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Why?

Beauty of quantum
coherence

Nanocircuits

Where Is the limit?

Enhancement of Tc?

Despite Mermin-Wegner
theorem?



Enhancement?

How to enhance Mechanism of SC
SC substantially? IN cuprates?

with control

$10° ' $10
Question Question
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BCS superconductivity Finite size effects
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Recent Atomic scale
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Fluctuations
High Tc?

Carbon nanotubes
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|ls enhancement of
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Cuprates high T, Heterostructures
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In cuprates

T. by disorder

Bianconi, et al., Nature 466, 841 (2010)
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Enhancement, yes

Origin?

Grains



A . 8 Ralph, Black,Tinkham,
Superconductivity in

Single Metal Particles

PRL 74, 3241-3244 (1995).

} 8 § Supercon
P4 ductivity?

1959

Yes, superconductivity

B closes gap

Odd-even effects

|solated grain? 4 10 nm size scale




_ T=0
Theoretical Ultrasmall grains
response 5/ Ay > 1

von Delft, Braun, Larkin, Sierra, Dukelsky,
Yuzbashyan, Matveev, Smith, Ambegaokar

Exact diagonalization, RPA, Path
Integral, Montecatrlo......

Richardson BCS fine until 8/ A, ~ 1/2

It's exact. | did it BCS sharp transition

20 years ago

Richardson no transition

J. von Delft et al., Phys. Rep., 345, 61 (2001)



A>>0

Heiselberg (2002): harmonic Devreese (2006): Richardson
potentials, cold atom equations in a box

Kresin, Boyaci, Ovchinnikov Olofsson (2008): Estimation of
(2007) : Spherical grain, high T, fluctuations in BCS
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BCS Finite size
superconductivity effects
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|s it done already?

Analytical? p¥ ¢SS

Semiclassical techniques

Quantum observables in terms

of classical quantities
Berry, Gutzwiller, Balian, Bloch
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3d chaotic

Al grain
ke =17.5 nm-
A, =0.24mV

Ae)/A,

For L< 9nm leading
correction comes
from | L = 6nm, Dirichlet, §/A,=0.67

L= 6nm, Neumann, 6/A,=0.67
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Fluctuations - No fluctuations

I(en,€n/) = AV6 / b2 (P92, (F)dr v(e) = Z c;o(e — &)

Long range order?



Single, Isolated Sn

and Pb grains

Kern

R ~ 4-30nm

B closes gap

Almost hemispherical
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Observation of shell effects in superconducting
nanoparticles of Sn
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More fun?
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Beyond mean field

Quantum Thermal
Fluctuations fluctuations

Disorder, Coulomb....
Larkin, Gorkov ....

‘ T < T, finite resistivity

Fluctuations Stronger e-e interaction



T=0

deviations from [l Richardson's SEERGHAAYEN
mean field equations Sierra, Smith,
) m , | n ) Ambegaokar
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Richardson ~ 1968,
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BCS size effects Deviations BCS
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Thermal

Path integral
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Thermal fluctuations BCS finite size effects
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Quantum + Thermal?

Any o/ A, o/ A,<<1
T=0 Any T

Richardson
solution

Coulomb?

Dynamical phonons?

BCS OK &/ A, ~
1/2

SPA+RPA?

Divergences at
iIntermediate T

Rossignoli and Canosa
Ann. of Phys. 275, 1, (1999)

RPA+SPA ,Ribeiro and
AGG, Phys. Rev. Lett.
108, 097004 (2012)




Where's the problem?

Of course the (zero

modes) coordinates!!!

() Castellani, et al. PRL 78,
A(T) = s(T)e’ 1612 (1997)
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Charging effects? .

The same

Charging effects

&
~ Eﬂz —_— 5_1‘/0 dr (0,0¢)°

Charging

&(T) = o +2nMT/B3 4+ do(T) |
Odd-Even at T=0 fluctuations



NEXT Josephson
Enhancement junctions
SC?

ROTOARCIDKD

T{K)

Mason, Goldbart et al, Nature
Physics 8 59 (2012)



+EXxperimental

control | - ' 1966

Al electrode -V/2

1995
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Nature Physics 6, 104 (2010), Science 324, 1314 (2009).



Finite Size

+
Strong interactions ?

Tough for even
conventional superconductors

Holographic

superconductivity In
confined geometries?

Benson
Way




Holographic principle

Maldacena’s conjecture

AdS/CFT correspondence

t'Hooft, Susskind, Weinberg, Witten....

Strongly coupled Weakly coupled
field theory in d “ gravity in d+1

N=4 Super-Yang Mills Anti de Sitter space
CFT AdS



Extra dimension?

Geometrization of Wilson RG

field theory living
on the boundary

&nti-deﬁiﬂer space
Strongly coupled
I

lo

Gravitational theory in
the bulk



Holography beyond string theory

2003 QCD Quark gluon plasma

Gubser, Son
2008 Holographic superconductivity
2012

Hartnoll, Herzog, Horowitz

Quantum criticality, non-equilibrium..
Zaanen, Sachdev, Philips

Easy to compute In the & Detalled

gravity dual dictionary




An answer looking for a guestion

| do not know

Complex scalar

Spontaneous breaking
U(1) at low T

Finite u



Simplest dual gravity theory

6 1 ) | |
$= [t V=g R+ f = {FuF™ = Dof = milul?

D=V—igA v = complex scalar

dr?
f(r)

2

ds® = —f(r)dt* + + 2 (de? + dy?)

dr

f(r)

= —f(r)dt? + +r2(dR? + R%*d#?)



Equations of motion:
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Interactions depends on system size!
PRB, 86, 064526 (2012)



Theory Experiments

Heterostructures Control on high T,
Collections of grains heterostructures

Topology Control on grains

Non-equilibrium arrangements

Substantial enhancement of T,



CONTROL

i §

PREDICTIVE
POWER
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Enhancement = $106
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