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collection of many similar objects 
                                      that mutually interact        
    exhibits new properties characteristic of collection 
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Landau considered that any homogeneous system composed of a large number 
of particles has low-lying excited states of waves and introduced the concept of 
the quasiparticle to describe the waves.  
•A typical example is an assembly of atoms, from which lattice waves are excited 
and phonons are created as quasiparticles. 
 

•The interacting electron system is called the electron liquid or the Fermi liquid in 

contrast to an ideal electron gas or the Fermi gas for the case of non-interacting 

electrons.  

•The Coulomb interaction between electrons is included in the energy dispersion of 

the quasiparticle. 

•one-electron approximation for electrons near the Fermi level in interacting electron 

systems each conduction electron experiences an average Coulomb field created 

by other electrons. 
 
 

Fermi liquid theory and quasiparticles 



The Coulomb interaction between the conduction electrons in a metal is 
reduced to the screened short-range potential exp(- λr)/r 
 
the Coulomb interaction is screened at large distances and each electron 
effectively keeps other electrons away from its neighbors and behaves as if it 
carries a “positively charged” cloud along with it. 

The quasiparticle is defined in such a way that the energy of each electron 
is modified when the interaction between electrons is gradually turned on. 

 Number of quasiparticles 



Let’s see the limits of one-electron approximation  

we ignore electron-electron interaction 
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where 
ψ(r) is the one-electron wave function 
and ε is its energy in the presence of 
the two protons. 



singlet 

triplet 
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•If we were to include the electron–electron interaction 
in equation then the third and fourth terms should not 
have occurred because of an increase in the Coulomb 
repulsion between the two electrons.  
 
•it is clear that this equation cannot be taken as the 
ground state in the hydrogen molecule, since the 
electron–electron interaction cannot be neglected. 

•the energy of the system can be lowered by aligning two spins in different 
orbits parallel to each other 
•electrons occupy orbits around different atoms as in the hydrogen 
molecule. 
 the singlet 

state becomes more stable. 
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We extend now the discussion from N=2 to N = N in tight binding method 
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The one-electron band calculations have been performed for such oxides. 

A fairly large hole Fermi surface is centered at X. 

This clearly indicates the 
formation of a metal. 
 
•this undoped compound 
is an antiferromagnetic 
insulator. 
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This hybridization results in one hole on each Cu site, which gives rise 
to a large Fermi surface centered at the point X 

•the failure of the one-electron band calculations stems from the 

difficulty in evaluating properly the Coulomb repulsive energy 

associated with the Cu-3d orbital 



where c+
i↑ creates a spin-up electron at site i, cj↓ annihilates a spin-down 

electron at the site j and ni↑= c+
i ↑ci↑ represents the number of spin-up 

electrons at site i and takes either 0 or unity.  

Hubbard model and electronic structure of a 
strongly correlated electron system 



The second term indicates that the energy of the system increases by U 
when an spin-down electron is added to an orbit where a spin-up electron 

already exists. 

 

U is called the on-site Coulomb energy. 

 

The parameter t in the first term is called the transfer integral or the hopping 

matrix element and represents the kinetic energy involved upon the transfer of 

a spin-up electron at site j to a neighboring site i without changing its spin 

orientation. 

 

 

 



Let us consider again the CuO2 plane in the layered perovskite cuprate 
compounds and apply the Hubbard model to it by focusing on the local 
electronic structure in the CuO2 plane. There exist two oxygen atoms 
per Cu atom in the CuO2 plane, and hence, the molecular wave function 
is constructed by a linear combination of six 2p and five 3d orbitals.  

The electronic structure of the CuO2 plane exposed to a three-
dimensional octahedral crystalline field of tetragonal symmetry: 
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http://sciculture.com/advancedpoll/GCSE/atomic%20orbitals%20d.html 
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the hybridization of the 3dx
2-y

2 orbitals of Cu sites with 2pσ orbitals of the 

neighboring oxygen atoms in the CuO2 plane is critically important and 

gives rise to bonding and antibonding states. 

•oxygen atom has a very high electronegativity in comparison to other atoms 

Because of this nature, two electrons, one spin-up and the other spin-down, 

in the dx
2-y

2–pσ orbital reside exclusively on the oxygen site and only one 

spin-up electron is left in the dx
2-y

2 orbital on the Cu site. 

Since all dx
2-y

2 orbitals on Cu2+ sites are half-filled, we can in principle add a spin-down 
 electron without any violation of the Pauli exclusion principle. 

the addition of the spin-down electron raises the on-site Coulomb energy by U 



when the condition U >>t holds, the addition of the spin-down electron raises 
the on-site Coulomb energy by U.  

This leads to the formation of a new 3d band of the spin-down electrons at the 
energy U above the 3d band of the spin-up electrons. 

These are called the upper and lower Hubbard bands,  

which are separated by the energy U. 

the band calculations based on the one-electron 
approximation are unable to produce this unique band 
structure. 

The transfer of an electron from site i to its neighbors means that the system 

becomes an insulator in spite of the fact that the band is only half-filled. 
 

Mott-Hubbard insulator 



D 

U 

U=0 

U/D>1 

Competition between kinetic energy and U 
(itineracy and localisation) 

satellite 

Lower 
Hubbard band 

Upper 
Hubbard band 

U/D>>1 

When U is small it is preferable for the electrons  
to delocalise metal 

When U is large it is costly for the electrons 
to hop  localised (Mott insulator) 

Electrons prefer to “spread” themselves  
to lower their kinetic energy. 

For intermediate U it is a mixture of 
localised and delocalised electrons. 



   If U >> t, insulator occurs for a half-filled band (average of one electron 
per lattice site) . 

• Electrons are localised on 
     individual lattice sites 

 

 
 
 

• Insulator because it is hard for charge to move through the system 
because of the energy cost associated with doubly occupied sites.  



According to Mott 

(1937), Peierls noted 

‘‘it is quite possible that the electrostatic interaction between the electrons 

prevents them from moving at all. At low temperatures the majority of the 

electrons are in their proper places in the ions. The minority which have 

happened to cross the potential barrier find therefore all the other atoms 

occupied, and in order to get through the lattice have to spend a long time in 

ions already occupied by other electrons. This needs a considerable addition of 

energy and so is extremely improbable at low temperatures.’’ 

These observations launched the long and continuing history of the field of 
strongly correlated electrons, particularly the effort to understand how partially 
filled bands could be insulators and, as the history developed, how an insulator 
could become a metal as controllable parameters were varied. 



Band structure theory: 

Energy 

EFermi 

n(E) 

• orbitals hybridize 

With strong correlations: 
• strong on-site Coulomb repulsion 

prevents delocalization 

e- 

e- 

X 
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• electrons delocalize 

Energy 

EFermi 

n(E) 

• Mott-Hubbard insulator 
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Typical electronic structure of correlated materials: 
Partially filled narrow 3d or 4f band across the Fermi level 

By slight distortion or pressure the ratio of U/bandwidth changes and  
the materials can undergo, e.g., phase transitions (metal-insulator). 
competition between kinetic energy (bandwidth) and U. 

The main action 
takes place here 



electronegativity: 
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(z-coordination number of the lattice) 
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when degenerate energy states are unequally 
occupied then the system will be found to 
distort so as to a remove that degeneracy  

Dagotto 
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•DOUBLE EXCHANGE INTERACTION 
(Zener and de Gennes, Anderson, Hasegawa  1950’) 

+
↑↓↑

++
↓↑

+
↑ → 3

2,31
44

,32
3
1 MnOMnMnOMn

hopping of misaligned spins 

t ij   ----->t ij cos (θij/ 2)  

E. Dagotto 
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see Y. Tokura, Correlated electron physics in transition metal 
oxides 
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