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% Check for updates Geometric frustration occurs in alattice system when not all the

interactions can be satisfied simultaneously. The simplest example is
antiferromagnetically coupled spins on a triangular lattice. Frustrated
systems are characterized by having many nearly degenerate ground
states, leading to non-trivial phases, such as spinice and spin liquids. To
date, most studies have looked at geometric frustration of spins whereas
orbital geometric frustration has been much less explored. For electrons

intwisted bilayer graphene, when the electronic bands arefilledto a
fraction with denominator 3, Coulomb interactions and the Wannier
orbital shapesare predicted to strongly constrain spatial charge ordering,
leading to geometrically frustrated ground states that produce a new

class of correlated insulating states. Here we report the observation of
dominant, denominator 3, fractional-filling, insulating states in large-angle
twisted bilayer graphene. These states persist in magnetic fields and
display magnetic ordering signatures and tripled unit cell reconstruction.
These results are in agreement with a strong-coupling theory for
symmetry-breaking in geometrically frustrated fractional states.

Correlated insulating states observed in twisted bilayer graphene
(tBLG) and moiré transition metal dichalcogenides have been inten-
sively studied experimentally and theoretically'°, These states result
fromaninterplay between the periodic superlattice, the magnetic field
and various interactions. They can be classified into different classes
of insulators with the equation

(n/ny) = th +n, 1)

where nis the charge density, n, is the density corresponding to one
charge per unit cell, b= BAe/his the number of flux quanta per unitcell,

Ais the area of the superlattice unit cell, Bis the magnetic field, h is
Planck’s constant, and t and nare constants. Here tis the Chern number,
which determines the transverse conductivity o, = te’/h (ref. 11). The
additional quantum number 7 can be viewed as the number of bound
charges per unit cell”2. Both iand t can take on either integer or fractional
values andindicate the presence of physically distinct ground states™"*

To date, the vast majority of insulating states in tBLG have been
observed at integer ¢ and 77, which corresponds to integer quantum
Hall or Cherninsulator states. States with fractional iivalues have been
observed in moiré transition metal dichalcogenides*® and are
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attributed to generalized Wigner crystal states in which electrons are
localized inafraction of the moiré unit cells. Very recently, signatures
of states with fractional 72 values have been observed in magic-angle
tBLG (MA-tBLG) at twistangle 6 =1.06° (ref.15), intwisted double-bilayer
graphene'®” and in twisted trilayer graphene'®. However, these states
aremuch weaker than those atinteger 7. These states are attributed to
band-structure-driven effects that originate in momentum-space®'%,
although fine-tuningisrequired. More generally, for systems at or close
tothe magicangle, the close competition between the charge-ordered,
symmetry-broken and fractional Cherninsulatorsin the systems chal-
lenges the sharp theoretical understanding of the charge-ordered
insulating states.

To date, very little consideration has been given to the effect of
geometric frustration of charge carriersin twisted graphene systems
with triangular moiré lattices. Here we report the observation of robust
Chern-zero fractional correlated insulating states at a number of 1/3
fillings in tBLG with larger-than-magic twist angles (6 =1.32-1.59°).
These states strongly dominate over those at integer fillings and per-
sistin perpendicular and parallel magneticfields. They areaccounted
for by an orbital geometric frustration model, which is based on the
three-leaved shape of the Wannier orbitals (WOs), and by considering
Coulomb interactions, the site occupancy, valley polarization and
exchange interactions between the charge-ordered lattice sites. Ina
device with a relatively small angle (but still larger than the magic
angle), we observe behaviour consistent with a predicted brick-wall
charge-ordered state at 1/3-fractional fillings®*'’. Upon applying a
parallel magnetic field B, we find that the 1= +8/3 states exhibit fer-
romagnetic ordering, whereas the 71 = +4/3 states exhibit antiferro-
magnetic ordering, witha transition to a spin-aligned state observable
at finite field. Moreover, in a device with a larger twist angle and
expected stronger second nearest neighbour interactions, we observe
atripled unit cell, consistent with a predicted armchair phase®”. These
1/3-fractional states, therefore, originate from the WO shape and
resulting geometric frustration produced by Coulomb interactions,
with the phase tunable by doping and twist angle. This shows that a
substantial class of phenomena in tBLG can be understood using a
real-space model.

Figure1presents datafrom device D1with 8=1.32°. Figure l1a plots
its two-terminal conductance G versus back gate voltage V, (bottom
axis) and 72 (top axis). At T= 0.4 K (blue curve), conductance valleys are
observed at the global charge neutrality point (CNP) of the moiré
miniband. At half filling 72 =2, a small conductance dip is observed at
n=+2andakinkat i1=-2.These observations are like those observed
in MA-tBLG. In contrast to MA-tBLG, however, the device exhibits many
fractional-filling features: deep conductance valleys are also observed
at n=+8/3and +4/3 and shallower dips or shoulders emerge at 7= +2/3
and 10/3.Remarkably, in this device, which has @larger than the magic
angle, these 1/3-filling features are much stronger than the
integer-filling features. Moreover, their conductivity, 0.1-10 pS, is
much smaller than the conductance quantum e?/h = 39 uS, thus under-
scoring their insulating nature.

To further investigate these fractional-filling features in more
detail, we measure their T dependence. Figure 1a shows that
the conductance valleys rise and broaden with T until they merge
into a broad background that increases at high temperatures. An
Arrhenius plot of Ginthe conductance valleys at /1= +8/3 shows that
they can be fitted to a double exponential function. A large gap
A,=21.0 (16.5) meV and a small one 4, = 2.6 (1.4) meV are extracted
forthe n=+8/3 (n=-8/3) state (Fig. 1b). We attribute the larger gap,
which is responsible for the high-temperature behaviour, to that of
the insulating state at 2 =+8/3. The smaller gap, on the other hand,
probably arises from competing mechanisms at low temperatures
from, for example, variable range hopping throughlocalized states.
On the other hand, the 2 = +4/3 valleys behave qualitatively differ-
ently. As T cools below 70 K (Fig. 1c), the conductance first slowly
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Fig.1| Temperature-dependent data from device D1with @ = 1.32°.

a, Two-terminal G versus V, (bottomaxis) and nat T=0.4, 0.6,0.7,0.95,2,5,10, 15,
20,25.6,33.5,37.6,45,62.6 and 72.3 K (blue to purple, respectively). The grey and
cyan vertical bands outline the features at integer and fractional fillings of the
moiré superlattice, respectively. b, Arrhenius plot for the conductance valley at
n=1+8/3.Thelines are fits to a double exponential function. ¢, Arrhenius plot at
n=1+4/3 (adjacent data points are connected by straight lines).

increases but begins to drop sharply when the temperature reaches
below T=10 K. Fitting the low-temperature regime to a thermal acti-
vation model reveals a small gap of approximately 10 K, which also
agrees with the onset temperature of the conductance’s nonmono-
tonic dependence. Thus, the 71 = +4/3 states also appear to host a
substantially smaller gap of approximately 1 meV, at which the con-
ductance appears activated, with saturation due to variable
range-hopping conduction at the lowest temperature.

To understand the emergence of these fractional gapped states,
we start from ref. 8, which predicts a Chern-zero insulating state in
MA-tBLG at 1/3-fractional fillings** 2. Unlike the momentum-space
picture adopted in refs. 15,18, this strong-coupling real-space picture
does notreadily capture the band-structure-sensitive Chern-insulator
physics. Rather, the key insight lies with the three-leaved geometry of
the WOs**??, which quite generally leads to the robust presence of
incompressible states at 1/3-fractional fillings and emergent geometric
frustration’*”*, We generalize the model of ref. 8to i=+8/3and /1= +4/3
forlarger-than-magic angle tBLG, by constructing the WOs of each valley
using the projection method® and by including direct density-density
interaction V’sand the direct exchangeinteraction J’sup to third nearest
neighbour (Fig. 2b and Supplementary Fig. S5). Notably, substantial
differences exist between the WOs constructed from the two valleys on
the same site (Fig. 2a). Thus, the SU(4) spin-valley symmetry, which is
conventionally assumed in calculations, is broken. Instead, the resulting
Hamiltonian has a SU(2) x SU(2) x U(1), symmetry, which accounts for
the separate spin-rotation symmetry for each valley and the valley
polarization conservation.
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Fig.2|Real-space model. a, WOs at BA sites for two different twist angles.
Insets: The difference between the WOs of the two valleys. b, Model with direct
density-density interaction (Vterms) and direct exchange (/terms) up to third
nearest neighbour. AB and BA refer to the local stacking order,and tand v’ are
spin/valley indices. ¢, Schematic of states close in energy at 71=-8/3. The charge

configurations at 7=-4/3 canbe obtained from turning unoccupied sitesin
the configurationinto doubly occupied sites (Supplementary Information).
d, Schematic of the WOs (left) and the competition (right) between the spin-
singlet, valley-polarized state at zero field and the spin-polarized, valley-anti-
aligned state at finite field for the sites with double occupation at 1= +4/3.

Likethe caseat 7=-4 +1/3 discussedinrefs. 8,19, exchange inter-
actions promote ferromagnetic spin and valley alignment, and the
distinct valley WOs imply that Coulomb interactions favour
valley-locking at AB/BA sublattice sites. On the other hand, charge
sharingat higher fillings at 7= +8/3 or +4/3 (counting from the empty
band at 72 =-4) forces WO touching, resulting in close competition
between a rich set of possibilities”, which is the signature of a geo-
metrically frustrated system. The balance between differentinteraction
strengths determines the ground state.

At n=+8/3,four electrons or holes are shared among three moiré
cells. Thus, each moiré site is either empty or singly occupied. We find
four competing charge configurations (Fig. 2¢): two with a threefold
unit cell enlargement (the star and armchair phases) and two with a
sixfold enlargement (brick-wall and zigzag phases). At 0=1.32°, the
brick-wall phase is narrowly favoured over all the other phases,
although the enlarged unit cellis not expected to be detected in trans-
port due to the residual local degeneracy' (Supplementary Informa-
tion Discussion E.3). Moreover, the direct exchange interactions favour
aligning the spin and valley between neighbouring sites. Thus, we
anticipate the i2=18/3 ground state to be a spin and valley-polarized
ferromagnetic insulator. Thermally excited conduction in this state
requiressites to be doubly occupied. Thus, the thermal activation gap
isof the order of the energy cost of double occupation, which we esti-
mateisapproximately 20 meV (Supplementary Information), consist-
ent with the experimentally observed gap size.

For a=+4/3, eight electrons (holes) must be accommodated
amongthree moiré cells, so atleast two sites must be doubly occupied,
leading to additional geometric frustration and richness. Direct Cou-
lomb interactions favour the formation of a valley-polarized state in

doubly occupiedsites, although Pauli exclusion requires such doubly
occupiedsitestobeinaspin-singlet state (Fig. 2d) at zero field. At low
temperatures, the conductance comesfromthe electronsin the doubly
occupiedsites flowing ontop of the singly occupied background. The
thermal activationgapis, thus, of the order of further neighbour inter-
actions instead of on-site repulsion, leading to a smaller gap than at
fA=18/3,in agreement with observations. Moreover, our model sug-
gests that the 7= +8/3 and n = +4/3 states should respond differently
to in-plane magnetic fields: a stabilized ferromagnetic phase and a
singlet-triplet transition are expected, respectively.

We now investigate these 1/3-filling states in a magnetic field to
probe the Landau-level structure and spin states. Figure 3a,b displays
the conductance G versus charge density and perpendicular magnetic
field B and the corresponding Wannier diagram identifying features
in G with the numbers indicating the Chern number ¢ in equation (1).
Atthe CNPand B =0, symmetric Landau fans radiateinto both electron
and hole regimes, like those observed in MA-tBLG devices"** 7. The
conductance of all fractional-filling-factor states decreases with B, as
shown in Fig. 3c,d. (An exceptionis the state at 1=+4/3, where G(B) is
almost constant. Thisasymmetry compared to 7= -4/3 may arise from
electron-hole asymmetry in the band structure or from different
effects of nearby Landau levels emanating from 7= 0). Although no
Landaufanis observed at i1 = +8/3, Landau fans emerge at 7=-4/3 and
2/3, appearing to the left (right) of the hole-doped (electron-doped)
regime, respectively, with a twofold degeneracy.

These asymmetric or one-sided Landau fans are reminiscent of
those at i1=+2 and +3 in MA-tBLG devices, in which a phase transition
and a reconstruction of the Fermi surface occurs, yielding a reset of
theband structure to the Dirac point>*?%*, Here we see a similar reset,
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Fig.3|Magnetotransportofdevice D1at T = 300 mK. a,b, Two-terminal G(7, B,) in microsiemens (a) and Wannier diagram identifying featuresina (b). Numbers
indicate corresponding ¢ quantum numbers. ¢,d, G(B,) at 1=+8/3 (c) and +4/3 (d). e,f, G(71, B)) inmicrosiemens (e) and line traces at B, = 0,3, 6,12and 18 T (top to

bottom) (f). g,h, G(B)) at i=+8/3 (g) and +4/3 (h).

and the degeneracy of the two indicates isospin polarization. On the
other hand, since the reset occurs at fractional-filling factors in this
large-angle device, rather than for theinteger 72 values in magic-angle
devices, both the underlying phase transition and the reconstructed
ground state are probably very different.

The presence or absence of a Landau fan at different fractional
fillings indicate that they host different electronic ground states. To
further exploretheir nature and to study magnetic ordering at 7=+8/3,
weapply anin-plane magneticfield B;, whichinduces Zeemanssplitting.
Figure 3e,fplots G(A1, B)) andline traces at B;= 0,3, 6,12and 18 T, respec-
tively. The conductance of the states at 7=+8/3 decreases with increas-
ing in-plane field. This suggests an increasing gap, such as that of a
spin-polarized state (Fig. 3g). This observation provides evidence for
the predicted brick-wall state’s valley-polarized spin-ferromagnetic
fractional insulating ground state. Here every site is covered by the
extended WOs with spinand valley polarization, so spin flips are needed
for conduction. Hence, increasing B raises the energy cost of spin flips
and leads to an enhanced activation gap or lower conductivity,
asobserved.

Thesituation at 2= +4/3 differs, however. The conductance of the
state at 7=4/3 increases with increasing B,, suggesting the closing of
an energy gap, such as that of an antiferromagnetic state (Fig. 3h).
Interestingly, the state at /1=—4/3 exhibitsnonmonotonic dependence
on B,, thus hinting at the closing and opening of agap at B, = 8 T. Taken
together, these different behaviours of states at i1 =+4/3 suggest the
presence of states with several competing magnetic orders arising
fromorbital and spin geometric frustration, which are consistent with
the many competing ground states of the parent integer statesat 7= +1
(refs. 30-35). The observed nonmonotonic G versus B, dependence
thus arises from competition between the spin-singlet and
spin-polarized states at the doubly occupied sites of 7= +4/3. B, intro-
ducesaZeemantermthat favoursaspin-polarized, valley-anti-aligned

state (Fig. 2d), but a finite B, is required for the Zeeman energy to
overcome the Coulomb-driven valley polarization energy. Hence,
increasing B, initially reduces the transport gap and increases the
conductivity, until the spin-triplet phase becomes the ground state,
whence the increase in B increases the transport gap, resulting in
decreasing G. The observed nonmonotonic behaviour for the 4/3-filling
states under an in-plane magnetic field supports this expectation of
frustration-induced competition between spin-singlet and
spin-polarized states at the doubly occupied sites of 4/3 filling. The
maximum G at B, =10 T suggests an energy scale of approximately
1meV for the valley polarization energy scale.

Returning to the competing states in Fig. 2b, a different ground
state can be realized by changing the balance between the various
extended interaction terms. This can be achieved by tuning the twist
angle. A large @ results not only in a smaller moiré unit cell but also
modifications inthe competition between the second and third near-
estneighbourinteractions. Atalarger twist angle, our model predicts
that the armchair phase becomes narrowly favoured over the brick-wall
phase due toanincrease of the second nearest neighbour interaction
withrespectto the third nearest neighbour ones, resultinginatripling
ofthe unit cell relative to the moiré unit cell (Supplementary Table 5).

These predictions, in particular the unit cell tripling, are borne
out experimentally in asecond device D2 that has a larger twist angle
6=1.59 +0.02°. Like D1, it displays prominent four-probe longitudinal-
resistance features R, at 7= +8/3 and +4/3 (their thermal activation
behaviour is not well resolved due to the reduced correlation among
charge carriers), while showing strongly suppressed peaks at =12,
asshowninFig. 4a. At finite magnetic field, several Landau-fan features
at 1/3-fractional filling appear. Here the Landau fans emanate from
their zero-field peaksin both doping directions (Fig. 4b). The resolved
Landau levels with corresponding quantum ¢t numbers are sketched in
Fig. 4c. The Landau fan emanating from the CNP is electron-hole
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Fig.4|Magnetotransport ofdeviceD2at T = 1.5 K. a,b, Four-terminal
longitudinal resistance R(n) at B=0 (a) and R(7, B) in kiloohms (b). ¢, Wannier
diagramidentifying featuresin b. Numbersindicate corresponding ¢t quantum
numbers. Horizontal green bands mark Brown-Zak oscillations. d, Line trace
taken at filling 8/3 versus 1/B (a polynomial background fit was subtracted). Inset:
1/B values of Nth maxima (Nth1/2 minima) extracted from the main panel. The
slope of the fitted line enables a determination of the period in 1/B. e, Zoom-in
plotofregioninbnear 7= 8/3, showing the density-independent resistance
minimain Brown-Zak bands.

symmetric, where the degeneracy of the lowest Landau level is fully
resolved. Therest of the Landau fanis fourfold degenerate, with spectra
gapsobserved at ¢t = 4N, where Nis aninteger. Similar Landau fans with
t=4Nspectral gaps are observed to emanate from 2= -4/3, where the
degeneracy is doubled compared to D1 and is probably due to the
broadening of the Hofstadter bands in D2 since the kinetic energy is
larger foralarger twist angle. Interestingly, for the Landau fan centred
at n=18/3,spectral gaps are electron-hole asymmetric: statesatt =2,
6,10, ... areresolvedin theelectron and hole side for 7=8/3and -8/3,
respectively, whereasthose att =4 and 8 are resolved on the other side.
This asymmetry of the Landau-level gaps indicates that when tuning
across 71 =18/3, the Berry phase experienced by the charge carriers
undergoing cyclotron orbits changes abruptly from 0 to it (modulo
2m), whichinturnsuggests areset of the effective band structure. Note
alsothat, like D1, the trajectory of these gapped states is vertical, which
implies zero Chern number.

Adetailed examination of the Fig. 4b datareveals atripled unit cell
for the states at 2 =+8/3. Red arrows in Fig. 4b and horizontal green
bandsinFig.4cmark features extendingacross the dataindependent

of density. These so-called Brown-Zak oscillations* arise in Hofstadter
systems whenever the magnetic field is tuned such that b = p/ginequa-
tion (1) for mutually prime integers p and g. In this case, the translational
symmetry is restored and the effective quasiparticles move in a zero
effective magnetic field. Plotting R, versus 1/B shows a periodic oscil-
lation (Fig. 4d). The longest period and largest amplitude oscillations
areexpectedtooccurwhenp =1(ref.36). Theinset of Fig. 4d shows the
Nth minimum (maximum) plotted versus their number. The data
closely follow a straight line from which the oscillation period 1/B; is
extracted. Using B;A. = h/e at the minima, where A, is the effective
unit cell area, we find a unit cell area of A, = (1.94 £ 0.03) x 10™* m?,
Based on the twist angle of 1.57°, we find the moiré unit cell area is
A=(6.8+0.27) x10"7 m% The ratio A,/A = 2.85+ 0.1 is consistent with
a3:1reconstruction of the effective unit cell area. This reconstruction
extends over a finite range in density. The observed tripled unit cell
and the observed zero Chern number provide strong evidence for
either armchair or star phases. The two phases are close in energy, with
armchair beingslightly favoured, reflecting orbital geometric frustra-
tion. In addition, the fourfold degeneracy of the Landau levels at the
CNPindicates C,; breaking, compatible with the armchair phase. Finally,
note that the evidence for the threefold unit cell expansion is not as
clear when crossing to a higher density than 8/3 filling (Fig. 4e). This
may reflect achangeinthe unit cell that accompanies the reset behav-
iour and Berry phase change, as discussed above.
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