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Main goal:

BCS-BEC crossover
Different pairing mechanisms
Wide applications of pairing theory

Statistics:

e The first superconductor — quark condensation in 1s after Big Bang
e Superconductivity in neutron stars
e Superconductivity in nuclei

e Superconductivity in condensed matter since 1911

Highest T. = 153K (1993) in HgBagCaQCugog

Newest superconductor: diamond doped with boron T, = 4K -
Nature 428, 542 (2004)
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Odkrycie nadprzewodnictwa

1911 - Heike Kamerlingh Onnes (Leida - Holandia)

e Ponize) T. = 4.15 K opdr rteci spada do zera

e Inne nadprzewodniki: Al, In, Nb, Pb, ...

e Duzy prad lub zewnetrzne pole magnetyczne (utamka tesli) niszcza
nadprzewodnictwo

Nagroda Nobla - 1913



Efekt Meissnera
1933 - Meissner i Ochsenfeld (Berlin - Niemcy)

Ponizej T, stabe zewnetrzne pole magnetyczne jest catkowicie

wypychane z prébki
MAGLEV, MLX01

nadprzewodzace

elektromagnesy |

14 kwietnia 1999
osiaga 617 km/h !

lewitujacy nadprzewodnik




Definicja nadprzewodnictwa

nadprzewodnik — “zerowy, nieskoriczony, doskonaty"

idealny przewodnik
ot zerowy opér: p =0
nieskonczone przewodnictwo: o = oo
p=0
T T
idealny diamagnetyk
doskonaty diamagnetyk: x = —1

P nadprzewodnik

Jeden z niewielu idealnych stanéw materii we Wszechswiecie
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Discovery of superfluidity

Two isotopes of Helium:
*He (2p2n2e - “boson”) and *He (2p1n2e - “fermion”)
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Discovery of superfluidity
*He

e He liquid - Kamerling Onnes 1908

e He solid under pressure - F. Simon 1934

e ) transition - W.H. Keesom 1932

e He film creeping - J.G. Daunt, K. Mendelssohn 1939

e frictionless flowing, perfect heat conductor - P. Kapitza 1938, 1941
e fountain effect - J.F. Allen, H. Jones 1938

3He

e superfluidity - D.D. Osheroff, R.C. Richardson, D.M. Lee 1972
e theory - A.J. Leggett 1972



Discovery of superfluidity




What is superfluidity?

e the ability to flow through microscopic passages with no apparent
friction;

e the quantization of vortices;

e the ability to support four wave modes




Microscopic theory of “*He

Some kind of Bose - Einstein condensation of interacting particles
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Landau, Feynman, Huang, Bogoliubov, ...,E.Lieb, J. Piasecki



Microscopic theory of superconductors

1957 - J. Bardeen, L. Cooper, R. Schrieffer Nobel price -1972

Instability of Fermi gas/liquid normal ny
Pairs of fermions (Cooper pairs) condensate at 7T

New thermodynamic state of matter for T < T, .
puste
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BCS model of superconductivity

H = Z eka;rmaka + Z Vi k’altTaT—ua—k%akT
ko k k/
with attractive potential

Vi < 0 near the Fermi level

BCS used many-body variational wave - function

) = H (uk + vkalTaT_ki) |Fermi sea)
k

Singlet pairing superconductivity S = 0, S, = 0!



Energy spectrum with a gap

B = /(e — )2 + | A ?

where

Ey
Ay = Vi ————t
) z 2L tan (%BT)

Ax #0 at T' < T, is the SC order parameter!



Origin of pairing

1956 - L. Cooper after H. Frohlich (1950-54)

para Coopera

i) deformacja (polaryzacja) sieci jonéw

¢ ii) przyciaganie

iii) stabilna para

(iv) pairing induced by phonon exchange

& =10-10000 A



Other mechanism: Electronic charge
fluctuation pairing

Little (1964), Ginzburg (1965), Kohn-Luttinger (1966), et al.

|dea: replace lattice polarization by other polarizable medium

e lattice polarizes — virtual phonons
e electrons redistribute in partially filled band — virtual plasmons
e electrons redustribute in hegher unfilled subbands — virtual excitons

e spin cloud around electron polarizes — paramagnons

Two or more pairing mechanisms can act in parallel!



“Excitons”

side chain

1-d organic metal

semiconductor

Little mechanism Bray—Bardeen mechanism



“Plasmons”
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“Ferromagnetic spin fluctuations”
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High—temperature SC
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Plaszczyzny miedziowo-tlenowe

wspdlna cecha wszystkich nadprzewodnikéw wysokotemperaturowych

Tc:TCO—I—Tc’cos< T )
p+1

p - liczba sasiednich ptaszczyzn



Uniwersalny diagram fazowy

Lai_;Sr,CuQy4 - gdzie La*t, Sr?t
zmiana x odpowiada zmianie elektronéna Cu
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Metal a izolator Motta

Orbitale walencyjne elektronéw miedzi typu d° maja maty promier,
dlatego energia oddziatywania elektronéw na tym samym atomie jest
duza
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Antyferromagnetyczny izolator Motta

Energia oddziatywania >

energia kinetyczna !
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Real—space pairing

Teoria RVB rezonujace wiazanie walencyjne
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Microscopic theory of superfluid *He

He-He interaction of van der Waals type

V(R) A repulsive
/

attractive

\\_fi~—~*——__;==-='

R=r,—r,

Wave function of a pair with 2 - (2L 4+ 1) - (25 4+ 1) amplitudes
W~ TV () — 1) x (@, )

Predictions for 2He



Microscopic theory of superfluid *He

Only experiment AND theory could resolve the problem

th exp
T, ~ 1T,




Microscopic theory of superfluid *He

In all three phase pairing is with
S =1and L =1, so called p-pairing

orbital base: p;, py, P
spin base: s;, sy, S,

Order parameter with 18 components:

A= A,

The symmetry group:

B

N
N

G = SO(3)L X SO(S)S X U(1)¢

Which symmetry breaking occurs in liquid *He?



Microscopic theory of superfluid *He

Introduced the concept of spin-orbit symmetry breaking
Developed microscopic theory combining BCS and NMR
|dentified A, B, and A; phases with proper order parameter

Explained NMR spectra




Microscopic theory of superfluid *He
G = SO(3)p x SO(3)s x U(1)y

= =
disordered 4—\ <—\ phase SB - superfluid
phase and spin SB | ~®=—T= phase and orbital SB - ferroorbital SF
- ferromagnetic SF ﬁ? ff

phase, spin, orbital SB i <—$




BEC-BCS crossover physics

BCS vs BOSE-EINSTEIN CONDENSATION

BCS BEC

weak coupling (|U| < |U.|)strong coupling (|U| > |U.|)

large pair size small pair size
k-space pairing r-space pairing
strongly overlapping ideal gas of
Cooper pairs preformed pairs
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Conclusions

BCS-BEC crossover
Different pairing mechanisms
Wide applications of pairing theory



