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Topological superconductors

(e.g. chiral p-wave)

Z + 0

Topological number ]

Nontrivial
“bulk” band topology
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Topological superconductors

(e.g. chiral p-wave)

Nontrivial - Gapless
“bulk” band topology “boundary” states

Great attention due to:

- emergence of Majorana bound states(y = y7),
- potential applications to quantum computations, etc.
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Various edge states

Chiral p-wave Helical p-wave

\

% e ;

Chiral states Helical states Flat-band states
and more.

How can we detect them?
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Tunneling spectroscopy
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Tunneling spectroscopy

- normal metal uperconductor

Conventional Topological
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Bias voltage [A] - ]éuias voltage [A]
Gapped Zero-bias peak

Powerful experiment! Actually...
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Experimental observations so far
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and more.
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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.

In-plane magnetic field !

Dirty normal-metal

Lead wire
--uonoun( uosydasor [eordojodoy, -
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Sec. 1

Anomalous nonlocal conductance
as a fingerprint of
chiral Majorana edge states

S. Ikegaya, Y. Asano, and D. Manske
Phys. Rev. Lett. 123, 207002 (2019)




Objective (1)

Chiral states Helical states Flat-band states
' ' |

Zero-bias peak
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Powerless to capture the “individuality” edge states.
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Objective (1)

Chiral p-wave §¢

Proposing a “smoking-gun” experiment
for identifying “chiral” Majorana edge states
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7
electrode Ui
chiral P-wave SC

jorana edge state

Nonlocal transport in a
ferromagnet/chiral p-wave superconductor hybrid
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Model

M, | chiral p-wave SC
FM lead 1

, T d-vector
-

FM lead 2
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Formulation: BTK formula

chiral p-wave SC
FM lead 1 / M, y
T d-vector ,»é
S
/ A @\
AR
FM lead 2 ZM)
dly
a

Ig : currentin lead g

V, . applied bias voltage to lead «

(lead g and superconductor are grounded.)
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Formulation: BTK formula

chiral p-wave SC
FM lead 1 / M, y

T d- Vector /

N
/ \Q’
Wf e /S

e
Gpa(Ve) = 5= |=Rga + R |
chiral p-wave SC chiral p-wave SC

G h
¥ I

FM1 FM2 FM1 FM2

eVaz E G. Deutscher and D. Feinberg, App. Phys. Lett. 76. 487 (2000)
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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.
B G,, is finite irrespective of L.
- never assist the nonlocal transport from the lead 2 to lead 1.

®» G, is almost zero.
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Results

Ml = _MZ = Mexi,
Mgy = 0.5u
0.28, < L < 40¢,

CMESs moving from the lead 1 to lead 2:
- assist the nonlocal transport from the lead 1 to lead 2.
B G,, is finite irrespective of L.
- never assist the nonlocal transport from the lead 2 to lead 1.

®» G, is almost zero.
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Advantages of our proposal

Mgy = 0.5u
0.2, < L <40¢,

(I) Unigue phenomenon for chiral edge states

(1) We only need the distinct contrast in G,; and Gy,.

Promising strategy for identifying CMESS
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M, dependence: Amplitude
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M, dependence: Amplitude
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M, dependence: Amplitude
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M, dependence: Amplitude
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M, dependence: Amplitude

Whend || +M,,

EC process |  CAR process
chiral p-wave SC chiral p-wave SC
I (R Y
G ' v
electrons have electron and hole
same spin - have opposite spin
Parallel G REC ~ RCAR
Antiparallel @ REC < RUAR

17/ 35



M, dependence: Direction
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® Maximum magnitudefor M || dand M, || d
® ZeroonlyforM, L d

Distinct contrast between G, and G,,; remains
for the broad range of the magnetization alignments.
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Wave function

Wave function at zero energy having largest contribution to R“AR

(a) electron component  (b) hole component

200 0.6
FM lead 1 FM lead 1
100
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x/ay x/ag

chiral p-wave SC
chiral p-wave SC
[arb. units]

Long-ranged nonlocal transport is
Indeed mediated by the CMESS.
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Conclusion (1)

Distinct contrast between G,; and G4,
due to the chiral motion of the CMESs

\ 4

Promising direction for obtaining
the smoking-gun evidence for the CMESSs

Phys. Rev. Lett. 123. 207002 (2019)
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Sec. 2

Anomalous proximity effect of
planar topological Josephson
junctions

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

arXIV: 2007'12888 In-plane magnetic field
[PRB(R), in publication] P
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Anomalous proximity effect

® spin-singlet s-wave | @ spin-triplet p-wave

Dirty normal-metal Superconductor

3 _
chiral-p

Z2f

@

&1

-

0 zero-energy peak in DOS
0 zero-bias conductance peak

. ® paramagnetism

Superconductor

Dirty normal-metal

L < &=hD/kyT

® gapped DOS
® reduction in resistance

® diamagnetism

~1 +ival
Superconductivity-like Counter-intuitive!
i Anomalous!

Y. Tanaka, et al., PRB(2004)
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Majorana bound states

p-wave Superconductor

® Majorana bound states (MBSs)
® particle = anti-particle (y = y )
® topologically protected
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Majorana bound states

Dirty normal-metal p-wave Superconductor

® Majorana bound states (MBSs)
® particle = anti-particle (y = y )
® topologically protected
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Majorana bound states

Dirty normal-metal p-wave Superconductor
r
.
® Majorana bound states (MBSs)
® particle = anti-particle (y = yT) |
@ topologically protected %2-
¥ '
® Penetration of MBSs o

E/ A
® Zero—energy peak in DOS Y. Tanaka, et al., PRB(2004)

® Resonant states at zero-energy Sl etal., PRB(2015)
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Odd-frequency Cooper pairs

p-wave superconductor

® Pairing symmetry: F__/(r,r',w) = —=F 1 (r',r,—w)

spin X parity X frequency = —1

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

p-wave superconductor

® Pairing symmetry: F__/(r,r',w) = —=F 1 (r',r,—w)

spin X parity X frequency = —1

| triplet p-wave
~ (even)  (odd)

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

Dirty normal-metal p-wave superconductor

® Pairing symmetry: F__/(r,r',w) = —=F 1 (r',r,—w)

_____________ ~spin X parity X frequency = —1 i

. triplet p-wave ] i N
C | even) (odd)  &ven@

.............................................................

dirtyNE triplet s-wave odd-w

|8 0.04

0.00

-0.04

H \;/ll .
3 -2 -10 1 2 3
z/&o

-0.08

= Paramagnetic response

Y. Tanaka, et al., PRL(2007), Y. Asano, et al., PRL(2011), S.-I. Suzuki, et al., PRB(2014)
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Important problem

Anomalous proximity effect

dirty normal-metal p-wave SC

v odd-w CPs
'@ zero-energy peak in DOS
gy p _—._.»> Majorana bound states
A zero-bias conductance peak [
r;“ga“r;;;-a-énensm > Odd-frequency Cooper pairs
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Important problem

Anomalous proximity effect

dirty normal-metal p-wave SC

0 zero-energy peak in DOS
0 zero-bias conductance peak v

No experimental evidences so far
Crucial lack of suitable superconducting systems
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Planar topological Josephson junction

Trivial

Phase difference, ¢

F. Plentka, et al, PRX (2017) B ;eeman engrgy, E, (E-,-)‘| i
MBSs in a superconductor/thin film semiconductor hybrid
B,=10T
0.0855¢}
o ossol Fabrication techniques are well established!
%0.0845- .‘ . .
[ 3 0.0840 Already realized in experiments!
0.0835| —%=0, H. Ren, et al., Nature (2019)
0.0830| %% A Fornieri, etal., Nature (2019)
oo D(V) 100 W. Mayer, et al., arXiv: 1906.01179(2019)
ias (u

What we additionally need is a dirty normal-metal.
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Objective (2)

(e.g.) Focused ion beam techniques
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Objective (2)

In-plane magnetic field

Dirty normal-metal

Lead wire
--uonounl vosydasor [eor3ojodoy, -

We study the anomalous proximity effect
of topological Josephson junctions.
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Model and Formulation

In-plane magnetic field

Topological Josephson junction >

Dirty normal-metal

5
]
S,
@]
@,
S
H=Hy + Ha .g g:
3 &
Hy=—t Y el crq+hel chm 3 =
() o B
i\ - 5
—I_ E Z (O-y)o"o" _CI'+§E,O'CT-JO” - CI‘,O'CT-'_:B:OJ_ g.
T,0,0 g
- 7 (Um)a o _Ci'-f-'y;crcr ol CI“,UCT‘-i-y,U'_ \
™00 Rashba spin-orbit coupling
+ VZ Z (O-g:)o-,o-f CI-,UCT,O'Ij (1)
" \ Zeeman potential
Hpa = Z Z [Aei“"/gc]:’Tc:r_,¢ + h.c.}
j m=l1 . .
W+ W <—— s-wave pair potential
+—2£: 2{: [Z&e‘iW/Qci ci %—}10} : (2)
i m=14+Wg
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Model and Formulation

In-plane magnetic field

Dirty normal-metal >

Dirty normal-metal

Hpn = Hy + Hpp

Lead wire

--uonoun( uosydasor [eardojodoy, -

2 r,o,c’ i
A TN T
) (UE)J’J, _ ,Lrygac 0! — Ch o Crtyo _ \
™00 Rashba spin-orbit coupling
+ VZ Z (O-g:)o-,o-f CI-,UCT,O'Ij (1)
\ Zeeman potential
Hpp = Z’U(T)Cl,acr,aa (3)

\ Random onsite potential
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Model and Formulation

In-plane magnetic field

Lead wire >

Dirty normal-metal

H =—+¢ Z [CI‘,GC'P’,U + hC] o ul Z CI"GCT’U

(r.r'),o

Lead wire

—
=

/
+Vy E (02) g o0 Ch oCror.

r.o,of

¥~ Zeeman potential

--uonoun( uosydasor [eardojodoy, -

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

Differential conductance

Blonder-Tinkham-Klapwijk formula
62
Gus(eV) == > (14 [ris B = [res B)) 5 _ .y
ap
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Topological phase diagram

® Topological phase diagram

2

S 3
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) =
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Zeeman potential: V,/4

Odd winding number: w 9 Robust MBSs

29/ 35



Differential conductance

Zero-bias conductance(ZBCQ)

2 = . .
1.0 = Topological Non-topological
NS Ei 10 [~ ' ' ' "] ' ' ' ' '
S 9 0.10
)
ﬁ — —
= SIS S
L Q v v
o 1 055 = os | =
e D < S 0.0s
5 = 2 S
(D) w
7 ks
< o
éi o 0.0 = : L g0 L
) 04 -02 00 02 04 08 0. .
0 0.0 N eV/IA eVIA

0.0 0.5 1.0
Zeeman potential: V /4

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

® Drastic change in the conductance spectrum
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Penetration of MBSs

LDOS in the DN segment

2

. 12

NS (2) ( p(E=0) )px 10
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S 8
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5 | 6 = |

(]

E 2

Iz e 20

£ 2 15 Q%

0.0 10
0 0 0.1 O
0.2 S

0.0 0.5 1.0 E/A 0.3 e

Zeeman potential: V /4

Zero-energy peak only in the topological phase

¥

Penetration of the Majorana bound states
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Penetration of odd-w Cooper pairs

Odd-w pair amplitude

2

@ B Don

s 6
¥
S F(r,r,w)—F(r,r,—w
g 1 4 FOte(T’r' a)) — 2 ( )
=
S
;gf ) (w K A)
[l
0 0

0.0 0.5 1.0
Zeeman potential: V,/4

Significant amplitude only in the topological phase

$

Penetration of the odd-w Cooper pairs
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Conclusion (2)

- . 10 S
. ' () I
In-plane magnetic field S S S
P = S —
| i Z. 3 s
Dirty normal-metal Q & S
g - 5 055 E
B 2 fam g
b 3 kS S
) = g
B < z
—. [a W =
g )
Q 0 0.0 N
Q' : . i
8 0.0 0.5 0

Zeeman potential: V,/4

Anomalous proximity effect in
a planar topological Josephson junction

$

Promising for achieving the first experimental observation

arXiv: 2007.12888

[PRB(R), in publication]
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Sec. 4

Summary
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Summary

In-plane magnetic field

Dirty normal-metal

Lead wire
‘

--uonjoun( uosydosor Teor3ojodoy, -

® Anomalous nonlocal conductance as a fingerprint of
chiral Majorana edge states Phys. Rev. Lett. 123, 207002 (2019)

» Applicable to UTez2
® Anomalous proximity effect of planar topological Josephson junctions
. : : : arXiv: 2007.12888
» Promising for the first experimental observation (PRB(R). in publication]

Thankyou! ., ..



