Superconductivity

Discovery of Small magnetic field
Superconductivity in Hg suppresses Superconductivity

Critical Magnetic field
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In model (b) where cubic box has a volume V=L3, Schrodinger equation is
given by

n-dependence of electron’s wave length in cubic box

Wave length Momentum
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Concept for Superconductivity
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Cooper pairs: |k, -k >

Fermi-Dirac Statistics Bose-Einstein Statistics

Provided that attractive interaction works between electrons
near the Fermi level, electrons are always bounded making
pairs - Cooper pairs -. In order to prove this theorem, we
deal with a simple case where two electrons are added on the
Fermi sea as illustrated below.

We deal with a following Schrodinger equation for two electrons with
attractive potential v (r,, r,) ;

[‘%(VIHVZZ) + V(rs, rz)] ¢ (ry, r2) =E¢ (r, r2) (11.9)

In case of V (r;, r,) = 0, the wave function with a lowest energy at zero
total momentum is described by the following formula;
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Then, for V (r, r.) #0 a wave function is expressed as follow;

(1) =75 B Axeheor) (11.11)

|k |> ke

Note that since this wave function is symmetric in orbital sector, the spin
function is in anti-symmetric spin-singlet state.

Inserting (11.11) into (11.9) and using, VkEfV(I') e~k rdr

(E—2e&) Ax= 2} ViwAk (11.12)
K[> kr

We can derive this eigen equation.




When the eigen energy in the eq. (11.12) has a solution for E
< 2¢ , two- electron bounded state (Cooper pair) is formed.
Provided that V (r;, r,) is approximated as follows;

const=V<0 |ex—er|, |ew—er|<hwop

V""":{ n otherwise (11.13)

Here, if the constant attractive interaction V is assumed to be effective only
among electrons within energies in the range between the Fermi energy &
and the Debye energy ;4 ,/hich is the highest one of lattice vibration, we
obtain the following equation;

(E—2ex) Ax=—| V||k,|2k Ax (11.14)
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K> ke E—2¢x
Since A=A|V| X ;_ , we obtain the following relation
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N(EF) ‘ V ‘<<1 is considered and as a result

we obtain the eigen energy as E zzEF —Zthe-z/N(eF)W‘

It was proved that electrons near the Fermi surface
@ N(E) are bounded making pairs of (k, T) and (-k, J) -
Cooper pair- via the attractive interaction mediated
by lattice vibration with highest energy -Debye
energy hwp -. Here the Cooper pair is in the zero
total momentum and the spin-singlet state.

Since Cooper pairs are formed by many body of
electrons near the Fermi level, these are
condensed into a macroscopic quantum state
which is regarded as a Bose condensation. This
outstanding aspect of superconductivity was
theoretically clarified by Bardeen, Cooper and
(b) N(E) 2.1 Schriefer, and hence this theory is called as BCS
[~ | theory which is epoch-making event in condensed
matter physics in the 20t century.

In this BCS state, an isotropic energy gap A
opens on the Fermi level, yielding a perfect
diamagnetism called Meissner effect and zero-
resistance effect.

Superconductivity

Conventional superconductivity:

Cooper pair attractive interaction: electron-phonon coupling

+ T W

pairing channel: angular momentum 1=0 and spin s=0

order parameter: 00 ‘P(F) =|\P(F] ()

* Meissner-Ochsenfeld-effect (Higgs)

broken symmetry: u(l)gauge — J * persistent currents
+ flux quantization
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Quasi-particle DOS in SC state : (o
5 Spin susceptibility
Spin polarization in superconducting phase
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Summary2 : pairing state in unconventional superconductors
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When the eigen energy in the eq. (11.12) has a solution for E
< 2¢ , two- electron bounded state (Cooper pair) is formed.
Provided that V (r;, r,) is approximated as follows;

const=V<0 |ex—er|, |ew—er|<hwop

V""":{ n otherwise (11.13)

Here, if the constant attractive interaction V is assumed to be effective only
among electrons within energies in the range between the Fermi energy &
and the Debye energy ;4 ,/hich is the highest one of lattice vibration, we
obtain the following equation;

(E—2ex) Ax=—| V||k|2k Ax (11.14)
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A general SC gap equation
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Possible SC order parameters and their spin-state

(a)s-wave (b)d-wave (c)p-wave
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BCS SC High-T oxides
CeCu,Si, UPd,Al,, CeRln, Sr,RuO,

NMR/NQR probes of emergent properties in
correlated-electron superconductors

- Symmetry of the Cooper pair of either spin-singlet or spin-triplet

= SC gap with either isotropic or nodal structure

= Characters of spin fluctuations




