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Summary Lecture 1

Conductance
channel with
up-spin charge
carriers

Conductance

channel with
Quantum down-spin
well charge carriers
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Outline

 Classification: Symmetry of pairing amplitude

* Transport signature: Crossed Andreev
reflection in NSN junctions

* Doppler shift: Topological SQUID based on
helical edge states
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Model and setup

BdG Hamiltonian
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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
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Scattering states: N side

¢1(z)
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McMillan Phys. Rev. 1968
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Scattering states: S side

¢1(z)
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McMillan Phys. Rev. 1968
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“Green'’s functions from
scattering states

‘ﬂ’ﬂ;_ S . Gf (:B,:I:') — fdtei<w+m)<t_t/>GR (x, t,x’,t’)
we ——
éﬂd_ - - [w—HBdG (:U)]Gf <x,x’):6(x—x’)
e _ —;— lgiixg[Gf(x—ks,x)—Gf(x—s,x)]2%07
o (x :1:’) _ P, (x>A3 (:1:’): + 9, (a:)A4 (x’): if x <z
0} (:1:)14.1 (x') + @, (x)A2 (a:’) if x>z

McMillan Phys. Rev. 1968
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Pairing amplitude

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

R R

Ff = GQlig = FTT FTl

singlet triplet ch72 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

? 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 VAR
odd, triplet, even -> OTE A (‘”’x 7"") =+, (f’j’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

frequen in, orbital
equency, spin, orbita rotational symmetry is broken

even, singlet, even -> ESE
odd, singlet, odd -> OSO
even, triplet, odd -> ETO
odd, triplet, even -> OTE

(orbital) E and O mix
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 6 L E
Pairing || Interface |Bulk
fo 1) — 1T|| ESE+OSO | ESE
faR (CB,QZ‘/,LU) — fa]?bulk ([L‘,ZE’,W) + fjedge (ib,ajl,w) fa|Td + || ETO+OTE | ETO
/ f T 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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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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Outline

 Classification: Symmetry of pairing amplitude

* Transport signature: Crossed Andreev
reflection in NSN junctions

* Doppler shift: Topological SQUID based on
helical edge states
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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
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Crépin, Burset & BT arXiv 2015
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Outline

 Classification: Symmetry of pairing amplitude

* Transport signature: Crossed Andreev
reflection in NSN junctions

* Doppler shift: Topological SQUID based on
helical edge states
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Inspiring experiments

InAs/GaSb Q\Ws

Hg(Cd)Te QWs

Resistance (Q2)

na

DC Current (nA)

8
6
4
2
[—]4

Hart et al. Nature Phys 2014

Pribiag et al. arXiv 2014


Vorführender
Präsentationsnotizen
The SC is in both cases aluminum and the superconducting coherence length is much smaller than the width of the sample.
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Setup & Hamiltonian

B®
y w2
@T ‘ :1_;5 h(:z:) zayA(a:)e(’p( )
- B o = —i0 A(:L’) e_w“< ) —h (az)
+——ae . > +«—a®
5O

A(a:)_iAj X 2% @, (:r;): /’ X>+/

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Setup & Hamiltonian

B®
y 11'.f’3l
B E—» < @ Eo—p
P
3 v h (:1:) o A (:1:) o l°)
S —L2 y L2 > HBdG — —ip (x) ! *
—z'ayA (:1:) e —h (az)
+——B & < > D
—w/2
B@®

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Setup & Hamiltonian

B® |
e I 0
q . - q o h(:z:) o, A (a:)e ’
e n pie —z'ayA (:1:) e =) —h (az)
+——BD® - .,;j +—I®
20
h(az) =,0, [i@x +p—5 -+ U(.’B) — I
shielding response of SC
-> Doppler shift py (B) = —2—661495 i% = iﬂ%
0

Tkachov & Falko PRB 2004
Tkachov & Richter PRB 2005

Rohlfing et al. PRB 2009 o _
Tkachov, Burset, BT & Hankiewicz arXiv 2014



Josephson current: basics

Insulator
Superconductor Superconductor — free energy
26 dF

T hodo

FACLA PAELS

D)

~—

Cooperpalr phase difference
DOS
v/
- 4
F = —2kBTf dsp(s)ln ZCosh[%k T] + [c/ﬁ—independent]
B
J= ——2k T Zlndet[l— J(iw, )8, (iw, )] w, = (20 +1)mk,T

Beenakker & Brouwer Chaos, Solitons & Fractals 1997


Vorführender
Präsentationsnotizen
S_N: describes elastic scattering by the normal metal; S_A: describes AR
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Josephson current

A’ (-B)e* — A’ (B)e™

J,(6,,B) = — 22k,
" hga (-B)a (8] + 4, (-8)e% 4, ()

B®

Vw2 P
@Fr < > %ﬁ (bz(bo—kksl):qﬁo—kwA

5 & 0
A X
S _» : 72 :
«—ae = = —ae
—w/2
B®

Tkachov, Burset, BT & Hankiewicz arXiv 2014


Vorführender
Präsentationsnotizen
Omega_n=(2n+1) pi kB T = fermionic Matsubara frequencies
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Josephson current

A’ (-B)e* — A’ (B)e™

I, (00 B) = =3 kTS |
C e (n)a ()] + lAn (-B)e% —a, (B)ei%]

B®
Vw2
T ¢:¢O+kSL=¢O—I-7r%O
S -z € I >
— e « g B-dependent Andreev reflection
BQ® —w L/h
A (B) _ Ae
. 2
80 8) = 80 ) o0 o o]

Tkachov, Burset, BT & Hankiewicz arXiv 2014


Vorführender
Präsentationsnotizen
Omega_n=(2n+1) pi kB T = fermionic Matsubara frequencies
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When iIs it relevant?

MZ max(A,kaT) B>B, = jjg £, = min

A kT

T~

quite small: a few mT

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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When iIs it relevant?

vF|2ps| > max(A,kaT) B>B,, = jjg* £, = min

How does the maximum current at zero
field change as a function of B?

1 T=500mK ___ T=#0mK __ T=15mK
=] L S
: A : \ Jm (B) - ‘J (gbO,max’ B)‘
:-:32 P /I['/J : \\"-..I
6?0'5_ -~ ! Il /’
§ 7
/// _
£ : - '- J((bO’B)_J (¢0’B)+Jl ((bO’B)
0 01 02 03 04 05 06 07 08 09 1

b,/

B=0 cu I‘I’ent-phase relation Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Results: long junction
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Pribi tal. arXiv 2014
Tkachov, Burset, BT & Hankiewicz arXiv 2014 ibiag et al. arXiv


Vorführender
Präsentationsnotizen
Fig d: Each current initially has a sawtooth profile. The two currents tend to enhance or cancel each other.
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Results: short junction
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Lol Calado et al. arXiv 2015

Tkachov, Burset, BT & Hankiewicz arXiv 2014


Vorführender
Präsentationsnotizen
Fig d: Each current initially has a sawtooth profile. The two currents tend to enhance or cancel each other.
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Summary Lecture 2

| I1 111 IV Pairing || Interface |Bulk
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Gauge-invariant phase

BQ@® Vw2 B©®
13 _
s | S B = (0,0,B(z,y)
)1 X
I.2 L7 L2 L2
B (x + % ) _B
BO /2 BO

Am 4m
Ampére's law: 9,B(a,y) = %Jx (2.9),=0,B(w.y) = %Jy ()

be imply:  [Bla—w) = Blawy) = 4 o-u)= . (2

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Gauge-invariant phase

BQ@® Vw2 B©®

13 —
s | S B = (0,0,B(z,y)
)1 X
I.2 L7 L2 L2
Bl )=
B0® —w/2 ):10)

Ampéere's law: |9, B(z,y) = 4%1; (2,9),—0,B(2,y) = 4%1;, (2,9)

Y

2T

type-Il SC -> |7 x V| «__ gauge-invariant =

phase gradient

Vo= Vo — 2L 7

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Gauge-invariant phase

BQ@® Vw2 B©®
13

v4 24 (V

- _ 2
L2 L2 172 L2 fﬁ Vipdl = 2aN —2m re
Vs 0

- l/',-'"j_? B @ /

winding number

g (#—y)=—j, (&y) | == |9,¢(2,0)=0
—>

p (x, O) — pilecewise const.

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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Gauge-invariant phase

BQ® V.1w/?2 BO®
13

> Y4 24 > (I/

1.2  —i» 1 L2 . fﬁ Vipdli= 2V _2W€2

0

B® —w/2 B(®
. L _»[—L —
integral over path 1 90(470) 9"( A’O) =,
: —L, 1% _ ol 7/ = —¢ ’L/
integral over path 3 Ll a2 2 /2| T 2

integrals over path 2&4 vanish

qﬁ(%) —~ q5(0)+7r%0 — 27N

Tkachov, Burset, BT & Hankiewicz arXiv 2014
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