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Motivation / experiments on SIT in homogeneously disordered materials

- amorphous Mo-Ge films (thickness b = 15 < 1000 A)
[Graybeal, Beasley (1984)]

- Bi and Pb layers on amorphous Ge (b =4 — 75 A)
[Strongin et al. (1971); Haviland et al. (1989)]

- ultrathin Be films (b =4 —15 A) [Bielejec et al. (2001)]
- amorphous thick In-O films (b = 100 — 2000 A) [Shahar, Ovadyahu (1992);]

[Gantmakher et al. (1996, 1998, 2000); Sambandamurthy et al.(2004); Sacépé et al. (2011)]
- thin TiN films [Baturina et al. (2007)]
- Li,ZrNCl powders [Kasahara et al. (2009)]

\/ LaA103/SrT103 interface [Caviglia et al. (2008), Gariglio et al. (2009)]
\/ 0-doped Nb:SrTiO3 films [Kim et al. (2012)]

\/ monolayer MoS, [Ye et al. (2012, 2014); Taniguchi et al. (2012)]
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Motivation /'/ experiments on SIT in homogeneously disordered materials

R,. kQ

o

\ a:-grow\ L 1000

R(KQ)

A 0 3 6 9 120 3 6 9 12
4 B(T)

3

[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 LaAlOg/SrTiO3
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[from Caviglia et al. (2008)]
spin-orbit splitting Ay, ~ 0.2 + 1-10% K (gate tunable)
ma /me = 3 n~1012 £ 101 em=2 L~ 103 £ 6103 em2/Ves e~ 10%
I~ (0.7+4.6) 1076 cm 21 ~ 1078 em Ep ~ 7.6 + 760 K 1/7 ~ 8.4+ 12.6 K
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Motivation / experiments on SIT in MoS»
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[from Ye et al. (2012,2014)]
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Motivation // theory: clean 2D superconductivity with SO

Edel’stein (1989)
Gor’kov, Rashba (2001)
Dimitrova, Feigelman (2003,2007)

see recent review: “Non-centrosymmetric superconductors: Introduction and overview”,
Eds. E. Bauer and M. Sigrist, Springer 2012
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Motivation // theory: Anderson theorem

e nonmagnetic impurities do not affect s-wave superconductors

Cooper-instability is the same for clean and diffusive electrons:

k+q p+q

()

-k -p

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

in the presence of spin-orbit coupling nonmagnetic impurities can affect T, [see Samokhin (2012)]
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Motivation // theory: suppression of T. due to Coulomb repulsion and disorder
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diagrams for renormalization of attraction in the Cooper channel
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Motivation // theory: suppression of T. due to Coulomb repulsion and disorder

e perturbation theory
0T, e? 1 3
—chs = 6 hRD <ID7TCBCST> <0

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

¢ RG theory (in the lowest order in disorder and Cooper-channel attraction)

T. vanishes at the sheet resistance
-2
R 1 71
o~ "M 7TBcs,
C
[Finkelstein (1987)]

the problem: RG theory predicts infinite resistance at 7T.!7
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Motivation // theory: enhancement of 7. without Coulomb repulsion due to disorder

e BCS model in the basis of electron states ¢, for a given disorder
[Bulaevskii, Sadovskii (1984); Ma, Lee (1985); Kapitulnik, Kotliar (1985)]
superconductivity survives as long as

TES 2 g oc £

where £ — localization length, d — dimensionality

e enhancement of T, near Anderson transition (T2 « exp(—2/}))
T ox A2l

[Feigelman, Ioffe, Kravtsov, Yuzbashyan (2007); Feigelman, Ioffe, Kravtsov, Cuevas (2010)]

[1.5.B., Gornyi, Mirlin (2012)]

where Ay < 0 — multifractal exponent for inverse participation ratio
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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 H = Hg + Hais + Hint

e free electrons in d-dimensions
_ V2
Hy :/ddrwa(r) {—%} Yo (T)

where o = £1 is spin projection

e scattering off white-noise random potential

Hao = / AT (P V(e (r),  (V(F)V(0)) =

where v denotes the thermodynamics density of states

e clectron-electron interaction

Hing = %/ddrlddrz U(lry — r2)) Yo (r1) 0o (71) 0 s (12) 106 (T2)
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The model /" hamiltonian H = Hg + Hais + Hint

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

U(R) = - 2aR)

e short-ranged repulsion with BCS-type attraction (A > 0):

27a/2
U(R)zuo{l—i—?} —;5(R), a>d, ug > 0

e assumptions
p>7t>T

where

1 — chemical potential
T — transport mean-free time
T — temperature
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The model /" small momentum transfer

e particle-hole channel:

3
h_ L d’q Z
HIFI)]': 5. 27T)d FJ j(_q)
Jj=

ql<1

where | = vp7 denotes mean-free path, m;(q) = /1[1(, (k+ q)s]‘.wlwg/(k) and
k

Fo(q) = Fs, Fi23(q) = Fy

e particle-particle channel:

d
HY P = _% / / A"k 7k wa kl) o(—k1+ @Q)Y_o (ko + @) (—

271. 2d
ql<1

k2)
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The model / estimates for interaction parameters in d = 2

Fs= vU(q) + F: singlet (p-h) channel
7 a6 0
Fy = _z / — User (2kF sin —) triplet (p-h) channel
2/) 2w 2
0
Foov [ 0
F. = ; — Z/% User (ka‘cos 5‘) =F; singlet (p-p) channel
0

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

Coulomb interaction only (s¢/kr < 1):

£, dke
47Tkp V1

Fq—>OO, Ft:FC%—

where inverse static screening length sc = 2we?v
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The model /'/ field-theory approach

nonlinear sigma-model action: [Finkelstein (1983)]

S=- 33 Tr(VQ) +47rTzTrnQ— — Z /FWtr tm Q} tr{trj(Jg,r)TQ]

«,Nn,T,]

where the matrix field Q (Matsubara7 replica, spin and particle-hole spaces) obeys
Q(r)=1, trQ(r)=0, Q(r)=CTQT(r)C,

SU(4) generators in spin and particle-hole

.. . . spaces (7, and s; are Pauli matrices
g — conductivity in units €2/, paces (7 ! )

z — Finkelstein’s parameter ti=7®s;, rj=0,1,273

I';; — interaction parameters:
matrices involved:

FS Ft Ft Ft A:ﬁ = sgn n[snm(saﬁt007 77;175 = n[snm(saﬁto
= FC 0 0 0 J:,,O = J:,,s = 15,_, Jn,,l = J:,,Q =1, +
r'n 0 0 O

5 5
(I o = Sntm k876 b0

s It I'y Ty
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The model /" initial values of interaction parameters

e convenient dimensionless interaction parameters: v ;. = I's1.c/%

e initial values (at the energy scale min{wp, ‘r_l})i

_ Fs _ Ft
Vs0 = 1+F87 Yto = 1+Ft7
F. 1
Yeo = _1 F.1 1 == min{wp, 71}
— Fe.lnmax{1l,wpT} In 2itdep.r )

where T2 = wpexp(—1/F.)
e BCS attraction only (A < 1, wpT < 1): ye0 = Y10 = —7s0 = —A/2

e Coulomb interaction only (s¢/kr < 1):

1 x 4kp
0 =—1, 0 = Yo X —— In ——
Ja0 Vo =Yl drkp P2
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Renormalization // lowest order in ¢t = 2/(mwg) and «’s

(e
oL}
G’
(o)
S,
o'
k P+q-Q P 3 P
o
ol
vt
-k -p-q+Q P -k -p

where I'y = (I'y — T'y)/2 and I’y =T

[Ovchinnikov (1973); Mackawa, Fukuyama (1982); Takagi, Kuroda (1982)]
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RG equations /// lowest order in ¢t = 2/(mwg), but exact in v’s

WL/ WAL

B A-L
dat - tQ[ m +f(7s)A+ if(%) %C“)Y\i ’__;?ﬂ
dy 2
‘Zj - —%(1 +75) (Vs + nye 4 27c)
C;—Zf = —%(1 +790) (9 = [n(n = 3) + 1y = 2.1 +290))
‘?yc - _é (1470 (s = m70) = 292 + 2070 (30 = (L 4+ 7)) | - 242

where running RG scale y =InL/l and f(z) =1 — (1 +1/z)1In(1 + )

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
lowest order in ~¢: Finkelstein (1984, 1985); Castellani, Di Castro, Forgacs, Sorella (1984); Ma, Fradkin (1986)

all orders in v, but seems to be wrong: Belitz, Kirkpatrick (1994); Bell’Anna (2013)
19/32



Reminder: spin-orbit in thin films / SO splitting vs SO scattering

e surface-asymmetry induced spin-orbit coupling
Hso = O[[O' X k]z - Aso = apr
[Bychkov, Rashba (1984)]
° D’yakonov—Perel’ spin relaxation (under assumption Ay, < 7-71)2
1 1 1 1 9
Y

1
= ~—~ A< -
T TS 277 Tso T

spin-relaxation length scale Iy, ~ vp/Agp > 1

e spin-orbit skew scattering (from k to k') Hsos = vs[k x k],0,
e spin-relaxation rates

11 1 2
—=7=0 = ~ v ol x K|

[Hikami, Larkin, Nagaoka (1980)]
spin-relaxation length scale IZ ~ [\/7Z/7 > [ (provided 77 > 7)
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RG equations ’// lowest order in ¢t = 2/(mwg), but exact in v’s

dt 2= 1 _ _ 2:|
il { 5 TF(v) +nf(ve) = ve = 27e
dys t
2y = "3 (s + mk 2)
d t
d“;t —5 1+ %)( —[n(n —3) + 1]y — 27.(1 + 2%))
dre. t 2 2
=3 [(1 +9e) (7 = mye) — 29¢ + 20y (% —In(1+ %))} — 27

assumption: 1/75, < 1/72 < 1/7
n=3 TP T LK<l
n=1 1 l<T<1/t? <Ll

n=0 T<1'<1/m77 IF<lz<L
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RG equations /// spin-rotational symmetry is fully broken, L > I,

ﬂ — 42 _1 A 92
ay =t [ 5 +f(vs) = e 2%}
dys _  t

iy 5 (1+75) (s + 27¢)

dve o _f 1
iy 2[(1+%)% 2%} 2ve

where f(z) =1 — (14 1/z)In(1 + z)
superconducting phase: v, — —o0, t ~ —1/7. — 0
(noninteracting) supermetallic phase: t =0, 75 =7, =0

insulating phase: t =00 (within one-loop RG it is not possible)
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RG equations / Coulomb interaction
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for v.0 = —0.2 and tp = 0.05-+ 0.75
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RG equations / short-ranged interaction

dt 1 147,
—=ﬂk——ilmu+m—%—w3

dy 2 Vs
dry. t
dys = —5(1 + ’ys) ('Ys + 2’)/6)
dryc t [ 2 2
= la —9 }—2
o 2( +Ye)vs — 272 Ve

= 05 0

yolN 1475

phase diagram resistance vs temperature

for v.0 = —0.15, v50 = —0.4-and tp = 0.L+ 05
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RG equations / short-ranged interaction

dt 1 147,
—=HL——ilmu+m—%—w3

dy 2 Vs
dry. t
dys = —5(1 + ’ys) ('Ys + 2’)/6)
dryc t [ 2 2
= la —9 }—2
o 2( +Ye)vs — 272 Ve

supermetal

-01 0
Yo

dependence of T, on t, dependence of T,

on ygp andy.o for top = 0.5
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Enhancement Of Tc ’// short-ranged interaction

[I.S.B., Gornyi, Mirlin (2012)]
|’750| S |’YCO| < K 1

b 1?2 dys

dy 2 dy

dv. t

__¢ __t 9.2
-7y (7s + 270) dy = 273 27c

three-step RG:
(i) from t =t to t =~ ty/2: approaching BCS-like line v, = —y, =~
(ii) increase of || from |7yco| to |v«| ~ v/|Veolto:

dy| ¢ |7eolto
—— =2 = |’Y|NCT = |7l ~ t ~ Vvl to

dy 2

(iii) superconducting instability with initial attraction .

d
T 92 — m ~ (Yeolto) Y2 = T, TBOS

dy o T.T
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l\r'Iagneti(: field ’,/" suppression of Cooper channel

e perpendicular field H, suppresses cooperons at scales

L>lyg= %
1

e parallel field H| suppresses copperons at scales

lg
27 g (1 + vi0)to

L>l; =

e RG equations at L > min{ly, lz}
dt tz[l 1+,

dy L2,

d’ys_ t

- 5 1 s s
i 5(1+75)7:

In(1 + vs)},

the smooth dependence of T, on H as well as dependence of initial parameters .0, vso0

and tp on H are not taken into account
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Magnetoresistance / Coulomb interaction

RG at lengthscales L < Igz RG at lengthscales L > lgz

dt 1 2

_:t2[__’}/c_k:| ﬂ:tQ

dy 2 2 dy
dry t

W3 1470 +202] - 247

resistance vs T for fixed H resistance vs H for fixed T < T,

for v.0 = —0.15 and ¢y = 0.08
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l\r'lagnetoresistan(:e /'/ short-ranged interaction

RG at lengthscales L < gz RG at lengthscales L > Iz

dt ,r 1 ¥2

— =t {__ $) — Ve — _C} dt

dy p TI) e i tf(7s)

dy t

—=——(1 s s+ 27 d’yg t

dy 2( 98 (7 + 27c) dy 2—5(14'%)%

dvye t 2 2
= 24y =2 c}—2 2

i 2[( +5e)vs — 2 ot
resistance vs T for fixed H resistance vs H for fixed T < T,

for v.0 = —0.04, 750 = —0.02 and tm = 0.4 20/32



Remark I / RG vs BKT

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

e our (mean-field) 7. is the upper estimate for TPXT

e the description of BKT transition within nonlinear sigma-model
approach is needed (in progress)
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Remark IT // long- vs short-ranged interaction in experiments

e LaAlO3/SrTiO3: the effective dielectric constant is about 10%
(due to SrTiO3),

e if static screening length »~! < [, effective singlet-channel
interaction is universal with v, = —1 (long-ranged)

e if static screening length | < Ly, < s, effective singlet-channel
interaction is short-ranged
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Conclusions

e one-loop RG equation but exact in the Cooper-channel
interaction are derived

e the transition to the superconducting phase is analyzed

e in the case of broken spin-rotational symmetry monotonous
magnetic-field dependence of resistance at T < T is found
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