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Transition metal ``oxides’’
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Some jargon

`Early’ (left side)

Transition metal series: fill d-shell

`Late’ (right side)

3d

4d

5d
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Long history in condensed matter physics

Frederich Wohler 1823

WO3: insulator (dull black)

add sodium

NaxWO3: 
shiny metal
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In modern terms: doping-driven metal 
insulator transition

NaxTayWO3: # added electrons=x-y 

Dubson and Holcomb, 
Phys. Rev.  B32 1955 (1985)
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More history

1897: J.J. Thompson discovers electron.

1900: Drude--classical model of electronic conduction

Classical mechanics: mean velocity ~ T1/2

idea: conduction should cease as T->0

Natural inference: transport and optical properties 
largely determined by electrons
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More history

Classical mechanics: mean velocity ~ T1/2

idea: conduction should cease as T->0

This idea motivated Kamerlingh-
Onnes to investigate properties of 
metals at very low T
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More history

Classical mechanics: mean velocity ~ T1/2

idea: conduction should cease as T->0

This idea motivated Kamerlingh-
Onnes to investigate properties of 
metals at very low T

=>superconductivity!!

Importance of theory (even if wrong or incomplete) in motivating experiment



  

Copyright A. J. Millis 2013 Columbia University

More history

1920s: Sommerfeld, Peierls, Bloch--quantum theory

Neglect electron-electron interactions =>basic equation:

H = −
�

i

∇2
i

2m
+ Vlattice(ri)

modulated plane wave, extended throughout solid; propagates 
at nonzero group velocity=>theory of metallic conduction

eigenfunctions: ψnk(r) = eik·runk(r)

Fermi statistics=> non-zero electron velocity even at T=0
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1931: Enter A. H. Wilson
The Master and Fellows of Trinity 
College Cambridge; taken from 
http://www.computerhistory.org/
semiconductor/timeline/1931-
The-Theory.html

Note: first sharp statement  
metal and insulator distinct phases

http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
http://www.computerhistory.org/semiconductor/timeline/1931-The-Theory.html
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Key role of energy gap=>
sharp distinction, metal vs insulator

H = −
�

i

∇2
i

2m
+ Vlattice(ri)

µ in bands:
metal

µ in gap:
insulator

In this theory, insulator 
possible only if even # 
electrons per cell

FeO, CoO and NiO: 
predicted to be metals

Mattheis, PRB5 290 (1972)
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NiO is a very good insulator

Yamaka and Sawamoto PR 112 1861 1958

Discussion of the paper by de Boer and 
Verwey, reported by N. F. Mott with the 
help of some notes of R. Peierls 1937

Peierls: Importance of electron-electron interactions in partially filled 
transition metal d-shell. Fundamental modification of usual ``band’’ 
picture. Need for real-space view of the physics.
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Electronic configuration of atoms complicated
basic concept: ‘Hubbard U’

Number of electrons 
on ion   nd  

configuration: label by nd, other 
(L,S) quantum numbers  

Charging energy U: 

U = E[dnd+1] + E[dnd−1]− 2E[dnd ]

E[nd] =
U
2

nd(nd − 1)

In transition metal oxides: Udd big because d wave 
function small (esp in ‘3d’ series)
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Consequence of ‘Charging energy’: 
Mott “blocking” effect
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Consequence of ‘Charging energy’: 
Mott “blocking” effect
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Consequence of ‘Charging energy’: 
Mott “blocking” effect

dndn-1=>dn-1dn

process allowed
2dn=>dn-1dn+1   E~U
process suppressed
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Consequence of ‘Charging energy’: 
Mott “blocking” effect

If U large enough, only holes (or doubly occupied 
sites) can move=> if  integer number of electrons 
per site: Mott insulator

2dn=>dn-1dn+1   E~U
process suppressed

dndn-1=>dn-1dn

process allowed
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Something like this actually occurs

LaTiO3

http://dmft.rutgers.edu/
LDA/lmto/lmto_run.htm

LaTiO3: 
•# electrons/unit cell is odd
•material is insulating!
•YTiO3 even more insulating

Okimoto et al. PRB51 9581 (1995)

http://dmft.rutgers.edu/LDA/lmto/lmto_run.htm
http://dmft.rutgers.edu/LDA/lmto/lmto_run.htm
http://dmft.rutgers.edu/LDA/lmto/lmto_run.htm
http://dmft.rutgers.edu/LDA/lmto/lmto_run.htm
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`Mott’ insulator: 
fundamental paradigm for oxides

But be careful: in many cases ``Mott’’  
is not the controlling physics
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Basic properties of transition metals and 
their oxides
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Transition metal ion: 
many accessible valence states

*Partly filled d-shell =>spin and 
orbital degrees of freedom active

*Multiple valence states=>many 
electronic configurations, many 
bonding modalities easily available

*energies of different transition metal 
valences compatible with energies of  
different oxygen charge states 
=>tunability of materials properties
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Application: Catalysis
(ex: photon-induced water splitting)

spigse.chem.es.osaka-u.ac.jp

sciencedirect.com

Works, in essence, because of multiple d-valence: it is 
easy to transfer electrons back and forth between free 
oxygen and transition metal ions.
Goal: manipulate band-gap to match solar spectrum
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Application: Respiration etc in biochemistry

From the following article
Versatility of biological non-heme Fe(II) 
centers in oxygen activation reactions
Elena G Kovaleva & John D Lipscomb
Nature Chemical Biology 4, 186 - 193 
(2008) 

Works, in essence, because of multiple d-valence: it is 
easy to transfer electrons back and forth between 
free oxygen and Fe complex.

http://www.nature.com/nchembio/journal/v4/n3/full/nchembio.71.html
http://www.nature.com/nchembio/journal/v4/n3/full/nchembio.71.html
http://www.nature.com/nchembio/journal/v4/n3/full/nchembio.71.html
http://www.nature.com/nchembio/journal/v4/n3/full/nchembio.71.html
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Application: Batteries

http://www.electronics-
lab.com/articles/
Li_Ion_reconstruct/

Works, in essence, because of multiple d-valence: it is 
easy to transfer electrons into and out of CoO2 complex

http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
http://www.electronics-lab.com/articles/Li_Ion_reconstruct/
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Application: ``Memristor’’

In oxides works, in 
essence, because of 
multiple d-valence: it is 
easy to transfer 
electrons into and out of 
NiO complex

Nature 453, 80-83 (2008)

Electrical observations of filamentary conductions for the resistive memory
switching in NiO films D. C. Kim, S. Seo, S. E. Ahn, D.-S. Suh, M. J. Lee et al.
Appl. Phys. Lett. 88, 202102 (2006)
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Many structures possible

Monoxide (e.g NiO): rocksalt structure

http://www.webelements.com/
compounds/nickel/
nickel_oxide.html

http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
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Many structures possible

ABO3 Perovskite (e.g LaNiO3): 
A and B sites: 2 interpenetrating 
cubic lattices

A-site. Typically 
electrically inert

B-site: in our case, 
transition metal

dont forget oxygen!

Fundamental motif: BO6 octahedron
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Many structures possible

A2BO4 Perovskite (e.g La2CuO4): 
Layered structure

Octahedra as in perovskite but 
now organized two 
dimensionally, with weak 
interplane coupling
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Many structures possible

Ruddlesden-Popper series An+1BnO3n+1 
(e.g Sr2RuO4->Sr3Ru2O7->Sr4Ru3O10->SrRuO3)

Interpolates between 2 
and 3 dimensional 
coordination
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Many structures possible

Double perovskite AA’BB’O6

 Sr2FeMoO6
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Many structures possible

Other structures: spinel (2 inequivalent sites: one rocksalt 
and one tetrahedrally bonded_

tf.uni-kiel.de



  

Copyright A. J. Millis 2013 Columbia University

Many structures possible
Corundum structure: V2O3; hematite....

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html

Here, only 
transition 
metal ions 
are shown

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html
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Many structures possible

Many other structures:  for example quasi one 
dimensional arrays of transition metal ions (e.g. CuGeO3 
below), 

Basic point: multiple 
configurations of transition 
metal=>multiple structures 
possible. 
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New development: 
artificially constructed superlattices

A. Ohtomo, D. A. Muller, J. L. Grazul 
and H. Hwang,  Nature 419 378 (2002)

D. Muller Nat. Mat. 9 263 (2009) 

LaTiO3/SrTiO3 LaMnO3/SrTiO3

(a): La  (b) Ti 
(c) Mn (d) composite 
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New window onto basic questions

Photoemission (many-body 
density of states--here 
symmetrized) for n layers of 
SrVO3 (paramagnetic metal) 
embedded in SrTiO3 (insulator)

As SrVO3 becomes thinner, 
gap opens
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Strain control of metal-insulator transition in LaNiO3

Son et al Appl. Phys. Lett. 96 062114 (2010) 

LAO: 1.3% compressive strain
LSAT: 0.8% tensile strain
DSO: 2.5% tensile strain

Critical thickness for metal-
insulator transition depends on 
magnitude and sign of strain



  

Copyright A. J. Millis 2013 Columbia University

Phys. Rev. Lett. 100 016404 (2008)

More exotic: ``design in new properties’’
e.g.  Chaloupka/Khalliulin:  ?New high-Tc superconductor?

Idea:

Bulk LaNiO3  Ni [d]7

(1 electron in two 
degenerate eg bands).
 
In correctly chosen 
structure, split  eg 
bands, get 1 electron in 
1 band--”like” copper-
oxide high-Tc 
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Structure =>interesting behavior

Spins on geometrically 
frustrated lattices
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Structure =>interesting behavior

Anisotropic Transport
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Structure =>interesting behavior

Sr2RuO4: p-wave superconductor

Sr3Ru2O7: almost ferromagnetic (100x 
susceptibility enhancement). 

SrRuO3: Ferromagnetic (Tc ~150K).  
Power-law conductivity. CaRuO3: no 
fm, but power law
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Important property of transition oxides:
partially filled d-shells

Hund’s first rule (maximize total spin)

=>magnetism
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Magnetism and full spin polarization at temperatures 
above room T

Nature 395, 677-680 
(15 October 1998) 
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Hunds second rule:
maximize orbital angular momentum

In solid state context: occupy a subset of d-orbitals

<=> ``orbital order’’=>anisotropic transport

Nagaosa/Tokura Science 288 462 

Ex: Manganese perovskites band filling x 
controls orbital ordering=>conductivity
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These effects can be induced by strain

Ex:  CMR films--
substrate-induced 
strain=>(putative) 
orbital ordering=> 
conductivity. 

Mechanism: ‘orbital 
ordering’ triggered by 
strain

Konishi et al , J. Phys Soc. Jpn 68 3790
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Proximity (in energy) of several spin and 
charge configurations=>

interesting and potentially useful 
transport properties
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Thermoelectric effects

Thermal conductivity

S =
∆V
∆T

Lots of waste heat in the 
world:

=>from temperature 
difference, can get 
voltage=>current
=>recapture some  
energy

A.Maignan, APs tutorial 2010
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Thermoelectric figure of merit

Want: high thermal 
conductivity, low electrical 
resistance, low thermal 
resistance

ZT =
S2T

ρ (κel + κlattice)

A.Maignan, APs tutorial 2010

Insulators Semicond. Semimetals Metals

Carrier density (simple band picture)
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(Over)simplification of physics

Insulator: no carriers

Metal: entropy per carrier is 
very small

Insulators Semicond. Semimetals Metals

Carrier density (simple band picture)

Temperature gradient drives 
carriers by coupling to entropy

F = Energy −T×Entropy

Transition metal oxide: partially filled d-shell=>high density of nearly 
localized carriers, high spin=>high entropy/carrier
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A.Maignan, APs tutorial 2010
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More extreme transport anomaly: ``Mott’’ transition

V2O3--and other oxides--can be switched from metallic to insulating 
behavior by modest changes in temperature and pressure. 

McWhan et al,PRL 27 941 (1971)

Note! Transitions 
are first order
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Device Application: bolometer

VO2: thermally driven metal-insulator transition

Wu et al, Nanoletters 6 2313 (2006)

Tune device to critical 
temperature. Small 
amount of absorbed 
heat=>large change in 
resistance
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VO2 proposed for actual use
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Hysteresis is a problem

Gurvitch et al http://www.ee.sunysb.edu/~serge/234.pdf

hard to ‘reset’ after 
initial temperature pulse
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Partially filled d-shell: 
``emergent’’ electronic properties
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 Emergent electronic properties

``Colossal’’ 
Magnetoresistance p-wave superconductivity

(and many other phases)
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Colossal Magnetoresistance: Phase competition

High T phase: ``insulating’’ (resistivity large 
and increasing as T is decreased) 

Low T phase metallic and ferromagnetic

Transition appears more or less continuous, 
and for many years was thought to be second 
order. 

BUT......
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Manganese perovskites

Many low-T phasesAverage high-T structure
cubic perovskite 

``charge/orbital  order’’
(2d slice shown).
Note 4 unit cell period
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Transition is first order

High T phase has period 4 ordering

Adams et al PRL 85 2553 and 3954 2000
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Transition is first order

Low T phase: ferromagnetic.
Well defined spin stiffness T phase has period 4 
ordering
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Transition is first order

Spin stiffness jumps discontinuously
as does 1/4,0,0 intensity

Morals:
--Unusual high T behavior <=>short ranged 
order
--First order transitions
(may be hard to see)
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Emergent electronic properties
High Tc  Superconductivity: in copper oxide 
and iron arsenide superconductors

SCIENCE VOL 329 13 AUGUST 2010 825

J.Zhao,	  et.al,	  Nature	  Mater.	  7,	  953(2008)
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Copper-oxide high Tc:
again competing density-wave phases

Wu et al Nature 477 7363 2011

Open question: how much of the physics of oxide 
superconductivity arises from competing phases
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summary:
profusion of emergent electronic phases

Manganite

Ruthenate

Cuprate

FeAs
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Key Features of Transition Metal Oxides

•Multiple d configurations (both valence and spin/orbital 
configuration at fixed valence) 
•``Easy’’ charge exchange with other ions (esp O)
•Multiple bonding modalities <=> many possible structures
•Unusual transport: high carrier density but low coherence 
scales
•Multiple electronic phases (some, unexpected) 

All of these properties stem from electron-electron 
interactions in the partly filled transition metal d-shell

The question: relate crystal structure, 
chemistry to material properties
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Periodic Table to Properties:
Stereotypical Theorist’s View
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Periodic table from J H Wood; quoted in Z Fisk 2010 KITP talk 

PeriodicTable

Periodic Table to Properties:
Stereotypical Theorist’s View
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κ

2
�µνλAµ∂νAλ + ...

Periodic table from J H Wood; quoted in Z Fisk 2010 KITP talk 

Ignore details: write
Quantum Field Theory

=>

PeriodicTable

Periodic Table to Properties:
Stereotypical Theorist’s View
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κ

2
�µνλAµ∂νAλ + ...

Periodic table from J H Wood; quoted in Z Fisk 2010 KITP talk 

=>

PeriodicTable

Periodic Table to Properties:
Stereotypical Theorist’s View

These lectures--where we are on attempts to do better: 

Ignore details: write
Quantum Field Theory
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Periodic table from J H Wood; quoted in Z Fisk 2010 KITP talk 

Richer Description of 
Properties

Understand and control  
what situations give which 
properties

PeriodicTable

Periodic Table to Properties:
Stereotypical Theorist’s View

These lectures--where we are on attempts to do better: 
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Basic chemistry and physics 

•Crystal type and nominal valence

•Crystal structure and level ordering

•Energetics
•Interactions
•Charge transfer
•Hybridization

•Classification and Summary
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Crystal type and nominal valence

Basic idea
--Oxygen: very electronegative.  

In vacuum: 1s22s22p4

In solid: oxygen ``wants`` to fill up p-shell
(O2-:  1s22s22p6)

--Transition metal: less electronegative
In vacuum: [Ar]dn4s2

In solid: ``wants`` to lose 4s electrons, change # d =>[Ar]dn+m 

By controlling number of oxygen per transition metal, 
and number and electronegativity of other elements, can 
control filling of d-shell
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Crystal type and nominal valence

Monoxide: rocksalt structure

http://www.webelements.com/
compounds/nickel/
nickel_oxide.html

Simple picture: removal energy of Ni 
4s  low; electron affinity of O 2p high
=>
Ni: [Ar]3d8      O: [He]2s22p6

Complication: Ni-O hybridization

Ni: [Ar]3d8+x      O: [He]2s22p6-x

??how big is x??

http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
http://www.webelements.com/compounds/nickel/nickel_oxide.html
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Crystal type and nominal valence

ABO3 perovskite, cubic phase

http://en.wikipedia.org/wiki/File:Perovskite.jpg

A-site. Typically 
electrically inert; 
choice of A ion 
controls valence of 
B site

B-site: in our case, 
transition metal with 
partly filled d-shell

dont forget oxygen!

http://en.wikipedia.org/wiki/File:Perovskite.jpg
http://en.wikipedia.org/wiki/File:Perovskite.jpg
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Crystal type and nominal valence

Simple picture: removal energies of La 
5d, 6s  V 4s, 3d  low; electron affinity of 
O2p high
=>LaVO3
La3+ [Xe] V3+: [Ar]3d2  O2-: [He]2s22p6

Complication: V-O hybridization

V: [Ar]3d2+3x      O: [He]2s22p6-x

??how big is x??

ABO3: Presence of A-site ion stabilizes different valence



  

Copyright A. J. Millis 2013 Columbia University

Crystal type and nominal valence

Simple picture: removal energies of La 
5d, 6s  V 4s, 3d  low; electron affinity of 
O2p high
=>LaVO3
La3+ [Xe] V3+: [Ar]3d2  O2-: [He]2s22p6

Complication: V-O hybridization

V: [Ar]3d2+3x      O: [He]2s22p6-x

??how big is x??

Vary A-site ion: change valence

Simple picture: removal energies 
of La 5d, 6s  V 4s, 3d  low; 
electron affinity of O2p high
=>SrVO3
V4+: [Ar]3d1+3x  O2-: [He]2s22p6-x
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Crystal structure and level ordering

Basic idea

--d-levels degenerate in free space.
--Solid state: local environment breaks the symmetry

By controlling the local (point) symmetry of the 
transition metal ion, can control which orbitals are 
occupied. 
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Symmetry breaking: Group Theory

Free space 
(no spin orb)

O(3)

Simplest example: nearly cubic environment

group:

representation

Cubic

Oh

L=2

picture

eg

t2g

x2-y2;  3z2-r2

xy; xz; yz

http://winter.group.shef.ac.uk/
orbitron/AOs/3d/index.html

http://winter.group.shef.ac.uk/orbitron/AOs/3d/index.html
http://winter.group.shef.ac.uk/orbitron/AOs/3d/index.html
http://winter.group.shef.ac.uk/orbitron/AOs/3d/index.html
http://winter.group.shef.ac.uk/orbitron/AOs/3d/index.html
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Electrostatic contribution to crystal field splitting small

Simple estimate: point charge model:
O charge -2 at distance RO~2A; ``size’’ of d orbital Rd~0.5A

-2

-2

-2

-2
V(�r) =

�

i=1...6

4e2

|�r− �Ri|

Level splitting: expand for small r. First 
deviation from spherical symmetry is  
quadrupole term 

Vquad ∼
4e2

RO

�
Rd

RO

�4

∼ 0.1eV
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Dominant contribution: hybridization to ligand (oxygen)

++ +
-

-
-

dx2−y2 pσ

In almost all transition metal oxides, the near-fermi 
surface states are p-d ANTIBONDING states. 
Question: how much d and how much p character

tpd
εd

εp

p-d anti 
bonding

p-d 
bonding
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d-p overlap stronger for eg than t2g

++ +
-

-

-

dx2−y2

dxy

pσ

pπ

+

-
-
+

+
-

free ion

in solid
(cubic symm)

eg − pσ

bonding

eg − pσ

antibonding
t2g − pπ

antibonding

t2g − pπ

bonding
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Lower than cubic symmetry

Rondinelli and Spaldin, Adv. Mater. 23 3363 (2011)

(Recall! what is depicted are the p-d 
antibonding bands)
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Jahn-Teller (cubic-tetragonal) distortion

Define distortions
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Consequence of structural distortion: 
change  of hybridization

Jahn-Teller type: change Tm-O bond length

Change transition metal-
oxygen distance: 
hybridization changes.
=>shifts bonding-
antibonding splitting
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Alternative: GdFeO3 distortion

Induced by choice of A-site ion. 
If dAA<2dBO then B-O-B bond is under compressive strain.
B-O bond relatively rigid =>B-O-B bond buckles.
Angle can be as small as 140o

Change in bandwidth: 30%

Rotate octahedra about two axes
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Consequence of structural distortion: 
change  of hybridization

tpd

GdFeO3 type

Move oxygen out of alignment: overlap decreases

dxy

+

-
-
+

pπ

+
-

dxy

+

-
-
+
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How big are these effects?

Cubic perovskite structure:  
eg-t2g splitting ~2eV
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Cartoon

Tm Tm

O

p

p

θ

1 2

tpd → tpdcos θ Bandwidth ∼ cos2 θ
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Density of states of t2g antibonding band as function of 
amplitude of GdFeO3 distortion: ``LaVO3’’ (H. T. Dang)

Bandwidth varies from ~2.5eV to ~1.6eV
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Jahn-Teller (cubic-tetragonal) distortion

Analyse band structure in distorted case

λ : 2− 3eV/Å

Ederer and AJM, PRB 76 155105 (2007)
Popovic and Satpathy, PRL 84 1603 (2000)
Yin et al PRL 96 116405 (2006)
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GdFeO3 rotation (trigonal) distortion

Analyse band structure in distorted case

Pavarini et al PRL 92 176403 (2004)

θ = 12◦

Local basis rotated WRT mean 
crystal structure

θ = 12◦ Level splitting : 0.15eV
θ = 20◦ Level splitting : 0.25eV
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free-space d-orbital: 5-fold degenerate
lattice effects lift degeneracy

Rondinelli and Spaldin, Adv. Mater. 23 3363 (2011)

Jahn-Teller (0.1/AA: 0.2eV) GdFeO3 Rotations (15o:  0.2eV)

?Enhancement of splitting by many-
body effects: orbital ordering?

Splittings from structural effects by themselves 
are typically small compared to bandwidths.
Overall band-width renormalization important. 


