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The remarkable Cooper-like pairing phenomenonin the Aharonov-Bohm interference ofa
Fabry-Perot interferometer (FPI) i operating in the integer quantum Hall regimei remains
baffling. Here, we report the interference of paired electrons employing énterface edge
modesd Thesemodes are born at the interface between the bulk dhe FPI and an outer
gated regiontuned to a lower filling factor. Such configurationallows toggling the spin and
the orbital of the Landau level (LL) of edge modes at the interfacéWe find that electron
pairing occursonly when thetwo modes (the interfering outer and the first inner) belong to

the samespinlessL L.

Despite extensivexperimental antheoretical work imceits discoveryin the8 0,2h&@ quantum
Hall effect (QHE)still provides a playground for extensive studie$]. With aninsulatingbulk,
transport studies are performed wiitle gaplesedge mode Duetod b veldkge &6 cor,r espon
the nature of théd u | guandum states revealed[6-8]. Among the ubiquitous studies, the
important ones areshot noisd9,10], interference and braidif@1-13], andthermalconductance
measuremen{d4]. One of the intriguin@nd unexplaineteatureds apairingof electrons in bulk
fillings ’ ¢. This phenomenon wabserved in the interference of the outermost edge mode
a FabryPerot interferometer (FRWvith AharonovBohm (AB) flux periodicity of (¥¢'Q whereQ
is the electron charge, affdis the Planck constansuggesting interference of pairetéctrons
(G ¢Q [15-17]. Efforts to understand this phenomenon failed thug#&r20]. In order to
understand the process leadinghtepairing of electrons in a single edge mode utilize a ew
approactbyi nt er f er iedgpmadd ¢24,22)r f ac e

Normaledgemodesare confined to the interfabetween th@lane of thewo-dimensional

electron gasgdDEG) andthedvacuum Bhe ransversddall conductance is determinedby the
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bulk filling* :,, —. Interface modes,mothe contrary, areonfinedto theinterfacebetween

two bulkregionswith fillings:” and’ (the latters a gated bulk)Consequently hetransverse

interfacemode conductancaes, ,, —, With’ , the interfacdfil ling. Recent

charge and thermal transport measuremgf25] reveal the potential of novel experiments
employing 1D interface chiral modeBhe schematic of the interfaszlge configuration, with

’ ¢ and’ p, is shown inFig. 1(a) At the interfacethe counterpropagatingnodes Gya
each othelgavingthe inner mode df ¢ at the interfacewith’ p. Two examples of gate
dependence of interface resistance with ¢ Q1 are shown irrig. 1(bB

It is worth recalling thenainobservations ithe past@airingexperiment§[15,16] before
we delve into new findingsUtilizing ubiquitous QHE integer edge modg we stumbled on
electron pairingwhile interfeiing the outemost edgenodebelonging to the first Landau level
(LL), , , $inbulk fillings exceeding o. The interfering mode was accompanied byfitise
inner mode , pand the second inner mode, &, both unpartitioned and encirclimgside the
interferometer the arrow den@sthe spir). Surprisingly,the first inner edgemode, , 'y was
found tocontrol the coherence addtermire theflux periodicityof theinterfeing outermost edge
mode Moreover, the second inner mode, % had to be populated tbserve pairing.

Here, we replace the ubiquitous edge modes witherface modesthus allowing
controllingthe character of the two outermost monte®Ived in theinterference process. We test
an AB-FPI with bulk fillings, ¢ ¢, with different interface fillings determinedby a
neighboring gated bujkthus addng crucial informationimportantto the underlyingpairing
mechanisnjFig. 3and Tabl.

The AB phasesvolutionis given bye ——, whered is the applied magnetic field,
is the area defined by the interfering edgede and "XQthe flux quantun26]. With
changing of theonfined flux the AB phase evolves as e —— with theareachanges

by the modulationgate voltagew ,with] 0 | Jw ,and is proportional to the gat2DEG
capacitanceAssuming firstorderinterferencei.e.,weak backscatteringy thetwo quantum point

contacts QPCs) the interference igroportiondae to A 11 & . Customarily, a&2D pyjama plot

[27-29]inthed @ planeleads toperiodicitiesg-  —andg— —.



Our interface edgbased P, with aninternal lithographiarea ofp A | [Fig. 2(a], is
fabricatedin GaAsAlIGaAs heterostructure harboring high mobilBpEG, with a 2D electron
density ofp& p mAI[ , locatedy o T below the surfaceHafnium oxideisolatesdifferent
metallic contactsAn interior small groundedhmic contactreduce the charging energy of the
FPI and enabkAB interference AC voltage(pt 6 at w 1t Tt B (s &pplied to thesourcg and the
drain signal immplified by acold (p® ¥ amplifier (with an LC circuit at itsnput), cascaded by a
roomtemperature amplifieMeasurementareperformedatp 1 | bas temperature.

We firstrepeatthé pai ri ng experi ment Startingai’'t h "t ri vi al
’ ¢ T ¢, theF P lQ@PEsaretuned to partition theutemostedgemodeandfully reflect
the inner mode [Fig. 2a)]. High visibility conductance oscillationwith magnetic fieldand

modulation gate voltageharacteristics of aRPIlin a coherentAB regime are observeflFig.

2(b)]. The obtainegeriodiciiesin B andVwc correspondo anareag- p @t | andy—

p TG , respectivelyThesedata ensurelectron interfeence(3 Q) with the flux quantum
periodicity. The smallerAB areathan thelithographiconeindicates ¢ i depletionat the
gate interface

Interfering the outermost mod the’ o T o configuration(seeFig. 3(a) and
seeSupplementaryig. S3for adetailed schematicyi t h QP Cs 6 ot m@yeadsio ssi on

frequencieg- ¢ t andg— p 186 [Fig. Ib)]; namely, ¥ Qflux-periodicity and

thus amapparent interferinghargeld  ¢'Q Asobserved beforfl5], the filling of, , % (second
inner mode)s necessary to observe pairing in the interfefingermostimode in, , §{

To test the relation between the two outer modes, we btiggé nt er f akLdspimo d e 0 s
and orbital) by tuning the and’ ; here; T p o]fFig.3(@] with, , pgapped out
Theinterfering outermosinodebelongs tdhe spinsplit Landau level, , H(withd 10 ¢, and
adjacent, the enclosédidst inner,belongto theorbital , , & Notethatad pr ot ec t-th&# e mo d «

second inner mode, belongitthe, , ¥ Landau level, circulates inside the FPheobserved
periodicities,y— o @t andy— x B6 [Fig. 3c)], are similar to those of

configuration namely, no pairingSee Supplementaryig. $4 for data with a stronglpinched
QPC



What is the main difference between the tandt  p configurations? Inthe Ticase
theoutermosinterferingmode and the f-innermodebelong to thesame spinleslsandau level,
., ,Mme,they share thsame orbita(but carry opposite spéh Inthet p casethough the pairs
are spinlessthe interfering mode belongs to , fvhile the firstinnermodebelongs ta, , .@As
seen above,giring occurswhen the two outemodes belong to theame spinleskandaulevel.
Indeed, pairing islso observedh thev ¢ configuration i.e., the outermosiodebelongs to
, , €, thefirstinnermodebelongstq , ¢, andtheprotecive modeis , ©(seeSupplementary
Fig. S5).

To further confirmthe robustnessnd universalityof the above pairing we interfere
various modeginnerandoute) at the bulk fillinggt ’ @ (Supplementaryigs. S6& S7).
The obtained results are tabulatedheTable.The differentrealizationsallow a clear view of the

needed conditions to observe pairing

AharonovBohm interference of paired electroms integer quantum Hallremains a
puzding observation without an explanatiorogether with past datauonew resultsbased on
interfering interface edge modehow: (a) Pairing occurs between modes belonging to the same
spinful Landau level, hence, the pairs are spin(@33.he paired modes must be accompanied by
an inner mode (belonging #higher Landau levgl This mode does not affect the pairing but
seems to protect (screen) the paired modes from the bulk. We did not observe yet such an effect in

the fractional regime.

WethankD. E. Feldman fotheuseful discussianWe acknowledgéhe continuous support of the
SubMicron Center staff. M.H. acknowledges the support of the European Research Council under
the European Communityds Sevei3)eRCFundemgeamo r k P
agreement number 713351, the partial support of the Minerva Foundation with funding from the
Federal German Ministry for Education and Research, under grant ndb3%34.

References:

[1] K. von Kilitzing, T. Chakraborty, P. Kim, V. Madhavan, X. Dai, and J. Mclver, 40 years of
the quantum Hall effect, Nature Review Phy€c897 (2020).



[2] B. I. Halperin and J. K. Jairfractional Quantum Hall Effects: New Developments
(WORLD SCIENTIFIC, 220), Fractional Quantum Hall Effects.

[3] M. Z. Hasan and C. L. Kane, Colloquium: Topological insulators, Reviews of Modern
Physics82, 3045 (2010).

[4] S. D. Sarma and A. PinczulRerspective in Quantum Hall Effec{8Viley, 1996),
Perspective in Quantuiall Effects.

[5] R. Prange and S. M. Girviithe Quantum Hall Effe¢Springer Verlag, 1990).

[6] B. I. Halperin, Quantized Hall conductance, curestrying edge states, and the existence
of extended states in a tvdimensional disordered potential, Bioal Review B25, 2185 (1982).

[7] X. G. Wen, Gapless boundary excitations in the quantum Hall states and in the chiral spin
states, Physical Review4, 11025 (1991).

[8] M. Heiblum and D. E. Feldman, Edge probes of topological order, Internationablofir
Modern Physics 852030009 (2020).

[9] R. dePicciotto, M. Reznikov, M. Heiblum, V. Umansky, G. Bunin, and D. Mahalu, Direct
observation of a fractional charge, NatG89, 162 (1997).

[10] M. Heiblum, Quantum shot noise in edge channels, PhysatasS&olidi BBasic Solid
State Physic243 3604 (2006).

[11] Y. Ji, Y. Chung, D. Sprinzak, M. Heiblum, D. Mahalu, and H. Shtrikman, An electronic
MachZehnder interferometer, Natud@2, 415 (2003).

[12] J. Nakamura, S. Liang, G. C. Gardner, and M. Jnfkéa Direct observation of anyonic
braiding statistics, Nature Physit§, 931 (2020).

[13] H. K. Kundu, S. Biswas, N. Ofek, V. Y. Umansky, and M. Heiblum, Anyonic interference
and braiding phase in a Ma@®hnder Interferometer, Nature Physics (2023).

[14] M. Banerjee, M. Heiblum, V. Umansky, D. E. Feldman, Y. Oreg, and A. Stern, Observation
of half-integer thermal Hall conductance, Nat6&9, 205 (2018).

[15] H. K. Choi, I. Sivan, A. Rosenblatt, M. Heiblum, V. Umansky, and D. Mahalu, Robust
electron paing in the integer quantum hall effect regime, Nature Communica®iofd35 (2015).

[16] I. Sivan, R. Bhattacharyya, H. K. Choi, M. Heiblum, D. E. Feldman, D. Mahalu, and V.
Umansky, Interactioinduced interference in the integer quantum Hall effdtysieal Review B

97, 125405 (2018).



[17] A. Demir, N. Staley, S. Aronson, S. Tomarken, K. West, K. Baldwin, L. Pfeiffer, and R.
Ashoori, Correlated DoubiElectron Additions at the Edge of a Tvilmensional Electronic
System, Physical Review Lettet86 256802 (2021).

[18] G. A. Frigeri and B. Rosenow, Electron pairing in the quantum Hall regime due to
neutralon exchange, Physical Review Researfi43396 (2020).

[19] G. A. Frigeri, D. D. Scherer, and B. Rosenow, pebods and apparent pairing in integer
guantum Hall interferometers, Europhysics Letfe?§ 67007 (2019).

[20] D. Ferraro and E. Sukhorukov, Interaction effects in a rohlinnel FabrPerot
interferomeer in the Aharono\Bohm regime, SciPost Physigs014 (2017).

[21] B. Dutta, W. Yang, R. Melcer, H. K. Kundu, M. Heiblum, V. Umansky, Y. Oreg, A. Stern,
and D. Mross, Distinguishing between raipelian topological orders in a quantum Hall system,
Science375 193 (2022).

[22] S. Biswas, R. Bhattacharyya, H. K. Kundu, A. Das, M. Heiblum, V. Y. Umansky, M.
Goldstein, and Y. Gefen, Shot noise does not always provide the quasiparticle charge, Nature
Physicsl8, 1476 (2022).

[23] B. Dutta, V. Umansky, M. Bange, and M. Heiblum, Isolated ballistic nabelian
interface channel, Scien8&7, 1198 (2022).

[24] M. Yutushui, A. Stern, and D. F. Mross, Identifying the=5/2 Topological Order through
Charge Transport Measurements, Physical Review LatB& 01601 (2022).

[25] C. Lin, M. Hashisaka, T. Akiho, K. Muraki, and T. Fujisawa, Tireeolved investigation

of plasmon mode along interface channels in integer and fractional quantum Hall regimes, Physical
Review B104, 125304 (2021).

[26] B. I. Halperin, A. $ern, I. Neder, and B. Rosenow, Theory of the Fdteyot quantum

Hall interferometer, Physical Review&3, 155440 (2011).

[27] Y. M. Zhang, D. T. McClure, E. M. Levensdralk, C. M. Marcus, L. N. Pfeiffer, and K.

W. West, Distinct signatures for Coulornlockade and AharoneBohm interference in electronic
FabryPerot interferometers, Physical Review ® 241304(R) (2009).

[28] N. Ofek, A. Bid, M. Heiblum, A. Stern, V. Umansky, and D. Mahalu, Role of interactions
in an electronic Fabiyerot interferometr operating in the quantum Hall effect regime,
Proceedings of the National Academy of Scierid®% 5276 (2010).



[29] I. Sivan, H. K. Choi, J. Park, A. Rosenblatt, Y. Gefen, D. Mahalu, and V. Umansky,
Observation of interactiemduced modulations of a guotum Hall liquid's area, Nature
Communicationg, 12184, 12184 (2016).



(@) (b) 30

(k2)

0.2 0.3 0.4 0.5

Vg (V)

Figure 1 | Interface edge mods. (a) Schematic of interface edgeodes. The bulland gated
regionare shownn purpleandgreen respectively. The ohmic contacts (showmryellow), made
with Ni/Au/Ge evaporation followed by rapid thermal annealarg, placed at the interfacehe
gates are patterened by Pd/Au in cold evaporaliba.bulk(gate filling * (' ) is tunedby the
magnetic field (gate voltaged ). When' ¢ and’ p, full equilibration (shown by red
arrowg between countgpropagating moddsads toonemode ( p) left at theinterface (b)
Interface Hall resistancghowing various integer plateaus with gate voltagat the bulk filling
’ ¢ andt. The bias cooling voltage for the gates@® 6. Thefull depletion of thegate with

filling underneath Tistartsat@ ~ T@6.
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Figure 2 | Interface modebased Fabry-Perot interferometer and AharonowBohm
oscillations. (a) False color scanning electron micrograph (SEM) imagehef RabryPerot
interferomete FPI) with a grounded ohmic in the interior bulk. Tit@ographicinternalareais

p BA | . The bulk region is shown in purpl@he top and (shown ih green)gat es
depletion characteristics are identical, and the voltageines the filling underneath, hence the
interface edge filling. The splifates as quantupoint contactsQPCs(brown) are separated from

the lower gate (green) bynm Hafnium oxide.The incoming edge modefrom the source (S)
contactis biased with an AGroltage. The drain (D) contact measures the conductance as the
transmissioriY through the FPI. The modulation ggte t 1t Twide) sitting at the periphery of

the interferometer tunes the areauby . SeeSupplementary Fig. S1 for more details of the device.
(b) Traces of Y with magnetic field and modulation gate voltage showing AB oscillatiorswh
theouteredge at 1 ¢ isweaklypartitioned.The average transmission’¥ &, andthe
individual QPCtransmissior(for the interfering outeedge)is 0 T& wWe assume the left and

right QPC are identical with the transmission probahbility 0 0, and thus thé&Y Se

Thefirst Fouriertransformations (FFTsyith a single peakequencyare shown.
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Figure 3 | Outer edge interference fortwo types ofengineeredh; ; 4 , namely,
and . (@) Thetransmission 0 in aquantum point contactQPCQ as a function of the
QPGgatevoltagew showing thee plateausor both conditionsfor ’ 0. The star symbol

represents a typicpartitioning of the outer mode for interferend@e schemati&on toprepresent
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the spin stategnot to be confused with the chiralitgj the edgemodes(after full equilibration
that propagatefor c mmandt p edge configurationsThe glowing one corresponds tdhe
interfering(outer) edge(b) ThecharacteristidharonovBohm(AB) pyjamaforo  1t(left) when
the QPCs are set at ( Y FRandthe average transmission”i & U.TThe ®@rresponding
first FouriertransformationEFT) with frequency values shownon theright. (c) The AB pyjama

andthe FFT fort  p, whenthe QPC transmission & w ¢ pand”Y & YThe values of

5 andy— clearly show the interference of paired electr@g® @tc 1 o, while the pairing

isnotobserved at p o. The comparisons areadewith ¢ 1 ¢ outer edge, see also the
Table.
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B Interference | # Flux- Interfering | Paring
(Tesla)| configuration SJ/_” e m T periodicity | charge (ga)
|
o ¢ T ¢ P& pTW Q No
x4 (outer)
cg v o T O C® p T& o e (8t @ Yes
X8 (outer) "G
p& v T p O p @ X & e e paQ No
[8¥ (outer)
pg& v UV ¢ O p W pTT o e ¢8Q Yes
X8 (outer) © G
p& L T T X® ® & X e e PP @ No
sVx (2" inner)
pg v L T U P& ppyY o e ¢&Q Yes
sVix1s (29 jnner)
P& ¢ ¢ ™ ¢ p w P X S e ¢80 Yes
sUMBN(2'%Nnner) RS
Pg ¢ ® ¢ T Qs Yo o e ¢8Q Yes
X1 (outer) © G

Table | Summary of the results for different interference configurations Obtainedfrequency
values(in 6 andw dependent oscillation tracgsyjama$, the estimated interfering char(@),
andtheflux-periodicity (¥ ) for the interfering edgmodeat interface filling ’ " .The

modes (spin states) are shown by colored arvaitsthe firstone starting from the lefteingouter
(nearest to théulk-gate interfaceand the nexbnes beindl® inner, 29 inner, and so anThe
interfering onds shown bythe dashed arrowl'he AB flux periodicity is obtained by comparing

the field periodicitiesYd between filling factorsand’ ¢ Tt outer edgeThe less area

( 7Y6) for an inner edge is attributed to the presence of two more edge channels from the

boundaryThe interfering charg€l até & is estimated using gate voltage periodicies

and the relation- Y with'd Q(e.g.,atg T ¢outeredgpaté 6 [12,13] Note

<

12



that the egation assumethe mutual capacitandd between the interfering edge channel and
modulation gate to be constakio we v e r U varies with the numb
channelqd28]. Therefore, the comparison of an inner mode with the outer one using this relation

is not ideal and provides quite a large error in the val(@.of
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Figure S1|Large-scaleSEM image of the deviceleft: SEM image of thevholedevice structure
with various ohmic contactgates and leadsRight: A zoomed image of the FPI show the air
bridge connections on the QPCs dinelcenter ohmic contac# partial broken lead from the left

QPC is to be ignored.
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Figure S2 | Hall measurement of thebulk. Two terminal Hall resistancéY( ) of the bulk as a
function of the magnetic field() showing the QH plateaus. The bulk filling factors from ¢

to @ are marked with the respectievalue at whiclthe measurementsere performed.
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