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Experiment TiN  films

the thickness is 5 nm

TiN films were formed by atomic layer chemical 
vapor deposition onto a Si/SiO2

 

substrate at 350 0C.
Composition:

Ti     N        Cl
1     0.94   0.035 ξd

 

= 9.3 nm
 

–
 

the superconducting coherence length
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– I3
T = 300 K

5% (!)

Disorder-driven SIT in TiN
 

films       (B=0)

Rmax
 

= 29.4 kΩ
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Experiment TiN  films

nm 80≈w

nm 200=a

nm 120=d



SIT in continuous and nanoperforated
 

TiN
 

films

after first etching after second etching



SIT in continuous and nanoperforated
 

TiN
 

films

Resistance per square @ T = 300 K

state A         state B         state C
continuous      3.17 kΩ

 
3.75 kΩ

 
4.76 kΩ

perforated   13.87 kΩ
 

14.45 kΩ
 

16.26 kΩ

the ratios
 

~ 3 -
 

4, reflecting the reduction 
of the effective cross-section  of the sample upon perforation 



SIT in continuous and nanoperforated
 

TiN
 

films

perforated      continuous
Drude

 

conductivity 
+ 

quantum corrections: 
weak localization, 
e-e

 

interaction

G00
 

=e2/(πh)

Ar

 

=2.6±0.1

Ap

 

=0.85±0.05
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+ G00
 

Aln(T)



SIT in continuous and nanoperforated
 

TiN
 

films

G = (R□

 

)-1
 

= G0
 

+ G00
 

Aln(T)
Drude

 

conductivity 
+ 

quantum corrections: 
weak localization, 
e-e

 

interaction

G00
 

=e2/(πh)

Ar

 

=2.6±0.1

Ap

 

=0.85±0.05

the prefactors
 

are different…
as they should

continuous    perforated

Ar

 

/Ap

 

≈
 

3

R□
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R□

G = (αR□

 

)-1

G = G0
 

/α
 

+ G00
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-
 

geometry factor



SIT in continuous and nanoperforated
 

TiN
 

films

At this point 
we conclude that 

the high temperature behavior of the conductance 
is well explained merely by the geometry factor 



SIT in continuous and nanoperforated
 

TiN
 

films

perforated      continuous non-superconducting samples

R = R0
 

exp(T0
 

/T)



SIT in continuous and nanoperforated
 

TiN
 

films

non-superconducting samples

R = R0
 

exp(T0
 

/T)R0

 

T0
(1)  51.5

 
kΩ

 
0.35

 
K

(2)  0.15 kΩ
 

2.21
 

K

perforated pB



SIT in continuous and nanoperforated
 

TiN
 

films

R0

 

T0
continuous rC

 
16.6

 
kΩ

 
0.63

 
K

perforated pC
 

55.6
 

kΩ
 

1.9
 

K

non-superconducting samples

R = R0
 

exp(T0
 

/T)

the ratio of R0

 

's
 

= 3  
= geometry factor

one would
 

have expected 
that had T0

 

been formed over 
the microscopic

 
scale, 

it would have remained the same
in both

 
reference and perforated films

why are T0
 

's different

This suggests
 

that T0

 

is built on the macroscopic
 

spatial scales,
not less then 200 nm and is influenced by changes in geometric
characteristics and the connectivity introduced by

 
patterning.
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Collective Cooper-Pair Transport in the Insulating State of 
Josephson-Junction Arrays
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Ec

 

is the charging energy
b is the size of the elemental cell

 
of the array

L is the smaller quantity
 

out of either the 
electrostatic screening length of JJA
or its linear dimension

size-dependent activation-type behavior of the resistance !!
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The activation energyT0

 

appears to depend on the
 sample size: the larger the sample, the largerT0

size-dependent activation-type behavior of the resistance !!
M. Fistul, V. Vinokur, T.

 

Baturina,
PRL 100, 086805 (2008) 
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Collective Cooper-Pair Transport in the Insulating State of 
Josephson-Junction Arrays

magnetic field dependence:

correction from
Josephson coupling
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is size-

 
and magnetic-field dependent 



More of experiment…
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One-dimensional arrays of small-capacitance Josephson junctions
(255, 127, and 63 junctions)

1D JJA
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One-dimensional arrays of small-capacitance Josephson junctions
(255, 127, and 63 junctions)

1D JJA

T = 50 mK
B = 71 G 255

127

63

Threshold voltage                        
is size-

 
and magnetic-field dependent

max VT (B) at EJ = 0

NEeV cT ≅

G 86
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0 =
Φ

=
loopA
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Collective Cooper-Pair Transport in the Insulating State of 
Josephson-Junction Arrays

magnetic field dependence:

correction from
Josephson coupling
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ξ4  nm 40        μm 104.1 23 ≈≈⇒⋅= −
looploop AA1D fit

2D fit



ξ4  nm 40        μm 104.1 23 ≈≈⇒⋅= −
looploop AA

1D fit

2D fit

The film in a critical region of D-SIT can be viewed as

self-organized 2D JJ array!!!
superconducting islands 
immersed into an insulating matrix
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continuous film

 nm 40 



perforated film

 nm 40 

 nm 200 



perforated film

 nm 40 

 nm 200 



Estimations
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~

cc nEE =~
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removing a part of junctions results in increase of Δc

Ec

 

= ?



More of experiment…
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2D JJ-array

More of experiment…

C
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Estimations

)/ln( bLEcc ≅Δ

nbb =
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continuous rC
 

0.63
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why are T0
 

's different
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magnetoresistance
Two major features:

fine structure 
of the MR oscillations

extremely wide temperature 
region of the MR oscillations

mT 502
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0 =
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B



magnetoresistance

mT 502
0

0 =
Φ

=
a

B

B/B0

 

=1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4

This fine structure reflects 
the collective behavior of the multiconnected

 superconducting film
differing it from the behavior of a single 

superconducting loop 

W. A. Little and R. D. Parks,
PRL 9, 9 (1962).
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=1/2 square 2D JJ arrays
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=1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4
square 2D JJ arrays
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=1/2 proximity effect 
junction arrays
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magnetoresistance
proximity effect junction arrays

B/B0

 

=1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4

The lower current, 
the smaller amplitude,
the more pronounced

fine structure

S.P. Benz, M. S. Rzchowski, M. Tinkham, 
and

 

C. J. Lobb, Phys. Rev. B 42, 6165 (1990).



magnetoresistance
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=1/2 perforated films
and superconducting 

wire networks
B. Pannetier, J. Chaussy, R. Rammal, 

and J. C. Villegier,
PRL 53, 1845 (1984).

Al strips
w = 2 μm
d=6 μm

T. I. Baturina

 

et al., 
Physica B

 

329, 1496 (2003).



magnetoresistance

mT 502
0

0 =
Φ

=
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B

perforated films and superconducting wire networks
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and J. C. Villegier,

PRL 53, 1845 (1984).

Al strips
w = 2 μm
d=6 μm

B/B0

 

=1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4

critical temperature variation



magnetoresistance

mT 502
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0 =
Φ
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a
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perforated films and superconducting wire networks
B. Pannetier, J. Chaussy, R. Rammal, and J. C. Villegier,

 

PRL 53, 1845 (1984).

B/B0

 

=1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4

Harper equation P.G. Harper, Proc. Phys. Soc. London A 68, 874 (1955).

,  p and q are relative prime numbers

The fields at which resistivity
 

exhibits the dips are defined by 
the boundaries of the

 
energy spectrum as function of the magnetic field

qpBa /// 00
2 =ΦΦ≡Φ

)(ΦE

The change in the magnetoresistance is
calculated as

( )[ ]4/arccos)( 2 Φ∝Δ EBR
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magnetoresistance
Two major features:

fine structure 
of the MR oscillations

extremely wide temperature 
region of the MR oscillations
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magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)
A.T. Fiory, A. F. Hebard, and S. Somekh, Appl. Phys.

 
Lett. 32, 73 (1978).

μm 2=w



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)
A.T. Fiory, A. F. Hebard, and S. Somekh, Appl. Phys.

 
Lett. 32, 73 (1978).

( ) nm 260 ≈dξ
μm 2=w

( ) ( ) cdd TTT /10 −= ξξ

at T = 1.87 K

( ) 4.4/ ≈Tw dξ

mK 6≈ΔT

Estimations

003.0/ ≈Δ cTT



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)
A. Hoffmann, P. Prieto, 

and I. K. Schuller, 
PRB

 

61, 6958(R) (2000).

98.0/ =cTT

A.D. Thakur
 

et al., 
Appl. Phys. Lett. 94, 262501 (2009).



magnetoresistance temperature region of the MR oscillations

K 310.7=cTK 26.7=T

K 12.7=T

026.0/ ≈Δ cTT

U. Patel, Z. L. Xiao, J. Hua, T. Xu, D. Rosenmann,
V. Novosad, J. Pearson, U. Welp, W.K. Kwok, and
G.W. Crabtree, Phys. Rev. B 76, 020508(R) (2007).



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)
B. Pannetier, J. Chaussy, R. Rammal, 

and J. C. Villegier,
PRL 53, 1845 (1984).

Al strips
w = 2 μm
d=6 μm



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)

with few exceptions

T. I. Baturina

 

et al., 
Physica B

 

329, 1496 (2003).

( ) nm 560 ≈dξ
nm 400=w

( ) ( ) cdd TTT /10 −= ξξ

at T = 0.1 K ( ) 9.5/ ≈Tw dξ

Estimations

7.0/ >Δ cTT

K 56.0=cT
nm 600=a nm 200=d



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)

with few exceptions

( ) nm 100 ≈dξ
nm 50≈w

( ) ( ) cdd TTT /10 −= ξξ

at lowest T = 0.1 K ( ) 5/ ≈Tw dξ

Estimations

K 7.0≤oscT

nm 5100±=a nm 654±=d

H.Q. Nguyen, S.M. Hollen, M.D. Stewart, Jr., 
J. Shainline, Aijun Yin, J.M. Xu, and J. M. Valles, Jr., 
Phys.

 

Rev. Lett. 103, 157001 (2009).



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)

with few exceptions

( ) nm 3.90 ≈dξ
nm 80≈w

( ) ( ) cdd TTT /10 −= ξξ

at lowest T = 0.1 K ( ) 8/ ≈Tw dξ

Estimations

K 7.0≤oscT

nm 200=a nm 120=d

This study: arXiv:1011.1592



magnetoresistance temperature region of the MR oscillations

The MR oscillations in the perforated films
 

and/or superconducting 
wire networks, were usually

 
found in

 
the close proximity to Tc

(if measured in the linear response regime)

with few exceptions

This raises a question about the parameters that govern
manifestations of quantization of the magnetic flux 

in dissipative
 

characteristics of two-dimensional 
superconducting wire networks



dissipation due to vortex motion

dissipation due to phase slips

K.K. Likharev, Rev. Mod. Phys. 51, 101 (1979).

T close to Tc



Δ

W
ε=Δ/(kF

 

ξ) Δ

Andreev 
levels

minigap

Δ

Overlapping
wave
functions

Δ
ε=Δ/(kF

 

ξ)

δε=Δexp(-w/ξ)
levels broadening

The constriction becomes metallic
when broadening of the levels is 
on the order of the minigap, i.e.

δε~ε or w = ξln(kF

 

ξ)



next observation…
in order to exhibit oscillations

 
in the magntoresistance, 

the SWN should be
 

in a resistive state

Thus the second condition determining
 

the ‘range of observability’
 

of 
the oscillations is

 
that the temperature should be higher than the 

temperature
 

of the vortex BKT transition in the SWN



magnetoresistance
pA

 
sample



magnetoresistance

H.Q. Nguyen, S.M. Hollen, M.D. Stewart, Jr., 
J. Shainline, Aijun Yin, J.M. Xu, and J. M. Valles, Jr., 
Phys.

 

Rev. Lett. 103, 157001 (2009).

pA
 

sample



magnetoresistance

G = (R□

 

)-1
 

= G0
 

+ G00
 

Aln(T)

G00
 

=e2/(πh)

B         A
2.5 T     0.49
3.0 T     0.45
11.0 T    0.38 * 3 = 1.14

pA
 

sample



magnetoresistance

0 1 2 3 4 5
0

1

2

3

4

5

6

7

 R 
(k
Ω

)

B (T)

        T, mK
   60
  140 
  270
  440
  640
  880

nanopatterning
 

pushes the system 
closer to the localization threshold

pA
 

sample

rA



nanopatterning
 

disordered superconducting films pushes 
the superconductor-to-insulator transition to the lower degree 
of microscopic disorder opening the route to control the position 
of the SIT on the phase diagram

a noticeable increase in the activation energy at the insulating
 

side 
of the transition in the perforated samples supports 
the notion of the macroscopic origin of the activation barrier 

oscillations of the magnetoresistance
 

in a wide temeperature
 

range 
due to fractal Josephson effect in the superconducting wire network

Summary
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