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ABSTRACT: Quantum Hall (QH) interferometry provides an archetypal platform for
the experimental realization of braiding statistics of fractional QH states. However, the
complexity of observing fractional statistics requires phase coherence over the length of
the interferometer, as well as suppression of Coulomb charging energy. Here, we
demonstrate a new type of QH interferometer based on marginally twisted bilayer
graphene (mtBLG), with a twist angle θ ≈ 0.16°. With the device operating in the QH
regime, we observe distinct signatures of electronic Fabry−Peŕot and Aharonov−Bohm
oscillations of the magneto-thermopower in the density−magnetic field phase space, at
Landau level filling factors ν = 4, 8. We find that QH interference effects are intrinsic to
the triangular AB/BA domains in mtBLG that show diminished Coulomb charging
effects. Our results demonstrate phase-coherent interference of QH edge modes
without any additional gate-defined complex architecture, which may be beneficial in
experimental realizations of non-Abelian braiding statistics.
KEYWORDS: Twisted bilayer graphene, Seebeck effect, Quantum Hall interferometry, Fabry−Peŕot interference,
Aharonov−Bohm interference

The interference between edge modes in integer and
fractional quantum Hall (QH) regimes can be used to

directly probe the underlying hierarchy of the quasiparticle
excitations.1−9 Intriguingly, this proposal can be particularly
effective in observing the non-Abelian braiding statistics of
quasiparticles in the fractional QH regime.3,4 The difficulty in
experimental realizations of such phenomena involves the
inevitable Coulomb repulsion from the confined quasiparticles,
which changes the effective area of the interferometer.10,11 This
additional charging effect is detrimental to observing robust
braiding statistics, which can be somewhat mitigated by larger
device dimensions, albeit at the expense of phase coherence
between the interfering paths.12 This has led to various device
architectures,13−18 and materials engineering3 to suppress the
Coulomb repulsion, while maintaining the phase coherence of
the quasiparticles.
Here, we report the operation of a new type of QH

interferometer based on a marginally twisted bilayer graphene
(mtBLG) device at θ ≈ 0.16°. The moire ́ lattice and the
corresponding band structure of tBLG at or near the magic
angle (θm = 1.1°) can host a myriad of novel phases such as
correlated insulators,19 superconductivity,20 and magnetism.21

When the twist angle is well below θm, relaxation effects change
the atomic registries of the moire ́ lattice.22 This leads to a
mosaic structure of triangular regions consisting of alternate
AB and BA stacking, which are separated by domain walls
(Figure 1a). When a vertical displacement field gaps out the

AB/BA regions, the domains walls can host a topologically
protected helical one-dimensional (1D) network of conducting
channels.23−26 The quasiparticle transport through the helical
1D network can support AhB-oscillations when subjected to a
perpendicular magnetic field.27 However, in previous re-
ports27,28 the helical 1D network remained insensitive to the
QH phenomenon because the bulk AB/BA regions were
depleted of charge carriers.
In this paper, we have performed electrical and thermo-

electric measurements in mtBLG with θ ≈ 0.16° in the integer
QH regime at negligible displacement fields. The thermo-
electric coefficient provides a fundamental characterization of
the electronic state because the diffusive nature of the transport
is characteristically sensitive to the scattering dynamics of the
charge carriers.29,30 Furthermore, in the QH regime, the
entropy is carried by the quasiparticle excitations instead of the
edge modes. Because the entropy flow can be probed by the
thermal response of the system, magneto-thermopower can
provide a direct insight into the quasiparticle spectrum in a
QH regime.31,32 Under appropriate conditions, the statistical
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properties of the non-Abelian quasiparticles can also be
explored with thermoelectric measurements because the
entropy of the anyons is larger compared to that of their
Abelian counterparts.33 Here, we use the dependence of
thermal voltage on magnetic field (B) and gate-induced density
(n) to probe the diverse characteristics of interference effects
in the QH regime.
The twist angle of the measured tBLG device (see

Supporting Information for device geometry and fabrication
details) is estimated from the Hofstadter butterfly pattern of
dRxx/dn at 3 K (Figure 1b), where the primary Landau levels
(LL) emerge from the charge neutrality point (CNP) (green
lines) at n = 0 while on the hole-doped side, another set of LLs
emerge (black dashed lines) from ns = 5 × 1014 m−2.34 The
secondary LLs account for the filling of the first miniband of
the moire ́ lattice. We derive the moire ́ period λ ≈ 92 nm from
ns, with a corresponding twist angle θ ≈ 0.16°. The primary
LLs originating from the CNP exhibit the filling factor
sequence ν = ±4, ±8, ±12 (ν = nΦ0/B, where Φ0 = h/e is
the magnetic quantum flux). In contrast, the secondary LLs
exhibit the distinct QH sequence ν = ±1, ±2 for B ≳ 5 T.
However, the sequence coincides with the 4-fold degeneracy of
ν = ±4, ±8 at lower magnetic fields. The reduced degeneracy
of the QH states at higher magnetic fields clearly indicates the
breaking of the spin/valley symmetry, in contrast to the
quantum oscillations arising from the CNP. At B = 0, however,
the first miniband shows no distinct peak in Rxx, which has a
pronounced maxima only at the CNP (Figure 1c). The
absence of resistance maxima near ± ns is possibly because of
the presence of a large number of overlapping bands at low
energies.22 This is further supported by the density depend-
ence of Rxy at 800 mT (right axis of Figure 1c), which shows
the sign reversal only at the CNP.
To study the thermoelectric transport in mtBLG, we employ

local Joule heating in the extended monolayer region by

passing a sinusoidal current (Iω).
29,35 This creates a temper-

ature gradient (ΔT) along the length of the channel (left inset
of Figure 1d). The thermoelectric voltage (V2ω) is generated in
the second-harmonic (2ω) that is recorded in the tBLG region
of the Hall bar (x-direction) with varying doping and heating
currents. The linear response (ΔT ≪ T) of the measured Vxx2ω

is verified from Vxx2ω ∝ Iω2 for the experimental range of heating
currents (Figure 1d). As illustrated in Figure 1d, the doping
dependence of V2ω shows multiple sign reversals when the
Fermi energy (EF) is varied across the low-energy band. The
sign reversals in Vxx2ω are usually attributed to changes in the
quasi-particle excitations or Fermi surface topology near
Lifshitz transitions.36 The near-symmetric sign change of Vxx2ω

on the both side of the CNP (blue arrows in the right inset of
Figure 1d) are attributed to the positions of the van Hove
singularities (vHS) in the lowest conduction/valence band of
the moire ́ lattice.35 On the hole doping side, the additional sign
reversal of Vxx2ω (black arrow in the right inset of Figure 1d)
indicates the full-filling of the lowest energy valence band.
Assuming filling of four electrons per moire ́ unit cell, we
estimate θ ≈ 0.16° from the magnitude of ns which matches
with the twist-angle estimation from the Hofstadter butterfly in
pattern in Rxx.
In the degenerate regime (T ≪ TF, where TF is the Fermi

temperature), the density dependence of the in-plane Seebeck
coefficient can be obtained from the semiclassical Mott
relation29

=
| |

S
k T

e R
R
V

V

n
n
E3

1 d
d

d

d
d
d

E

Mott

2
B
2

xx

xx

tg

tg

F (1)

where γ = (1/Rxx) dRxx/dVtg can be measured experimentally,
and dn/dE is the DOS (dVtg/dn = e/ChBN, where ChBN is the
known top-gate capacitance per unit area). Equation 1
indicates that the qualitative features of SMott can be captured

Figure 1.Magneto-resistance and thermopower measurements. (a) The AB/BA triangular domains in mtBLG separated by AA-stacked regions and
domain walls. (b) Landau fan diagram of four terminal resistance (Rxx). Measurements are taken at 3 K. The bottom panel shows the reconstructed
Landau level structure with filling factors (ν). The green lines show the Landau fan emanating from the CNP, while the black lines show the
secondary Landau fans emanating from the full-filling of the first moire ́ band on the hole-doping side. (c) Doping dependence of Rxx at B = 0 and
Hall resistance (Rxy) at 800 mT. (d) Doping dependence of Seebeck voltage Vxx2ω normalized with I2ω

2 for a range of I2ω at 3 K. The blue curve shows
γ = (1/Rxx) dRxx/dVtg for comparison on the right axis. The left inset illustrates the measurement schematic for thermopower. The right inset shows
the magnified part of Vxx2ω near the CNP, where blue markers show the van Hove singularities (vHs) and the full-filling of the first moire ́ band (black
marker).
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by γ, which is compared with normalized Vxx2ω in the right axis
of Figure 1d. However, we find that γ fails to capture the
multiple sign changes in Vxx2ω as γ displays a sign reversal only at
the CNP. Notably, the observed discrepancy of signs between
Vxx2ω and γ cannot be compensated by the DOS in eq 1. We
speculate that the presence of a large number of vHSs in the
DOS of mtBLG can give rise to large anisotropic scattering in
the small parts of the Fermi surface that satisfies the Umklapp
condition.37 While this can lead to a violation of the Mott
formula, other alternate mechanisms, for instance, correlation
effects, can not be entirely ruled out.
Figure 2a shows the Landau fan diagram of thermovoltage

Vxx2ω at 3 K. The Vxx2ω also exhibits two sets of Landau fans
emerging from the CNP and ns, with a Landau level sequence
that is similar to the Hofstadter butterfly pattern in Rxx. When
the device is operated in the QH regime (ν = 4), Vxx2ω exhibits
strong oscillations as a function of n as shown in Figure 2b.
However, such oscillations could not be detected in the
conventional Rxx measurements in this regime (right axis in
Figure 2b). This indicates a possible role of the entropy current
carried by quasiparticle excitations, which can only be detected
in the thermal response of the system in the QH regime. While
we speculate that the AA nodes in the triangular domains can
manifest as compressible regions that can favor the entropy
flow over the charge transport,31,32 the exact mechanism is not
clear at present. We find that the oscillations in Vxx2ω are
periodic in n (Figure 2c). The periodicity Δn ≈ 4 × 1014 m−2

does not vary appreciably when the magnetic field is changed
while keeping the filling factor ν the same. The periodic
oscillations also persist at the higher Landau level ν = 8 with
periodicity Δn ≈ 5 × 1014 m−2, suggesting that Δn is
independent of both ν and B. The periodic oscillations in Vxx2ω

are characteristically similar to the quantum version of the
Fabry−Peŕot (FP) interferometer for 2D systems, where the
cavity is defined by the external gate assembly.15,28,38 For a
cavity length Lcav, the interference phase in an electronic FP

interferometer is given by ϕϵ = LtotkF/2π, where Ltot = 2Lcav is
the total path difference between the two interfering
trajectories. The phase ϕϵ can be modulated by the changing
the energy (EF) of the injected carriers, which in turn changes
the wavevector (kF).

39 However, to observe the phase
modulation in the presence of a Lorentz force mediated by a
magnetic field, the cyclotron radius has to satisfy rc = ℏkF/eB >
Lcav. We estimate rc ≈ 9 nm using the 2D density relation

=k nF at 8 T, which is even smaller than λ. This implies
that the k nF is not valid for the charge carriers that
participate in the interference, suggesting a constraint in
motion for the 2D electron system. An effective 1D motion can
arise if the charge carriers are already flowing in QH edge
channels and remains unaffected by any further increase in the
magnetic field. The absence of any periodic density oscillation
in Vxx2ω at a low magnetic field also suggests that the trajectories
only interfere in the QH regime. The valley-polarized chiral
channels can be ignored as the possible origin of the
thermopower oscillations because the displacement field is
not strong enough (<0.1 V nm−1) to induce a gap in the AB/
BA regions, which provides the necessary topological
protection.24,40 Furthermore, we find that the magnitude of
Δn is similar to that of ns. This is remarkable because it reveals
that the path difference between the interfering trajectories is
much smaller than the area of the lithographically defined
mtBLG channel (∼few μm2), and comparable to the length
scale of the moire ́ lattice.
Another modulation of the interference phase appears when

we vary the magnetic field at constant doping. Figure 2d,e
captures the thermovoltage oscillations with varying B at two
different dopings. We observe the following: (1) The
thermopower oscillations are periodic in B (Figure 2f). This
is in stark contrast to the 1/B-periodicity observed for
Shubnikov−de Haas oscillations in 2D systems. The B-linear
periodicity is consistent with AhB-oscillations when the

Figure 2. Fabry−Peŕot (FP) and Aharonov−Bohm (AhB) oscillations in magneto-thermopower. (a) Landau fan diagram of Vxx2ω. Measurements are
taken at 3 K. The bottom panel shows the reconstructed Landau level structure with filling factors (ν). The green lines show the Landau fan
emanating from the CNP, while the black lines show the secondary Landau fans emanating from the full-filling of the first moire ́ band on the hole-
doping side. (b) Oscillations in Vxx2ω (line cut shown by horizontal black dashed lines in panel a) at B = 8 T, while the range of doping is confined to
Landau filling ν = 4. The right axis shows the density-dependence of Rxx at the same B. (c) Doping dependence of maxima numbers in
thermopower oscillations at B = 4 T and 8 T (for same Landau filling ν = 4), respectively. The red lines show the linear fit. Magnetic field
dependence of Vxx2ω at (d) n = 1.55 × 1015 m−2 (vertical line-cut shown in panel a for the positive B side) and (e) n = 7.75 × 1015 m−2. Value of ν is
marked with dashed lines. (f) B-dependence of maxima numbers in thermopower oscillations at ν = 4 and 8, respectively. The red lines show the
linear fit.
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interfering trajectories enclose a finite magnetic flux. We also
find that the AhB-oscillations are symmetric with the direction
of B (Figure 2d). This eliminates the possible role of contacts,
spurious signals from the monolayer graphene heater and the
transverse Hall component in the observed AhB-oscillations.
(2) The oscillations only emerge at filling ν = 4 and 8 and
diminish at higher order Landau levels. This is possibly
because of a weak Landau level spectrum for ν > 8 because the
gap becomes indiscernible in both Rxx and Vxx2ω in the
experimental range of n and B (Figures 1b and 2a). The
ubiquity of the AhB-oscillations at the lowest Landau levels in
the n−B phase space indicates that the underlying mechanism
of interference is profoundly connected to the formation of
QH states in mtBLG. In contrast, the AhB-oscillations in the
displacement field-driven helical states of mtBLG appear at
very low magnetic fields and diminish at large magnetic
fields.28 For a spatially confined QH interferometer, changes in
ν correspond to changes in the Coulomb charging energy. An
enhanced Coulomb interaction between the interfering Landau
levels will result in an effective reduction of the area of the
interferometer.13,38,41 This leads to an increase in the
periodicity of AhB-oscillations.38 Rather surprisingly, we find
that the periodicity (ΔB ≈ 250 mT) of the AhB-oscillations
remains independent of the filling factor ν (Figure 2f),
suggesting diminished Coulomb charging effects between the
charge carrier trajectories. From the periodicity of the AB
phase, ϕAB = BAloop/Φ0, we estimate the enclosed loop area
Aloop ≈ 1.6 ×10−14 m−2, which is exactly twice the area of the
moire ́ unit cell (Amoire)́ and corroborates the results from the
density-modulated oscillation shown in Figure 2b. Further-
more, we observe that the periodicity of AhB-oscillations
remains unchanged (ΔB ≈ 240 mT) for the next nearest
channel with similar θ and channel length, suggesting that ΔB
depends only on the twist angle, i.e. the size of the moire ́ lattice
(Figure S2, Supporting Information). This indicates that the
interference area is intrinsic to the triangular domain structure
of the moire ́ lattice across the mtBLG device and is not related

to any twist-angle inhomogeneity in the sample or parallel
transport though the bulk.
We now turn to the results of Vxx2ω in the combined n−B

phase space. Figure 3a,b illustrates the color map of Vxx2ω at |ν| =
4. The loci of the constructive and destructive interference
phases can be identified by the contrasting diagonal lines. The
cumulative index j for the total interference phase can be
described as

= ±j
L k A B

2
tot F loop

0 (2)

The spacing between the two constructive interference is

= ± =j 1L k A B

2
tot F loop

0
. For AhB-oscillations in mtBLG, the

phase associated with the path difference and the magnetic
phase can be added in either a constructive or destructive way,
which is equivalent to traversing the path in a clockwise or
anticlockwise direction. This is captured by the both signs in
eq 2.28 However, we observe only positive slopes for the
diagonal lines in the n−B phase space. This was further verified
in the negative magnetic field at ν = −4 as shown in Figure 3b.
We note that the observed positive sign of the slope is similar
to the slope of the Landau fans emanating from the CNP. The
absence of a negative slope in the n−B phase plane indicates
that the motion of the charge carriers are allowed only in one
direction, which is characteristically similar to the interference
resulting from the QH states.3 We also validate the positive
slope of the constant-phase line at higher doping and magnetic
fields but at the same Landau level ν = 4 (Figure 3c). The
diagonal lines in the n−B phase space at |ν| = 4 reveal a
primary slope α ≈ 1.24 × 1015 m−2 T−1 (indicated by the black
dashed lines in Figure 3a−c) along with weaker diagonal lines
with slopes 2α (blue) and 3α (pink dashed lines). The latter
correspond to higher harmonics of the same effective
interfering area but different path length. Notably, varying
Vtg in mtBLG changes the n(EF) alone, which allows the
observation of coupled oscillations in the n−B phase space

Figure 3. Interference patterns in n − B phase space at ν = 4. Color plot of Vxx2ω in the n − B phase space at (a) ν = +4, (b) ν = −4, and (c) ν = +4
at higher doping and magnetic fields, respectively. The diagonal contrast shows the evolution of maxima/minima in the interference phase in the
n−B phase space. The dashed lines show the magnitude of the slope α ≈ 1.24 × 1015 m−2 T−1 (black), 2α (blue), and 3α (pink), respectively, as a
guide to the eye.
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without changing the interference area, which is distinct from
QH interferometers based on graphene15 or GaAs systems.3,38

To elucidate the modulation of the interference phase in n
and B, we propose the following. In the QH regime, the
trajectories of the charge carriers are heavily influenced by the
perpendicular magnetic field and the underlying moire ́ lattice.
Because the domain walls separate the triangular AB/BA
regions, the QH chiral channels will manifest along the domain
walls (see Figure 4a) forming local Landau levels inside the

AB/BA domains.42,43 Importantly, the domain walls function
as a sample edge in the QH regime. The AA regions can
function as nodes that facilitate tunneling between the local
chiral edge channels of the neighboring AB/BA regions. The
“hopping” of the charge carriers to neighboring QH channels
gives rise to propagating modes that can carry charge and
heat.44 FP and AhB-oscillations can arise when the propagating
modes interfere and enclose the finite magnetic flux as shown
by the schematic in Figure 4b. This is conceptually similar to
the formation of propagating zigzag channels and pseudo-
Landau levels in mtBLG under a large vertical displacement
field.44−47 However, it is important to note that the
interference associated with the QH channels is qualitatively
different compared to that of the valley-polarized chiral
channels. The latter only appears when the Fermi energy is
within the displacement field-induced gap, while the former
depends on the local Landau level formation within the AB/
BA domains. Because any AA region can host hopping, this
gives rise to the large number of the possible propagating
modes, and the wave function of the charge carrier becomes

extended. This is contrary to the QH interference in GaAs
systems, where the small area of the interferometer can only
host a finite amount of charge, and the confinement effect
plays a dominant role. We postulate that the extended nature
of wave function leads to diminished Coulomb repulsion
between the charge carrier even though the pseudo-Landau
levels are localized within the domains. Furthermore, because
only the AA-stacked regions can facilitate the hopping of
charge carriers, the total scattering cross section is considerably
reduced. This enables phase coherence between the propagat-
ing modes over the sample dimension.
Remarkably, we find that the maxima/minima diagonal lines

in the n−B phase space are linear to the variation of n and B.
This suggests that, rather importantly, when the device is
operated in the QH regime, kF ∼ nQH, where nQH is the 1D
number density of charge carriers. This linear dependence is in
stark contrast to the conventional 2D case, and can be
attributed to the 1D motion of the charge carriers. nQH can be
estimated from the gate-induced number density (n) using nQH
= n/Nch, where =N 2 3 /ch is the density of edge channel
per unit length (see Supporting Information for more details).
Using nQH in eq 2, we get =L A g2 3 /tot loop 0, where g is
the degeneracy of the carriers. The experimentally obtained α
and Aloop renders Ltot ≈ 450 nm, which is ∼4λ. However, the
estimated Ltot is too small to enclose an area of Aloop ≈ 1.6 ×
10−14 m−2 ( 3 2). This apparent discrepancy can be
resolved when we consider the fact that all the charge carriers
will be unlikely to participate in the 1D transport. Therefore, a
fraction of charge carriers from the gate induced carrier density
(n) should manifest in the 1D density nQH. This leads to an
underestimation of Ltot. Although the extracted area Aloop
(≈2Amoire)́ corresponds to a trajectory that encloses an
effective area consisting of four AB/BA domains, the exact
path length can manifest in many different geometries
depending on the interference condition. We note that the
minimum path length required to enclose Aloop is 6λ, which
corresponds to a triangular effective area; however, other
trajectories are also possible. In the QH regime, each node
(AA-stacked region) can support transfer of three incoming
channels and three outgoing channels. This allows for different
Ltot enclosing the same area.

27 We speculate that this leads to
multiple harmonics in the observed slopes of the diagonal
maxima/minima lines in the n−B phase space in Figure 3a−c.
In conclusion, we have measured magneto-thermopower

transport in a mtBLG sample with θ ≈ 0.16°. We find periodic
oscillations of thermovoltage in both n and B that is consistent
with electronic FP and AhB interference between charge
carrier trajectories that enclose a finite magnetic flux at a low
temperature (3 K). The periodic oscillations could only be
detected in thermovoltage measurements and not in conven-
tional resistance measurements. The resonance patterns
emerge only in the the QH regime at Landau fillings ν = 4
and 8, and persist throughout the different channels of the
device. We estimate the enclosed loop area from the
periodicity of AhB-oscillations, which is comparable to the
moire ́ lattice size. Our observations indicate that charge
carriers form local Landau levels within the AB/BA domains,
and the neighboring QH modes interfere through AA regions.
The intrinsic quantum Hall interference effect in mtBLG may
act as a novel platform for realizing anyonic statistics in the
fractional QH regime.

Figure 4. Interference of Quantum Hall (QH) states. (a) Schematic
showing the formation of local Landau levels within the AB/BA
domains in QH regime. The arrow shows tunneling or “hopping”
between two neighboring local Landau levels facilitated by the AA-
stacked regions. (b) Schematic showing an example of interference
between two trajectories (black dashed lines) that enclose a finite
magnetic flux through a moire ́ unit cell. .
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Fabry-Peŕot quantum Hall interferometer. Phys. Rev. B 2011, 83,
155440.
(11) Von Keyserlingk, C.; Simon, S.; Rosenow, B. Enhanced bulk-
edge Coulomb coupling in fractional Fabry-Perot interferometers.
Phys. Rev. Lett. 2015, 115, 126807.
(12) Gurman, I.; Sabo, R.; Heiblum, M.; Umansky, V.; Mahalu, D.
Dephasing of an electronic two-path interferometer. Phys. Rev. B
2016, 93, 121412.
(13) Ofek, N.; Bid, A.; Heiblum, M.; Stern, A.; Umansky, V.;
Mahalu, D. Role of interactions in an electronic Fabry−Perot
interferometer operating in the quantum Hall effect regime. Proc.
Natl. Acad. Sci. 2010, 107, 5276−5281.
(14) Bhattacharyya, R.; Banerjee, M.; Heiblum, M.; Mahalu, D.;
Umansky, V. Melting of interference in the fractional quantum Hall
effect: Appearance of neutral modes. Phys. Rev. Lett. 2019, 122,
246801.
(15) Ronen, Y.; et al. Aharonov-Bohm effect in graphene-based
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