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Creating 2-dimensional Electronic Systems
Molecular Beam Epitaxy (MBE)

MBE grown semiconductor heterostructures

Atomically controllable
semiconducting layered structures:

GaAs/AlGaAs, Si/SiGe,  HgTe/CdTe, 
…..

Fractional quantum Hall Effect
Willet (1988)
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Rise of 2D van der Waals Systems

• Semiconducting materials: WSe2, MoSe2, MoS2, … 

• Complex-metallic compounds : TaSe2, TaS2, … 

• Magnetic materials: Fe-TaS2, CrI3, CrGeTe3 ,…

• Superconducting: NbSe2, WTe2,  Bi2Sr2CaCu2O8-x, ZrNCl,… 

Bi2Sr2CaCu2O8-x
Metal Phosphorous Trichalcogenides

Metal-Organic Framework (MOF)



Pick-up Technique and Edge Contacts for Multilayer vdW Stacking

L. Wang et al, Science (2013)

Contac Resistance: <100 Ω µm
Mobility > 106 cm2/Vsec
Mean free path > 10 µm

• Creation of multilayer systems 
with co-lamination techniques

• Encapsulated graphene in hBN

• Completely ballistic at low 
temperature

figure from Li et al Science (2017), see also Zibrov et al Nature (2017)

Even denominator FQHE in bilayer graphene



Anyons in 2-Dimension

Indistinguishable particles

3-Dimension (and higher)

𝜓𝜓 𝑟𝑟1,𝑟𝑟2 → − 𝜓𝜓 𝑟𝑟2,𝑟𝑟1

𝜓𝜓 𝑟𝑟1,𝑟𝑟2 → + 𝜓𝜓 𝑟𝑟2,𝑟𝑟1bosons

fermions

2-Dimension is special!

𝜓𝜓 𝑟𝑟1,𝑟𝑟2 → 𝑈𝑈12𝜓𝜓 𝑟𝑟2,𝑟𝑟1

If the ground state is degenerated,

𝑈𝑈12 : unitary operator

𝜓𝜓 𝑟𝑟1,𝑟𝑟2 → 𝑒𝑒𝑖𝑖𝑖𝑖 � 𝜓𝜓 𝑟𝑟2,𝑟𝑟1

For non-degenerate ground state

𝜃𝜃 = ±𝜋𝜋/𝑚𝑚

             𝑚𝑚 = 1,2, 3 …

F. Wilczek, Phys. Rev. Lett. 49, 957 (1982).



Anyons in Fractional Quantum Hall 

Willett et. al.,  PRL (1988)

Fractional Quantum Hall Effect in electrons in GaAs quantum well
Quasiparticle excitation in FQH states are anyons!

• Abelian anyons:
Most of odd denominator fractions

…

Eg.
ν =1/3 e*=e/3

θ = π /3

ν =2/5 e*=e/5

θ = 2π /5

• Non-Abelian anyons:
Some of even denominator fractions

ν =5/2 e*=e/4Eg.

…

    

     



Non-Abelian Anions For Topologically Protected Qubit

𝜓𝜓 𝑟𝑟1,𝑟𝑟2 → 𝑈𝑈12𝜓𝜓 𝑟𝑟2,𝑟𝑟1

Non-abelian anyons

𝑈𝑈12 𝑈𝑈21 = 𝑈𝑈21 𝑈𝑈12 

By braiding the anyons one can 
create non-local entangled qubits

Das Sarma, Freedman, Nayak Physics Today (2006) Graham P. Collins, SCIENTIFIC AMERICAN April 2006 



Aharonov-Bohm (AB) effect

𝜙𝜙0 =
ℎ
𝑒𝑒

Flux quanta



Quantum Hall Interferometer



Braiding Abelian Anyons (2020)
Anyon Fabry-Perot interferometer Anyon Hong-Ou-Mandel Experiment



High Quality Graphene Channel in hBN vdW Structures

L. Wang et al, Science (2013)

Edge contacting method

Contac Resistance: <100 Ω µm
Mobility > 106 cm2/Vsec
Mean free path > 10 µm

• Creation of multilayer systems 
with co-lamination techniques

• Encapsulated graphene in hBN

• Completely ballistic at low 
temperature

figure from Li et al Science (2017), see also Zibrov et al Nature (2017)

Even denominator FQHE in bilayer graphene



Graphene Based Quantum Hall Interferometer
Multiple vdW stacks for device fabrication

Ronen*, Werkmeister* et al., Nature Nano (2021), Similar results by   C. Déprez et al., Nature Nano (2021) ; bilayer graphene result by Jun Zhu’s group Fu et al., Nano Letters (2023)  

Electron Fabry-Perot 
Interference in IQH regime

Graphite top gate

hBN dielectric

hBN dielectric

Graphene channel

Graphite back gate

Substrate



AB Effect in QH Fabry-Perot Interferometer

Plunger gate VPG
to control areaInterferometer area A

Transmission Probability

𝑇𝑇 𝜙𝜙 = 𝑡𝑡 2 =
𝑡𝑡1 2 𝑡𝑡2 2

1 + 𝑟𝑟1 2 𝑟𝑟2 2 − 2 𝑟𝑟1𝑟𝑟2 2 cos(𝜙𝜙)

A ~ VPG

B

Transmission Probability

δB

δVPG

Ronen*, Werkmeister* et al., Nature Nano (2021), 

AB Phase

𝜙𝜙0 =
ℎ
𝑒𝑒

Flux quanta



Graphene Quantum Hall Point Contact as Charge Sensor

RTrans

Rreflect

Ronen*, Werkmeister* et al., Nature Nano (2021) 

Local gate defined quantum dots and point 
contacts under magnetic fields

1st Gen Airbridge overhang gates for individual QPC controls 2nd Generation

Airbridge suspended gates

Excellent charge stability 
and independent control 
has been demonstrated!
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Interger Quantum Edge Interference
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Fractional Quantum Hall Effect Fabry-Perot Interferometer

27nm hBN 

graphite

Monolayer 
graphene

49nm hBN 
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Fabry-Pérot FQH interferometer: abelian anyons

S D
VPG

A

fractional charge fractional statistics
NL

: electrons, 
ν=integer

: Laughlin state,
 ν=1/3

𝒆𝒆∗

𝒆𝒆
 = 1

𝒆𝒆∗

𝒆𝒆
 =  1

3

Fractionalized Charge

: Laughlin state,
 ν=1/3

: electrons,
 ν=integer

𝜃𝜃 = 𝜋𝜋

𝜃𝜃 = 𝜋𝜋
3

𝜽𝜽: exchange phase

𝝓𝝓 = 𝟐𝟐𝝅𝝅
𝒆𝒆∗

𝒆𝒆
𝑨𝑨𝑨𝑨
𝝋𝝋𝟎𝟎

 +  𝑵𝑵𝑳𝑳𝟐𝟐𝜽𝜽Interference 
Phase

Nakamura et al., Nature Phys. (2020)

1/3 FQH Interference in GaAs heterostructures
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Interference Signal at Constant Gate Voltages and Magnetic Field

Telegraph Noise in FQH Interference

counts
0 40 80

ν=4/3

12 T @ 20 mK

VPG =-1.56 V

• Random telegraph noise with switching time ~ 10s sec

• Three different switching states: caused by fluctuations in localized anyon number 𝑛𝑛

• conductance can only take 3 discrete values depending on 𝑛𝑛 mod 3 𝛿𝛿𝐺𝐺(𝑛𝑛) ≈ 𝛽𝛽cos 2𝜋𝜋𝜃𝜃 + 𝑛𝑛 mod 3
2𝜋𝜋
3

δG
 (e

2/h)

QPCs partition inner FQH edge



Telegraph Noise in FQH Interference



AB Oscillation of FQHE and Phase Shift
ν=1

𝜑𝜑0/ ∆𝐵𝐵1 = 0.80 µm2

∆B1

δG (e2/h)
ν=1/3

probability

± 𝟐𝟐𝝅𝝅
𝟑𝟑

 phase slips

B = 12 T

3𝜑𝜑0/ ∆𝐵𝐵1/3 = 0.83 µm2 

∆B1/3/3

δG (e2/h)

(V)

δG (e2/h)



Exchange versus Braiding
arXiv:2308.12986

Exchange

Braiding(double)

𝑒𝑒𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒

𝑒𝑒𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎

𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜃𝜃𝑒𝑒𝑒𝑒



Proposal for Probing Exchange Phase 

- In standard FP interferometer, only can measure 𝜃𝜃𝑏𝑏𝑟𝑟𝑎𝑎𝑖𝑖𝑏𝑏 = 2𝜃𝜃𝑒𝑒𝑒𝑒
- Additional dot provides a mechanism for a single exchange within the device, enabling direct observation of 𝜃𝜃𝑒𝑒𝑒𝑒

“Direct” tunneling
𝜙𝜙 = 2𝜋𝜋 𝑒𝑒∗

𝑒𝑒
𝐴𝐴𝐴𝐴
Φ0

+ 2𝜃𝜃𝑒𝑒𝑒𝑒𝑁𝑁𝐿𝐿 + 𝜂𝜂𝜃𝜃𝑒𝑒𝑒𝑒 

arXiv:2403.12139

“Cooperative” tunneling, edge QP 
exchanges with existing one already on dot
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Very Preliminary Experimental Data
Normal QPC 1/3 quantum dot

Accidental quantum dot 
formation underneath of QPC

0
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Coulomb blockade Resonant



Phase Flipping Across the QAD Resonance

0

1/3

G (e2/h)

Experimentally, for RTN interferometer should see 180deg phase shift in triple helix across quantum dot resonance 
(shift from direct to cooperative tunneling)



Summary and Outlook
• Fabry-Perot Interference for Integer and Fractional Quantum Hall States.

• Phase slips related to the quasi-particle occupancy in the interferometers. 

Outlook

• Abelian anyon braiding phase has been identified.

VMG

Vdot

Engineered quasi-
particle occupancy:
Anti-dot

-11/3 -10/3

-17/5-18/5

-5/3 -4/3

-7/5-8/5
-1/2

-1/3-2/3
-5/2 -7/3

-11/5-16/5

Non-abelian braiding: bilayer graphene 

@ 16 T, 250 mK

J. Kim et al., arXiv:2412.19886 
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Switching Rate: Temperature Dependence
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Electron temperature can reach 
         ~ 20 mK

Variable-range hopping

Efros and Shklovskii (1975)
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arXiv:2402.12432 
arXiv:2403.19628 



Why Does Quasiparticles Hopping Occur?

29

Added RF antenna, 
new experiment to 
pump in ~30Ghz pulses

We hope to control 
quasiparticle hopping by 
microwave irradiation!



Recent Anyon Braiding in GaAs

J. Nakamura et. al., Phys. Rev. X 13, 041012 (2023)H. K. Kundu et. al Nature Physics volume 19, 515–521 (2023)

Anyon Braiding in Outer Edge of Mach-Zender Interferometer Inner Edge Fabry-Perot Interferometer

ν = 2/5



Inner and Outer Quantum Edge Interference
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Improvement of Interferometer: QPC Control

RTrans

Rreflect

Ronen*, Werkmeister* et al., Nature Nano (2021) 

Local gate defined quantum dots and point 
contacts under magnetic fields

1st Gen Airbridge overhang gates for individual QPC controls 2nd Generation

Airbridge suspended gates

Excellent charge stability 
and independent control 
has been demonstrated!
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Inner Edge versus Outer Edge AB Oscillations 

Partition and interference of Inner edgePartition and interference of outer edge

Phase slip lines of the outer edge interference is directly connected to the inner edge AB oscillation!

6 T @ 20 mK 6 T @ 20 mK



VMG (V)

Exponent

α
  

Switching Rate: Density Dependence

ν=1/3

12 T 
@ 20 mK

τ s
-1

 (H
z)

VMG (V)

Switching Rate

f (Hz)

Fourier Transform of δG(t):  S(f)

𝑆𝑆 𝑓𝑓 ~ 𝑓𝑓𝛼𝛼

Random Telegraph Noise

S ~ 1/ f 2:  single time scale 

S ~ 1/f  : multiple time scale
M. B. Weissman Rev. Mod. Phys. 60, 537 (1988)

VMG (V)



Nonabelian Anyon for Topologically Protected Qubit

Graham P. Collins, SCIENTIFIC AMERICAN April 2006 
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