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Pioneering prediction
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Pioneering prediction
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signatures of p-wave
superconductivity?

Fu & Kane PRB 2009
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Inspiring experiments

InAs/GaSb Q\Ws

Hg(Cd)Te QWs

Resistance (Q2)

DC Current (nA)

Hart, Molenkamp, Yacoby et al. Nature Phys 2014

Pribiag, Kouwenhoven et al. Nature Nano 2015
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Outline

» Transport signatures of NS junctions ->
Majorana bound states

 Crossed Andreev reflection iIn NSN
setups ->

odd-frequency triplet superconductivity
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Setup & Hamiltonian
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Setup & Hamiltonian
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Setup & Hamiltonian

H=H +H, +H

H, = f dx[A(x)w;;Tw}[l +A (x)wuwm]
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BdG Hamiltonian
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H= Efdx\lf H, W
T 1 T
v _(prle?le?_wRT)

Crépin, BT & Dolcini PRB 2014
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BdG Hamiltonian

1 1
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BdG Hamiltonian

1 1
H= Efdx\I! H, W
T — [ofyf I
v _(wale?le?_wRT)

H — Z En/y::rn,jfysn,j

£, >0,

U(z)= 3 {@En,j (x)fyen,j +B¢en,j](x)7:n,j}

g, 20,5
/
charge conjugated wave function

Crépin, BT & Dolcini PRB 2014



Symmetries & Majoranas

Particle-hole symmetry

CHBdGC_l — _HBdG
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Particle-hole symmetry
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Majorana fermion
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Majorana fermions vs. anyons

Majorana fermions

\If(a:) = 3 {905”,]' (x) Y., + [Cgogn’j](x) fy;?j} fermions

g, 20,7

v (x) = UO\P(‘”) 7;,3' = Ve,

Chamon, Jackiw, Nishida, Pi & Santos PRB 2010



Majorana fermions vs. anyons

Majorana fermions
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S-matrix construction
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bl | 0 S]] e
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Crépin, BT & Dolcini PRB 2014
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S-matrix construction
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Crépin, BT & Dolcini PRB 2014
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S-matrix of FM domain

all symmetries
/ broken

Crépin, BT & Dolcini PRB 2014
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Resonance condition
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Resonance condition
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Outline

* Transport signatures of NS junctions ->
Majorana bound states

 Crossed Andreev reflection iIn NSN
setups ->

odd-frequency triplet superconductivity
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Model and setup

BdG Hamiltonian

I I1 111 IV 1
. - _ = 1
| B Il 8 HT QIde\I: HypoV
—6 0 o L h:fg \Ij — (wRTijwal’_wRT)

Crépin, Burset & BT arXiv 2015
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Model and setup

BdG Hamiltonian

I 11 II1 IV 1
] » _ - f
........ e - HT Q{dﬁ: HypoV
-5 0 ¢ L h:fg \Ij — (wRT’le’lej_wRT)
spin space

\

H .= (—ivFﬁxaz —/L)Tz +ﬁz(m)-3+Al (x)Tx + A, (x)T

/

particle-hole space

Yy

Crépin, Burset & BT arXiv 2015
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Green’s functions

r = (x,t)
G" (r r’) = —zé’(t — t’)<{\11(7“) ' r’)}>
G* ('r r’) — zH(t — t’)<{\11 (7“) ' (r’>}>
e (:13 T,z 7") = —<TT\I!(:13 T)\IJT :1:’,7")>
X _ G, G, o — ;Gj’i;u ;Gj’i;ﬁ
G G eh -G:’i-u -Gj’i-u

4x4 matrix
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Scattering states: N side
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McMillan Phys. Rev. 1968
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Scattering states: S side
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Gf (x,a:') — fdtei<w+in)<t_t/)GR (x, t,x’,t')
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McMillan Phys. Rev. 1968
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“Green'’s functions from
scattering states

‘ﬂ’ﬂ;_ S . Gf (:E,:I:') — fdtei<w+m)<t_t/>GR (x, t,x’,t’)
we ——
éﬂd_ - - [w—HBdG (:U)]Gf (:c,x’)zé(x—x’)
e _ —;— lgiixg[Gf(x—ks,x)—Gf(x—s,x)}2%07
o (:1: :1:’) _ P, (x>A3 (:1:’): + 9, (a:)A4 (:1:’): if x <z
0} (:1:)14.1 (x') + @, (x)A2 (a:’) if x>z

McMillan Phys. Rev. 1968



Jullus-Maximilians-
UNIVERSITAT
WURZBURG

Pairing amplitude

Green's function
R R
I I I IV ar _ |G G
a" G-
] P . S he hh
—6 0 ¢ L z Pairing amplitude
Ft Rt
R__ n~R:_ _ |1 11
F _Gehwz_ FR FR
k) )

Crépin, Burset & BT arXiv 2015
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Pairing amplitude

Green's function
R R
I I1 11T IV QF — Gee Geh
——] == GR GR
_______ | DN S he b
—6 0 ¢ L z Pairing amplitude

R R

Ff = GQlig = FTT FTl

singlet triplet eh " 2 FLJT{ Fj

N N

P (x,x’,w) = [fOR (x,x’,w)ao + /" (x,x’,w)a ]z’a

7 2

Crépin, Burset & BT arXiv 2015
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Antisymmetry of pairing
amplitude

singlet triplet

N N

Fh (x,x',w) — [fOR (x,x’,w)ao —I—fiR (x,x',w)ai]ia

2

Crépin, Burset & BT arXiv 2015
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Classification of pairing
amplitude

F (x,x',w) — [fOR (x,x’,w)ao —I—fiR (x,x',w)ai]ia

2

orbital
j%R (x,x’,w) — j:jf)R (x’, X, w)
fZ.R (:U,:U’,w) — ifiR (:E’, :

Berezinskii JETP Lett 1974 Tanaka, Sato & Nagaosa JPSJ 2012
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Classification of pairing
amplitude

? 2

F (x,x',w) = [fOR (x,x’,w)ao + f" (x,x’,w)a ]z’a

orbital
fOR (x,x',w) — j:ng (x', x, w)
ff (:U,:U’,w) — :I:fl.R (a:',

T, w)

frequency
fOR (a:,x’,w) — ifOA (a:,x’, —w)
ff (az,az’,w) — ifiA (x,z’, —w)

Berezinskii JETP Lett 1974 Tanaka, Sato & Nagaosa JPSJ 2012
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Classification of pairing
amplitude

F (x,x',w) = [fOR (x,x’,w)ao + f" (x,x’,w)a ]z’a

? 2

orbital
frequency, spin, orbital £ (z,2',w) = ££* (2, 3, 0)
ff (m,x’,w) — :I:f;R (a:’, :U,w)

even, singlet, even -> ESE
odd, singlet, odd -> OSO
even, triplet, odd -> ETO YR VA
odd, triplet, even -> OTE s (*’”’x "‘") = %}, ("””x ’_“’)
fL.R (az,a:’,w) — ifiA (a:,:z:’, —w)

frequency

Berezinskii JETP Lett 1974 Tanaka, Sato & Nagaosa JPSJ 2012
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Classification of pairing
amplitude

2

F (x,x',w) — [fOR (x,x’,w)ao —I—fiR (x,x',w)ai]ia

S and T mix if spin

fr n in, orbital . i
equency, spin, orbita rotational symmetry is broken

even, singlet, even -> ESE
odd, singlet, odd -> OSO ; ;
even, triplet, odd -> ETO (aieiil) B el O

odd, triplet, even -> OTE If inversion is broken
, : -> NS junctions

Berezinskii JETP Lett 1974 Tanaka, Sato & Nagaosa JPSJ 2012
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Classification of pairing
amplitude: results

I I1 111 IV frequency, spin, orbital
o] F :::::;::::: S > ESE, OSO, ETO, OTE
5 0 0 L E:
Pairing || Interface |Bulk
fo T, — 11| ESE4+0OSO | ESE
faR (CB,QZ‘/,LU) — fofbulk (QS',ZE',,W) + fjedge (ib,ajl,w) fa|Td + || ETO+OTE | ETO
f T H OTE X

Crépin, Burset & BT arXiv 2015
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Classification of pairing
amplitude: results

I I1 111 IV frequency, spin, orbital
o] F :::::;::::: S > ESE, OSO, ETO, OTE
5 0 0 L E:
Pairing || Interface |Bulk
fo T, — 11| ESE4+0OSO | ESE
faR (CB,QZ‘/,LU) — fa]?bulk ([L‘,ZE’,W) + fjedge (ib,ajl,w) fa|Td + || ETO+OTE | ETO
/ f 1T H OTE X
—k|w)|lz—z' —klw)(z+2’
fjbulk (:U,x’,w) X € (=1 fjedge (a:,:z:’,w) X € St

(in region 1V)

Crépin, Burset & BT arXiv 2015
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Crépin, Burset & BT arXiv 2015
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Classification of pairing
amplitude: results

ESE
r=L=3¢
I II III l’ IV
________ F ::::::Ef:::::: S
wlA
5 0 6 L
m, = 0.5A

Crépin, Burset & BT arXiv 2015
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Detection of OTE: idea

(@) 1 2
T e o T P B
R S :
5 0 ¢ L L+d g
(b) 2

I

L+d z
Triplet Pairing

use crossed Andreev reflection

Crépin, Burset & BT arXiv 2015
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Detection of OTE: results

Y -
L. L, R
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00 05 10 15 20 25 30

elA
(a) d =2£, mg =10

Adroguer et al. PRB 2010

Crépin, Burset & BT arXiv 2015
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Detection of OTE: results
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Adroguer et al. PRB 2010

Crépin, Burset & BT arXiv 2015
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Detection of OTE: results

Y -
L. L, R

R 0.Q Pt et
80 05 10 15 20 25 30

i - 1
S=r P PR 0l e o et =2

0.0
00 05 10 15
elA
(a) d =2£, mg =10

Adroguer et al. PRB 2010

-> dilemma

20 25 3.0

el
(¢) d=2¢, mo=0.5, L =3¢

CAR

T

EC

= tanh’ (2m0)tanh2 [%] <1

Crépin, Burset & BT arXiv 2015
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Summary

24 25
- -
e | F [ S Al B T R T
L.
= r = d - Ia > T
0.15F
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<
o %, o.as_JL A
o = 0.00== > -
> ‘\ r’ \\f’l
SR N AN N O A A R A R % = -005; \/ /
' ] © _o10 \
0 I—'II.'H —4:-5 (i1 tllj 11; - O . 1 5 C I ! |
€/A, -1.0 -0.5 0.0 0.5 1.0
Vil

(c) po = 035,40 = 0.3, Ly, =2.15, 29 =6

Crépin, BT & Dolcini PRB 89, 205115 (2014) Crépin, Burset & BT arXiv:1503.07784
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