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In this talk

Study of strongly disordered amorphous indium oxide film (aInO) across 

the Superconductor-Insulator Transition at microwave frequencies.
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Superconductor 

Insulator 

Order parameter of the transition 

Evolution of Δ with disorder ? 



  

Superconductor-Insulator Transition

 Order parameter of the transition 

Disorder-enhanced Coulomb repulsion 

between electrons of a Cooper pair opposes 

to pairing attraction 

Fermionic mechanismFermionic mechanism

Cooper pairing dies out at the SIT 

MoGe 

Finkel’stein, Physica B (1994)



  

Superconductor-Insulator Transition

 

Is it the full picture ?

Let us see indium oxide data 



  

Superconductor-Insulator Transition

 
Indium oxide 

Sacépé et al, Nature Physics (2011)

Sacépé et al, PRB (2015)

Sherman et al, PRB (2014)

Superconducting gap Eg 

Tunneling spectroscopy 

Disorder 



  

Superconductor-Insulator Transition

 
Indium oxide 

MoGe 

Comparison with fermionic scenario

Finkel’stein, Physica B (1994)

Gap in MoGe is strongly suppressed 

Disorder 



  

Superconductor-Insulator Transition

 
Indium oxide 

MoGe 

Comparison with fermionic scenario

Finkel’stein, Physica B (1994)

Gap in MoGe is strongly suppressed 

But gap in InO remains large

Large gap

Fermionic scenario does not apply for InO 

Disorder 



  

Pseudogap in indium oxide

 
Indium oxide 

Gap remains in insulating state

Large gap in the insulator

Sherman et al, PRB (2014)

Eg

Disorder 



  

Pseudogap in indium oxide

 Gap remains in insulating stateSuperconducting gap does not vanish 

in the insulator (pseudogap)

Sherman et al, PRB (2014)

Eg

Other mechanism for the breakdown of 

superconductivity : 

Bosonic mechanismBosonic mechanism

Phase fluctuations suppress superconductivity

Insulator of incoherent Cooper pairs 

Fisher et al, PRB (1989)
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On phase fluctuations

Elastic energy cost to twist the phase :

Θ describes the resilience of a superconductor 

against phase fluctuations : SIT for 

Superconducting order parameter

where Θ is the superfluid stiffness 



  

On phase fluctuations

Elastic energy cost to twist the phase  Kinetic energy of the condensate 

where 

is the kinetic inductance 



  

On phase fluctuations

Elastic energy cost to twist the phase  Kinetic energy of the condensate 

is the kinetic inductance 

Θ can be obtained experimentally through the measurement of LK 

where 



  

Phase stiffness versus gap

Elastic energy cost to twist the phase  Two possibilities 

Phase fluctuations do no affect

superconductivity 

Elastic energy cost to twist the phase 

Amplitude of pairing strength 



  

Phase stiffness versus gap

Elastic energy cost to twist the phase  Two possibilities 

Phase fluctuations do no affect

superconductivity 

Elastic energy cost to twist the phase 

Amplitude of pairing strength 

Phase fluctuations suppress

superconductivity 

(bosonic scenario)



  

In which system ?

Strong electron scattering 

Enhanced normal state resistance 

Low disorder

High disorder

can be achieved in strongly disordered superconductors 

Low superfluid density 



  

In which system ?

Strong electron scattering 

Enhanced normal state resistance 

Low disorder

High disorder

can be achieved in strongly disordered superconductors 

is small 

large phase fluctuations

Low superfluid density 



  

Amorphous indium oxide

Sheet resistance

Thickness 

Current

V
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Resistance increases with disorder

Strongly disordered superconductor :

Short coherence length

Strong electron localization 

Amorphous indium oxide



  

Anderson’s theorem (conventional SCs are robust 

against disorder) does not apply here

Superconductivity is weakened by strong disorder

T
c
 decreases 

Amorphous indium oxide



  

Anderson’s theorem (conventional SCs are robust 

against disorder) does not apply here

Superconductivity is weakened by strong disorder

Above a critical disorder :

Superconductor-Insulator Transition

Review article : Sacépé, Feigel’man and Klapwijk, Nature Physics (2020)

Amorphous indium oxide



  

The sample



  

The sample

Resistance measurement

Current

V



  

Microwave resonator

Resonator

Microstrip geometry

Capacitance to ground C

...
In

O

Kinetic inductance LK

Long aInO resonator



  

Microstrip geometry

...
In

O

Kinetic inductance LK

Long aInO resonator

Plasmon standing wave 

resonances given by

Microwave resonator

Kulik, ZETF (1973)

Mooij and Schön, PRL (1985) 

Camarota et al, PRL (2001)

Capacitance to ground C



  

Microwave spectroscopy

Single-tone measurement

(at T = 20 mK)

Resonator



  

Microwave spectroscopy

Single-tone measurement

Only one resonator, but many modes(at T = 20 mK)



  

Microwave spectroscopy

Single-tone measurement

(at T = 20 mK)



  

Two-tones spectroscopy

We add a second tone to the VNA signal and exploit the resonator’s non-linearities

To measure modes between 0-30 GHz we perform a two-tones spectroscopy



  

Two-tones spectroscopy

To measure modes between 0-30 GHz we perform a two-tones spectroscopy

Each peak corresponds to a resonant mode of the 

Indium oxide resonator



  

Plasmon dispersion relation

Dispersion relation



  

Plasmon dispersion relation

Remote ground plane :

Capacitance to ground becomes

frequency-dependent

Dispersion relation

D. Basko, Private communications
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Plasmon dispersion relation

Remote ground plane :

Capacitance to ground becomes

frequency-dependent

Dispersion relation

Plasmon velocity slightly k-dependent

Only fitting parameter is 

D. Basko, Private communications

Accurate determination of kinetic inductance



  

Plasmon dispersion relation

Dispersion relation

Disorder

Extraction of kinetic inductance 

for increasing disorder

Slope decreases with disorder



  

Kinetic inductance

Very large inductance : potential applications to cQED

Qualitatively

: typical granular Al used for cQED

: clean Aluminum films



  

Kinetic inductance

We obtain a measurement of the superfluid stiffness

Qualitatively



  

Superconductor ruled by phase fluctuations

2D Superfluid stiffness

BCS theory : 

Disorder 



  

Superconductor ruled by phase fluctuations

Eg = single particle gap 

from tunneling measurement

Sacépé et al, Nature Physics (2011)

Sherman et al, PRB (2014)

Sacépé et al, PRB (2015)

Disorder 



  

Superconductor ruled by phase fluctuations

Eg = single particle gap 

from tunneling measurement

: BCS superconductor

Phase fluctuations can be neglected

Sacépé et al, Nature Physics (2011)

Sherman et al, PRB (2014)

Sacépé et al, PRB (2015)

Disorder 



  

Superconductor ruled by phase fluctuations

Eg = single particle gap 

from tunneling measurement

: BCS superconductor

Phase fluctuations can be neglected

: Pseudo-gap superconductor

Phase fluctuations become predominant

Sacépé et al, Nature Physics (2011)

Sherman et al, PRB (2014)

Sacépé et al, PRB (2015)

Disorder 



  

Superconductor ruled by phase fluctuations

Critical temperature Tc from DC measurements

Disorder 



  

Superconductor ruled by phase fluctuations

Critical temperature Tc from DC measurements

BCS region : Tc defined by pairing 

Disorder 



  

Superconductor ruled by phase fluctuations

Emery and Kivelson, Nature (1995)

Pseudo-gap region : Tc defined by Θ

Superconductivity ruled by phase fluctuations

Critical temperature Tc from DC measurements

BCS region : Tc defined by pairing 

Disorder 



  

Superconductor ruled by phase fluctuations

In the pseudo-gap region 

DOS versus temperature

Temperature
Disorder 



  

Superconductor ruled by phase fluctuations

In the pseudo-gap region 

DOS versus temperature

SC

SC coherence peaks

Disorder 



  

Superconductor ruled by phase fluctuations

In the pseudo-gap region 

DOS versus temperature

SC
PG

PseudogapDisorder 



  

Role of phase fluctuations in low-density SCs

Critical line Θ = Tc  

Emery and Kivelson, Nature (1995)

Review article : 

Raychaudhuri and Dutta, Journal of Physics: Cond. Mat. (2021)



  

Role of phase fluctuations in low-density SCs

Review article : 

Raychaudhuri and Dutta, Journal of Physics: Cond. Mat. (2021)

NbN

NbN



  

Role of phase fluctuations in low-density SCs

Review article : 

Raychaudhuri and Dutta, Journal of Physics: Cond. Mat. (2021)

But also grAl, high-Tc superconductors ...

LaAlO/STO

NbN

NbN

LaAlO/STO



  

Role of phase fluctuations in low-density SCs

Review article : 

Raychaudhuri and Dutta, Journal of Physics: Cond. Mat. (2021)

And Indium oxide

NbN

LaAlO/STO

InO



  

Nature of the T=0 phase transition ?

Superconductor-Insulator quantum phase transition driven by disorder



  

Nature of the T=0 phase transition

T
c
 and Θ versus R in log scale

Disorder 
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Θ and Tc are finite at SITΘ and Tc are finite at SIT

Abrupt drop of T
c
 and Θ at the critical disorder

Disorder 



  

Nature of the T=0 phase transition

Θ and Tc are finite at SITΘ and Tc are finite at SIT

Abrupt drop of T
c
 and Θ at the critical disorder

Why this jump ?

First idea : quantum BKT transition in (1+1)D

Disorder 



  

(1+1)D BKT transition

1D plasmons

1D Coulomb potential

Our wires are 1D with respect to plasmon modes



  

(1+1)D BKT transition

1D plasmons

1D Coulomb potential

Pinning of plasmons by disorder
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Giamarchi and Schulz, PRB (1988)



  

Wave impedance

Giamarchi and Schulz, PRB (1988)

Bard et al, PRB (2017)

Houzet and Glazman, PRL (2019)

See also in JJ arrays : 

Cedergren et al, PRL (2017)

Kuzmin et al, Nature Physics (2019)

Mukhopadhyay et al, arXiv (2022) 

Superfluid to Bose glass transition (1+1)D BKT 

(1+1)D BKT transition

where

 



  

Wave impedance

(1+1)D BKT transition

Transition to Bose glass

All samples would be insulating in DC !!

Disorder 
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Wave impedance

(1+1)D BKT transition

All samples would be insulating in DC !!

Bose glass transition seems 

incompatible with indium 

oxide data

Conclusion

Disorder 



  

Nature of the T=0 phase transition

First-order quantum phase transition ?

 Θ and Tc are finite at SIT  Θ and Tc are finite at SIT 

Next scenario :



  

Nature of the T=0 phase transition

First-order quantum phase transition ?

 Θ and Tc are finite at SIT  Θ and Tc are finite at SIT 

New theories neededNew theories needed

Next scenario :
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Superconductor-Insulator Transition
First-order quantum

phase transition ?DC and cQED study 

of phase fluctuations



  

Conclusion

Superconductor-Insulator Transition
First-order quantum

phase transition ?DC and cQED study 

of phase fluctuations



  

Conclusion

Superconductor-Insulator Transition
First-order quantum

phase transition ?DC and cQED study 

of phase fluctuations



  

Applications of aInO resonators



  

 Perspectives for cQED : understand losses



  

 Perspectives for cQED : understand losses

High-LK 

and high-Q SC ?
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