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Outline

• Quantum Anomalous Hall insulator (QAHI) & Majorana Fermions
• Crossed Andreev Reflection (CAR) in proximitized QAHI
• Subbands in TI nanowire
• Andreev bound states and CAR in proximitized TI nanowires
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Topological SC and Majorana Fermions
Majorana Fermion       Particle is its own antiparticle

Superconductor (s-wave):

Wilczek (2009)

 Spinless SC is necessary for realizing Majorana Fermions

→ Such a SC is Topological !  

Surface State of TIs

EF 2∆

Fu & Kane (2008)

Neutrino?

Majorana zero 
mode in vortices

superconductor
TI

MZM

e.g. 2D spinless chiral p-wave SC

Related Platform:
Quantum anomalous 
Hall insulator



Quantum Anomalous Hall Effect

Chang et al., Science (2013)

Oh, Science (2013) Yu et al., Science (2010)

Top and bottom surface states hybridize



Proximity Effect in QAHI

Chung et al., PRB (2011)

(m: hybridization gap of the surface states)



Proximity Effect in QAHI
Wang, PRB (2015)

Competition between:
- Hybridization gap
- Magnetic gap
- SC gap
(µ = 0 is assumed here)



Proximity Effect in QAHI

He et al., Science (2017) -- retracted

Wang, PRB (2015)



Proximity Effect in QAHI

He et al., Science (2017) -- retracted

Kayyalha et al., Science (2020)

He et al., Science (2017) -- retracted



Proximity Effect in QAHI

Kayyalha et al., Science (2020)

He et al., Science (2017) -- retracted



Proximity Effect in QAHI

Kayyalha et al., Science (2020)

He et al., Science (2017) -- retractedHe et al., Science (2017) -- retracted



Proximity Effect in QAHI

Kayyalha et al., Science (2020)

Current-induced breakdown



Chiral Majorana Fermions in Proximitized 3D Topological Insulator / QAHI

Akhmerov et al., PRL (2009)

Fu & Kane, PRL (2009)

Chung et al., PRB (2011)



Chiral Majorana Fermions in Proximitized 3D Topological Insulator / QAHI

Akhmerov et al., PRL (2009)

Fu & Kane, PRL (2009)

Beenakker, condmatjclub (2017)



SC Proximity effect in Quantum Hall Systems Lee et al., Nat. Phys. (2017)

Andreev reflection Andreev edge state Crossed Andreev reflection



SC Proximity effect in Quantum Hall Systems Lee et al., Nat. Phys. (2017)

Gül et al., PRX (2022)



SC Proximity effect in Quantum Hall Systems Lee et al., Nat. Phys. (2017)

Kayyalha et al., Science (2020)



Quantum Anomalous Hall Effect in Cologne

100µm

Vx(BiySb1-y)2-xTe3

Achieved in 2020 in Cologne



Uday et al., arXiv:2307.08578
Proximitizing QAHI and Crossed Andreev Reflection



Proximitizing QAHI and Crossed Andreev Reflection

Lee et al., Nat. Phys. (2017)

Uday et al., arXiv:2307.08578



Proximitizing QAHI and Crossed Andreev Reflection
Uday et al., arXiv:2307.08578



Proximitizing QAHI and Crossed Andreev Reflection

𝜉𝜉CAR ≈ 100 nm

𝜉𝜉Nb ≈ 30 nm

CAR is taking place probably 
through the proximitized surface, 
not through Nb

Uday et al., arXiv:2307.08578



Simulation of the Crossed Andreev Reflection in CAR

Assumptions:
- Nb contact causes electron doping
- Only the top surface is proximitized

CAR Majorana edge state

narrow finger

wide finger

Uday et al., arXiv:2307.08578



Future Prospects

CAR process induces pair correlations 
in the QAH edge 

Beenakker et al. PRL (2019)

Van Heck et al., NJP (2012)

Beenakker, condmatjclub (2017)

If the 2D surface of QAHI is indeed proximitized:



Summary 1

• Successful proximitization of the QAH edge state with a Nb finger electrode

• Crossed Andreev Reflection is observed, giving evidence for induced pair 
correlations in the QAH edge state

• CAR is taking place probably through the proximitized surface, not through Nb
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Topological Insulator Nanowires



Subbands in 3D Topological Insulator Nanowire

Münning et al., 
Nat. Commun. (2021)

ℓ is half-integer due to 
the Berry phase



Majorana Zero Modes in TI Nanowires with Φ0/2 flux
InAs nanowire on SCΦ = η(h/e)

Cook & Franz, PRB (2011)

ℓ is half-integer due to the Berry phase



Nonlocal Conductance in Proximitized Nanowires
Rosdahl et al., PRB (2018)

tunneling limit open regime

Crossed Andreev reflection



(slides removed since the data are unpublished)
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