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Energy scales in a superconductor
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Binding of electrons in Cooper pairs
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Conventional superconductor: Do>> A
Disorder can change this picture qualitatively



Disorder and superconductivity

7 "Fermionic" vs "bosonic” mechanism

» Disorder

"Fermionic" mechanism (Finkelstein):
disorder enhances Coulomb repulsion,
pairing strength decreases,

both Tc and A go to zero

Superconductor-Insulator Transition (SIT)

@ @

» Energy

» Disorder

"Bosonic" mechanism (Fisher, Ma & Lee, etc.)
direct localization of Cooper pairs,
finite pairing in the insulating phase



Disorder and superconductivity

How to probe?
New hints from tunnelling

Superconductor-Insulator Transition (SIT)
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"Bosonic" mechanism (Fisher, Ma & Lee, etc.)
direct localization of Cooper pairs,
finite pairing in the insulating phase

» Disorder



Tunneling investigation of the SIT

o Pseudogap and suppression of coherence peaks

TiN, Te=4.7 K TiN near SIT, T.= 1.0 K

W. Escoffier, et al., Phys. Rev. Lett. 93, 217005, (2004) B. Sacépé et al. Nature Communications, 1:140 (2010)
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Tunneling investigation of the SIT

]
o Pseudogap and suppression of coherence peaks
o Persistence of the gap in the insulating side
D. Sherman et al. PRL 108, 177006 (201 2)
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Tunneling investigation of the SIT

o Intrinsic inhomogeneity in the peak height below Tc, with
anomalous probability distribution
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NbN films 210
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PRB 2012
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Inhomogeneity and glassy physics
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Recent advances on the theoretical
approach to the SIT




The fermionic model

o Attractive Hubbard model with on-site disorder

|74 E[_VO’VO] H=—t Z (cjocj'g + h.c.) + Z(V’ — p)nic — |U| Znnnil. A(ry)= _|U|<CilciT>'

l
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= Mean-field solution (Bogoliubov-de-Gennes) (+ MC)
formation of SC domains on the scale of the correlation length

distribution of V, distribution of A.

Ghosal et al. PRB 2001; Dubi et al. Nature 2008; Bouadim, et al. Nat. Phys. 2011



The fermionic model

o Attractive Hubbard model with on-site disorder

ViE[—VO,VO] H=—t Z CwCJo—I-hC +Z i — [ nw—]U|ZnﬂnH. A(r;) |U|<C1ch[>

<ij>,0

= Mean-field solution (Bogoliubov-de-Gennes) (+ MC)
formation of SC domains on the scale of the correlation length

Persistence of large spectral gap but reduced coherence peaks (-> A)
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Ghosal et al. PRB 2001; Dubi et al. Nature 2008; Bouadim, et al. Nat. Phys. 2011



The fermionic

model

Attractive Hubbard model with on-site disorder

Vi E[_VO,VO] H= -t Z ch]g + h.c.) + Z ; — )nie — |U]| Zm]rm.
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Mean-field solution (Bogoliubov-de-Gennes) (+ MC)
formation of SC domains on the scale of the correlation length

Suppression of the superfluid stiffness and local order parameter
with persistence of spectral gap
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Ghosal et al. PRB 2001; Dubi et al. Nature 2008; Bouadim, et al. Nat. Phys. 2011



The bosonic model
S

o Pairing the time-reversed eigenstates ¢, of Hy

H = Z faCLgCaa — UZ A/[a,BCLTCLlCﬁlCBT Mag = Z |¢a(ri)|2|¢ﬂ(ri)|2
a0 af !

o Pseudospin Hamiltonian (Anderson, Ma & Lee)
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The bosonic model

Pairing the time-reversed eigenstates ¢, of H,

H = Zgacao - U Z \[CYBC 0/3 Cp1 Mag :Z|OQ( )| |ps(r )|2

Pseudospin Hamiltonian (Anderson, Ma & Lee)
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New results from Cavity Approach on Bethe Lattice via the
mapping into the Directed Polymer problem (Toffe&Mezard,2010)



RSB and its physical consequences

loffe and Mezard, PRL 2010, Feiael’'man, loffe, Mezard PRB 2010

T The SIT occurs at a finite g,
0.01 ;
Low-T phase: Replica Symmetry
oot ; Breaking (RSB)
PR | Universal power-law behavior of
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m=1-eg_ disorder independent Not “universal” since finite-dimensional
(glassy) effects are relevant

G. Lemarie et al. PRB 87, 184509 (13)



RSB and its physical consequences
!

loffe and Mezard, PRL 2010, Feigel'man, loffe, Mezard PRB 2010
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Below Tc: superfluid response and low-
frequency optical conductivity




Diamagnetism in a SC

SC: purely diamagnetic response D, to an applied transverse field
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Clean SC: jp*0 at T=0, so that n_2n;

J =—



Diamagnetism in a SC

SC: purely diamagnetic response D, to an applied transverse field

6272 2 e n

J=-"La--Zpaljh-—"4
mc C mc

Clean SC: jp*0 at T=0, so that n_2n;
Dirty SC: jp20 at T=0, so n«n;

Standard (dirty) BCS: compute the current-current correlation
function (no vertex corrections)

<jp> <T]P]P> Kabs(rr) Kecs= @



BCS approach

Attractive Hubbard model with on-site disorder
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Current-current correlation function with the BdG A. solutions
computed at zero applied field A
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What about phase fluctuations? Ghosal et al. PRB 2001 D<<n/m



Phase fluctuations in (dirty) SC

Effective action for phase fluctuations

S, L drD, (V6)?
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Minimal-coupling substitution Vé— V6 —2eA

S, = 8i /ers(ve _2eA)Y = /ste A= /DSO(V 'A)
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In the clean case 6 couples only to the longitudinal A component
However in the presence of disorder
1
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so that 6 couples also to the transverse A component: thus

phase fluctuations (i.e. vertex corrections) are relevant also to
compute the superfluid stiffness



Current patterns

H = —t Z CzaCJU + h.c. -{-Z nza |U|anTnzl Ai = |U|(C,lC«¢T> - IA" @
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o Current in the presence of a finite transverse A, by allowing for the
local phases 0; of the Bd6 solutions to relax to the applied field A

map: local A,
lines: constant phase

V6, -24

arrows: local current
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without phase relaxation with phase relaxation

G. Seibold, L.Benfatto, J. Lorenzana and C. Castellani
PRL 108, 207004 (2012)



Superfluid stiffness beyond dirty-BCS

o Superfluid stiffness: compute the second-order derivative of
the ground-state energy
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by including phase relaxation in E(A)
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Stiffness, phase fluctuations and o;(w)

o Optical sum rule: N
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Stiffness, phase fluctuations and o;(w)

o Optical sum rule:
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Buijdnos Hg Buispaudy]

Sub-gap contribution of phase fluctuations

o Optical conductivity with vertex corrections: in-gap spectral

weight due to phase fluctuations
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Buijdnos Hg Buispaudy]

Sub-gap contribution of phase fluctuations

o Optical conductivity with vertex corrections: in-gap spectral
weight due to phase fluctuations
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Sub-gap contribution of phase fluctuations

o Optical conductivity with vertex corrections: in-gap spectral
weight due to phase fluctuations

Increasing disorder
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Above Tc: enhanced low-frequency SC
fluctuations near the SIT




Fluctuation conductivity above Tc
e

o Finite-frequency response above Tc measures the scale of
dynamical SC fluctuations
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Fluctuation conductivity above Tc

o Finite-frequency response above Tc measures the scale of
dynamical SC fluctuations
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Conclusions and perspectives

Disorder-induced phase-fluctuation effects have non-trivial
consequences oh the transport properties

Theoretical and experimental suggestions of some emerging
glassiness near the SIT. Several open problems (e.g. connection
with the Directed Polymer physics is still not fully understood)

M. Mondal et al., 106, 047001 (2011); M. Chand et al., PRB 85, 014508 (201 2;
G. Seibold et al. PRL 108, 207004 (201 2); M. Mondal et al. Scien. Rep. 3, 1357 (201 3);
G.Lemarie et al. PRB 87, 184509 (2013).

Quasi-2D films: robustness of Beresinkii-Kosterlitz-Thouless
physics near the SIT, but role of inhomogeneity and vortex-
core energy to be taken into account, more to be done...

L. Benfatto, C. Castellani and T. Giamarchi, review paper on the book
"40 years of Beresinskii-Kosterlitz-Thouless theory, arXiv:1201.2307
Jie Yong, T. Lemberger, L. Benfatto, K. llin, M. Siegel, PRB 87, 184505 (201 3).



