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Motivation: experiments on SIT in homogeneously disordered materials - |

Mo-Ge films (thickness b = 15 <+ 1000 A) [Graybeal, Beasley (1984)]
Bi and Pb layers on Ge (b=4-75A) [strongin <t al. (1972); Haviland <t al. (1059)]
ultrathin Be films (b =4 —15 A) [Bielejec et al. (2001)]
thin TiN films [Baturina et al. (2007)]
Li,ZrNCl powders [Kasahara et al. (2009)]
In-O films (b = 100 — 2000 A) [Shaher, Ovadyahu (1952); Ganemakher et o (1996-2000):

[s=mbandamunhy et al.(2004); Sacépé et al. (2011)]

LaAlO;/SrTiO; interface [Caviglia et al. (2008), Gariglio et al. (2009)]
0-doped Nb:SrTiO5 films [Kim et al. (2012)]
monolayer Mo$S; [Ye et al. (2012, 2014); Taniguchi et al. (2012)]

see review by V. Gantmakher and V. Dolgopolov, 2010
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Motivation:

as-grown
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experiments on SIT in homogeneously disordered materials - Il
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[Gantmakher et al. (1996, 1998)]

amorphous In-O film (b = 200 A): resistance vs temperature (left),

perpendicular (middle) and parallel (right) magnetic field
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Motivation:

>

experiments on SIT in homogeneously disordered materials - 11
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[Caviglia et al. (2008)]

SIT in LaAlO3/SrTiOs: phase diagram (left), resistance vs T (middle),

and resistance vs H, (right)
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Motivation: experiments on SIT in homogeneously disordered materials - IV
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[Ye et al. (2012,2014)]
SIT in MoS;: phase diagram (left) and resistance vs T (right)
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Motivation: / the effect of impurities - |

“Anderson theorem:

o nonmagnetic impurities do not affect s-wave superconductors
[A.A. Abrikosov, L.P. Gorkov (1958); P.W. Anderson (1959)]
o Cooper instability is the same for clean and diffusive electrons:

k+q p+q
° 3 3
— > >
[ = 3 + 3 [
csl < €
-k -p

o mean free path [ does not enter expression for T,

N.B.: in the presence of spin-orbit coupling nonmagnetic impurities can affect 7. [see Samokhin (2012)]
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Motivation: the effect of impurities - 11

o renormalization of cooperon by interaction (first order corrections)

P+, €+, >0 Pt+a,Ept0, >0
z Z

——
P En<0

—_—
P, €n<0

P+, €t 0, >0

)

PG Ent©),>0 ; pHa, 0,50

P, En<0 P, €n<0

o perturbative correction to T, due to Coulomb interaction:

oT. ¢’ 1’
TBCS — T (l” TCBCST) <0

[Ovchinnikov (1973); Maekawa, Fukuyama (1982); Takagi, Kuroda (1982)]

Coulomb repulsion and disorder do suppress T.: “Anderson theorem” s not the theorem
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Motivation: the effect of impurities - 111

suppression of T.:
o perturbation theory:

oT, e? 1\’
TBCs = _ﬁnthD (ln TCBCST) <0

[Ovchinnikov (1973); Maekawa, Fukuyama (1982); Takagi, Kuroda (1982)]

o renormalization group:

h 1)\ k
7F; =0 at f?[:] ~ ;;i' ( In 'iizizfzi';: )

1 Il 1
14 500 100 1508 2000 2500
Ro, Q

[Finkelstein (1987)]
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Motivation: the effect of impurities - IV

competition between localization and attraction:

o BCS model in the basis of electron states for a given disorder:
superconductivity survives in the localized phase as long as

TBC o< exp(—2/A) 2 0 oc &1
where ¢ stands for the localization length, d is dimensionality
[Bulaevskii, Sadovskii (1984); Ma, Lee (1985); Kapitulnik, Kotliar (1985)]
o enhancement of T, near Anderson transition
T, o< A48

where A, < 0 is multifractal exponent for inverse participation ratio
[Feigelman, loffe, Kravtsov, Yuzbashyan (2007); 1.S.B., Gornyi, Mirlin (2012)]

without Coulomb repulsion intermediate disorder enhances T,
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Question to answer

How resistance and magnetoresistance are described near the
superconductor-metal /insulator transition within RG approach?
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The model: hamiltonian - I

H= HO + Hdis + Hint:

o free electrons in d-dimensions
_ V32
= [ a'rin| -5 |0

where ¢ = £1 is spin projection

o scattering off white-noise random potential

_ 1
T vt

Hgis = /ddr%(f)V(r)%(f)l (V(r)V(0)) o(r)

where v denotes the thermodynamics density of states

o electron-electron interaction

Hint = %/ddﬁddrz U(lrs — ral) @, (r) o (r1) @, (r2) o (r2)
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The model: hamiltonian - II

o Coulomb repulsion with BCS-type attraction (A > 0):

2
U(R) = :’—R - éé(R)

o short-ranged repulsion with BCS-type attraction (4 > 0):

R2T?
UR = w1+ 5] —LaR. aa wso

o assumptions
p»>t > T

where

u — chemical potential
7 — transport mean-free time
T — temperature
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The model: electron-electron interaction - |

small momentum transfers:

o particle-hole channel:

where [ = veT denotes mean-free path, m;(q) = /lZIJ(k + q)S;M/lﬂg/(k) and
3

Folq) = Fs, Fi23(q) = Fy

o particle-particle channel:

d
== | o )’ dglrdzfzw (k)io(—kr + Q)go(k + @) —k2)

ql 1

13/34



The model: electron-electron interactions - 1

estimates for interaction parameters in d = 2:

Fs= vU(q)+ F; singlet (p-h) channel
v [df N .
F; = —5 / o USU(ZkF sin E) triplet (p-h) channel
0

2
v 0
F, = 7’ — Z/ SC, 2kF‘cos 5‘) =F singlet (p-p) channel
0

where U (q) = U(g)/[1 + vU(q)] stands for the statically screened interaction
BCS attraction only (A < 1): —Fs=F,=F. =2

Coulomb interaction only (sc/ke < 1): Fs > 00, Fi=F = -3 In 4ff

where inverse static screening length s = 27e’v
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The model: field-theory approach - |

nonlinear sigma-model (NLSM) action:

§= LTV OP + 42727100 - ”TT S /rr,j te[ 134z, 0] e[ 1:(42,) 0]

a,n,r,j

[Finkelstein(1983)]
where the matrix field 0 (Matsubara, replica, spin and particle-hole spaces) obeys

Q*(r) =1, tr Q(r) = 0, o(r)y=CTo™(r)C,

SU(4) generators in spin and particle-hole

g - Conductivity in units ez/h, spaces (7, and s; are Pauli matrices)

Z, — Finkelstein's parameter ty=1®s, rj=01.23

[, — interaction parameters:

matrices involved:
PR O O A = sqnn 0,00, 1%E = 0 8, top
r—|fe 0 00 R

e 000 ()8 = byemi 0P8 00, C= ity
e T T Ty
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The model: field-theory approach - Il

initial values of interaction parameters:

o convenient dimensionless interaction parameters: ys 1 =[5/

o initial values (at the energy scale min{wp, 1‘1})2

Fs Ft
V50=—1+I__$. m:_1+F,'
B 3 B 1
YO T T Fonmax{1, wpt} | mlen )

TBCS

where TB® = wp exp(—1/F,)
o BCS attraction only (A < 1, wpT < 1): Yoo = yio = —¥s0 = —4/2

o Coulomb interaction only (s/kr < 1):

el 4kF

=-1, =yo~ —Iln—
Vso Yt0 Yco 4nke %
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Results: renormalization - |

o RG egs in the lowest order in t = 2/(ng), but exact in ys ¢ :

WLIWAL
— AA DOS
dt —tz["_1 + H(ys) + nf(ys) f\]
dll’]L - 2 Vs Vi Ye
dys
L= 0T ys)[ys +nye + 2y (1 + 2yf)]
dyt _ t
T = =50y (v = (0= 2y = 201 + 20— 20)
BCS
dy. _ ;) 2
Tl = _E[“ + ¥o)yvs — nve) = 2ve(ve — 2] — ny + nln(1 + w))]
dinz, t
= g+ 2n1 4+ 20

where f(x) =1— (1 +1/x)In(1 + x)

o the number of triplet diffusons:
n =3 — SU(2) spin-rotational symmetry preserved
n =1 — spin-rotational symmetry is broken down to U(1)
n = 0 — spin-rotation symmetry is fully broken
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Results: renormalization - 1

WL/WAL
—~

i LT e
_ 2= ~
dln L _’[ 5+ Hys) + nf(y) yc]
dy t
dlnsL =—50+ ys)[Ys + nye + 2y (1 + 2yc)]
dy t
dlntL - _5(1 + Yt)(ys —(n =2yt — 2y (1 + 2y: — 2yc))
BCS
dye 5t
i =2 _5[“ +¥)ys — nve) = 2ve(ve — 202 — ny + nln(1 + )’t))]
dlnZ, t
LTI )

e lowest order in y.: Finkelstein (1984, 1985); Castellani, Di Castro, Forgacs, Sorella
(1984); Ma, Fradkin (1986)

e all orders in y. but problem with renormalization in the Coulomb case [In(1 + y;) term]:
Belitz, Kirkpatrick (1994); Dell’Anna (2013)

e our RG egs.: smooth limit for the Coulomb case [no In(1 + y;) term]

18/34



Results: phase diagram - |

RG egs for Coulomb interaction, ys = —1
Jnl ! [2+3f()’r) - Yc]
dyt _ t
il = o0t Yr)(1 +ve+ 2yc(1 + 2y — 2yc))
e _ 524 1[(1 + o)1+ 3ve) + 2ve(ve — 2v = 3y + 3n(1 + Yt))]
dinlL c 2 ¢ cre ¢
o marginal line of fixed points at t = y. = 0 (clean FL)

o line of fixed points at t = 0 and y. = —oo (clean SC)

o line of fixed points at y; = co and y. =1 (FM)
o insulating phase with t = 0o
o towards SC phase RG eqgs are valid upto scale Lyx: #(Ly) ~ 1/|y (Lx)| < 1
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Results: phase diagram - Il

Coulomb interaction, y; = —1

t/(1+1)

yolV 1+75
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2
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sketch of RG flow (y = 0.2) phase diagram
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Results: phase diagram - 111

Coulomb interaction, y; = —1
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Results: phase diagram - IV

RG egs for the short-ranged interaction, y; > —1

= 2[1 4 f(y,) + 3f(ye) — ]
d t
dy t
— (5_ —2p (1 2—26)
Tl 2(+y1)y Vi — 2vc(1 + 2vs — 2vc)
d t
L —[(1 + ¥ vs — 3v) — 2 (ve — 2v2 = 3y + 3In(1 + yr))]
dlnlL 2
o marginal line of fixed points at t = y. = 0 (clean FL)
o line of fixed points at t = 0 and y. = —oo (clean SC)
o line of fixed points at y; = o0, ys = —1 and y. =1 (FM)
o insulating phase with t = 0o
o towards SC phase RG eqs are valid upto scale Lx: t(Lx) ~ 1/|y.(Lx)| < 1
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Results: phase diagram - V

short-ranged interaction, ys > —1

1,
g ~ 05
-0.2 -0.1 0
Yoo 0 10 20
2In LESS/L
Te (vso = —0.05, t, = 0.06) t vs L (v = —0.04, yio = 0.005,

¥s0 = —0.05, t, =0.01+0.1)
enhancement of T, due to interplay of short-ranged interaction and disorder in 2D
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Results: enhancement of T. in 2D

[1.S.B., Gornyi, Mirlin (2012)]

o weak short-ranged interaction, |yso|, yio < |veo| € to < 1:

a 5 dys t

~ 1, N —= 3 2vc ),
T iy 5 (v + 31+ 2x)
dy; t dy, ,
Dy —vi—2v.), N
iy 2(n vi — 2vc) i Ve 5V

o three-step RG:
(i) from t =t to t = #,/2: approaching BCS-like line y = —y; =y, =y
(i) increase of |y| from |yco| to |y.| ~ t3/|veol:

dly |Vl £

- |y*|Nt*Nt($/|y(0|

(iii) superconducting instability with initial attraction y,

d V4 2 1 2 f() BCS
) o~ 2 [1_0 T.>T
dinl o= "7z m( )::> >
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Results: zero-field resistance p(T) vs t(Ly) - 1

o conductance 1/p(T) is obtained from the Kubo formula

o

t(L7) is determined by action renormalization from 1/7 down to T

(e]

p( T) :/é t(LT) because of fluctuation corrections due to ‘real processes’ (|w,|, Dg* < T)

o

at |yc(L7)| > 1 the most important one is anomalous Maki-Thompson correction:

1 1 n? L
S A < Tl <Ly

N.B.: #(L7) can be significantly different from ) due to renormalization between 1/t and T

contrary to Glatz, Varlamov, Vinokur (2011); Tikhonov, Schwiete, Finkelstein (2012)
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Results: zero-field resistance p(T) vs t(Ly) - 1l

Coulomb interaction, y; = —1
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Results: zero-field resistance p(T) vs t(Ly) - I

short-ranged interaction, ys > —1

1
1 1
E 05| 0.4 ”
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Vo = —0.05, 1 = 0.01 = 0.1)

Yeo = —0.05, 1, = 0.02 = 0.1)
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Reminder: the effect of magnetic field

o perpendicular field H, suppresses cooperons at scales

L>>1Hl=]l%
1

o parallel field H suppresses copperons at scales

I

L>»=—-——
ZJTgL“ + )/10)10

o RG equations at L > lyz = min{ly, [z}
dt _t2[1_1+ys dys _  t
dnl 27 Ty dinl ~ 2

[Finkelstein (1983, 1984); Castellani, Di Castro, Forgacs, Sorella (1984)]

(1 + ). (1 + ¥y,

N.B.: smooth dependence of T, on H as well as dependence of initial parameters y, yso and 1

on H are not taken into account
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Results: magnetoresistance in perpendicular H - |

o RG at lengthscales L « Iy

d

i = [1+ 1) + 310 — v

dys

Sl = 2w+ v 2wl + 200

dys

S = =2 v (= v = 21+ 20— 200)

dy. t
T = 5[(1 + ¥ (vs = 3ve) — 2ve(ve — 2v2 = 3y + 3In(1 + y,))]

o RG at lengthscales L > Iy

a5
i = Pl + 36000,

dys
dinlL

=*£(1 +¥s)(vs +3v1), T4+ vlys —vi)
o resistance for |yc(ly)| > 1 P
p (T H) =t (ly) — In =L — Z1n|ye(ln)]
ly 3
[Galitski, Larkin (2001)]

N.B.: t(ly) can be significantly different from #, due to renormalization between [ and Iy

contrary to Glatz, Varlamov, Vinokur (2011); Tikhonov, Schwiete, Finkelstein (2012)
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Results: magnetoresistance in perpendicular H - 1l
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Results: magnetoresistance in parallel H - |

0.15
0.2
01
01 i
oost |
3 0 2 0 7 8
In H/HESS In H/HECS
P Vs H (yo=—-045 yo=1, p Vs H (vo=-01, yo=-0.1,
yso = —1, to = 0.1) yso = 0.1, t = 0.05)
T=T/2,T./4T./8 T=T./2,T./4T./16
N.B.: p_1 = t_1(LT) + (4/70) n ye(ly)] [Khodas, Levchenko, Catelani (2012)]
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Remark |: RG + mean-field vs BKT

o superconducting transition in 2D is of Berezinsky-Kosterlitz-Thouless type

o our (mean-field) T, is the upper estimate for T2

o description of BKT transition within NLSM (transformation of fermionic
to bosonic mechanism) [in progress|
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Remark Il: long- vs short-ranged interaction

o if static screening length s~ « [, effective singlet-channel
interaction is universal: y; = —1 (long-ranged), i.e., suppression of T,

o if static screening length [ <« L <« 37", effective singlet-channel
interaction is short-ranged at relevant scales, i.e. enhancement of T,
is possible

2
3

1+,

o \ Vo = —¥s0 = Vo = —0.1,
— Y f = 0.05, In1/(>l) = 2

vel

2 3 a \
Inc1/xl) \,

InL/l
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Conclusions

o one-loop RG eqs exact in the Cooper-channel interaction are derived
o one-loop RG egs are valid upto |y | ~ 1/t > 1
o phase diagram within one-loop RG eqgs is explored

o enhancement of T, in the case of short-ranged interaction is found in wide
range of parameters

o SIT is controlled by an unstable fixed point at R ~ h/e’ as in the
‘bosonic’ mechanism

o RG egs and fluctuation corrections results in nonmonotonous
magnetoresistance at T < T,
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