
• physics of the very small:

High energy physics & String theory

• physics of the very large:

Astrophysics & Cosmology

• physics of the very complex:

Condensed matter physics



Condensed Matter Physics

Complex behaviour of systems of
many interacting particles

“Emergent properties”

The collective behaviour of a 
system is qualitatively different from
that of its constituents

Complexity arises from simple local interactions



The first transistor (1947)J. Bardeen, W. Shockley 
& W. Brattain

5 million transistors in a Pentium chip

ideas

technology



WHAT ARE SOME OF THE BIG QUESTIONS 
CONDENSED MATTER PHYSICISTS ARE 
TRYING TO ANSWER???

HOW DO MANY INTERACTING ELECTRONS 
ORGANISE THEMSELVES AT LOW TEMPERATURE 
(T=0)??



Isolated Atom:
Discrete energy levels
of bound states Ψ(r)

Crystal: periodic array of atoms

V(r)
Ψ(r)

• quantum tunneling
• propagating waves



Band Theory: Insulators v/s. Metals
• solve the quantum mechanics of a single
electron in a periodic potential

• obtain “bands” and “gaps” of energy levels
• fill up states consistent with Pauli exclusion

Excitation gap
• Insulator

Gapless excitations
• Metal 



HIGH TEMPERATURE SUPERCONDUCTIVITY :

INSIGHTS INTO EXPERIMENTS FROM PROJECTED WAVE 
FUNCTIONS



High Tc Superconductors:

• Highest transition temperatures 
• Potential for applications 

Challenge the basic paradigms of 
20th century solid state physics

• band theory of metals & insulators
• Landau’s theory of Fermi-liquids 
• BCS theory of superconductivity

(still low)



Kammerlingh Onnes
Leiden 1911
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Phase transition at Tc: 
new state of matter for T<Tc
with zero resistance 

SUPERCONDUCTOR



Many metals when cooled become Superconducting!
e.g. Al, Pb, Hg, …

Phase transition at temperature Tc
T > Tc: normal metal / Landau Fermi liquid
T < Tc: Superconductor typical Tc ~ 1 – 10 K

Kammerlingh Onnes (1911) Meissner & Oschenfeld (1933)

ρ

0
TTc

T < Tc

• Perfect Conductor
ρ = 0

• Perfect Diamagnet
B = 0



BCS Theory of Superconductivity (1957)

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





BCS Theory of Superconductivity

Weak attraction ‘g’ between electrons 
(electron-phonon interaction in conventional SC’s)

instability of the Fermi liquid:
S = 0,  L = 0  Pairs
Binding energy of pairs =  Energy gap

∆0 = ω 0  exp(-1/g)

+k

-k
Pairing and  Condensation

2nd order phase transition at Tc ~ ∆ο

Experimental observation of gap ∆:  
Thermodynamics: C(T); χ(Τ)
Spectroscopy: tunneling, NMR, optics



Pairing  and  Condensation
Macroscopic number (~10   ) of pairs
condense into a single quantum state
(cf. Bose-Einstein condensation)

20

Order parameter:  
∆= | ∆0 | exp (i θ)

gap 

Experimental manifestation of  θ:
• superconductivity: ρ = 0
• Flux expulsion:  B = 0 
• Josephson Effects

Superfluid 
stiffness



By the late 1970’s 
BCS and Ginzburg-Landau Theories solved 
Superconductivity

Tc(K)

Plateau in
the search for 
higher Tc materials 



Superconductivity in cuprates (1986)

J. Bednorz

K. A. Muller







Nobel Prizes in Superconductivity & Superfluidity
H. KAMERLINGH-ONNES investigations on the properties of matter at low  

temperatures which also led to the production of liquid helium (1913). 

L. D. LANDAU pioneering theories for condensed matter,
especially liquid helium (1962) 

J. BARDEEN

E. A. CORNELL, W. KETTERLE and C. E. WIEMAN
Bose-Einstein condensation in dilute gases of alkali atoms (2001).

D. M. LEE, D. D. OSHEROFF and R. C. RICHARDSON
discovery of superfluidity in helium-3 (1996).

J. G. BEDNORZ and K. A. MÜLLER High Tc superconductors (1987).

P. L. KAPITSA low-temperature physics (1978) 

I. GIAEVER tunneling in superconductors (1973)

B. D. JOSEPHSON prediction of Josephson effects (1973).

, L. N. COOPER J. R. SCHRIEFFERand 
BCS theory of superconductivity (1972) 

L. Onsager, R. P. Feynman, C. N. Yang, P. W. Anderson, P. G. deGennes

http://almaz.com/nobel/physics/2001a.html
http://almaz.com/nobel/physics/2001b.html
http://almaz.com/nobel/physics/2001c.html
http://almaz.com/nobel/physics/1996a.html
http://almaz.com/nobel/physics/1996b.html
http://almaz.com/nobel/physics/1996c.html
http://almaz.com/nobel/physics/1987a.html
http://almaz.com/nobel/physics/1987b.html
http://almaz.com/nobel/physics/1978a.html
http://almaz.com/nobel/physics/1973b.html
http://almaz.com/nobel/physics/1973c.html
http://almaz.com/nobel/physics/1972a.html
http://almaz.com/nobel/physics/1972b.html
http://almaz.com/nobel/physics/1972c.html
http://almaz.com/nobel/physics/1962a.html
http://almaz.com/nobel/physics/1913a.html


The Nobel Prize in Physics 2003
"for pioneering contributions to the theory 
of superconductors and superfluids"

Alexei A. 
Abrikosov 

Vitaly L. 
Ginzburg 

Anthony J. 
Leggett 



to levitated trains!



Cu

O





Extracting a Model

Anisotropic structure & electronic structure

main action on 2 dimensional Cu-O planes

2D square lattice

One band Hubbard model



High tc problem

2 dimensions
Cu-O plane

3 band model

1 band model



HUBBARD MODEL
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Antiferromagnetic long range order



Ignoring Interactions
metal
Experiment: La2CuO4
Insulator!

Strong Coulomb Interaction U
Half-filled in r-space: one el./site

Mott Insulator:
Antiferromagnet
Gap ~U

Mott Insulator



Failure of Band Theory: Mott Insulators

Band theory
La2CuO4:
Half-filled
in k-space

r-space

kx

ky



2 4x xLa Sr CuO−

What happens when there are holes?



Ignoring
Interactions
metal

Experiment:
La2CuO4
Insulator!

Strong Coulomb Interaction U
Half-filled in r-space: one el./site

Mott Insulator:
Antiferromagnet
Gap ~U

Mott Insulator



High Temperature Superconductors:
schematic phase diagram

• novel phases
• unusual phase

transitions
• unusual crossovers



Our Philosophy

• Look at the strongly 
correlated SC state by itself; 
not as an instability from 
another state

• Look at instabilities out of 
the SC state

• Minimal model to 
understand

• Systematically build up to 
get entire complexity of the 
cuprates

dSC
Tc

T*
T

Fermi 
LiquidMott

xopt Xc0

X (doping)



INPUTS strong correlations between electrons

Variational Wave FunctionsAPPROACH

No obvious small parameter 

success stories: BCS : SC
Laughlin: FQHE
Feynman: He4

Anderson suggested projected BCS wave functions 
in 1987 for hitc
Anderson, Science 235, 1196 (1987)



how do we construct wave functions for correlated systems?

( )0 0
N

bose kaφ +
== = uniformly spread out in real space

What is the w.f for bosons with repulsive interactions?
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Jastrow correlation factor
Keeps electrons further apart



how do we construct wave functions for correlated systems?

( ) / 2
( ) 0

N

BCS k k
k

k c cψ φ + +
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0 BCSPψ ψ= Explains the phenomenology 
of correlated SC in hitc

0ψTHE PROPERTIES OF 

BCSψARE COMPLETELY DIFFERENT FROM THOSE OF 


	Our Philosophy

