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Cours 5: Introduction à la structure 
et aux propriétés électroniques des 
oxydes de métaux de transition

Séminaire:



Why study transition-metal oxides ?

• TMOs (and materials with strong electronic 
correlations in general) do `BIG THINGS’ !

• Many of these `big things’ raise a number 
of intriguing fundamental questions

• Some of these `big things’ may even be 
useful for applications…

• The structures are beautiful and have a 
certain degree of controllability, and the 
diversity of phenomena is amazing



OUTLINE

• Some of the `big things’ that oxides do…
• Some structures
• `Mott phenomenon’ is of key importance
• Atomic orbitals. Why localized ? Crystal-

field splitting. 
• Some notions of electronic structure
• Interactions
• Mott and charge-transfer insulators



Transition Metals

Rare earths and Actinides

3d transition metals
4d transition metals

5d transition metals



Electronic configuration 
of neutral isolated atom:



Liquid Helium
(4 K)

K.A. Müller J.G. Bednorz

RFeAsO
(2008)

Liquid nitrogen
(77 K)

Big things/1

High-Tc superconductivity !

Oxides !

Iron pnictides



Paramagnetic
insulator

Paramagnetic
metal

Antiferromagnetic
insulator

V2O3
with pressure / 

substitutions on V-site: 
A time-honoured

Example 
displaying a rich 

variety of phenomena

Big things/2
METAL-
-INSULATOR
TRANSITIONS



“Colossal” Magnetoresistance: 
La1-xSrxMnO3 !

Big things/3



Large thermopower
(Seebeck coefficient)
of cobaltates, etc... 

Big things/4



2. Structures 
2.1 Monoxides MO: not much controllability… NaCl structure

Nominal valences:
(quite ionic)
- Oxygen takes 2 electrons
- M gives out two electrons:

M2+

TiO, VO: ~ metals (O-
deficient)
MnO, CoO, NiO: Mott 
(or charge-transfer) 
magnetic insulators
– see below
(historic example: NiO)



Ternary compounds (and more): 
the simple (and beautiful, too) perovskite 
structure and its descendants…
Perfectly cubic 
perovskite RMO3 :

- transition-metal 
Ion M at center of 
oxygen octahedra

MO6 structural units

- e.g. rare-earth ions R 
form simple cubic lattice

SrSrVVOO33

RRMMOO33

For example:

[L.A Perovski 1792-1856
Oural mountains 
discovery of CaTiO3 G.Rose, 1839]



Distorted perovskites
Depending on the ionic radii of the 3 ions, the material often 
Adopts a structure which breaks perfect cubic symmetry and 
Can be viewed as a distorted perovskite.   

Example: 
`GdFeO3’ distortion
- Octahedra remain perfect
(no or very small Jahn-Teller)
- Rotation of octahedra along 
[010] and [001]
- Orthorombic symmetry 
- 4 M-atoms per unit cell, all 
equivalent by symmetry
- M-O-M angle becomes π-θ

Other possible distortions
e.g rhomboedric, rotation [111]



RMO3 : ``tolerance factor’’
- Consider close packing by hard spheres 
of radii rR, rM, rO (ionic radii)
- Call a length of cubic cell

a

- Ideal packing will have:

* t=1: ideal cubic perovskite
* t<1: deforms to rhomboedral, 
then orthorombic
* t too small (<0.86): unstable



All this offers control on the material:
• Substitutions on R-site allow for a control 

of the (nominal) valence of M-ion
• e.g: LaTiO3 La3+ [Xe], Ti3+ : [Ar]3d1 config.
• SrTiO3 Sr2+ [Xe], Ti4+ : [Ar]3d0 config.
• Iso-valent substitutions on R-site allow for 

a control of the distortion, hence of:
- Bandwidth (see below)
- And importantly of the splitting between d-levels



Controlling dimensionality: the Ruddlesden-
Popper series Rn+1MnO3n+1 (`layered perovskite’)

n=2

MO2 layer 

MO2 layer 

Unit-cell
n=3

Increasing n : ``from d=2 to d=3’’
Usual perovskite RMO3 corresponds to n infinity



Some 
examples:
alloying
on R-site
changes 
nominal 
valence 
of M

Srn+1MnO3n+1: 2(n+1)+4n-2(3n+1)=0 M remains 4+ for all n 
e.g. M=Ti 3d1 shell (titanates); M=Ru 4d4 shell (ruthenates)
Lan+1MnO3n+1: La3+ nominal valence of M is (3n-1)/n + 
e.g. (La,Ba)2CuO4 first discovered hi-Tc SC



3. The Mott phenomenon plays a key role

Partially filled d-shells… and yet often insulators

``Atsushi Fujimori’s map of RMO3 perovskites’’
J.Phys Chem Sol. 53 (1992) 1595

SrVO3

CaVO3

YTiO3

LaTiO3



The RNiO3 3d7 compounds

Torrance at al. Phys Rev B 45 (1992) 8209



4. Orbitals: from the isolated atom to the solid  
- crystal-field splitting – (Bethe, van Vleck)

http://winter.group.shef.ac.uk/orbitron

3d orbitals are quite localized:
- No nodes in radial part
- Large centrifugal barrier l(l+1)/r2

Cubic-symmetry adapted 
3d-orbitals:

The t2g triplet

The eg doublet



Crystal-field splitting 
in octahedral environment : M

eg orbitals point towards oxygen 
atoms(sigma-bonding) 

feel larger Coulomb potential 
pushed to higher energy

t2g orbitals point away from oxygen 
atoms(pi-bonding) 

feel smaller Coulomb potential 
lower energy than eg



Lowering further the crystal symmetry (distort from cubic)
Induces additional lifting of degeneracy

Tetrahedral environment (MO4): 
eg has lower energy, t2g higher



A crystal-field theory primer…





As is well-known, this explains e.g. why ruby is 
red/violet…

Ruby: small amount
Of Cr 3+ impurities 
Substituting Al3+ in 
Al2O3 (corundom), 
a large-gap 
transparent insulator

Ruby corundom

Cr3+ (3d3) 3 electrons in t2g shell

absorption of most visible 
wavelength beyond red red

green
yellow

Cf e.g: http://www.chm.davidson.edu/vce/CoordChem/CFT.html



5. From the atom to the full solid: energy bands of oxides

(or: how to make sense of a plate of spaghettis…)

SrSrVVOO33A simple case: cubic

9=3*3 
Oxygen
bands

3 V-t2g bands

2 V-eg bands
Fermi level

Pavarini et al.
PRL 92 (2004) 176403
New J.Phys 7 (2005) 188
Amadon et al.
PRB 77 (2008) 205112

Sr 5s and 4d



Density of states:
(orbitally-resolved, i.e projected on ~ atomic orbitals)

t2g bandwidth ~ 2.6 eV
Strong mixing of V-eg states with oxygen



To understand orbital character better, plot `fat bands’:
Project Bloch functions onto atomic-like orbitals and 
plot matrix element at each k-point: 

Mixing of oxygen 
with d-states obvious, 
especially for eg



Summarize key infos from band-structure, in 
this (quite) simple case:

• t2g manifold of 3 bands well-separated from oxygen 
(below) and eg bands (above)

• t2g bands occupied by 1 electron in total (as requested)
• t2g bandwidth around 2.6 eV
• Distance between center of t2g and center of oxygen 

band: about 6.5 eV (only 1eV from top of O to bootom of t2g 
though) `charge-transfer energy’ is large

• Bandstructure (LDA) is that of a METAL
• Effective mass (from specific heat) is found to be roughly 

a factor of 2 larger than the one from LDA



More on the bandwidth: 
hopping is via oxygen

- Each Vanadium  is in a cage of 6 oxygens

Direct d-d hopping is difficult, hence direct tdd is small 
(this is one of the two main differences between a pure 
Transition metal and its oxide, the other one being that the 
4s orbital is empty in the oxyde oxydes have narrow bands) 

- Hopping of electrons on V-sites occurs through hybridization 
between O p-orbitals and V d-orbitals, with amplitude tpd

-Roughly, when the charge-transfer energy Δ is large, 
the amplitude of the effective d-d hopping is of order: 



Hence, theorist’s model of an oxide:
(1 electron part of the hamiltonian, for interactions, see later)

p-d hopping Charge-transfer 
energy

Other stuff

Here, I didn’t write orbital indices, which are of course 
crucial in the real world ! 

For large Δ, and t pp=0, we may even want to `integrate out’ the oxygens
to get a tight-binding model for the d-bands only:



To give a realistic meaning to this, use 
Wannier functions:

1) Decide for which bands (or rather: for which energy window) 
an effective model will be constructed 

V-t2g states only
(3 bands)

V-t2g and eg states
And O –states
(14 bands)

Small energy window
Wannier functions

will leak on oxygen 
sites to capture 
V-O hybridization

Large energy window
Wannier functions 

are quite localized 
and atomic-like 



t2g only: extended Wanniers V t2g+eg and O: 
localized Wanniers

F.Lechermann et al.
Phys Rev B 74 (2006) 125120



Hopping integrals between Wannier
functions (ab-initio tight-binding description)

An example (!): CaVO3 – slight distortion from cubic symmetry



Effects of the orthorombic distortion:
SrVO3, CaVO3,LaTiO3,YTiO3 (all d1, ALL METALS in LDA !)

Left panels: hypothetical cubic; Right panel: real structure





Distortion: covalency between O 
and cation (Sr,La)



The two effects of distortion:
• 1) Reduction of total t2g bandwidth:

This is because the O-M-O bond is no longer straight
pi-bonding less efficient

-2) Splitting between t2g orbitals (lifting of 
orbital degeneracy)

(140,200) meV for LaTiO3 ; (200,330) meV for YTiO3

Both effects are responsible for the Mott insulating state 
of LaTiO3 and YTiO3
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Next week (lecture 6) :
More on the Mott transition in oxides 

(theory and experiments) …
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