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Superconductor – Insulator transition

add superconductivity:

Cooper pairing induced
by attractive interaction

Metal – Insulator transition: 
driven by disorder and Coulomb interaction

weak
disorder

strong
disorder

delocalized
wave functions

localized
wave functions

collective wave function

·exp(i )



Outline:

sharp superconductor/insulator transition in TiN

universal (?) metallic behavior in high magnetic fields

linear and non-linear response

super-exponential growth of R at low temperature
in insulating films



Experiments on TiN films

atomic layer chemical vapor deposition 
onto a Si/SiO2 substrate.

d = 5 nmAtomic layer deposition by M. Baklanov, IMEC



densely-packed polycrystalline structure, 

interfaces between crystallites 1-2 atomic layers thick.

TEM + e-- diffraction 20 nm



T.I. Baturina, C.S. et al., JETP Lett. 79, 337 (2004);
PRL 98, 127003 (2007); PRL 99, 257003 (2007).
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T = 10 K

< 5% (!)

Disorder-induced - SIT in TiN films
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thermally activated conductance (Arrhenius)
on the insulating side of the transition

homogeneous TiN-films of 4-18 nm thickness
show a disorder-induced SIT

A. Goldman ´89

TiN

Bi



TiN
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magnetic field induced SIT (Hebard & Paalanen 1990)

At low perpendicular fields, the global 
phase coherence is suppressed

SIT similar to that in granular films
(Skvortsov & Feigelman PRL ‘05)

At higher fields complete destruction of 
Cooper pairs

saturation of magnetoresistance
similar to InOx and other materials

amorphous
InOX

Gantmakher
et al. 2000

B (T)

TiN



‚Quantum metallicity‘ at high magnetic fields?

different insulating Be-films
also saturate at the same resistance

considerably varies for different films!

Butko & Adams  Nature 2001

insulating Be films

proposed phase diagram

although



Extraction of saturation resistance
High field data follow simple scaling:

interestingly

compare insulating Be films:

Butko & Adams 2001
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T. Baturina, C.S. et al. 
PRL 98, 127003 (2007)T (K)
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in the limit T     0,
Rsat becomes independent of 
the material and normal 
resistance at higher T

generic property of thin films
near the SIT?

evidence for
‚quantum metallicity‘
at high magnetic
fields?
observed before in
insulating Be films:
(Butko et al.; Nature 2001)
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magnetic field induced resistance enhancement in 
both:  insulating and metallic state

Qualitatively similar behavoir for
insulating and superconducting
films already in small magnetic
fields

Exponential decay of magneto-
resistance at high fields:

gradual suppression of  
superconducting OP

Very similar behavior of 
insulating and superconducting
films for T > 600 mK

quasi-metallic
phase at high B

low B:
‚Cooper-pair‘ - insulator !



magnetic field induced resistance enhancement in 
both:  insulating and metallic state

Similar behavoir for insulating
and superconducting films also 
in large magnetic fields:

Similar saturation resistance

Again exponential decay of 
magneto-resistance at high 
fields:

also caused by
suppression of  
superconducting OP ?

quasi-metallic phase at 
high B occurs also in 
samples insulating at B=0 !
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schematic phase diagram

gc g

S

MI
B

SIT

Disorder-driven
superconductor–insulator
transition

Quantum metallicity
at a high-field side of SIT

Magnetic-field-tuned 
superconductor–insulator
transition

InOx, Be, and TiN films



Compare

nonlinear transport (IV-characteristics)  

on the

superconducting and insulating

sides of the SIT:



TiN filmsSuperconducting state:
Current-Voltage Characteristics

dV/dI vs I V vs I
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Insulating state:
Current-Voltage Characteristics
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A similar phenomenology has been seen before:

Sambandamurthy et al. (Shahar group, Weizmann)
have observed a zero-conductance state in 
amorphous InOx films in magnetic field

Sambandamurthy et al. PRL 92, 107005 (2004)
PRL 94,  17003  (2005)

no clear interpretation at that time



A more recent interpretation of the current jumps:
electron heating effects

Ovadia, Sacepe & Shahar
PRL 102, 176802 (2009)

Altshuler, Kravtsov, Lerner & Aleiner, 
PRL 102,  176803  (2009)

similar to YSi-films (Mott-insulator):
F. Ladieu, M. Sanquer & J. Bouchaud, 
PRB 53, 973 (1996)

Assumptions:
- I(V) is linear – no internal energy scales induce non-linearity
- strongly varying R(T) produces heating instability
- decoupling between electrons and phonons (right power law IV ~ T6)

Questions:
- power level 3 orders of magnitude higher than in our TiN-films
- is there really only one energy scale involved (linearity of IC‘s ?)
- where is superconductivity coming in ?



Caution: there may be different types of jumps
Example: Larkin-Ovchinnikov instability

in strongly driven vortex flows

quasiparticles boil off from strongly driven vortex cores
- shrinking of the vortex core
- decrease of vortex viscosity
- incease of vortex velocity and dissipation

Schön

D. Babic, C.S. et al.
PRB 65, 645 - 648 (2004)

completely different mechanism for jumps in V(I) than BKT



superconductivity provides additional energy scales ( )

- what mechanisms are there to drive a SC insulating?

- what about the repulsive part of ee-interaction?

the superconducting film may develop spatial
inhomogeneities!

model system as a granular superconductor

charging energy produces another energy scale

Ovadyahu, Paalanen, Trivedi and others:



similarity to granular systems?



numerical simulations
by Ghosal , Randeria & Trivedi

see also 
Dubi, Meir & Avishai
Nature 449, 876 (2007)



Is there a granular structure of the SC OP ? 

Experiment on TiN: PRL 101, 157006 (2008)
B. Sacepe, C. Chapelier, T. I. Baturina, V.M. Vinokur, M.R. Baklanov, and M. Sanquer

Theory predictions:

Ghosal, Randeria, 
Trivedi, 

PRL (’98), PRB (’01)

Dubi, Meir, Avishai

Nature (’07)



Phenomenology of Josephson networks

conductance of an artificial Josephson junction array

The superconducting
array turns insulating at 
higher temperatures !

J. Mooij, B.J. van Wees, 
L.J. Geerlings, M. Peters, 
R. Fazio and G. Schön

Phys. Rev. Lett. 65, 645 - 648 (1990)





super-
conducting
state at low

B-fields

insulating
state at 

intermediate
B-fields

cusp-like B-
dependence of 

threshold voltage in 
insulating regime

1-d JJ – arrays show similar phenomenology !

formation of a collective charging energy?
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ij

1M NM c : collective
charging energy

Fistul, Vinokur, Baturina, PRL 100, 086805 (2008)
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magnetic field 
dependence

of activation energy 
and threshold voltage

2D fit

Data on TiN



Observation:
threshold voltage much larger than activation energy

220  at B=0.7TT

B

eV
k T

does VT result from 
electron heating?

Why do maxima occur at 
different B-field then?

0
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Magnetic field dependence

second possibility: 
voltage depinning
threshold  results 
from dielectric 
breakdown determined 
by the weakest path.

1D behavior!

A. Middleton et al., PRL ‚94
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Magnetic field dependence

1D fit
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Compare samples deeper in the insulating regime

positive magnetoresistance and initial rise of T0 and VT
disappear

T0(B) :  horizontal slope; VT(B) :  finite slope



•activated conductivity

• collective Coulomb energy:

•Threshold voltage depinning,   eVT ~ EcL/d

/SI c BT T E k

Characteristics of the JJ-network model

0

/ 2,         1
log ,       2D

c

c

E N D
T

E Nc =

dd
LN ,min where is screening length

Fistul, Vinokur, Baturina, PRL 100, 086805 (2008)

N : number of islands



log ,       2Dc cE N

size dependence of thermal activation energy
already observed in InOx-films

InOx

Kowal & Ovadyahu (2007)

for 2D



At very low temperatures, / , calculations yield:c BT E k

What carries the current?

– thermally activated pairs of charge/anti-charge solitons

(Josephson coupling smeares charges over several islands)

jumps in IV provide no safe evidence
search for signatures in linear response regime!

V. M. Vinokur, T. I. Baturina, M. Fistul, A. Yu. Mironov, M. R. Baklanov, and C. Strunk,
Nature 452, 613 (2008)



resistance at low T and B 
grows faster than expected
from an Ahrrenius law!

Experimental evidence for super-exponential behavior

B=0



super-exponential behavior
in JJ-Arrays

Resistance at low T grows
faster than expected from an 
Ahrrenius law!



super-exponential behavior
in JJ-arrays

Resistance at low T grows
faster than expected from an 
Ahrrenius law!



Supported by the DFG

Conclusions

- universal ‘quantum metallic’ behavior at high B

- insulating state driven by collective charging energy of Cooper-pairs

- evolution from a regular insulator with hopping conductance to 
novel zero conductance (‘superinsulating’) state at very low T 

- non-trivial dependence on magnetic field and sample size

Open Questions
- complete phase diagram?

- existence/origin of island formation ?

- other features complementary to the superconducting state ?

GK 638


