Multi-terminal Josephson junctions

Julia S. Meyer

with
Roman Riwar (Julich/Yale), Erik Eriksson,
Manuel Houzet (Grenoble) & Yuli Nazarov (Delft)

SPICE-Workshop
Exotic New States in Superconducting Devices: The Age of the Interface

lA\AC

INSTITUT NANOSCIENCES
ET CRYOGENIE

Mainz — September 28, 2017

UNIVERSITE
' Grenoble

(X ]

2 Alpes

nnnnnnnnnnnnnnnnnnnnnnnnn i\



Topological materials

Topological insulators / superconductors:
« gap in the bulk + topologically-protected surface states

Ts HgTe [—— % Kitaev chain
(1D spinless p-wave SC)
— Majorana bound states
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materials

complicated bandstructure
in d dimensions

artificial material in d=#n -1 dimensions ?
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The analogy

2-terminal junctions:
simplest case: Josephson energy

2
EFE=—-—FEjcos¢p — I;=

in general: |
Andreev bound states (ABS) F = — Z ES’) (¢) (+ continuum)
Pillet
o et al.
£ A (2013)

-3m/2 - -T/2 0 0o 2 T
¢ (mod 2m) DOS (A.U.)

discrete Andreev spectrum
in a junction with few channels



The analogy

2-terminal junctions: by |

simplest case: Josephson energy o0 I (l\ ."\._,_/"' ,/(.:,,
E=—-FEjcosp — Ij= ey LSing NN N
1 . h a¢ P : ) '
In general: | R
Andreev bound states (ABS) E = — Z ES) (9) J,""’_______f.’/’ )

— n-terminal junctions: E, (¢, @54 ...r &,.1)
ABS energy = periodic fct of n —1 phase differences

analogy:

n-terminal junction —> d = n — 1 dimensional material
Andreev spectrum — band structure

phase differences —> quasi-momenta k., k,, k_, ...

Jopelogy: more information in the wavefunctions than in the spectrum!
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topologically-protected Weyl singularities

in the ABS spectrum of junctions with » , 4 terminals 0-5
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topologically-protected Weyl singularities
in the ABS spectrum of junctions with # , 4 terminals 0.5
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manifestations:
quantized transconductance

between 2 voltage-biased terminals -




« Weyl singularities

« Andreev bound state (ABS) spectrum of multi-terminal junctions

 Quantized transconductance

« Beyond the adiabatic regime

 (Conclusion



Weyl singularities

* topologically protected zero-energy states

3D Weyl Hamiltonian: Hyy = Z vi ki

1,]=x,Y,2 -

where o, 2 x 2 Pauli matrices:

(0 1 (0 —i (1 0
%=1 0) %= \y o) %27 \o -1



Weyl singularities

* topologically protected zero-energy states

3D Weyl Hamiltonian: Hyy = Z vi ki
1,]=x,Y,2

Weyl points carry a topological charge:

* Weyl points are monopoles of Berry curvature

—%dS

= signdet|{v;; }| =

Weyl semimetals have been discovered recently (TaAs ..

)
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Weyl singularities

* topologically protected zero-energy states

3D Weyl Hamiltonian: Hyy = Z vi ki
1,]=x,Y,2

Weyl points carry a topological charge:

« Weyl points are monopoles of Berry curvature

—%dS

= signdet|{v;; }| =

vs Chern number: (C = 1 7{ (dk)B,(k) €Z
2

27
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Weyl singularities

3D Weyl Hamiltonian: Hyy = Z vi ki

Weyl points carry a topological charge:

T/kx Lieg | @ K2

topologically protected zero-energy states

Z?J:x7y7z

Weyl points are monopoles of Berry curvature

1
C = féD (k) B.(K)

— Chern number changes

when crossing a Weyl Point:

C,=Cyt
C=Citx= Cotxt 1
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Weyl singularities

* topologically protected zero-energy states

3D Weyl Hamiltonian: Hy, = Z vijkio;
1,]=2,Y,2 -

Weyl points carry a topological charge:

« Weyl points are monopoles of Berry curvature

1
C = féD (k) B.(K)

T/kx Lig | o K2 non-zero Chern number

— edge states
— quantum Hall effect
Thouless et al. (1982)
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Andreev reflection

charge transfer between a “non-superconductor” and a superconductor
at e<A:

* no quasi-particle states
» only transfer of Cooper pairs

electron I >

superconductor

Andreev 1964
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ABS spectrum of multi-terminal junctions

generalization of the scattering problem:

15



ABS spectrum of multi-terminal junctions

ABS spectrum .
determined by [¢)) = Sy Salv) 1
Beenakker (1991) \"I é

normal scattering in the contact: f/ el
scattering matrix Sy -

Andreev reflection:

scattering matrix S,(¢,, ..., ¢,; E)

particle-hole symmetry: states come in pairs at energies §E
Weyl singularities: doubly degenerate zero-energy states at ®©
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Weyl-Hamiltonian

« Weyl singularities: doubly degenerate zero-energy states at ®©

EaBs
A

0

* in the vicinity of the zero-energy solution at ®© :
effective low-energy Weyl Hamiltonian
in the subspace of the 2 orthogonal eigenstates:
Hy=2 . M,d¢,1, where t, 2x2 Pauli matrices
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Weyl-Hamiltonian

« Weyl singularities: doubly degenerate zero-energy states at ®©

Eags
HW:Za,iMai8¢aTi }

0
— - 0= o

« topological charge of the Weyl point in a 3D subspace:
x = sign det [{M;}]

« total topological charge =0
» time-reversal symmetry: Weyl point at ®©

— Weyl point with the same topological charge at —~®®©
*  Weyl points come in multiples of 4
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ABS spectrum

example: 4-terminal junction
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ABS spectrum

Chern number:

. C12 P2

e
e

¢3 0 ¢3 Ozi;—.—————————————————————7@
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where (12 = o / doq dopo B2
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4-terminal junctions: Occurence of Weyl points

4 single-channel terminals:
— ~ 5% of random scattering matrices possess Weyl points
— simple toy models X

4 multi-channel terminals:

90
75
60
45
30
1

(9]

example: N,=12,11,10,9

0 4 8 12 16 20 24 28 32 36
number of Weyl points
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Consequences of Weyl singularities: The current

« current operator: [, = 2e——

- use instantaneous eigenbasis  E 4, (t) |1, (t)) = H(t) |1, (1))
to compute expectation value for time-dependent phases:

2¢ OF 4, (t)
0dq

contribution of ABS [, (t)

adiabatic supercurrent 1 °(7)

first correction: §1,,(t) = —262 gbﬁBo‘ﬁ

oY, | O,
a¢a a¢5

with B2P = 2%<

> Berry curvature
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Quantized transconductance

* total current:

1 1
= kzolak(t) (nka - 5) = I (t) — 2e Z b3 By (nka - 2)

k,o.B

« consider 2 voltage-biased leads: ¢, =2eV ¢

- 1
1% ! '
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Quantized transconductance

* total current:

1 1
= kzalak(t) (nka - 5) = I (t) — 2e Z b3 By (nko - 2)

k.o,

« consider 2 voltage-biased leads: ¢, =2eV ¢

— phase sweeps 2D “Brillouin zone” /
(Vep & A IncOmMmensurate) /
P2
D1
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Quantized transconductance

* total current:

1 1
— kzafak-(t) (nkg — 5) — IO — 2e Z ¢5B (nkg — 2)

k,o.B

« consider 2 voltage-biased leads: ¢, =2eV ¢

— phase sweeps 2D “Brillouin zone”
— time-averaged current in the ground state (n,, = 0):

_ 2¢e?
T.=G%V, with G =_""(°f
mh

1
where % = — _— déb,, dds B> integer
=52 | douds; 577 integ
= Chern number
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Multiterminal junctions as topological matter

=V experimental manifestation:
quantized transconductance

Vi B ' 5 ‘;
| h ¥ 4 _ 4
HI— LE (P L, =GV with GP = Z

i B Chern number
X
G12
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Multiterminal junctions as topological matter

=V experimental manifestation:
quantized transconductance

Vi B ' 5 ‘;
| h W 4 / _ 4e?
HI— )AL & I, =GV with G*F = - C*P
- ;O\ l\ﬂ__,/)
Y B Chern number
X

ground state: n,, =0
— poisoning ? (Landau-Zener ...)

27



E/A

 Landau-Zener processes:

1.0

Beyond the adiabatic regime

bo=1.72, $=2.85

do=2.21, $=0.45

o N e
” \/\/
0.0
~0.5 m
0 X 2w 0 X 21

bo=2.66, ¢—0.24

I
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Beyond the adiabatic regime

 Landau-Zener processes:

0o =2.21, $=0.45
~ N

empty states ’\/\’-/
occupied states P (V) ’
inelastic relaxation
necessary

to quickly recover

. —— equilibrium occupations
0 X 2T

29



Beyond the adiabatic regime

< multiple Andreev reflections B el
1;'_\!\ | I:(I

— compute the currents using (Floquet) scattering theory

« account for inelastic relaxation with a Dynes parameter I' in the leads
DoS

A 30



Beyond the adiabatic regime

« multiple Andreev reflections

— compute the currents using (Floquet) scattering theory

specific scattering matrix
with Weyl points at +(1.7, -1.9, -2.8, 0) and (2.7, -1.8, 1.0, 0)

« choose ¢1 =2en1Vt+ x %
P2 = 2ensV't
« commensurate voltages — average over y b1

« obtain conductances from 2 sets of voltages: (n,, n,)=(1,3) and (2, 3)

<[1>:(G11 G12>(V1)
I Gao1 Ga2 Vo

31



Beyond the adiabatic regime

currents as a fct of ' at fixed ¢, (I"=0.002A):
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G / (2¢2/nh)
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Beyond the adiabatic regime

conductances as a fct of V' atfixed ¢,=2.21 (I'=0.002A ):

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

T

(T

\ normal state conductances

""""" B (G, =Gy)

multiple Andreev reflections

1 1 1 1 1 1
Z3.0 —2.5| -2.0 -1.5 -1.0 -0.5 0.0

logy, (eV/A)

quantized
transconductances

i
0.5
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G / (2¢2/nh)

Beyond the adiabatic regime

conductances as a fctof V' atfixed ¢,=2.21 (I'=0.002A): [ — ~—
1.5 T T T T T T T
: 3 3 3 3 3 o—o Gy \/\/
of e\ g
ol "W 5 — AN\
0.0 b T IV T g ] 0 X 2m
sl - | : R SH— quantization requires fixed parity:
1/7pz =eVe P4V <T
1.0} 1 . - 3 ¥ S AU AR ]
E
']‘ | | | - | —>eV<eV*N1 EAF
1235 —ﬁ.5| 20 -15 -10 05 0.0 0.5 1.0 Og( A/ )
| A
quantized 09y (eV/A) where
transconductances F 4 = min EA(QbO, o1, ¢2)
1,P2
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G / (2¢2/nh)

1.5

Beyond the adiabatic regime

1.0

0.0}

—0.5F e .

0.5F -

(T

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

~1.0} -
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~133% —ﬁ5| 0 -15 -10 05 0.0 0.5 1.0
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quantized

transconductances

i i i i i i n
-3.0 =25 -2.0 -15 -1.0 -0.5 0.0 0.5 1.0

conductances as a fct of V' atfixed ¢,=2.21 (I'=0.002A ):

for comparison: ¢, =0

IOg 10 (CV/A)




Beyond the adiabatic regime

conductances as a fct of ¢, at fixed V= 0.0003A/e :

large dissipation
close to Weyl points

G / (2¢2/mh)

topological topological
regime regime
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3-terminal junctions

« only 2 independent phases
« add magnetic flux through the junctions area
— break time-reversal symmetry

U

E 4pi2m®/(3R0) — ,is/3
Emin
A

0.5

example: U=0.1,t=1
minimal gap as a function of s
— 4 Weyl points

0.25"
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3-terminal junctions

« only 2 independent phases
« add magnetic flux through the junctions area
— break time-reversal symmetry

preliminary results: G
V=0.01A, T =0.01A LS
1,
(using 05
only 1 voltage V,=§V | [\
& averaging over ¢,) i T | 3n S
—05 5 d 2 o
1

38



3-terminal junctions

« only 2 independent phases
« add magnetic flux through the junctions area
— break time-reversal symmetry

preliminary results: C‘IA‘ZBS = Chern number
of the Andreev bound state

7=0.01A, T =0.01A LS

1 N
(using 0.5 f [\
only 1 voltage V,=§V
& averaging over ¢,) - = 3 - S

_05 3 ¥ N 2n
-1

=spbgontinuum contributes to the topological properties of the junction! .



Conclusion

« Weyl singularities in ABS spectrum
of multi-terminal Josephson junctions

without any fine-tuning

e superconducting phases = quasi-momenta

 transconductance

between 2 voltage-biased terminals

probes Chern number

I,=G*V; with G* =

multi-terminal Josephson junction
= topological material

2e?

mh

C?

[

~&
Ny
]

>

/7

| |

(‘J'l |‘

A | e
\\, A ___.-"

|
A

DY [

" \ o
op = ) ,:' &=
d
—1
i |
®3 0
—Tr

40



Conclusion

« Weyl singularities in ABS spectrum
of multi-terminal Josephson junctions
without any fine-tuning

e superconducting phases = quasi-momenta
InSb nanocrosses ?

* Transconductance Plissard et al. (2013)
between 2 voltage-biased terminals 12
probes Chern number 1 2e*/7h

- B . OéB 262 Oéﬁ ™ ‘
[o =GV, with G =-"—C
™

multi-terminal Josephson junction

¢30

= topological material
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specific realizations ?

higher-dimensional “materials” ?

more complex topologies ?

edges ?

42



Thank you!
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Conclusion

« Weyl singularities in ABS spectrum
of multi-terminal Josephson junctions
without any fine-tuning

e superconducting phases = quasi-momenta
InSb nanocrosses ?

* Transconductance Plissard et al. (2013)
between 2 voltage-biased terminals 12
probes Chern number 1 2e*/7h

- B . OéB 262 Oéﬁ ™ ‘
[o =GV, with G =-"—C
™

multi-terminal Josephson junction

¢30

= topological material
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