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CLASSES OF 

SUPERCONDUCTORS

CLASS 1: conventional metals, C60, 

some organics, doped 

semiconductors, MgB2

CLASS 2: copper oxides, heavy 

fermion metals, some organics







CONCEPTUAL BASIS

ONE CAN ARGUE FOR TWO 

MODELS OR “MENTAL 

PICTURES” OF A SOLID:

1. INTERACTING ATOMS 

MODEL (REDUCTIONISM)

2. ELEMENTARY EXCITATIONS

MODEL (EMERGENCE)



Standard Model

Plane Wave Pseudopotential Method 

[PWPM]



Plane Wave

Pseudopotential Method
(Standard Model of Solids)

For a broad class of solids, clusters, and

molecules, this method describes

ground-state and excited-state

properties such as:

electronic structure

crystal structure and structural

transitions

structural and mechanical properties

vibrational properties

electron-lattice interactions

superconductivity

optical properties

photoemission properties





Calculational Methods



Also:  An & Pickett, PRL 2001; Kortus, et al, PRL 2001;  Liu, et al, PRL 2001; 
Kong, et al, PRB 2001; … 



Superconductivity in the Eliashberg 
Formalism

BCS 
Theory Electron pairing

via phonon 
exchange

Main ingredient:  momentum– and frequency-
dependent Eliashberg function

where N(F) =  density of states per spin at Fermi 
level 

gkk’ =  electron-phonon matrix element
jq =  frequency of phonon in jth branch 

with q=k-k’Equivalently:

l = < l(k, k’, 0) >



Transition Temperature and Isotope 

Effect

Anharmonicity --> small 



Distribution of Electron-Phonon 
Couplings






Notes:  1)  most metals:  l~ 0.3 - 0.5
2)  MgB2: <l> = 0.61;  specific heat data l= 0.58, 0.62



• (k) on Fermi 
surface at T=4 K

• Large gap on 
cylindrical
sheets

• 2 dominant sets of 
gap values

Superconducting Gap at 4K



Specific Heat of MgB2



Summary

• MgB2 is a multi-gap, phonon-mediated
superconductor

• Large electron-phonon coupling of the  boron 
states responsible for high Tc

• Need to solve the k-dependent Eliashberg 
equations to obtain the correct Tc and other 
quantities

• First-principles results explained Tc, specific 
heat, isotope exponents, photoemission, tunneling, 
and other data

• Theory predicts at least 2 dominant
superconducting gap values at low temperature, 
and the two-gap feature is robust against 
pressure, doping and impurity scattering. 



WE TRIED TO USE THEORY TO SUGGEST 

HOW TO INCREASE THE TRANSITION 

TEMPERATURE OF MAGNESIUM DIBORIDE 

SIGNIFICANTLY BUT FAILED!

THIS RESULT IS CONSISTENT WITH 

EXPERIMENTS UP TO NOW.

RAISING Tc



H. G. Smith and W. Glaser, PRL 25, 1611 (1970).

Phonon softening in superconductors

TaC (Tc = 11K)

HfC (Tc ~ 0K)

L. Pinstchovius et al., PRL 54, 1260 (1985)

L. Pinstchovius et al. PRB 28, 5866 (1983)

L. Pintschovius, phys. stat. sol. (b) 242, 30 (2005)

Phonon softening ↔ e-ph coupling strength



E2g phonon in MgB2 and AlB2



K. P. Bohnen, R. Heid, and B. Renker, PRL 86, 5771 (2001).

E2g phonon in MgB2 and AlB2

E2g

E2g

AlB2

MgB2
?









WE FIND THAT FOR C60 THAT THE

ELECTRON -PHONON PARAMETER IN BCS l~NV

-----------------------------------------------------

THEREFORE TO GET HIGHER Tc’s, WE :

CAN INCREASE “N” WITH CARRIERS BY DOPING OR BAND            
STRUCTURE [e.g. S. SAITO USING d-ELECTRON EFFECTS]

OR

CAN INCREASE “V” BY INCREASING THE “CURVATURE”

GRAPHITENANOTUBEC60C36?









BN/C60 Peapods





Tc formulas
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SO l CAN BE VIEWED AS THE RATIO OF AN

ELECTRONIC SPRING CONSTANT  AND A LATTICE

SPRING CONSTANT

ELECTRON-PHONON COUPLING



C, diamond

BN, zincblende

C, graphite

Si, diamond

Numerical results



Values of 

 (eV/Å2) (K) EXP

C (diamond)* 54 290 ~ 10

C (graphite)* 48 270 ?

BN* 36 240 ?

Si* 10 82 ~10

2183.0 l

*at peak of (E)



Strong coupling limit
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Diamond



Graphene



Graphene Electronic Structure
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EF

E2 = p2c2

2D massless Dirac fermion system



Electron and Phonon Selfenergy



Wannier Representation



Wannier Representation



Wannier Representation



Bloch Wannier

Wannier Representation



Wannier Representation

Bloch Wannier



Wannier Representation



I have proposed that we take steps to videotape the entire workshop.

My colleagues are of 2 minds regarding this suggestion: one is that people will 

keep their best ideas to themselves; the other is that with a recording of our 

deliberations, there will be unambiguous proof of the genesis of any idea that 

leads us to the Promised Land. I clearly support the latter view, but I welcome 

your comments on this issue.

HAROLD WEINSTOCK

JAN 28, 2007
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Einstein’s Thesis Proposals
1.  Proposed method for measurement of “c”, using interferometer.  Proposed 

to Prof. Dr. Weber (1900)

(Comment: This was later done by A. A. Michelson

who did the experiment and became the first

American to be awarded the Nobel Prize [1907])
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ACCEPTED (1905) !



ALBERT EINSTEIN

"The most valuable tool of the

theoretical physicist is his wastebasket."



THE END


