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Resistance

Superconductivity:

Zero-resistance state of interacting electrons

It started in 1911l
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What we need for superconductivity?

Drude theory for metals predicts that resistance
should remain finite at T=0

If theisysterdishgdlveradiestiopioidetisate |
ther&/@oeldbe® bﬂradduﬂaﬁawdrreﬁz} ffoomp|, v
acctnepzmiisdebyenoargledissipition and would et

A nonzero current at E =0 means that resi




The condensate |E=IE]€ breaks U(1). By Anderson- Higgs
mechanism, a vector potential field becomes massive, and this

leads to an expulsion of a magnetic field from a superconductor

Meissner effect
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Once we have a macroscopic condensate,
we have superconductivity

For bosons, the appearance of a condensate is natural,
because bosons tend to cluster at zero momentum
(Bose-Einstein condensation)

But electrons are fermions, and two fermions simply
cannot exist in the same quantum state.

However, if two fermions form a bound state,
a bound pair becomes a boson, and bosons do condense.

We need to pair fermions into a bound state.

For pair formation, there must be an attraction between fermions!




Two 1ssues

How to get an attraction?

How strong attraction should be for SC?



How strong attraction should be for SC?

An arbitrary small attraction between fermions is
already capable to produce bound pairs with zero
total momentum in any spatial dimension, because
MR | the pairing susceptibility is logarithmically singular
Leon Cooper | At Vanishing temperature (Cooper logarithm)

Reason: low-energy fermions live not near k=0, but Zero energy

near a Fermi surface at a finite k=kg  d3k = 4n(kg)? d(k-kg) l

s

Let’s look 1nto this argument
from Fermi liquid perspective
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Let’s assume for simplicity that the interaction 1s
momentum-independent U (Hubbard)
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Cooper logarithm
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IT,, 1s a complex function — don’t expect a pole
infinitesimally close to real frequency
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Instability only for excitations with near-zero
total momentum of a pair.



BCS theory of superconductivity

Nobel Prize 1972
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BSC-I:
what the instability of the normal state means
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One can improve the analysis already within BCS-I

@ : Can oLy O‘Zvéf‘g TC 2 A
‘V'.&W)ﬁ' uﬂhm%‘o». abo te

e A

/?: Jﬂi} :7?7{& uf/m u}é%é%}{,ﬁ%
% Ferm: Mjg



Goz’gov N . .
W\d;fe -*Bmgﬁuaﬂa?ou { O*k’i : ‘[L/& V*'€Q9‘(2€G/ f‘fq*\lé
‘w w»( U gnu( 7@7%’/2 G
QQQHQA‘A ,@Q,‘_ 62 a

Q - 4,“ (;f+ ol conobons o /JF-O>

G
R Waike [’ f (f 2 -G6 )t 6:6o
GFr- o~ C~

/ Vnowc..“uv-./-ﬁ_( ’LQIVQCU
CYIRE, ﬁu c,Lo» L»QS\J Col\vzn&a(cd UQ L
S e
7“,-@( a k,—hcc’l\‘o\ 7

‘[Og ACG\%ML(I

&JH






{
w ¥,

7 => 55‘“—‘/‘3'{0;,0,,, fw/?fo;(n
J

COkao(-b} Q Siaffe Efugl&'u /)”FOL.OH




Bs pr chdo - ploon ook,
’l‘/eef C/%/ - %’; of W ' < wp
Col Ue{%f =) Q)[ w, w' > wp
(o ALod  ehff )
1y44 /7?,?/(/1'0144 el b fd’/a{ a4 4/ ad

6(/,3 @EF

We QLW OﬂOb\’VI £ oo To ad A
%Q?Q%- O».% ‘%&2 QQVL‘of u o












Eliashberg gap equation on Matsubara axis

A(w) Tl 2 A(W 32
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For an Einstein phonon

This calculation has been extended to other forms of a phonon
propagator, and became the “standard” computational
procedure for superconducting Tc and the gap function
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These diagrams form series

in the dimensionless coupling A.

When the coupling 1s large, they
are all relevant
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The gap equation involves fully renormalized Green’s function
but no vertex corrections to ladder series

Fermionic self-energy 1s obtained 1n self-consistent one-loop
approximation, without vertex corrections
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The actual Eliashberg equations (written by him)
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I. Esterlis et al
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Conclusions:

1. Superconductivity develops at strong coupling,
even when fermionic self-energy diverges

2. Superconducting Tc saturates at a finite value when wp vanishes



THANK YOU
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Numerics for lattice dispersion (2D t-t> model)
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Machine learning the relationship between Debye temperature
and superconducting transition temperature

Adam D. Smith®,"” Sumner B. Harris ©,” Renato P. Camata®,' Da Yan®,® and Cheng-Chien Chen® '
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A bound on the superconducting transition temperature  9()18

I. Esterlis', . A. Kivelson' and D. J. Scalapino®
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