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A two-dimensional electron system exposed to a strong magnetic field produces a plethora of strongly
interacting fractional quantum Hall (FQH) states, the complex topological orders of which are revealed
through exotic emergent particles, such as composite fermions, and fractionally charged Abelian and non-
Abelian anyons. Much insight has been gained by the study of multicomponent FQH states, where spin
and pseudospin indices of the electron contribute additional correlation. Traditional multicomponent
FQH states develop in situations where the components share the same orbital states and the resulting
interactions are pseudospin independent; this homo-orbital nature is also crucial to their theoretical
understanding. Here, we study ‘“hetero-orbital” two-component FQH states, in which the orbital index is
part of the pseudospin, rendering the multicomponent interactions strongly SU(2) anisotropic in the
pseudospin space. Such states, obtained in bilayer graphene at the isospin transition between N = 0 and
N =1 electron Landau levels, are markedly different from previous homo-orbital two-component FQH
states. In particular, we observe strikingly different behaviors for the parallel-vortex and reverse-vortex
attachment composite fermion states, and an anomalously strong two-component 2/5 state over a wide
range of magnetic field before it abruptly disappears at a high field. Our findings, combined with detailed
theoretical calculations, reveal the surprising robustness of the hetero-orbital FQH effects, significantly

enriching our understanding of FQH physics in this novel regime.

DOI: 10.1103/kfn2-qggs

I. INTRODUCTION

Landau Levels (LLs) of a two-dimensional electron gas
support a plethora of strongly correlated electronic phases,
where the form factor of the orbital wave function plays a
crucial role in determining the characteristics of the under-
pinning Coulomb interactions [1,2]. In GaAs quantum
wells, FQH states of the sequence v = p/(2p £ 1) occur
in the n = 0 LL and are well described by the integer QH
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states of composite fermions (CFs), namely, particles
produced by binding of electrons and two vortices, con-
sisting of p-filled CF Landau levels called A levels [1].
However, the origin of the FQHE in the n = 1 LL is very
different. Here, a softened Coulomb interaction leads to the
pairing of CFs at half-fillings to produce putatively non-
Abelian FQH states, such as the 5/2 state in GaAs [3].
Unconventional FQH states at partial fillings 7 = 2/5 and
3/8inthe n = 1 LL have also been hypothesized to be non-
Abelian [3—12]. Exploring the interplay of the n = 0 and
n =1 LLs through level crossing offers valuable insights
into the physics of the FQHE [13-19]. For example, it was
reported that the 5/2 state in a wide quantum well
strengthens briefly before crossing to an n = 0 compress-
ible liquid [13,18].

The study of multicomponent two-dimensional (2D)
systems, where the components—generically referred to
as pseudospin—may be the electron spin [1,2,19-27],
quantum well or atomic layer [28—32], valley or sublattice

Published by the American Physical Society
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isospin [33-39], or subband [18,40,41], further enriches the
FQHE by establishing different correlations between differ-
ent components. Double-layer systems exhibit superfluid
behavior believed to be described by the Halperin (111)
wave function [28,30,31,42], where both intralayer and
interlayer interactions lead to the formation of a collective
v =1 state. The model of spinful CFs captures the spin-
valley singlet, e.g., the equivalent of the Halperin (332)
state at v = 2/5, or partially spin-polarized states in the Jain
FQH sequence of v = p/(2p + 1) [1,2,19-27,33,36,39]. It
is interesting to note that all established two-component
states so far are homo-orbital in nature, i.e., have the same
LL wave function in both components. Hetero-orbital two-
component states, while not theoretically prohibited, have
not been observed.

The eight closely degenerate LLs of bilayer graphene
centered at the charge neutrality point (£ = 0) offer a rich
platform to advance the physics of multicomponent FQHE
thanks to its inherent spin, valley, and orbital indices and

wide tunability [34-37,39]. While monolayer graphene
exhibits the conventional Jain states at v = p/(2p £ 1) in
both N = 0and 1 LLs [21,22], BLG exhibits the Jain states
in the N = 0 LL and even-denominator FQH states in the
N = 1LL [35,36,39]. FQH states at 2/5 and 3/7 have also
been observed in the N =1 LL, although their nature
remains an open question [35,36,39]. An electric displace-
ment field (D field) controls the valley Zeeman splitting,
which in turn induces the crossing of LLs carrying different
orbital (N =0, 1) and valley (£ =+, —) indices as
illustrated in Fig. 1(a) [39]. This crossing point is an
excellent place to explore multicomponent states. The
orbital wave function of the N = 1 LL in BLG comprises
a majority n = 1 orbital and a minority n = 0 orbital in
GaAs [Fig. 1(a)], with the weight of the latter increasing
smoothly with increasing magnetic field; this unique
property allows for the exploration of the orbital wave-
function-driven topological phase transitions, as predicted
recently [12,16,36].
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FIG. 1. Two-component FQH states at the coincidence of | = 0) and | F 1 ) LLs. (a) Schematic E(D) diagram showing the electron

LLs and the | + 0)/| — 1) coincidence at positive D* (black circle). Each LL is labeled by |éNe), where ¢ = +,—, N =0, 1,and 6 = 1
and | denote the valley, orbital and spin indices, respectively. The cartoon on the right illustrates the atomic-site wave-function
distribution of the | + 0) and | — 1) LLs. (b) Upper panel: false color map of R, (D, v). Note that D = D + 5 mV/nm adjusts for the
offset in the nominal applied D field. FQH states appear as vertical dark lines. Lower panel: schematic representation of the data taken at
D < 0. The dashed line marks the D* in the range 4/3 < v < 5/3. New FQH states, which appear as dark spots in the upper panel and
are colored orange in the lower panel, emerge at D* for v = 7/5, 10/7, and 13/9, but not for v = 4/3, 11/7, 8/5, and 5/3. (c) Vertical
scans of R, (D) taken along v = 7/5, 10/7, and 13/9 (device 011), and 11/7 and 8/5 (device 002), respectively, and centered at their
respective values of D*. The D* state occupies a similar D-field range at v = 7/5, 10/7, and 13/9. It is absent at v = 8/5 and 11/7,
similar to what’s shown in the map in panel (b). Here, B =25 T and T = 0.33 K. See Fig. 5 for additional measurements on the D*
states at different magnetic fields and in different devices. (d) Horizontal scans of R, (v) and R, (v) taken at a fixed D = —15 (red) and
—16 (blue) mV/nm as indicated by the white dashed lines in panel (b). The former cuts through the D* state of 10/7 and 13/9, and the
latter cuts through the D* state of 7/5 on the negative D side. The D* state of 7/5 exhibits a well-developed plateau at R,, = 5/7 h/ e’.
The D* state of 10/7 shows an incipient plateau at R, = 7/10 h/ e”. The red R,, and R, traces are offset by 400 €2 and 0.03 &/ e,
respectively, for clarity. From device 002, B =18 T and 7 = 20 mK.
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In this work, we report on the observations of hetero-
orbital two-component FQH states occurring at the isospin
transition of the | +£0) and | 1) electron LLs in bilayer
graphene. Their behavior is underpinned by anisotropic
SU(2) interactions and exhibits properties remarkably
different from those seen in past homo-orbital systems.
A single hetero-orbital two-component state occurs for
two-vortex CF states at partial fillings 2/5 and 3/7 but not
for reverse vortex CF states at p/(2p — 1). This case is in
stark contrast to homo-orbital two-component systems
where FQH states are observed at both p/(2p + 1) and
p/(2p — 1) fillings [1,2,20,33,36,39]. A systematic study
of the magnetic-field-dependent energy gaps of the three
FQH phases at filling factor 7/5 reveals a number of
unusual observations. The very strong hetero-orbital two-
component 2/5 state, denoted as the D* state in measure-
ments, develops at a low field of B ~ 7 T and has the largest
gap AD5 > A0 > AYSL but this state disappears at
around 31 T. The gap of the conventional FQH phase on
N = 0 LL follows the /B scaling and is characterized by
an effective CF mass of 0.13m,.. The gap of the N =1
phase AIZVEI increases rapidly with B at lower field but

slows down to merge with A’z\’go at around 28 T, where the

two-component state begins to disappear. Exact diagonal-
ization calculations validate the stabilization of an SU(2)
anisotropic two-component state at p/(2p + 1) at the
|4+ 0)/|F 1) coincidence and capture the absence of such
a state at p/(2p — 1), but they do not explain the collapse
of the two-component state at a high B. Our work opens a
new avenue to explore multicomponent FQH states in
bilayer graphene, a high-quality 2D electron gas with a rich
isospin structure and immense tunability.

II. EXPERIMENTAL RESULTS

Our measurements employ high-quality graphite, dual-
gated, i — BN-encapsulated, Hall bar devices, the fabrica-
tion and characterization of which are described in our
previous work [39] and in Appendix A. The small D-field
inhomogeneity (6D < 0.7 mV/nm) realized in our device
is key to the observation in this work. Figure 1(b) shows a
false color map of the longitudinal resistance R,,(D,v)
near v = 3/2 in device 002, where the FQH states appear as
vertical dark lines. Many observations of this map were
discussed in Ref. [39]. Here, we focus on features near the
crossing of the | + 0) and | — 1) LLs, which occurs at a set
of v-dependent D-field values, D*, as illustrated by the
dashed line in the schematic diagram below. In its vicinity,
fractional states of filling factor range 1 < v < 2 occupy
the | +0) LL at low D and transition to the | — 1) LL at
high D in two different ways. For states with v > 3/2—
e.g., 8/5 and 11/7—R,, exhibits a resistance peak at D* [see
Fig. 1(c) and Fig. 5, Appendix C]. This peak is commonly
observed at LL crossings and corresponds to a brief closing
of the gap. In stark contrast, at v = 7/5, 10/7, and 13/9, a

new incompressible state with a deep R,, minimum
emerges at D*. In Fig. 1(d), we verify that the D* state
of 7/5 is a FQH state by observing a Hall conductance
plateau at the correct value. A shoulder also develops for
the D* state of 10/7. Figure 1(c) shows the evolution of R,
as a function of D at fixed v = 7/5, 10/7, 13/9, 11/7, and
8/5, respectively. Traces at v =7/5, 10/7, and 13/9
exhibit a clear R,, minimum at its own D*. The D* state is
separated from the FQH states occupying the |+ 0) and
| — 1) LLs by two resistance peaks. The | + 0) states belong
to the conventional Jain FQH sequence while the nature of
the | — 1) states (at v = 7/5, 10/7) remains to be clarified
[39]. We observe the D* state clearly and consistently at 7/5
and 10/7 in multiple devices and in a wide range of B fields.
Additional data are given in Fig. 5, Appendix C. Its
appearance supports the development of a new incompress-
ible FQH state at the |+ 0)/| —1) coincidence, and
similarly at |—0)/|+ 1) on the negative D side. However,
we have not seen this state at fractional fillings v > 3/2,
such as 11/7 and 8/5. Clearly, CF states of parallel-vortex
[v=p/2p+1)] and reverse vortex [v= p/(2p—1)]
attachment behave very differently here, in contrast to past
spin or valleyful CF systems [1,2,20,33,36,39].

We examine the evolution of the D* state in a magnetic
field, using v =7/5 in device 002 as an example.
Figure 2(a) shows a series of D sweeps at v = 7/5 and
representative B fields varying from 7 to 31 T. A full B-field
set is given in Fig. 6, Appendix C. It is quite remarkable
that the D* state appears stronger than the conventional
FQH phase riding on the N =0 LL and is already well
developed at 7 T. Interestingly, AD, the D-field range
occupied by the D* state, which is marked by the distance
between the flanking R,, peaks in Fig. 2(a), exhibits a
nonmonotonic magnetic field dependence, as shown in
Fig. 2(b). In device 002, the D* state forms between
approximately 6 and 30.5 T with a maximum range AD =
2 mV/nm at B= 16 T. In Fig. 2(c), we plot an exper-
imental D-B phase diagram for v = 7/5, where it exhibits
three FQH phases with distinct orbital wave functions.
The disappearance of the D* state at B > 30 T, which also
occurs for the D* state at v = 10/7 and 13/9 and in device
011 (Fig. 7, Appendix C), is unusual, as FQH states are
typically strengthened at large B due to stronger Coulomb
interactions. We note that the disappearance is unlikely
caused by a spin-polarization transition. The significant
exchange-enhanced spin Zeeman splitting compared to the
small valley splitting in the large B and small D regime
studied here makes the spin degrees of freedom nonactive
in this problem [35,37,39]. These unprecedented observa-
tions and the intricate D and B dependences attest to a rich
and tunable interaction landscape in BLG, where new FQH
states emerge.

To further understand the three FQH phases of 7/5, we
have systematically measured their energy gaps in a wide
range of magnetic field using the temperature dependence
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FIG. 2. Magnetic field evolution of the v = 7/5 D* state. (a) R’ (D) sweeps at selected B fields as labeled. Additional B fields are
given in Fig. 6. (b) Position of D* (left axis, blue triangle) and the phase space AD (right axis, red open square) as a function of B. Note

that AD measures from peak to peak, as illustrated in panel (a). Here,

D*|(B) follows a linear B dependence given by |D*| = 1.3B — 6.8

(dashed line). Data in panels (a) and (b) are taken from the negative D side of device 002. (¢) Schematic D-B phase diagram of the 7/5
showing the three FQH phases with different orbital wave functions. The phase space of the D* state is exaggerated for clarity.

of R,,, an example of which is given in Fig. 3(a) for
B =22 T. It is immediately clear from the data that the D*
state is the strongest while the N = 1 state is the weakest.
Figure 3(b) shows a few exemplary Arrhenius plots
R, ~exp(—A/2kgT), from which we determine the gap
size A. Values of Ag/s A’Z\'Eo, and AQ’;I are extracted and

plotted as a function of B in Fig. 3(c) from 14 to 31 T, while
additional measurements and fits are given in Figs. 8-10,
Appendix C. In our previous work, a noninteracting
two-component CF model describes the valley isospin-
polarization transitions near D = 0 very well [39]. Thus,
we have adopted a similar model here to fit the gap of the
N =0 state to AY' = heByy/mS" —T, where mg" =

am,\/B (m, is the free electron mass) and I is the disorder
broadening. From the fitting, we extract @ = 0.13 and
I' = 6.8 K (see analysis in Fig. 10, Appendix C) [1,22,43].
The mS* value is larger than that (mSF = 0.067m,v/B)

obtained for the 2/5 state in monolayer graphene [22],
suggesting that LL. mixing plays a more important role in
BLG; a similar conclusion is reached in Ref. [39]. While we
do not have a quantitative theory, it is truly remarkable that
the gap of the D* phase exceeds that of the conventional
N = 0 phase by more than one Kelvin. This finding points
to strong correlations at the | = 0)/| F 1) coincidence.
The N = 1 phase of 7/5 exhibits a more complex field
evolution. Generally, conventional FQH states are not
stabilized on the n = 1 LL of GaAs [4,5]. However, the
N = 1LL in BLG consists of a small » = 0 component, the
weight of which increases with increasing B [Fig. 1(a)].
Experimentally, the N = 1 phase of 7/5 only develops at a
substantial B field. Once formed, A’Q\’El rapidly increases
with B, reaches the size of Aé";o at around 28 T, and then

AQ’;O(B) [Fig. 2(c)]. This B

dependence is consistent with previous capacitance

merges with the trace of

(@) 600 B =22T (b) (©) 6l o= D state
100} o N=0
N=1 A8 TV AL
— — 4 . ol l’él
c o % P
e = 2T| < 3 -
o o = . -
& 100 o 3 & !
- 2 ’g/ . e
: .® B
— 111 10¢ o’
v, 1 , 031T . ob” . . . .
15 20 25 30 35 40 1.0 1.5 2.0 15 20 25 30
=D (mV/nm) T (K" B (T)

FIG. 3. Magnetic-field-dependent energy gaps of the three FQH phases at 7/5. (a) RL/CS (D) sweeps at selected temperatures as
labeled in the plot. Here, B = 22 T. Note that R,, becomes D independent when the state is fully riding on N =0 or 1 LLs. We
extract the T-dependent R,.(D*), R. (N =0), and R, (N = 1) from similar traces and plot R,.(T) in an Arrhenius plot.
(b) Exemplary Arrhenius plots for the three states at selected B fields as labeled. Symbols follow the legend in panel (c). Additional
measurements and analyses are given in Figs. 8—10. (c) Magnetic field dependence of A’zv/? (blue triangle), AIZVEO (red circle), and

AYO(K) =2.0/B(T) — 6.8. See Fig. 10 for details. Blue and gray dashed

AJ)s (gray square). The red dashed line is a fit to data: 55

lines are guides to the eye. (From device 002.).
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measurements [36] and may be due to the unique B-field
evolution of the N = 1 wave function in BLG. Whether
the N = 1 phase of 7/5 is Abelian or non-Abelian remains
an open question. It is interesting that both the coalescence
of AJ5" and A’z\’go and the disappearance of the D* state

occur at around 28 T, suggesting a substantial change
of the underpinning interactions that are important to
both phenomena.

III. THEORETICAL CALCULATIONS
AND DISCUSSIONS

What is the nature of the new D* state? Given its
occurrence at the | £0)/| F 1) level crossing, a two-
component state seems a natural candidate. In an earlier
work [39], we showed that a two-component CF model
composed of a (|+0),| —0)) spinor can quantitatively
describe the many valley-isospin-polarization transitions
that occur near D = 0 [1,2,24-27,44]. There, a state of
v=p/(2p £ 1) maps to p-filled CF A levels and exhibits
p-level crossings and p — 1 two-component states from
—D to +D. A direct generalization of this scheme to a
(| 1), £0)) spinor would imply one D* state for
v=2/5 and 2/3, two D* states for 3/7 and 3/5, and so
on. Experimentally, however, we only observed a single D*
state at v = 2/5, 3/7, and 4/9, and none at the reverse-
vortex states. This qualitative discrepancy points to the
deficiency of a conventional two-component model. In past
homo-orbital two-component systems, the diagonal SU(2)

interaction matrix elements are identical, i.e., VM(r) =
V4 (r) [1,2,24-27,42]. Here, the hetero-orbital nature of
our system leads to anisotropic interaction matrix elements:
VHOHO(p) £ VHO-I(p) = v=140(p) £ V-L=1(); thus, the
stability of two-component FQH states must be
reexamined. It is worth noting that incompressible states
have also been observed at the crossing of the N = 0 and 1
LLs near v = —5/2 in BLG, although their overall char-
acteristics seem to follow the conventional homo-orbital
two-component model quite well [36].

We quantitatively investigated this problem by obtaining
the exact ground states of the anisotropic two-component

system through exact diagonalization and comparing

the solutions to the two-component spin-singlet \{;gl/sl)

‘I’g};'fl) , and partially spin-polarized ‘I‘(%U and ‘PF%ZH)
Jain states that provide near-exact representations for the
SU(2) symmetric Coulomb interaction. The interactions
used are given in Appendix B. Note that our model does not
include LL mixing, lattice-scale anisotropies, or hopping
terms beyond the nearest neighbor (that result in trigonal
warping). Figure 4(a) plots the wave-function overlaps for
v =2/5 and 2/3, which correspond to 2 and —2 filled CF
LLs (the latter with reverse vortex attachment). The over-
laps for v = 3/7 and 3/5, corresponding to CF fillings of 3
and —3, are given in Fig. 11, Appendix C. We find that for a
broad range of B field, the exact two-component ground
states of the anisotropic Hamiltonian at v = 2/5 and 3/7
are almost perfectly described by the isotropic CF states,
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FIG. 4. Theoretical calculations of anisotropic two-component states at v = 2/5 and 2/3. (a) Overlaps of the spin-singlet Jain state
(|wiar)) with the exact Coulomb ground state (|yeyae)) in the E = 0 LL of BLG as a function of the magnetic field for v = 2/5 (upper
panel) and 2/3 (lower panel). For the Jain states, we have used the Coulomb ground state that arises for B — oo in the N = 1 LL of
BLG, which is identical to that in the n = 0 LL. Calculations are performed for n electrons in the spherical geometry using the spherical
(red sphere) and disk (blue triangle) pseudopotentials. See Appendix B for the interaction details. The electron number n = 10 for
v=2/5 and 14 for = 2/3. (b) CF A level filling diagram for the (2, 0) (N = | — 1)), (1, 1) (two-component), and (0, 2) (N = | 4 0))
states of the 2/5, respectively. (c) Schematic energy diagrams showing the evolution of £(2,0), E(1, 1), and £(0,2) in a D field and the
resulting ground states. Three scenarios are given. In the first diagram, an isotropic interaction results in three ground states, with D*
being the (1, 1) state. In the second diagram, we show how an anisotropic interaction shifts the location of D* and changes the width of
the (1, 1) state. The third diagram depicts a scenario where the (1, 1) state never becomes a ground state, which could potentially explain

the disappearance of the D* state at very large B.
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implying that the ground state is SU(2) symmetric to an
excellent approximation even though the microscopic
interaction is not. In contrast, the agreement is relatively
poor for v =2/3 and v = 3/5, indicating that two-com-
ponent FQHE is not robust and may not be realized
experimentally at these filling factors. These findings agree
remarkably well with the experiment. In the case of
v =2/5, our results suggest that the V, and V, Haldane

pseudopotentials are positive and dominant for each of the

Vo< interactions (o, 6’ = +0, —1) since lI'gl/sl :

is the exact
ground state of a model with only V, and V; terms. We do
not have similar qualitative arguments for why the state at
3/7 is well described by the Jain wave function but those at
3/5 and 4/7 are clearly not.

Further insights into the hetero-orbital two-component
states can be gained by comparing the phase diagrams of
the isotropic and anisotropic interactions. Figures 4(b)
and 4(c) illustrate the key physics at v =2/5. The
calculated ground-state energies of the single- and two-
component states £(ny,n; ), where n; | is the filling factor
of the N =| F 1 ) and | £ 0) orbitals, respectively, evolve
linearly with the D field, and their competition determines
which state manifests. In the isotropic case, E(2,0) =
E(0,2) at AD =D — D! =0, where D} is the single-
particle LL crossing point and E(1, 1) is below both E(2, 0)
and E(0, 2); all three become ground states as a function of
AD, as shown in the first diagram of Fig. 4(c). In the
anisotropic case, however, the energy ordering of these
states is qualitatively different. We have calculated E(2,0),
E(1,1), and E(0,2) as a function of the magnetic field by
extrapolating the finite system results to the thermody-
namic limit, and we have plotted the results in Fig. 12,
Appendix C. Our calculations show that £(2,0) > E(0,2)
and (1, 1) lies in between. If E(1, 1) is closer to E(0, 2) than
to E£(2,0), (1, 1) will become the ground state for some
range of AD, as depicted in Anisotropic I of Fig. 4(c). Our
calculations corroborate this scenario, and we identify the
experimental D* state with the two-component (1, 1) state.
If E(1,1) is closer to E(2,0) instead, the system will
transition directly from the (0, 2) state to the (2, 0) state
without going through the D* state. We suspect that this
situation, called Anisotropic II, corresponds to the exper-
imental situation of B > 30 T, though this disappearance is
not captured by our calculations. Concomitantly with the
disappearance of the D* state, the slope of Alz\’;l(B) also

changes near 28 T. These observations, together with the
large value of A?;S and the substantial renormalization of

A3’ point to the need for a more refined theoretical

treatment to capture the energetics of BLG quantitatively.

Similar considerations can also be applied to v = 3/7 to
explain the formation of a single D* state at the level
crossing. In an isotropic two-component system, four
ground states including two partially polarized states are
expected and indeed observed at v = 11/7 = 2 — 3/7 near

D =0 [39]. Here, anisotropic interactions lead to the
splitting between £(3,0) and E(0, 3) and between E(2, 1)
and E(1,2). Exact diagonalization calculations performed
for the 3/7 state are given in Fig. 11, Appendix C, where we
show how the movement of the energies allows the
possibility of eliminating the partially polarized (2, 1) state
so that only the (1, 2) state survives in the vicinity of the
crossing. This case is likely the experimental D* state we
observed. Its disappearance at high B likely originates from
a similar interaction change to the 2/5 case. Indeed, the D*
state at 7/5, 10/7, and 13/9 disappears around 30 T in our
measurement (Fig. 7, Appendix C), which we hope that
future calculations may be able to capture.

IV. SUMMARY AND OUTLOOK

The multiple isospin degeneracy and strong correlations in
the £ = 0 Landau level of graphene and bilayer graphene
offer an excellent platform to explore the physics of many-
body coherent, multicomponent states, such as a canted
antiferromagnet and a Kekulé phase at v = 0 [45-48]. In this
work, we combined experiment and theory to reveal the
properties of unconventional two-component FQH states,
occurring at the coincidence of | F 1) and | + 0) Landau
levels in bilayer graphene. We show that even if the
intracomponent and intercomponent interactions are all
different, two-component states can still be stabilized, albeit
with a set of characteristics distinguished from previous
isotropic systems. Our measurement of the energy gaps
of the three FQH phases at v = 7/5 also highlight the
importance of understanding the impact of Landau-level
mixing in bilayer graphene, in order to reach agreement with
experiments. Finally, the complex magnetic field evolution
of fractional states riding on the N = 1 Landau level, and the
possibility of other topological orders [12], remains an open
question for future experiment and theory.
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APPENDIX A: DEVICE FABRICATION AND
MEASUREMENT SETUPS

Devices 002, 011, and 015 used in this work were also
used in Ref. [39], where detailed fabrication and charac-
terization are given. Briefly, we use a polypropylene
carbonate (PPC) stamp to pick up thin iz — BN/BLG/
h — BN/graphite sequentially. After annealing the stack
in an O, /Ar mixture at 450 °C, we transfer another layer of
graphite flake exfoliated on the PPC stamp onto the top of
the stack. The Hall bar structure is patterned by e-beam
lithography and reactive ion etching. The edge contact is
made by the two-step etching protocol described in
Ref. [39] and deposited with Cr/Au.

Electrical transport measurements were done using
standard low-frequency lock-in techniques. All measure-
ments in Fig. 3(c) and open circles in Fig. 8(e),
Appendix C, were taken in cell 9 of the National High
Magnetic Field Laboratory (NHMFL) using a He-3 cryo-
stat. Solid circles in Fig. 8(e), Appendix C, were taken in
SCM-1 of the NHMFL. A small discrepancy between the
two sets of data is attributed to the lower electron temper-
ature in SCM-1. Blue squares (device 015) in Fig. 9,
Appendix C, were taken in SCM-4 (dilution fridge, up to
28 T) of the NHMFL.

APPENDIX B: INTERACTIONS USED IN THE
EXACT DIAGONALIZATION STUDIES

For the isospin that combines the valley and orbital
indices (| F 1),]|+0)), the Coulomb interaction is not

SU(2) symmetric because it depends on the orbital degree
of freedom. It can be fully characterized by the Haldane
pseudopotentials [51], which are the energies of two
electrons in a definite relative angular momentum m.
The general form in the planar disk geometry is given
by (the magnetic length /p is set to unity)

v () = / dgF"N (q)e™"L,,(¢%).  (BI)

where ¢ is the wave number, L;(x) is the kth Laguerre
polynomial, and F¥-N'(g) is called the form factor, with N
and N’ being the orbital indices of the two electrons. The
form factors are given by

F*%(g) =1
FU(0,q) = [sinz(H)Ll <q;> + cos?(9)L, (qgﬂz

F*'(0.9) = L, (‘9 {sinzw)Ll <%2> +cos*(0)Lg (?)] !

(B2)

where the B-dependent parameter 6 can be estimated as

tan(6) ~ tlg/\/2hvy, where t is the hopping integral and
vr 1s the Fermi velocity. For graphene, the typical Fermi
velocity is vy = 10® m/s, and taking ¢ = 350 meV, as
obtained from DFT calculations at zero field [52],
the magnetic field B and 6 are related through
B = 93.06[cot(6)]? [T]. In Eq. (B2), it suffices to consider
the range 0 < 0 < 7/2 since the form factor only depends
on sin?(8). For @ = 0, or equivalently B — co, we recover
the form factor for the n = 0 LL of GaAs.
The three sets of pseudopotentials are given by

00 _ L(m+3)
"o ar(m 4 1)
2

01 o (§) ()]

I
V3 (0) = \3/—2’_1 [162F1 <§,—m; 1; 1)

—8,F, (%,—m; 1; 1>sin2(9)
5 -
+3,F, 5,—m;1;1 sin*(0)

1
Val(9) = \3/—2’? [162F1 (5,—m; 1 1)

—8,F, (%,—m; 1 l>sin2(¢9)

5
+3,F, (E ,—m; 1 1) 5104(9)] ) (B3)
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where I'(x) is the Gamma function and ,F, is the Gauss hypergeometric function. The analogous spherical
pseudopotentials can be obtained by following the derivation outlined in Refs. [53-56]. These pseudopotentials are
used in the exact diagonalization computations of the ground state.

APPENDIX C: ADDITIONAL FIGURES
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FIG. 5. (a)~(d) R,,(D) traces taken along fixed filling factors and in different magnetic fields from 22 to 31 T as labeled. Partial fillings
U =v—1=1/3(black), 2/5 (red), 3/7 (green), 4/7 (violet), and 3/5 (brown). Traces are vertically stacked for clarity. (e) Corresponding
R, (D) traces taken at 22 T and 31 T. The dashed lines indicate the expected Hall resistance value at each filling factor. All filling factors
exhibit FQH states on the | — 0) and | 4 1) LLs. The D* state (marked by the * symbol) forms at 2/5 and 3/7 but not at other filling factors.
The D* state disappears completely at B = 31 T and T = 0.33 K. (From device 002.) (f), (g) False color map of R, (D, v) in devices 015
and 011, respectively, showing the presence of the D* states at v = 7/5 and 10/7. The white dashed line traces the true D = 0 locations in
each device. B=8.9 T and T = 0.33 K in panel (f). B= 18 T and 7 = 20 mK in panel (g).
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FIG. 6. RZO/CS D) sweeps at fixed B fields as labeled in the plot. (From device 002.).
p p
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FIG. 7. Magnetic field evolution of the D* state at v = 7/5,
10/7, and 13/9 in device 011. (a)~(c) R}’ (D), R\ (D), and
Rg/ 9(D) sweeps at selected B fields as labeled in the plot. The
D~ state is marked by a * symbol. Note that AD is as defined in
Fig. 2. (d) AD(B) for v = 7/5 (square), 10/7 (circle), and 13/9
(triangle). All three vanish together near 30 T. The dashed lines
are guides to the eye.
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FIG. 8. Energy gap of the D* phase of 7/5. (a)-(c), T-

dependent R/>(D) traces taken at B =28, 29, and 29.5 T,
respectively. As the phase space of the D* state narrows, it is
also gradually destabilized, likely due to an increasing mixture
of N=0and N = 1 domains. (d) Arrhenius plots and fits that
produced the gray open squares shown in Fig. 3(c). (e) Aé’/*s asa
function of B, including results obtained from panel (d) (open
circle) and additional measurements taken in a different
cryostat (solid circle). A small systematic difference between
the two sets is due to the different temperature readout schemes.
(From device 002.).
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FIG. 9. Energy gap of the N = 1 phase of 7/5. (a) Arrhenius
plots and fits for the N = 1 state at different B fields as labeled.
(From device 002.) (b) Ag’;l as a function of B from the fits in
panel (a) (circle) and from device 015 (square) using similar
measurements. Both devices show that A’zv/? is very small at low
and intermediate B fields but increases rapidly with B once the
field reaches 20 T.
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FIG. 10. Energy gap of the N = 0 phase of 7/5. (a) Arrhenius
plots and fits for the N = O state at different B fields as labeled.
We normalized R, (T) by R, measured at T = 1.33 K to better
compare the data taken at different magnetic fields. (b) A’z\’EO asa
function of B extracted from panel (a). The best fit to data is given
by the red solid line, which corresponds to AIZVEO =2.0VB-T,
where I' = 6.8 K is the disorder broadening energy scale con-
sistent with our previous assessment of the bulk disorder level in
this device [39]. Also shown are the high and low bounds of
possible fits. They correspond to 2.5v/B — 8.9 (blue dashed line)
and 1.6v/B — 5.2 (green dashed line), respectively. Using the CF
model, we write A;/5 = heBeg/m;, — ', where By = 3(B7/5 —
B3/2) = By;5/5 is the effective magnetic field at v =7/5 and
m;, = am,\/B is the effective activation CF mass. The fits
correspond to @ = 0.13 + 0.03.

031023-9



KE HUANG et al.

PHYS. REV. X 15, 031023 (2025)

(a) (b) 3,0)

(2,1) (1,2) (0,3)

E

— o uy
g?ﬁ‘e‘ HY 8y

By

4 Hy

Anisotropic 1 Anisotropic II

(3.0) E (0,3) (3,9) E

(0.3)
@1)-fn 2.1)

AD ‘“ Ap

>

1.0 7y A
i e S A s A
N 7 / v=3/7 IS0k
S~ osh tl oy
£ i O Sphere]|(€)
b= 1 phere -
S 00 ME" A Disk Isotropic
g 1.0 £
»
S v=3/5 (3,0) . | .(0.3)
< é,”—’—é ::.'
05F SE | e
o
E:Qfér (1,2)
00 1 1 1 1 /

‘W-(M (1.2) J/D\ (1.2) %\
+0) ol ol oy

0 10 20 30 40
B(T)

FIG. 11.

Theoretical calculations of anisotropic two-component states at v = 3/7 and 3/5. (a) Overlaps of the partially polarized Jain

state (| yia)) With the exact Coulomb ground state (|yeye)) in the E = 0 LL of BLG as a function of the magnetic field for v = 3/7
(upper panel) and 3/5 (lower panel). Calculations are performed for n electrons in the spherical geometry using the spherical (red
sphere) and disk (blue triangle) pseudopotentials. The electron number n = 11 for v = 3/7 and 14 for v = 3/5. (b) CF A level filling
diagram for the 3/7 state, showing four potential isospin configurations. The | — 1) state corresponds to (3, 0). The |+ 0) state
corresponds to (0, 3). The (2, 1) and (1, 2) are partially isospin-polarized states. (c) Schematic energy diagrams showing the evolution of
the four configurations in a D field and the resulting ground states. In an isotropic interaction, both the (2, 1) and the (1, 2) manifest,
which is indeed observed in Ref. [39], where the two-component spinor is (| + 0) , | — 0)). Similar to the case of 2/5, anisotropic
interactions change the energies of the four states. The middle diagram depicts a scenario where only the (1, 2) state manifests, which is
likely the D* state observed in experiment. The last diagram shows how the system may transition from | 4 0) to | — 1) directly, which
may correspond to the disappearance of the 3/7 D* state at large B.
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FIG. 12. Magnetic-field-dependent thermodynamic energies of
the various candidate states at filling factor 2/5. The calculations
are performed for the zeroth LL of bilayer graphene in the
spherical geometry. The two isospin components correspond to
|—1) and | 4 0).
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