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Empirical, Macroscopic properties
The London Equation
A Microscopic theory: BCS

Consequences



Macroscopic Observations

Many metals display superconducting
properties

Al ,Nb, Cd, In, Sn, La...
No measurable DC conductivity
Perfect diamagnet

Energy Gap near the Fermi energy A



Resistivity
/ Critical Temperature,
Tc

1-10 mK ~~ 20K
-7 (1077 ~ 107-3 eV)

Normal metal vs.
Superconductivity

p(T)=p0+BTA5




Thermoelectric

_ ____‘ Lead

™ ! No Peltier effect, no
| thermal current in
z Superconductor.

| ' _' Same temperature,
] 2 different magnetic
. - - fields.



Critical field

The application of
magnetic fields
change the energy In
the system

= Type |

All or none:

Whole system is
completely
Superconducting or
not.



Type |l vs. Type I

Two superconductor types

[
O -« = Type |: Complete

shunting beneath Hc.

| ;
b / Type ll: Complete

shunting beneath Hc1,
decay to Hc2, and normal
above.



Specific Heat

Low Temp
’ Metal Specific heat:
aT+ BTA3
e “' Superconductor
S Specific heat:

el exp(-A/KbT)



London Equation

Quantitative way to describe the lack of a
magnetic field in a superconductor

Assume some fraction n(s) of the electrons
are superconducting and carry the current

lgnore band structure, and assume no decay.

dv C ne
m S:_eE; d]: -
dt dt m

/5]



London Equation, con't

—1 dB
c dt

With Faraday's Law: VXE=
Comes to: i(VX]-I- "s€

B)="
dt m

Which describes a perfect conductor

If the argument is restricted to zero, we come to
the London Equation: o —ne’
And the Meissner Effect: Y X/(r)= " B(r)

Arn 62 mcz 5 r 1.5 " 5
veBo(ZTNE VB A=(—) =419(=2) (&) A
J mc> ' J 4mn e Ao 1y




Microscopic Theory

Bardeen, Cooper, and Schrieffer (1957)
“*Over-screened” Coulomb interaction

des W
Vlij?pk'<k’k,>:

-
g +k; wz—wfl

Difference in electron energy @ vs. phonon
energy @, Ry ony

o
Attraction creates pairs.



Microscopic Theory, con't

Attraction, in the presence of the Fermi sea,
creates pairs, pair wave functions

Full State wave function of N/2 pairs

Anti-symmetrized singlet states

2

Py

Energy Range: A=6E=5(ZL 5p~v.6
gy g (2m> (m) p~v,0p
Spatial Range: R vy 1&g
Large, many Y sp A kA

pairs included in the range, coherent system



Quantitative predictions

Two major assumptions to get results:

Free electron approximation
Effective Interaction:
kiky|VIksk, ==V Qif k,+k,=ks+k, Ale(k)—e|<hw Vi

|
<k1k2 V krk4>200therwise W=~Wp




Critical Temp

—1

In zero magnetic field: k,7.=1.13Awe "

V0 and omega from the Hamiltonian
NO is the density of electronic levels, normal metal

Exponential dependence shifts Tc
how~k,0,  Verylow



Energy Gap

Tahle 341
MEASLIEED YALUES® OF 2A(00 K, T,

200K

ELEMEMT
A 34
Cd 3
Elg =] .60
In 5
el 3.5
el | 3.5
1 16
T1 25
W L=
n 3.2

Prediction: .
A(0)=2hwe "
A prettier relation:

AC) 176
kac |
Tc behavior:
—A(O>_1.74(1 Tc>



Critical Field

Prediction:
H(T) _<1)2
H (0) T

Small deviation
throughout, some a
little more than others




Specific Heat

\Iunlwlq::tlu VALLIES OF THE RATIO" TC, B=O
" =g Discontinuity:

14 CS_Cn

il .4 Iim — \ rr

Ha '. Chn T-T,

Low T Electron Cv

c, A(0), " 57
; =1.34<L) e T

yT. T
fremesmmet L inear coefficient,
normal metal Y




Microscopic Meissner Effect

Free Electron model This reduces to
rrent in a metal: —n.e’
current In a meta VX i(r)= n_e B(r)
VXjr fdr K(r—r')B(r') e
I f drK (r Showing Ko#0 is the

Given slow varying B: hard part

Perturbation theory,
VXj(r)=—K.B(r) but complex



Ginzburg-Landau Theory

More intuitive approach to the superconducting
state via an order parameter, Y

One particle wave function of the CoM of a pair,
slow varying.

When currents flow:
/7 De i

=l BV +ZE A )+ (2 V+E2 ) @)

Assuming that w=lwle”



Ginzburg-Landau Theory, con't

Assuming the pairs change via phase, not
magnitude, which means little density variation:

2e eh
A"‘;VC/J”(I/F

j=-1=2
mc

The London Equation, if 7,=2|w[



Review

Macroscopic
observations,
suggestion

Diamagnetism
Zero resistance
Energy Gap

tunneling,discreteness
of energy levels

London Equation

Microscopic Theories

BCS

Wave-functions,
quantum behavior

Meissner effect
Ginzburg-Landau



Questions?

Thanks for listening!
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