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Some Historical Landmarks

1929-1931 Bloch Wilson theory of solids

1937 De Boer and Verwey ( NiO-CoO breakdown of band
theory

1937 Peierls 3d electrons avoid each other ( basically the
Hubbard model)

1949 Mott Metal insulator transition

1950 Jonker, van Zanten, Zener - Pervoskites double
exchange

1957 BCS theory of superconductivity

1958 Friedel Magnetic impurities in metals

1959 Anderson superexchange (U>>W)

1962 Anderson model for magnetic impurities in metals
1964 Kondo theory of Kondo effect

1964 Hubbard model- Hohenberg Kohn DFT- Goodenough
Transition metal compounds



Some historical landmarks

1965 Goodenough Kanamori Anderson rules for
superexchange interactions

1968 Lieb and Wu exact solution of 1D Hubbard model

1972 Kugel Khomskii theory of orbital ordering and
superexchange

1985 Van Klitzing quantum Hall effect

1985 ZSA classification scheme of transition metal compounds
1986 Bednorz and Muller High Tc superconductors

1988 Grunberg and Fert giant magneto resistance
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Strongly correlated materials

Often 3d transition metal compounds
Often Rare earth metals and compounds
Some 4d and some actinides

Some organic molecular systems C60, TCNQ
salts

Low density 2D electron gases Quantum and
fractional quantum Hall effect

Magnetic materials and impurities



Wide diversity of properties
Take for example only the transition metal oxides

e Metals: CrO2, Fe304 T>120K

* Insulators: Cr203, SrTiO3,Co0
 Semiconductors: Cu20

* Semiconductor —metal: VO2,V203, Ti407

e Superconductors: La(Sr)2CuO4, LiTiO4, LaFeAsO
* Piezo and Ferroelectric: BaTiO3

* Multiferroics

e (Catalysts: Fe,Co,Ni Oxides

* Ferro and Ferri magnets: CrO2, gammaFe203

* Antiferromagnets: alfa Fe203, MnO,NiO ---

Properties depend on composition and structure
in great detalil



Phase Diagram of
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Model for Charge, Spin and Orbital Correlations in
Manganites

Mn4+ , d3, S=3/2 ,No quadrupole ; Mn3+, S=2, orbital degeneracy

orbital polaron

Mizokawa et al (2001)



High Tc superconductor like La2-pSrpCuO4 phase diagram

Schematic phase diagram of hole-doped cuprates

0

The many-body quantum state underpinning these phenomena
(equivalent of Fermi Liquid for BCS) has not been identified.
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Ordering 1n strongly correlated systems
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Two extremes for atomic valence states in solids
txfrrme V-f-rn .

’7' frff.t -ﬁl/ .I'fﬂfl.f

- .|._bl'i—|-
-—
# # bt ] -

"-.r
L]

\‘ .
vl 3‘ ;‘f*-‘f* *.* WX A
'||..I LY l| ;" ‘l'

J:.nr e L ver L
ﬂ -, :@L - {'frl‘t :fn.ﬂ'ﬁ-) q__-'ﬂ va lence -

- i —
]

COEC IS B G I G 2 RPN )

A':Z?(l ’\F*FL‘P l'? {{d‘ f.-f?f} Ji'l'l.ﬂ'f?l o
Alomic L. he

~ L It‘*#ﬁ/{r-ﬂl f Flales
% o ( Ligh &
f ""'"""J”":J # C}Hrqur-u-"
Coexistance-----Hybridization
Kondo, Mixed valent, Valence fluctuation, local moments, Semicond.-
metal transitions, Heavy Fermions, High Tc’s, Colossal magneto
resistance, Spin tronics, orbitronics



Characteristics of solids with 2
extreme valence orbitals

R>>D R<<D

e electrons lose atomic * Valence Electrons remain
identity atomic

 Form broad bands  Narrow bands

 Small electron electron * Large electron electron
interactions interactions (on site)

 Low energy scale —charge  Low energy scale-spin
fluctuations fluctuations

* Non or weakly magnetic * Magnetic (Hunds’ rule)

 Examples Al, Mg, Zn, Si e @Gd, CuO, SmCo3

Many solids have coexisting R>>D and R<<D valence orbitals i.e. rare earth 4f and
o5d, CuO Cu 3d and O 2p, Heavy Fermions, Kondo, High Tc,s , met-insul. transitions



Special place for transition metal and rare earths
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Note that the 4f states are
Not full or empty for the rare
Earths and yet they are well
Inside other occupied
orbitals!!

Charge density




Atoms in a periodic array in solids

We are interested in the potential
Produced by the nuclei and the
inner electrons on the outermost
“Valence” electrons

Fig 5= The electrostailc potestial Breagh a ling of aiems (wa craial and parailel e such a fine, .llll
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ALSO BORING ONLY METALS !!



More atomic like states for atoms in
solids with large inter-atomic spacing
compared to orbital radius

ATom  Sowp

| Electrons can quantum mechanically
Tunnel from atom to atom forming again
Waves and bands of states but now the
| Bands are finite in width. If such a band
. is full ( 2 electrons per atom for S

.| orbitals the material will be an insulator
| Because of a forbidden gap to the next
| band of states INSULATOR OR

| SEMICONDUCTOR

PlLeCTgow
FREay

Infroduciion b Gaid Slxte Py
Lsclura nobis Savastsdys Lachms S npagn ST

Still rather boring since we have no magnetism systems
With and odd number of electrons per atom would all
be metallic



Surely a lattice of H atoms separated
by say 1 cm would not behave like a
metal

What have we forgotten ?

The electron electron repulsive
Interaction



Why are 3d and 4f orbitals special

Lowest principle g.n. for that | value
Large centrifugal barrier 1=2,3

Small radial extent, no radial nodes
orthogonal to all other core orbitals via
angular nodes

High kinetic energy ( angular nodes)
Relativistic effects

ook like core orb. But have high energy and
form open shells like valence orb.
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Plot of the orbital volume /Wigner sites volume of the
elemental solid for rare Earth 4f's, actinide 5f’s, transition
metal 3d’s,4d’'sand 5d’s

QL =

(ﬂr‘z zr'.d-ﬂ)

In compounds the ratio will be
strongly reduced because the
Element is “diluted” by other
components

Van der Marel et al PRB
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Band Structure approach vs atomic

Band structure

Delocalized Bloch states

Fill up states with electrons
starting from the lowest
energy

No correlation in the wave
function describing the
system of many electrons

Atomic physics is there only
on a mean field like level

Single Slater determinant
states

Atomic

Local atomic coulomb and
exchange integrals are
central

Hunds rules for the Ground
state -Maximize total spin-
Maximize total angular
momentum-total angular
momentum J =L-S<1/2 filled
shell , J=L+S for >1/2 filled
shell

Mostly magnetic ground
states
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Simplest approach to electronic
structure —band theory

-free electron —constant potential- no atoms-

- tight binding - full atomic potential




Hohenberg Kohn theorem

Each local external one particle
potential corresponds to exactly
One ground state density
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Single Slater det. Of
One electron Bloch
States. No correlation
In the wave function

Recall that the ground
State has few properties

It is the excited states that
Determine the response to
External perturbations such
as fields.
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General band theory result for
R<<d together with R>>d states

For open shell bands R<<d  open therefore must be at Ef
R<<d so bands are narrow

Dan S, Ty
0 —
S7o /ZS,)

R« d




Huge successes of DFT

Obtain the correct ground state crystal structure and
quite accurate lattice parameters for a large diversity
of systems

Obtain the correct magnetic structure for a large
diversity of materials

First principles method to calculate electron phonon
coupling by introducing lattice distortions and
obtaining the new ground state energy

Extremely important role in also correlated electron
systems for the determination of parameters to be
used in many body Hamiltonian approaches.



