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Quantum Spin Hall

Condudtance B. A.Bernevig, T. L. Hughes, and S .-C. Zhang, Science, 2006.
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Induced Superconductivity in QSH

Fraunhofer pattern
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Josephson Junctions

S.-P. Lee, KM, J. Alicea, and A. Yacoby




Josephson Junctions

L. Fu and C. L. Kane, PRB, 2009.

E(p) = =2(T''T — 1/2)A cos(p/2)

I‘TI‘ - occupation of the bound state

E(p)

. A
No backscattering

|

Behaves as a ballistic junction @ 2 P

E(p) ~ Acos(p/2)

C. W. J. Beenakker and H. van Houten, PRL, 1991.




Josephson Junctions

Liang Fu and C. L. Kane, PRB, 2009.

E(p) = =2(T''T — 1/2)A cos(p/2)

I‘TI‘ - occupation of the bound state

E(p)




Josephson Junctions

Liang Fu and C. L. Kane, PRB, 2009.

E(p) = =2(T''T — 1/2)A cos(p/2)

I‘TI‘ - occupation of the bound state

No parity conservation

A
\/\/ 27T - periodic in P




Critical Current

Josephson relation

dp 2eV
il

PR, PL - parity of the right/left junction
PR=—PF —

Blon, 1) = ~(~1)P"A cos(on/2) — (-1 A cos(ipn/2) — - Hon + 1)
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Critical Current

Josephson relation

dp 2eV
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Parity Relaxation

K
E(p,¢) = —(=1)P"Acos(p/2 + ¢/4) — (=1)"* Acos(p/2 — ¢/4) — —Ip
e N glcp pR = pr, = even
Bl A ) Zlcp e =L
E3(p,d) = 2Asin(¢/4)sin(p/2) — Z[go PR = pL = odd
E4(p, d) = 2A cos(¢p/4) cos(p/2) — ZI(,O PR # pL = even
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Parity Relaxation
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Parity Relaxation

B(p,9) = ~(~1)P"Acos(p/2 + 6/4) — (~1)PrAcos(ip/2 — /4) — T
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Parity Relaxation
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Parity Relaxation
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Parity Relaxation

OB(pd) 0 _ B Op 3N
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force due to the tilted random oo ]
washboard potential force kinetic term

Overdamped junction

P,,; ((,0, t) - the distribution function for the parity and phase
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|-V Characteristics
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V. Ambegaokar, and B.l. Halperin, PRL,1969.




|-V Characteristics
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|-V Characteristics
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|-V Characteristics

OP;(p,t) _2eR 8 [, OE(p,9) Q] : Wik Pt W e Pilis
5t =g 90 [I B +Ta¢ Pz(‘P,t)"";[ i J(‘Pa ) i—J 1(907 )]

exp|(Ei(¢) — E;(¢))/T)

T

Wi—}j =

T — 00O the parity switching rate is independent of the energy.




Strong Parity Relaxation

E1(p, d) = —2A cos(¢/4) cos(p/2) — glcp I < ICPRZPL, ICI:DR#PL

Bx(p, 6) = ~2A sin(/4)sin(p/2) — "I

E(p)

0 am 8 197 %o

=)




Strong Parity Relaxation
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Strong Parity Relaxation

Er(p,¢) = ~2 cos(9/4) cos(p/2) — T
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Strong

Parity Relaxation
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Conclusions

* The chirality of the edge states in quantum spin Hall systems is
reflected in the properties of the Josephson junction.

* Parity conservation - the junction is equivalent to a ballistic one. The
critical currentdst - periodic in the flux.

* Parity relaxation - restores the 27r- periodicity in the flux.

* Thereis no node at T, and at strong enough parity switching a node
appears at zero flux, and the junction becomes & - junction

While lifted nodes can be observed in asymmetric junctions, the transition
into a 7T- junction is unique to the QSH state.




Conclusions

R. M. Lutchyn, J. D. Sau, and S. Das Sarma, 2010

Similar physics can be observed in Y. Oreg, G. Refael, and F. von Oppen, 2010

Josephson junctions made out of
topological superconducting wires

Zero-bias peaks and splitting in an Al-InAs
nanowire topological superconductor as a
signature of Majorana fermions

Anindya Das’, Yuval Ronen’, Yonatan Most, Yuval Oreg, Moty Heiblum* and Hadas Shtrikman

Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices

V. Mourik,’* K. Zvo,'* 5. M. Frolov,” S. R. Plissard,” E. P. A. M. Bakkers,' L P. Kouwenhoven 't




Superconducting Dot

dt =L +1tYyr d=7L —1YR KM, and L. Fu




Superconducting Dot

5 f tcE'YLe_i‘p/z + t"‘')'LcLei“’/2

/

Changes the number of electrons
in the superconducting island by 1

[n, e:l:icp/2] 15 :te:l:icp/2

; L. Fu, PRL, 2010.
(n —n)

2C

U, =

Tunneling to the dot = changing the
% occupancy of the bound state

Behaves as a quantum dot with a
single level

Tunneling to the dot and out = count the
number of electrons in the dot mod 2

~ (d'd —1/2)clcr

Coherent tunneling between the
leads regardless for L




Superconducting Dot

Second order perturbation theory in t/U yields

Haot—leads = A1,27172 [c£c1 = C{Cz]
‘ Al2 =

Hdot—leads e _i)\1,2(de o 1/2) [cgcl s CIC2:|

spinless
fermions
1D lead

Two leads coupled to a single fermion state in the dot
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7, - integer 1 V2 . 72

Hdot—leads = /\1,2(de ¥ 1/2) [fT.f = ng]
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Superconducting Dot
&

Hoaorioais — M s(didi=1/2) f1f1 9191

+X3,4(dbd2 — 1/2) f2 i 9292

Ue =

TN - integer




Superconducting Dot
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Superconducting Dot
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Two channel Kondo problem - non Fermi liquid fixed point




Superconducting Dot
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1 & 2 Channel Kondo

One lead
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Strong coupling fixed point
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1 & 2 Channel Kondo

One lead 1
I ¢)
'
Strong coupling fixed point “l> l”> s :
— ull screening
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Two channel Kondo

d\
— = 92)\?
dv

A 4

the coupling constant grows

The fixed point is at strong coupling

I U o \> L

The conductance peaks below Tk
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G=— k[

: ) B 4

B. Beri, and N. R, Cooper, PRL, 2012.
A. Altland, and R. Egger, PRL, 2013.
M. R. Galpin, et al., 2013




Two channel Kondo
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the coupling constant grows

su(2) x su(2) > su(2)

The allowed perturbation is marginal

R .
Hr = zchlr—Jf)/I,fa_""’o/2 + t*~yrcret?!? /7 C

To break the symmetry between the channels
we need to break the symmetry between >
electrons and holes

Changing the chemical
potential away from n - integer




4 leads— 3 leads
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4 leads— 3 leads
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4 leads— 3 leads

Haot—l1eads = /\g (7—-’+ 5) +77‘§ : (8 = 7—3) A
Spin 1/2 dot coupled to spin 1 dot :
The dot is over-screened by the leads
A A

The allowed perturbation nS . ¢G+TQ4 has dimension of 2/3

Switching on the coupling to the forth lead is relevant




3 leads— 2 leads

Hiot—leads = AS» (Tz =4 Uz)

L (A= 8)[Si(r—+0-) + S_(rs + )

Unlike the standard overscreened su(2) Kondo
problem, the anisotropic spin coupling is marginal

marginal



3 leads— 2 leads

Hiot—leads = AS» (Tz =4 Uz)

L (A= 8)[Si(r—+0-) + S_(rs + )

Unlike the standard overscreened su(2) Kondo
problem, the anisotropic spin coupling is marginal

marginal marginal relevant
Zein s S T i S
: T >
2 leads 3 leads 4 leads e
relevant relevant marginal

marginal



Conclusions

The superconducting dot with Majorana modes maps into an over-
screened Kondo problem

In particular for 4 Majorana modes and 4 leads the system is
equivalent to the 2 channel Kondo problem. Unlike the usual 2CK,
here anisotropy in the couplings of the leads to the dot does not
destroy the non-Fermi liquid phase.

The state with 4 and 3 leads coupled to the dot are connected
through a line of fixed points.

The 4 leads coupled to 4 Majorana modes is the most stable state of
the system.




