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The basic parameters of the PtSi films
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R(T) at B = 0
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Suppression of Superconductivity by Disorder
The first studies of superconductivity
in the presence of disorder 

were performed 
by A.I. Shalnikov
(Institute for Physical Problems, 
Russia).
A. Shalnikov, Nature 142, 74 (1938).
A.I. Shalnikov, ZhETF 10, 630 (1940).



The first studies of superconductivity in the presence 
of disorder were performed 
by A.I. Shalnikov
(Institute for Physical Problems, Russia).

A. Shalnikov, Nature 142, 74 (1938).
A.I. Shalnikov, ZhETF 10, 630 (1940).

Amorphous metals:
lead (Pb), tin (Sn) and thallium (Tl) films 
with thickness between 1 (!) and 200 nanometers

This was the first observation of suppression of Tc
with decreasing thickness in thin superconducting films
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Anderson´s
 

theorem
predicts

 
that

 
nonmagnetic

 
impurities

have
 

no effect
 

on superconductivity
A.A. Abrikosov

 

and L.P. Gorkov, Sov. Phys. JETP 8, 1090 (1958).
P.W. Anderson, J. Phys. Chem. Solid 11, 26 (1959).

This
 

theorem
 

does
 

not
 

consider
the strengthening
of electron-electron 
interaction
with increasing disorder

the effect
of Anderson localization
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weak disorder
Suppression of Superconductivity by Disorder

Experiment
J.M. Graybeal and M.R. Beasley, 
PRB 29, 4167 (1984).

S. Maekawa, H. Fukuyama, 
J. Phys. Soc. Jpn. 51, 1380 (1982).

S. Maekawa, H. Ebisawa, H. Fukuyama, 
J. Phys. Soc. Jpn. 52, 1352 (1983).

H. Takagi and Y. Kuroda, 
Solid State Comm. 41, 643 (1982).

Theory



weak disorder

The physical mechanism:

the decrease of the dynamical screening 
of the Coulomb repulsion between 
electrons because of the diffusive 
character of their motion in dirty systems   

=> the decrease of the net attraction 
between electrons 

=> the decrease of the transition 
temperature

Suppression of Superconductivity by Disorder

Experiment
J.M. Graybeal and 
M.R. Beasley, 
PRB 29, 4167 (1984)

Theory
A.M. Finkel‘stein, JETP Lett. 45, 46 (1987).

Mo79 Ge21



weak disorder Theory
A.M. Finkel‘stein, JETP Lett. 45, 46 (1987).

Suppression of Superconductivity by Disorder

Fermionic
 

mechanism

Vanishing of Tc
 

is accompanied 
by vanishing of the amplitude 
of the superconductive order 

parameter Δ (!)

There is no Cooper pairs at 
the transition.

T

S

M(!)

Phase diagram
Review:

 
A.M. Finkel‘stein, Physica B 197, 636 (1994).



Field-induced superconductor – normal metal 
transition

G. Bergmann, 
PRB 7, 4850 (1973)

Suppression of Superconductivity by Magnetic field
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Superconductor-insulator transition

D.V. Haviland, Y. Liu,  A.M. Goldman, 

PRL 62, 2180 (1989).
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***  Quantum phase
 

transition
 

***
Theory                Matthew P.A. Fisher, G. Grinstein, S.M. Girvin , PRL 64, 587 (1990).

Continuos zero-temperature phase transition

Kc K0

Quantum ordered
phase

Quantum disordered
phase

K < Kc
 

Superconductor K > Kc
 

Insulator

K = Kc
 

Metal

The system behaves like a normal metal right at the transition. 
The resistance has a finite, nonzero value at T = 0.
This value is universal - independent of all microscopic details.
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Suppression of Superconductivity by Disorder

Bosonic mechanism

Localized Cooper pairsCondensate of Cooper pairs
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Ta films
Y. Qin, C.L. Vicente, J. Yoon,
PRB 73, 100505(R) (2006).
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SMIT ?
or 

additional study 
at lower temperature
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The search for a
 

disorder-driven superconductor-insulator 
transition has included

 
many materials,

 
e.g.,

Bi, MoSi,
 

Ta, InOx
 

,
 

Be, TiN.
The immediate onset of exponential

 
temperature dependence

of the resistance, which conclusively
 

evidences 
the direct transition into an insulator,

was found so far
 

only in
 

InOx
 

, Be, and
 

TiN
 

films.

For
 

Bi, MoSi, and
 

Ta-compounds a weak logarithmic
temperature dependence of the resistance was observed 

on the
 

nonsuperconducting side
 

in the vicinity of the transition.

This possibly indicates an intermediate metallic phase
More  studies at even lower temperatures are needed 
to

 
obtaine conclusive evidences on which films fall 

into a superconducting state and which become insulating state

Suppression of Superconductivity by Disorder

SMIT or  SIT



Bi

InOx
TiN

Be

MoSiTa

SIT

SMIT



Suppression of Superconductivity by Disorder
SIT

The immediate onset of exponential
 

temperature dependence
of the resistance, which conclusively

 
evidences 

the direct transition into an insulator,

was found so far
 

only in
 

InOx
 

, Be, and
 

TiN
 

films.
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, Be, and
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films
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At low temperatures we observe an
 

Arrhenius behavior of the resistance
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R = R0
 

exp(T0
 

/T)
At low temperatures we observe 
an

 
Arrhenius behavior 

of the resistance

R = R1
 

exp(T1
 

/T)1/2

I1: T0

 

= 0.25 K
I2: T0

 

= 0.28 K
I3: T0

 

= 0.38 K
I4: T0

 

= 0.61 K
R0

 

= 20 kΩ

0.61 K



W.
 

Wu and E.
 

Bielejec, 
cond-mat/051121.

Be films



InOx
 

films
D.

 
Shahar

 
and

 
Z.

 
Ovadyahu,

PRB
 

46,
 

10917
 

(1992).

d = 200 nm



InOx
 

film

0 2 4 6 8 10 12 14 16 18

9

10

11

12

13

14

15

16

17

 

I2

10 1 0.4 0.2
T [K]

0.1 0.06

 

ln
(R

[O
hm

])
1/T[K]

TiN film

d = 20 nm I3: T0

 

= 0.38 K

R0

 

= 20 kΩ
T0

 

= 15 K

R0

 

= 20 kΩ

d = 5 nm

0 1 2 3 4

9

10

11

12

13

14

15

16

17

 

ln
(R

[O
hm

])

1/(T[K])1/2

D. Kowal and Z. Ovadyahu
Solid State Comm. 90, 
783 (1994).



at temperatures higher than T0

at low temperatures

the ES hopping

activation law 

Insulating side of the transition
InOx

 

, Be, and
 

TiN
 

films
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exp(T0
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R = R1
 

exp(T1
 

/T)1/4
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Field-induced superconductor – insulator transition

***  Quantum phase
 

transition
 

***

0
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Insulator

Metal

T = 0

B < Bc
 

Superconductor: 
a condensate

 
of Cooper pairs;   vortices

 
are

 
localized

B > Bc
 

Insulator: 
a condensate

 
of vortices;    Cooper pairs

 
are

 
localized

Duality between the dynamics of Cooper pairs and vortices
Matthew P.A. Fisher,  PRL 65, 923 (1990)

Metal:
The

 
resistance

 
has a finite, nonzero

 
value

 
at T = 0.

This
 

value
 

is
 

universal – 2
c )e2/(hR =

= 6.45
 

kΩ



Field-induced superconductor – insulator transition

***  Quantum phase
 

transition
 

***
Continuos zero-temperature phase transition

Matthew P.A. Fisher,  PRL 65, 923 (1990)
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Field-induced superconductor – insulator transition

***  Quantum phase
 

transition
 

***
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Matthew P.A. Fisher,  PRL 65, 923 (1990)
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Fan-shaped curves
dR/dT

 
> 0  at  B < Bc

dR/dT
 

< 0  at  B > Bc

Field-induced superconductor – insulator transition

***  Quantum phase
 

transition
 

***

EXPERIMENT

Negative magnetoresistance
at high magnetic fields 

(as result of the break up of the localized Cooper pairs)

Scaling
R = Rc

 

f(|B
 

-
 

Bc
 

|/T1/νz)

V.F. Gantmakher, et. al. JETP Lett. 68, 363 (1998)
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Magnetic-field-driven 
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Bi, MoSi,

 
MoGe, Ta, InOx

 
,

 
Be, TiN



Field-induced superconductor – insulator transition

V. F. Gantmakher, M. V. Golubkov, V. T. Dolgopolov, 
A. A. Shashkin, G. E. Tsydynzhapov, JETP Lett.  71, 
160 (2000);  71, 473 (2000) Negative 

magnetoresistanceScaling

zν

 
= 1.15Rc = 7.8 kΩ

Fan-shaped curves

InOx
 

films



Field-induced superconductor – insulator transition

E. Bielejec and Wenhao Wu, PRL 88, 206802 (2002).

Fan-shaped curves Scaling

Be films



Field-induced superconductor – insulator transition

d = 8 nm,   Rc = 1750 Ω

ScalingFan-shaped curves

MoGe



Field-induced superconductor – insulator transition

Fan-shaped curves Negative magnetoresistance

MoSi



Field-induced superconductor – insulator transition

Ta films

Y. Qin, C.L. Vicente, J. Yoon,
PRB 73, 100505(R) (2006).



Field-induced superconductor – insulator transition

Bi films



Field-induced superconductor – insulator transition

Bi films



Field-induced superconductor – insulator transition

Bi films



Field-induced superconductor – insulator transition

M. Steiner and A.  Kapitulnik,
Physica C 422, 16 (2005)
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Field-induced...

superconductor –
insulator
transition

B=0

R

T

B=0

R

T

B=Bc

B=Bc

ΔR < R ΔR > R

This reminds us of the 
behavior of a disordered 
metal with quantum 
corrections to the
conductivity rather than 
that of an insulator.
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An
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Superconducting fluctuations
and SIT related behavior

in low resistive superconducting films

Common features Fan-shaped structure of R(T,Bi) curves
Negative magnetoresistance in high fields
Scaling
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PRB 63, 174506 (2001)
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In all samples, including the
 

insulating films, 
R(B) varies nonmonotonically

 
with B, starting

a positive magnetoresistance (PMR) at low fields, 
then reaching a

 
maximum, followed first 

by a rapid drop and eventually saturating at
higher magnetic fields

Magnetoresistance TiN films

‘last’
 

superconductor

‘first’
 

insulator



0 4 8 12 16

-1.5

-1.0

-0.5
I1: 60 mK

B (T) 
 

ln
[(1

 / R
sa

t −
 G

 F
 )/

(e
2 /h

)]

ln(1/Rsat – 1/Rsq
 

(B)) vs. B

Magnetoresistance

Rsat
 

≈
 

h/e2

Behavior in high 
magnetic field

‘last’
 

superconductor

‘first’
 

insulator

T.I.
 

Baturina
 

et al.,
 

Physica C, in press



While the difference between the insulating and 
superconducting samples is significant at the zero
magnetic field and at low temperatures, 
it vanishes at higher magnetic fields and temperatures. 

Magnetoresistance TiN films

Relying on the high temperature data only
it is impossible to predict whether the film turns 
superconductor or insulator

 
at lowest temperatures

 
(!).
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thermally activated behavior of the conductivity 
positive magnetoresistance at low magnetic field
negative magnetoresistance with a saturation  near h/e2

in high magnetic fields
voltage threshold for conductivity

in the vicinity of the D-SIT, 
the response to

 
applied magnetic and/or electric fields,

 
is 

the same irrespectively
 

of whether the underlying ground 
state is superconducting or

 
insulating

Critical Region of the Disorder-Driven
Superconductor-Insulator
quantum phase transition
Aggregate of Experimental

 
Features
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