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Motivation:Motivation:
New materials paradigm: 
Artificial Nanosolids

metals, semiconductors, superconductors, 
ferromagnets, hybrid nanostructures  

Fundamental physical parameters for Fundamental physical parameters for nanosolidsnanosolids

i)  Nanograin sizes – electron confinement
ii) Coupling between grains – electron tunneling
iii) Electron interaction – Coulomb blockade
iv) Dimensionality – multiple tunneling pathways
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Properties of a single grainProperties of a single grain
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Single superconducting grainSingle superconducting grain

δΔ >
condition for 

- superconductivity 
in a single grain

Δ - superconducting energy gap

~ δΔ - big fluctuations of      destroy 
superconductivity

Δ

Anderson’59

Focus on grain sizes > 7 nm
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NanosolidsNanosolids characterized by two characterized by two conductancesconductances

0g - grain conductance

Tg - tunneling conductance

0 Tg g≈
0 Tg g> -- granulargranular

- homogeneous

0g

Tg
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Array of superconducting grainsArray of superconducting grains

Assumptions: , , C Tt E Eδ < Δ <
( )R ξ<good metal small grains

R - single grain size ξ - coherence length for
corresponding bulk sample
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Effect of magnetic field on superconductivityEffect of magnetic field on superconductivity

ZeemanZeeman

Δ

0B = B

Z
B Cμ Β ≈ Δ

OrbitalOrbital

B

2
0

or
CB ξ ≈ Φbulk -

0
or
CB Rξ ≈ Φgrain -

0
CR

D
Φ=

Δ
- critical sample size

diffusion coefficient

CR R> C- orbital R R< - Zeeman

Beloborodov et al., PRB  61, 9145 (2000)
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Magnetoresistance Magnetoresistance of granular superconductorsof granular superconductors

Gerber et al’ 97

- grain size 120 A 

- B  up to 17 T

1.58CT K≈ (B = 0)

Experiment Experiment 

B
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MagnetoresistanceMagnetoresistance of granular superconductorsof granular superconductors

1 2 3σ σ σ σ= + +
single electron

tunneling
virtual Cooper 
pair tunneling

1 ( ) ( )i jσ ν ε ν ε∼

ε
Fε

ν
no interaction

ε
Fε

ν
disorder & interaction

suppression of conductivity

2
2,3 Tσ ∼ CT T�

Cooper pairs localized

no current contribution

at

interference
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Magnetoresistance Magnetoresistance of granular superconductorsof granular superconductors

1) Superconducting fluctuations at low 
temperatures and high magnetic fields
lead to density of states suppression

2)  All Cooper pairs are localized

conductivity reduction 

B

R
T << TC Beloborodov, 

Efetov, 
Larkin
PRB 61, 9145 (2000)
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Insulating state of granular superconductors Insulating state of granular superconductors 

SUPERCONDUCTOR

EXPERIMENT:
Gantmakher et al.’00
Sambandamurthy at al.’04
Baturina et al.’04
Steiner et al.’05
Paalanen et al.’92

B
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METAL

INSULATOR

~ (3 – 5) T

perturbation 
theory
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Insulating state of granular superconductors

Gantmakher, et al ‘ 2000 G. Sambandamurthy et el ’ 2004 

In-O, perpendicular fieldperpendicular parallel 

Experiment: Experiment: strong grains coupling 
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Superconductor Superconductor –– Insulator transition Insulator transition 
in granular metals in granular metals 

Efetov ’ 80

E   ~  E   - SI transitionc J

experiment: g > 1 , E   E ~ Δ/gc c

eff

E  ~ g Δ >>  EJ c
eff

superconducting state

Insulating state possible for  E  > Ec J

We need different model !
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Insulating state of granular superconductors Insulating state of granular superconductors 

B

no magnetic field applied magnetic field

grains of slightly different sizes
magnetic field change relative fraction of
superconducting and normal grains 

In 2D exist concentrations of sites where
simultaneously neither black no white 

sites percolate
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Insulating state:  theoretical descriptionInsulating state:  theoretical description

N S N S

S N S N

N S N S

S N S N

g    >> g     , gns nn ss
Due to magnetic field :

ic n sS S S= +

for  g    >> 1ns

2 2~ ( ) | ( ) |c qS d d qE qτ τΦ∫ ∫
i

1 1( ) ( [1 ]) ,c c qE q E B E− −= + −
0~ / ,B g Δ

1 cos
2q

a
E qa= ∑
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B

Insulating state of granular superconductors Insulating state of granular superconductors 

applied fieldgap in electron spectrum

( ) ( )0 0ln Cg gEΔ Δ Δ∼

0Δ - superconducting gap at B=0
g - tunneling conductance, CE - charging energy

Conductivity : ( )exp Tσ −Δ∼

What is the applicability of this result ?
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Beloborodov at el., Phys Rev B 74, 014502 (2006) 



18

Stability of insulating stateStability of insulating state

Insulating state is stable for :Insulating state is stable for : ( )
1
3

0g δ< Δ

Electron tunneling via virtual state Cooper pair tunneling

with respect to formation 
of normal state

with respect to formation of
superconducting state

N1 N2S S1 N S 2

N1 N2

S

S N

S1 S2

N

small for 0g δ< Δ small for ( )1 3
0g δ< Δ
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B

SummarySummary

magnetic field

( ) ( )0 0ln Cg gEΔ Δ Δ∼

( )exp Tσ −Δ∼
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