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ABSTRACT: Twisted double bilayer graphene (tDBG) has
emerged as a rich platform for studying strongly correlated and
topological states, as its flat bands can be continuously tuned by
both a perpendicular displacement field and a twist angle. Here, we
construct a phase diagram representing the correlated and
topological states as a function of these parameters, based on
measurements of over a dozen tDBG devices encompassing two
distinct stacking configurations. We find a hierarchy of symmetry-
broken states that emerge sequentially as the twist angle
approaches an apparent optimal value of θ ≈  1.34°. Nearby this
angle, we discover a symmetry-broken Chern insulator (SBCI)
state associated with a band filling of 7/2 as well as an incipient
SBCI state associated with 11/3 filling. We further observe an anomalous Hall effect at zero field in all samples supporting SBCI
states, indicating spontaneous time-reversal symmetry breaking and possible moire unit cell enlargement at zero magnetic field.
KEYWORDS: symmetry-broken Chern insulators, twisted double bilayer graphene, anomalous Hall effect, moire

he flat bands found in the growing family of graphene-
based moire materials offer a valuable platform for

studying the interplay of strong correlations and topology.1,2

Twisted double bilayer graphene (tDBG), composed of two
slightly relatively rotated sheets of Bernal bilayer graphene, has
been the focus of significant research attention3−15 owing to its
exceptional tunability with perpendicular displacement
field,3−6 twist angle, and pressure.12 Compared with twisted
bilayer graphene (tBLG), in which strongly correlated states
occur over a very narrow range near the magic angle of ≈1.1°,
tDBG hosts correlated states over a wider range of twist angles
due to its lack of a singular “magic angle” from theory. A wide
variety of correlated phenomena have been reported already in
tDBG, including states that are spin-polarized,4,5     valley-
polarized,13     spin−valley-polarized,15     and intervalley-coher-
ent,16     as well as a correlated electron−hole state,8     the
anomalous Hall effect (AHE),14     and superconductivity in
samples interfaced with WSe .17     Despite this, the phase
diagram with respect to the twist angle has yet to be fully
mapped, and it remains unclear whether there exist optimal
twist angles for observing these phenomena.

In this work, we study more than a dozen tDBG devices to
systematically construct such a phase diagram. The devices
span both stacking configurations of the two inner graphene
sheets, distinguished by whether the two Bernal graphene
sheets are rotated slightly away from 0° (AB−AB) or 60°
(AB−BA) (see as indicated in Figures 1a,b and Figure S1).

Previous studies have concentrated on the AB−AB case. Here,
we find that tDBG can host symmetry-broken Chern insulator
(SBCI) states, likely connected to spontaneous translational
symmetry breaking of the moire unit cell. We additionally find
that these states might be associated with an anomalous Hall
effect at a zero magnetic field. The observation of magnetic
hysteresis at fractional band filling suggests that the transla-
tional symmetry breaking may persist down to a zero field.
Surprisingly, although our band structure calculations at zero
field indicate that the Chern number should be different in the
AB−AB and AB−BA cases (Figure 1c; see also Figure S2), we
observe similar SBCI states at high field for both stacking
configurations.

Our study included six AB−BA samples with θ varying from
1.06° to 1.39° and seven AB−AB samples with θ′ varying from
1.17° to 1.53° (Table 1). Figures 1d and 1e show maps of the
longitudinal resistivity, ρ , versus carrier density, n, and
displacement field, D (see the Supporting Information for
definition) for AB−AB device S1 (θ = 1.34°) and AB−BA
device O1 (θ′ = 1.39°), respectively. The filling factor, ν, is
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Figure 1. Hierarchy of correlated and topological phases observed in tDBG in both stacking configurations. (a, b) Side-view lattice schematics of
AB−AB and AB−BA tDBG. AB−AB (AB−BA) tDBG is composed of two Bernal stacked graphene bilayers with the same (opposite) orientation.
(c) Calculated band structure of θ = 1.2° (AB−AB, solid line) and θ′ = 1.2° (AB−BA, dashed line) tDBG, with interlayer potential δ = 40 meV.
The red bands denote the lowest moire conduction band. The Chern number in the AB−AB (AB−BA) stacking is C = 2 (1). (d, e) Resistivity ρ
maps of θ = 1.34° (AB−AB) and θ′ = 1.39° (AB−BA) devices, respectively. Measurements were taken at T  = 2 K  and zero magnetic field. Insets
shows the zoomed-in Hall coeficient R at |B| = 0.5 T, focusing on the correlated states. (f) Summary of the correlated and topological states
observed in 13 tDBG devices. Correlated insulating states, states exhibiting the AHE, and SBCI states are represented by circle, square, and triangle
markers, respectively. The AB−AB (AB−BA) stacking is denoted by open (closed) markers. The green and orange shading denotes the range of
twist angles over which symmetry-broken metallic states are observed, identified by sign reversals in the low-field Hall effect. States denoted by (C,
s) correspond to SBCIs observed in a magnetic field.

Table 1. Hierarchy of Correlated and Topological Phases in Twisted Double Bilayer Graphene; Summary of the Correlated
and Topological States Observed in 13 tDBG Samplesa

twist angle

1.06
1.17
1.17
1.25
1.28
1.30
1.33
1.34
1.34
1.38 (h-BN aligned)
1.39
1.41
1.53

stacking configuration

AB−BA
AB−BA
AB−AB
AB−AB
AB−BA
AB−AB
AB−BA
AB−AB
AB−AB
AB−BA
AB−BA
AB−AB
AB−AB

v = 2

none
halo only
CI  with halo
CI  with halo
CI  with halo
CI  with halo
CI  with halo
CI  with halo
CI  with halo
CI  with halo
CI  with halo
resistive state with halo
none

v = 3

none
none
none
none
none
CI  with halo
resistive state with halo
halo only
halo only
halo only
halo only
none
none

AHEat v = 3

/
/
/
/
/
no AHE
AHE
/
AHE
AHE
AHE
no AHE
/

SBCI

/
none
/
/
none
none
(1, 7/2)
/
(1, 7/2), (1, 11/3)
(1, 7/2)
(1, 7/2)
none
/

aSamples are presented in order of ascending twist angle and labeled with their nominal stacking configuration. Absence of the correlated and
topological states are labeled specifically by “none” while “/” labels lack of available measurements at the mK temperature range to properly
determine. Here, “CI” denotes a correlated insulator, “halo” denotes a symmetry-broken metallic state forming a halo shape in the dual-gate map, and
“AHE” denotes the anomalous Hall effect nearby filling factor v = 3. Note that AHE near fractional filling v = 3.5 is observed only in the θ′ = 1.39°
AB−BA Sample. (C, s) labels the Chern number and band filling index of the observed symmetry-broken Chern insulators.

shown on the top axis, where ν = ±  4 corresponds to full filling
of the lowest moire conduction and valence minibands. The
data are consistent with measurements on AB−AB tDBG
detailed extensively elsewhere.3−7 In brief, one sees gapped

states at ν = 0 and ±4 that are tuned by D, a cross-like resistive
feature in the region ν < 0 reflecting van Hove singularities in
the valence band, and a “halo” feature around the insulating
states at ν = +2 marking the emergence of symmetry-broken
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Figure 2. Symmetry-broken Chern insulator and anomalous Hall effect. (a, b) Landau fan measurements of the longitudinal ρ and Hall resistivity
ρ at D = −0.4 V/nm in a θ′ = 1.39° AB−BA sample. Data are taken at 100 mK. (c) Schematics of all observed gapped states in (a, b). Several
main gapped states are labeled by their respective (C, s) values. Colors differentiate different values of s. Black vertical lines (with C = 0) denote
topologically trivial insulating states. The green dashed line denotes the (1, 7/2) symmetry-broken Chern insulator. (d) Line cuts of ρ     and ρ
acquired along the trajectory of the (1, 7/2) SBCI. (e) Line cuts of ρ and ρ acquired at fixed magnetic field, B = 8 T. (d) and (e) are acquired
from a different data set as shown in Figure S5. (f) ρ map as a function of D and v, at B = 8 T. Blue arrows denote Chern insulators associated
with s = 3, and the green arrow denotes the (1, 7/2) SBCI. ρ maps at other B are shown in Figure S6. (g, h) ρ     measured as magnetic field is
swept back and forth at (g) ν = 3.05, D = −0.39 V/nm, and (h) ν = 3.6, D = −0.42 V/nm. The data taken at different temperatures are offset
vertically for clarity.

Figure 3. SBCIs with different translational symmetry breaking. (a, b) Landau fan diagram of the longitudinal ρ and Hall resistivity ρ at D = 0.34
V/nm in a θ = 1.34° AB−AB tDBG sample. Data are taken at 100 mK. Schematics of main gapped states are overlaid in panel b, labeled by their
respective (C, s) values, using the same color coding as in Figure 2. The green dashed lines denote the (1, 7/2) and the (1, 11/3) SBCIs. (c) Line cuts
of ρ and ρ from panels a and b at B = 10 T. The gray dashed line corresponds to h/e2 and h/2e2 for ρ . The SBCIs are emphasized by the green
shadings. The nearby quantized (2, 3) Chern insulator is marked by the blue shading. The inset shows the thermal activation gap of the (2,3), (1, 7/2),
and (1, 11/3) states. The blue diamonds denote data from the θ′ = 1.39° AB−BA sample at D = −0.4 V/nm with B = 8 T. The orange square denote
data from the θ = 1.34° AB−AB sample at D = 0.4 V/nm with B = 9 T. The yellow circle denotes data from the same θ = 1.34° AB− AB sample at D =
0.34 V/nm with B = 9 T. (d, e) Landau fan diagram of ρxy at D = 0.32 V/nm and D = 0.30 V/nm, respectively.
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correlated metallic and insulating states. Measurements of the
antisymmetrized Hall coeficient, R = (R [B] −  R [−B])/
(2B), further reveal incipient symmetry-broken states at ν =
+3. All the same features are seen in the AB−BA devices (see
also Figures S3 and S4), consistent with the nearly identical
calculated band dispersions of the AB−AB and AB−BA types
(Figure 1c). Figure 1f summarizes the correlated and
topological phases observed as a function of twist angle,
which will be elaborated on below.

Our primary finding is the emergence of SBCI states in both
AB−BA and AB−AB tDBG, as detailed in Figures 2 and 3,
respectively. We first analyze the evidence of topological states
in the AB−BA samples. Figures 2a and 2b show Landau fan
diagrams of ρ and ρ acquired at D = −0.40 V/nm in device
O1. We see signs of a variety of gapped states, each
characterized by a sharp suppression of ρ and (nearly)
quantized ρ , that evolve along linear trajectories described by
the equation ν = Cn + s, where n is the number of magnetic
flux quanta per moire cell, the integer C is the Chern number,
and s is the band filling index (corresponding to the number of
electrons per moire unit cell).18 Figure 2c is a schematic
showing the trajectories of the more robust gapped states.
States with C ≠  0 and s = 0, equivalent to integer quantum
Hall (IQH) states, are denoted in purple. States with C ≠  0
and integer s, known as Chern insulators (CI) ,  are denoted in
orange (s = 1), red (s = 2), and blue (s = 3). Topologically
trivial (C = 0) insulating states are denoted in black.

The IQH and CI  states seen here are all consistent with
gapped states predicted by the Hofstadter model18−22 and can
be understood in the context of Hofstadter sub-band
ferromagnetism.23−28     However, we observe an additional
robust gapped state with integer C = 1 but with a fractional
band filling index s = 7/2 (denoted by the green dashed line in
Figure 2c). Figure 2d shows that this state emerges abruptly
above B ≈  6 T  and exhibits a quantization of the Hall
resistivity to ρ = h/e2 (Figure 2e; see also Figure S5). Such a
gapped state, arising at a partial filling of a Hofstadter band,
can only be explained by incorporating the effects of strong
Coulomb interactions that go beyond simple isospin polar-
ization. States with C � but s � are most naturally
associated with the formation of a SBCI,23,29,30 in which
Coulomb interactions favor the spontaneous formation of a
topological charge density wave state.20−22 Given that this
gapped state emerges upon doping beyond three electrons per
moire unit cell, the SBCI most likely forms within a single
partially occupied moire sub-band with fully lifted isospin
degeneracy. An s = 7/2 SBCI state can arise owing to a
spontaneous doubling of the area of the original moire unit
cell.31−33 The corresponding density wave folds the moire
Brillouin zone, thereby doubling the number of moire
minibands. For a state with s = 7/2, the SBCI corresponds
to a complete filling of seven out of the eight available moire
conduction bands. Maps of ρ acquired at fixed magnetic fields
(Figure 2f and Figure S6), combined with additional Landau
fan diagrams taken at different values of D (Figure S7),
collectively show that the SBCI state persists over an extended
range of D rather than a singular value. The same C = 1, s = 7/
2 SBCI state was also observed in two other AB−BA samples
with θ′ = 1.33° and θ′ = 1.38° (Figure S8).

In addition to the SBCI at a high magnetic field, we also see
an AHE at zero field. Figure 2g shows measurements of ρ as
the magnetic field is swept back and forth through zero at ν =
3.05 and D = −0.39 V/nm at a series of temperatures T  (see

also Figure S9). The hysteresis seen at low T  at this filling
implies that orbital magnetism is present, and hence, time-
reversal symmetry is broken. Despite the nominally longi-
tudinal contact geometry, our measurements show the square-
loop-type behavior expected of a Hall geometry. This is likely
the result of a mosaic of magnetic domains34,35 in our sample
resulting from structural disorder of the moire pattern.
Consistent with such a disordered domain picture, the details
of the hysteresis change upon thermal cycling (Figure S10a).
The small amplitude of the AHE (much less than h/e2) can
also readily be explained by domains, although it is also
possible that the ground state is only partially isospin polarized
and not fully gapped. We also observed the AHE at ν = 3 in
two other AB−BA samples with θ′ = 1.33° and 1.38° (Figure
S10). Notably, the AHE can sometimes be seen even far from
ν = 3, as illustrated in Figure 2h for ν = 3.61 (see also Figure
S11). This AHE near ν = 7/2 suggests that the topological
charge density wave state responsible for the SBCI at high field
may still be present at zero field (see detailed discussion in the
Supporting Information and Figures S12−S14). Similar
observations have been reported in twisted monolayer−bilayer
graphene.30

Returning to the AB−AB case (Figure 3), we find a similar
SBCI with C = 1 and s = 7/2 emerging abruptly above B = 5 T,
as seen in the Landau fan diagram taken at D = −0.34 V/nm in
device S2 (Figure 3a,b). The trajectories of selected gapped
states are overlaid on top of the ρ Landau fan in Figure 3b,
which can be compared with Figure 2c. Here, however, a
second C = 1 state emerges abruptly above 9 T  with a
fractional band filling index s = 11/3. Analogous to the
reasoning for the 7/2 state above, such a state can arise upon
filling 11 of the 12 moire sub-bands in an enlarged unit cell
with triple the moire unit cell area. Figure 3c shows a line cut
of ρ     and ρ at B = 10 T,  where the 7/2 SBCI and incipient
11/3 SBCI states (indicated by green shading) are both
present. Their coexistence persists over a small range of D
(Figure 3d,e). Because of the small thermal activation gap of
the s = 11/3 SBCI (Figure 3c inset, Figures S15 and S16), the
Hall resistivity ρ only reaches about 80% of h/e2 at 100 mK.
The s = 7/2 and 11/3 states should be distinguishable based
on their different electron density modulations in real space
which could be observable in scanning tunneling microscopy
experiments.

Notably, the s = 7/2 and 11/3 states both have a Chern
number of C = 1 despite the presumed difference in their unit
cell areas. Both appear to emerge out of a parent state with C =
2, determined by identifying the most robust of the s = 3 states
in the Landau fan diagram (Figure 3a,b). A C = 2 Chern band
can be mapped onto a two-component quantum Hall system.
In such a model, the s = 7/2 SBCI can be understood as a
spontaneously polarized state of this two-component system�
essentially, a lattice analogue of the typical quantum Hall
ferromagnet.31−33 In a band with C = 2, the Berry curvature
can partition evenly into each of the two components,
consistent with the observed C = 1 of the SBCI when the
degeneracy is lifted. However, the s = 11/3 state is more
complicated in this model because a two-component C = 2
state cannot be evenly partitioned into three sub-bands with
integer Chern numbers. Such a state thus requires either a
nonuniform partitioning of the Chern band into different sub-
bands or a dynamical renormalization of the Chern number of
the parent sub-band upon doping (i.e., from C = 2 to C = 3).
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Therefore, the question of how the s = 11/3 state has C = 1
requires further theoretical attention.

Given that our band structure modeling suggests a different
valley Chern number for the AB−AB and AB−BA config-
urations, it is surprising that we see little apparent dependence
on the stacking type experimentally. One possibility is that our
measurements are not sensitive to this difference in the valley
Chern number. For example, the spin-polarized state at ν = 2
does not provide information to this end because occupying
both valleys results in a total Chern number of zero,
irrespective of the value of the valley Chern number of the
band. In contrast, a spin−valley polarized state at ν = 3 would
have an overall Chern number equal to the valley Chern
number. However, the lack of a well-quantized AHE in our
samples prevents us from exploiting this fact as a means of
distinguishing the valley Chern number between the two
stacking configurations. In principle, the dominant Chern
insulators seen at a high magnetic field can also help
distinguish the valley Chern number. Exploring these differ-
ences, however, requires careful modeling of the high-field
Hofstadter minibands and their associated Chern numbers,
which are beyond the scope of this work. We last note that it is
possible to misidentify the stacking order of a given sample in
the case where a strain soliton separated the two stacked
regions of bilayer graphene in the exfoliated flake,36 uninten-
tionally reversing the intended stacking order.

We conclude by returning to the summary of the correlated
and topological states observed in our 13 tDBG devices, shown
in Figure 1f. Overall, we see a clear pattern of states emerging
within well-defined ranges of twist angle, symmetric with
respect to D field orientations except for the one device
additionally aligned with h-BN (see discussion on the aligned
case in the Supporting Information and Figures S17−S18).
The symmetry-broken state at ν = 2 is the most robust, seen in
devices with twist angles between 1.17° and 1.41°. An
additional symmetry-broken state occurs in the vicinity of ν
= 3 for twist angles between 1.30° and 1.39°, with an incipient
insulating state seen in a single device7 with θ = 1.30° (see also
ref 14). Similarly, a symmetry-broken state at ν = 1 emerges
only at zero field in the device with θ = 1.30°. All devices with
twist angles between 1.33° and 1.39° exhibit the AHE at B = 0
and at least one SBCI at a high magnetic field. The device with
θ = 1.34° also exhibits an incipient s = 11/3 SBCI. Taken
together, our observations suggest that the richest set of
correlated and topological phases is found in tDBG samples
with twist angles within the range ≈1.30°−1.39°. Therefore,
although flat bands in tDBG can be formed over an extended
range of twist angles owing to the tunability of the bands with
displacement field, we have identified a narrow range of twist
angles over which the strength of correlations appears to be
greatest.
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