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Aharonov-Bohm interference of fractional quasiparticles in the quantum Hall effect
generally reveals their elementary charge (e*)" . Recently, our interferometry
experiments with several ‘particle states’ reported flux periods of A® = (e/e*) @,
(with @, the flux quantum) at moderate temperatures'®. Here we report interference
measurements of ‘particle-hole conjugated’ states at filling factors v=2/3,3/5 and
4/7, which revealed unexpected flux periodicities of A@ = v''@,. The measured shot-
noise Fano factor (F) of the partitioned quasiparticles in each of the quantum point
contacts of the interferometer was F= v (ref. 17) rather than that of the elementary
charge F=e*/e(refs.18,19). These observations indicate that the interference of
bunched (clustered) elementary quasiparticles occurred for coherent pairs, triples
and quadruplets, respectively. A small metallic gate (top gate), deposited in the
centre of the interferometer bulk, formed an antidot (or a dot) when charged, thus
introducing local quasiparticles at the perimeter of the (anti)dot. Surprisingly, such
chargingled to a dissociation of the ‘bunched quasiparticles’ and, thus, recovered
the conventional flux periodicity set by the elementary charge of the quasiparticles.
However, the shot-noise Fano factor (of each quantum point contact) consistently
remained at F = v, possibly due to the neutral modes accompanying the conjugated
states. The two observations—bunching and debunching (or dissociation)—were not

expected by current theories. Similar effects may arise in Jain’s ‘particle states’ (at lower
temperatures) and at even denominator fractional quantum Hall states®.

Interference measurements of quantum particles offer detailed
insightsinto single-particle dynamics and collective behaviour. Such
measurements are particularly valuable for emergent exotic particles
that form dueto stronginteractions between electrons intwo dimen-
sions and under strong magnetic fields. These particles carry fractional
charges, obey anyonic statistics and produce specific macroscopic
signatures such as (fractionally) quantized electronic and thermal
Hall conductances.

The properties of individual fractional quasiparticles exhibit striking
deviations from those of weakly interacting electrons. Experiments
have been designed to measure the scattering phase shifts and quan-
tum coherence times?, test entanglement between pairs of quantum
particles?, and probe the quasiparticle charge®*. The braiding phase
has beenmeasured throughinterference experiments with Fabry-Perot
interferometers'*? or Mach-Zehnder interferometers™ >, Recently,
time-braiding was used to measure the anyonic statistical phase
through cross-correlation of partitioned quasiparticles? %,

Inany fractional quantum Hall interferometer, the interference loop
issupported by two QPCs, which serves as ‘optical beam splitters’,and
ballistic propagation along edge channels surrounding the bulk. The
QPCsinject discrete charge quantaintoa particle beam, which carries
shot noise characterized by the Fano factor F (refs. 23-25). Only the
fractional charges that exist as bulk quasiparticles can tunnel through
the QPC opening, while the QPC transmission is high. The smallest

fractional value is the elementary quasiparticle charge e*, which is
typically determined by the denominator of the bulk filling factor v,.
That s, e*=e/3 at fillings v, =1/3 and 2/3, e* = e/5 at v, = 2/5 and 3/5,
and e*=e/7 at v, = 3/7 and 4/7. Notably, the gapless edge or interface
modesimpose no constraints, and the interference periodisindepend-
ent of their choice®*°. If the tunnelling of individual quasiparticles is
responsible for the interference and noise, the Aharonov-Bohm flux
periodicity is expected to follow the simplerule, A® = @,/F, where A@
is the flux periodicity and @, the flux quantum.

Our measurements were performed with a chiral (optical-like) Mach-
Zehnder interferometer (OMZI)'%**? (Fig. 1). Its flexible design, based
on co-propagating ‘interface modes’, is free of the deleterious effects
of Coulombinteractions and allows interfacing of different fractional
fillings. In this interferometer architecture, two charged external gates
define the interfering interface modes: one gate depletes carriers to
filling vy, whereas the other gate accumulates carriers tofilling v,. The
edge conductances of the two interface modes are set by the differences
inthefillings: v, — v4and v, - v,. Two QPCs, QPCland QPC2in Fig. 1, parti-
tionthe co-propagatinginterface modes toforma closed interference
loop. The chirality of the interface modes prohibits back-reflection;
consequently, allincoming charge must pass through the interferom-
eter, and the OMZI displays a pristine Aharonov-Bohm interference
pattern, known as ‘pajama”®. To obtain phase slips in the Aharonov-
Bohminterference, quasiparticles were introduced into the bulk of the

'Braun Center for Sub-Micron Research, Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel. “Department of Condensed Matter Physics, Weizmann Institute

of Science, Rehovot, Israel. ®e-mail: moty.heiblum@weizmann.ac.il

922 | Nature | Vol 642 | 26 June 2025


https://doi.org/10.1038/s41586-025-09143-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09143-3&domain=pdf
mailto:moty.heiblum@weizmann.ac.il

Fig.1|Devicestructure ofan OMZI. a, Schematic representation of the OMZI.
Itsstructure has threeregions, each tuned to adifferent filling factor. The
centralregion (the bulk, dark grey) is tuned by the magnetic field Bto the filling
v, Itis flanked by two boundary regions, each tuned to adifferent filling
through the applied voltage to two wide metallic gates. The upper gate (light
blue)is positively charged and, thus, accumulates charge, leading to a higher
filling, v, > v,. The lower gate (light yellow) is negatively charged and, thus,
depletes the charge, leading to alower filling, vy < v,. This combination results
intwo co-propagatinginterface charge modes with ‘effective fillings’v, - v,
and v, - v, respectively. This design prevents backscattering of the interface
modesandis free of the deleterious effects of the Coulomb interactions. Current
issourced from contact S1(or S2) atafrequency of 766 kHz. The current is

interferometer by charging a small metallic top gate, thus forming an
isolated antidot (or adot) in the centre of the interferometer (Fig. 1)*°.
Our experiments were conducted with two OMZI devices featuring
slightly different QPC transmissions. The fabricated internal area of
both OMZIs A = 3 um?, and there was a single path length of 3 um. The
top-gate radii were 0.5 um (OMZI1) and 0.35 pm (OMZI2).

Previous OMZIstudies of three particle-like bulkfillings, v, =1/3, 2/5
and 3/7,found Aharonov-Bohminterference with magnetic flux perio-
dicities A® = (e/e*)®,, which was set by the elementary quasiparticle
charges at an electron temperature of 15-20 mK (ref. 16). Addition-
ally, charging the top gate yielded phase slips with the theoretically
expected magnitudes. Here we present Aharonov-Bohminterference
and noise measurements of particle-hole conjugated bulk fillings
v,=2/3,3/5and 4/7.

We initially kept the top gate uncharged, V;; =0, and measured
the shot noise of a single QPC at all three bulk fillings and for differ-
ent choices of vyand v, in OMZI1. We consistently obtained the Fano
factor F=v,instead of the conventional F = e*/e (Fig. 2). These meas-
urements agree with earlier studies in conventional QPCs, with both
sides depleted, v, = v,, for a similar temperature range'”*. Next, we
partially closed the second QPC to form the OMZI and measured the
Aharonov-Bohminterference. The observed magnetic flux periodicity
was non-integer in all cases and followed the simple rule A® = @,/v =
@,/F (Fig.3). Themost straightforward interpretation of noise andinter-
ference measurements is that bunches of two, three or four elementary
quasiparticles tunnelled coherently across the QPCs and interfered
(see Supplementary Fig. 6 and the discussion below).

The expected periodicity in the ‘modulation-gate’ voltage of OMZI1,
Vug, canbe derived as follows. The flux periodicity revealed by the mod-
ulation gate should also be A® = (1/v,)®,. The gate repels the charge

Ry, (k)

partitioned at QPClinto two forward-propagating chiral interface modes
(dashedblacklinesingrey region) partitioned further by QPC2. Upstream
neutralmodes areshown by thered dotted line. The transmitted current is
collected by drains D1and D2, filtered by an LC circuit (resonance at 766 kHz)
and amplified by a cold amplifier. A small metallic top gate was deposited at the
centre of theinterferometer bulk toinduce an antidot (or adot) thatintroduces
localized quasiparticles atits perimeter. b, Scanning electron micrograph of
theheartoftheinterferometer.c, Transverse Hall resistance as a function of
the magnetic field showing quantized plateaux at the fractional fillings under
study. The stars (*) on each plateauindicate the tuned magnetic field Bwhere
theinterference and shot noise were measured. MG, modulation gate; TG, top
gate.Scalebar,500 nm.

AQ = C x AV, with the capacitance C assumed to be independent of
v,,, leading to afilling-factor-independent periodicity AVy,cv,B = @,/1,
with /7= ne/C. We found nearly identical values of AV,,;(2/3, 3/5,
4/7)=(11.7 mV,10.3 mV, 9.5 mV) in OMZI1.

Next, we charged the top gate of OMZI1 by V;;=-100 mV (formingan
antidot) or by V;;=+50 mV (dot), anticipating phase slips. Unexpect-
edly, we found that the Aharonov-Bohm flux periodicity changed to
AD = (e/e*) D, at all the three tested fillings, in a similar fashion to the
observed Aharonov-Bohm periodicities of particle-like Jain states'
(Fig.4a,c,e). Even more surprisingly, the change in the Aharonov-Bohm
periodicity was not reflected in the measured properties of a single
QPC, whose transmission and Fano factor were not affected by V;¢ (Sup-
plementary Fig. 6). In particular, therule A® = @,/Fwas violated in this
case. Forsome parameters, asignificantly weaker fast Fourier transform
(FFT) component of the bunched periodicity A® = v, '@, also remained
(Fig.4b,d,fand Supplementary Fig.9). OMZI2 was tested only at v, =2/3
and 3/5 and exhibited the same behaviour (Supplementary Fig. 11).

The periodicity of the modulation-gate voltage in the regime of dis-
sociated quasiparticles also showed unexpected behaviour. Assum-
ing the same modulation-gate capacitance and replacing v, by e*/e
led to AVy,c(e*/e)B = ®,[1, with [T= ne/C, the observed periodicities at
Vic=-100 mV where AV,,5(2/3, 3/5,4/7) = (21.7 mV, 17.4 mV, 15.5 mV).
At v, = 2/3, the modulation-gate periodicity doubled, just like the
magnetic-field periodicity. However, the behaviour at the other fill-
ings differed significantly. Although thisbehaviouris not understood,
we ruled out the possibility that the top gate influences the capaci-
tance: the residual A@ = v, '@, peaks at v, = 3/5 remained at a constant
modulation-gate periodicity independent of V;;in both devices.

Finally, we show the systematic dependence of the interference peaks
on the top-gate voltage at v, = 3/5 measured in OMZI2 and at v, = 2/3
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in OMZIL. For a sequence of positive top-gate voltages in the range
Vo= 0-70 mV, atv, = 3/5, the flux periodicity changed continuously as
the quasiparticles dissociated one-by-one with the varying V; (Fig. 5).
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Fig.2|Shot noise measuredinasingle QPC ofthe OMZI. a-c, Noise measured
atthree particle-hole conjugated states with bulk filling: v=2/3 (a), v=3/5(b)
and v=4/7 (c). Top, nonlinear transmissions of the QPC. Bottom, excess noise
asafunctionofthesourced current. Thebluelinesrepresent the fitted curves
and the Fano factor F. The pink lines correspond to F = vy, and the purplelines
correspond to F = e*/e.

It started with the bunched periodicity A® = (5/3)®,and ended at a dis-
sociated periodicity A@ = 5@, at V;; = 60 mV, whereas aweaker bunched
periodicity remained. For V5> 60 mV, only the bunched periodicity
A® = (5/3)®,was visible once again.

Our observed bunching should be viewed in the context of earlier
shot-noise measurements that found the Fano factor F=v, at low
temperatures (approximately 10 mK) and F = e*/e at higher temper-
atures®®®, In standard QPCs with counter-propagating edges, the
low-temperature noise Fano factor follows F = v,. Moreover, the same
Fano factor was measured onintermediate plateaux in the QPC trans-
mission, where no charge partitioning of the quasiparticles occurred.
Consequently, no noise was expected unless it was generated by neutral
modes. A specific theoretical model based on stochastic equilibration
atthe edge was put forthinref. 30.

The present experiment focused on the low-temperature regime
due to vanishing visibility above 60 mK (Supplementary Fig. 10).
Intermediate transmission plateaux were not observed in the QPCs
of the OMZI with co-propagating edge modes; thus, the contribution
of the neutral modes was not established. Moreover, the agreement
between the Fano factor and Aharonov-Bohm periodicity through
the relation A@ = @,/F at V5 = 0 strongly indicates an incoherent
origin of the increased Fano factor (due to neutral modes). Instead,
the combined measurements indicate that coherent bunched quasi-
particles, formed by pairs, triplets or quadruples of the elementary
quasiparticles, tunnelled at the QPC. Specifically, the measurement
reflectsa partitioned and interfering quasiparticle charge of e,, = ve.
Note that e, is also the amount of charge that accumulates when
one additional flux quantum is threaded in the interferometer. The
corresponding quasiparticle is sometimes referred to as a Laugh-
lin quasiparticle (or as a vortex) and is distinct from an elementary
quasiparticle with charge e* (the two coincide for Laughlin states
suchasv=1/3).

Superficially, the observed bunching resembles the pairing and
tripling in the integer quantum Hall regime'>**%. Its origin is not well
understood, despite theoretical efforts®. Several key aspects of the
experiments distinguish these observations from the anyon bunching
observed here, indicating that they have different origins. Most signifi-
cantly, the pairing and tripling atintegers were only observed when an
inneredge mode formed aclosed trajectoryintheinterferometer,and
decoherence of the mode destroyed the effect. By contrast, no inner
modes were present in the OMZI at zero top-gate voltage.

The most puzzling observation is the dissociation of the interfer-
ing quasiparticles upon charging the top gate, indicated by the sud-
den change in the Aharonov-Bohm flux periodicity. In this case, the
Fano factor of the shot noise in each of the QPCs disagreed with the
Aharonov-Bohm periodicity, which indicates anincoherent contribu-
tionto the shot noise. A consistent physical picture is that, depending
onthetopgate, either Laughlin quasiparticles or fundamental quasipar-
ticleswere partitionedin the QPC. Tunnelling of elementary quasipar-
ticles with charge e* activated neutral edge modes, which contributed
incoherently to the Fano factor, leading to F = v, but did not change
the interference. By contrast, tunnelling of Laughlin quasiparticles
did not excite neutral modes at the standard edge with vacuum (Sup-
plementary Section. 12). Moreover, ref. 30 argued that further noise
duetoneutral modes does not change when edge modes are replaced
by interface modes. Consequently, the Fano factor and the Aharonov-
Bohm periodicity were both set by the tunnelling charge, e,, = ve.
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Our observations present anew paradigm. At low temperature, the
partitioned and interfering quasiparticles were bunched elementary
quasiparticles. Moreover, introducing localized quasiparticles by

transmission, t, =t,= 0.8, whereas the top gate is not charged. The corresponding
two-dimensional FFTs relate to the states: v, =2/3 (b), v, = 3/5 (d) and v, = 4/7 (f).
The fractional flux periodicities are A® = v, '@, in all three cases. The depleted
and accumulated sides were at v, =0 and v, =1for all bulk fillings.

charging the top gate in the interferometer bulk led to phase slips in
particle-like states'; here, this dissociated the bunched elementary
quasiparticles. The mechanism behind these observations remains
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Fig.4|Evidence of coherentdissociation ofbunched anyonsinparticle-hole
conjugatedstates. a-f, Activating the top gate with V¢

—-(100-120) mV forms

(t,=t,=0.8) were unaffected by Vy¢.b,d,f, FFTs reflecting the flux periodicities,
A® =(e/e*)®,, corresponding tointerference of the elementary fractional charges

anantidot that harboursisolated quasiparticles. Anapparent dissociation of
thebunched anyons takes place. a,c,e, Typical Aharonov-Bohm pajamasin the
B-Vycplaneforv,=2/3(a),v,=3/5(c)and v, =4/7 (e). The two QPC transmissions

e/3(b),e/5(d)and e/7 (f). Aweak higher harmonic due to residual bunchingis
alsoobservable for v, =2/3 and 3/5. However, at filling v, = 4/7, the ‘bunched
periodicity’is absent.
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Fig.5|Evolution ofthe dissociated anyons on charging the top gate for
v,=2/3and 3/5.a-e, The top gate wasincrementally charged within different
Vigranges. For v, =2/3, Vs wasvaried from-150 to +60 mV, whereas for v, =3/5,
Vigwasincrementedinsteps of AV;c=5mV withintherange 0-70 mV.The
Aharonov-Bohm pajamasin the B-V,,; plane wererecorded at each step.
a,c,ABpeaksareseeninthe two-dimensional FFT asa function of V;forv,=2/3
(a)and v, =3/5(c). Anyon dissociationis observed with positive and negative
top-gate bias (dot or antidot). b, Quasiparticles dissociated in the ranges
Vig=-(150-100) mV and Vg =+25-50) mV for v, = 2/3, showing flux
periodicity A® =3®,. Aresidual weaker peak remained. The quasiparticles

unclear. Localized quasiparticles are expected to produce phasesslips
in the interference pattern (of bunched or dissociated elementary
quasiparticles), but none were observed at any top-gate voltage.
Arecent Fabry-Perotinterferometry experimentin bilayer graphene
also reported an absence of phase slips in particle-hole conjugated
states, which was attributed to fluctuations in the number of bulk
quasiparticles®. It is possible that similar fluctuations in the number
of quasiparticles under the top gate also cause debunching, which is
observed at the same top-gate voltage range where phase slips were
observed in particle-like states'®.
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remained fullybunched between-30and 25 mV with A® = (3/2)®,. We do not
have any datafrom-30to-100 mV.d, For v, =3/5, with V;;below 20 mV or
above 50 mV, the quasiparticles remained bunched, with flux periodicity

A® = (5/3)®,. An apparent dissociation (red) of the bunched anyons (black)
occurredintherange V;;=(20-50) mV, showing partial bunching A® = (5/2)®,
and complete dissociation A® =5@, (c,d). Aresidual bunched peak remained.
Theerrorbarsindicate the width of each peak, determined from a Gaussian fit.
e, Relative weights of the bunched (black) and dissociated (red) FFT peaksasa
function of Vi for v, =3/5.

Our findings highlight the important of studying particle-like Jain
statesat very low temperatures where the Fanofactoris governedbye,
instead of e* (ref. 20). First, we expect the flux periodicity to change at low
temperatures. Second, tracking the previously observed phase slipsin
the low-temperature regime may provide other vital insightsinto bunch-
ing, dissociation and how they are influenced by adding localized qua-
siparticles (at will) into the bulk of the interferometer. Control over the
interfering quasiparticles will be critical in the search for non-abelian sta-
tistics because the Laughlin quasiparticles are abelian evenin non-abelian
quantum Hall states such as the Moore-Read Pfaffian®,
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Methods

Sample fabrication process

The mesa of the device, which had dimensions 250 x 650 pm?, was
preparedinaGaAs/AlGaAs heterostructure (Supplementary Fig.1) by
wet etchinginH,0,:H;P0,:H,0 =1:1:50 for 100 s. The two-dimensional
electrongaswas 170 nm below the surface. Ohmic contacts were depos-
ited at the edge of the mesa and within the mesa area (for testing the
interface modes). The sequence of the evaporation by order of depo-
sition was Ni (15 nm), Au (260 nm), Ge (130 nm), Ni (87.5nm) and Au
(15 nm). Contacts were annealed at 440 °C for 80 s. The sample was
covered by 30 nm of insulating HfO,, followed by evaporation of large
metallic gates, Ti (5 nm) and Au (15 nm). The charged gates separated
the device area into three regions with fillings v,, v, and v4. The mesa
was covered by 25 nm of a HfO, layer, followed by adeposition of QPCs,
amodulation gate and a small top gate in the middle of the bulk, with
aradius of 0.5 um (or 0.35 um). Inthe final step, ohmic contacts, large
metallic gates, the QPCs and the modulation gate were connected to
large pads with thick gold lines. The top gate was connected by an air
bridge and gold lines that passed over the HfO,-coated metallic gates.

Data availability

The data that support the plots within this paper and other find-
ings of this study are publicly available at https://doi.org/10.5281/
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