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Centro Atomico, Bariloche (2008): Men at work



Bariloche (2008): Men at play



• 1st Surprise: Emergence in quantum many-particle systems

• 2nd Surprise: Dirt with universal properties

• 3rd Surprise:  Influence of electronic correlations on the

lattice stability of Fe

Outline:
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1. Peculiarities of                     

Interacting Many-Particle Systems
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Interacting many-particle systems

Elementary (“bare”) particles      + fundamental interactions

+ effective interactions
Elementary excitations

= new particles 

(“quasiparticles”)

#  N → ∞particles 



Simple metals

Potassium

T2 (K2)

C
/
T
 (

m
J
/
m

o
le

 K
2
)

CeCu2Si2, UBe13:
very heavy quasiparticles

"Heavy Fermions"

* 1000 m m≈

Steglich et al. (1979)

Stewart et al.

(1983)

C
/
T
 (

m
J
/
m

o
le

 K
2
)

T2 (K2)

*m m≈

Result of 

elementary excitations

(quasiparticles)

Result of 

elementary excitations

(quasiparticles)

0
im

*
l V

T

m

m

c

T
γ

→
= ∝



Interacting many-particle systems

Elementary (“bare”) particles      + fundamental interactions

+ effective interactions
Elementary excitations

= new particles 

(“quasiparticles”)

#  N → ∞particles 



Electrons in real solids

Strong effective interaction

of electrons in narrow orbitals

H
e
ld

 (
2
0
0
4
)

Q

e

rComplicated modification of 

the bare Coulomb interaction



Entirely new phenomena, e.g., phase transitions

Interacting many-particle systems

↓
Unpredicted behavior “emerges”Unpredicted behavior “emerges”

↓ N → ∞# particles

Examples:

Superconductivity  

Magnetism

Metal-insulator transition

Traffic

Weather

Stock market



Metal-insulator

transition

Entirely new phenomena, e.g., phase transitions

Interacting many-particle systems

↓

↓ N → ∞# particles

Why?Why?

Fe3O4



Example: Magnetite (Fe3O4)

Macroscopic view

� quantum many-particle problem� quantum many-particle problem

Microscopic view

Electrons in Fe 

are correlated



2. Universality of Dirt2. Universality of Dirt



• “Die Festkörperphysik ist eine Schmutzphysik” (Pauli)

• “One shouldn‘t wallow in dirt” (Pauli to Peierls)

… but “dirt physics” can be fundamental and universalFe3O4

T>TK (high energies)
Asymptotically free local moment

) )( (1/ FJ N E
K FT E e− Λ
∼

T<TK (low energies)
Screening of moment (confinement)

J

Prototypical correlation problem with  “running coupling constant” J(Λ)
� QED, QCD

Magnetic impurity in a host of non-interacting (itinerant) electrons 

“Kondo effect”



Theory of Correlated

Electron Materials

Theory of Correlated

Electron Materials
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: unrealistic

time

Correlations-specific
Many-body theory

Materials-specific
Density functional theory

(LDA/GGA) or GW

?

Comprehensive, non-perturbative approximation scheme needed
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Correlations-specific
Many-body theory

(DMFT)

Materials-specific
Density functional theory

(LDA/GGA) or GW

LDA+DMFTLDA+DMFT

+
⇓

Comprehensive, non-perturbative approximation scheme needed
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LDA+DMFT
correlated 

paramagnetic metal

DMFT

LDA+DMFT

Self-consistent

Anderson impurity

problem

Comprehensive, non-perturbative approximation scheme needed



Until recently: Investigation of electronic correlation effects

for a given lattice structure

� Influence of electrons on lattice structure ignored

• How do electrons + ions influence each other ? 

• Can electronic correlations (de)stabilize the lattice structure ?



3. Correlation-induced

lattice transformations

3. Correlation-induced

lattice transformations



α-γ structural phase transition in paramagnetic Fe

Leonov, Poteryaev, Anisimov, DV; PRL 106, 106405 (2011)

Application of LDA+DMFT



Electronic correlations at the

α-γ structural phase transition in paramagnetic Fe

Pressure, GPa

Fe

In general:

• Cohesion prefers close packed structure (fcc, hcp) for T�0

• bcc at higher T (lattice vibrations)

bcc structure at T�0: exceptional (covalency, magnetism, ...)



Electronic correlations at the

α-γ structural phase transition in paramagnetic Fe

Pressure, GPa

Fe

� Separation of magnetism and structure: Difficult theoretical problem

DFT(GGA): finds paramagnetic bcc structure to be unstable

Tstruct



Bain and Dunkirk (1924) 

Continuous transformation path to account for bcc-fcc transition in Fe

Total energies calculated along bcc-fcc Bain transformation path:

bcc-fcc structural phase transition in paramagnetic Fe

bcc (c/a=1) fcc (c/a =     )2
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GGA+DMFT total energy 
Etot - Ebcc

GGA+DMFT:

• bcc-fcc structural phase transition

at Tstruct ≈ 1.2 TC > TC

• LDA+DMFT and GGA+DMFT: 

qualitatively similar results

GGA:

paramagnetic fcc structure stable

fccbcc

What determines the temperature and c/a dependence of the total energy?

Pressure, GPa

Why is the low-T paramagnetic bcc phase stable ?

bcc-fcc structural phase transition in paramagnetic Fe



Pressure, GPa

Magnetic correlation energy of the electrons (            )

stabilizes bcc structure � Tstruct > TC

2ˆ zm−∼

bcc-fcc structural phase transition in paramagnetic Fe

Why is the low-T paramagnetic bcc phase stable ?



Lattice dynamics and phonon spectra of Fe

Leonov, Poteryaev, Anisimov, DV; PRB 85, 020401(R) (2012)

Application of LDA+DMFT



Lattice dynamics of paramagnetic bcc iron

Non-magnetic GGA phonon dispersion

Leonov, Poteryaev, 

Anisimov, DV (2012)

Exp.: Neuhaus, Petry, Krimmel (1997)

1. Brillouin zone
Pressure, GPa

dynamically unstable: C11, C‘ < 0



GGA+DMFT phonon dispersion at 1.2 TC

Lattice dynamics of paramagnetic bcc iron

1. Brillouin zone

Leonov, Poteryaev, 

Anisimov, DV (2012)

Exp.: Neuhaus, Petry, Krimmel (1997)

• phonon frequencies calculated with frozen-phonon method

• harmonic approximation
Stokes, Hatch, Campbell (2007) 



GGA+DMFT phonon dispersion at 1.2 TC

Lattice dynamics of paramagnetic bcc iron

Leonov, Poteryaev, 

Anisimov, DV (2012)

Exp.: Neuhaus, Petry, Krimmel (1997)

• phonon frequencies calculated with frozen-phonon method

• harmonic approximation
Stokes, Hatch, Campbell (2007) 

Electronic correlations 

strongly influence 

lattice-dynamical 

properties 

Electronic correlations 

strongly influence 

lattice-dynamical 

properties 



Herzlichen Glückwunsch, Gernot!


