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Abstract:

Strong interaction among electrons in two-dimensional systems in the presence of
high magnetic fields gives rise to fractional qguantum Hall (FQH) states that host quasi-
particles with fractional charge and statistics. We perform high-resolution scanning
tunneling microscopy and spectroscopy of FQH states in ultra-clean Bernal-stacked bilayer
graphene (BLG) devices. Spectroscopy of FQH states shows sharp excitations in tunneling
experiments that have been predicted for electron fractionalizing into bound states of
quasi-particles. From our measurements and their comparison to theoretical calculations,
we find energy gaps for candidate non-abelian FQH states that are larger by a factor of 5
than other related systems, making BLG an ideal setting for the manipulation of these
novel quasi-particles and for the creation of a topological quantum bit. Our STM
experiment also reveals previously undiscovered states in such ultra-clean samples.

Main Text:

In two-dimensional (2D) systems, quenching electrons’ Kinetic energy with the
application of large perpendicular magnetic fields enhances the interactions among electrons and
drives the formation of fractional quantum Hall (FQH) states (1, 2). FQH states and their low-
energy excitations with anyonic statistics have been of interest for many decades (3-6); but there
is renewed interest in such states because of their potential application for creating topologically



protected qubits (7—9). Much of what is known about these states and their excitations has been
obtained through macroscopically averaged experiments or studies of their edge states (1, 2, 10—
16). Local spatially resolved experiments have the potential to probe exotic quasi-particles,
determine sample quality, and achieve the ideal setting in which non-abelian anyons are long-
lived for studies of their braiding statistics and for creating topological qubits. Local single
electron transistor (SET) experiments have already been used to detect fractional charges (17,
18), including e/4 charged quasi-particles in the even-denominator FQH states, which are the
most promising candidate for hosting non-abelian anyons (7). New approaches for local
detection of anyons and even testing their fusion rules have been proposed (19, 20). Building on
the recent success of atomic scale scanning tunneling microscopy and spectroscopy (STM/S)
experiments to study quantum Hall states in monolayer graphene (21, 22), here we show the
application of these techniques to the myriad of FQH states in Bernal-stacked bilayer graphene
(BLG). In this work, STM’s ability to identify ultra-clean devices is harnessed to discover
remarkably large energy gaps protecting FQH states, including those that are consistent with the
proposed Moore-Read paired state hosting non-abelian anyons (7). Our tunneling spectroscopy
experiments probe higher energy FQH’s excitations, which are beyond the reach of transport
studies, to reveal sharp peaks over narrow energies that have been predicted theoretically (23).
Surprisingly, even though FQH states are highly correlated phases in which their low-energy
excitations are distinct from electrons, high-energy composite states of fractionalized excitations
have a strong overlap with electron or hole-like excitations. The ability to perform atomic scale
imaging and spectroscopy allows us to probe the influence of single atomic defects and to
characterize disorder-free intrinsic bulk properties of FQH states for the first time, which shows
remarkably good agreement with theoretical calculations. The exponential suppression of
thermally activated quasi-particles due to the large energy gaps reported here for the non-abelian
states in BLG makes BLG an ideal platform for the realization of topological qubits based on
non-abelian anyons.

The observation of FQH states is ubiquitous to materials platforms with 2D electronic
states (1, 2, 10-14). However, their presence in graphene-based systems at the surface of
devices, that can be made pristine on the atomic scale, makes high-resolution STM studies of
FQH states possible (21, 24). The Coulomb interaction in graphene-based systems in a magnetic
field is also relatively stronger than, for example, that in GaAs because of the dielectric
environment for these devices, making the energy scales for the formation of FQH states in
graphene-based systems larger in comparison. Previous transport and electronic compressibility
experiments have established that at partial filling of the lowest Landau levels (LLL) of BLG, in
which the accidental degeneracy between orbital quantum number N =0 and N =1 LLs is lifted,
this material system shows both odd (in N = 0) and even denominator FQH states (in N = 1) (11,
12, 25-29). Depending on experimental conditions, in particular the value of the displacement
field perpendicular to the bilayer, this system can realize different broken symmetry states (30,
31), from which various FQH states emerge (12, 25-29). Although information about the broken
symmetry states has been extracted from various macroscopically averaged experiments (30, 31),



visualization of such broken symmetry states, as recently achieved in monolayer graphene (21,
22), has not been performed.

For our experiments, we fabricated BLG devices using hexagonal boron nitride (hBN)
substrates with graphite back gates and performed various cleaning procedures to create devices
with atomically pristine areas as large as (200 nm)?, without any defects or adsorbates (see
supplementary materials (SM) (32) for sample fabrication details). The STM topography of such
ultra-clean devices shows the moiré pattern due to a mismatch of BLG and hBN lattices (~6.7
nm moiré periodicity) and very weak longer-range variations, see Fig. 1A and Fig. 1B for a
device schematic and STM topography. Since the BLG in our devices is in an asymmetric
dielectric environment (hBN on one side), we observe an energy splitting of U = 30 meV
between the states occupying different layers (Fig. 1C). We attribute this to an effective intrinsic
displacement field Do, which induces a gap in the local density of states (LDOS) between the
conduction and the valance band of BLG at zero magnetic field. As shown in Fig. 1C, the zero-
field differential conductance dl/dV as a function of sample bias Vs measurements shows such a
gap in the LDOS, which is independent of the gate voltage (Vc), except when we approach
charge neutrality near Ve = 0, where it is strongly enhanced likely due to exchange effects (see
Fig. S1in (32) for larger gate range). A single particle calculation of the LDOS of the top layer
BLG using a tight-binding model with an interlayer potential of U = 30 mV, due to Do, can
capture the gap and LDOS we observe at zero field away from charge neutrality (see Sl
discussion I, Fig. S2-3 in (32)). This comparison confirms that STM probes the electronic
properties of BLG through measurements of the layer closest to the STM tip (layer separation is

d = 0.35nm). The corresponding D, = % = 343 mV/nm, if we assume a dielectric constant e

=4, is consistent with previous reports of similar device geometry (12, 33), from which the Do
(with U = 30 mV) is estimated to be about 300 mV/nm (34). Both numbers are much larger than
the displacement field generated by back gate Ve in our studies. As we describe below, the
presence of large intrinsic Do results in layer polarization of the FQH states and influences our
STM measurements.

Application of a perpendicular magnetic field reconstructs the LDOS of BLG into
discrete LLs, which appear as lines in density-dependent scanning tunneling spectroscopy (DD-
STS) maps with 8 mV widths. With increasing Ve, after the LL closest to the Fermi energy (Er)
is filled, the higher LLs transit from unoccupied (Vs > 0) to occupied state (Vs < 0) (Fig. 1D at 5
T, see Fig. S4 in (32) for other fields). These transitions mark when each of the four-fold
degenerate LLs, which we denote as filling factor v = -8, -4, 4, 8 relative to charge neutrality, are
fully occupied. Like previous work on monolayer graphene (21), tip preparation and sample
cleanliness result in a minimal tip-gate effect (see SI Methods), as the LLs appear parallel to the
Ve axis. These measurements show gapped integer quantum Hall (IQH) states as well as broken
symmetry quantum Hall ferromagnetic (QHFM) phases when the four-fold degeneracy of the
IQH states is lifted (35, 36). From these features, the filling factor v and the orbital number N can
be determined (as labeled in Fig. 1D). Further analysis (right panel in Fig. 1D, also see
discussion I1, and Fig. S5 in (32)) shows the LLs energies to follow the expected Ey =



hw./N(N — 1) sequence with extracted cyclotron gap hw, at different fields (37, 38), which
also identifies different orbitals and yields an effective mass of m* =~ 0.044m,, both consistent
with previous studies (37, 39). Details of the field dependence of various gaps are discussed in
(32) (see Fig. S6).

We focus on the spectroscopic properties of the LLLs (N =0, 1) by first examining
signatures of layer polarization in the filling range —4 < v < 4, which has been explored in
macroscopic measurements before (31) but can be visualized in our STM measurements. These
experiments also determine the orbital states that are being filled which dictates the sequence of
FQH states that can be formed at different fillings in BLG. As spectroscopic measurements show
(at 10 T, Fig. 2A), for fillings —4 < v < 0 the LDOS near Er of the top graphene layer, which is
what STM probes in our experiments, is strongly suppressed relative to other energies. When a
double peak feature (arrows in Fig. 2A near Vs = 30 to 40 mV) in these measurements, which
appears above Er for v < 0, crosses to the occupied states at v = 0, the LDOS at the Er of the
top layer is no longer suppressed. This behavior suggests that in the presence of intrinsic Do,
from the manifold of possible N = 0, 1 states, those that reside in the lower graphene layer of the
BLG (Fig. 2B) are filled first for v < 0, thereby explaining why the LDOS near Er measured on
the top layer is suppressed in this regime. Once these levels are filled, the N = 0, 1 states of the
top layer (double peak structure in Fig. 2A) cross the chemical potential and the LDOS near Er
begins to develop more spectral weight.

Another measurement that confirms this picture and provides further information on the
sequence of orbital states being filled as a function of density is that of spectroscopic mapping of
LLs in the top layer. As shown in Fig. 2B, the single-particle wave function of different orbital
state N in each layer, | + No) (+ refers to K and K’ valleys, and o refers to spin) has different
spectral weight on the four atomic sites of BLG (A, B, A'and B’, as labeled in Fig. 2B). While
the state | — 0a’) has no spectral weight on the top layer, | — 1a) has some spectral weight on the
B site of the top layer. We also note that the spectral weight from both LL orbitals in the top
layer | + No) reside in the A sublattice of the top layer. We experimentally confirm this picture
by finding that the relative weak spectral features near Er for v < 0 (dashed orange box in Fig.
2A, which can be enhanced when the tip is closer to the sample) reside on B sublattice in
spectroscopic maps (Fig. 2C left), while unoccupied levels just above Er reside on A sublattice
(Fig. 2C right). Not only do these measurements demonstrate that in the range —4 < v < 0 the
system is polarized to fill the bottom graphene layer, but inspection of sublattice polarization in
the range of -3 <v < —2 and —1 < v < 0 also shows sequential N = 0, 1, 0, 1 filling for the
bottom layer for v < 0. Other measurements described below show that the same sequence of
filling is followed for 0 < v < 4, when the two orbitals in the top layer are filled. These findings
are consistent with the high displacement field limit of a previous study (31).

Signatures of FQH states appear in high-resolution STM spectroscopy of LDOS near Er,
where experimental measurements are influenced by both the Coulomb gap (4.) for the
addition/removal of an electron to/from 2D systems at a high magnetic field (21, 40-42) and the
energy to create quasi-particles in various FQH states. The Coulomb gap arises because the low-



energy excitations are orthogonal to the injection of a single electron (43). Figure 3A shows such
measurements at 13.95 T for 0 < v < 1, where we expect to fill the | + 0c) state, we find
spectroscopic features at filling factors v = ﬁ (p € Z, with p up to 8 and -9) corresponding to

the Jain sequence (two-flux composite fermions states) (44) that appear together with broad
suppression near Er corresponding to 4.. We find a similar sequence of FQH states features for -
4<vy<-3,-2<v<-1,and 2 < v < 3 (See discussion Il, Fig. S7-8 in (32)), where FQH states

are observed at vegs = v — |v] = % at consecutive integer p, consistent with the expectation

2p
that | + Oo) states are partially occupied at these fillings.

The onset of FQH states is accompanied by several distinct features in the high-resolution
DD-STS measurements. First, we see that, in contrast with the tunneling spectra at partial fillings
away from FQH states which show broad gap-like features associated with 4., the FQH states
are marked by enhanced threshold tunneling gaps 4;, which is flanked by sharp peaks in the
spectra (see Fig. 3B, for example). Second, the additionally required charge excitation energy to
add an electron (hole) can be evaluated by the sharp energy jumps 4, (4;) upon entering
(exiting) the incompressible FQH gaps. Third, these features occur over a gate range which, in
the absence of impurity states, is directly related to the chemical potential jump du required to
tune the system across these incompressible states’ gaps (45). In the presence of impurities, the
gate range can overestimate the chemical potential jump éu and the associated thermodynamic
gap. But as we describe below, our tunneling spectroscopy can be used to determine the role of
in-gap states in our sample on the gate range required to tune across the thermodynamic gap, and
place a lower bound on this gap in a realistic setting. We depict the key features of the spectra
Ag, Ay, Ay, A, 8V 1, 6V  (there are slight differences between gate ranges for electron
addition or removal), and the absolute value of the slope of spectroscopic features within the gate
ranges S; », Sg . in the schematic shown in the inset of Fig. 3D. While the jump in the chemical
potential with the appearance of incompressible FQH state is not surprising, the observation that
FQH states, which do not have electron-like low energy quasi-particles, show sharp resonances
in electron tunneling spectra is remarkable. Previous theoretical studies had anticipated that such
sharp features in tunneling experiments may occur as high angular momentum excitations of
fractional quasi-particles of FQH states (23); however, they have not been detected in any
previous tunneling spectroscopy experiments. Conceptually, the added tunneling electron (hole)
can be thought to be transformed into composite states of 2p + 1 fractional quasi-particles
(quasi-holes) and the Coulomb repulsion among which is compensated by them being in a high
angular momentum state (23, 40, 43).

A natural question that arises is whether the activated conductivity of the FQH state can
result in voltage division of Vs between the tip-sample junction resistance and intrinsic resistance
of the sample, thereby influencing FQH features in the STM spectroscopic measurements. To
address this concern, we have carried out experiments at different tip-sample separations, in
which we are changing the relative ratio of tip-sample resistance to that of the sample (See Fig.
S9-10). We find all the features of FQH states, and particularly the onset of tunneling current



within the incompressible region of gate voltages, to remain independent of the junction
resistance (Fig. S9). Unlike transport studies, we are not probing FQH states with low-energy
quasi-particles, but with multiple high-energy quasi-particles created by the decay of a tunneling
electron (with its energy greater than the Coulomb gap). These quasi-particles are created at
energies of several meVs and can transport the small tunneling current to the contacts. The quasi-
particle transport also occurs in transport experiments when they are thermally excited and
results in finite transport currents at low bias. Since the tunneling currents are small, we are
exciting the system with a small density of energetic quasi-particles that decay away from the tip
before the next tunneling event.

For more quantitative analysis of our spectroscopic measurements FQH states, we extract
from our DD-STS measurements the values of A,, 4y, 4;, A¢, 6V, 8V e, S n and Sg o, (at
B =13.95 T) for all the odd denominator FQH states in the range 0 < v < 1 (See Method in (32)
for the details of extractions). Examining measurements at different fields (see Fig. S11 in (32)),
we find that 4, follows the expected VB behavior of the Coulomb energy (40), while the 4, of
the various FQH states systematically increases in its magnitude beyond A in a linear fashion
with B field (see Fig. 3C). Motivated by clear enhancement beyond 4, for tunneling into the

FQH states, we plot 4, + 4, as a function of p (where p = 1_”—21/) and find its systematic
suppression with increasing |p| (Fig. 3D). An interesting experimental finding is that 4, + 4,,

follows a trend of ﬁ as a function of p (Fig. 3D green solid lines) except for v = 2/3 state

where the gap is anomalously large. This p dependence resembles the previously predicted trend
for the gap to create a quasi-particle-quasi-hole pair for the odd denominator FQH states within
the composite fermions (CF) theory (46, 47). This quantitative agreement requires further
investigation. The observations of a combination of sharp features in spectroscopy and the
hierarchy of 4, + 4, among the odd denominator FQH states demonstrate a new spectroscopic
approach for studying these states by characterizing the process of fractionalizing the tunneling
electron (hole) into quasi-particles (hole) of FQH states.

The local measurements of §V;; 4,; = (Ve + Vi1 )/2, Which shows a similar trend as
a function of |p| (See Fig. S12), can be analyzed to characterize 5u/e and the thermodynamic
gaps for various FQH states even in the realistic setting where there is a background of
impurities in the sample. In the absence of any impurities, edV .y ~ 6, and changing the gate
voltage would shift the chemical potential of the sample in such a way that all features in the
incompressible state shift linearly with slope Sg . = S, = 1 as a function of the gate voltage.
However, in the presence of any impurities that can electrostatically influence the areas under the
tip (which can be one in a few hundred nm square areas, see Sl section V and below), sweeping
the gate voltage fills these states and in turn changes the slope S; to be less than one. Using the
combination of measurements to determine the product eS;8V; = e(Sg 6V e + Sen6Vsn)/2
puts a lower bound on the thermodynamic gaps du for various FQH states in the realistic setting
of the sample with a finite concentration of defects (Fig. 3D and Sl section V). The almost
perfect correspondence between (4, + 4;)/2 and eS;6V; as is apparent from Fig. 3D makes



sense since the Coulomb gap is more or less the same as we sweep the gate voltage through the
incompressible states and suggest that the jumps 4., 4,, are also related to the jump in the
chemical potential associated with the thermodynamic gap (modified in a realistic setting by the
in-gap states).

Extending our measurements to when | + 10) states are being filled, we find
spectroscopic signatures of the exotic even-denominator FQH states, a different hierarchy of
quasi-particle excitation gaps, as well as some unexpected FQH states. As shown in Fig. 4A, in
the range —1 < v < 0 when filling | — 107 state, a pronounced even denominator state (v,sr =
1/2) in the spectroscopy measurements is flanked by other FQH states (inset of Fig. 4A). The
extracted eS;6V corresponding to the lower bound of the thermodynamic gaps for this
sequence of FQH states shown in Fig. 4B show several remarkable features. First, the
appearance of v.¢ = 1/2 flanked by v.¢ = 8/17 and 7/13 strongly suggests that the even
denominator state corresponds to the non-abelian Moore-Read Pfaffian state (7), together with its
Levin-Halperin daughter states forming on its sides (48). This observation (and lack of any
features at v ¢ = 9/17 and 6/13) is also consistent with transport and compressibility studies (28,
29) favoring Pfaffian, over anti-Pfaffian (49) or PH-Pfaffian (50), in the BLG. However, the
second important feature of the data in Fig. 4B is that both the (4, + 4;,)/2, as well as the lower
bound on the thermodynamic gap eS;6V;; for the measured v ¢ = 1/2 locally (Fig. 4C) are a
factor of 5 larger than those from previously reported macroscopically averaged experiments (26,
28). Other remarkable features of the data in Fig. 4A are the observation of v ¢ = 2/5 and 3/5
states that may be Jain sequence due to a small mixture of N = 0 state or the predicted Read-
Rezayi states (51), which like the Moore-Read state are also expected to be non-abelian (52).
There is also the observation of new and unexpected FQH states at v s = 5/11, 6/11, and 5/9.
The gap size hierarchy of these FQH states (determined from eS; 6V ) which decreases when
moving away from v.¢ = 1/2 suggests that they could be also related to the even-denominator
state. Experiments at fillings -3 <v < —2,1 <v < 2,and 3 < v < 4 all show clear signatures
of even-denominator states, with the latter two ranges also showing clear signatures of daughter
states consistent with the even-denominator states being Pfaffian (see section 1V, and Fig. S13-
15 in (32)).

A natural question is how the properties of FQH states vary spatially and what are the
typical spatial variation of our spectroscopic measurements in our BLG samples. In general, we
find that the moiré structure due to h-BN underneath does not affect our measurement. However,
in some regions of the sample, there are long-range variations of the spectra, which in some
cases can be clearly attributed to the dilute concentration of defects in our sample. For example,
Fig. 4D, 4E show that a sub-surface defect locally suppresses the even-denominator state with
the A, recovering from on the scale of 100 nm away (Fig. S16 in (32)). Future studies can use
spatial resolved spectroscopy to further investigate the distribution of such variations and the
impact of the proximity of various impurities in the sample to each other on the spectroscopic
properties of FQH states. The concentration of defects observed in our field of view also



provides a consistent picture of how these states influence the gate range for being in the
incompressible gap as described above (See Sl section V).

The remarkably large energy scales for quasi-particle excitations and lower bounds on
thermodynamic gaps we have extracted from our measurements away from any defects in our
ultra-clean samples suggest that we are probing FQH states with unprecedented precision,
thereby motivating comparison of our results with those of idealized theoretical calculations.
Numerical simulation of the LDOS using screened Coulomb interactions that are appropriate for
our one-sided-hBN and a single gate can be performed within the standard framework for
describing FQH states (see section VI in (32)). The exact diagonalization (ED) calculations show
signatures of the sharp features similar to our tunneling experiments (Fig. S17 in (32)), and the
tunneling threshold energy on different system sizes that can be used to determine 4; in the limit
of large system size (Fig. S20 in (32)). Given that the theory ignores the particle-hole
asymmetry, we compare the theoretical results with the average value of the experimentally
measured 4, for two equivalent FQH states relative to half-filling. In Fig. 4F, we show that using
a reasonable value for the dielectric constant e, we find measurements of 4, for FQH states in
both N = 0 and 1 states are in excellent agreement with theory (see section VIII, Fig. S8C, S13D,
S14D, S15D, Table S10 in (32) for comparison at other fillings and see section V111, Table S9 in
(32) for small changes in € as a function of LL fillings). Similarly, we can compare our
measurements of eS; 6V for some of the FQH states to ED and the density matrix
renormalization group (DMRG) calculation of the thermodynamic gaps and find them to
somewhat smaller than the idealized situation as expected (see section VI, VII, and VIII, Table
S11in (32)). However, the remarkably large lower bound of thermodynamic gaps for exotic
FQH states, such as close to 19 K for the Moore-Read states in our local measurements of ultra-
clean BLG devices show that this is an ideal system for exploring the properties of the predicted
non-abelian anyons. In ultra-clean GaAs devices (53), the gaps for such states realized at v = 5/2
are about a factor of 5 smaller. Future STM experiments in ultra-clean BLG samples can utilize
electrostatic confining potentials to directly visualize the fractionalization process which has
unique signatures for each FQH state (20).

STM studies also provide a more precise way to characterize FQH states, as well as an
opportunity to find previously undiscovered states. In GaAs, estimates of the bulk gap for the
FQH state from transport studies have been consistently smaller than those predicted
theoretically (54), likely because such measurements are sensitive to disorder in the sample (55)
(see above for an example of the local influence of individual impurities on FQH gaps, and Fig.
S16 in (32), as well as discussion on the influence of in-gap states on estimating the lower bound
on thermodynamic gaps). A coincident experiment (56) reports the thermodynamic gaps for the
FQH states examined here in ultra-clean devices of BLG, where they find comparable gaps using
a graphene sensor, to our lower bound of thermodynamic gap for the Jain sequence reported in
here (see Sl Fig. S27). Our measurements of 1/2 state locally with the STM still find a larger
lower bound compared to these measurements, a behavior that is not surprising given that STM
can make measurements in locations that are furthest away from defects to find the best



experimental conditions closest to the idealized conditions for this state, which could be more
sensitive to local disorder.

STM’s ability to probe the disorder-free areas of the sample can also uncover new FQH
states. We encountered an example of such a finding while probing the higher N = 2 LL, where
we find not only a rich sequence of odd denominator states (33) but also an unexpected even
denominator FQH state (Fig. 5A). While the even denominator FQH state in higher LLs has been
reported in monolayer graphene (57), it is the first time such a state has been observed in a
higher-LL of BLG. The hierarchy of local gaps (Fig. 5B) suggests the odd denominator FQH
states are the composite fermion states. Interestingly, both 4, + 4, and eS;8V,; are more
particle-hole symmetric with respect to half filling than in the LLLs, consistent with the previous
report (33). Different from the stripe phase observed in higher LLs in GaAs (58, 59), the new
even denominator FQH state may be due to either Moore-Read (7, 52), parton 221 state (57) or
other exotic composite fermion paired state (60). The exact isospin flavor, the role of the N =2
LL’s spinor structure and a microscopic description of such a state remain interesting open
questions. Overall, our studies established that ultra clean BLG is an ideal platform for future
local experiments on FQH states and for potentially creating a topological qubit using local
manipulation of non-abelian anyons in the even-denominator FQH states.

Note: After submission of this manuscript, we became aware of a recent report (61) on
realizing an even-denominator state in GaAs wide quantum wells, which effectively forms a
quantum Hall bilayer with inter-layer tunneling, suggesting a more robust route to non-abelian
anyons in GaAs. Despite the seeming similarity to BLG, we note the microscopic origin of these
states is different: in wide quantum wells the fractional filling lies in two nearly degenerate N =0
LLs, while in BLG this and previous works (26, 28, 31) establishes the 1/2 state occupies a
single, isospin-polarized N =1 LL.
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Fig. 1. Experimental setup and tunneling spectra at zero and low magnetic fields. (A) The
schematic of the bilayer graphene device and the STM/STS experimental setup. A bias voltage
Vg is applied to BLG to enable tip-sample tunneling. A voltage V; + Vj is applied to the bottom
graphite gate to electrostatically tune the carrier density. (B) The topography image of the ultra-
clean bilayer graphene device. The scale bar is 50 nm. (C) The tunneling spectra at zero
magnetic field B = 0 T. Away from the charge neutrality point at V; < 0 side, a constant gap
around 30 mV is observed. Near the charge neutrality point, the gap is enhanced to be 73.5 meV,
likely due to exchange interaction. (D) Left: The tunneling spectra at a low magnetic field B =5
T. The flat narrow peaks represent LL-like charge excitations with minimum tip gating. The LL
filling factor v and the corresponding orbital numbers are denoted in the top x-axis. Right: The
dl/dV spectrum at filling factor v = -1/2 at B = 5 T (linecut in the left panel indicated by the red
dashed line) and B = 10 T respectively, with a horizontal offset for clarity. Each peak is labeled
by its corresponding orbital number N.
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Fig. 2. Atomic wave function imaging of layer polarized N =0, 1 Landau levelsatB=10T.
(A) The tunneling spectra of the lowest Landau levels (LLLS) at magnetic field B =10 T. The
isospin flavors of each LL being filled at the Fermi level are labeled by their corresponding
quantum numbers of valley (+, -), orbital number (N = 0, 1), and spin (o). (B) The atomic wave
function of the LLLs with different isospin flavors in BLG. The four atomic sites in the unit cell
(A, B, A’, B’) are labeled. (C) Atomically-resolved wave function images with sublattice
polarization. Left: B sublattice polarized (dimer site on the top layer, in orange) measured at Vs =
96 mV, v = -4. Right: A sublattice polarized (non-dimer site on the top layer, in green) measured
at Ve = 144 mV, v = -4. Low energy charge excitations in panel (A) are grouped by their
corresponding sublattice polarization using the same color scheme (green and orange dashed
box).
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Fig. 3. FQH states within 0 <v <1inthe N=0LL. (A) The tunneling spectra of the N =0 LL
within 0 < v < 1 at magnetic field B = 13.95 T. FQH states following the Jain sequence up to v
= 8/17 and 9/17 are denoted on the top. (B) The tunneling spectra at v = 1/2, and inside the v =
3/5 and 2/3 FQH states, indicated by the arrows in panel (A). (C) The extracted tunneling gaps
A, of FQH states v = 1/3, 2/3, and 3/5 at different magnetic fields B. The Coulomb gap 4. at
different magnetic fields is also measured and follows the trend of 4, « +/B (green dashed line).

(D) The FQH states local gaps extracted at filling factor v = ﬁ inthe N =0 LL. (4,+4,)/2

represents the averaged extra excitation energy required to add an electron or a hole to the
incompressible FQH states respectively. The blue bars and orange bars represent the portion of

the additional energy for an electron and hole respectively. The green solid lines show the fitted

A, + 4, following the trend, 4, + 4;, « ﬁ. We exclude v = 2/3 in the fitting as it has an

abnormally large gap. The averaged gate width S;8V; = (Sg 6V e + Sgn6Vsn)/2 (purple
squares) of the incompressible FQH states captures the lower bound of the thermodynamic gap
ou = eS;6V,;. The inset shows the schematic of the local gaps. Error bars are added to represent
the measurement’s resolution.
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Fig. 4. FQH states in the N =1 LL. (A) The tunneling spectra of the N = 1 LL within —1 <

v < 0 at magnetic field B = 13.95 T. The corresponding effective fillings factor v,sp = v — |v|
of each FQH state is denoted on the top. Inset is the zoom-in high-resolution spectra near vz =
1/2. (B) The local gaps (4, + 4;)/2 (blue and orange bars), and the lower bound of the
thermodynamic gap S; 6V, = (Sge0Vs e + S6.n6Vs n)/2 (purple squares) of the FQH states
observed in panel (A). Here, error bars are added to represent the measurements resolution. (C)
The zoom-in tunneling spectra near v,¢ = 1/2 show the even-denominator FQH state with a
large thermodynamic gap eS;5V;~18.9 K. (D) Topography image (Vs = 0.4V, | = 3pA) of a 40
nm by 200 nm clean area. The tunneling current map is taken at setpoint Ve = 3.5 mV, I =1 nA
following the trajectory recorded at Vs = 200 mV, | =1 nA at Ve = 1.332 V in the same location
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as shown in the top panel. The current map reveals disorder with ring-like structures around it.
(E) The spatial variation of the extracted tunneling threshold gap 4; across the linecut (white
dashed line in panel D), at two specific gate voltage inside/outside (red/blue) the gap feature of v
= 3/2 FQH state in another N = 1 LL. Both D and F are measured at B =13.2 T. (F) Comparison
between the measured tunneling gaps 4, (red circles) in the middle of the gap feature and the
exact diagonalization (ED) calculations (black squares) for FQH statesat 0 < v < 1inthe N=0
LL (top) and —1 <v < 0inthe N =1 LL (bottom). The dielectric constants are determined to be

€ = 4.8 and € = 3.8 respectively (see Sl for details). The tunneling gaps 4, at v are averaged
result at vpr and 1 — vpp (EXCEPL v, r = 1/2) to reach a fair comparison with the ED

calculations, which assume particle-hole symmetry. Here, error bars are added to represent the
measurement’s resolution.
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Fig. 5. FQH states within 4 <v <5inthe N =2 LL. (A) The tunneling spectra of the N =2 LL
within 4 <v < 5. A series of odd-denominator FQH states in the sequence of vgsr = zp"ﬁ up to

7/15 and 8/15, and an even-denominator FQH state at v, ¢ = 1/2 are observed, as denoted on the
top. (B) The FQH states local gaps extracted inthe N =2 LL. (4,+4;)/2 (blue and orange bars)
and the lower bound of the thermodynamic gap Sz 6V; = (Sge6Vse + Scn6Vsr)/2 (purple

squares) are defined following same schematic shown in Figure 3 and Figure 4. Error bars are
added to represent the measurement’s resolution.
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