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Exchange Statistics of Quasi-particles

Indistinguishable particles
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2-Dimension is special!

For non-degenerate ground state
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3-Dimension (and higher)

If the ground state is degenerated,

bosons Y1) 2 T W) l/_;(rl,rz) - Ulzl/j (r2,71)

fermions 1/1 rr) l/J 1T U : unitary operator
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Non-Abelian Anions For Topologically Protected Qubit

Non-abelian anyons ! b
l/)(rprz) = U (r2,11)
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By braiding the anyons one can
create non-local entangled quitS Das Sarma, Freedman, Nayak Physics Today (2006)

- Field and Simula, (2018)
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Topologically protected quantum computing
with non-abelian anyons




Quantum Material Platforms For Topologically Protected Qubit
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Rise of 2D van der Waals Systems

graphene . . Metal Phosphorous Trichalcogenides
Metal-Chalcogenide Bi,Sr,CaCu,Og
C
hexa-BN X
Metal-Organic Framework (MOF)
B M
N X

M =Ta, Nb, Mo, W ...
X=8, Se, Te, ...

* Semiconducting materials: WSe,, MoSe,, MoS,, ...

* Complex-metallic compounds : TaSe,, Tas,, ... A
C
* Magnetic materials: Fe-Ta$,, Crl; CrGeTes,... AB

e Superconducting: NbSe,, WTe,, Bi,Sr,CaCu,0s.,, ZrNCl,... A




Pick-up Technique and Edge Contacts for Multilayer vdW Stacking

/ Even denominator FQHE in bilayer graphene \

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

Edge contacting method

Contac Resistance: <100 Q2 um
Mobility > 10° cm?/Vsec
Mean free path > 10 pm

L. Wang et al, Science (2013)



Graphene Based Quantum Electronic Devices

Quantum Interferometers
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Electron Fabry-Perot
Interference in FQH regime
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Ronen*, Werkmeister* et al., Nature Nano (2021)



Induced Superconductivity in Fractional Quantum Hall Edge

Superconductivity Fractional quantum Hall
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Superconducting Proximity in Quantum Hall State

PHYSICAL REVIEW B 82, 184516 (2010) A\

Chiral topological superconductor from the quantum Hall state

Xiao-Liang Qi,"?> Taylor L. Hughes,'* and Shou-Cheng Zhang!

Proximitized quantum (anomalous) Hall states:
Localized majorana zero mode in the vortex core, and delocalized majorana edge states.

—oap

ARTICLE  commibincamions

Received 14 Sep 2012 | Accepted 26 Nov 2012 | Published 8 Jan 2013 he he
. . . 2e 2e
Exotic non-Abelian anyons from conventional
fractional quantum Hall states v=1/m FQH
David J. Clarke'?, Jason Alicea? & Kirill Shtengel>#>
(also, Vaezi (2012), Linder et al (2012), Cheng et al. (2012), Barkershi et al (2012)) fy%m — ,ng -1 ,),;r — %.2’”_1
Y172 = €m/m’72’71

Proximitized Fractional Quantum Hall states:
Localized parafermions in the vortex core, and delocalized parafermionic edge states.



Parafermions for Universal Topological Quantum Computing
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Braiding parafermions for quantum gating
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Proximitizing Quantum Hall Edge by Superconductors
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Andreev Reflection

A.F. Andreev, Soviet Physics JETP 19, 1228 (1964)

G.E. Blonder, M. Tinkham, and T. M. Klapwijk (1982)
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Solving Bogoliubov-de Gennes Equation



Crossed Andreev Reflection in Quantum Hall Edge

V
Normal drain electrode T V0 V
R,, = —— =—= h/ve?
1, A r=h
V
é -
0 [when contact is perfect.]
Superconducting drain electrode Crossed Andreev reflection (CAR)
= Cooper pair splitting
- v Crossed Andreev Reflection : WT Ss
(CAR) 4i
AT L
V
2 =2
e Ji Current is doubled
Negative chemical potential
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Goal : Measuring negative potential on the downstream edge state




Crossed Andreev Reflection in Graphene Integer Quantum Hall States

Graphene

Localized majorana fermions

Graphene Hall bar with a superconducting drain contact.
(graphene underneath the contacts are etched away)

ﬂasurement of Down Stream Chemical Potential\
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G.-H. Lee et al. Nature Physics (2017)



Width Dependence of CAR: Superconducting Coherence Length
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Andreev edge state 10
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Electron Cotunneling CAR contribution is dominant for W < 100 nm

CAR contribution ~ -V exp[-W/&,]
Cotunneling contribution ~ +V exp[-W/E,] G.-H. Lee et al. Nature Physics (2017)



Toward Fractional Quantum Hall CAR

Graphene Device with superconductor & graphite gates

Gil, Ronen, et al., arXiv:2009.07836

narrow NbN superconductor

/

~100 nm

etched under the superconductor

graphene
boron nitride
graphite

SiO, substrate
normal leads



Cross-Andreev Reflection Probability

Simultaneous Resistance measurement:

Giil, Ronen, et al., arXiv:2009.07836

Longitudinal
magneto

Hall

Cross-
Andreev

Probability of CAR

In the quantum Hall regime

Rxx= xx/I » 0

Ry =V /1

h/e?v
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Crossed Andreev Reflection Probability
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Gil, Ronen, et al., arXiv:2009.07836



p-wave coupled Cross Andreev Edge States
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Spin-orbit coupling in superconductor

Andreey edge states without CAR

Without SOC
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Spin-triplet and p-wave coupling

v=2 edge states are just two copies of v=1.



Strong Development of CAR in Fractional Quantum Hall States

Probability of CAR:
Pcar = -Rear/ (Rear tR,y, )

pIal Jnause



Fractional Crossed Andreev Reflection Probability

4 -9 Tesla @ 15 mK
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Electron Cooper Pairs versus Quasi Particle Andreev Pairs

Anyon edge state e*:e/3 Charge 26 Andreev palr
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graphene
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Anyonic quasi particle
Andreev process

temperature

graphene

Robust CAR for 1/3 FQHE

at low temperature high magnetic fields!



FQH edge-Superconductor Interface: Microscopic Picture
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What are the next steps?

Parafermion Josephson Junction

___________ Iy, 100A offset Gy, 14e72/h offset Tunneling into the zero mode

: | 2 6 10 2 6 10

Quantum Hall edge to
parafermion zero mode

mm NbN
Graphene

4e
J. Shi et al. unpublished Al ~ (—) eA



Outlook

Increasing CAR probability

» atomically close distance (~1 nm) between counterpropagating edges
* pairing does not rely on spin-orbit coupling

* may allow supercurrent carried by fractional charges

Electric field-control of
fractional ground states

Ideas from Onder Gul et al




Summary

* CAR of IQH/FQH is observed in graphene

* Neither valley nor spin are conserved in CAR for IQHE
with CAR probability is estimated to be ~ 3 %

e Strong CAR for some FQH edge with up to 10% CAR
probability

-
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Crossed Andreev Reflection for IQH/FQH: Bias Dependence

Rear
(kQ)

0.5

T=128...9
2
-15 0 15
V(mV) =1.8...9
1/3
-5 0 S5
V (mV)
=1.8...9
2/5
-5 0 5

V (mV)

RCAR/ RXyXO.l (kQ)

10

2/5

1/3

2/3

1 \ 5/3 2

Rear T=138. 9K

0.2

Gate voltage (V) 1.8



Crossed Andreev Reflection for IQH at Low Magnetic Fields
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Crossed Andreev Reflection for IQH/FQH: Temperature Dependence

T=18K

10

B (T)

2 5 8 11
6 T (K)

RCAR/ RXyXO.l (kQ)
xx

o) ™4

2/3 1 5/3 2
s \
Rear T=12. 9K

1/3

.
(@)

1
N

0 Gate voltage (V) 1.5 0.2 Gate voltage (V) 1.8



