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• From large to small

Recap
• The nearly free electron

• Metals and insulators: Quantum theory of solids

Dealing with correlations
• The electronic traffic jam: Mott insulators

• Driving Mott insulator into correlated metals

• Novel phenomenon: Challenges of the 21st century



Era of the Large: 19th Century



Age of the small: 20th century



Solids: A heavily crowded system

Population of India:

1 Billion

Wor ld population:

6.3 Billion



Electrons in Solids
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Free electron Hamiltonian:

Electron electron Interaction:
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Electron nucleus Interaction:

R-electron co-ordinates
r- nuclear co-ordinates

N, M: 1028-1029



The free electron model (of metals)
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Electrical conductivity: s

Hel-nucleus

Hel-el

Neglected because of screening



The Wiedemann Franz Law
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 Lorentz number~2.45´ 10-8 watt-ohm/deg2

Ag: 2.31´ 10-8 watt-ohm/deg2

Au: 2.35´ 10-8 watt-ohm/deg2

Cu: 2.23´ 10-8 watt-ohm/deg2

 Pt: 2.51´ 10-8 watt-ohm/deg2

At 273K



Quantum theory: First breakthrough

Bloch theorem 
Y=Y=Y=Y=U(r)eikr     U(r) has lattice periodicity

Free particle wave function modulated by the crystal lattice

Felix Bloch
1905-1983



Why are insulators insulating?
Formation of energy bands

E1

E2

E3

Free atoms

Solid

Energy

Individual levels
to nearly continuous bands

Allowed energy for an electron



Metal

Free to move with effective 
mass m*

Insulator

Electrons not free to move

Energy

Ag: 1.59mW-cm  Au: 2.35mW-cm

P: 1017mW-cm  I:1.37´ 1015mW- cm



When is Hel-el important?

Electron spends most of 
the time close to the atom

large

YYYY el

Electron uniformly 
distributed in the solid

Screening effective 
Hel-el not important 

Screening less effective 
Hel-el becomes important with 
decreasing K.E of electron 



Alternative picture of Insulator  and Metal when Hel-el is important



Band not filled

V2O3: insulator
Ti2O3: insulator
CuO: insulator

Half filling!!!

Non Bloch Insulators



Including Hel-el at half filling: Mott Insulators

Sir  Nevill Francis Mott 

1905-1996



Can we drive Mott insulator Metallic?

Why?



Correlated metals

La2CuO4: Mott-insulator

Hole doping ®®®®  La2-xSr xCuO4: Superconductor  (Tc~40K)

Ca2RuO4: Mott-Insulator

Bandwidth Control (pressure) ®®®®  fer romagnetic metal
Bandwidth Control ®  ®  ®  ®  Sr 2RuO4: spin tr iplet superconductor

LaMnO3: Close to a Mott-Insulator

 Hole doping ®  ®  ®  ®  La1-xSr xMnO3: Colossal Magnetoresistance

Bandwidth: Sr3Ru2O7: Stoner  enhanced Pauli paramagnet 
exhibiting Quantum Cr iticality 



Driving Mott-Insulators Metallic 1



High Temperature Superconductors

Ph

F  -  constant



Mott Insulator : La2CuO4

Valence band half filled
(Cu-O)

Hole Doping: La(3+)
2-xBa(2+)

xCuO4

J. Georg Bednorz K. Alexander Müller

The Nobel Pr ize in Physics 1987



Other  High temperature superconductors

YBa2Cu3O7               Tc~90K

Superconducts in liquid nitrogen
(77K)

(Hg,Tl)Ba2Ca2Cu3O8           Tc~139K



Driving Mott-Insulators Metallic 2



Antifer romagnetic 
Mott insulator : LaMnO3

Valence band half filled
(Mn-O)

Hole doping: La(3+)
1-xCa(2+) xMnO3

Colossal Magnetoresistance



La(3+)MnO3

Electron                                                       Hole
La(3+)

1-xCe(4+) xMnO3                                              La(3+)
1-xCa(2+) xMnO3

Electron doping



Driving Mott-Insulators Metallic 3

Pressure

Mott insulator

Correlated Metal



Mott Insulator : Ca2RuO4

Sr 2RuO4  (spin tr iplet superconductor )

Chemical Pressure

Physical Pressure



Other Interesting Phenomenon in correlated electron systems

Quantum criticalityCePd3Si2

Spin Charge Separation: Luttinger liquids

SrCuO2



The future
Condensed matter physics of the 20th  century has 
been the physics of the small. The quantum 
theories of solids have provided unprecented 
insight to the properties of solid at a microscopic 
scale.

Condensed matter physics in the 21st century is like 
to be dominated by complexity. Current theoretical 
technics are inadequate to describe these complex 
systems. It is very likely that a completely different 
approach will be required to deal with these 
problems.
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