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and the giant atom 
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2. London and the macroscopic wave function 

3. Ginzburg-Landau and phenomenology 

4.  Josephson and symmetry breaking 

5. The BCS wave function 

Outline 
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Outline 
Superconductivity: basic phenomenonlogy 

The Meissner effect and perfect diamagnetism M, B and H 
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Where are the currents? 
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Superconductor with 
persistent current! 

Thought experiment 
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Our house was a two storey house. I was in the kitchen 
cooking and suddenly the upstairs door was opened by 
Fritz.  `Edith, Edith come, we have it.  Come up, we 
have it.’ And maybe the wind closed the door.  I do not 
know what had happened upstairs.  I left everything, 
ran up and, then, the door was opened in my face.  On 
my forehead I had a bruise for a week.  Fritz said `The 
equations are established.  We have the solution.  We 
can explain it.’ 
 
Edith London 

London equations 

Gauge 

If  = | |ei✓(~r) then ~̂p = m~v + q ~A = ~r✓

Fritz London (1936)
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Flux quantization 

Measurements on a Sn cylinder: flux quantization! 

1961: B. S. Deaver and W. M. Fairbank, Phys. Rev. Lett. 7, 43 (1961) 

q=2e 

1987: C. E. Gough et al., Nature 326, 855 (1987).  Flux jumps (0.97±0.04) h/(2e) 

Measurements on a YBCO ring: flux quantization! 

q=2e 

Single superconducting vortex 
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Outline 
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Lev Landau �
 (1908-1968)�

Vitaly Ginzburg �
(1916-2009)�

Ginzburg-Landau theory 

Ginzburg-Landau theory 

Lev Landau �
 (1908-1968) �

Vitaly Ginzburg �
(1916-2009)�

Ginzburg-Landau theory Type I and Type II 
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Type I and Type II 
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Outline 

Brian Pippard�
(1920 - 2008)�

Philip Anderson �
(1923 - )�

Brian �
Josephson �
(1940- )�

ei(✓1�✓2)

ei(✓2�✓1)

I = IJ sin� � = ✓1 � ✓2

~�̇ = 2eV I = IJ sin [2eV t/~+ �(0)]
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5. The BCS wave function 

Outline 

Nobel prizes in physics�
�

1956  The transistor (with Brattain and Shockley) �

1972 BCS theory (with Cooper and Schrieffer) �

�

Bardeen Cooper Schrieffer�
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|� k #i

P
tot

= 0

L
tot

= 0

S
tot

= 0

Cooper pair: 

Formation of Cooper pairs due to attractive interaction 

Many body state: coherent state of Cooper pairs  

H =
p̂2

2m
+

1

2
m!2q̂2

H = ~!(P̂ 2 + Q̂2)

(Q̂� iP̂ )(Q̂+ iP̂ ) = Q̂2 + P̂ 2 + i(Q̂P̂ � P̂ Q̂)

Mass on a spring 

Write in reduced units 

H =
p̂2

2m
+

1

2
m!2q̂2

Ĥ = ~!(â†â+
1

2
)

â =
Q̂+ iP̂p

2

â† =
Q̂� iP̂p

2

Annihilation operator 

Creation operator 

H =
p̂2

2m
+

1

2
m!2q̂2

Ĥ = ~!(â†â+
1

2
)

Number operator 

â†|ni =
p
n+ 1 |n+ 1i

â|ni =
p
n |n� 1i

â†â|ni = n |ni

hn|â|ni = 0

Coherent states 

Annihilation operator 

A coherent state |α> is an eigenstate of the annihilation operator 

Explicit form: 

Properties of coherent states 

Mean number of particles in a coherent state |α> 

Uncertainty in number of particles in a coherent state |α> 

Number-phase uncertainty 

hn|â|ni = 0 h↵|â|↵i = ↵ 6= 0
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Properties of coherent states 

Coherent state in a superfluid: 

This is an eigenstate of the field annihilation operator: 

Eigenvalue is a macroscopic wave function 

| 
BCS

i = constant⇥
Y

k

exp(↵k
ˆP †
k)|0i

|Fermi seai =
Y

k<kF

P̂ †
k|0i

ĉ†k�
ĉk�

= creation operator, electron with momentum k, spin σ 

= annihilation operator, electron with momentum k, spin σ 

= pair creation operator P̂ †
k = ĉ†k"ĉ

†
�k#

P̂ †
kP̂

†
k = 0

| 
BCS

i = constant⇥
Y

k

exp(↵k
ˆP †
k)|0i

| BCSi =
Y

k

(uk + vkP
†
k)|0i

exp(↵kP
†
k) = 1 + ↵k

ˆP †
k

We don’t know what uk and vk are: treat as variational parameters 

because electrons identical fermions 

can be simplified 

Therefore 
BCS Hamiltonian 
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The Terminator�

 kss0 = g(k)�ss0

 kss0 = h |ĉ�ks0 ĉks| i

k ! �k s ! s0

L = 0, 2, 4, · · · S = 0

L = 1, 3, 5 · · · S = 1

Pair wave function 

Symmetry of pairs of identical electrons  

Wave function totally asymmetric under particle exchange 

Even parity 

Odd parity 

even 

even odd 

odd 
singlet 

triplet 

More complex pairing? 


