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Rhombohedral stacked graphene (RSG) contains two key ingredients for the realization of correlated
topological phases of matter: flat electronic bands and concentrated Berry curvature. The fractional
quantum anomalous Hall effect was recently observed in an RSG-hexagonal boron nitride (hBN) moiré
heterostructure when the conduction electrons were pushed away from the moiré interface by an applied
electric displacement field. The question then arises about whether such topological states can also develop
in RSG-hBN in a strong moiré potential. Here, we explore the physics in the moiré-proximal limit through
capacitance measurements that allow us to determine the electronic compressibility and extract energy gaps
of incompressible states. We report the observation of integer and fractional Chern insulator states at low
magnetic field in this limit at filling factors ν ¼ 1, 2=3, and 1=3 in addition to numerous trivial and
topological charge density waves. We map out a correlated phase diagram that is highly sensitive to both
displacement and magnetic fields, establishing the moiré-proximal regime as a tunable platform for
studying the interplay between band topology and strong lattice effects.
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I. INTRODUCTION

In the presence of an external magnetic field, the
continuous energy bands of a two-dimensional electron
gas (2DEG) break up into discrete, highly degenerate
Landau levels. When the chemical potential sits between
Landau levels, the 2DEG exhibits the integer quantum Hall
effect, in which the system has a bulk gap but supports
dissipationless chiral edge modes and a Hall conductance
quantized to an integer multiple of e2=h [1]. At certain
rational fillings of a Landau level, electronic correlations
open up a gap in the many-body spectrum, leading to the
fractional quantum Hall effect (FQHE) [2]. Flat, isolated
Chern minibands in moiré materials are lattice analogs of
the field-induced Landau levels required for conventional
quantum Hall physics. In these bands, Berry curvature

plays a role similar to that of an externalmagnetic field,while
the narrowbandwidth quenches the electrons’ kinetic energy,
allowing electronic correlations to dominate the low-energy
physics. When a Chern band is fully filled, the result is a
Chern insulator (CI), a state which, like a conventional
quantumHall insulator, hosts dissipationless edgemodes and
quantized Hall conductance [3]. In analogy to correlations in
a partially filledLandau level producing a fractional quantum
Hall insulator, a partially filled Chern band can give rise to a
fractional Chern insulator (FCI) [4–10].
Even though Chern bands have intrinsic topology, an

external magnetic field is often required to induce FCI
ground states [11,12]. However, recent experiments dem-
onstrated the fractional quantum anomalous Hall effect
(FQAHE), the zero-field counterpart to the FQHE, in two
remarkably different systems. In twisted bilayer MoTe2
[13–16], a strong superlattice potential generates flat,
isolated moiré bands which are similar to Landau levels
at the single-particle level. Large spin-orbit coupling and
layer pseudospin texture are essential for generating the
FQAHE in this system [17,18]. In contrast, the FQAHE
was realized without these ingredients in rhombohedral
graphene-hBN superlattices [19–21] when the conduction
electrons were pushed away from the moiré interface by
an external electric displacement field. Under these

*These authors contributed equally to this work.
†Contact author: longju@mit.edu
‡Contact author: ashoori@mit.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW X 15, 031026 (2025)

2160-3308=25=15(3)=031026(9) 031026-1 Published by the American Physical Society

https://orcid.org/0009-0005-5480-4199
https://orcid.org/0009-0004-2111-8769
https://orcid.org/0000-0001-9451-9919
https://orcid.org/0009-0000-3926-6912
https://orcid.org/0000-0002-0662-264X
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-4691-1315
https://orcid.org/0000-0001-5031-1673
https://ror.org/042nb2s44
https://ror.org/026v1ze26
https://ror.org/026v1ze26
https://crossmark.crossref.org/dialog/?doi=10.1103/75gl-jzl6&domain=pdf&date_stamp=2025-07-24
https://doi.org/10.1103/75gl-jzl6
https://doi.org/10.1103/75gl-jzl6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


conditions, the superlattice potential is relatively weak, and
there is considerable overlap between moiré conduction
bands in the single-particle picture. Electronic interactions
are therefore critical for isolating the topological miniband
which hosts the FQAHE, triggering debate around its
underlying origin in this material [22–27].
To shed light on thismystery,we study the oppositemoiré-

proximal case, when the displacement field pushes the
conduction electrons toward the moiré interface. In this
limit, the stronger superlattice potential may significantly
modify the dispersion and topological structure of the
minibands [28]. We address the moiré-proximal limit exper-
imentally through capacitance measurements. While local
compressibility probes, such as scanning single-electron
transistors, can avoid defects and twist angle disorder, they
generally do not allow for uniform and well-controlled
displacement fields. Planar capacitance experiments, on
the other hand, enable precise control over displacement
field and are not hindered by tip gating effects. In addition,
they provide quantitative measurements of gap widths and
the thermodynamic density of states.

II. PHASE DIAGRAM OF R5G-hBN

We study a dual-gated device consisting of a sheet of
rhombohedral pentalayer graphene encapsulated between
two dielectric hBN layers (R5G-hBN). The graphene is
crystallographically aligned to the hBN on the top side to
produce a long-wavelength moiré superlattice potential. By
tuning the effective top and bottom gate voltages Vt and Vb,
we can independently control the electron density ne ¼
ðcbVb þ ctVtÞ=e and applied perpendicular electric dis-
placement field D=ε0 ¼ ðcbVb − ctVtÞ=2ε0, where ct and
cb are the geometric capacitances per unit area from the top
and bottom gates to the graphene. By applying an ac
voltage excitation on the bottom gate and measuring the
resultant current fluctuations on the top gate [Fig. 1(a)], we
can determine the penetration capacitance cp and hence the
electronic compressibility ∂n=∂μ:

1

cp
¼ 1

ct
þ 1

cb
þ e2

ctcb

�
∂n
∂μ

�
: ð1Þ

(a)

(c) (d)

(b)

FIG. 1. Electronic compressibility of the rhombohedral pentalayer graphene superlattice. (a) Penetration capacitance measurement
scheme. An ac excitation Vexc is applied to the bottom gate, and the penetrating signal is measured on the top gate. The effective top and
bottom gate voltages are Vt ¼ −Vgr and Vb ¼ Vbg − Vgr, respectively. A moiré superlattice forms at the interface between the top layer
of graphene and the aligned hBN. (b) Map of penetration capacitance measured as a function of density and displacement field at 0 T.
Bright features correspond to incompressible states. Vertical streaks appearing at the valence band edge for D > 0 and conduction band
edge for D < 0 result from the formation of p-n junctions at the contacts, which lead to difficulties in the compressibility measurement
[29]. The box in the upper left-hand corner corresponds to the area of focus in Figs. 2 and 3. (c), (d) Widths of the moiré-distant (c) and
moiré-proximal (d) ν ¼ 1 gaps as a function of displacement field. A detailed analysis of the extraction of gap widths and error bands
from the compressibility data is presented in Supplemental Material [30] (see also Ref. [31] therein).
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Figure 1(b) shows the measured capacitance of an R5G-
hBN device as a function of electron density and displace-
ment field. The device has a moiré wavelength of 12.4 nm,
corresponding to a twist angle of approximately 0.63°. We
first focus on charge neutrality. Near D=ε0 ¼ 0, electronic
correlations open a small gap, which closes with a moderate
applied displacement field [32]. For jD=ε0j > 0.3 Vnm−1,
a single-particle gap grows with increasing D. Away from
charge neutrality, vertical incompressible states correspond
to integer fillings of the moiré superlattice. Figures 1(c)
and 1(d) show the width of the ν ¼ 1 gap at 0 T for both
signs of the displacement field as extracted from the
compressibility data. The gap is significantly larger for
positive D, consistent with the stronger lateral localization
of electrons at the moiré interface. Similarly, we observe
almost no gap at ν ¼ 4 for negative D, indicating a much
weaker moiré potential experienced by electrons than at
positive D [Fig. 1(b)]. Beyond the gaps at integer filling,
the qualitative differences in the map for either sign of the
displacement field indicate that the moiré band structure
differs significantly between the two cases. From here on,
we focus on the moiré-proximal positive D limit.

III. CORRELATIONS AND TOPOLOGY

In Fig. 2(a), we examine the electronic compressibility
within the boxed region in Fig. 1(b). Beyond D=ε0 ¼
0.4 Vnm−1, the system develops a gap at filling factor
ν ¼ 1, and we measure enhanced compressibility between
ν ¼ 0 and ν ¼ 1. Within this region, we observe a narrow
stripe of negative compressibility [33–35] (where more
charge enters the graphene than would be required to
perfectly screen the applied ac excitation)moving diagonally
from charge neutrality at D=ε0 ¼ 0.5 Vnm−1 to the ν ¼ 1

gap at D=ε0 ¼ 0.75 Vnm−1. This stripe contains two
prominent charge density waves (CDWs) at filling factors
ν ¼ 1=3 and ν ¼ 2=3 along with weaker incompressible
features developing around ν ¼ 1=4 and ν ¼ 3=4. Together,
these phenomena indicate strong electronic correlations
likely originating from a flat moiré band and a strong
superlattice potential. In addition, as evidenced by the shift
in density of the negative compressibility feature withD, the
displacement field enables fine control over the dispersion of
the moiré bands. To determine the topology of the ν ¼ 1
state, we study the density dependence of the ν ¼ 1 gap as a
function of applied magnetic field [Fig. 2(b)]. We observe a
C ¼ −1 state developing around 0.5 T, while a weaker trivial
insulator emerges only above 2 T. Intriguingly, wemeasure a
Chern number C ¼ þ1 of opposite sign for themoiré-distant
ν ¼ 1 state [36] (Supplemental Material Fig. S1 [30]),
consistent with prior work in R5G-hBN [19].
The strong correlations and intrinsic topology present in

the moiré-proximal limit are two key ingredients for the
observation of FCIs at low magnetic field. A strong lattice
potential can also stabilize topological charge density
waves (TCDWs), also referred to as “symmetry-broken

Chern insulators,” with coexisting topological order and
broken translational symmetry [37]. To search for these
phenomena, we analyze the evolution of the compressibil-
ity within this band as a function of magnetic field. In the
Hofstadter picture [38,39], gapped states evolve with field
according to ne ¼ tnΦ þ sn0, where nΦ is the magnetic
flux density per unit cell and n0 is the unit cell density. The
Středa formula [40] then connects the slopes of these gaps
to their associated Hall conductances through σxy ¼ te2=h.
Figures 2(c) and 2(d) are Landau fans taken along the two
lines indicated in Fig. 2(a). These fans display a variety of
topological states that we characterize according to their
inverse slope t and zero-field superlattice filling factor s.
We begin by noting the presence of the integer CI

ðt; sÞ ¼ ð−1; 1Þ in both fans, although it is somewhat
weaker at larger displacement field. FCI states occurring
within this Chern band are expected to evolve with field as
ð−ν; νÞ, where 0 < ν < 1. Indeed, we observe two such
states, ð−1=3; 1=3Þ and ð−2=3; 2=3Þ, in Fig. 2(d). In this
map, we observe a transition between the 1=3 FCI and a
trivial CDW state below 2 T. As we increase the displace-
ment field, this transition is pushed to lower magnetic field
[Fig. 2(c)]. The persistence of the FCI down to 0.2 T
demonstrates that themoiré conduction bands have favorable
quantum geometry even in the presence of a strong super-
lattice potential. The FCI to CDW phase transition can be
induced through tuning either the magnetic field or the
displacement field. Thus, the nature of the correlated ground
state is quite sensitive to external control parameters, making
this system a useful platform for studying topological phase
transitions. Finally, we identify additional states with integer
t but fractional s, namely, ð−1; 1=2Þ and ð−1; 2=3Þ, the
aforementioned TCDWs. These states likely arise from
commensurate charge density waves that distort the super-
lattice, doubling or tripling its unit cell. One of the filled
subbands arising from this distortion then inherits the Chern
number of the parent band [12].
The magnetic field dependence reveals a variety of

fractional correlated phases. However, as is evident from
the differences between Figs. 2(c) and 2(d), these states are
quite sensitive to displacement field. We generically expect
that changing the displacement field will alter both the band
dispersion and the Berry curvature distribution, leading to
topological phase transitions. To that end, we now study the
compressibility between ν ¼ 0 and ν ¼ 1 as a function of
displacement field at different magnetic fields. We start
with the zero-field case as a reference [Figs. 3(a) and 3(b)],
again noting the two prominent CDW states. Next, we turn
to the 4 T case [Figs. 3(c) and 3(d)]. We observe the C ¼ −1
state with ðt; sÞ ¼ ð−1; 1Þ starting at D=ε0 ¼ 0.3 Vnm−1.
As we increase the displacement field beyond D=ε0 ¼
0.65 Vnm−1, the state terminates abruptly before reappear-
ing very weakly aboveD=ε0¼0.7Vnm−1. Simultaneously,
we find that the topological states also disappear above
D=ε0 ¼ 0.65 Vnm−1, with trivial CDWs taking their place.
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This pattern repeats at 8 T [Figs. 3(e) and 3(f)], with the FCI
states vanishing along with the integer CI state at large D
only to be replaced by CDWs. To summarize, we map out
the displacement field-dependent ground state as a function
of magnetic field for states with s ¼ 1=3 and s ¼ 2=3
[Figs. 3(g) and 3(h), respectively].

IV. CDW-FCI TRANSITION

The competition between the CDW and FCI states at
ν ¼ 1=3 depends sensitively on the displacement field. To
investigate this transition, we measure the compressibility at
this filling factor over a narrow range ofD [Figs. 4(a)–4(e)].
We also extract the energy gaps of both correlated states as a

function ofmagnetic field [Fig. 4(l)]. In addition, we display a
schematic phase diagram of this region in Fig. 4(k). We first
differentiate between two regimes away from ν ¼ 1=3. In the
upper-left and lower-right quadrants of the map, the system
forms a highly compressible Fermi liquid. Adjacent to the
CDW, we observe a stripe of negative compressibility where
corresponding transport measurements show an enhanced in-
plane resistivity (Supplemental Material Fig. S2 [30]). These
two observations are consistentwith a tentative assignment of
this state to an incommensurateWigner solidwhich, although
pinned by defects, remains highly compressible as its density
can change continuously. Right at ν ¼ 1=3, a highly incom-
pressible state emerges out of the negative compressibility
background as the system forms a CDW that is locked to the

(a) (c) (e)

(b) (d) (f)

FIG. 2. Magnetic field dependence of correlated topological states. (a) High-resolution map of the compressibility between ν ¼ 0 and
ν ¼ 1 on the moiré-proximal side, corresponding to the boxed region in Fig. 1(b). Dashed lines correspond to the Landau fans in (b)–(d).
(b) Magnetic field dependence of the ν ¼ 1 state taken at D=ε0 ¼ 0.415 Vnm−1. (c)–(f) Compressibility Landau fans taken at D=ε0 ¼
0.608 Vnm−1 (c) and D=ε0 ¼ 0.527 Vnm−1 (d), with their schematic representations shown in (e) and (f), respectively. The dark
horizontal bands in all Landau fans are due to cyclotron gaps that form in the graphite gates and decrease the total device capacitance.
Other faint vertical features around 1 T in (c) and (d) do not trace back to filling factors with reasonably small denominators and we
therefore do not assign them to fractional states. Incompressible states are colored according to their topological classification: red for
Chern insulators, green for fractional Chern insulators, yellow for topological charge density waves, and blue for trivial charge density
waves.
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superlattice at a fixed charge density. The loss component
[Figs. 4(f)–4(j)], which here increases with the graphene’s in-
plane resistance, shows a striking difference between the two
correlated states at ν ¼ 1=3. TheCDWproduces a sharp peak
in the loss; in contrast, there is no corresponding feature for

the FCI. This is consistent with the real-space picture of these
states. The CDW is locked in place and cannot move or
slide easily,making it difficult to charge the sample on each ac
cycle. The more delicate FCI, while incompressible, has
lower resistance since it is not pinned to a lattice distortion.

(a) (c) (e)

(b)

(g) (h)

(d) (f)

FIG. 3. Displacement field-driven topological phase transitions. (a)–(f) Penetration capacitance maps between ν ¼ 0 and ν ¼ 1 as a
function of density and displacement field at 0 T (a), 4 T (c), and 8 T (e), corresponding to the boxed region in Fig. 1(b). Their schematic
representations are shown in (b), (d), and (f), respectively, in which states are colored according to their topological classification. The
dark horizontal bands are due to cyclotron gaps that form in the graphite gates and decrease the total device capacitance. Additional
Landau levels (LLs) (indicated as gray in the schematic) appear near the conduction band edge in the bottom left-hand corner of the 4 T
map. (g), (h) Phase diagrams in magnetic and displacement field of correlated states emerging out of ν ¼ 1=3 (g) and ν ¼ 2=3 (h). The
numbers in parentheses label ðt; sÞ for each state according to the Hofstadter model. Although the states overlap in displacement field,
the individual phases occur at different densities for B ≠ 0. Additional capacitance maps taken in 1 T intervals used to construct the
phase diagrams are presented in Supplemental Material [30].
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V. CONCLUSIONS

What accounts for the sensitivity of the correlated ground
state to the displacement field? Rhombohedral multilayer
graphene without a moiré superlattice already has a strongly
displacement field-dependent band structure [41,42]. At the
K points, the bottom of the conduction band flattens and then
becomes dispersive again with increasing D [22,28]. With
the addition of a superlattice potential, moiré minibands
develop out of the flat region around the K points. These
minibands inherit the displacement field dependence of the
original unfolded bands, thus allowing us to modulate their
bandwidths by tuningD [43,44]. Electronic interactionsmay
then amplify this effect by further restructuring the mini-
bands. On the moiré-distant side, this picture is consistent
with the FQAHE or FCIs occurring over a narrow range of
displacement field [19]. However, on the moiré-proximal
side, the superlattice potential is strong enough to stabilize
numerous CDWs in addition to FCI states.
Our observations stand in contrast to topological phase

transitions seen in other graphene moiré systems [11,12]. In
this experiment, the displacement field plays an outsized role
in modulating the moiré bandwidth and Berry curvature,
providing an additional experimental control for tuning
between different correlated ground states. Our results

demonstrate that intrinsic band topology and strong elec-
tronic correlations in R5G-hBN persist in a strong super-
lattice potential. In particular, we establish R5G-hBN as a
unique platform to study FCIs in both the moiré-proximal
and moiré-distant limit, providing a bridge between the
recently reported FQAHE under a weak moiré potential and
FCIs in other systemswhere the superlattice potential plays a
dominant role.
Further opportunities for band structure engineering in

this system include a systematic study of the effect of twist
angle on the intricate correlated phase diagram. Also,
recent theoretical work suggests that the moiré band top-
ology may survive even as the superlattice potential
becomes vanishingly weak [23,45]. This limit could be
probed experimentally by imprinting a superlattice poten-
tial onto the pentalayer with a separate moiré heterostruc-
ture or patterned substrate [23,46–50].

VI. METHODS

A. Device fabrication

The pentalayer graphene and hBN flakes were prepared
by mechanical exfoliation onto SiO2-Si substrates. The
rhombohedral domains of pentalayer graphene were

(a) (b) (c) (d) (e) (k) (l)

(f) (g) (h) (i) (j)

FIG. 4. CDW-FCI transition. (a)–(e) Evolution of the ν ¼ 1=3 CDW-FCI transition at low magnetic field. The FCI emerges as a faint
vertical feature above the much brighter CDWat 0.2 T. The bright diagonal bands are measurement artifacts that occur at fixed voltages
on the back gate. (f)–(j) Corresponding out-of-phase data for the plots in (a)–(e). (k) Schematic representation of the compressibility
data, showing the locations of the Fermi liquid (FL), Wigner solid (WS), CDW, and FCI. (l) Widths of the CDW and FCI gaps as
extracted from compressibility measurements on a different device with the same twist angle in which the diagonal banding is absent.
For the CDW, we show the maximum values of the gap widths in Supplemental Material Fig. S3 [30]. For the FCI, we show the mean
width of the gap between 0.618 and 0.640 Vnm−1 in Supplemental Material Fig. S4 [30].
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identified and confirmed using IR camera, near-field infra-
red microscopy, and Raman spectroscopy and isolated by
cutting with a femtosecond laser. The van der Waals
heterostructure was made following a dry transfer pro-
cedure. We picked up the top hBN, graphite, middle hBN,
and the pentalayer graphene using polypropylene carbonate
film and landed it on a prepared bottom stack consisting of
an hBN and graphite bottom gate. We aligned the long
straight edge of graphene to that of hBN to nearly zero
degrees to create a large moiré superlattice. The device was
then etched into a multiterminal structure using standard e-
beam lithography and reactive-ion etching. We deposited
Cr-Au for electrical connections to the source, drain, and
gate electrodes.

B. Compressibility measurements

All compressibility measurements in this work were
performed in an Oxford Instruments Heliox 3He refrigerator
with a base temperature of 300 mK. The sample impedance
is measured against a ∼25 fF reference in an impedance
bridge circuit (Supplemental Material Fig. S5 [30]). At the
beginning of each measurement, independent ac excitations
are applied to the sample and reference to null the signal on
the balance point of the bridge. As the sample impedance
changes, the new impedance can be computed from the
resulting off-balance voltage on the balance point. In order
to reliably measure the off-balance signal, a cryogenic
amplifier [51] is placed at the balance point of the bridge,
which significantly reduces the output impedance of the
circuit. Without this amplifier, the signal would be lost to
the comparatively large parasitic capacitance of the coaxial
cabling on the output line. At room temperature, the signal
is recovered with a Stanford Research Systems SR865a
lock-in amplifier. The ac excitations applied to the sample
have an rms amplitude of 10 mV and a frequency of
either 10 kHz [Figs. 1, 2(a), and 3] or 150 kHz [Figs. 2(b)–
2(d) and 4].
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B 108, 155406 (2023).

[45] J. Dong, T. Wang, T. Wang, T. Soejima, M. P. Zaletel, A.
Vishwanath, and D. E. Parker, Anomalous Hall crystals in
rhombohedral multilayer graphene I: Interaction-driven
Chern bands and fractional quantum Hall states at zero
magnetic field, Phys. Rev. Lett. 133, 206503 (2024).

[46] Y. Xu, C. Horn, J. Zhu, Y. Tang, L. Ma, L. Li, S. Liu, K.
Watanabe, T. Taniguchi, J. C. Hone, J. Shan, and K. F. Mak,
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