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The basic elements 







N.W. Ashcroft, Nature  
News and Views, 2002 



http://spot.colorado.edu/~dessau/HighTc.shtml 
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Superconductivity 

Kamerlingh Onnes, H.,  
"The Superconductivity of Mercury." 
Comm. Phys. Lab. Univ. Leiden; Nos. 

122 and 124, 1911. 

Heike Kamerlingh Onnes 



Superconductivity 

On the Electrical Resistivity of Pure 
Mercury at the Temperature of Liquid Air 

James Dewar and J. A. Fleming 

…but, Lord Kelvin…. 

Proceedings of the Royal Society of London, 
Vol. 60 (1896 – 1897), pp. 76-81 



Aside:  Gilles Holst, the student 

• Really the discoverer of superconductivity 
• Founding director of Philips labs in Netherlands 

• Holst Memorial Lectures, started 1977 
• Acknowledged by Kamerlingh-Onnes in papers, and 
  in a letter for membership in Royal Dutch Academy    

“As a research director at Philips, according to Casimir, Holst would 
 never insist on being coauthor, let alone sole author of papers based 
 essentially on the work of others.” 

As quoted from Casimir, in Dahl: Superconductivity 



Meissner-Ochsenfeld Effect 

Dahl, p.180 

Flux exclusion 
(no big deal) 

Flux expulsion 
(big deal !) 

Robert Ochsenfeld 
1901 - 1993 

Walther Meißner 
1882 - 1974 



What else happened between 1933 and the `modern era’? 
Heinz and Fritz London, 1935 



Superconducting cows 



What else happened between 1933 and the `modern era’? 
Heinz and Fritz London, 1935 Vitaly Ginzburg    and         Lev Landau, 1950 

Alexei A. Abrikosov 1956 Brian Josephson 1962  



3. Between superconductors of the same or different materials (...) 
superconductivity is possible without welding them. When  
this superconductivity occurs, the resistance of the layer 
(contact region between the superconductors) disappears. 



What else happened between 1933 and the `modern era’? 
Heinz and Fritz London, 1935 Vitaly Ginzburg    and         Lev Landau, 1950 

J. Bardeen    L.N. Cooper  J.R. Schrieffer 
1957 

Alexei A. Abrikosov 1956 Brian Josephson 1962  

J. Georg Bednorz  K. Alexander Müller  

1986 



How we view  
electronic properties  

in  
Condensed Matter 



28–31  PNAS  January 4, 2000  vol. 97  no. 1 

“ 

“ 

Bob Laughlin David Pines 

See also, P.W. Anderson’s ‘More is Different’ in Science, 1972 



A big “rug”: Fermi Liquid Theory 

nothing very exceptional about the 
normal state of electrons in a metal 

             (pretend they don’t interact) 

… a premise for ‘conventional’ superconductivity 



V(r) 

n=3 
n=2 

n=1 
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Energy levels 

(Spacing) -1 
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levels 

Band theory of metals 



Everything is governed by Boltzmann ( e-E/kBT )   and   Pauli 

k 

energy 

allowed energies 

allowed energies 

allowed energies 

gaps 

gaps 

Band theory of metals 



Electrons in solids 

kinetic energy kz 
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Electrons in solids 

kinetic  vs.  potential  energy kz 

kx 

kF 

Fermi sphere 

finite temperature 

ky 

k 

nk 

Ekin = 2 Σεknk   
why ?  Coulomb:   
keep  electrons away from one another ! 

Mott insulator 

Introduce frustration, doping, and so on, and 
one can stabilize a spin liquid: maybe even a 
Resonating Valence Bond (RVB) state; lower 
the temperature, and one gets a high Tc 
superconductor! (P.W. Anderson) 





Ultrathin films 



Ultrathin films 

I d 

a 

a 

R=ρL/A 

Rs=ρa/(ad) = ρ/d 

sheet resistance 
resistance/sheet 



h 
4e2 =6.45kΩ decreasing 

film 
thickness 

not as close in Pb 



Interfaces 



http://www.jst.go.jp/sicp/ws2009_ge3rd/presentation/14.pdf 



Slide from Mannhart Kyoto talk 



Slide from Mannhart Kyoto talk 



Slide from Mannhart Kyoto talk 



Fun with Carbon 



diamond graphite 
Buckminster fullerene 

Allotropes of Carbon 



KxC60 

A.F. Hebard et al. Nature 350, 600 (1991) 



Electron-phonon driven…?  





Just like high temperature cuprate superconductors !!! 



Graphene 



Speaking of carbon…. 

Welcome to graphene! 



Published by AAAS 

 A. K.  Geim  Science  324, 1530 -1534 (2009)     

Fig. 2 Quasi-particle zoo 

Fig. 2 Quasi-particle zoo. (A) Charge carriers in condensed matter physics are normally described by the 
Schrödinger equation with an effective mass m* different from the free electron mass (  is the momentum 
operator). (B) Relativistic particles in the limit of zero rest mass follow the Dirac equation, where c is the speed of 
light and   is the Pauli matrix. (C) Charge carriers in graphene are called massless Dirac fermions and are 
described by a 2D analog of the Dirac equation, with the Fermi velocity vF   1 x 106 m/s playing the role of the 
speed of light and a 2D pseudospin matrix   describing two sublattices of the honeycomb lattice (3). Similar to the 
real spin that can change its direction between, say, left and right, the pseudospin is an index that indicates on 
which of the two sublattices a quasi-particle is located. The pseudospin can be indicated by color (e.g., red and 
green). (D) Bilayer graphene provides us with yet another type of quasi-particles that have no analogies. They are 









A.K. Geim 

2004 Science paper:       1994 
2005 Nature paper:         1738 
2007 Nature Materials:   1313 
2009 Rev. Mod. Phys:      414 

citations 



A.K. Geim 

2004 Science paper:       9479 
2005 Nature paper:         5249 
2007 Nature Materials:   6670 
2009 Rev. Mod. Phys:     3079 

citations 

Citations in each year 



High Temperature 
Superconductivity 







Phase diagram for cuprate materials 

http://en.wikipedia.org/wiki/File:Cuphasediag.png 
http://www.unine.ch/phys/theocond/Research/supra/PhaseDiagramCuprates.gif 





Phase diagram for cuprate materials 

http://en.wikipedia.org/wiki/File:Cuphasediag.png 
http://www.unine.ch/phys/theocond/Research/supra/PhaseDiagramCuprates.gif 



BCS formalism vs. Pairing Mechanism 

Tc equation (useless) 

Universality 

Universality is wonderful 

Universality is a curse! 



        Al 
        BCS 

B.L. Blackford and R.H. March, Can. J. Phys. 46, 141 (1968) 
I 

V 

V 

I 
Al Al I 



Scanning Tunneling Microscope (STM) 

Nowadays… 



Crommie, Lutz, and Eigler    http://www.almaden.ibm.com/vis/index.html 







Eliashberg Theory 

•  Extension of BCS formalism to include 
dynamical electron-phonon interaction 

•  builds on Migdal theory in the normal state 
•  loosely modeled in BCS theory 

ω ωD 

ωD 

ω 



One electron 
“attracts” the 

second electron 







Eliashberg Theory 

A functional of the interaction 

Question: Can we invert the theory to extract the                                               
potential uniquely from a knowledge of  Δ(k,ω) ? 



I. Giaever, H.R. Hart, Jr., and K. Megerle, PRB 126, 941 (1962) 

d I  ~ N(ε) 
dV 



McMillan and Rowell, Superconductivity, ed. By R.D. Parks (1969) 

 BCS  

data Pb 

requires Eliashberg theory: 
•  phonon dynamics (retardation) taken into account 

•  gap is a function of frequency  

•  density of states is modified: 



Pb 

ω(meV) 

F(ω): density of phonon states 
          from neutron scattering 





McMillan and Rowell, in Superconductivity, ed. By R.D. Parks (1969)  



Photoemission 



Damascelli (CIFAR Lectures) 



Damascelli (CIFAR Lectures) 



Damascelli (CIFAR Lectures) 



Damascelli (CIFAR Lectures) 



Damascelli (CIFAR Lectures) 
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Bednorz and Muller, RMP, 1988 

Heavy Fermions 
Organics 
PbBiBaO 
BaKBiO 
Buckyballs 
O2,S2, Fe, under pressure 
MgB2 
Skutterudites, etc 
Pnictides 

A3C60 





Electrons in solids 

kinetic  vs.  potential  energy kz 

kx 

kF 

Fermi sphere 

finite temperature 

ky 

k 

nk 

Ekin = 2 Σεknk   
why ?  Coulomb:   
keep  electrons away from one another ! 

Mott insulator 



The conventional scenario: BCS 

J. Bardeen    L.N. Cooper  J.R. Schrieffer 

π 
k 

π 
k 



In Ogg’s theory it was his intent  
That the current keep flowing, once sent; 
So to save himself trouble,  
He put them in double,  
And instead of stopping, it went. 

George Gamow 

It’s all about pairs… 

…Cooper pairs 



The conventional scenario: BCS 

J. Bardeen    L.N. Cooper  J.R. Schrieffer 

π 
k 

all k’s !! ---  occupation is controlled by uk and vk. 

order parameter (Δk)  becomes non-zero, so, e.g. 

where  



k 

1 

kF 

normal state 

k 

T = 0 !! 

superconducting state 

why sacrifice 
kinetic energy ? 

Ans:   gain 
potential energy 

remember, 



Supersolid Helium 



Supersolid phase in He4? 

Supersolid phase here? 

Don’t think so any more 







Topological 
Superconductivity 

See http://www.princeton.edu/~psscmp/ss2010/Lecture_Notes_files/Lecture3.pdf 

(Charlie Kane) 



Cold Atoms  
and  

Optical Lattices 

BCS-BEC Crossover 


