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Strong correlations, where do they come from?

Solids have many particles. How do we deal with that?

HΨ =  EΨ

H =  Px
2 + V(x)                        Ψ(x)

H = h(x) + h(y) + h(z)            Ψ(x,y,z) = φ(x) φ(y) φ(z) 

h(x) φ(x) = Ex φ(x) E=Ex+Ey+Ez

H =  h(r1) + h(r2) + h(r3) + …      Ψ(r1,r2,r3,…) = φ(r1) φ(r2) φ(r3)…  

h(ri) φ(ri) = Ei φ(ri) 
one body, single e, independent e  



One atom

V=1/r V=1/r

Even a 2 electron system is correlated



Strong correlations, where are them?
The TOE (in condensed matter)

Knuclei Kelectrons Velectrons Velect-nucleiVnuclei



ions electrons
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separation of variables

constant  x

= H



mean field effect

exchange term

+ Ve-e

Let’s consider an orbital basis {fn(r)} and evaluate <H>

~ fn(r1) fl(r2) - fn(r2) fl(r1)

Self-consistent solution of an almost S. E.



Bloch states

Wannier orbitals

Second quantization

approximations go here
« ab initio » methods



Hubbard model



Main models of SCES
Hubbard model
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Kondo modelKondo lattice model  - Periodic Anderson model



Kondo effect Do magnetic moments survive in a metal?
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Inoue et al. PRL�94

25K

50K

Ce3Bi4Pt3

Bucher et al. PRL�94

T = 25K, 50K, 75K, 100K, 300K
DC = 400K

Optical conductivity

Electronic photemission

Sr1-XCaXVO3

Strong correlations, how do we notice them?

Complex electronic phase diagrams

Dagotto



Strong correlations in oxides

The Metal-Insulator transition and the Hubbard model in DMFT



Map of the Transition Metal Oxides

metal
oxygen
rare earth

Fujimori



Correlation driven Metal-Insulator Transition

“U/W”

photoemission 
spectra (DOS)
A. Fujimori et al. PRL �92



ρ(1/T) T

x

PRL ’69
PRB ‘70

The classic example: Mott transition in V2O3

metal @ x=0

insulator @ x=0.04

MIT @ x=0.01



Phase diagram of V2O3

McWhan et al PRB �71 �73



What is the Mott transition?

a correlation driven metal-insulator transition
Mott �49

a

cannot be obtained in band theory:

not due to AF (weak coupling effect):

nn ~ 1/a3 ~ t

t 

2a

s



The Hubbard model is a minimal model for the 
metal – insulator transition

r
metal

r
insulator

U = 0

t = 0

ü in 1-d is always an insulator

w~ t

w~ U

t U



Dynamical Mean Field Theory a cartoon

A. Georges, G. Kotliar, W. Krauth and MR, Rev Mod Phys ‘96

1) Take one site of the original lattice
2) Embed it in a medium (quantum impurity problem)
3) Determine the medium self-consistently



still exact

infinite D

Bethe lattice

self-consistency

general case

solution

focus on 0 site



Analogy with conventional MFT



Quantum Impurity Solvers

seed

1-site many-body problem
QMC, NRG, DMRG, PT, etc

solution of many-body problem

solution of many-body problem

Simplest of all QIS

Just multiply U2 times G03

Feynmann diagram



U = 1

U = 2

U = 2.5

U = 3

U = 4

Metal – Insulator transition in the Hubbard model in DMFT

MR, XY Zhang & G Kotliar, PRL �93



k-resolved A(ω) (=-1/p Im[G])

k

ω ω

insulator metal
ρ(ω)

quasiparticles coherent
Hubbard bands          incoherent



IPT tutorial

https://drive.google.com/drive/folders/
1dENgL58Q0wImpRd2Mnw3TfrSCYR
3fkeg?usp=sharing

Hands-on excercise
Unix, Windows, Mac, Phyton
Source (original) fortran77

https://drive.google.com/drive/folders/1dENgL58Q0wImpRd2Mnw3TfrSCYR3fkeg?usp=sharing


DMFT of the Mott – Hubbard transition

MottCorr Met

U = 1

U = 2

U = 2.5

U = 3

U = 4Mott Insulator

Corr Met

Metal

Coexistance region: 2 solutions

A. Georges et al. RMP ‘96

XYZ, MR, Kotliar et al PRL ’91



Phase diagram of V2O3

McWhan et al PRB �71 �73

T

pressure or chemical 
substitution

MottCorr Met

MR, Kotliar et al PRB �94 PRL�95



Mott Transition as function of U/W

A Georges & G Kotliar, PRB ‘92
MR, XY Zhang & G Kotliar, PRL �93

U = 1

U = 2

U = 2.5

U = 3

U = 4



Sr1-XCaXVO3 photoemission... where is the qp-peak?

Inoue et al. PRL�94

Maiti, Sarma, MR, Inoue et al. EPL�01

high hn spectroscopy



Takizawa, Sordi, MR, et al PRB ’09

Heavy coherent quasiparticles and Incoherent Hubbard Bands







Doping driven transition

Camjayi, Chitra & MR,  PRB(RC) ‘06



Multi-orbital Hubbard model
(degenerate band case)

MR  PRB(RC) ‘97



Cluster extensions
Dimer Hubbard model

Moeller et al PRB ‘99
Najera et al  PRB ‘17



Out-of-equilibrium

pump-probe 
photoemission in VO2

Shin et al PRB’14

DMFT of DHM

Najera PhD Thesis ‘17



Two states:  MI – Mott insulator
CM – Correlated metal

RMI >> RCM

PMI->CM and  PCM->MI are transition probabilities

Universality of Mott transition under an electric field
Mottronics

Artificial neurons for Artificial Intelligence hardware

P. Stoliar et al Adv.  Mater. ‘13
Stoliar et al. Adv Func Mat ‘17
Del Valle et al Nature ‘19



IPT tutorial

https://drive.google.com/drive/folders/
1dENgL58Q0wImpRd2Mnw3TfrSCYR
3fkeg?usp=sharing

Hands-on excercise
Unix, Windows, Mac, Phyton
Source (original) fortran77

U = 1

U = 2

U = 2.5

U = 3

U = 4

https://drive.google.com/drive/folders/1dENgL58Q0wImpRd2Mnw3TfrSCYR3fkeg?usp=sharing

