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Understanding the quantum behaviour of superconducting circuits
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Nature prefers low impedance/low inductance
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Can we build large inductance (quantum) circuits?



L arge inductance (quantum) circuits: why is it difficult
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L arge inductance (quantum) circuits: why is it difficult
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Wanted: parasitic capacitance under control AND Low loss
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Large inductance quantum circuit: why should you care 7
Small footprint/Magnetic field resilience Slow light (v = 1/\%)
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M. R. Vissers et al., 16’

Large phase fluctuations:
fundamental questions
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L arge Inductance guantum circuit: Josephson junctions

Top Superconducting Electrode

Bottom Superconducting Electrode
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L arge Inductance guantum circuit: Josephson junctions

Top Superconducting Electrode
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L arge Inductance guantum circuit: Josephson junctions

Current-phase relation (first Josephson relation)

i(t) = Icsin (¢(t)) with () =61 — 62
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L arge Inductance guantum circuit: Josephson junctions

Current-phase relation (first Josephson relation)

i(t) = Icsin (¢(t)) with () =61 — 62

Superconducting phase evolution (second Josephson relation)

6_90 — U(t) with QYo = h/26
ot o

Josephson (kinetic) inductance versus geometric inductance

Geometric inductance: 0.2 pH/pym Josephson inductance: 1 nH/um
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Non-linearity and Josephson junction

Current-phase relation

i(t) = Iesin(p(t))  wih  @(t) =61 — 02

Energy scales

Charging energy Josephson energy
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Non-linearity and Josephson junction

Current-phase relation
i(t) = Iesin(p(t))  wih  @(t) =61 — 02
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i(t) = I.sin (p(t))
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Josephson junction meta-material
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Josephson junction meta-material

Plasma modes In JJ meta-material: N. Masluk et al 12’ Bell et al 12’, S. Butz et al. 13’.C. Altimiras et al. 13’. R. Kuzmin et al 18'....
Observation in disordered superconductors (granular aluminium): O. Buisson et al., 94
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Josephson junction meta-material: Fabrication

V. Milchakov
1D array of Josephson

junctions:
up to 10 000 cells

Challenges faced: stitching errors, resist homogeneity, focus
homogeneity, proximity effect....
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Josephson junction meta-material: Fabrication

POle Nanofab

E-beam evaporator “Suprafab”

E-beam writer “Nanobeam”
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Josephson junction meta-material
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Josephson junction meta-material
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Josephson junction meta-material
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JJ meta-material:
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JJ meta-material: dispersion relation
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JJ meta-material: dispersion relation
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Fluxonium devices:
Comparison with other Josephson artificial atoms
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Fluxonium devices:
Comparison with other Josephson artificial atoms
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Fluxonium devices:
First device:

V. Manuc
V. Manuc
V. Manuc

naryan et a
naryan et a

naryan et a

., Science (2009)
., arXiv 0910:3039 (2009)
., Phys. Rev. B (2012)
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Fluxonium devices:
First device:

Very large inductance a.k.a “Superinductance”

Made from a JJ array

V. Manuc
V. Manuc
V. Manuc

naryan et a
naryan et a

naryan et a

., Science (2009)
., arXiv 0910:3039 (2009)
., Phys. Rev. B (2012)
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Fluxonium devices:

More recent devices
(inside a 3D cavity + super inductance made of granular aluminum):
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L. Grunhaupt et al., Nat. Material (2019)
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(b)

(c)

Fluxonium devices:
More recent devices (inside a 3D cavity):
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Fluxonium devices:
More recent devices (in a 2D architecture):

W. Ardati et al., Phys. Rev. X (2024)



Argument
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Why the Fluxonium®?

1:In superconducting circuits there are “broken Cooper pairs” (a.k.a.
quasiparticles) but there is no “broken Fluxons”.



Why the Fluxonium®?

Argument #2: charge noise amplitude is two orders of magnitude higher than flux

. noise: .
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40 G. Zimmerli et al., App. Phys. Lett. (1992) F. Yan et al., Nat. Commun (2016)
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Outline

1. Large Inductance: Josephson meta-materials
2. Traveling Wave Parametric Amplitiers

3. Quantum impurities



