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Motivation: Go beyond proving the existence of edge states

Anomalous nonlocal conductance as a fingerprint of

chiral Majorana edge states

Anomalous proximity effect of

planar topological Josephson junctions

Summary

arXiv: 2007.12888

PRL 123, 207002 (2019)
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Motivation

Sec. 0
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Topological superconductors

(e.g. chiral p-wave)

Nontrivial

“bulk” band topology
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Topological number

ℤ ≠ 0



Topological superconductors

(e.g. chiral p-wave)

Nontrivial

“bulk” band topology

Gapless

“boundary” states

Great attention due to:

- emergence of Majorana bound states(𝜸 = 𝜸†),

- potential applications to quantum computations, etc.
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Various edge states

and more.
Chiral states

Chiral 𝑝-wave

Helical states

Helical 𝑝-wave

Flat-band states

𝑝𝑥-wave

How can we detect them?
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Tunneling spectroscopy

Conventional

Gapped
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Conventional

Gapped

Topological

Zero-bias peak

Powerful experiment! Actually…

6/ 35

Tunneling spectroscopy



Experimental observations so far

Sr2RuO4
(Chiral)

S. Kashiwaya, et al. PRL(2011)

CuxBi2Se3
(Helical)

S. Sasaki, et al. PRL(2011)

YBCO
(Flat)

I. Iguchi, et al. PRB(2000) 

and more.
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Magnetic atoms/SC hybrids

S. Nadj-Perge, et al. Science(2014)

Semiconductor/SC hybrids

H. Zhang, et al. Nature(2018)



Motivation

For the past decade,

the existence of topological edge states

has been demonstrated in various systems.

The time has come to go beyond proving their existence

and embark on investigating the nature of

topological edge states more thoroughly.
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Anomalous nonlocal conductance

as a fingerprint of

chiral Majorana edge states

S. Ikegaya, Y. Asano, and D. Manske

Phys. Rev. Lett. 123, 207002 (2019)

Sec. 1
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Objective (1)

Chiral states Helical states Flat-band states

Zero-bias peak

Powerless to capture the “individuality” edge states.

10/ 35



Proposing a “smoking-gun” experiment

for identifying “chiral” Majorana edge states

Objective (1)
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Nonlocal transport in a

ferromagnet/chiral 𝑝-wave superconductor hybrid

Idea
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𝐻FM𝛼 =෍

𝒌

෍

𝜎,𝜎′

𝜉(𝒌) +𝑴𝛼 ∙ ෝ𝝈 𝜎,𝜎′𝑐𝒌𝜎
† 𝑐𝒌𝜎′

𝒅𝒌 = Δ0(sin 𝑘𝑥 + 𝑖𝜒 sin 𝑘𝑦)ො𝒛

∆𝜎𝜎′ 𝒌 = 𝒅𝒌 ∙ ෝ𝝈 (𝑖 ො𝜎𝑦) 𝜎,𝜎′

𝐻SC =෍

𝒌,𝜎

𝜉(𝒌)𝑐𝒌𝜎
† 𝑐𝒌𝜎′ +

1

2
෍

𝒌

෍

𝜎,𝜎′

∆𝜎𝜎′ 𝒌 𝑐𝒌𝜎
† 𝑐−𝒌𝜎′

† + h. c.

Model
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𝐺𝛽𝛼 𝑉𝛼 =
𝑑𝐼𝛽

𝑑𝑉𝛼

𝐼𝛽 : current in lead 𝛽

𝑉𝛼 : applied bias voltage to lead 𝛼

( lead 𝛽 and superconductor are grounded.)

Formulation: BTK formula
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𝐺𝛽𝛼 𝑉𝛼 =
𝑒2

ℎ
−𝑅𝛽𝛼

EC + 𝑅𝛽𝛼
CAR

𝑒𝑉𝛼=𝐸 G. Deutscher and D. Feinberg, App. Phys. Lett. 76. 487 (2000)

Formulation: BTK formula
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Expectation

CMESs moving from the lead 1 to lead 2:

- assist the nonlocal transport from the lead 1 to lead 2.

𝑮𝟐𝟏 is finite irrespective of 𝑳.

- never assist the nonlocal transport from the lead 2 to lead 1.

𝑮𝟏𝟐 is almost zero.
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𝑴1 = −𝑴2 = 𝑀exො𝒛,

𝑀ex = 0.5𝜇

0.2𝜉0 ≤ 𝐿 ≤ 40𝜉0

Results

CMESs moving from the lead 1 to lead 2:

- assist the nonlocal transport from the lead 1 to lead 2.

𝑮𝟐𝟏 is finite irrespective of 𝑳.

- never assist the nonlocal transport from the lead 2 to lead 1.

𝑮𝟏𝟐 is almost zero.
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𝑴1 = −𝑴2 = 𝑀exො𝒛,

𝑀ex = 0.5𝜇

0.2𝜉0 ≤ 𝐿 ≤ 40𝜉0

(I) Unique phenomenon for chiral edge states

(II) We only need the distinct contrast in 𝐺21 and 𝐺12.

Promising strategy for identifying CMESs

Advantages of our proposal
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𝑴1 = 𝑀ex ො𝒛,

𝑴2 = 𝑀exො𝒛

𝐺21 =
𝑒2

ℎ
−𝑅21

EC + 𝑅21
CAR

half-metal antiparallel 𝑀𝑒𝑥 = 0 parallel half-metal

𝐺21 =
𝑒2

ℎ
𝐺21 > 0 𝐺21 = 0 𝐺21 < 0 𝐺21 = −

𝑒2

ℎ

𝑅EC = 0
𝑅CAR = 1

𝑅EC < 𝑅CAR 𝑅EC = 𝑅CAR 𝑅EC > 𝑅CAR
𝑅EC = 1
𝑅CAR = 0

𝑴𝜶 dependence: Amplitude
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When 𝑑 ∥ ±𝑀𝛼,

electrons have

same spin

electron and hole

have opposite spin

Parallel

Antiparallel

CAR processEC process

𝑹𝐄𝐂 > 𝑹𝐂𝐀𝐑

𝑹𝐄𝐂 < 𝑹𝐂𝐀𝐑

𝑴𝜶 dependence: Amplitude
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𝑴1 = 𝑀ex sin𝜑1 , 0, cos 𝜑1

𝑴2 = 𝑀ex 0, sin 𝜑2 , cos 𝜑2

Maximum magnitude for 𝑴1 ∥ 𝒅 and 𝑴2 ∥ 𝒅

Zero only for 𝑴𝛼 ⊥ 𝒅

Distinct contrast between 𝐺12 and 𝐺21 remains

for the broad range of the magnetization alignments.

𝑴𝜶 dependence: Direction
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Wave function

Wave function at zero energy having largest contribution to 𝑅CAR

Long-ranged nonlocal transport is

indeed mediated by the CMESs.
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Distinct contrast between 𝐺21 and 𝐺12
due to the chiral motion of the CMESs

Promising direction for obtaining

the smoking-gun evidence for the CMESs

Phys. Rev. Lett. 123. 207002 (2019)

Conclusion (1)
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Anomalous proximity effect of

planar topological Josephson 

junctions 

S. Ikegaya, S. Tamura, D. Manske, and Y. Tanaka

arXiv: 2007.12888

Sec. 2
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spin-singlet s-wave

gapped DOS

reduction in resistance

diamagnetism

Superconductivity-like

spin-triplet p-wave

zero-energy peak in DOS

zero-bias conductance peak

paramagnetism

Counter-intuitive!

Anomalous!

Y. Tanaka, et al., PRB(2004)

Anomalous proximity effect
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particle = anti-particle (γ = 𝛾†)

topologically protected

Majorana bound states (MBSs)

Majorana bound states
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particle = anti-particle (γ = 𝛾†)
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Majorana bound states (MBSs)

Majorana bound states
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particle = anti-particle (γ = 𝛾†)

topologically protected

Majorana bound states (MBSs)

Zero-energy peak in DOS

Resonant states at zero-energy

Penetration of MBSs
Y. Tanaka, et al., PRB(2004)

SI, et al., PRB(2015)

Majorana bound states
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Y. Tanaka, et al., PRL(2007), Y. Asano, et al., PRL(2011), S.-I. Suzuki, et al., PRL(2014)

Pairing symmetry: 𝐹𝜎𝜎′ 𝑟, 𝑟
′, 𝜔 = −𝐹𝜎′𝜎 𝑟′, 𝑟, −𝜔

−𝟏=××spin parity frequency

Odd-frequency Cooper pairs
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Y. Tanaka, et al., PRL(2007), Y. Asano, et al., PRL(2011), S.-I. Suzuki, et al., PRL(2014)

SC
triplet

(even)

p-wave

(odd)
even-𝜔

Odd-frequency Cooper pairs

Pairing symmetry: 𝐹𝜎𝜎′ 𝑟, 𝑟
′, 𝜔 = −𝐹𝜎′𝜎 𝑟′, 𝑟, −𝜔

−𝟏=××spin parity frequency
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Y. Tanaka, et al., PRL(2007), Y. Asano, et al., PRL(2011), S.-I. Suzuki, et al., PRB(2014)

SC
triplet

(even)

p-wave

(odd)
even-𝜔

dirty N triplet s-wave odd-𝝎

Paramagnetic response

susceptibility

Odd-frequency Cooper pairs

Pairing symmetry: 𝐹𝜎𝜎′ 𝑟, 𝑟
′, 𝜔 = −𝐹𝜎′𝜎 𝑟′, 𝑟, −𝜔

−𝟏=××spin parity frequency
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zero-energy peak in DOS

zero-bias conductance peak

paramagnetism

Majorana bound states

Odd-frequency Cooper pairs

Anomalous proximity effect

Important problem
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zero-energy peak in DOS

zero-bias conductance peak

paramagnetism

Majorana bound states

Odd-frequency Cooper pairs

Anomalous proximity effect

No experimental evidences so far
Crucial lack of suitable superconducting systems 

Important problem
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MBSs in a superconductor/thin film semiconductor hybrid

Fabrication techniques are well established!

F. Pientka, et al., PRX (2017)

Already realized in experiments!
H. Ren, et al., Nature (2019)

A. Fornieri, et al., Nature (2019)

W. Mayer, et al., arXiv: 1906.01179(2019)

What we additionally need is a dirty normal-metal.

Planar topological Josephson junction
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(e.g.) Focused ion beam techniques

Objective (2)
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We study the anomalous proximity effect

of topological Josephson junctions.

Objective (2)
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Topological Josephson junction

Rashba spin-orbit coupling

Zeeman potential

s-wave pair potential

Model and Formulation
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Rashba spin-orbit coupling

Zeeman potential

Random onsite potential

Dirty normal-metal

Model and Formulation
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Zeeman potential

Bad transparency at the lead-wire/dirty normal-metal interface.

Differential conductance

Blonder-Tinkham-Klapwijk formula

𝐺𝑁𝑆(𝑒𝑉) =
𝑒2

ℎ
෍

𝛼𝛽

1 + 𝑟𝛼𝛽
ℎ𝑒(𝐸)

2
− 𝑟𝛼𝛽

𝑒𝑒(𝐸)
2

𝐸 = 𝑒𝑉

Lead wire

Model and Formulation
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Topological phase diagram

Odd winding number: 𝒘 Robust MBSs

Topological phase diagram
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F. Pientka, et al., PRX (2017)



Zero-bias conductance(ZBC)

ZBC quantization only in the topological phase
(irrespective of disordered potentials)

Drastic change in the conductance spectrum

Differential conductance
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Zero-energy peak only in the topological phase

Penetration of the Majorana bound states

LDOS in the DN segment

Penetration of MBSs
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Odd-𝝎 pair amplitude

𝐹ote 𝑟, 𝑟, 𝜔 =
𝐹 𝑟, 𝑟, 𝜔 − 𝐹(𝑟, 𝑟, −𝜔)

2

(𝜔 ≪ ∆)

Penetration of odd-𝝎 Cooper pairs
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Significant amplitude only in the topological phase

Penetration of the odd-𝝎 Cooper pairs



Anomalous proximity effect in

a planar topological Josephson junction

Promising for achieving the first experimental observation

arXiv: 2007.12888

Conclusion (2)
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[PRB(R), in publication]



Summary

Sec. 4

34/ 35



Summary

Proving profound natures of topological edge states!
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Phys. Rev. Lett. 123, 207002 (2019)

Thank you !

arXiv: 2007.12888

[PRB(R), in publication]

Anomalous nonlocal conductance as a fingerprint of

chiral Majorana edge states

Anomalous proximity effect of planar topological Josephson junctions

Applicable to UTe2

Promising for the first experimental observation


