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Outline

e Experimental facts
* Theoretical works

* Model
* Thin film in parallel magnetic field

 Thin film in perpendicular magnetic field
* Thick film

e Resistance
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) 10 FIG. 1. Zero bias resistance of sample 2 plotted versus c
g temperature at B = 0, 0.5, 1.0, 2.0, 3.0, 4.0, 4.4, 4.5, 5.5, 6 kG. FIG. 3. Top: Scaling of Ro(B,T,E = 0) for sample 2 mea-
n In the inset, Ro(B,T.E = 0) for the same sample measured gyred at T = 80, 9() 100, 110 mK (B =419 kG vz = 1.36).
(r versus field, at T = 80, 90, 100, 110 mK.
1 7427 A Yazdani and Kapitulnik, Phys. Rev. Lett. 74, 3037-3040 (1995)
Two-Dimensional a-MoGe Thin Films
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Temperature (Kelvin)

Goldman and Markovic, Physics Today 1998, amorphous very thin Bi films (near 10A )
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PEL 9%, 257003 (2007}

TiN films

PHYSICAL REVIEW LETTERS

week ending
21 DECEMBER 2007

Localized Superconductivity in the Quantum-Critical Region of the Disorder-Driven
Superconductor-Insulator Transition in TiN Thin Films

T.1. Baturina.'* A. Yu. Mironov,'? V.M. Vinokur,” M. R. Baklanov.* and C. Strunk?

nstituse af Semuconductor PRysics, 630090, Novesibirsk, Russia

Institus Jir Experimentelle und Angewandte Fhyvsik, Universitgr Regensburg, D-07025 Regensburg, Germany
SMaterials Science Division, Argonne National Laboralory, Argonre, llinois 60430, US4
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FIG. 1 (color onling).  Temperature dependences of B taken
at zero magnetic field for the samples near the localization
threshold. {a) logRo versus T. Inset: some part of the R data
in a linear scale. (bylogR 5 versus 1/T for samples 1, 12, and 13,
Drashed lines represent Eq. (1) and fit perfectly at low tempera-
tures, All curves saturate at the same Ro == 20 kil at high
temperatures. (c) Bo versus 1/T'/%; dashed lines are given by
Ro =R, enp{l"]frjlﬁ which (with &, - & kil) well fit the data
at high temperatures. Vertical strokes mark Ty, determined by
the fit to the Amhenius formula of Eq. (1),

"J'M’EC, Kapeldreef 75, B-2000 Lewven, Belpium
{Received 7 May 2007 published 18 December 2007)
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FIG. 2 {color online).  Magnetoresistance isothenms for super-
conducting (51, 52) and insulating samples (11, I3) at similar
ternperatures. All curves converge above 2 T.
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FIG. 3. (a) Sheet resistance of sample 11 as a function of the
magnetic field at some temperatures listed. (b) & versus 1T at
B =0 (open circles), 0.2 (triangles), 0.3 (fillad circles), and 0.5 T
(squares). The dashed lines are given by Eq. (1) c) Ty (left
axis), calculated from fits to Eq. (1), and the threshold voltage Vi
(right axis) as a function of B,



Giant negative magnetoresistance (GNM)

VOLUME 85, NUMBER 1 PHYSICAL REVIEW LETTERS 3 JULY 2000

Tenfold Magnetoconductance in a Nonmagnetic Metal Film

V. Yu. Butko,* JI.F. DiTusa. and P. W. Adams
ronomy, Louisiana State University, Baton Rouge, Louisiana 70800
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FIG. 1. Relative magnetoconductance of a 3 M{) Be film at _
50 mE. Circles: field perpendicular to film surface. Triangles: R - AT " . i . . * q
field parallel to film surface. The solid lines are linear fits to W HII%LEUD W, AIFP Conference PIDCMHIE LLTM} EED"
the data above 1 T with slopes of 1/(1.1 T) and 1/(2.2 T) for O0s5 LE{H}EI-}

the perpendicular and parallel data, respectively. Inset: relative
magnetoconductance of a 16 k{} Be film.

Be thin films
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Amorphous films In,0,
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Magnetic field dependence of resistance
in one sample at different starting
deviations from the SIT on the insulating

side.

7.F. Gantmakher, Int. J. Modern Phys. 12, 3151 (1998 . \ ok . ' -
:-’F c{‘ﬁmﬂf&k?ﬂr 1;-;[ N C:-GIZELG\?I};’ T SD; DI‘ ?ID‘V} V.F. Gantmakher, M.V. Golubkov, V.T. Dolgopolov,
G o T EOpLIOV, A A Shashkin, and G.E. Tsydynzhapov, Pis'ma v

A A, Shashkin, and G.E. Tsydynzhapov, Pis'ma v e s _ =
ZLETF 71, 231 (2000) [JETP Lett. 71, 160 (2000)] ZRETE 71, 693 (2000) [JETF Lett. 71, 473 (2000)

Temperature dependence of resistance
in two samples at different magnetic fields.
Extracted from the works:

Temperature behavior of Conductivity: activation at small fields B<10T, Mott VRH
behavior at larger B: ¢ exp[—(T0 /T)M}
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Phase diagram of a superconductor near the SIT transition.
The dashed line separates the region of existence of a glass state.
The dotted curve corresponds to a maximum of resistance.

V.F. Gantmakher and V. Dolgopolov, UFN (Russian Physics, Uspekhi, Jan. 2010.
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Theoretical works
A. M. Finkelstein, JETP Letters 45, 46 (1987).

2d, no magnetic field. Coulomb interaction + disorder suppresses superconductivity.
No reasons for GNM.

K. B. Efetov, JETP 78, 1015 (1981).

Cooper pairs are bound in granules and can tunnel between them. Depending on
relative strength of interaction and hopping amplitude the S or | phase is realized.
No real grains in films, the interaction and hopping are not independent (FIKQ)

M.P.A. Fisher, Phys. Rev. Lett. 65, 923 (1990).

2d. Duality between vortices and CP. In superconductors CP are free, vortices are bound.
In insulators CP are bound, vortices are free. Universal resistance at SIT transition.
Experiments do not confirm the duality and universal resistance.
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PHYSICAL REVIEW B, VOLUME 65, 014501

Inhomogeneous pairing in highly disordered s-wave superconductors
Amit Ghosal, Mohit Randeria, and Nandini Trivedi

Department of Theoretical Physics, Tata Institute of Fundamental
Research, Homi Bhabha Road, Colaba, Mumbai 400005, India
~Received 13 March 2001; published 29 November 2001!

Numerical solution of Bogoliubov-de Gennes equations on a 2d lattice with
random distribution of single particle levels. Islands of Cooper pairs.
Comparatively homogeneous electron density. Localization.
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M.V. Feigel'man, L.B. loffe, V.E. Kravtsov, E. Cuevas,
Fractal superconductivity near localization threshold,
arXiv:1002.0859; Annals of Physics 325, 1368 (2010).

Cooper pairs in insulating phase. Enhanced gap.
Important role of the fractal states near localization
threshold.



Purpose of this work:

Explanation of the anomalous magnetic behavior

Construction of complete phase diagram

We show that

There exist 3 different non-superconducting phases:
Bosonic insulator, Fermionic insulator and metal

Transitions between these phases are due either to Zeeman
depairing or to squeezing of Cooper pairs by potential
wells of disordered potential.

arXiv:1001.5431v1 [cond-mat.supr-con] 29 Jan 2010
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Model

 Cooper pairs survive in insulator phase. CP have a fixedbinding energy A
*NearSIT k.l:1, |:1nm n,: 10**cm™

* Fluctuations of electron density on the distance & are small (Ghosal et al)

* Number of CP is not conserved, but their average density is well defined
n=(jyl)= S,
EF
* CP density n is 3 to 4 orders of magnitude smaller than the electron density. A weak
long-scale random potential can localize them and form SC droplets

* Coulomb forces on a distance > n, /4 are weak due to screening.

* Random potential acting on CP is uncorrelated Gaussian
(U (x)U (x"))=x*5(x-x)

e CP can be destroyed either by paramagnetic effect (Zeeman energy exceeds binding
energy) or due to squeezing (the size of the droplet becomes of the order of the
CP size).
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Hamiltonian

( Y’
H, :Z—rlnk(p—%kAJ +U, (X)-gues, B k=Dbf

A:%B” e, =2e.;m =2m, s, =0;s;, =1/2

Ub ~ 2U . Random potentials are due to stray electric fields

Parallel field, very thin film h</=ych/eB

mmmmm) Diamagnetic effect is negligible

Depairing field B,=——
g4

Anderson Localization, Trieste, August 31,
2010



Random field
(U(x)U(x))="5(x—x)

ntoo)ee
Characteristic disorder length: L = —
My K

m,=2m;  K~2  Lo=4Lin2d L =16/ in3d

f

Electrons feel weaker random potential than CP

Characteristic disorder energy: fk =

Assumption: Lb ? &

Idea for GNM: CP pairs fill localized states of the random potential
forming Bose-insulator. High magnetic field causes depairing. The
appearing fermions are weakly localized.
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Random field and localizedCP B = (0

Bosonic insulator

h* n

E Density of CP B (4-d)2 ]
\/J (E) L% exp (E)

Density of potential
wells supporting energy

GL interaction

L interaction=== not exceeding E, “Lifshitz tails”
2 1 |.M. Lifshitz, JETP, 1966
_E—_F In& T S J. Zittartz and J. Langer, Phys. Rev. 1966
H=E=7 n ¢y 2qd-2 B.I. Halperin and M. Lax, Phys. Rev. 1967

FNP, Phys. Rev. B, Sept. 2009, Talk by T. Nattermann
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RandomfieldandCP B = (

Parallel field, very thin film h</¢=+ch/eB d=2
TE

b

No diamagnetic effect Eb — _Z;) [h’l %:l ncb _ T
n

Transition from Bosonic to Fermionic insulator (BFT)
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RandomfieldandCP B = (

Parallel field, very thin film h</¢=+ch/eB d=2

rE

No diamagnetic effect Eb — _Z;) [h’l %:l ncb _ Tb
n

Transition from Bosonic to Fermionic insulator (BFT)

Energy balance: Eb—ZAZZ(Ef B g'uzBBj E]c =7
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U, =2U,

T

Basic requirement: E, (E, ) = E,

If E, <E,, it must be occupied

o If E, > E,, E; is not minimal.
Variational approach:

v, =\/a;fexp[—af2r } U, =—Ayq

2
o 1 : B h 2 2 |42
Minimization of Ejufdzx at fixed value of E; Il:sz (Vt//f) +Uy s }d X
o, =—2mE, | i’ A=2xh’Im,
2
Gaussian variational function for CP = Ef :gEb
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B
The BFT line: Eb—2A=2(Ef—gﬂB j

By =B, + 20 |n
9Qug N

How the density of fermions grows above the BFT?

Equilibrium condition: C?_g 0 &(n,n, )- energy per unit area
nf
gu,B
dg:(Eb—ZA)dnb+(Ef— ) jdnf
: dn,
Conservation of number of electrons: dn, =———
2

de B
an O0=>E,-2A=2| E, - 9#25 Now it is an equation determining n,
f
Anderson Localization, Trieste, August 31,
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Metal-Insulator Transition (MIT)

2 ncb _ an
nf:ncf:L; _E nb— —7 Esz
g3 n
Jug N-—n, /2
S ot iti R h c
queezing transition b — =
J-2m,E,
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Metal-Insulator Transition (MIT)

2 r]cb — an

nf:ncf:L; SE nb— —7 Esz

£ n

B, =B, +——In—=2
Ol N—nNg /2
h
Squeezing transition R, = =&=4/4|
-2m E
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Phase diagram in 2d, parallel field.

N, <ng/2

Zeeman

ng, nf/Z

Anderson Localization, Trieste, August 31,
2010



Perpendicular field, very thin film h< /=A+/Ch/eB

Variational approach:

Minimization of EJdeZX at fixed value of
2

2,2 2
hrl//f d’x; k=b,f; ¢, = e
8m, /', e B

h2
E, :ijk (V) +Uyi +

h? 3
Result of minimization: E, =-— % 1-—0y
2m, 4o 0,

Density of potential wells supporting energy level not exceeding E, :

_ -ZLa (1-(43,17)%)*  Interpolation between Lifshitz and
n,(E)=a¢ loffe-Larkin, 1981.

Anderson Localization, Trieste, August 31,
2010
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Perpendicular field, very thin film

/ 3
Result of minimization: E, =-— % 1-—0
2m, 4o 0,

Density of potential wells supporting energy level not exceeding E, :

-~ %a (1-(4a12)?) _ Ny
nW(Ek) =a,e k'k In the Bl phase E_ = —F, |n?C
n, n
In FI (mixed) phase Eb = —fb In—=: nb =N-—
n,
Squeezing line: a, = E% = (zjol)_l B, (n)=

1/2
B [ 1 \1/2} :
In—J c 2
27z

Paramagnetic (Zeeman) transition line: Eb —2A = Z(Ef . g/;BBj

The paramagnetic line is located at higher fields if k./ = 1 and at lower fields

if k.l <<1 reducing the anisotropy. Explanations of discrepancy between
E. Belejec et al. (PRL 88, 206802 (2002) and Y.M. Xiong et al.
(PRB 79, 020510 (2009).

Anderson Localization, Trieste, August 31,
2010



(B)

MIT

MIT

L/s

Bl

n./2

2d, perpendicular field. Ng, <N /2

nsq
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Thick film (3-d case)

The optimal potential well and the wave function are anisotropic: prolonged
In the direction of magnetic field

U2 pus 2 2
o o + D, Z
Wi (X) = k7[3/4k eXp[_ £ 5 < j; pr=x+y’

U, (X)==4w (X)
' Minimization of %Jukzdzx at fixed value of

hZ ) , thzwz
E = Y +Up?+—L 2k d%: k=b,f: ¢, = [—
=] {ka( Vi) +Uvicr g ““\eB
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al’ om\ 2 8/'a

1 1/2 1 3/2
nW(E) 3/2 (1_a €4j exp[_ﬂﬁ/ZLal/Z (1_ a2€4j :|

Interpolation between Lifshitz and loffe-Larkin 3d results

1 2
Minimization results: :B = — E = h_(_g_l_ S j

Squeezing transition: Size of CP equals to the longitudinal size of the well

g o_p Vi-X. & Ny £ = [1-11(att)]

sq c J

X L n

Paramagnetic BFT transition: E,—A= 2(Ef - 9;15 j n.=0

MIT: Eb_Azz(Ef _ggBji nf :ncf :-LLf3 @.-I—O 25x )

(gm/ m )—
MIT does not exist if gm/ m, <2
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SIT line

Strong overlapping of wave functions mmmssm) Exponent in the density is about 1

3/2 /3 2/9
34 La]./Z (1_ 3‘4) ~1 B _ (Don 1_(&\
ol SIT 27 L nJ

n,=(3¢a)" (3d)
u=-FIn? N
n
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Resistance

At low magnetic field the Cooper pairs are localized. The excitations are fermions
They have a gap in spectrum. After BFT carriers are electrons with zero gap.

A
Activation behavior of resistance in InO at weak field: P = Py EXP (;j

Variable Range Hopping of Fermions at B>Bg;

£ =P, exp[—(To /T)l/(dﬂ)} T - adlz: i3 . a2
N Vs

Small for fermions

Phase diagram is isotropic, but resistance is anisotropic

Anderson Localization, Trieste, August 31,
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Conclusions

e Phase diagram depends on dimensionality. In thin films it depends on the
magnetic field direction.

* In all considered situations there are 4 interplaying
phases: Bose Insulator, Fermi Insulator, Metal and Superconductor

* Transitions between them are due either to paramagnetic depairing or
to squeezing of Cooper pairs by the random potential well in magnetic field

* Negative magnetoresistance appears due to proliferation of fermions which
are weakly confined by the random field.

* In thick film or bulk the phase diagram does not depend on direction of
magnetic field, however the resistivity must be anisotropic.

Anderson Localization, Trieste, August 31,
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Bi amorphous films
week ending
PRL 103, 157001 (2009) PHYSICAL REVIEW LETTERS 9 OCTOBER 2009

Observation of Giant Positive Magnetoresistance in a Cooper Pair Insulator

H. Q. Nguyen,! S.M. Hollen,' M. D. Stewant, Jr.,! J. Shainline,! Aijun Yin,?> J. M. Xu,” and J.M. Valles, Jr.!

'Depm?mem‘ of Physics, Brown University, Providence, Rhode Island 02912, ['SA
“Division of Engineering, Brown University, Providence, Rhode Island 02912, USA
(Received 23 July 2009: revised manuscript received 18 September 2009: published 5 October 2009)
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FIG. 1 (color online). (a) SEM image of the nanohoneycomb I'IOH (T)
substrate. The hole center to center spacing and radii are 100 = 5
and 27 + 3f"mi"e"‘1xfc‘l"'el-“' Alr"“"'“;“?;f;e I’;-}Elb};gh;f““”‘l' FIG. 2 (color online). Sheet resistance as a function of H at
ance as a function of temperature, Ro(T), o ilms pro- . _ . . o _
duced through a series of Bi evaporations. The film 16 is the last 100 and 120 mK for films 16 and S1. The lines are hPlIHE fits to
insulating film and S1 is the first superconducting film in the the data points (shown as symbols on the 100 mK traces). Inset:
series. (c) Surface plot of R(T, H) for film 16, which has a Mdgﬂlﬁﬁd view of the low H data.

normal state sheet resistance of 19.6 k{ and 1.1 nm Bi thick-
ness. The solid lines are 1sotherms.
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nature Vol 44918 October 2007|doi:10.1038/ nature06180

LETTERS

Nature of the superconductor-insulator transition in
disordered superconductors

Yonatan Dubi!, Yigal Meir'* & Yshai Avishai'*
PHYSICAL REVIEW B 78, 024502 (2008)

Island formation in disordered superconducting thin films at finite magnetic fields

Yonatan Dubi,’* Yigal Meir,":? and Yshai Avishail%?
! Physics Department, Ben-Gurion University, Beer Sheva 84105, Israel
’The Ilse Katz Center for Meso- and Nano-scale Science and Technology, Ben-Gurion University, Beer Sheva 84105, Israel
3RTRA researcher, CEA-SPHT (Saclay) and LPS (Orsay), France
(Received 28 December 2007; published 1 July 2008)

The same as Ghosal et al., two magnetic fields. Disappearance of superconducting
Islands in large magnetic field.

No Fermi excitations, chemical potential is not determined.

No explanation of GNM. No phase diagram.
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Vol 452|3 April 2008|doi:10.1038/nature06837 nature

LETTERS

Superinsulator and quantum synchronization

Valerii M. Vinokur', Tatyana I. Baturina®*?, Mikhail V. Fistul?, Aleksey Yu. Mironov*”, Mikhail R. Baklanov”
& Christoph Strunk’

Infinite barrier for charge transfer

2d, a regular set of Josephson junctions.
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YVOLUME 75, MUMBER 25 FHYSICAL REVIEW LETTERS 18 DUcEsBeR 1995

Logarithmic Divergence of both In-Plane and Out-of-Plane Normal-State Resistivities
of Superconducting La; -, Sry,CuQy in the Zero-Temperature Limit

Yoiehi Ando,® G50 Boebinger, aud A, Passoer
ATET Bell Laboratorles, 600 Mouniain Averiie, Murray HilL New Jeraey 07974

Tsuyoshi Kimura and Kohj Kishio

Prepreaeiment wof Appldivd Chemisiey, University of Tekve, Honpo, Bankyo-tu, Tobvo T3 Japen
(Heceived 18 August 1995)
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e CP number is not conserved, but their average number is well defined.

Ginzburg-Landau Hamiltonian

b
Hoo =alyl"+ Zlyl +clVyl
Assumptions:

1) Smooth fluctuations [Vy/|/|w|= &*

2 | —alb ifa<0
2) Islands of CP |V/| - 0 ifa>0

3) Gaussian random potential a(r)= a-+u (r); <u2 (r)> _

a (3 f(2)=1- El(z)+ex (Z ’2)

Consequence: =——
b u

Z —> o0
f
(Z (\/_z z—0
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