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Introduction to strongly correlated electron systems

l. Introduction
Brief summary of electrons in solids, origin of strong electron correlations

I1. Classes of strongly correlated electron systems

(a) Transition metal compounds: 3d-electrons
- Hubbard model, Mott insulator, metal-insulator transition
- Spin, charge, and orbital degrees of freedom and ordering phenomena, selected materials

(b) Heavy fermion systems: 4f (5f) — electrons
- The Kondo effect, heavy fermion systems, non-Fermi liquid behavior,
- Quantum phase transitions, unconventional superconductivity, selected materials

(c) Nanoscale structures:
- Quantum confinement, unusual properties for potential applications

I11. Pressure effect on the ground state properties:
- Recent experimental results on heavy fermions and transition metal compounds

V. Summary and open discussion




Spin, Charge, and Orbital degrees of freedom
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Metal insulator transition is driven by an interplay between these degrees of freedom!




Transition metal systems and electron correlations

Delicate balance

Band
formation

Crystal field Hund's coupling

systems can be quite close to the borderline U~ W (t)
Thus many interesting transitions to unusual ground states can occur by changing
T, P, filling, structure, etc.
more discussion with examples later!



Review of some background concepts
relevant to transition metal oxide systems



Transition metal oxides building blocks




Just like all crystalline solids, TM-oxides are built up
of regular repeat units such as:

@ TM-Og¢ octahedron
@ TM-Os5 square pyramid

Q@ TM-04 plaguette




Very large class of transition metal (and other) oxides

@ 'classic' cubic ABO;

lanthanide or

group II metal
(A)

oxygen — J /




LY = 00 n=1 n=2
ABO; A,BO, A;B.0O,
perovskite K,NiF, bilayer

pic: Matt Rosseinsky



Orbitals



Orbitals in atoms, molecules and solids

@ Pauli exclusion principle
max. two electrons per orbital, spins opposed

@ Degeneracy and relative energy
1x1s,1x2s,3x2p,1x3s,3x3p, 1x4s,5x3d



Is and 2 orbitals

images: http://buffer.bu.edu/acrosby/orbitals




3d orbitals




Note:

Sign change in wave functions!




3d orbitals in central potential of a free atom/ ion

5-fold degenerate 3d orbitals

3d: n=3, /=2, m,=-2,-1,0,1,2 === 5 orbitals




Crystal electric field energy

Coulomb potentials in oxides lead to lifting of the
orbital degeneracy of the 3d levels:
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3d-orbitals occupation and ligand interaction
(Octahedral Field) |

dy? _y.?

Y4
7/
.7 d-orbitals pointing directly at axis
// are affected most by electrostatic
’ Interaction

iy dyz

d-orbitals not pointing directly at axis are least affected
(stabilized) by electrostatic interaction



Hund's coupling energy

Hund's rules?

Short reminder!




Hund's rules

Atoms with not completely filled subshells can exist in
several atomic states. Hund’s rules define the lowest energy
atomic state for each given electronic configuration.

The specification of a quantum state of an atom :

Quantum numbers (QN) n, £, m,, m,

The implication of Pauli exclusion principle is that
there should be no two electrons have exactly the same
set of quantum numbers at the same time



Hund’s rules (Empirical)

Hund’s 1st rule: S! Max has lowest energy
Hund’s 2nd rule: if S maximum, L ! Max has lowest energy

Arguments:

(1) Same spin & Pauli principle — electrons further apart — lower Coulomb
repulsion

(2) Large L — electrons “move in same direction” — lower Coulomb repulsion




Calculation of the total angular Momentum

| = Z m, Orbital angular momentum (of the
occupied whole atom):

S = Z M Spin angular momentum

occupied

The magnetic property of an atom is due to the R
angular momentum of the whole atom J J=L+S

J = ‘ | — S‘ If less than one-half of the ¢ subshell is filled.

J=L+S If more than one-half of the ¢ subshell is filled.
Spectroscopic notation

Electronic 25+1L l={ 0| 1|2 (3|45
configuration J S PIDIEIGI|H




Magnetic moment of an ion

The magnitude of dipole moment of an
lon/atom Is given by:

1, = 9,7 I3 +D) 1ty = P 1

It IS more convenient to express in terms of

effective magnetron number p; =g, \/ J(J +1)

Where g, Is called Lande g-factor

_1, 30 +D+S(S+D - L(L+D)
" 2J(J +1)




competition between Hund's coupling energy

and strength of the crystal electric field

!

Spin State transitions ====) Spin degree of freedom

See Board, example: LaCo3%O,
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La, Sr,CoO;rhombohedral distorted perovskite structure

LaCoO;: (undoped) La, ,Sr,Co0;: (doped)

«  Co3,3d®, Low-Spin (LS) « Co% — Co* (3d®) increasing valence
state (S = 0) due to Sr2* (hole-) doping

ground state: nonmagnetic,  ground state: LS-state is suppressed:
insulator nonmagnetic — spin glass —» x > 0.18

ferromagnetic

. temp_e_rature-induced spin
transition (T ~ 100K) «  x>0.18 insulator-metal transition

*  temperature-induced insulator- -  rhombohedral distortion decreases

metal transition (T ~ 500K) with x and — cubic for x ~ 0.50
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Electrical and magnetical properties of La,_ Sr,CoO,

electrical resistivity

Ch. Zobel et al. PRB 66, 020402 (2002)
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Open questions

whether and to what extent the spin degree of

freedom (spin transitions) affects the insulator-metal
transition?

better understanding of the connection between the

metal-insulator transition and onset of ferromagnetic
ordering.

More in the comming lectures!




Spin degree of freedom

Mott-Insulator with half filling (only one Band/ Orbital):
In the ground state each site iIs occupied with one electron /spin

===) SPIN degree of freedom, i.e. two possible spin orientations:

¢ or |[¢

In conventional Band insulator bands are completely full or completely
empty i.e. each orbital is either double occupied “ orempty | @

total spin = 0, no degeneracy === no spin degree of freedom!



Spin degree of freedom

Magnetic ordering in Mott insulators

Mott insulator: spin degeneracy is lifted by exchange interaction through
electron hopping between neighbor sites.

Compromise between Coulomb- & Kinetic energy

large U prevents double occupation, but restricts electrons on one site,

leading to a large increase of Kinetic energy ( AXAp > 7 )
Kinetic Energy is optimized by virtual hopping to next neighbors

~—— + """" '_~\+
£ |
H,=U) n.n
| | | |
‘\./+ Z o
Pauli principle: allowed forbidden H = Zt ct
Ia JU

(i,i)o

Hopping as small perturbation, using 2nd order perturbation theory
=) energy gain associated with virtual hopping:

t2
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Exchange interaction, Heisenberg-Hamiltonian

Example: one band model with direct overlap between orbitals

1\

Pauli-Principle: exchange forbidden for parallel spins | @ X
== for neighboring spins:
singletstate is favorable against triplet state by:

\
: ¢
4t antiferromagnetic ground state
EP =) = - ¢ &) [¢
U
b

J is the exchange coupling constat

Low energy physics (J << U) in Mott-Insulator is determined by the spins.
Effective low energy —Hamiltonian describes exchange interaction:

Heisenberg-Model H =] Z §i§j ] Z SiXS}( _|_Sinjy +SiZSjZ

<i, > <i, >
— 1 +Q— -Q+ Q2
ESingulett :_%‘J =J Z E(Si Sj +Si Sj )+Si Sj
h S*, S spin operators
ETriplett :+%‘] S* —c*c: S =c*
(57 =CCp S =CCip)



for detailed calculations an comments , see board
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Super exchange interaction

The exchange interaction between the spins of transition metals in TMO is mediated
by the ligand of the oxygen ions == super exchange

Goodenough-Kanamori-Anderson-Rules:

1) Finite “overlap” (t 4 # 0) 2) “overlap” =0 (tyy=0)
= Jlarge & antiferromagnetic = J small & ferromagnetic (J <0)
e.g.. L82xSNCUO5 - 100 mev
Cu- 3_(‘1_,(:‘},: O—'va
Cu-3d; Cu-3d: In virtually excited state ' /\
() 2 spins (holes) of \~* ;\/C>o s
O-lon in orthogonal \_/ AN
e . el 2p-orbitals couple cu-3d parallel WO
Spins. W
4. order Hund s coupling slightly favors
Perturbation theory tl‘o‘d parallel orientation (ferromagnetic) .
_ J N Cu- 3d: o
O-Cu hopping tpd A2U y
charge transfer energy J -~ i 1 <0
A\U U-J,.4

A= EOZp — ECu3d
Cu 3d®: spin %2 (spin hole)



see board!
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