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Topological SC and Majorana Fermions

Majorana Fermion ™ Particle is its own antiparticle
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® Spinless SC is necessary for realizing Majorana Fermions

— Such a SC is Topological !  e.g. 2D spinless chiral p-wave SC
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Top and bottom surface states hybridize
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Proximity Effect in QAHI

QAH QAH
QAH QAH
m< —J/|AP+u*> =N =2,
m* < |APP4+p* = N=1,
m=> . |A>+pu> = N=0,
(m: hybridization gap of the surface states)
QAH QAH

Chung et al., PRB (2011)




Proximity Effect in QAHI

Wang, PRB (2015)
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Proximity Effect in QAHI

Wang, PRB (2015)
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Proximity Effect in QAHI

QAH-NDb strip device
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Proximity Effect in QAHI

QAH-NDb strip device
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Proximity Effect in QAHI
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Chiral Majorana Fermions in Proximitized 3D Topological Insulator / QAHI

edge mode vortex

Fu & Kane, PRL (2009)

topological ST e wkgT sin(eVSL/vyy)

I= (1)
(=1) h sinh(7wkgT 6L/ vyy)

electrons Majorana
or holes fermions

————— — -

Akhmerov et al., PRL (2009) Chung et al., PRB (2011)



Chiral Majorana Fermions in Proximitized 3D Topological Insulator / QAHI

edge mode vortex

Fu & Kane, PRL (2009)

= (—1y e mkgTsin(eVSL/vyy)
h sinh(7wkgT 6L/ vyy)

topological ins

electrons Majorana
or holes fermions

h/2e vortex

v = 1 quantum Hall
insulator

pair of
Majorana modes
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SC Proximity effect in Quantum Hall Systems
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SC Proximity effect in Quantum Hall Systems

Rp ()

400

300

200

100

a E=0 b
\ : ; '
EEGGhECCIIEN e
: V
> WK
«—>
L 0=
Graphene

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

NbN
superconductor

raphene ‘,7;_,:.5-"
f/ Graphite
o —

1.5

Filling v

2 2.5 3
Gill et al., PRX (2022)



SC Proximity effect in Quantum Hall Systems

Rp ()

400

300

200

100

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

Graphene

.

QAH-Nb strip device / QAH-Nb finger device
1 4 5 3 2 /6

/!

13

4 / J".r T 8a b
QAH insulator / ﬁ
/4 T P _/_ TL 9 b finger

T Au electrodes 12 " 10 ! v.4 $ ‘ } . i
— 10 Nb strip K
— 9.[] /

— B-g Kayyalha et al., Science (2020)

7. —

6.0 N

5.0 r

(]

e

3.8
3.4
— 3.0
— 26
— 2.2
— 18




Quantum Anomalous Hall Effect in Cologne

V(Bi,Sb, ), Tes

Achieved in 2020 in Cologne



Proximitizing QAHI and Crossed Andreev Reflection

Uday et al., arXiv:2307.08578




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

b 150 . A
100 P
[ Rxx RD : : i
50 [ =
S olo—-o—2 E
@ i "
-50 -/
oot wH=0T"
-150 : : : :
0 50 100 150 200 250
T (MK)
b :
i 400 ]
] I ~ 100 nm
1 a0} 5 SCAR
G ~
= ool énb = 30 nm
Q<|C 200 400
100 CAR is taking place probably
] ol through the proximitized surface,
not through Nb

0 100 200 300 400 500 600
WNb (nm)




Simulation of the Crossed Andreev Reflection in CAR
Uday et al., arXiv:2307.08578
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Future Prospects

CAR process induces pair correlations

in the QAH edge

B0

-

If the 2D surface of QAHI is indeed proximitized:

Ih/ 2e vortex

v = 1 quantum Hall
insulator

pair of
Majorana modes

dIn/dV = (~1)™nex Gy
V dIS/dV = [1 — (_1)nvortex]G0

Beenakker, condmatjclub (2017)

Van Heck et al., NJP (2012)

€ =

Chern insulator

¥ ST —
superconductor

ﬂﬂﬁt’ds{t} .

vortex

Beenakker et al. PRL (2019)



Summary 1
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« 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
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Majorana Zero Modes in Tl Nanowires with ®,/2 flux
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Nonlocal Conductance in Proximitized Nanowires

Rosdahl et al., PRB (2018)
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(slides removed since the data are unpublished)
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