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Outline 

• What are strongly correlated electron systems? 
• Why are they interesting? 
• Models 
• Methods – Dynamical mean field theory and 

extensions 
• Applications 
• A peek into Cluster approaches 
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Strongly correlated electron systems 

• Kinetic energy                        Inter-electron repulsive                                                          
                                                     potential energy 

Various Definitions:  

•  Failure of independent-electron description 
 

•  Electrons at the edge of magnetism 
 

•  Strong competition between itinerancy and localization 
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Strongly correlated electron systems 

Materials : 

•  Transition metal oxides – High Tc superconductors,   
                                                    Mott Hubbard/Heisenberg insulators,                                         
                                                    Colossal magnetoresistive oxides                                            
                                        (V2O3, La2-xSrxCuO4, YBa2Cu3O7, YVO3,                                                    
                                       LaMnO3, LaTiO3) 
 

• Rare earth intermetallics – Heavy fermion materials     
(CeAl3, CeB6, YbRh2Si2, CeCoIn5, PuCoIn5, CeCu6-xAux) 
 

•  2DEG - Quantum Hall Systems, Graphene (?) 
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Strongly correlated electron systems 

Phenomena : 

• Mott Metal-Insulator Transition – Just Spectacular, Itinerancy vs Localization 
 

• High Temperature Superconductivity – Again spectacular (Spin-Charge Separation,  
                                                              Pseudogap, Striped phases, Bond order, Quantum            

                                                              Critical Point, Non-Fermi Liquid)  
 

• Colossal Magnetoresistance – Extreme Sensitivity to perturbations 
 

• Heavy Electrons – Extreme examples of Adiabatic Continuity 
 

• Quantum Critical Points – Connection to Black Hole Physics and string Theories 
 

• Fractional Quantum Hall Effect – Fractional Charges and Statistics 
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The Mott Transition in V2O3 

Limelette et al, SCIENCE 302 (2003). Yethiraj et al, J. Sol. St. Chem, 88, 53-69 
(1990). 
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The Mott Transition 

V
2
O

3 

Yethiraj, J. Sol. St. Chem, Vol.88, 53-69 
(1990). 
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The Mott Transition- Applications 

Z. Yang et al, Ann. Rev. Mat. Sci (2011). 

VO2 
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High Temperature Superconductors 

S. Sachdev http://arxiv.org/pdf/0907.0008 
N. S. Vidhyadhiraja et al, Phys. Rev. Lett. Vol.102, pp.206407 (2009). 

(YBa2Cu3O7-x, La2-xSrxCuO4, Bi2Sr2CaCu2O8) 

http://arxiv.org/pdf/0907.0008
http://arxiv.org/pdf/0907.0008
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Manganites 

D.D.Sarma et al, Phys. Rev. Lett 93 (2004) 097202. 

Electronic Phase Separation  
and Colossal 
Magnetoresistance 

(ReMnO3; RE=La, Pr, Sm, Nd, ...) 
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 Heavy Fermions 

Potassiu
m 

C e B 6 ; C e I n C u 2 ; C e P t S i ; C e C u 6 Y b A l 3 ; Y b I n A u ; Y b P d S b ; Y b P t B i 
C e A l 3 ; C e P d 3 ; C e S n 3 ; C e C o I n 5 Y b F e 4 S b 1 2 ; Y b C u A l ; Y b P t I n 

CeAl
3 

C. Kittel, Introduction to Solid State Physics, (1996). 
L.Degiorgi, Rev. Mod. Phys. 71, 687(1999). 
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Adiabatic Continuity: Heavy Fermions 

Potassium 
CeAl
3 

C. Kittel, Introduction to Solid State Physics, (1996). 
L.Degiorgi, Rev. Mod. Phys. 71, 687(1999). 
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Quantum Critical Points 

Tanatar et al, Science 316, no.5829, pp.1320-1322 (2007). 
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Quantum Critical Points 

Gegenwart et al, Nature Physics 4, pp.186-197 (2008). 
http://www.scitopics.com/Quantum_Criticality_of_Heavy_Fermions.html 

YbRh
2
Si

2 
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Ultra-cold atomic systems 

BEC Mott insulators 20 mm 

Sherson et al Nature 467 68-72 (2010). 

H.Johnston Physics World May 24 (2013). 

Quantum magnetism simulated using 
ultracold fermions. 
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Realistic Models for SCES 

Tight-binding model with 
multiple orbitals  

0 

N.Dasari et al, arXiv:1504.04097. 
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Realistic Models for SCES 

Tight-binding model with 
multiple orbitals  

Electron-electron 
interaction 

0 

U 

N.Dasari et al, arXiv:1504.04097. 
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Realistic Models for SCES 

Tight-binding model with 
multiple orbitals  

Electron-electron 
interaction 

0 

U 

N.Dasari et al, arXiv:1504.04097. 

Parameters are obtained from first principles density functional  
theory based methods. 
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Minimal Models 

• Single Impurity Anderson Model (s-d model, Kondo 
Model) for dilute magnetic impurities in metals. 

• Hubbard Model (t-J model, Heisenberg model) for 
transition metal oxides, cuprate superconductors. 

• Periodic Anderson Model (Kondo Lattice model) for 
heavy fermion systems. 

• Holstein-Hubbard Model, Double-exchange 
model, Falikov-Kimball model, Bose-Hubbard 
model etc. 
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Periodic Anderson Model 

t t t 

Periodic 
Anderson 
Model 

Hubbard model 

Minimal Models 
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Solving the models 

Wavefunction based approaches are 
impractical in the thermodynamic limit. 
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Solving the models  
Quantum many body theory approach 

Single-particle Green's function or propagator 

• Density of states (Photoemission) 
• Scattering rates and self-energy 

Many-particle Green's function or propagator 

• Charge, spin and orbital susceptibilities 
• Electrical and thermal conductivities 
• Vertex functions 
• Binder Cumulant, bond-order 
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• Semi-Analytical Methods 

Solving the models 

• Numerical methods 
• Finite Systems : 

• Exact methods 
Approximation 
is inevitable. 

• Slave particles 
• Dynamical mean field and 

cluster methods 
• Diagrammatic Perturbation 

Theory 
• Unitary transformations and 

Flow equation methods 

• Quantum Monte Carlo 
• Exact Diagonalization 
• Density Matrix RG 

• Bethe Ansatz – 1D 
• Bosonization – 1D 
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Dynamical mean field theory 

Analogous to Curie-Weiss mean field theory 
 
 
 
 
 

Trace out all S
i  

except S
0 

Ising model Mean field approximation 

Effective field – self consistently determined 

Magnetization 

Georges et al, Rev. Mod. Phys. 68, pp.13-125 (1996). 
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Dynamical mean field theory 
Now the fermionic case 
 
 
 
 
 

Hubbard model 

Effective single site action 

Impurity Self energy 

Local lattice Green's function 

Dyson's equation 
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Dynamical mean field theory 
• Mean field theory for quantum many body systems on a lattice. 
• Maps lattice models to self-consistent impurity models 
• Self energy and Vertex function become purely local and 

momentum independent. 
• Ignores spatial fluctuations but accounts for quantum local 

temporal fluctuations. 
• Exact in the limit of infinite dimensions. 

Kotliar and Vollhardt, Physics Today (March 2004). 
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Dynamical mean field theory 
Now the fermionic case 
 
 
 
 
 

Hubbard model 

Effective single site action 

Impurity Self energy 

Local lattice Green's function 

Dyson's equation 

? 
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Impurity solvers 

• Static Mean field theories – Hartree Fock, Slave 
Boson/Particle theories 

• Renormalization Group Based Approaches 

• Numerical renormalization group, Poor Man's scaling, 
Functional RG, Perturbative RG, Density Matrix RG 

• Diagrammatic Perturbation theory based  

• Non-Crossing Approximation, FLEX, IPT, LMA 

• Computational – Exact Diagonalization, Quantum Monte 
Carlo, Configuration Interactions 
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Integration with first principles DFT 

N.Dasari et al, arXiv:1504.04097. 

Hamiltonian: 

Green's functions: 

Occupancy constraint for µ: 
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Integration with first principles DFT 
• We have developed an open source package that can be used to investigate 

SCES. 

• The package is called MO-IPT and is located at 
http://www.institute.loni.org/lasigma/package/mo-ipt/  

• (Google search: MO-IPT) 

• Paper: arXiv:1504.04097. 

Dasari Wasim 

http://www.institute.loni.org/lasigma/package/mo-ipt/
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Layer-DMFT or Inhomogeneous 
DMFT 

Extension of DMFT to heterostructures, layered 
and disordered systems 

Sudeshna et al, Phys. Rev. B 91 155146 (2015). 
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Layer-DMFT or Inhomogeneous 
DMFT 

Extension of DMFT to heterostructures, layered 
and disordered systems 

Sudeshna et al, Phys. Rev. B 91 155146 (2015). 

Sudeshn
a 
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Elemental Plutonium 

Phonon spectrum computed with DMFT and 
compared to experiment 

Kotliar and Vollhardt, Physics Today (March 2004). 
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Strange-metal in Cuprates 

Resistivity in the hole-doped single-band Hubbard 
model 

A. Georges in “DMFT at 25” (2014).  
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SrVO3 

Anisimov and Lukoyanov Acta Crys. Sec. C (2014)..  
N.Dasari et al, arXiv:1504.04097. 
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V2O3 

Anisimov and Lukoyanov Acta Crys. Sec. C (2014)..  

Photoemission 
spectra 

X-ray absorption 
spectra 
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Heavy fermions 

 Gorshunov et al Phys. Rev. B, Vol.59, pp.1808-1814 (1999). 

Δ
g
=8.75meV=101K 

  N. S. Vidhyadhiraja et al  J. Phys. Condens. Matter Vol.15 pp.4045-4087 (2003). 

SmB
6 

DC Resistivity 
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Δ
g
=8.75meV=101K 

  N. S. Vidhyadhiraja et al  J. Phys. Condens. Matter Vol.15 pp.4045-4087 (2003). 

SmB
6 

 Gorshunov et al PRB (1999); 

Optical conductivity 
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Heavy Fermions – Dynamical Mean Field Theory  

Data from two 
different groups 

Z=0.05; m*=20 

Symbols: Experiments 
Line: Theory 

Rowe et al J. Phys. D: Appl. Phys Vol. 35 pp.2183-2186 (2002). 
N.S.Vidhyadhiraja , Logan  J. Phys. Condens. Matter Vol.17 pp.2959-2976 (2005); 

YbAl
3 

DC Resistivity 
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Z=0.05; m*=20 

YbAl
3 

Okamura et al J. Phys. Soc. Japan Vol.73 pp.2045 (2004). 
NSV , Logan  J. Phys. Condens. Matter Vol.17 pp.2959-2976 (2005); 

Optical conductivity 

Theor
y 

Experimen
t 
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Heavy Fermions – Dynamical Mean Field 
Theory  

Z=0.05; m*=20 

SmB6, YbB12, Ce2Bi4Pt3, CeB6, CeAl3, CeCoIn5, 
YbAl3, CeOs4Sb12, CeFeGe3, CeRhSi2, Ce2Ni3Si5 
Ce1-xLaxB6, Ce1-xLaxAl3 

Spectral Dynamics, DC and Optical transport, 
Thermodynamics, Magnetotransport 
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Dynamical Cluster approaches 

Map the lattice onto a cluster embedded in a self-
consistent medium 

Momentum conservation is replaced by 

In DMFT and 

In dynamical cluster approximation. 

H. Fotso et al, Strongly Correlated 
Systems Springer (2012) 
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• Mark Jarrell (LSU) 

• Collaborators: Arghya Taraphder, Juana Moreno, Thomas 
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• Students: D.Parihari, Himadri Barman, Naushad Kamar, 
Pramod Kumar, N. Dasari, Wasim Mondal, Sudeshna Sen, 
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