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Topologically ordered phases are characterized by long-range quantum entanglement and fractional
statistics rather than by symmetry breaking. First observed in a fractionally filled continuum Landau level,
topological order has since been proposed to arise more generally at fractional fillings of topologically
non-trivial “Chern” bands. Here, we report the observation of gapped states at fractional fillings of
Harper-Hofstadter bands arising from the interplay of a magnetic field and a superlattice potential in a
bilayer graphene/hexagonal boron nitride heterostructure. We observe phases at fractional filling of
bands with Chern indices C=-1, +2, and 3. Some of these, in C=-1 and C=2 bands, are characterized by
fractional Hall conductance—they are “fractional Chern insulators” and constitute an example of

topological order beyond Landau levels.

Bands in electronic systems can be classified by their sym-
metry and topology (I). In two dimensions with no symme-
tries beyond charge conservation, for example, bands are
characterized by a topological “Chern” number, C (2). The
Chern number determines the Hall conductance contributed

by a filled band, which takes quantized integer values,
2
o, = t% with re€Z (2) (here e is the charge of an electron

and A is the Planck constant). Systems with an integer num-
ber of filled bands with nonzero C (“Chern bands”) thus
show a quantized, nonzero Hall conductance, and are known
as Chern Insulators (CIs). The first experimental examples of
CIs are the integer quantum Hall (IQH) states, observed in
isotropic two dimensional electron systems (2DES) subjected
to a large magnetic fields (3). In the case of IQH, a quantized
Hall conductance is observed when an integer number of
Landau levels (LLs) are filled, each with C=1.

IQH systems are very nearly translation invariant, in
which case ¢ is fixed by the magnetic field B and the electron

. . nh . . .
density n, via t= E—, with some disorder required for the
e

formation of plateaus in the Hall conductance (). Recently,
there has been interest in a different class of CIs where con-
tinuous translation invariance is strongly broken by a lattice,
decoupling the Hall conductance from the magnetic field. CIs
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in which ¢ is decoupled from % have been observed in mag-

netically doped thin films with strong spin orbit interactions
(5) and in the Harper-Hofstadter (2) bands of graphene sub-
jected to a superlattice potential (6-8). Haldane’s staggered
flux model (9), which has nonzero quantized Hall conduct-
ance even when the net magnetic field is zero, has been engi-
neered using ultracold atoms in an optical lattice (10).
Interactions expand the topological classification of
gapped states, allowing the Hall conductance ¢ to be quan-
tized to a rational fraction. By Laughlin’s flux-threading ar-

gument, an insulator with ¢ = P must have a fractionalized

q

excitation with charge ¢ (11). A fractionally quantized Hall
q

conductance in a bulk insulator is thus a smoking-gun signa-
ture of topological order, and fractional quantum Hall (FQH)
effects have been observed in partially-filled continuum LLs
in a variety of experimental systems (12-15). Can a “fractional
Chern insulator” (FCI) arise from fractionally filling a more
general Chern band (16)? Although a FQH effect in a LL may
be considered a special case of a FCI, in this work we focus
on FCIs that require a lattice for their existence.

The phenomenology of lattice FCIs differs from that of
continuum LLs. Chern bands with C #1 can arise, leading to
different ground states than are allowed in C =1 LLs. In ad-
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dition, unlike LLs, Chern bands generically have a finite, tun-
able bandwidth that competes with interactions, providing a
new setting for the study of quantum phase transitions. Fi-
nally, FCIs might be found in experimental systems where
Chern bands, but not LLs, are realizable. A large body of the-
oretical work has begun to investigate these issues (17-24).

Here, we report the experimental discovery of FCIs in a
bilayer graphene (BLG) heterostructure at high magnetic
fields. The requirements to realize an FCI in an experimental
system are, first, the existence of a Chern band, and, second,
electron-electron interactions strong enough to overcome
both disorder and band dispersion. We satisfy these require-
ments by using a high quality bilayer graphene heterostruc-
ture, in which the bilayer is encapsulated between hexagonal
boron nitride (hBN) gate dielectrics and graphite top- and
bottom gates (Fig. 1, A and B). This geometry was recently
demonstrated to significantly decrease disorder, permitting
the observation of delicate FQH states (25). We generate
Chern bands by close rotational alignment (~1°) between the
bilayer graphene and one of the two encapsulating hBN crys-
tals. Beating between the mismatched crystal lattices leads to
a long-wavelength (~10 nm) moiré pattern that the electrons
in the closest layer experience as a periodic superlattice po-
tential (Fig. 1B, (26)). At high magnetic fields, the single par-
ticle spectrum of an electron in a periodic potential forms the
Chern bands of the Hofstadter butterfly (7-9). These bands
are formally equivalent to Chern bands proposed to occur in
zero magnetic field; at any fractional flux, a finite-field lattice
model can be converted to an equivalent zero-field model us-
ing gauge invariance (I16).

We measure the penetration field capacitance (27) (Cp),
which distinguishes between gapped (incompressible) and
ungapped (compressible) states (26). Figures 1, C-D show Cp
measured as a function of B and the electron density,
n~ny,=c(v,+v,), where v, and v, are the applied top and

bottom gate voltages and ¢ denotes the geometric capacitance
to either of the two symmetric gates. We use a perpendicular
electric field, parameterized by po/c = v, — v, to localize the
charge carriers onto the layer with a superlattice potential,
e.g., adjacent to the aligned hBN flake. High C; features, cor-
responding to gapped electronic states, are evident through-
out the experimentally accessed parameter space (Fig. 1, C
and D), following linear trajectories in the n — B plane. We
estimate the area of the superlattice unit cell from zero-field
capacitance data (26), and define the electron density n, =
Ne/N; and flux density n, = N, /N, per unit cell. Here N,, Ng,
and N, are the number of electrons, superlattice cells, and
magnetic flux quanta in the sample, respectively. The trajec-
tories are parameterized by their inverse slope ¢ and n-inter-
cept s in the n-B plane

N,=tN,+sNg, n,=tn,+s ¢))
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The Streda (28) formula, ¢ = gn" |N5: ﬁza shows that the
n e

@ v
Hall conductance of a gapped phase is exactly z. The invariant

N
s = SNe | v, €ncodesthe amount of charge “glued” to the unit
N
cell, i.e., the charge which is transported if the lattice is
dragged adiabatically (29). Non-zero s indicates that strong
lattice effects have decoupled the Hall conductance from the
electron density. Within band theory, the invariants of a gap
arise from summing the invariants (At;, As;) of the occupied
()= (Atj,Asj); in particular, the Hall
Jeoce
conductance ¢ is the sum of the occupied band Chern indices,
At =C
J

;e

bands,

Based on the properties of ¢ and s, we observe five classes
of high-C» trajectories, each of which correspond to a distinct
class of gapped state (Fig. 1, E and F). Free-fermion band gaps
must have integer ¢ and s: trajectories with s = 0 correspond
to gaps between LLs, i.e., IQH states. Trajectories with s =0
indicate the formation of the non-LL Chern bands of the Hof-
stadter butterfly (6-8). Trajectories with fractional ¢ or s are
beyond the single particle picture and thus indicate interac-
tion-driven gapped phases. The conventional FQH states fol-
low trajectories with fractional ¢ and s = 0. Gap trajectories
with integer ¢ and fractional s (previously observed in mono-
layer graphene (30)) must be either topologically ordered or
have interaction-driven spontaneous symmetry breaking of
the superlattice symmetry. The theoretical analysis below
suggests the latter case is most likely, so we refer to this class
as symmetry-broken Chern insulators (SBCIs). Finally, there
are trajectories with fractional ¢ and fractional s, which are
the previously unreported class of topologically-ordered FCI
phases.

To better understand states with fractional £ or s, we first
identify the single-particle Chern bands in our experimental
data by identifying all integer-t, integer-s gapped states. We
focus on adjacent pairs of gapped states with integer (¢, s.)
and (Zz, Sr), which form the boundaries of a finite range of n,
in which no other single-particle gapped states appear (Fig.
1G). Adding charge to the left gapped state corresponds to
filling a Chern band with invariants (At,AS) = (tz — {1, Sr — SL).
From this criterion we find a variety of Chern bands with Az
= +1,+2,+3 and +5 in the experimental data (26), each of which
appear as a “triangle” between adjacent single-particle
gapped states. These Chern bands are observed to obey cer-
tain rules expected from the Hofstadter problem: for exam-
ple, At and As are always coprime, and Chern bands with Az
always emanate from a flux n, = p/At.

Interaction-driven phases occur at fractional filling vc of
a Chern band, following trajectories
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(t.c.5,¢)=(t,.5,)+vc(At,As). The Chern numbers of the

bands in which some of the observed interaction-driven
phases appear (Fig. 2, A to C) are denoted schematically in
Fig.2,Dto F.

By combining a phenomenological description of the
moiré potential with knowledge of orbital symmetry breaking
in bilayer graphene (31), we are able to construct a single par-
ticle model that closely matches the majority of the experi-
mentally observed single-particle Chern bands (25). The
calculated energy spectra of the bands relevant to Fig. 2, A to
C are shown in Fig. 2, G to I. As is clear from the band struc-
ture, stable phases at fractional o¢ are not expected within
the single particle picture: instead, the encompassing Chern
band splits indefinitely into finer Chern bands at lower levels
of the fractal butterfly that depend sensitively on n,, .

The three columns of Fig. 2 represent instances of three
general classes of fractional v states observed in our experi-
ment. Figure 2A shows two gapped states within a At = -1

1 2
band at v, =§ and 3 These gapped states extend from

ng = 0.55 to at least n, = 0.8 (26). Both are characterized by

fractional ¢ and s, and we identify them as FCI states. As with
FQH states, the fractionally quantized Hall conductance im-
plies that the system has a charge e/3 excitation (11). The frac-
tional s values of these states, being multiples of this
fractional charge, do not require broken superlattice sym-
metry. Gapped states at vc = 1/3,2/3 in a At = —1 band are
accompanied by comparatively weaker states at vc = 2/5,3/5
(Fig. 3B). These fillings match the odd-denominator compo-
site fermion sequence observed for FQH states (Fig. 3C), in
agreement with theoretical predictions (32).

Figure 2 shows gapped states with fractional s and integer
tatoc=1/3,2/3 in a At = +3 band (Fig. 2B) and at vc = 1/2 in
a At = +2 band (Fig. 2C). Filling a Chern-At band to a multiple

1
|l
states are unlikely to admit a simple interpretation as FClIs;

however, we cannot exclude exotic fractionalized states. Ab-
sent fractional excitations, a gapped state with fractional

of v, = corresponds to integer ¢ but fractional s. These

s=2X implies broken superlattice symmetry: the unit cell of
y

such a phase must contain an integral number of electrons,
and the smallest such cell contains y superlattice sites. Theo-
retically, such symmetry breaking is expected to arise spon-
taneously as a result of electronic interactions, in a lattice
analog of quantum Hall ferromagnetism (33). A At Chern
band is similar to a Af-component LL, but in contrast to an
internal spin, translation acts by cyclically permuting the
components (33-35). Spontaneous polarization into one of
these components thus leads to a ¢-fold increase of the unit
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cell (33). The observation of SBCIs is thus analogous to the
observation of strong odd-integer IQHESs that break spin-ro-
tational invariance. Some of the “fractional fractal” features
recently described in monolayer graphene appear to be con-
sistent with this explanation (30).

Finally, we also observe fractional-¢ states within a At
+2 band (Fig. 3C), for example at vc = 1/3 (¢ = 8/3 and s
—1/3)and vc=1/6 (t = 7/3 and s = —1/6). FCIs in Chern-Ar = £1
bands can either preserve or break the underlying lattice
symmetry. Symmetry preserving FCIs are expected (21, 32,

36) at fillings v, = for integers I,m. The state ob-

m
2ImAt +1
served vc = 1/3 is consistent with this sequence (I = 1,m = -1);
in contrast, the weaker state at vc = 1/6 is not. For the v¢ =
1/6 state, the observed ¢t = 7/3 suggests a fundamental charge
of e/3. As for SBCIs, the observed s = —1/6 implies that each
unit cell binds only half a fundamental charge—i.e., the moiré
unit cell is doubled and the v¢ = 1/6 state is a “SB-FCI” state.
A At = 2 Hofstadter band is similar to a spin degenerate LL,
with lattice symmetry taking to place of spin symmetry. In a
spin degenerate LL at vc = 1/6 (i.e., LL filling vc = 1/3) the
system spontaneously spin polarizes, forming a single com-
ponent Laughlin state. In contrast, at vc = 1/3 (vc = 2/3) the
system can either spin polarize (observed only for large Zee-
man energy) or form a multicomponent FQH state that pre-
serves spin rotation symmetry. The absence of an obvious
analog of the Zeeman effect in our Hofstadter band makes a
multicomponent state a more likely candidate for the feature
observed at vc = 2/3.

To assess the plausibility of FCI and SBCI ground states,
we use the infinite density matrix renormalization group (iD-
MRG) to numerically compute the many body ground state
within a minimal model of the BLG (37). We first consider
Coulomb interactions and a triangular moiré potential of am-
plitude Vy, projected into a BLG N = 0 LL (38), matching the

2
parameter regime in Fig. 2A (26). We focus on n, = 3 at a

density corresponding to v, :é filling of the At = —1 band.
If interactions are too weak compared to the periodic po-
tential (as parameterized by Vi/Ec, where E.=¢’/(sl,) is
the Coulomb energy, (, = \/ezB is the magnetic length, ¢ the
dielectric constant, and 7 is the reduced Planck constant, the
ground state at n, = % is gapless, corresponding to a partially

filled Chern band. If the interactions are too strong, the sys-
tem forms a Wigner crystal which is pinned by the moiré po-
tential. In the intermediate regime, however, the numerical
ground state of this model has a fractional ¢ and s that match
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the experiment, and hence is an FCI, with entanglement sig-
natures that indicate a Laughlin-type topological order (26).
The FCI is stable across a range of Vy/E: (Fig. 4A) corre-

sponding to [V,,|~14-38 meV, consistent with recent (39)

experiments that suggest |V,|~25meV. Figure 4B shows

that the real-space density of an FCI is strongly modulated by
the potential, but preserves all the symmetries of the super-
lattice.

We next conduct iDMRG calculations to assess the plau-
sibility of the SBCI hypothesis. We focus on the well devel-
oped Chern-3 band of Fig. 2, B, E, and H. As a minimal model,
we project the moiré and Coulomb interactions into the N =
1 LL of the BLG, fixing V3, = 21 meV and E«(B = 17T) = 35 meV,

and take ng = % .

I ... - s
At v, = 3 filling, the electron density indeed exhibits a
modulation that spontaneously triples the superlattice unit
2
cell (Fig. 4C). A similar tripling is observed at v, = 3 These

are not merely density waves, however, as they have finite
(t,8) invariants, in agreement with experiment.

We note that the SBCI states are distinct from a second
class of integer-t, fractional-s features, the moiré-pinned Wig-
ner crystals (30, 40). In the latter case, starting from a LL-gap
at t,s = t,0, additional electrons form a Wigner crystal pinned
by the moiré; the added electrons are electrically inert, lead-

. x . )
ing to a state at ¢,s =¢,,— that can’t be ascribed to fixed vc of

an encompassing band. These states are thus analogous to
reentrant IQH effects, with the moiré playing the role of dis-
order. In contrast, although the electrons added to the SBCI
spontaneously increase the unit cell, they also contribute an
integer Hall conductance, which together correspond to some
Uc.

In summary, we find that instead of a self-repeating frac-
tal structure, interactions mix Hofstadter-band wavefunc-
tions to form stable, interaction-driven states at fractional
filling of a Chern band. Among these are both symmetry-bro-
ken Chern insulators and topologically-ordered fractional
Chern insulators, the latter of which constitute a lattice ana-
log of the FQH effect. Lattice engineering can lead to in-
creased experimental control. For example, multicomponent
FCI states in higher Chern number bands—as may be respon-
sible for the vc = 1/3 feature in Fig. 3C—have been predicted
to host non-abelian defects at engineered lattice dislocations
(34). A pressing experimental question, then, is whether FCI
states can be realized in microscopically engineered superlat-
tices.
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Fig. 1. Magnetocapacitance in a high-quality bilayer graphene moiré superlattice device. (A) Optical
micrograph of the device. Scale bar is 10 pm. (B) Schematic of the device, with top and bottom graphite gates
at potential v,vs. A moiré potential is induced by alignment of the graphene bilayer with one of the
encapsulating hBN crystals. (C) Penetration field capacitance (Cr) as a function of density n, ~n, =c(v, +v,)

and magnetic field B for no < 0. T =300 mK, and Ckgeris a reference capacitance. A large electric field po/c =
(vi— vp) =16V is applied to force the valence electrons onto the top layer, which is in contact with the aligned
hBN. (D) Ck for no > O with vi— v, =-16 V at T = 300 mK. (E and F) Linear gap trajectories observed in (C-D)
parameterized by n, =¢-n, +s . n, and ne are the magnetic flux quanta and number of electrons per moiré
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fractional s, teZ) and fractional Chern insulators (cyan, fractional s,t). (G) Schematic of a (At,As) Chern
band (see main text).
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unit cell, respectively. n, = =1/2 when B=24.3 T and n. = 1 when no/c = 3.1V. Five trajectory classes

First release: 1 March 2018 www.sciencemag.org  (Page numbers not final at time of first release)

7

8102 ‘6 Aep\ uo /Bio"Bewsousios aousios//:dyy woly papeojumoq


http://www.sciencemag.org/
http://science.sciencemag.org/

30

_
|_.

E
o
25
-7 o -
n,/c (V) ny/c (V)
D F
(1313, 1/3) 14/3.2/3) (0.2/3)  (1,113) (8/3-1/3)
i (713116 /~(3:172)
-‘" ‘.- ‘,
35 3/5
e =4
c =
172
1/2
1 12 14
nE
|
0.15 - =
-o.zj A=
B i &
} £03f = b
>"0.0 =
~ ~ “ f
w td i
0.4l A
-0.15 R . !
2 35 273
nd)

Fig. 2. Interaction driven states at partial Chern-band filling. (A to
C) Details of Fig. 1, C and D showing (A) FCI states in a At = -1 band,
(B) SBCl states in a At = +3 band, and (C) FCl and SBCI states in At =
2 bands. (D) Schematic of (A). FCl states (black dotted lines) with (t,s)
= (-13/3,1/3), (-22/5,2/5), (-23/5,3/5), and (-14/3,2/3) occur at
fractional filling of a At = -1 band (light blue). FQH states (gray dotted
lines) occur at fractional filling of a conventional LL (At = +1, green) at
low fields. (E) Schematic of (B). SBCI states (dashed lines) at and
occur at 1/3 and 2/3 fractional filling of a At = 3 band (orange). (F)
Schematic of (C). Both FCI and SBCI states (dotted and dashed lines)
occur in the At = 2 bands (G) Calculated Hofstadter energy spectrum
(25) in the regime of (A), matching the observation that the LL splits
into C=-1,2 bands. (H) Calculated Hofstadter spectrum in the regime
of (B), matching the observed splitting of a C=3 band into C=5,-2
bands. (I) Calculated Hofstadter spectrum in the regime of (C). The
IQH gap at v = 2 separates the two single-particle bands and is much
larger than vi.
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Fig. 3. Line cuts of Cr comparing FCl and FQH states. (A) Line cut Cpr of vs.
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. ts)= ~(-10/3,0) no/c (bottom axis) and Chern band filling factor (v, top axis). The data are
U os[ | (1130, averaged over po/c ~ 1.0 — 4.0V at B = 12 T, showing FQH states in a
O conventional LL. At low fields, the effective moiré potential is weak, and FQH

05— — T oy states are observed at filling factors v-4 =1/3,2/3 as well as 2/5,3/5 of the
b"‘o/c ) ' At=+1LL.(B)Line cut averaged over po/c ~4.0-14.0VatB=30T, showing

B , FClinthe a At = -1 band (also shown in Fig. 2A). Weaker features appear at

., e s B=30T ve = 2/5,3/5, similar to the composite fermion sequence in (A). (C) Line cut

o8 ‘(-'13/3L_1]‘f'3) (1473,2/3) averaged over po/c ~-14.0 to - 9.0V at B =30 T, showing FCI in two At = 2
O - bands (also shown in Fig. 2C). Blue and green values indicate filling of two
. } M U\J distinct bands. The relative strength of the vc = 1/3 state compared to the v¢
Y 05(,122’5'?’5)) 235, 3/5) . = 1/6 state in the right At = 2 band is consistent with the former preserving

s '7n0/c (Vi“ 6 the lattice symmetry.
C V. B=30T
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Fig. 4. iDMRG calculations showing the stability of FCI and SBCI states.
(A) Calculated iDMRG phase diagram at v¢ = 1/3 filling of the At = -1 band
shown in Fig. 2, A, D, and G (n, =2/3). Vi is the moiré potential amplitude,

Ecis the Coulomb energy, and p(G) is the charge density at Bragg vector G.
The FCI competes with two other phases: a charge density wave (CDW) at
low Vi, and a compressible phase at high Vy. The competing phases are
diagnosed by symmetry breaking density waves at wavevector G = Go/3
(red) and G = Go/2 (blue), where Gq is a reciprocal vector of the moiré (25).
(B) Calculated real-space electron density n(r) of the FCI found in (A). n(r)
preserves the symmetry of the moiré potential, whose periodicity is
indicated by the gray circles. Here Viu/Ec = 0.7. (C) Calculated real-space

electron density n(r) at v, =§ filling of the At = 3 band shown in Fig. 2, B, E,

andH (n, =3/8). Theresultis consistent with an SBCl phase; (t.s) = (-1,2/3),

and n(r) spontaneously triples the unit cell of the underlying moiré potential,
indicated by gray circles. Here Vy/Ec= 0.6 and ®,, =7/8.
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