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Introduction



Symmetry of pair amplitude

• Consider pair amplitude:

Fαβ(r1, t1; r2, t2) = −i〈Tψα(r1, t1)ψβ(r2, t2)〉

• Pauli principle:

Fαβ(r1, t1; r2, t2) = −Fβα(r2, t2; r1, t1)

• Different ways to realize antisymmetry



Classification of superconductivity

Frequency Spin Orbital

+ (even) - (singlet) + (even) even-singlet

+ (even) + (triplet) - (odd) even-triplet

- (odd) + (triplet) + (even) odd-triplet

- (odd) - (singlet) - (odd) odd-singlet

• Even-singlet: s-wave BCS superconductivity

• Even-triplet: Superfluid 3He, Sr2RuO4, Majorana nanowires

• Odd-triplet: SFS heterostructures

• Odd-singlet: ???



Unconventional SC in quantum dots

• Can unconventional SC be induced in quantum dots?

• Interplay between superconductivity, strong Coulomb interaction and

nonequilibrium

• Quantum dots offer easy tunability of their properties

• Quantum dot as tunable source of even-singlet, even-triplet, odd-triplet

and odd-singlet correlations?

• Signatures in transport properties?



Model



Model: Double dot

|∆|→∞
µS=0

ΓS

εRεL
t

Effective Dot Hamiltonian for ∆ → ∞
Quantum dots i = L,R

Hi = εi
∑

σ

c†iσciσ +Bi · Ŝi
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Dynamics in Hilbert space

Relevant dot states with even occupation for Ui → ∞

Empty dot |0〉, nonlocal singlet |S〉, 3 triplets |T σ〉

Time evolution of density matrix elements Pχ1
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= 〈χ1|ρdot|χ2〉
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Results



Pair amplitudes

Pair amplitude Fiσi′σ′(t) = 〈T ciσ(t)ci′σ′(0)〉

• Even/Odd-singlet pair amplitude:

FS
e/o = (FL↓R↑ − FL↑R↓ ∓ FR↑L↓ ± FR↓L↑)/(2

√
2)

• Even/Odd-triplet pair amplitudes:
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F T 0

e/o = (FL↓R↑ + FL↑R↓ ∓ FR↑L↓ ∓ FR↓L↑)/(2
√
2)

F T−

e/o = (FL↓R↓ ∓ FR↓L↓)/2



Even-frequency order parameters

Order parameter: Pair amplitude at equal times ∆e = Fe(0)

For Ui → ∞:

∆S
e = PS

0

∆Tα

e = P Tα

0

• Coupling to superconductor ΓS: Even-singlet

• Inhomogenous magnetic field ∆Bα: Even-triplet along the

inhomogeneity

• Noncollinear magnetic field ∆B ∦ B̄: Even-triplet perpendicular to

inhomogeneity

In agreement with findings for SFS heterostructures Bergeret, Volkov, Efetov, RMP 2005



Odd-frequency order parameters

• Pair amplitude at equal times vanishes Fo(0) = 0

• Consider time-derivative of pair amplitude at equal times

∆o =
dFo(t)

dt
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• Express odd-frequency order parameter in terms of even-frequency

order parameters and local and nonlocal expectation value of charge

and spin
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Transport signatures

How to probe unconventional correlations in transport?

• Conventional SC only probes even-singlet pairing

• No unconvential electrodes available

• Indirect signatures needed!

• Contribution from even-singlet dominates transport

• Find situation where current due to even-singlet vanishes

Here: Two examples for detecting triplet correlations in Josephson current



Triplet Josephson current
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• Double dots connected via spin-selective barrier

• No Josephson current via spin singlet

• No magnetic field: Only even-singlet pairing: No Josephson current

• Inhomogenous magnetic field: Even- and odd-triplet pairing: Finite

Josephson current

• π-junction possible



Fractional Josephson effect

Sothmann, Li, Büttiker, NJP 2013
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• Quadruple quantum dot with inhomogenous magnetic field

• Dots can be tuned to host Majorana fermions

• Fractional Josephson effect possible



Summary



Summary & Outlook

• Quantum dots can host unconventional SC

• All types of unconventional SC can be generated

• Tune system between different types of unconventional SC

• Signatures of unconventional SC in transport

• Can one find clear signatures of odd-singlet SC in this system?
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