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Outline
* Recap: Quantum spin Hall (QSH) systems

* Introduction: Hybrid structures based on QSH
systems — Bogoliubov-De Gennes Formalism

« Application: Transport signatures in NS
junctions
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What are QSH systems?

Conductance
channel with
up-spin charge
carriers

) ) Conductance
channel with
Quantum down-spin
well charge carriers

first symmetry-protected topological state of matter
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Prediction in graphene

1r 4 spin filtered edge states:
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Kane & Mele PRL 2005

Ay ~ 2418V

Gmitra, Konschuh, Ertler, Ambrosch-Draxl & Fabian PRB 2009
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SOl too small ...

How about a better system?
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HgTe/CdTe QW Il
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Effective Hamiltonian

Bernevig, Hughes, Zhang Science 2006
g(IZ):C—Dk2 )
d (k) =(Ak,,~Ak,,M —Gk*)

104

with basis states:

o D=730 meV nm’ com pa r| SOoNn
30 vesmey to 8-band
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{E+),|H+).|E=).|H-)} < Kane model
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Novik et al. PRB 2005
Schmidt, Novik, Kindermann & BT PRB 2009
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=¢(k)+d, (K)o TRS preserved

Thouless, Kohmoto, Nightingale & Den Nijs
—

TKNN invariant for one Kramers partner
(quantum anomalous Hall effect):

n = (0, dx0,d)-d
s v

Avron etal PRL 1988; Kane & Mele PRL 2005; Sheng et al PRL 2006; Hasan & Kane RMP 2010
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' Topology In the QSHE |

h(k) 0 ) ) )
H = _ | with h(k)=z(k)+d, (K)o TRS preserved
0 hi(-k
TKNN invariant for one Kramers partner: |n, = % dk(c‘?k dxd, c;f) .d
7T : v
zero Hall conductivity: quantized spin Hall conductivity:
n=n +n =0 nU:nT;nl

Avron etal PRL 1988; Kane & Mele PRL 2005; Sheng et al PRL 2006; Hasan & Kane RMP 2010
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quantized spin Hall conductivity:

1 -> Z, invariant: v =mn_mod 2

Avron etal PRL 1988; Kane & Mele PRL 2005; Sheng et al PRL 2006; Hasan & Kane RMP 2010
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quantized spin Hall conductivity:

n =" -> Z, invariant: v =mn_mod 2
’ 2
E Conduction Band
Conventional V=0
Insulator B
e) EF“:b) # of Kramers pairs at edge:
A" n
AN _
Quantum spin P N, = Avmod?2
Hall insulator  v=1 Valence Band
|

-n/a 0 k -nfa

Avron etal PRL 1988; Kane & Mele PRL 2005; Sheng et al PRL 2006; Hasan & Kane RMP 2010


Vorführender
Präsentationsnotizen
only valid for a fixed spin quantization axis
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Protection against
elastic backscattering

(vH]o) = (o]t ) =(To|ra]v)
= (v|HT|v) = <¢‘HT2

¢)=(v])o
. )
j \_,Vv\,\, 4)

Kane & Mele PRL 2005; Xu & Moore PRB 2006; Wu, Bernevig & Zhang PRL 2006
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Protection against
elastic backscattering

(A1) = {u]A)
ol >i<¢\ﬂw>* - (o)
= (wlaT]y) = (v[HT"|9) =~ (v]1]o)
. )
j \_,Vv\,\, 6)

Kane & Mele PRL 2005; Xu & Moore PRB 2006; Wu, Bernevig & Zhang PRL 2006
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Protection against
elastic backscattering

)= (u W 7: anti-unitary operator
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Kane & Mele PRL 2005; Xu & Moore PRB 2006; Wu, Bernevig & Zhang PRL 2006



Eﬁ“ﬁ%‘i’%‘ﬁ
WURZBURG |
Protection against
elastic backscattering

(M) = (u ‘A) T: anti-unitary operator

l
(o] >1<¢\wa> ~ (rolr
~(v|HT]v) = (v|HT%]0) = - (v]])
\

H,T|=0and |¢)=T|¢)

Kane & Mele PRL 2005; Xu & Moore PRB 2006; Wu, Bernevig & Zhang PRL 2006
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Protection against
elastic backscattering

)= (u W 7: anti-unitary operator
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Kane & Mele PRL 2005; Xu & Moore PRB 2006; Wu, Bernevig & Zhang PRL 2006
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Outline

» Recap: Quantum spin Hall (QSH) systems

* Introduction: Hybrid structures based on QSH
systems — Bogoliubov-De Gennes Formalism

* Application: Transport signatures in NS
junctions
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Pioneering prediction

2t 0 T 2n

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)

na

DC Current (nA)

8
6
4
2
[—]4

Hart et al. Nature Phys 2014

Pribiag et al. arXiv 2014
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Setup & Hamiltonian

B =I5l == Bl A R

H, fdx(wm’ )!vasz _“]

Y
¥,

Crépin, BT & Dolcini PRB 2014
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Setup & Hamiltonian

H=H +H, +H

H, = fdw(zp;T,wzl)[vax% —,u] 0
L]

zbm]

Hpy = fdx(%,wzl)m(fﬁ) | 5[%]

Crépin, BT & Dolcini PRB 2014



uuuuuu -Maximilians-
UNIVERSITAT
WURZBURG

Setup & Hamiltonian

H=H +H, +H

H, = f dx[A(x)w;;Tw}[l +A (x)wuwm]

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
Delta(x) is called pair potential and is non-zero in the superconducting state
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BdG Hamiltonian

1 1
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
H= Efdx\I! H, W
T 1 T
v _(wRT7¢Ll’¢Ll’_¢RT)

¥oj
C0+rM A(x) %
A (z)o,  Hy.py
/
H:-I—FM — _THS—I—FMT_l = —Uy0,p, T po, + m(x) -0

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
T=K*i*sigma_y (K: operator of complex conjugation)
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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

CZKTy(X)O'y = KU,

[
7€n,j - fy_gnaj

Chamon, Jackiw, Nishida, Pi & Santos PRB 2010 Crépin, BT & Dolcini PRB 2014



Symmetries & Majoranas

Particle-hole symmetry

CHBdGC_l — _HBdG

CZKTy(X)O'y = KU,

[
fysnaj - fy_snaj

v (x) =2 | {SOEH,J- (:z:) Ve o T [C%n,j](gj) ’V;,j}

Majorana fermion

Chamon, Jackiw, Nishida, Pi & Santos PRB 2010 Crépin, BT & Dolcini PRB 2014
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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

\If(a:> — Z'{%n,j (m) 7. ; —I—[C’gogn,j (:1:) fy;fmj} fermions

€,20,J
V' (2) = U %) Vo = T
Majorana bound states R
N
fyg’j — fy(),j anyOnS TL 1 ':"\}i
X

Chamon, Jackiw, Nishida, Pi & Santos PRB 2010
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» Recap: Quantum spin Hall (QSH) systems

* Introduction: Hybrid structures based on QSH
systems — Bogoliubov-De Gennes Formalism

« Application: Transport signatures in NS
junctions
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S-matrix construction

be,l a'e,l
b, | (S (5) 0 ||a,,
bl | 0 Sh(e)| @
bh,2 a’h,2

perfect AR
ae 2 . € 0 eiXR be 2
| = exp|—tarccos|— Y ’
Ay o AO e 0 bh,2

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
a: incoming scattering amplitudes; b: outgoing scattering amplitudes
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S-matrix of FM domain

all symmetries
/ broken

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
chi_m: relative phase shift between spin up/down
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arcCos

2
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+ CIDZ (5)

0

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
chi_m: relative phase shift between spin up/down
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Resonance condition

R =1 Aoe’iXR

(\/}? _E) + 4 cos” |arccos —|—<I>A( ) JER =0
I II III IV
Fabry-Perot resonator S iy S——
for electrons/holes —— ) EECE = _
5 0 6 L z

Crépin, BT & Dolcini PRB 2014


Vorführender
Präsentationsnotizen
chi_m: relative phase shift between spin up/down
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FM domain vs. double barrier
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Vorführender
Präsentationsnotizen
Zero bias feature ~ MBS at epsilon=0
This is rather generic for unconventional pairing potentials. Together with Prof. Tanaka and Prof. Nagaosa, we looked, for instance, at a mixed pairing potential between s-wave and chiral p-wave pairing.
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Summary Lecture 1

Conductance
channel with
up-spin charge
carriers

Conductance

channel with
Quantum down-spin
well charge carriers

H¢ Alz)o

H . 0+FM 0

A 33' 0} 0 H 0+FM B _.:

Ry(€)

L
=14 =5 L1 0S5 10

€/4,

(€) pto = 0.35, 0 = 0.3, L, = 2.15, 7, =6
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