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Anyons are two-dimensional particles with fractional exchange statistics that emerge as elementary
excitations of fractional quantumHall phases. Experimentally, their exchange statistics can bemeasured in the
edge-state Fabry-Pérot interferometer,wherein the presence ofNqp localized anyons contributes a phaseNqpθa
to the interference pattern where θa is twice the exchange phase. Here we report the observation of large,
hysteretic phase jumps in amonolayer graphene Fabry-Pérot interferometer at ν ¼ 1=3.When the filling factor
is increased from ν < 1=3 toward the center of the plateau, we observe phase slipswithmagnitudeΔθ ≈ 2π=3,
consistent with the addition of individual quasiparticles to the interferometer bulk. These phase slips occur as
instantaneous jumps in the interference signal, with intervals between the jumps indicating quasiparticle
equilibration times exceeding 20 min. We use this long timescale to investigate the effect of changes in
interferometer areaAI andNqp independently at fixedmagnetic field, revealing a strikingmemory effect in the
phase slipmagnitude. In particular, as the ν ¼ 1=3 plateau is approached fromhigher filling,weobservedphase
slipswithΔθ significantly larger than2π=3 over the same range of gatevoltagewhere quantized jumps are seen
for increasing ν. We discuss this asymmetry in terms of bulk-edge coupling of quasiparticles localized near the
edge or in the bulk, and argue that this effect can be qualitatively reconciled with theoretical expectations for
strongly interacting quasiparticles in the presence of weak disorder and strongly nonequilibrium charge
dynamics.Besides providing a replication of interferometricmeasurements sensitive to θa, our results highlight
the key role played by charge dynamics on signatures of the anyon phase, and demonstrate that fractional
quasiparticles can be indefinitely localized in nonequilibrium configurations.

DOI: 10.1103/fwjg-mx9h Subject Areas: Condensed Matter Physics,
Graphene, Quantum Physics

I. INTRODUCTION

When an Abelian anyon is brought along a closed
trajectory encircling Nqp localized anyons, its wave func-
tion accumulates a phase

θ

2π
¼ e�

e
AIB
Φ0

þ Nqp
θa
2π

; ð1Þ

where AI is the area of the loop, B is the applied magnetic
field, θa is twice the exchange phase, and e� is the
quasiparticle charge [1–6]. Quantum Hall edge-state
Fabry-Pérot interferometers exploit the contrast between
localized anyons in the bulk and propagating anyonic
quasiparticles along the chiral edge modes to directly
observe this phase [7–10]. In a Fabry-Pérot interferom-
eter, delocalized quasiparticles enter the cavity via a
quantum point contact (QPC) and propagate along the
edge to a second QPC; they can then exit the cavity
immediately or complete an integer number of additional
circuits before exiting. Trajectories differing by the
number of circuits give an interference contribution
to the conductance δG that is periodic in θ and can be
measured as a function of B, AI , or Nqp. The clearest
signature of anyonic statistics is expected if Nqp changes
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discretely while keeping AI and B fixed; the resulting
jump in θ then gives θa directly.
Fabry-Pérot interferometers have been investigated in

GaAs heterostructures for nearly two decades [11–21].
These experiments have revealed that Coulomb interactions
complicate the naive interpretation that a jump in θ entirely
arises from the anyonic exchange phase [10]. Specifically,
as charge enters the bulk of the interferometer, Coulomb
repulsion may cause a change in AI , leading to an
observable phase shift even for fermionic quasiparticles.
If the “bulk-edge coupling” is large, this change in the
Aharonov-Bohm phase can completely obscure the con-
tribution of θa. Recently, a breakthrough in the design of
GaAs heterostructures led to the observation of phase shifts
that agree quantitatively with the expected θa ¼ 2π=3 in the
ν ¼ 1=3 state [18–20,22]. Graphene heterostructures are a
natural venue in which to extend these results owing to the
large fractional quantum Hall energy gaps observed at both
odd- [23–26] and even-denominator filling factors [27–31].
Moreover, the nearby graphite gates in typical dual-gated
geometries ensure a high degree of screening, suppressing
bulk-edge coupling. Indeed, measurements of Fabry-Pérot
interferometers in graphene have uniformly observed
Aharonov-Bohm dominated interference in both integer
and fractional filling factors [32–37].

II. FABRY-PÉROT INTERFERENCE IN ν = 1=3

In this work, we study a monolayer graphene gate-
defined Fabry-Pérot interferometer, shown schematically
in Fig. 1(a). The interferometer is fabricated using anodic
oxidation lithography to define the gate structure in a
graphite layer. Dry van der Waals assembly techniques are
then used to form a device with six separately gated regions
[38]. In our device [Fig. 1(a)], two pairs of gates (NE/SE
and NW/SW) define QPCs, while a plunger gate (P)
provides additional control over the interferometer area.
The center gate (C) and a global graphite bottom gate are
used, together, to set the filling factor and, through fringe
electric fields, adjust the transmission through the QPCs.
All data are measured in a dry dilution refrigerator with a
base temperature of 17 mK. Transport data at B ¼ 9 T as a
function of a common voltage applied to all six top gates in
Fig. 1(b) show well-developed plateaus at filling factor 1=3
and 2=3. We operate our interferometer within the 1=3
plateau at the indicated point at B ¼ 9 T. We measure the
transmission through the interferometer via the diagonal
conductance, GD ≡ Iout=ðVþ − V−Þ [see Fig. 1(a)]. To
confirm that our experiment is probing chiral edge modes
of the 1=3 state, we measure the source-drain bias depend-
ence of the two QPCs in the partial transmission regime
individually. As shown in Fig. 1(c), both show strong
suppression of GD at low bias, as expected for tunneling
between chiral Luttinger liquids at the QPCs [39–46]. This
behavior is neither expected nor observed in the integer
quantum Hall regime (see Supplemental Material [47] for a

comparable measurement in the ν ¼ 2 state, showing no
zero-bias suppression).
Figure 2(a) shows GD at ν ¼ 1=3 with both QPCs set to

partial pinch-off as a function of VP and B (QPC operating
set points are shown in Supplemental Material [47]). The
interference shows high-visibility oscillations with lines of
constant phase having a negative slope in the VP-B plane,
consistent with an Aharonov-Bohm dominated interference
phase [10]. Following Eq. (1), we estimate the effective
interferometer area to be AI ¼ 3Φ0=ΔB ¼ 0.69–0.83 μm2

based on the ΔB ≈ 15–18 mT field period of the
oscillations. This agrees with the nominal device area of
0.74 − 0.83 μm2 of the patterned graphite gates (see
Supplemental Material for a more detailed analysis of
the magnetic field period [47]). Estimates of the edge state
velocity [47] give v ¼ 6.2� 0.2 × 104 m=s, comparable to
prior estimates for integer quantum Hall edge states in
graphene [32,33,35,48]. We also characterize the visibility
of Aharanov-Bohm interference at ν ¼ 1=3 as a function of

VSD  (μV)
400-400 0

0.0

0.1

0.2

0.3

1/3

2/3

0.0

1.0

G
X
Y
 (e

2 /h
)

2.01.6
VTOP  (V)

(a)

(b) (c)

G
D
 (e

2 /h
)

V+

V-
Vsrc Iout

0 3

(a)

(c)
+

V-

src

FIG. 1. Device schematic and characterization in the ν ¼ 1=3
state. (a) Schematic of the dual-graphite gated edge state Fabry-
Pérot interferometer. The gates defining the interferometer are
labeled C, NW, SW, NE, SE, and P. Edge states are formed in the
monolayer graphene around the C-gated region and enter the
interferometer via two QPCs tuned by the NW/SW and NE/SE
gates. There is also a global graphite back gate (BG). (b) Hall
conductance GXY measured on the west side of the device as a
function of the voltage VTOP applied to all top gates together, with
a fixed back gate voltage VBG ¼ −1.5V at B ¼ 9 T and
T ¼ 18 mK. (c) Conductance through each QPC vs the dc
source-drain bias VSD (applied as an added voltage on the source
electrode), with the VBG ¼ −2.0V throughout. The blue trace was
taken with the C/P/NW/SW regions at filling 1=3 (VC=P=NW=SW ¼
2.232 V), and the NE/SE regions depleted (VNE=SE ¼ −4.1V).
The red trace was taken with the NE/SE regions at filling 1=3
(VC=P=NE=SE ¼ 2.232 V) and the NW/SW regions depleted
(VNW=SW ¼ 0.5 V).
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temperature where we extract a characteristic temperature
scale T0 ¼ 87 mK (see Supplemental Material [47]).
In addition to the continuously tuned Aharonov-Bohm

phase giving rise to the negative slope, the most striking
feature of Fig. 2(a) is the presence of “hard” phase slips,
where the interference phase changes instantaneously with
respect to the 30-sec measurement time of each individual
VP trace, resulting in an apparent discontinuity between
traces taken at subsequent magnetic fields. We also observe
two clear “soft” phase slips, located at VP ¼ −0.1V and
VP ¼ −0.8V, which are tuned continuously with VP. These
phase slips are nearly horizontal in the VP-B plane,
indicating a strong degree of capacitive coupling to the
plunger gate likely from a localized defect state near the
interferometer boundary. Defects of this type have been
investigated in the integer quantum Hall regime in a
previous work [49]. Here we focus on the hard phase slips
which constitute the majority of the observed events.
To quantify the magnitude of the phase slips, we

compute the Fourier transform of GD with respect to VP

(over the range VP ∈ ½−2.25V;−0.78V� in order to avoid
the effect of the soft phase slips) for each value of B
and extract the phase of the largest-magnitude peak,
which determines the oscillation phase θ. Per Eq. (1),
θ is expected to contain both a smoothly varying Aharonov-
Bohm contribution as well as discrete contributions
proportional to Nqp. The latter term includes the anyon
double-exchange phase, as in Eq. (1), as well as the effect
of bulk-edge coupling, which induced Nqp-dependent
shifts in AI [10]. To isolate the Nqp-dependent terms, we
take a running trimmed mean of the line-by-line phase
differences and subtract it from the measured phase (see
Supplemental Material [47]).
The residual phase, θ − θAB, is plotted in Fig. 2(b). As

this determines only the phase difference modulo 2π, we
adopt the convention Δθ∈ ð−π; πÞ. The magnitude of each
phase slip is calculated from the difference in average value
between intervals of stable phase. The statistical error in the
phase slip measurements is small; repeated measurements
within a single interval of stable phase show a standard
deviation of σθ ≈ 0.012 × 2π. A larger source of error arises
from the fact that the oscillations are not perfectly periodic
in VP, generating different values of θ for different
components of the Fourier transform. We estimate that
this error may be as high as �2π × 0.04 (see Supplemental
Material [47]). Most of the marked phase slips are con-
sistent, within this uncertainty, with Δθ ¼ �2π=3.
In GaAs, observed phase slips are always soft: they

evolve continuously with both B and gate voltage [19]. This
is consistent with an equilibrium picture in which quasi-
particles move between the interior and exterior of the
interferometer loop on timescales much faster than the
integration time of the measurement. Our observation
in Fig. 2(a) of hard slips, which appear instantaneous on
measurement timescales, is not consistent with this picture,
instead implying that quasiparticle dynamics are irrevers-
ible. This is observed directly in Figs. 3(a) and 3(b), where
we contrast interference plots taken as a function of
increasing and decreasing B. In these plots, VP is fixed
while VC is swept rapidly to vary the interferometer area
and produce an interference pattern, while B is ramped
from minimum to maximum over 33 min. In Fig. 3(a),
a series of discrete slips are observed. However, phase slips
do not occur until the magnetic field has already been
increased by 70 mT, nearly 20 min after the beginning of
the measurement.
Reversing the direction of the B sweep [Fig. 3(b)] reveals

a hysteretic behavior where phase slips start only after the
field is lowered sufficiently. Evidently, the location of a
given phase slip in our experiment is not an equilibrium
property, but depends on the history of the system. Notably,
the Aharonov-Bohm phase at the beginning of the mea-
surements in both Figs. 3(a) and 3(b) evolves through
several periods as a function of B. This implies that the
magnetic flux through the interferometer changes by

0.040.00
ν = 1/3

8.85 8.958.90 9.00

A
B
)/

2π

GD (e2/h)
V

P
 (

V
)

(a)

(b)

0

1

-1

-2

0.5

-0.5

-1.5

-0.357
-0.339

-0.352
-0.340

-0.349
-0.232

-0.134-0.194
-0.356

-0.324
-0.343

-0.368

-0.371
-0.340

0.249

0.305

-0.049

8.85 8.958.90 9.00
B (T)

B

B (T)

FIG. 2. Fabry-Pérot interference at ν ¼ 1=3. (a) GD measured
across the interferometer at ν ¼ 1=3, with both QPCs partially
transmitting. The magnetic field is swept from low to high.
(b) The phase extracted from the Fourier transform of the data in
(a). A continuous Aharonov-Bohm phase is subtracted, and we
adopt the convention Δθ∈ ð−π; πÞ.
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several quanta at fixed anyon charge and approximately
fixed size, despite it being energetically favorable to add a
quasihole to the bulk with each added flux quantum.
This hysteretic, sudden phase slip behavior is distinct

from the three-state random telegraph noise observed in a
parallel work studying a similar dual-gated graphene
interferometer [37]. There, phase slips occur indefinitely
as a function of time even when the magnetic field and gate
voltage are fixed, indicating fluctuations in the number of
anyons while the system remains close to equilibrium. In
our experiment, no phase slips occur when the gate voltage
and magnetic field are held fixed over timescales of hours,
or even when they are swept over a sufficiently small range
(see Supplemental Material [47]).
The picture in Fig. 3 can be at least partially understood

as a consequence of exceptionally slow charge dynamics.
As illustrated in Fig. 4, slow charging leads to a discrep-
ancy between the equilibrium value of the compressible
edge-state chemical potential μedge, which is set by the gate
voltages and magnetic field and directly determines the area
of the interference cavity, and the actual chemical potential
of the graphene layer μbulkðtÞ. The value of μbulkðtÞ requires
quasiparticle trapping sites to be filled to equilibrate; if the
trapping sites are sufficiently separated from the edge by
the incompressible quantum Hall bulk, tunneling events
may take minutes to hours to occur after it becomes
energetically favorable to do so.
In a previous experiment on a device of nearly identical

construction, we investigated the effects of slow charging in
the integer quantum Hall regime. There, the observed phase

slips (which in that case arise entirely from bulk-edge
coupling) originated from a well-understood equilibrium
charging picture, but became sudden-in-time and hysteretic
as we continuously adjusted the dynamical barrier to
charging the bulk with density and magnetic field [49].
Thus, while it is remarkable to see this effect at the single
fractional quasiparticle level, its occurrence is not completely
unexpected. Long charging times are a characteristic of
quantum Hall systems [50,51], particularly in similarly
fabricated graphene devices which boast low disorder and
larger energy gaps for quantum Hall states compared to
competing platforms, such as GaAs quantum wells [52].
While slow charge dynamics naturally explains the

phase-slip-free Aharanov-Bohm evolution we observe in
the beginning of Figs. 3(a) and 3(b), it is important to note
that the number of sharp phase slips observed in the upward
field sweep is significantly fewer than the number in the
reversed field sweep. This must indicate that some trapping
sites filled during the measurement of Fig. 3(a) are never
depopulated during the measurement taken in Fig. 3(b).
This hysteresis implies the charging and discharging times
must be different from each other, and begs the question
what the broader consequences of such memory effects
may be on the phase slip phenomenology.

III. MEMORY EFFECT AND ANOMALOUS
PHASE SLIP MAGNITUDES

The long charging time allows us to measure the phase
slips systematically at fixed magnetic field, eliminating any
change in cavity area not a direct result of ΔNqp. This is
accomplished by modulating a single gate voltage faster
than the charging time over a small range that nevertheless
allows us to measure the interference phase, and then
slowly varying the center of that gate voltage range to
increment Nqp. Figure 5(a) shows data taken in this way at
B ¼ 9 T as a function of VC. In this measurement, VC is
swept over a range spanning roughly 10 oscillations in
approximately 30 sec. The range is adjusted from trace to
trace, so that the average value of VC increments slowly

edge(t)

bulk(t)En
er

gy

Position

FIG. 4. Irreversible charging dynamics. Localized states within
the fractional quantum Hall energy gap have slow tunneling rates
to the gapless edge; as a result, the chemical potential of the
electrically isolated bulk (μbulk) lags the chemical potential of the
edge (μedge) during a ramp of the magnetic field or gate voltage.
In this schematic, purple indicates filled states.

8.88 9.0
(b)

2.225

2.220

(a)

0.05

0.20
GD (e2/h)

V C
 (V

)
V C

 (V
)

B (T)

8.88 9.0B (T)

2.225

2.220

t (min)0 30

t (min) 030

FIG. 3. Magnetic field hysteresis. (a) GD vs VC as the magnetic
field is swept from 8.88 to 9 T. The latter half of the measurement
shows many sudden phase jumps, beginning at B ¼ 8.95 T and
continuing until the end of the sweep. (b) GD vs VC as the
magnetic field is swept from 9 to 8.88 T. The hard phase slips
differ in exact location as compared to (a); in particular, they do
not begin until B < 8.97 T and then continue until the end of the
sweep at B ¼ 8.88 T.
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over about one hour. Most successive traces show
identical oscillatory patterns, but a pattern of abrupt
phase slips is again evident. We label adjacent traces
with the same phase with the same color, highlighting the
stability of the phase over multiple scans. Notably, the
apparent hysteresis in Fig. 5(a), while similar to that
observed as a function of magnetic field, is even more
extreme: A series of phase slips are visible for increasing

VC, but the phase remains perfectly stable as VC is
decreased back over the same range.
Figure 5(b) shows the phase θ of each trace extracted

from the discrete Fourier transform. Notably, no back-
ground subtraction is necessary at constant B. We observe
18 phase slips over this range with a mean value of
2π × 0.334 and a standard deviation of 2π × 0.038. We
interpret each of these slips as the entry of a single e=3
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FIG. 5. Gate hysteretic phase slips at constant field. (a) Repeated line traces of the conductance GD plotted as a function of VC. Traces
are vertically offset by an amount proportional to the time between the start of each trace. The window over which VC is swept gradually
increases over time, favoring an increase in the number of quasiparticles. Interpreting each phase slip as the addition of a single anyon,
the traces are grouped into distinct classes α, β, and γ corresponding to the respective values of Nqp mod 3. No phase slips are seen as
the gate voltage is swept back over the range in the reverse direction. (b) The phases extracted from the Fourier transform of each trace in
(a) are plotted in red. Each phase jump is assumed to lie in the interval ð−π; πÞ. Blue points correspond to the magnitude of each sudden
jump in θ. (c),(d) Collections of line traces from each set of three adjacent classes αi, βi, γi plotted over the region where the data overlap
in VC. The stability of the phase is apparent given the overlap between traces within a given class, while the classes are offset from each
other by a ∼2π=3 phase shift.
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quasiparticle into the interferometer (or the neutralization
of a single −e=3 quasihole). We correspondingly collect
traces into groups where the phase is the same, and label
these by a Greek letter fα; β; γg corresponding to
Nqp mod 3. A numerical subscript distinguishes traces
with the same Nqp mod 3 that are separated by three phase
slips; assuming each phase slip corresponds to entry of a
single fractionally charged quasiparticle, these traces cor-
respond to charge configurations differing by an integer
number of whole electron charges in the interferometer.
Figures 5(c) and 5(d) compare traces fαi; βi; γig for
i ¼ f1;…; 6g. Each comparison shows a clear “triple-
helix” pattern arising from the 2π=3 relative phase shift
between each set of curves.
The large hysteresis observed in Fig. 5 raises broader

questions about the role of memory effects in quasiparticle
dynamics and phase slip phenomenology. To investigate
this, we perform repeated measurements following the
protocol of Fig. 5, in which the interferometer phase is
measured by rapid rastering of VC in a small range while
the center of this window, denoted V̄C, is slowly changed

within the transport plateau. Besides performing multiple
repetitions of the same trajectories, we also intersperse
these measurements with “excursions” to either higher or
lower V̄C outside the transport plateau. This measurement
protocol is shown in Fig. 6(a). During the intervals
indicated by the solid black line, interferometeric phase
data are collected continuously by rasterizing VC while V̄C
is adjusted or held fixed. During the regions denoted by
dotted black lines, V̄C is either held constant or swept over
the indicated range without taking interferometry data
(in these dashed regions VC is not rasterized). While these
excursions are not precisely timed, they are typically
several minutes in duration. The magnetic field and all
other gate voltages are held constant for the entire course
of the experiment. Repeated measurements of the inter-
ferometer phase in the same gate voltage regime
[V̄C ∈ ð2.223; 2.243Þ] are color coded by two criteria:
(1) whether they are measured for rising or falling V̄C
(and thus average ν) and (2) whether they are directly
preceded by an excursion to large or small V̄C before the
falling or rising trajectories, respectively. We denote the
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four scenarios by ↑;↓; e↑; e↓, where the arrow indicates the
sweep direction, and a wavy line indicates that the sweep
was directly preceded by an excursion outside the transport
plateau. Phase slip data for each of the resulting four sweep
types are shown in Figs. 6(b)–6(e).
A striking pattern is evident in the presence or absence of

phase slips for a given measurement. Specifically, multiple
phase slips are observed consistently upon entry to the
plateau from larger or smaller V̄C (types e↑; e↓), but none are
observed when the gate voltage direction is reversed within
the plateau (types ↑;↓). Consequently, multiple phase slips
are observed for increasing V̄C only on the first entry of the
plateau from below [e↑, Fig. 6(b)], but are observed for
decreasing V̄C only for the first entry of the plateau from
above [e↓, Fig. 6(c)]. With the exception of the occasional
events observed in Fig. 6(d), slips are never observed upon
repeated reversal within the plateau for either sweep
direction (↑;↓) after the first sweep until the voltage is
again swept well outside the central range.
The presence of hysteresis makes it clear that different

microscopic charge configurations can be accessed at the
same values of VC depending on the history of the system.
This is most obvious in the irreversible ratcheting of Nqp,
which is consistent with a mobility gap near the plateau
center where charge equilibration times become far larger
than experimentally accessible. Less obvious is the fact that
rising- and falling-bar V̄C traces may access radically
different charge configurations. The large excursions in
V̄C preceding a rising or falling trace will tend to heavily
dope the interferometer; e↑ sweeps thus begin from a state
with many quasiholes while e↓ begin with many quasipar-
ticles. Owing to the presence of the mobility gap, e↓ traces
presumably correspond to removing quasiparticles from the
heavily quasiparticle-doped ν ¼ 1=3 vacuum, while e↑
traces correspond to removing quasiholes from the heavily
quasihole-doped ν ¼ 1=3. The difference between these
regimes is highlighted by the asymmetry in the experi-
mentally determined phase slip magnitude. As shown in
the insets of Figs. 6(b) and 6(c), while the phase slip
magnitudes for e↑ traces are clustered around the expected,
quantized value Δθ ¼ 2π=3, for the e↓ data the value is
instead near Δθ=2π ¼ −0.43 [Fig. 6(c)]. Notably, the
standard deviation of Δθ in Fig. 6(c), where the phase
slips are not consistent with the expected quantized values,
is no higher than in Fig. 2(a) or 6(b), where Δθ ≈ 2π=3.
The discrepancy between the observed phase slip mag-

nitude for e↓ and the expected quantized value calls into
question the interpretation of these slips in terms of the
anyon statistical phase θa. Deviation from a quantized
value (e.g., θa ¼ 2π=3 for e=3 anyons, or θa ¼ 2π for
whole electrons) is most naturally accounted for by
invoking bulk-edge coupling. We consider two scenarios.
In the first, phase slips correspond to the changing the

interferometer charge by e=3. In this case, the quantized
phase slips observed for rising V̄C correspond to addition of
single anyons to states with negligible bulk-edge coupling,
so that the entire phase slip is generated by θa. Decreasing
V̄C then must change the anyon number closer to the edge,
where bulk-edge coupling effects are strong. Alternatively,
the phase slips could be entirely generated by bulk-edge
coupling as would be the case if each event corresponds to
the addition of a whole electron, with no observable
contribution from θa. In either scenario, the asymmetry
in the measured values of Δθ indicates that the added
charge induced for rising and falling V̄C must occupy
different orbital states with contrasting bulk-edge coupling.
Before analyzing these scenarios quantitatively, we note

that the tight clustering of the observed phase slips’
magnitudes already imposes constraints on the underlying
microscopic picture. In particular, this observation is
inconsistent with a picture where quasiparticles are added
to pinning sites randomly distributed throughout the bulk,
which would result in a large variation in the bulk-edge
coupling and consequently the phase slip values. Instead,
the tight clustering of phase slip values is more consistent
with a picture where quasiparticles are added to a com-
pressible “puddle” of charge, so that successive addition of
quantized charges produces phase slips of nearly the same
magnitude. Notably, our previous study of this regime at
ν ¼ −1 in a device of similar construction found phase
slips with magnitudes Δθ ≤ 0.1, considerably smaller than
reported here [49].
The phenomenological theory of bulk-edge coupling

[10] gives the phase slip magnitude Δθ in terms of the
variables KI and KIL, which parametrize the energetic cost
to add charge to the interferometer edge and the cross
coupling between the edge and the bulk, as

Δθ ¼ 2πe�ð1 − KIL=KIÞ: ð2Þ

where e� ¼ q=e. KI ¼ hvedge=Lν can be determined by
measuring the change in common mode voltage applied
to both the source and drain electrodes simultaneously
required to induce a Δθ ¼ 2π phase shift; we find
KI ¼ 234 μeV. KIL can be estimated separately using a
simple microscopic model of a compressible puddle,
separated by a distance l from the edge state [47]. KIL
is maximal when the bulk puddle reaches all the way to the
edge, and decreases with increasing separation between
edge and bulk. Within this model, the upper bound on KIL
is half the charging energy of the interferometer bulk,

KIL ≤
1

2

e2

Cg
bulk

; ð3Þ

where Cg
bulk is the total geometric capacitance of the

interferometer bulk. We estimate Cg
bulk ≈ 2ϵA=d, where d

is the average distance to the gates and ϵ ≈ 3.25ϵ0 is the
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c-axis dielectric constant of h-BN, from which we deter-
mine an upper bound, KIL ≤ 80 μeV.
Given our estimated KI , then, KIL may be determined

from the measured Δθ to check if it is consistent with this
bound. For the case of adding an integer electron charge,
q ¼ e, the measured Δθ=2π ¼ 0.334 and −0.434 give
KIL ¼ 155 and 132 μeV, respectively, both of which
violate the bound. Our data are thus incompatible with a
model of a compressible puddle to which integer electron
charges are added. Notably, this contrasts with a similar
analysis of data from integer filling, where this model is
found to be in agreement with observations [49].
In a picture where the compressible puddle is composed

of e=3 quasiparticles, the quantized slips of Fig. 6(b) for
the e↑ data imply a negligible bulk-edge coupling. This is
consistent with prior results at ν ¼ −1 [49], which found
ð1 − KIL=KIÞ ≈ 0.9. Comparable bulk-edge coupling
would lead to an expected Δθ ≈ 0.3 for anyons at
ν ¼ 1=3. However, a crucial feature of the bulk-edge
coupling is that in general it only reduces the observed
phase slip magnitude associated with the entry of a single
quasiparticle. Thus the phase slips with Δθ ¼ −0.43 in
Fig. 6(c) for the e↓ sweeps cannot be accounted for in a
model where each slip corresponds to the addition of only
one e=3 quasiparticle, even near the sample boundary.
Thus, while the nonquantized value implies that bulk-

edge coupling must play a role in determining the phase
slip magnitudes, it is also evident that neither a model based
on whole-electron jumps nor single-e=3 quasiparticle
jumps can account for the observed slips. This motivates
consideration of alternative processes, such as those
involving multiple quasiparticles. In particular, correlated
dynamics—whereby quasiparticles may enter or exit in
pairs—could give rise to phase slips with magnitudes
distinct from those expected for individual particles.
In the following section, we identify evidence for such
processes by analyzing the fine structure of individual
interference patterns—i.e., features beyond the primary
phase—encoded in modulations of the fringe amplitudes.

IV. TIME-DOMAIN RECONSTRUCTION
OF A 2e=3 JUMP

Within an individual panel of Fig. 5(a), all curves are
measured under identical conditions of magnetic field and
applied gate voltages. As might be expected, traces taken
at different times prior to a charging event show excellent
reproducibility. A less obvious question is whether the
addition of charge q ¼ e to the interferometer, particularly
when it occurs deep in the bulk, modifies the GD − VC
relation even though no effect on the interferometer phase
is expected. In Figs. 7(a)–7(c), we collect traces from the
data of Fig. 5(a) which are separated by three quantized
phase slips, and, indeed, see no discernible change in the
oscillation phase. Notably, however, despite accumulating

Δθ ¼ 2π, traces which represent charge configurations
differing by a whole electron—e.g., α3 and α4—remain
distinguishable through deviations in the precise amplitude
of individual interference fringes. This effect is robust
across nearly all groups of traces separated by a 2π phase
shift (see Supplemental Material for the complete set [47]).
We speculate that this “charge fingerprint” encoded in the
fringe intensities arises from the exponential sensitivity of
transmission through our quantum point contacts to their
electrostatic environment—including the electrical poten-
tial generated by the addition of even a gate-screened
electrical charge in the bulk.
Regardless of microscopic origin, however, the pattern of

oscillation amplitudes provides information about the
charge configuration not contained in the oscillation phase
alone. As a result, it allows us to extract information
about the absolute phase (interpreted as the total electron
charge in the interferometer [53]) rather than just the
phase modulo 2π. This in turn allows us to resolve
quasiparticle entry and exit under static experimental
conditions in the time domain.
Figure 8(a) shows the result of ramping the magnetic

field to a set point and then, starting from t ¼ 0, leaving it
constant for 35 min while continuing to repeatedly ramp VC
over a small (∼1.5 mV) range. Several phase slips
are visible over the course of the experiment, separating
regions of stable phase which we label I–VII in Fig. 8(b). If
the phase jumps were assumed to fall into the interval
ð−π; πÞ, their nearly consistent magnitudes could lead to
the conclusion that every jump corresponds to the addition
of one quasiparticle, as is energetically favored by the
reduction in total flux at the beginning of the measurement.
However, a close examination of the measured conduct-

ance [Fig. 8(b), insets] shows the fringe intensity patterns in
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overlap, corresponding to the classes in Fig. 5(a) labeled (a) α3
and α4, (b) β3 and β4, and (c) γ3 and γ4.

NOAH L. SAMUELSON et al. PHYS. REV. X 16, 011062 (2026)

011062-8



regions II and V to be indistinguishable; regions I and IV
are also identical after noting that the phase slip occurs
midway through the single trace that comprises region IV.
This leads us to identify these regions with a return to the
same charge configuration as well as the same absolute
phase. In fact, equating the regions which have an indis-
tinguishable charge fingerprint necessitates that at least
one of the first three phase slips must correspond to a
removal of two quasiparticles, rather than the naive
interpretation of every slip as the addition of a single

quasiparticle. Figure 8(c) shows two possible corrected
traces of θðtÞ, with the light and dark blue traces differing
from the uncorrected θ by a shift of −2π at the second or
third phase slip, respectively.
The time dependence of the quasiparticle number

implied by either of these possibilities reconciles our earlier
observation of the identical charge fingerprints in both
regions I and IV, and regions II and V. The information
required to discriminate between the two possibilities is
provided by the magnitude of the phase slip from region II
to region III: Here, Δθ is significantly larger than θa,
whereas a finite amount of bulk-edge coupling should only
serve to decrease the magnitude of the phase jump. (All of
the other phase slips show a value slightly less than θa.)
This suggests that the slip separating regions II and III
should be associated with a decrease in the number of
quasiparticles by two, as the change in phase is then
Δθ ¼ −4π=3þ δθBE. In other words, we interpret
Δθ=2π ¼ 0.393 ¼ − 2

3
ð1 − KIL=KIÞ þ 1, which gives a

value of KIL=KI ≈ 0.1 consistent with small bulk-edge
coupling.
In addition to the potential for such processes to account

for the nonquantized phase slips from Fig. 5(c), we note
that double-quasiparticle tunneling is not without prec-
edent. Experimentally, an “Andreev-like” scattering proc-
ess involving a charge-2e=3 excitation at the ν ¼ 1=3 edge
has been observed in a ν¼1 to ν¼1=3 heterojunction [46],
and shot noise measurements in the fractional quantumHall
regime have sometimes found evidence of cooperative
tunneling of multiple quasiparticles [54–56]. Capacitive
signatures have also revealed correlated double-electron
additions to quantum dots in the integer quantum Hall
regime [57]. Furthermore, recent theoretical work has
suggested that the lowest energy multiquasiparticle con-
figuration in some fractional quantum Hall systems may
involve formation of “anyonic molecules” or clusters
composed of two or more quasiparticles [58,59].

V. DISCUSSION

The exceptionally slow quasiparticle dynamics of our
interferometer open new routes to quantitatively probe the
physics of fractionalized phases at the single anyon level.
Measuring few-anyon dynamical processes via the response
of the interferometric phase to both θa and Coulomb effects
may give new insight into states where interquasiparticle
correlations are important, such as in the formation dynamics
of Wigner crystal states, anyonic molecules, and the hier-
archical fractional quantum Hall states.
Recent advances in spatial imaging techniques, allowing

high resolution charge sensing in dual-gated devices [60],
may be used to help resolve these questions. Applied to
interferometer devices of a similar construction to ours, this
may allow direct correlation between the real-space dis-
tribution of localized anyons and the interferometric phase.
Graphene heterostructures also host even denominator
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for 35 min. (b) The phase θ extracted from the Fourier transform
of the data in (a). Each jump is assumed to be in the interval
Δθ∈ ð−π; πÞ. For traces in which a phase jump is observed in the
middle of the line trace, two points are plotted as open circles,
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fractional quantum Hall states thought to support non-
Abelian anyons [27,28,61]. In bilayer graphene, the energy
gaps of these states are comparable to that of the 1=3 state
studied here [30,31], suggesting similarly slow dynamics
for charge e=4 quasiparticles. A key open question is the
timescale for motion of the charge-neutral excitations that
encode fermion parity, which future experiments of this
kind may help illuminate.

Note added—Recently, we became aware of related work
using a similar graphene device [37].
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Fabry-Pérot quantum Hall interferometer in graphene, Nat.
Nanotechnol. 16, 555 (2021).

[33] Y. Ronen, T. Werkmeister, D. Haie Najafabadi, A. T. Pierce,
L. E. Anderson, Y. J. Shin, S. Y. Lee, Y. H. Lee, B. Johnson,
K. Watanabe, T. Taniguchi, A. Yacoby, and P. Kim,
Aharonov-Bohm effect in graphene-based Fabry-Pérot
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