier density of device B1 (cf. Supporting Table 1)
atE=0mVnm™ind,E=-20mVnm™ineand E=-60 mVnm™inf. Thefilling
factors and their corresponding slopes are indicated on the top of each panel.
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Extended Data Fig. 3 | Device schematics. a, 3D view of a dual-gated trilayer graphene device with a silicon bottom gate and agold top gate. b, Cross section of the

device showninaalongthe graphene axis.
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