
The magnetic field induced insulating state 
in amorphous superconductors

Benjamin Sacépé

Néel Institute, CNRS & Univ. Grenoble Alpes

Strongly disordered and inhomogeneous superconductivity
Grenoble, Nov. 2016



Maoz Ovadia

(Harvard)
Dan ShaharIdan Tamir



Johanna Seidemann Benjamin Piot Christoph Strunk



The Superconductor-Insulator Transition 

Haviland, Lui, and Goldman,

Phys. Rev. Lett. 62, 2180 (1989)…

T
h

ic
k

n
e

s
s

Strongin et al. 

Phys. Rev. B 1, 1078 (1970)

Reviews: Finkel’stein (‘94)

Markovic and Goldman (’98)

Gantmakher and Dolgopolov (‘10)



Prototypical quantum phase transition 

Strictly T=0.

Driven by:

Thickness

Magnetic field

Disorder

Carrier density

Pressure

Chemical composition

Structural composition

…



Suppression of superconductivity

Insulator with localized Cooper-pairs ?

𝑇𝑐

SC Ins.

Disorder, B …

QCP

M.P.A. Fisher (‘90)
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Direct superconductor-insulator transition

Amorphous indium oxide films

D. Shahar’s group

Titanium nitride

T. Baturina PRLs (‘07)

𝑛 ≲ 1021𝑐𝑚−3 𝑛 ≲ 1022𝑐𝑚−3



Giant magnetoresistance peak

Sambandamurthy et. al. PRL (‘05)



J. Valles group, Science (‘07), PRL (‘09)

Quenched Bi

Baturina et al. PRLs (‘07)

B(T)
1680

Titanium nitride
Tin decorated

insulating graphene

Allain et al. Nature Mat. (‘12)

Giant magnetoresistance peaks



Insulating peak in a:InO

R raises by 1 decade per 0.01 tesla
Paalanen, Hebard, Ruel PRL (‘90)

Sambandamurthy et al. PRL (‘04)

Steiner, Kapitulnik et al. PRL (‘05)





Disorder-dependence of the 
insulating peak



Amorphous indium oxide (a:InO)

Disorder tuned by annealing, thickness or O2 pressure

 E-gun evaporation of In2O3 on SiO2 under O2 pressure

 30-60 nm thick

 e-density : 𝑛 ~ 1020 − 1021 𝑐𝑚−3

 Disorder : 𝑘𝐹𝑙𝑒 ~ 0.3 − 0.4
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Low disorder



Medium disorder
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High disorder: Insulating peak



End of Cooper-pairing



Cooper-pair insulator |  Fermionic insulator

B.S. et al. PRB 91, 220508(R) (2015)



The insulator at T<0.2 K

Current–voltage characteristics



Insulating peak



Non-linear IVs and voltage threshold

Non linear IV
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Non-linear IVs and voltage threshold

Voltage threshold
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Transition to abrupt IV

𝑉𝑇



Voltage threshold



Dramatic transition occurs around T* ~ 0.1K

a:InOx TiN

Baturina et al. PRL 99, 257003 (2007)



G=0 below VT !?

NATURE 452, 613 (2008)



Ovadia, Sacépé, Shahar PRL ‘09



Hysteresis electron overheating



1. Electrons and phonons are decoupled

2. Electrons are strongly interacting ( can have 𝑻𝒆𝒍 ≠ 𝑻𝒑𝒉 )

3. Intrinsic I-V is linear: heating is the only source of non-linearity

4. R is a fast function of electron temperature

𝑅 𝑇𝑒𝑙 = 𝑅0𝑒
 𝑇0 𝑇𝑒𝑙

𝛾
, 𝑤𝑖𝑡ℎ 𝛾 ≤ 1



Heat balance equation :
𝑉2

𝑅 𝑇𝑒𝑙
= ΓΩ 𝑇𝑒𝑙

6 − 𝑇𝑝ℎ
6

External

heat
Electrons

Phonons

Substrate
𝑡𝑝ℎ
𝑐

𝑅 𝑇𝑒𝑙 = 𝑅0𝑒
 𝑇0 𝑇𝑒𝑙

𝛾



Lowering Tphonon

One solution at Tel > Tph Multiple solutions for Tel

1

𝑅 𝑇𝑒𝑙
=
ΓΩ 𝑇𝑒𝑙

6 − 𝑇𝑝ℎ
6

𝑉2
𝑅 𝑇𝑒𝑙 = 𝑅0𝑒

 Δ 𝑇



Changing voltage…

Single solution

at Tel ~ Tph

Multiple solutions

Single solution

at Tel > Tph



Thermal bi-stability
T

el
(K

)



Determine Tel

V/I

V/I

𝑻𝒆𝒍
−𝟏



Determine Tel



Electron overheating

Assume hot-electron scenario  recover heat balance equation !
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Excluded region



M. Ovadia, B. Sacépé, and D. Shahar
Phys. Rev. Lett. 102, 176802 (2009)

B. Altshuler, V. Kravtsov, I. Lerner, and I. Aleiner
Phys. Rev. Lett. 102, 176803 (2009)

IV’s computed with 𝑅 𝑇 curve and heat balance eqation



Heating at B = 11 T

𝑉2

𝑅 𝑇𝑒𝑙
= ΓΩ 𝑇𝑒𝑙

6 − 𝑇𝑝ℎ
6



𝑉2

𝑅 𝑇𝑒𝑙
= ΓΩ 𝑇𝑒𝑙

6 − 𝑇𝑝ℎ
6

Heating at lower field

B = 7 T



Heating at lower field

𝑉2

𝑅 𝑇𝑒𝑙
= ΓΩ 𝑇𝑒𝑙

𝛼 − 𝑇𝑝ℎ
𝛼 , 𝛼 > 10 ???



Exponentially suppressed cooling rate at B=7T

For beta=4

V. Kravtsov, B. Altshuler, B. Aleiner, unpublished



Conclusion on non-linear transport

 Charge carriers are interacting and form a bath at 𝑻𝒆𝒍

 Charge carriers and phonons are weakly coupled

 IV non-linearities due to electron overheating









The insulator at T < 0.2 K

Ohmic transport



Ohmic transport



Ohmic transport

V/I



Ohmic transport



Arrhenius plot

Activation



Efros-Shklovskii
Hopping at high B

𝑹 𝑻 = 𝑹𝑬𝑺 × 𝒆𝒙𝒑
𝑻𝑬𝑺
𝑻

𝟏/𝟐

VRH



Conductivity 𝜌−1 Near Bc

𝝈 𝑻 = 𝝈𝟎 × 𝒆𝒙𝒑 −
𝑻𝟎
𝑻

𝝈 𝑻 = 𝝈𝟎 × 𝒆𝒙𝒑 −
𝑻𝟎

𝑻 − 𝑻∗

Resistance Near Bc

BC



Fit Parameters

𝝈 𝑻 = 𝝈𝟎 × 𝒆𝒙𝒑 −
𝑻𝟎

𝑻 − 𝑻∗

BC



Many-body localization ?

M. Ovadia et al. Scientific Reports 5, 13503 (2015)

𝝈 𝑻 = 𝝈𝟎 × 𝒆𝒙𝒑 −
𝑻𝟎

𝑻 − 𝑻∗



Thank you.


