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Chaire de Physique de la Matière Condensée 

“Ingénierie quantique” = vers le contrôle 
de leurs fonctionnalités 



MENU DU JOUR 

•  Introduction: pourquoi s’intéresser aux 
matériaux a fortes corrélations 
électroniques ? 

•  Blocage de Coulomb vs. Quasiparticules 
•  Transition de Mott et théorie de champ 

moyen dynamique 
•  Introduction a la structure électronique des 

oxydes de métaux de transition 



Menu des autres jours… 

•  18 mai: Hétéro-structures, Contrôle par la 
lumière: vers de nouvelles fonctionnalités des 
oxydes de métaux de transition. 

•  1er  juin: Effets thermoélectriques: petits 
systèmes quantiques et gaz d’atomes 
froids 



INTRODUCTION 

Pourquoi s’intéresser aux 
matériaux a fortes corrélations 

électroniques ? 
 



Transition Metals 

Rare earths and Actinides 

MATERIALS – THE PLAYGROUND: 



“Strong Correlations”  
ßà Localized orbitals !#

d- or f- orbitals are quite close to ions nuclei#
 (particularly 3d and 4f: radial wavefunction does not 
extend very far, for orthogonality reasons)#

They do not behave as regular band-forming orbitals !
  (e.g sp-bonding) and retain atomic-like aspects !
à             Electrons “hesitate” between !
           localized and itinerant behaviour !!

Materials: transition-metals and their oxides, 
rare-earth/actinides and their compounds, but 
also some organic materials (molecular solids)#





Two competing energy scales: 

•  Kinetic energy of electrons/Bandwidth (‘t’) 
(Controlled by inter-atomic overlap of orbitals) 

•  Typical size of Coulomb interaction matrix 
element(s) in the atomic shell (‘U’) 

   (Strongly affected by screening and drastically   
reduced from its value in the isolated atom) 



Electrons “hesitate”  
between being localized  

on short-time-scales   
and itinerant on long time-scales 

As seen in many spectroscopies: see later in these lectures 



Mott vs. Bloch 



Simplest « toy model »: 
The Hubbard model#

t: Tunnel amplitude à bandwidth 
U: On-site matrix element of screened Coulomb interaction 



The physics of this model is 
surprisingly rich and complex 

•  Why is this so ? – Physical reasons 
•  Emergence of energy scales which are 

(much) smaller than the bare scales (t,U) 
•  e.g.:Superexchange J ~t2/U (~t or smaller) 
•  Energy scale below which coherent 

quasiparticles are formed TF* << t 
•  This –and several more technical reasons-

implies that theory has a hard time… 
 



But the physics of real materials is 
even richer… and more interesting 

•  Other important energy 
scales, e.g.: 

•  Crystal-field splitting 
•  Other matrix elements 

of Coulomb matrix 
elements (e.g. Hund’s 
and spin-orbit coupling) 

•  Lattice energy scales 
•  etc… 

Other degrees of freedom… 



Materials with Strong Electron 
Correlations do “BIG THINGS” 

•  Because of the strong interdependence 
of electrons, collective phenomena take 
place 

•  Materials can be easily switched 
between these different states 

•  Competing states with small energy 
differences between them 



Metal-Insulator Transitions 



Paramagnetic 
insulator 

Paramagnetic 
metal 

Antiferromagnetic 
    insulator 

Metal-Insulator  
Transitions: 
V2O3 : a time-honored 
example displaying a 
rich variety of 
phenomena 

Cf. Quasi 2D  
Organic Conductors 



An application of room-temperature MIT 
 of Vanadium Dioxide VO2  

``Intelligent windows’’#
Hi-T rutile #
structure:#
~ Metal#
àReflects #
infra-red#

Low-T #
monoclinic #
structure:#
Insulator #
àTransparent#
in infra-red#

TMIT ~ room temperature # Cf. Tomczak & Biermann#
Phys. Stat. Sol B246 (2009)#



Nickelates RNiO3: tunable MIT 

Control by strain/hetero-structuring, and possible applications:  
à Lecture 2 on May 18  



Transfers of spectral weight over very 
large energy range ! 

Optical conductivity NNO on STO - Stewart et al. PRL 107, 176401 (2011)  
Despite small energy difference between the two states,  
reshuffling of states/weights over large energy range: multi-scale problem  



Current Battery (cathode) materials 

LFPO: Mott insulator 
FPO: Charge-transfer 
insulator 
Kinyanjui, PhD, Ulm 2010 

LiFePO4 / FePO4 



Relevance of the localization/
delocalization competition 

(~ Mott transition)  
to f-electron materials 

(rare earths and actinides) 



Plutonium has the most complex phase diagram of all pure  
elements, because it is just on the frontier  
separating itinerant/localized behaviors (here, of 5f electrons) 

Note:  
bandstructure 
(such as DFT-GGA) 
methods fail completely  
at predicting unit-cell  
volume of delta-phase 
(error ~ 35% too small) 



γ-cerium sulfides: red/orange pigment 
(Rhodia’s `Neolor’)  

…due to the Mott phenomenon !#
Na3xCe2-xS3 

Industrial pigments which can be viewed as ``f-electron  
Mott insulators’’, whose colour is tuned by the position of  
the localised f-orbitals 

Ce2O3: R.Windiks et al.,  
J. Phys Chem Sol 



Ces exemples (et bien d’autres) 
soulignent qu’il est absurde 

de ne pas soutenir une recherche de 
pointe sur les matériaux  

à fortes corrélations électroniques 
(du fondamental aux applications)  

si on veut pouvoir faire face  
aux enjeux actuels  

dans le domaine de l’énergie  
(ou de l’électronique)… 



High-Tc Superconductivity  



Copper-oxide superconductors:  
A headache for theorists - Rich phase 

diagram with mysterious electronic phases !

Mott Insulator Hole injection Electron injection 
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Superconducting state 

Magnetic 
State (AF) 

« Strange » Metal 
(not a conventional Fermi 
liquid) 

CDW 



From NMR experiments  
Sherbrooke/Orsay  
S.Lefebvre et al. : PRL 85 (2000) 5420;  
Limelette et al. PRL 91, 016401 (2003) 

Quasi 2D organic 
conductors  

κ-(BEDT-TTF)2X 
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Fe-based superconductors (2008à) 

de’Medici, Giovannetti and Capone PRL 112, 17701 (2014)  



Manganites – Multiple Electronic Phases 
and ``Colossal Magnetoresistance’’ 

La(1-x)SrxMnO3 



Take-home: 

•  Many degrees of freedom: charge, spin, 
orbitals, lattice 

•  Many competing phases 
•  Small energy differences 
•  à CONTROL is desirable 
•  Small emerging energy scales (smaller 

than bare electronic scales) 



Keys to success… 

Materials Science and Chemistry 
New materials, bulk or `artificial’ 
High quality samples 
New elaboration methods 

Experiments 
Pushing the limits 
New Instrumentation 
New Techniques 

Theory 
Simple concepts 
and basic mechanisms 
Quantitative methods 



What is needed from theory 
(in my opinion…) 

•  Understanding of basic physical 
mechanisms 

•  Development of better quantitative 
methods and algorithms to cope with 
interacting electrons 

•  Taking advantage of basic progress on the 
above: go beyond simple models and take 
into account realistic aspects of materials. 

•  Never loose sight of experiments and materials science 



When can we tell that we have a 
theory of cuprates ? 
(Given that it has been solved  

so many times already J ) 

•  When we understand for sure WHY two 
single layers cuprates such as LSCO and 
Hg1201 have such a different Tc 

•  When we can take advantage of this to 
guide materials design (optimistically) 



Paul Dirac, 1929  
``Quantum Mechanics  
of Many-Electron Systems’’ #

P. A. M. Dirac, "Quantum Mechanics of Many-Electron Systems“, #
Proceedings of the Royal Society of London, Series A, Vol.123, #
April 1929, pp 714.#

``The general theory of quantum mechanics  
is now almost complete (…). 

The underlying physical laws necessary for the 
mathematical theory of a large part of physics  

and the whole of chemistry  
are thus completely known,  
and the difficulty is only that  

the exact application of these laws  
leads to equations much too complicated to be soluble.''  



``Biologists think they are Biochemists, 
  

Biochemists think they are Physical Chemists,  
Physical Chemists think they are Physicists, 

 
Physicists think they are Gods,…  

 
And God thinks he is a Mathematician’’ 

Sounds like a `reductionist’ 
joke ?#



`` It therefore becomes desirable that approximate 
practical methods !

of applying quantum mechanics!
 should be  developed, !

which can lead !
to an explanation of the main features !

of complex atomic systems !
without too much computation. ‘’!

Dirac’s program is not yet fully implemented 
but very significant progress has been made. 
Note that ``without too much computation’’  

has an entirely different meaning now than in the 1930’s J   



Why are interacting fermion 
systems still hard problems ? 

•  Exponential size of the Hilbert space 
à Exact diagonalisation only handles (very) small systems 

•  Alternating sign of fermionic quantum-
mechanical amplitudes 

à (Direct) Quantum Monte-Carlo is in trouble  
Example: Hubbard model (the simplest model in the field)  
4N-dimensional Hilbert space, physics still not established in 
d=3, and especially d=2… 



A Journey -   
From the ideal world  
             of Models… 



… to the Jungle of Materials.  

Henri (Le Douanier) Rousseau: 
``Physicist challenged by a  
Hi-Tc superconductor’’ 
(Kunstmuseum, Basel) 


