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1.
Peculiarities of
Many-Particle Systems



Interacting many-particle systems

Elementary (“bare’) particles + interactions
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effective (““‘quasi”) particles + effective interactions
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Interacting many-particle systems

Elementary (“bare’) particles + interactions

l/N—)oo

effective (““‘quasi”) particles + effective interactions

Electron gas: Screening
Simplest approximation: Thomas-Fermi
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Interacting many-particle systems

Elementary (“bare’) particles + interactions

l/N—)oo

effective (““‘quasi”) particles + effective interactions

Electron gas: Screening
Better approximation: Lindhard
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Interacting many-particle systems

Elementary (“bare’) particles + interactions

l/N—)oo

effective (““‘quasi”) particles + effective interactions

Electrons
In solids
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I': Coulomb interaction
= correlations

“Strong interaction” of
electrons in localized orbitals




Quasiparticles



Electrons

Spin = % Fermion

2

U

Fermi-Dirac statistics

U

Pauli exclusion principle
of many fermions

Fermi body/surface




Fermi gas: Ground state

Fermi surface -




Fermi gas: Excited states (T>0)

o Particle

Exact k-states ("particles”): infinite life time

Switch on interaction adiabatically (d=3)



Landau Fermi liquid Landau (1956/58)

1-1 correspondence between k-states

(Quasi-) Particle
® = elementary excitation

Well-defined k-states ("quasiparticles”) with - finite life time
- effective mass
- effective interaction
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Interacting many-particle systems
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Entirely new phenomena, e.g., phase transitions

"

Unpredicted “emergent’” behavior

We used to think that if we knew one, we knew two,
because one and one are two.

We are finding out that we must learn a great deal more about 'and'.
Arthur Eddington (1882-1944)

“More is different” Anderson (1972)



Interacting many-particle systems
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Examples:

Superconductivity Traffic Ants
Magnetism Weather Human body
Galaxy formation Stock market Consciousness

© The Institute for Complex Adaptive matter (ICAM)



2.
Correlations



Correlation [lat.]: con + relatio ("with relation")

Grammar: either ... or

Mathematics, natural sciences:

(AB)#(A)(B)

e.g., densities:

(p(r)p(r)) = (p(r){p(r))




Temporal/spatial correlations in everyday life

Time/space average
Insufficient



Correlations
VS.
long-range order

Sempe, THENEW YORKER




3.
Electronic Correlations
INn Solids



Periodic Table of the Elements
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Electronic Bands in Solids Energy | Represen-
Property . Example
levels tation
_ Localized _
Insula- | Atomic Solid Ne
electrons
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Narrow band - small W: Strong electronic correlations

Consequences?




Correlated electron materials

Fascinating topics for fundamental research

elarge resistivity changes

ehuge volume changes

ehigh T, Large
estrong susceptibilities
ecolossal magnetoresistance

egigantic non-linear optical effects

with

Technological applications:
e sensors, switches
e magnetic storage
e refrigerators
e functional materials, ...



Electronic Correlations: Models
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Correlation phenomena: Static (Hartree-Fock)
Metal-insulator transition, ... mean-field theories

generally insufficient



t U
Hubbard model 1777 a A PN

A eV

|1 1)

_ 7 k | N
4 /
| v 7 SRR b S

" _t<§>:(, CioCio +U 2 U <niTni¢> ” <niT><n”>

Main theoretical challenge: Static (Hartree-Fock)
Construct reliable, comprehensive mean-field theories
approximation schemes generally insufficient



4.
Dynamical Mean-Field Theory (DMFT)
of Correlated Electrons



Theory of strongly correlated electrons
H = _t<z>: CiTGCjO' + U ZniTnii Hubbard model
I,] [

Hypercubic lattices: Coordination number Z=2d

Dimension d=1




Theory of strongly correlated electrons
H = _t<z>: CiTGCjO' + U ZniTnii« Hubbard model
I,] [

Hypercubic lattices: Coordination number Z=2d

Dimension d=2




Theory of strongly correlated electrons
H = _t<z>: CiTGCjO' + U ZniTnii Hubbard model
I,] [

Hypercubic lattices: Coordination number Z=2d

Dimension d=3




Theory of strongly correlated electrons
H = _t<z>: CiTGCjO' + U ZniTnii Hubbard model
I,] [

Body-centered cubic lattice

Dimension d=3
* /



Theory of strongly correlated electrons
H = —t<; CiTGCjG +U Z”n”w Hubbard model
1,)),0 [

Face-centered cubic lattice

Dimension d=3

Metzner, DV (1989) |
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o/.\T.>‘ “Dynamical mean-field theory*

7=12 Muller-Hartmann (1989), Janis (1991)
Georges and Kotliar (1992)




Dynamical mean-field theory of correlated electrons

Proper time resolved treatment of local electronic interactions:
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Correlated Electron: Materials



i e 3 [\
LﬂJ: Coulomb interaction _
= correlations |

Held®(2004)

DFT/LDA

+  material specific: “ab initio”
— fails for strong correlations
+  fast code packages

~ time-averaged
electron density

lattice potential



Coulomb interaction

A
M

= correlations

Held®(2004)

DFT/LDA Model Hamiltonians
+  material specific: “ab initio” | —  input parameters unknown
—  fails for strong correlations +  systematic many-body approach
+  fast code packages —  computationally expensive
. x U
How to combine? [« =& N9
T/I/"\ /I
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Computational scheme for correlated electron materials:

Material specific electronic structure
(Density functional theory: LDA, GGA, KKR, ...)

+

Local electronic correlations
(Many-body theory: DMFT)

—> | LDA+DMF

Anisimov et al. (1997)
Lichtenstein, Katsnelson (1998)
Nekrasov et al. (2000)

Kotliar, DV (Physics Today, March 2004)
Kotliar et al. (RMP, 2006)



Application of LDA+DMFT:
(Sr,Ca)VO,



Electronic structure ” e i
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No correlation effects/spectral transfer



LDA+DMFT results

SrVO3 and CaVO,

— 5rVO, (300 K)
— CaVvoO, (300 K)

constrained LDA:
U=5.55 eV, J=1.0 eV

Energy (eV)

k-integrated spectral function

Osaka - Augsburg - Ekaterinburg collaboration: Sekiyama et al. (2004)

How to measure ?



‘ Excursion: Spectroscopyl

1. Photoemission Spectroscopy (PES)
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Angular Resolved PES = ARPES

_/

Measures occupied states of electronic spectral function
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2. Inverse Photoemission Spectroscopy (IPES)

Measures unoccupied states of electronic spectral function

Information also available by:

X-ray absorption spectroscopy (XAS)




‘ IPES/XAS I
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‘ IPES/XAS I
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‘ IPES/XAS I

— A(0)*f(®)
(with broadening)
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Unoccupied states
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Comparison with experimen

+ Osaka - Augsburg -
Ekaterinburg collaboration,
(2004, 2005)

e (i) bulk-sensitive high-resolution photoemission spectra (PES)

e (ii) 1s x-ray absorption spectra (XAS) = unoccupied states

Intensity (arbitrary units)

| SrVO,, LDA+DMFT(QMC)
_ - CaVO,, LDA+DMFT(QMC)
| o SrVO, (Sckiyama ct al.)
O Ca‘»"{jj (Sekiyama et al.)

o
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| I 1 I 1 I 1
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—_— Ca\*’DE, LDA+DMFT(QMC)
a0 Srv D:a (Inoue et al.) —

QU g Ca, ,Sr, VO, (Inouc ct al.)

Energy (eV)

Energy (eV)



SrVO;5; and CaVO, Byczuk, Kollar, Held, Yang, Nekrasov,

-

2 Pruschke, DV; Nature Phys. (2007)
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—> Kinks in high-resolution ARPES of Ni(110)
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Bunemann, Gebhard, Ohm, Weber, Claessen; PRL (2009)
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5.
New Developments & Perspectives



(1) Complex correlated electron materials

Explanation & prediction of properties of complex materials

La, Sr MnO,

D.D 0.2 0.4 0.6 D_S 1.0
concentration x

Phase diagram of La,;_Sr,MnO,
Hemberger et al. (2002)

O

Kagome layer in

ZNnCu,(OH)4Cl,

H
Cu

1, 2, ... multi-electron
transfer in
metalloprotein

(herbertsmithite): complexes

Spin liquid behavior —> Photosynthesis




(1) Complex correlated electron materials

Explanation & prediction of properties of complex materials

!_611_)(erMnO3

D.D 0.2 0.4 0.6 D_S . 1.0
concentration x

Phase diagram of La,;_Sr,MnO,
Hemberger et al. (2002)

Kagome layer in 1, 2, ... multi-electron

ZnCuy(OH)4Cl transfer in DNA
(herbertsmithite):

Spin liquid behavior ~ damage & repair




(i1) Quantum phase transitions

T 4

Non-Fermi
liquid

rdered

)

Quantum critical point @ prG Research Unit
(Augsburg-Dresden-Gottingen-
Karlsruhe-KéIn-Minchen, 2007)

Driven by quantum fluctuations

e Non-Fermi liquid behavior
e Emergence of novel degrees of freedom
e New phases of matter



(i1) Quantum phase transitions

Non-Fermi

» H

Quantum critical point @ prG Research Unit
(Augsburg-Dresden-Gottingen-
Karlsruhe-KéIn-Minchen, 2007)

Driven by quantum fluctuations

e Non-Fermi liquid behavior
e Emergence of novel degrees of freedom
e New phases of matter



(11) Quantum phase transitions

0.3

Custers et al. (2003)

] 1 1 [l I 1 1 1 1
) 0 1 2

H(T)

Driven by quantum fluctuations

e Non-Fermi liquid behavior
e Emergence of novel degrees of freedom
e New phases of matter



(i11) Correlated electrons in non-equilibrium

Real time evolution of correlation phenomena, e.g.,
time-resolved optical photoemission

% aser - \cCrossover{_ >
i — @
c
- 0.1k £
] g ' g a
o [ pump y : : L
2 ® - insulator o
o ~ oL o
S % - metal ° =
% el s TE | 04 02 00 -0.2
> \ : 10 ' 16 ' Binding Energy (eV)
detector - Z= ) U/W ' = B otosIeCtron Mtens by
— > otoelectron intensity
A sample = in Mott insulating phase
2
Pump-probe experiment 2
g
2
Required: Theory of non-equilibrium beyond B m b
linear response in correlated bulk materials 0 6 8

2 4
Pump-Probe delay (ps)
Perfetti et al. (2006)




(iv) Correlated fermionic/bosonic atoms in optical lattices

Modugno et al. (2003)

Kohl, Esslinger (2006)

+—>
2hk
Observation of Fermi surface (“°K atoms)

High degree of tunability: “Many-body tool box™



(iv) Correlated fermionic/bosonic atoms in optical lattices

Hubbard model with ultracold atoms  Jaksch et al. (1998)

Angular momentum L®t=F - N=2F+1 hyperfine states

- SU(N) Hubbard models Honerkamp, Hofstetter (2004)

N=3, e.g. Li, U<0: Color superconductivity, baryon formation (QCD)
Rapp et al. (2006)
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0.2 0.4 D.é 08 1.0
concentration x

Non-Fermi
liquid

ARPES Intensity

0 04 02 00 -0.2
Binding Energy (eV)

Quantum critical point

Correlated many-particle systems:
More manifold and fascinating than ever



