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1 Introduction

2 Theoretical description of the lossy quantum point contact

I Multiple Andreev reflections
I Local particle loss

3 Current-voltage characteristics in the presence of a particle loss

I High transparency of the contact: comparison to experiment
I Low transparency

Outline



Quantum transport: tunneling Hamiltonian
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Quantum transport: tunneling Hamiltonian



current

I =
1

h

∫ ∞
−∞

dET (E ) [nF (E − µL)− nF (E − µR)]

= G (µL − µR) = GV G : conductance
V : voltage

Quantum transport: tunneling Hamiltonian



H =
∑
i=L,R

Hi + Htun,

Hi =
∑
k

(
ψ†i↑k ψi↓−k

)(εk − µi ∆

∆ −(ε−k − µi )

)(
ψi↑k

ψ†i↓−k

)
Htun = −τ

∑
σ=↑,↓

[ψ†Rσ(r = 0)ψLσ(r = 0) + H.c.]

density 
of states

Connected superfluids – tunneling Hamiltonian
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first-order tunneling, V = µL − µR
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I ∝
∫ ∞
−∞

dEρ(E − µL)ρ(E − µR)

× [nF (E − µL)− nF (E − µR)]

ρ(E ): density of states

Single-particle tunneling



I Multiple Andreev reflections lead to a nonzero current at V < 2∆.

tunneling
am

plitude

Sub-gap currents



I Multiple Andreev reflections lead to a nonzero current at V < 2∆.

tunneling
am

plitude

Sub-gap currents



I Multiple Andreev reflections lead to a nonzero current at V < 2∆.

Sub-gap currents



I Multiple Andreev reflections lead to a nonzero current at V < 2∆.

Sub-gap currents



I Multiple Andreev reflections lead to a nonzero current at V < 2∆.

Sub-gap currents



I Smaller voltage → more pairs (n ∼ 2∆
2V ) required for the single

quasiparticle to tunnel.

I Current proportional to τ 2n.

Sub-gap currents
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dρ

dt
= −i [H, ρ] +

∑
σ=↑,↓

∑
i=L,R

γσ

[
ψiσ(0)ρψ†iσ(0)− 1

2

{
ψ†iσ(0)ψiσ(0), ρ

}]

I Conserved current I = iτ
∑
σ=↑,↓

(
〈ψ†Rσ(0)ψLσ(0)〉 − 〈ψ†Lσ(0)ψRσ(0)〉

)
I Nonequilibrium correlation functions → Keldysh formalism
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Nonequilibrium - Keldysh formalism

I Expectation values calculated as path integrals along a closed time contour,

〈ψaψ̄b〉 =

∫
D[ψ, ψ̄]ψaψ̄be

iS[ψ,ψ̄] = iGab,

where the action is written in matrix form as

S [ψ̄,ψ] =

∫ ∞
−∞

dtψ̄(t)G−1(t)ψ(t).

Here, ψ = (ψ+,ψ−): two copies of the fields for each point in time.

I The action is the sum S = SL + SR + Stun + Sloss.
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I Current is reduced by the particle loss but not sharply suppressed at V < 2∆.
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I Current is reduced by the particle loss but not sharply suppressed at V < 2∆.
I Results for τ ≈ 1 supported by experimental data.
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High transparency: compare to experimental data



I Current is reduced by the particle loss but not sharply suppressed at V < 2∆.
I Results for τ ≈ 1 supported by experimental data.

I Superfluid transport “survives” up to large dissipation strengths γ & ∆.
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High transparency: compare to experimental data
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I Modified local density of states leads to an enhancement?
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I Modified local density of states leads to an enhancement?

I Weak-tunneling approximation
I ∝

∫∞
−∞ dEρ(E − µL)ρ(E − µR) [nF (E − µL)− nF (E − µR)].
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Spin bias in superfluid reservoirs, 
pair loss, dephasing...
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I Action for the reservoirs i = L,R

in ω basis:

S =

∫
dω

2π
Ψ̄(ω)G−1(ω)Ψ(ω),

where Ψ =
(
ψ1
i↑ ψ̄1

i↓ ψ2
i↑ ψ̄2

i↓

)T
.

I The inverse Green’s function G−1

has the structure

G−1 =

(
0

[
gA
]−1[

gR
]−1 [

gK
]−1

)
,

with the elements

[gR,A]−1 =

(
↑↑ ↑↓
↓↑ ↓↓

)
.

I Multiple Andreev reflections described
by infinite-size matrix

G−1 =



ΩL↑ T ∆L 0 0 ...

T ΩR↑ 0 0 ∆R

∆L 0 ΩL↓ −T 0

0 0 −T ΩR↓ 0 0

0 ∆R 0 0 ΩR↓ −T
... 0 −T

. . .
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I Multiple Andreev reflections described
by infinite-size matrix

G−1 =



ΩL↑ T ∆L 0 0 ...
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∆L 0 ΩL↓ −T 0

0 0 −T ΩR↓ 0 0

0 ∆R 0 0 ΩR↓ −T
... 0 −T

. . .


which can be truncated to obtain

〈ψaψ̄b〉 =

∫
D[ψ, ψ̄]ψaψ̄be

iS[ψ,ψ̄] = iGab.
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The inverse Green’s function G−1 has the structure

G−1 =

(
0

[
gA
]−1[

gR
]−1 [

gK
]−1

)
,

with elements

[gR,A]−1 =

 (ω̄±iη)

W
√

∆2−(ω̄±iη)2
±

iγ↑
2

∆

W
√

∆2−(ω̄±iη)2

∆

W
√

∆2−(ω̄±iη)2

(ω̄±iη)

W
√

∆2−(ω̄±iη)2
±

iγ↓
2

 ,

[gK (ω̄)]−1
11 = −

(
[gA]−1

11 − [gR ]−1
11

)
[1− 2nF (ω̄)] + iγ↑

[gK (ω̄)]−1
22 = −

(
[gA]−1

22 − [gR ]−1
22

)
[1− 2nF (ω̄)]− iγ↓

[gK (ω̄)]−1
12 = −

(
[gA]−1

12 − [gR ]−1
12

)
[1− 2nF (ω̄)]

[gK (ω̄)]−1
21 = −

(
[gA]−1

21 − [gR ]−1
21

)
[1− 2nF (ω̄)].

Fermions with spin


