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The remarkable Cooper-like pairing phenomenon in the Aharonov-Bohm interference of a 

Fabry-Perot interferometer (FPI) ï operating in the integer quantum Hall regime ï remains 

baffling. Here, we report  the interfer ence of paired electrons employing óinterface edge 

modesô. These modes are born at the interface between the bulk of the FPI and an outer 

gated region tuned to a lower filling factor . Such configuration allows toggling the spin and 

the orbital of the Landau level (LL) of edge modes at the interface. We find  that electron 

pairing occurs only when the two modes (the interfering outer and the first inner) belong to 

the same spinless LL. 

 

Despite extensive experimental and theoretical work since its discovery in the 80sô, the quantum 

Hall effect (QHE) still provides a playground for extensive studies [1-5]. With an insulating bulk, 

transport studies are performed with the gapless edge modes. Due to óbulk-edgeô correspondence, 

the nature of the bulkôs quantum state is revealed [6-8]. Among the ubiquitous studies, the 

important ones are: shot noise [9,10], interference and braiding [11-13], and thermal conductance 

measurements [14]. One of the intriguing and unexplained features is a pairing of electrons in bulk 

fillings ’ ς. This phenomenon was observed in the interference of the outermost edge mode in 

a Fabry-Perot interferometer (FPI), with Aharonov-Bohm (AB) flux periodicity of ὬȾςὩ, where Ὡ 

is the electron charge, and Ὤ is the Planck constant; suggesting interference of paired electrons 

(Ὡᶻ ςὩ) [15-17]. Efforts to understand this phenomenon failed thus far [18-20]. In order to 

understand the process leading to the pairing of electrons in a single edge mode, we utilize a new 

approach by interfering óinterface edge modesô [21,22]. 

Normal edge modes are confined to the interface between the plane of the two-dimensional 

electron gas (2DEG) and the óvacuum.ô The transverse Hall conductance „  is determined by the 
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bulk filling ’: „ . Interface modes, on the contrary, are confined to the interface between 

two bulk regions with fillings: ’ and ’ (the latter is a gated bulk). Consequently, the transverse 

interface mode conductance is, „ , with ’ ’ ’ , the interface fil ling. Recent 

charge and thermal transport measurements [22-25] reveal the potential of novel experiments 

employing 1D interface chiral modes. The schematic of the interface edge configuration, with 

’ ς and ’ ρ, is shown in Fig. 1(a). At the interface, the counter-propagating modes ógapô 

each other, leaving the inner mode of ’ ς at the interface, with ’ ρ. Two examples of gate-

dependence of interface resistance with ’ ς Ǫ τ  are shown in Fig. 1(b)Ȣ 

It is worth recalling the main observations in the past ópairing experimentsô [15,16] before 

we delve into new findings. Utilizing ubiquitous QHE integer edge modes, we stumbled on 

electron pairing while interfering the outermost edge mode belonging to the first Landau level 

(LL), ,,ρȢ, in bulk fillings exceeding ’ σ. The interfering mode was accompanied by the first 

inner mode ,,ρᴻ and the second inner mode ,,ςȢ, both unpartitioned and encircling inside the 

interferometer (the arrow denotes the spin). Surprisingly, the first inner edge mode, ,,ρᴻ, was 

found to control the coherence and determine the flux periodicity of the interfering outermost edge 

mode. Moreover, the second inner mode, ,,ςȢ, had to be populated to observe pairing. 

Here, we replace the ubiquitous edge modes with interface modes, thus allowing 

controlling the character of the two outermost modes involved in the interference process. We test 

an AB-FPI with bulk fillings, ς ’ φ, with different interface fillings determined by a 

neighboring gated bulk, thus adding crucial information important to the underlying pairing 

mechanism [Fig. 3 and Table]. 

The AB phase evolution is given by • , where ὄ is the applied magnetic field, ὃ 

is the area defined by the interfering edge mode, and   ὬȾὩ the flux quantum [26]. With 

changing of the confined flux, the AB phase evolves as ‏• , with the area changes 

by the modulation-gate voltage, ὠ , with ‏ὃ ὠ‏‌ , and ‌ is proportional to the gate-2DEG 

capacitance. Assuming first-order interference, i.e., weak backscattering by the two quantum point 

contacts (QPCs), the interference is proportionate to ÃÏÓ‏• . Customarily, a 2D pyjama plot 

[27-29] in the ὄ ὠ  plane leads to periodicities, 
Ў

 and 
Ў

. 
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Our interface edge-based FPI, with an internal lithographic area of ρτȢςАÍ [Fig. 2(a)], is 

fabricated in GaAs-AlGaAs heterostructure harboring high mobility 2DEG, with a 2D electron 

density of ρȢχ ρπÃÍ , located ψσÎÍ below the surface. Hafnium oxide isolates different 

metallic contacts. An interior small grounded ohmic contact reduces the charging energy of the 

FPI and enables AB interference. AC voltage (ρʈ6 at ωππË(Ú) is applied to the source, and the 

drain signal is amplified by a cold (ρȢυ+) amplifier (with an LC circuit at its input), cascaded by a 

room-temperature amplifier. Measurements are performed at ρπÍ+ base temperature. 

We first repeat the ópairing experimentsô with trivial edge modes. Starting at ’ ’

’ ς π ς, the FPIôs QPCs are tuned to partition the outermost edge mode and fully reflect 

the inner mode [Fig. 2(a)]. High visibility conductance oscillations with magnetic field and 

modulation gate voltage, characteristics of an FPI in a coherent AB regime, are observed [Fig. 

2(b)]. The obtained periodicities in B and VMG correspond to an area 
Ў

ρρȢσʈÍ  and 
Ў

ρπω6 , respectively. These data ensure electron interference (Ὡᶻ Ὡ) with the flux quantum 

periodicity. The smaller AB area than the lithographic one indicates ςππÎÍ depletion at the 

gate interface. 

Interfering the outermost mode at the ’ σ π σ configuration (see Fig. 3(a), and 

see Supplementary Fig. S3 for a detailed schematic) with QPCsô transmission ὸ πȢψψ leads to 

frequencies 
Ў

ςςȢυʈÍ  and 
Ў

ρτφȢυ6  [Fig. 3(b)]; namely, ὬȾςὩ flux-periodicity and 

thus an apparent interfering charge Ὡᶻ ςὩ. As observed before [15], the filling of ,,ςȢ (second 

inner mode) is necessary to observe pairing in the interfering (outermost) mode in ,,ρȢ. 

To test the relation between the two outer modes, we toggled the interface modeôs LL (spin 

and orbital) by tuning the ’ and ’; here, ’ τ ρ σ [Fig. 3(a)] with ,,ρȢ gapped out. 

The interfering outermost mode belongs to the spin-split Landau level  ,,ρᴻ (with ὸ πȢως), and 

adjacent, the enclosed first inner, belongs to the orbital ,,ςȢ. Note that a óprotective modeô - the 

second inner mode, belonging to the ,,ςᴻ Landau level, circulates inside the FPI. The observed 

periodicities, 
Ў

ρρȢτʈÍ  and 
Ў

χπȢψ6  [Fig. 3(c)], are similar to those of ς π 

configuration, namely, no pairing. See Supplementary Fig. S4 for data with a strongly pinched 

QPC. 
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What is the main difference between the σ π and τ ρ configurations? In the σ π case, 

the outermost interfering mode and the first-inner mode belong to the same spinless Landau level, 

,,ρ, i.e., they share the same orbital (but carry opposite spins). In the τ ρ case, though the pairs 

are spinless, the interfering mode belongs to ,,ρȟ while the first-inner mode belongs to ,,ς. As 

seen above, pairing occurs when the two outer modes belong to the same spinless Landau level. 

Indeed, pairing is also observed in the υ ς configuration; i.e., the outermost mode belongs to 

,,ςȢ , the first-inner mode belongs to ,,ςᴻ, and the protective mode is ,,σȢ (see Supplementary 

Fig. S5). 

To further confirm the robustness and universality of the above pairing, we interfere 

various modes (inner and outer) at the bulk fillings τ ’ φ (Supplementary Figs. S6 & S7). 

The obtained results are tabulated in the Table. The different realizations allow a clear view of the 

needed conditions to observe pairing. 

Aharonov-Bohm interference of paired electrons in integer quantum Hall remains a 

puzzling observation without an explanation. Together with past data, our new results, based on 

interfering interface edge mode, show: (a) Pairing occurs between modes belonging to the same 

spinful Landau level, hence, the pairs are spinless. (b) The paired modes must be accompanied by 

an inner mode (belonging to a higher Landau level). 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. 
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Figure 1 | Interface edge modes. (a) Schematic of interface edge modes. The bulk and gated 

region are shown in purple and green, respectively. The ohmic contacts (shown in yellow), made 

with Ni/Au/Ge evaporation followed by rapid thermal annealing, are placed at the interface. The 

gates are patterened by Pd/Au in cold evaporation. The bulk (gate) filling ’ (’) is tuned by the 

magnetic field (gate voltage ὠ). When ’ ς and ’ ρ, full  equilibration (shown by red 

arrows) between counter-propagating modes leads to one mode (’ ρ) left at the interface. (b) 

Interface Hall resistance showing various integer plateaus with gate voltage ὠ at the bulk filling 

’ ς and τ. The bias cooling voltage for the gates is πȢυυ6. The full depletion of the gate with 

filling underneath ’ π starts at ὠ πȢσ6.  
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Figure 2 | Interface mode-based Fabry-Perot interferometer and Aharonov-Bohm 

oscillations. (a) False color scanning electron micrograph (SEM) image of the Fabry-Perot 

interferometer (FPI) with a grounded ohmic in the interior bulk. The lithographic internal area is 

ρτȢςАÍ. The bulk region is shown in purple. The top and bottom gatesô (shown in green) 

depletion characteristics are identical, and the voltage ὠ tunes the filling underneath, hence the 

interface edge filling. The split gates as quantum point contacts, QPCs (brown) are separated from 

the lower gate (green) by υnm Hafnium oxide. The incoming edge modes from the source (S) 

contact is biased with an AC voltage. The drain (D) contact measures the conductance as the 

transmission Ὕ  through the FPI. The modulation gate (σππÎÍ wide) sitting at the periphery of 

the interferometer tunes the area by ὠ . See Supplementary Fig. S1 for more details of the device. 

(b) Traces of Ὕ  with magnetic field and modulation gate voltage showing AB oscillations when 

the outer edge at ς π ς is weakly partitioned. The average transmission is Ὕ πȢτ, and the 

individual QPC transmission (for the interfering outer edge) is ὸ πȢψω. We assume the left and 

right QPC are identical with the transmission probability ὸ ὸ ὸ, and thus the Ὕ ȿὸȿ. 

The first Fourier transformations (FFTs) with a single peak frequency are shown. 
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Figure 3 | Outer edge interference for two types of engineered ⱨἱἶἼ , namely,  

and . (a) The transmission ὸ in a quantum point contact (QPC) as a function of the 

QPC-gate-voltage ὠ  showing three plateaus for both conditions for ’ σ. The star symbol 

represents a typical partitioning of the outer mode for interference. The schematics on top represent 
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the spin states (not to be confused with the chirality) of the edge modes (after full equilibration) 

that propagate for σ π and τ ρ edge configurations. The glowing one corresponds to the 

interfering (outer) edge. (b) The characteristic Aharonov-Bohm (AB) pyjama for σ π (left) when 

the QPCs are set at ὸ ψψϷ and the average transmission is Ὕ πȢςυτ. The corresponding 

first Fourier transformation (FFT) with frequency values is shown on the right. (c) The AB pyjama 

and the FFT for τ ρ, when the QPC transmission is ὸ ωςϷ, and Ὕ πȢςψ. The values of 

Ў
 and 

Ў
 clearly show the interference of paired electrons (ςὩ) at σ π σ, while the pairing 

is not observed at τ ρ σ. The comparisons are made with ς π ς outer edge, see also the 

Table. 
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(Tesla) 

Interfer ence 

configuration 

♠

Ў║
 Ⱨ□  

Ў╥Ἑἑ
 ╥  

Flux-

periodicity  

Interfering 

charge (▄ᶻ) 

Paring 

σȢχ  ς π ς 

ᶍᴻ   (outer) 

ρρȢσ ρπω    Ὡ No 

ςȢτυ σ π σ 

ᶍᴻ  Ȣ   (outer) 

ςςȢυ ρτφȢυ 
ḙ
 

ς
 

ḙςȢπσὩ Yes 

ρȢψυ τ ρ σ 

ᶋȢ  ᴻ   (outer) 

ρρȢτ χπȢψ ḙ   ḙρȢσὩ No 

ρȢτυ υ ς σ 

ᶍᴻ  Ȣ   (outer) 

ρω ρπτ 
ḙ
 

ς
 

ḙςȢτὩ Yes 

ρȢψυ τ π τ  

ᴽᴻᶍᴻ  (2nd inner) 

χȢυ φτȢχχ ḙ   ḙρȢρψὩ No 

ρȢτυ υ π υ 

ᴽᴻᶍᴻ  Ȣ(2nd inner) 

ρςȢτ ρρψ 
ḙ
 

ς
 

ḙςȢχὩ Yes 

ρȢςς φ π φ  

ᴽᴻᶍᴻᴽᴻ(2ndinner) 

ρω ψχ 
ḙ
 

ς
 

ḙςȢτὩ Yes 

ρȢςς φ ς τ 

ᶍᴻᴽᴻ   (outer) 

ςρ ψφ 
ḙ
 

ς
 

ḙςȢτὩ Yes 

 

Table | Summary of the results for different interference configurations. Obtained frequency 

values (in ὄ and ὠ  dependent oscillation traces, pyjamas), the estimated interfering charge (Ὡᶻ), 

and the flux-periodicity (Ў ) for the interfering edge mode at interface filling ’ ’ ’. The 

modes (spin states) are shown by colored arrows with the first one starting from the left being outer 

(nearest to the bulk-gate interface) and the next ones being 1st inner, 2nd inner, and so on. The 

interfering one is shown by the dashed arrow. The AB flux periodicity is obtained by comparing 

the field periodicities Ўὄ between filling factors and ’ ς π outer edge. The less area 

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

boundary. The interfering charge Ὡᶻ at ὄ ὄ is estimated using gate voltage periodicities Ўὠ  

and the relation 
ᶻ Ў

Ў
 with Ὡᶻ Ὡ (e.g., at ς π ς outer edge) at ὄ ὄ [12,13]. Note 
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that the equation assumes the mutual capacitance Ŭ between the interfering edge channel and 

modulation gate to be constant. However, Ŭ varies with the number of fully transmitted edge 

channels [28]. 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 value of Ὡᶻ.  
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Figure S1 | Large-scale SEM image of the device. Left: SEM image of the whole device structure 

with various ohmic contacts, gates, and leads. Right: A zoomed image of the FPI showing the air 

bridge connections on the QPCs and the center ohmic contact. A partial broken lead from the left 

QPC is to be ignored.  
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Figure S2 | Hall measurement of the bulk . Two terminal Hall resistance (Ὑ ) of the bulk as a 

function of the magnetic field (ὄ) showing the QH plateaus. The bulk filling factors from ’ ς 

to φ are marked with the respective ὄ value at which the measurements were performed. 

 


