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Motivation

More Honest Title :
Review of Josephson Junctions from 60’s to our date

What is a macroscopic quantum phenomena ?

Role of topological invariants in the macroscopic quantization

How is it used in quantum information processing ?
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Overview

1 Quantum Circuits
Quantum LC Circuit
Superconductivity

2 Josephson Junctions
Solitons in JJ

3 Superconducting qubits
Flux qubit

4 Topological JJ
Unique Feature
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Double Slit Experiment

Double Slit Experiment with light waves
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Double Slit Experiment with electrons

Double Slit Experiment with Electrons
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Double Slit Experiment with electrons

NOT a ‘do at home’ experiment

coherence of particles

apparatus of impossibly small scale
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No observer in Schrödinger equation

i~
∂Ψ

∂t
= − ~2

2m
∇2Ψ + VΨ

Standard QM only applies to closed systems

why macroscopic superpositions cannot be observed
⇒ Decay so quickly
⇒ main problem of building Quantum Computers
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Hardware of a quantum computer

still ongoing research

various candidates : photon polarizations, trapped ions, nuclear spin
in molecules, quantum dots and dopants in solids, quantum circuits

how to compare the alternatives : Decoherence & Dephasing

1

1[Ladd et al.(2010)Ladd, Jelezko, Laflamme, Nakamura, Monroe, and OBrien]
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Quantum Circuits

First attempt : quantize classical LC oscillator

H =
Q2

2C
+

Φ2

2L
, ⇒ [Q̂, Φ̂] = i~

H =
~Ω

2
[a†a + aa†] ; Ω = 1/

√
LC
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Quantum Circuits

well defined quantum states

why this circuit cannot be used as a qbit :
Resistance ⇒ Heat dissipation ⇒ any quantum effect disappears

Solution : use superconductors → zero resistivity
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Superconductivity

at T < Tc , most metals :

Resistanceless to electric flow

Expulsion of magnetic field

Trapped flux quantization
⇒ A Thermodynamic State

Number of available states ↓ as T → 0
⇒ Macroscopic quantum phenomena
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Ψsuperconductor

Local conservation of probability

∇. ~J = −∂P
∂t

~J =
1

2

{
Ψ∗
[
p̂ − q ~A

m

]
Ψ + Ψ

[
p̂ − q ~A

m

]∗
Ψ∗
}
, P = ΨΨ∗

what happens when there are large number of particles in the same
state

|Ψ > ∼
∣∣classical, macroscopic situation

〉
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Ψsuperconductor

~J =
1

2

{
Ψ∗
[
p̂ − q ~A

m

]
Ψ + Ψ

[
p̂ − q ~A

m

]∗
Ψ∗
}
, P = ΨΨ∗

large number of particles in the same state

|Ψ >=
√
ρ(r)e iθ(r)

qeΨΨ∗ : charge density
~J : electric current density

~J =
~
m

(∇θ − q

~
~A)ρ
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Hallmarks of Superconductivity

Bose condensate of pairs
⇒ Resistanceless flow & Expulsion of magnetic field

|Ψ >=
√
ρ(r)e iθ(r)

qeΨΨ∗ : charge density
~J : electric current density

∇. ~J = ∇. ~
m

(∇θ − q

~
~A)ρ

~J = −ρq
~
~A

A = ce−λx
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Hallmarks of Superconductivity

Meissner effect

2

2[Feynman and Leighton(1964)]
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Hallmarks of Superconductivity

flux quantization in a loop superconductor

3

3[Feynman and Leighton(1964)]
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Hallmarks of Superconductivity

flux quantization in a loop superconductor

~J =
~
m

(∇θ − q

~
~A)ρ

∫
Γ

~J.~dl = 0 ⇒ Φ =
2π~
q

n = Φ0n ; n = 1, 2, ..

flux is trapped in quantized amounts !
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Quantum LC Circuit

Still, not enough :

All transitions are degenerate ! Not suitable for qubit implementation.

Solution : Need a non-linear circuit element → Josephson Junction.
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Josephson Junction

weak coupling of two superconductors at a distance of 1 nm.

ΨL,R : amplitude to find an electron on side L,R =
√
ρe iθL,R

i~∂ΨL
∂t = qV

2 ΨL + KΨR , i~∂ΨR
∂t = qV

2 ΨR + KΨL.

J = J0 sin δ ; δ = δ0 + q
~
∫
V (t)dt, or δ = δ0 + q

~
∫
~A.~dl
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Josephson Junction

J = J0 sin δ ; δ = δ0 + q
~
∫
V (t)dt, or δ = δ0 + q

~
∫
~A.~dl

non-zero net current at V=0, zero net current at V 6= 0
except at certain frequencies→ Shapiro steps.
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Interference in JJ

Calculate ∆PhaseP→Q from two ways.

Jmax = J0| cos q0Φ
~ |; Φ∗ = nΦ0
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Electrodynamics of JJ

J = J0 sin δ ; δ = δ0 + q
~
∫
~A.~dl , ∇x ~H = ~J + ∂ ~D

∂t

Sine-Gordon Equation :

∂2δ

∂x2
− ∂2δ

∂t2
= sin δ

L = 1
2 (δ2

x − δ2
t )− (1− cos δ)

E [δ] =
∫∞
−∞ dx

[
δ̇2

2 + δ′2

2 + 1− cos δ

]
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Seperate the boundary term (Bogomolny trick)

E [δ] =

∫ ∞
−∞

dx

[
δ̇2

2
+

1

2

(
δ′ +

√
2(1− cos δ)

)2

−
√

2(1− cos δ)δ′
]

E [δ] =

∫ ∞
−∞

dx

[
δ̇2

2
+

1

2

(
δ′+

√
2(1− cos δ)

)2]
+[W (δ(∞))−W (δ(−∞))]

BPS equations : δ̇ = 0 , δ′ =
√

2(1− cos δ)

Non-trivial solution : δ = 4 tan−1[exp( (x−x0)−ut√
1−u2

)]

Associated conserved charge : N = 1
2π

∫∞
−∞ δ

′dx

Canberk Şanlı (BOUN) Solitons in JJ KOBİT 2018 24 / 33



Solitons in JJ

δ = 4 tan−1[exp( (x−x0)−ut√
1−u2

)], N = 1
2π

∫∞
−∞ δ

′dx , Φ = Φ0N

4

SLOGAN : Soliton = Finite energy field configuration that cannot
decay to vacua (lowest energy) configurations

4[Ustinov(1998)]
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Superconducting qubits

Josephson energy : U =
∫ t

0 IVdt = Φ0I0
2π (1− cos δ) = EJ(1− cos δ)

Combination of Capacitance, Conventional inductance, JJ, bias

Quantum dynamics X , Coherence X, Non-linearity X

EJ/EC determines :

5

5[Devoret and Martinis(2005)]
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Flux qubit

Three Josephson Junctions

tunneling process of a Josephson phase between two neighboring
shallow potential wells : Φ ≈ 0.5Φ0 ⇒ |Ψ >= | �> +| 	> : Screen
or enhance.

6

6[Fedorov et al.(2014)Fedorov, Shcherbakova, Wolf, Beckmann, and Ustinov]
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Topological JJ

Topological superconductor : existence of Majorana fermions

Topological JJ : made from topological superconductor

more strong against dephasing, larger coherence time

why ?
1) ohmic dissipation suppresses quantum tunnelling : ∆N∆δ ≈ 2π
⇒ some ohmic dissipation must be allowed to have a coherent phase
2) two different dissipation mechanism balancing each other

V (δ) = µ[1− cos δ] + λ[1− cos δ/2] (1)

⇒ phase coherence is achieved at a smaller ohmic dissipation
⇒ coherent qubit
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Canberk Şanlı (BOUN) Solitons in JJ KOBİT 2018 31 / 33
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