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The fractional quantum anomalous Hall effect (FQAHE), the analogue of the fractional
quantum Hall effect’ at zero magnetic field, is predicted to exist in topological flat
bands under spontaneous time-reversal-symmetry breaking?®. The demonstration of
FQAHE could lead to non-Abelian anyons that form the basis of topological quantum
computation’”®, So far, FQAHE has been observed only in twisted MoTe, at amoiré
filling factor v >1/2 (refs.10-13). Graphene-based moiré superlattices are believed

to host FQAHE with the potential advantage of superior material quality and higher
electron mobility. Here we report the observation of integer and fractional QAH
effectsinarhombohedral pentalayer graphene-hBN moiré superlattice. At zero
magnetic field, we observed plateaus of quantized Hall resistance Ry = U:—Z atv=1,2/3,
3/5,4/7,4/9,3/7 and 2/5 of the moiré superlattice, respectively,accompanied by clear
dipsinthelongitudinal resistance R,,. R, equals @ atv=1/2and varies linearly with v,
similar to the composite Fermi liquid in the half—fe‘illed lowest Landau level at high
magnetic fields™ . By tuning the gate-displacement field D and v, we observed phase
transitions from composite Fermiliquid and FQAH states to other correlated electron

states. Our system provides an ideal platform for exploring charge fractionalization
and (non-Abelian) anyonic braiding at zero magnetic field” >, especially
considering alateral junction between FQAHE and superconducting regionsin the

same device?* 2,

The fractional quantum Hall effect observed in conventional
two-dimensional electron gas (2DEGs) at the semiconductor
interface is a classic example of intertwined electron correlation
and topology effects in condensed matter physics’. It has been
proposed that similar exotic states could exist at zero magnetic
field, by engineering flat electronic bands with non-zero Chern
numbers?®. As a precursor of the fractional quantum anomalous
Hall effect (FQAHE), the integer quantum anomalous Hall effect
(IQAHE) has been conceived® and realized in magnetic topologic
insulators and moiré superlattices made of two-dimensional mate-
rials**?, Recently, FQAHE has been proposed in twisted transition
metal dichalcogenide (TMD) moiré superlattices*®>? and observed
in twisted MoTe, (t-MoTe,) at filling factors v>1/2 (refs. 10-13).
Graphene-based moiré superlattices have also been proposed to host
FQAH states**# and could potentially show a plethora of fractional
states due to fewer defects in the graphene lattice than in TMD lat-
tices. Although fractional Chern insulators have been observed in
graphene-based moiré superlattices at high magnetic fields**°, obser-
vation of FQAHE in any graphene system has not beenreported sofar.

The moiré superlattice formed between rhombohedral graphene
and hexagonal boron nitride (hBN) has been demonstrated to be a
remarkable platform for emergent quantum phenomena. In the highly
tuneable electronic bands in crystalline multilayer rhombohedral

graphene, correlated insulators, superconductivity, Chern insula-
tors, orbital magnetism and multiferroicity have been demonstrated
(Methods). When placed on hBN to form a moiré superlattice, rhom-
bohedral graphene shows Mott insulators, tuneable ferromagnetism
and Chern insulators, as well as superconductivity (Methods). On
the basis of a tight-binding calculation, the band dispersion at zero
gate-displacement field D becomes flatter as the layer number
increases from n=2to 5, whereas the valence band starts to suffer
from increased trigonal warping with n > 5 (ref. 41). At non-zero Ds,
states near the band edge acquire larger Berry curvatures** that
enable the formation of a topological flat band when a moiré poten-
tial from hBN is introduced®**. Therefore, engineering topological
flat bands in gate-tuned multilayer rhombohedral graphene-hBN is
a promising approach for realizing FQAHE. From an experimental
point of view, the rhombohedral graphene-hBN moiré superlattice
features three advantages over twisted TMD moiré superlattices:
(1) the higher material quality of graphene over TMD; (2) better electri-
cal contactto graphene thanto TMD and (3) the twist angle inhomoge-
neity induces fewer variations of the moiré period in a hetero-bilayer
moiré than in a homo-bilayer moiré. Whereas the Chern insulator
state has been observed in trilayer rhombohedral graphene-hBN at
integer moiré fillings (Methods), FQAHE has not been found in this
systemso far.
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Fig.1|Device configuration, topological flatband and phase diagram
oftherhombohedral pentalayer graphene-hBN moiré superlattice.

a, Schematic of the device configuration, showing a moiré superlattice between
the top layer of graphene and the top hBN, with amoiré period of 11.5 nm.

b,c, Phasediagrams of the device revealed by symmetrized R,, (b) and
antisymmetrizedR,, (c) at B==0.1T as functions of n. (v) and D. The temperature
atthe mixing chamber of dilution refrigeratoris 10 mK. Large anomalous Hall

Herewereport observations of IQAHE and FQAHEs inanew graphene
moiré system formed by pentalayer rhombohedral graphene and hBN,
asshowninFig.1a. Although the general possibility of FQAHE in rhom-
bohedral graphene-hBN moiré superlattices has been suggested
before®, the pentalayer system we study has not received any concrete
theoretical analysis or predictions. The superlattice period is roughly
11.5 nm and the twist angle is roughly 0.77°. We observed quantized
Hallresistance R, =+ 2 ata moiré superlattice filling factor v =1and
zeromagnetic field. These states correspond to Chern numbers C= +1.
Atfractionalfilling factors between O and 1, we observed six states with
fractionally quantized Hall resistances R, = Lz atzeromagnetic field.
We observed R, = 2—'2’ atv=1/2and alinear dependence of R,,onv. By
tuning D, we observed phase transitions from composite Fermiliquid
(CFL) to valley-polarized Fermi liquid and a correlated insulator. We
have measured two devices with similar moiré superlattice periods
and they both show IQAHE and FQAHE. The data presented in the main
text are based on device 1, and the data from device 2 are included in
Extended Data Figs. 8 and 9.

Phase diagram of the Moiré superlattice

Figure1b,cshowsthelongitudinal resistance R, and transverse resist-
anceR,, as functions of charge density n, (filling factor v) and D meas-
ured at mixing chamber temperature 7=10 mK. R, and R, have been
symmetrized and antisymmetrized using data collectedat B=+0.1T
(Methods and Extended Data Fig. 4). Whereas most regions on the
maps show small R, and R,,, large values of resistances emergeina
tilted striperegion. Atsmallvup to1/2, alarge R, emerges, whereasR,,
showslarge fluctuations around zero. Atv =2/5to1, alarge R, emerges
and gradually changes with v. Atv=1,2/3,3/5and 2/5, R, shows local
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signals emergeinatilted stripe region centred at D/s,~ 0.93 Vnm™. Clear dips
of R..canbeseenatfilling factors of the moiré superlatticev=1,2/3,3/5and 2/5
(indicated by the dashed lines and arrows), where R, shows plateaus of values.
d, Calculated band structure of our moiré superlattice with interlayer potential
A=75meV,showingaflat|C|=1moiré conductionbandand adispersive C=0
moiré valenceband.

minimums whereas R,, shows plateaus as afunction of v. Aswe showin
the following sections, these states feature quantized R, as expected
for IQAHE and FQAHEs. We note that the charge density corresponding
tov=1inoursystemis about five times smaller than thatin t-MoTe,
(refs.10-13) due to the larger moiré superlattice period.

The insulating state with large R,, we observed at v < 1/2 occupies a
large continuous range of filling factor, whichis distinct from correlated
insulators at integer filling factors or generalized Wigner crystals at
discrete fractional filling factors of moiré superlattices***. It is pos-
sible, for example, that electron crystallization happens within the
flat moiré conduction band and leads to a Wigner crystal state at zero
magnetic field*. At D < 0, we observed correlated insulating states at
integer filling factorsv = 2,3 and 4 (Extended Data Fig.1). The existence
oftopological states and correlated insulating states at opposite Ds are
consistent with previous experiments onrhombohedral graphene-hBN
moiré superlattices (Methods). In this work, we focus on the regime of
large positive displacement fields.

Inthetilted striperegion, the large anomalous Hall signals indicates
spontaneous valley polarization that breaks the time-reversal sym-
metry. As the Drequired to observe the anomalous Hall signal is high,
at finite charge density, the redistribution of charges is expected to
partially screen the externally applied D. This picture may explain the
slope of the striped region, inwhich alarger Dis needed to maintaina
narrow bandwidth asvincreases. The observation of IQAHE and FQA-
HEs at v <1further suggests the presence of a topological flat band.

Figure 1d shows a moiré band structure calculated from a tight-
binding model for pentalayer rhombohedral graphene*?, with an added
phenomenological superlattice potential to account for moiré effects
from the nearly aligned hBN layer. For a top-to-bottom interlayer
potential difference A =75 meV, this model produces a |C| =1 lowest
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Fig.2|IQAHE. a,b, Magnetic hysteresisscans of R, (a) andR . (b) atv=1and
D/ey=0.97Vnm™and T=0.1-4 K. Solid (dashed) lines correspond to scanning
Bfrom positive (negative) values to negative (positive) values. At 0.1K, R is
quantized at + that correspondstoaChernnumber C=+1, whereasR,,shows
avaluelessthanSQatB 0mT.c,d, Landaufan diagrams of R,, (c)and R, (d) at
D/, =0.97Vnm™. The IQAH state can be seen as awide plateauin both maps,
which disperses with magnetic field with aslope that agrees well with the
dashed lines (corresponding to C=+1, as determined by Streda’s formula).
Ataboveroughly 0.6 T, features associated with integer quantum Hall states

conduction moiré band thatis extremely narrow (bandwidth less than
5meV) and isolated from other bands with a global band gap. By con-
trast, the lowest valence moiré band is notably broader (bandwidth
greater than 45 meV), topologically trivial (C=0) and energetically
overlaps with adjacent moiré bands.

IQAHE

Figure 2 shows detailed characterizations of the anomalous Hall state
atv=1.AtD/g,=0.97Vnm™, bothR,,and R, show hysteretic behaviours
under scanned magnetlc field, as shown inFig.2a,b.At T=0.1K, R, is
quantized at 2 L at zero magnetic field, whereas R, is smaller than
50O.R, remains quantized up to atleast 1.6 Kand R, remains smallin
the same temperature range. Figure 2¢,d shows the B-dependence of
R, and R, in the vicinity of v =1at D/g, = 0.97 Vnm™. The anomalous
Hall state persists to B=0 T and shows a wide plateau in both R, and
R... Thedispersion of this state agrees well witha Chernnumber C=+1
state (indicated by the dashed line) according to Streda’s formula.
Starting from roughly 0.6 T, more dips in R, emerge and their slopes
with Bagree with C=2 and 3 states (indicated by extra dashed lines).
Figure 2e shows the n, (v) dependence of R,, and R, and features a
plateauwithawidth of An, =3 x 10" cm™. The quantized R, and small
R, values of the state at v =1 exist in a wide range of D, as shown in
Fig.2f. Atboth higher and lower Ds, the device shows small R, andR,,,
except for a peak of R, during both transitions.

These observationsindicate the IQAHE with C= t1atfilling factorv=1.
The features corresponding to C=2and 3 are due to integer quantum
Hall effects that emerge at alow magnetic field, which demonstrates
the high electron mobility of our device. Theincremental change AC=1
between these three features indicates that the isospin degeneracy is
completelylifted at v =1, which corresponds to one electron per moiré
unit cell. The width of the IQAHE plateau corresponds toaroughly ten
times smaller charge density than that in t-MoTe, (refs. 11,13).

starttoappear, correspondingto C=+2and 3, asindicated by extra dashed
lines. e, Symmetrized R, and antisymmetrized R, (we present the positive
values for convenience) as functions of vat T=10 mK and D/g,=0.97V nm!
featuring quantized R, ina plateau withawidth of roughly 3 x10" cm™. The
insetshowsazoomed-inplot toreveal the plateau of R, <5Q.f,R,,and R, as
afunctionof Datv =1, featuringawide plateau at roughly 0.8-1.03Vnm™.
Moving toboth higher and lower Ds, the device transitions to metallic states
withsmallR,,andR,,. ApeakinR,,appears during both transitions.

FQAHE

Asshown by Fig.1b,c, large anomalous Hall responseis found in awide
rangebetweenv =2/5and1.Figure 3a,b showsfinermapsof R,,andR,,
inthisrange inwhich extravertical line features can be seen. To better
visualize the states corresponding to these lines, in Fig. 3c we show line
cutsalong the dashed linesin Fig. 3a,b. We can observe plateaus of R,
atv=2/5,3/7,4/9,4/7,3/5and 2/3 with the value of R, quantized at - ”
Atthe sametime, R, shows clear dips at these filling factors, snmilarto
the observations of fractional quantum Hall states in 2DEGs at high
magnetic fields"*. We note that the v = 2/5 state is right next to the
boundary of the anomalous Hall region, which shows a peakin R,,.
Nevertheless, the clear plateau of R, and dip in R,, are observed at
v=2/5.Figure 3d-f,h-jshows the magnetic hysteresis scans at fractional
filling factors corresponding to the states identified in Fig. 3c. For all
these states, R,, shows quantized values of & > WhereasR,, is much
smaller than ny Last, Fig.3g k shows the Landau fandiagramof R, in
therange of v <1/2and v >1/2, respectively. The dips at fractional filling
factorsevolveintotilted lines whose slopes agree well with the dashed
lines, which are calculated on the basis of Streda’s formula 5Be =" for
the corresponding filling factors. As a function of D, all FQAH states
develops a plateau of R,, at the corresponding quantized values
(Extended DataFig.2) and dips of R,,.. The centre of the R,, plateauand
the dips in R, shift to higher D as the filling factor increases, which
agrees with the tilted stripe shape of the anomalous Hall region as
showninFig.1b,c.

The observations of quantized R,, and the corresponding dipsin
R, at fractional filling factors, together with the hysteresis enclos-
ing a zero magnetic field indicate FQAH states in our graphene-based
moiré superlattice. These states resemble the Jain sequence of
fractional quantum Hall states' ¢, but at zero magnetic field. Com-
pared with t-MoTe, in which FQAHEs are only observed at v>1/2
(refs.10-13), the fractional states we observed reside at both sides
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Fig.3|FQAHEs. a,b,Zoomed-in diagrams of symmetrized R, (a) and
antisymmetrizedR,, (b) (we present the positive values for convenience) at
B=+0.1Tas functlons of v(n.) and D. Fine features that could not beidentified
inFig.1d,ecanbeseeninthevicinity ofv =1/2, especiallyinthe R, diagram.
Dataare collected using a constant voltage bias measurement. ¢, R andR,,
alongthedashedlinesinaandb, taken with aconstant current measurement.
Clear plateaus ofoyat%,%,%,%,ga nd A emergeatv=2/5,3/7,4/9,4/7,
3/5and2/3,asindicated by the dashed lines and arrows. R, shows clear dips at

of the half-filling. This is probably due to the better electrical con-
tact in graphene devices than that which has been achieved in
semiconductor devices at low charge densities. The narrowest pla-
teau width of FQAH states we have observed is roughly 10 cm™,
which is about ten times narrower than the 3/5 state observed in
t-MoTe, (ref. 11).

AHE and phase transitionsatv = 1/2

Inadditionto FQAHE states that have plateausinR,,and dipsinR,,, we
observed a continuously changing anomalous Hall resistancein awide
range of filling factors from 4/9 to 4/7. Especially ataround v =1/2, R,,
varies roughly linearly with n. and v whereas R, does not show any
cleardips, asshowninFig.4a.Atv=1/2,R,, equals .Figure 4b shows
the hysteretic behaviours of R,, and R, under a sweepmg magnetic
field. Figure 4cshows the D dependence of R, and R, at a fixed filling
factorv=1/2. Thevalue of R,,spansina plateau thatis concurrent with
small values of R,,. At hlgher D, R,, decreases monotonically whereas
R, firstincreasesandthen decreases AtlowerD,R,,shootsupandR,,
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n, (1012 cm)

the corresponding filling factors. d-f,h-j, Magnetic hysteresis scans of R, and
R..atv=2/5(d),3/7 (e),4/9 (), 4/7 (h),3/5 (i) and 2/3 (j), showing quantized
valuesof R, = - and muchsmallerR,,.g,k, Landau fan diagrams of R, at

D/, =0.92Vnm™. The FQAH states canbeseen astilted line features, the
slopes of whichagree well with the dashed lines. The slopes of dashed lines
correspondto C=2/5,3/7and 4/9 (g),and 4/7,3/5and 2/3 (k) using Streda’s
formula.

shows large fluctuations in the range 0of 0.85t0 0.9 Vnm™. At even lower
D, R,,becomes almost zero whereas R, remains at a few kQ. At higher
DthanthatoftheR,, e'z’ plateau, R,, decreases monotonically whereas
R firstincreases and then decreases Asshownin Fig. 4d, the state at
D/e,=0.97 V nm features small values of R,,and R,,, but adecent value
of the Hall angle 8, = 9.5° corresponding to tanf, = Ry ~0.17.
TheabsenceofadipinR,atv=1/2andthelinear déxpendence of R,,
withvinthe neighbourhood are distinct from FQAH states we described
in the previous section and suggest the absence of a charge gap'"**5,
These latter properties are reminiscent of the CFL in the half-filled
lowest Landau level of 2DEGs at high magnetic fields™* . Starting from
the zero magnetic field CFL state, our dataindicate two distinct types
of phase transition driven by D. At the higher D side of the CFL state,
the systemis in a valley-polarized metallic state due to the non-zero
anomalous Hall resistance and small R,. The persistence of valley
polarization and the peak of R, at intermediate Ds suggest that it is a
continuous phase transition from CFL to Fermi liquid. This new type
of phase transition has been recently proposed by theory in FQAHE
systems but was not observed in t-MoTe, (refs. 49,50). At the lower D
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for convenience) at B=+0.1Tand D/s,=0.93 Vnm™inthe neighbourhood of
half-filling. R, shows avalue olez' atv=1/2and variesroughly linearly with the
change of filling factor, whereas nodip in R, is observed. These observations
resemble the signatures of CFLin 2DEGs at high magnetic fields. b, Magnetic
hysteresis scans of R,,and R, atv=1/2, showingR,, plateaus at izeij and much
smallerR,,.c,R,,andR,,.atv=1/2asfunctions of D, showing the sameR,,
valueinaplateau spanning from 0.9 to 0.94 Vnm™. Athigher D,both R, and
R, decreasetoclosetozero.Atlower D, R,,shoots up whereasR,, showslarge
fluctuations ataround zero. d, Magnetic hysteresis scans of R, and R, at
v=1/2and D/e,=0.97 Vnm™, showing anomalous Hall signals and a Hall angle
0,,=9.5° corresponding to tan6,,= % ~0.17. Thisindicates a phase transition
from CFL to valley-polarized metal at the higher D side. At the lower D side, the
phase transition happens between CFLand a correlated insulating state.

side, we have a phase transition from CFL to our observed correlated
insulator at v <1/2. Our observations call for further experiments to
explore both types of phase transition, which are beyond the scope

of this work.

Conclusion and outlook

We observed IQAHE at v =1and FQAHEs at both sides of half-filling of
the first moiré conduction band. Beyond the specific moiré superlattice
demonstrated here, our results indicate the great potential of simi-
lar rhombohedral graphene-hBN systems with varied layer number,
gate-displacement field and twist angle for FQAHE studies: an oppor-
tunity that has been largely overlooked by theory and experiment so
far. Given the high material quality, further opportunities to research
new quantum phase transitions, electron crystals at zero magnetic
fieldand behaviours of CFL in the moiré potential are within the reach
of experiments**8, The possibility of high-Chern-number flat bands
inrhombohedral graphene (Methods) also points to possibly more
exotic FQAH states with non-Abelian anyons for topological quantum
computation”®. Furthermore, the co-existence of FQAHE and super-
conductivity (Methods) in graphene systems facilitates the realization
of synthetic non-Abelian anyonic braiding by using a lateral junction

within the same device?* 2,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,

.05 1 |
-200 -100 O 100 200

acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-023-07010-7.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.
36.

37.

38.

39.

40.

4.

Tsui, D. C., Stormer, H. L. & Gossard, A. C. Two-dimensional magnetotransport in the
extreme quantum limit. Phys. Rev. Lett. 48, 1559-1562 (1982).

Neupert, T., Santos, L., Chamon, C. & Mudry, C. Fractional quantum Hall states at zero
magnetic field. Phys. Rev. Lett. 106, 236804 (2011).

Tang, E., Mei, J. W. & Wen, X. G. High-temperature fractional quantum Hall states. Phys.
Rev. Lett. 106, 236802 (2011).

Regnault, N. & Bernevig, B. A. Fractional Chern insulator. Phys. Rev. X1, 021014 (2011).
Sheng, D. N., Gu, Z. C., Sun, K. & Sheng, L. Fractional quantum Hall effect in the absence
of Landau levels. Nat. Commun. 2, 389 (2011).

Sun, K., Gu, Z., Katsura, H. & Das Sarma, S. Nearly flatbands with nontrivial topology. Phys.
Rev. Lett. 106, 236803 (2011).

Moore, G. & Read, N. Nonabelions in the fractional quantum hall effect. Nucl. Phys. B 360,
362-396 (1991).

Wen, X. G. Non-Abelian statistics in the fractional quantum Hall states. Phys. Rev. Lett. 66,
802 (1991).

Nayak, C., Simon, S. H., Stern, A., Freedman, M. & Das Sarma, S. Non-Abelian anyons and
topological quantum computation. Rev. Mod. Phys. 80, 1083-1159 (2008).

Cai, J. et al. Signatures of fractional quantum anomalous Hall states in twisted MoTe,.
Nature https://doi.org/101038/s41586-023-06289-w (2023).

Park, H. et al. Observation of fractionally quantized anomalous Hall effect. Nature https://
doi.org/10.1038/541586-023-06536-0 (2023).

Zeng, Y. et al. Thermodynamic evidence of fractional Chern insulator in moiré MoTe,.
Nature https://doi.org/101038/S41586-023-06452-3 (2023).

Xu, F. et al. Observation of integer and fractional quantum anomalous Hall effects in twisted
bilayer MoTe,. Phys. Rev. X13, 031037 (2023).

Willett, R. et al. Observation of an even-denominator quantum number in the fractional
quantum Hall effect. Phys. Rev. Lett. 59, 1776 (1987).

Jain, J. K. Composite-fermion approach for the fractional quantum Hall effect. Phys. Rev.
Lett. 63,199 (1989).

Halperin, B. 1., Lee, P. A. & Read, N. Theory of the half-filled Landau level. Phys. Rev. B 47,
7312 (1993).

Nakamura, J., Liang, S., Gardner, G. C. & Manfra, M. J. Direct observation of anyonic braiding
statistics. Nat. Phys. 16, 931-936 (2020).

Bartolomei, H. et al. Fractional statistics in anyon collisions. Science 368, 173-177

(2020).

Kundu, H. K., Biswas, S., Ofek, N., Umansky, V. & Heiblum, M. Anyonic interference and
braiding phase in a Mach-Zehnder interferometer. Nat. Phys. 19, 515-521(2023).

Lindner, N. H., Berg, E., Refael, G. & Stern, A. Fractionalizing Majorana fermions: non-Abelian
statistics on the edges of abelian quantum Hall states. Phys. Rev. X 2, 041002 (2012).

Clarke, D. J., Alicea, J. & Shtengel, K. Exotic non-Abelian anyons from conventional
fractional quantum Hall states. Nat. Commun. 4,1348 (2013).

Vaezi, A. Fractional topological superconductor with fractionalized Majorana fermions.
Phys. Rev. B Condens. Matter Mater. Phys. 87, 035132 (2013).

Haldane, F. D. M. Model for a quantum Hall effect without Landau levels: condensed-matter
realization of the ‘parity anomaly’. Phys. Rev. Lett. 61, 2015-2018 (1988).

Chang, C. Z. et al. Experimental observation of the quantum anomalous Hall effectin a
magnetic topological insulator. Science 340, 167-170 (2013).

Deng, Y. et al. Quantum anomalous Hall effect in intrinsic magnetic topological insulator.
Science 367, 895-900 (2020).

Serlin, M. et al. Intrinsic quantized anomalous Hall effect in a moiré heterostructure.
Science 367, 900-903 (2020).

Li, T. et al. Quantum anomalous Hall effect from intertwined moiré bands. Nature 600,
641-646 (2021).

Wu, F., Lovorn, T, Tutuc, E., Martin, |. & Macdonald, A. H. Topological insulators in twisted
transition metal dichalcogenide homobilayers. Phys. Rev. Lett. 122, 086402 (2019).

Li, H., Kumar, U., Sun, K. & Lin, S. Z. Spontaneous fractional Chern insulators in transition
metal dichalcogenide moiré superlattices. Phys. Rev. Res. 3, L032070 (2021).

Devakul, T., Crépel, V., Zhang, Y. & Fu, L. Magic in twisted transition metal dichalcogenide
bilayers. Nat. Commun. 12, 6730 (2021).

Yu, H., Chen, M. & Yao, W. Giant magnetic field from moiré induced Berry phase in
homobilayer semiconductors. Natl Sci. Rev. 7, 12-20 (2020).

Crépel, V. & Fu, L. Anomalous Hall metal and fractional Chern insulator in twisted transition
metal dichalcogenides. Phys. Rev. B107, L201109 (2023).

Ledwith, P. J., Tarnopolsky, G., Khalaf, E. & Vishwanath, A. Fractional Chern insulator states
in twisted bilayer graphene: an analytical approach. Phys Rev Res 2, 023237 (2020).
Abouelkomsan, A., Liu, Z. & Bergholtz, E. J. Particle-hole duality, emergent fermi liquids,
and fractional Chern insulators in moiré flatbands. Phys. Rev. Lett. 124, 106803 (2020).
Devakul, T. et al. Magic-angle helical trilayer graphene. Sci. Adv. 9, eadi6063 (2023).
Zhang, Y. H., Mao, D., Cao, Y., Jarillo-Herrero, P. & Senthil, T. Nearly flat Chern bands in
moiré superlattices. Phys. Rev. B 99, 075127 (2019).

Gao, Q., Dong, J., Ledwith, P., Parker, D. & Khalaf, E. Untwisting moiré physics: almost ideal
bands and fractional Chern insulators in periodically strained monolayer graphene. Phys.
Rev. Lett. 131, 096401 (2023).

Repellin, C. & Senthil, T. Chern bands of twisted bilayer graphene: fractional Chern
insulators and spin phase transition. Phys. Rev. Res. 2, 023238 (2020).

Spanton, E. M. et al. Observation of fractional Chern insulators in a van der Waals
heterostructure. Science 360, 62-66 (2018).

Xie, Y. et al. Fractional Chern insulators in magic-angle twisted bilayer graphene. Nature
600, 439-443 (2021).

Koshino, M. & McCann, E. Trigonal warping and Berry’s phase N in ABC-stacked multilayer
graphene. Phys. Rev. B 80, 165409 (2009).

Nature | Vol 626 | 22 February 2024 | 763


https://doi.org/10.1038/s41586-023-07010-7
https://doi.org/10.1038/s41586-023-06289-w
https://doi.org/10.1038/S41586-023-06536-0
https://doi.org/10.1038/S41586-023-06536-0
https://doi.org/10.1038/S41586-023-06452-3

Article

42.

43.

44.

45.

46.

47.

48.

Zhang, F., Jung, J., Fiete, G. A., Niu, Q. & MacDonald, A. H. Spontaneous quantum Hall
states in chirally stacked few-layer graphene systems. Phys. Rev. Lett. 106, 156801 (2011).
Park, Y., Kim, Y., Chittari, B. L. & Jung, J. Topological flat bands in rhombohedral tetralayer
and multilayer graphene on hexagonal boron nitride moire superlattices. Phys. Rev. B.
108, 155406 (2023).

Regan, E. C. et al. Mott and generalized Wigner crystal states in WSe,/WS, moiré
superlattices. Nature 579, 359-363 (2020).

Xu, Y. et al. Correlated insulating states at fractional fillings of moiré superlattices. Nature
587, 214-218 (2020).

Smolenski, T. et al. Signatures of Wigner crystal of electrons in a monolayer semiconductor.

Nature 595, 53-57 (2021).

Goldman, H., Reddy, A. P., Paul, N. & Fu, L. Zero-field composite Fermi liquid in twisted
semiconductor bilayers. Phys. Rev. Lett. 131, 136501 (2023).

Dong, J., Wang, J., Ledwith, P. J., Vishwanath, A. & Parker, D. E. Composite Fermi liquid at
zero magnetic field in twisted MoTe,. Phys. Rev. Lett. 131, 136502 (2023).

764 | Nature | Vol 626 | 22 February 2024

49. Barkeshli, M. & McGreevy, J. Continuous transitions between composite Fermi liquid and
Landau Fermi liquid: a route to fractionalized Mott insulators. Phys. Rev. B. Condens.
Matter Mater. Phys. 86, 075136 (2012).

50. Song, X.-Y., Zhang, Y.-H. & Senthil, T. Phase transitions out of quantum Hall states in moire
TMD bilayers. Preprint at https://arxiv.org/abs/2308.10903 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2024


https://arxiv.org/abs/2308.10903

Methods

Device fabrication

The pentalayer graphene and hBN flakes were prepared by mechanical
exfoliation onto SiO,-Si substrates. Therhombohedral domains of pen-
talayer graphene were identified using near-field infrared microscopy®,
confirmed with Raman spectroscopy and isolated by cutting with a
Bruker atomic force microscope®. The van der Waals heterostructure
was made following adry transfer procedure. We picked up the top hBN,
graphite, middle hBN and the pentalayer graphene using polypropylene
carbonate filmand landed it on aprepared bottom stack consisting of
an hBN and graphite bottom gate. The device was then etched into a
Hallbar structure using standard e-beam lithography and reactive-ion
etching. We deposited Cr-Au for electrical connections to the source,
drain and gate electrodes.

Previous experimental works on multilayer rhombohedral
graphene

Multilayer rhombohedral graphene with a layer number greater than
two has been studied heavily in the experiment. In highly tuneable
electronicbandsin crystalline multilayer rhombohedral graphene®¢,
correlated insulators, superconductivity, Chern insulators, orbital
magnetism and multiferroicity have been demonstrated®**¢ >, When
placed on hBN to form a moiré superlattice, rhombohedral graphene
shows Mottinsulators, tuneable ferromagnetism and Cherninsulators,
as well as superconductivity®* .

Previous experiments adopted three different device configura-
tions: (1) rhombohedral graphene on a SiO, substrate®*™; (2) sus-
pended rhombohedral graphene®**” and (3) rhombohedral graphene
encapsulated by hBN*®*"¥”, Our devices are in the third category, which
balance high device quality, large parameter space enabled by high
gate voltages and several terminals that allow the decoupling of R,
andR,,. These factors all contribute to the experimental observation
of FQAHE.

Transport measurement

The device was measured in a Bluefors LD250 dilution refrigerator
with anelectronic temperature of around 100 mK. Stanford Research
Systems SR830 lock-in amplifiers were used to measure the longitudinal
and Hall resistance R, and R,, with an a.c. frequency at 17.77 Hz. For
constant voltage measurement, a voltage bias of 60 pV was applied.
For constant current measurement, a current bias of 2 nA was applied.
Keithley 2400 source meters were used to apply top and bottom gate
voltages. Top-gate voltage V, and bottom gate voltage V, were swept
to adjust doping density n. = (C.V, + C,V,,)/e and displacement field
D/ey=(C.V, - C,V,)/2, where C.and C, are the top-gate and bottom gate
capacitance per area, respectively, calculated from the Landau fan
diagram.

Disentangling longitudinal and Hall resistance

The optical images of the two devices are shown in Extended Data
Fig.1c,d. Two contacts on oneside of the device did not work and were
floated during the measurement. The device geometry was such that
no pair of contacts allowed a perfect measurement of pure R, or R,,.
To disentangle R, and R,, in the resistance tensor, we used the mag-
neticfield symmetrization and antisymmetrization method****¢, The
longitudinal resistance and Hall resistance can be separated by using
the magnetic field symmetrization and antisymmetrization method
onthebasisthatR,,is symmetric with B, whereasR, is antisymmetric.
Measurements performed at opposite magnetic fields (larger than the
coercive field) can thus be used to extract R,,and R, at B=0 for the
QAH states, as follows:

R« (0)=(R(B) +R(=B))/2 R,(0)=(R(B)-R(-B))/2

In Extended Data Fig. 4. we demonstrate the field symmetriza-
tion and antisymmetrization method step by step from the raw data
to the plot we used in Fig. 1b,c as an example. For simplicity, R, 3,
correspondsto aresistance measured by applying current from contact
number 1to 2 and measuring the voltage between nos. 3 and 4. R; »,
is measured at B=+100 mT as shown in Extended Data Fig. 4a,b. The
R,,canbe obtained by extracting the field antisymmetric part of R;; 5,
or R, 13, as follows:

Ry (0) = (R34, (100 MT) = Ry 5, (-100mT))/2

Asthelongitudinal component is symmetric withrespect to the mag-
neticfield, it will be cancelled by this subtraction process at the same
magnitude of magnetic field but with the opposite sign. Therefore, the
disentangled R,, could be obtained, whichis plotted in Extended Data
Fig. 4c and used in Fig. 1c. Following the same argument, resistance
measurementofR,; ,, is performed at B=+100 mT as shownin Extended
DataFig. 4d,e. The longitudinal resistance can be separated by:

Ry (0) = (Rys,14 (100 MT) + Ry 14(-100mT)) /2

Asthe Hallresistance is antisymmetric with respect to the magnetic
field, it will be perfectly removed by this summation process at the
opposite magnetic field. So that longitudinal resistance can be sepa-
rated and plotted in Extended Data Fig. 4f, it is also shown in Fig. 1b.

InFigs.1cand 2c we plotted (R,, (0.1 T) - R, (-0.1T))/2, whereas in
Figs. 2e,f, 3b,c and 4a,c we plotted (R,, (0.1 T) - R,, (0.1 T))/2 for the
convenience of presentation.

Apart fromdisentangling longitudinal and Hall resistance, measure-
ment at amagnetic field larger than the coercive field also eliminates
the random fluctuations of the magnetic domains at zero magnetic
field, which is typical for micro-sized devices. As shown in Extended
Data Fig. 6a, spikes appear randomly in all curves at B= 0 as we scan
the moiré filling factor v. These fluctuations correspond to the ran-
dom switching of the orbital magnetization in our micrometre-sized
devices. At B=+100 mT, these fluctuations are completely sup-
pressed. We have also performed scans at even smaller magnetic
fields. As shown in Extended Data Fig. 6b, all the curves at B=10, 50
and 100 mT overlap well. Therefore, we used the magnetic field of
+0.1 Tjust toavoid fluctuations, whereas the phenomena we observed is
robustat B=0.

Magnetic hysteresis measurements of R, andR,,

The four-probe magnetic hysteresis measurements with all possible
pin combinations and the results of raw data and data after process-
ing at v =3/5in Extended Data Fig. 5 as an example. First, we used the
magnetic field symmetrization and antisymmetrization method
to disentangle R,, and R,,. Magnetic field sweep of R, ,, is shown as
solid (dashed) line in Extended Data Fig. 5a. In this case, Hall resist-
ance can be extracted by following the field antisymmetrization
method:

ny_solid = (Ri3,24_solid(+B) = Riz 24_qash(=B))/2.
Ryy_dash = (Ri3,24_dash(+B) = Rz 24_so1ia(—B))/2

Theobtained R, is plotted in Extended DataFig. 5g with anomalous
Hallvalue equal to the quantized value at v = 3/5. On the basis of the raw
datashownin Extended DataFig. 5b, magnetic field sweep of R, ;s can
be treated in a similar way:

Ryy_sotid = (Ra4,13_s0lid(+B) = R4, 13_dasn(—B))/2.
ny_dash = (R24,13_dash(+B) - R24,13_50Iid(_B))/2

The hysteresis loop after antisymmetrization is shown in Extended
DataFig. Sh.
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The magnetic sweep of longitudinal resistance can be extracted on
thebasis of theraw datafrom Ry, ,;and R,;,, measurements by following
the magnetic field symmetrization method:

Ry _sotia = (Ris, 23 _sotid(+B) + R4 23_gash(~B))/2.
Rxx_dash = (R14,23_dash(_B) + R14,23_50Iid(+B))/2

Ry _sotia = (R23 14_s0lid(*B) *+ Ry3,14_dash(=B))/2.
Ry _dash = (R23,14_dash(=B) + Ra3 14_sotia(+B))/2

The symmetrized R, is plotted in Extended Data Fig. 5i,1.

Other thanrelying on the symmetrization and antisymmetrization
withrespect to the magnetic field, we also performed symmetrization
and antisymmetrization by using the Onsager reciprocal relation to
better capture the behaviours of the magnetic domain®***%, R, ,, and
its Onsager reciprocal R,; ,, are mainly contributed to by R,,. The sym-
metrization can then be performed by following:

Ry _solid = (R4, 23_solid * Ra3,14_solid)/2-

Rxx_dash = (R14,23_dash + RZS,M_dash)/2

The hysteresis loop of the disentangled longitudinal resistance
obtained by the Onsager reciprocal relation is plotted in Extended
Data Fig. 5n. Similarly, R,, ;3 and its Onsager reciprocal R;; ,, are domi-
nated by R,,. The longitudinal part can be eliminated by performing
the following antisymmetrization process:

ny-solid = (R13,24_so|id - R24,13_so|id)/ 2.
Ryy_dash = (Ra4,13_dash ~ Ri3,24_dash)/2

As we can see from Extended Data Fig. 5c,f,m, no matter what
symmetrization method we use, the Hall resistance value always
stay quantized at B = 0. As the physics we address in the paper is not
about magnetic domain, symmetrization and antisymmetrization
with respect to the magnetic field are used for the hysteresis loops in
Figs.2a,b,3d-jand 4b,d.

Phenomenological model for moiré bands

We calculate the band structure shown in Fig. 1d starting from the
k-p Hamiltonian of ref. 43 for (moiré-less) n-layer rhombohedral
graphene withn=5and ¢, =-2.6 eV for nearest-neighbour intralayer
hopping. Using the hBN moiré potential model from ref. 43, which
only couplesdirectly to the adjacent graphene layer, we do not obtain
anisolated |C| =1band at a large displacement field. We note, how-
ever, that the nearly aligned hBN layer will induce a charge density
modulation and the resulting Hartree-Fock potential will act on all
layers. This motivates us to consider the following phenomenological
model:

H=Hy(K) + V(1)

where Hy(k) is the moiré-less k-p Hamiltonian and

V(r=-2V, ) cos(g, r+¢)

i=1,3,5

isasuperlattice potential that actsidentically onall layers. We choose
V,=10 meV, ¢ = 0. We note that the appearance of anisolated |C| =1
band does not rely on fine tuning of these parameters or the potential
acting equally on all layers. Here the moiré reciprocal lattice vectors

areg =(e-624)(0, a“% )wheree =0.017isthegraphene-hBNlattice
0

constant mismatch and we choose 6 = 0.744m/180 to achieve a moiré

period ay, = % =11.5nm as determined experimentally.
1
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Extended DataFig. 5| Symmetrization/anti-symmetrization method to after the symmetrization process.m&n. R, and R, extracted after the
obtain magnetic hysteresisdataatv=3/5.a,b,d, e, g, h,j&k.Rawdata of symmetrization/anti-symmetrization process using the Onsager reciprocal
R34 R4 13 Rig 23and R 53 ,,measured as functions of magnetic field. The insets relation.

show the measurement pin configurations. ¢, f,i&l. R,,and R, obtained
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Extended DataFig. 6| R,, line scans at small magneticfields. a. R, line scan versus moiré filling factor vat D/e0 = 0.9 V/nm. Curves with rainbow colors
represent multiple scansat B=0.Black curves showscansat B=+100 mT.B. R, linescansversusvat B=10 mT, 50 mT,100 mT.
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filling factors shift with magnetic field asindicated by the dashed lines. Curves are equally shifted vertically for clarity.
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revealed by symmetrized R, and anti-symmetrizedR,,at B=+0.1Tasfunctions  factorsofthemoiré superlatticev=1,2/3and 2/5 (indicated by the dashedlines
of charge density n, (filling factor v) and D. The temperature at the mixing andarrows), where R, shows plateaus of values.
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