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• Why do we need DMFT?

• Dynamical mean-field theory

• LDA+DMFT: applications to materials

• Correlated covalent insulator

• Summary



Mott insulators in band theoryMott insulators in band theory

LDA AFM calculationLDA AFM calculation

XPS+BIS experimentXPS+BIS experiment
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Terakura et al., PRB 30, 4734 (1984)



Cluster exactCluster exact diagonalization diagonalization
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 LDA+U LDA+U

Anisimov et al., PRB 44, 943 (1991)

• Introduces orbitally dependent
potentials

• Improves description of bulk
properties or exchange integrals

• Applicable to states with broken
symmetry

• Cannot describe paramagnetic Mott
insulator, or doped Mott insulators
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• Single out an atom from the lattice
• Replace the rest of the lattice by an effective medium
• Time resolved treatment of local electronic interactions
• Reconstruct lattice quantities

Dynamical Mean-Field Theory (DMFT)Dynamical Mean-Field Theory (DMFT)

Physics Today (March 2004) Kotliar, Vollhardt A. Georges et al. RMP 68, 13 (1996)
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         DMFT                 vs        Weiss molecular field         DMFT                 vs        Weiss molecular field
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LDALDA ⇒ Wannier projection:  HLDA(k)
         ⇒ constrained LDA:      Uij

             ⇒ double counting :          H0(k)= HLDA(k)-Edcnd

H = Σk H0(k) + ΣR UijnRinRj

Gdd(iωn)

G(τ), Uij

Σ(iωn)

MaxEntHirsch-Fye QMC
CT-QMC hybridization expansion

FP-LMTO, PW
paramagnetic solution

8x8 (MnO), 38x38 (Fe203) matrices
on 3375 k-points

Find chem. potential
Compute local propagator

Construct impurity problem
FT: ωn → τ

Solve impurity problem

One- and two-particle
quantities on real axis

invFT: τ → ωn
Compute Σ 

DMFTDMFT

Gdd(τ)



DMFT featuresDMFT features

• many-body dynamics is local (no k-dependence): Σ(ω),

  Γ(ν,ν’,ω)

• only single-particle self-energy Σ(ω) need for

   self-consistency

•  DMFT is non-perturbative approach (exact in D=∞)

•  DMFT contains T-dependence beyond Fermi-Dirac due

    to local Kondo physics
•   DMFT captures local correlations 〈AiBi〉 ≠〈Ai〉〈Bi〉



DMFT for single band Hubbard modelDMFT for single band Hubbard model
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Bulla et al. PRB 64, 045103 (2001)
for review A. Georges et al. RMP 68, 13 (1996)
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Mott transition - VMott transition - V22OO33

LDALDA

LDALDA+DMFT+DMFT
Keller et al. PRB 70, 205116 (2004) )



Quasiparticle Quasiparticle renormalizationrenormalization

Nekrasov et al. PRB 73, 155112 (2006) 

Byczuk et al. Nat. Phys. 3, 168 (2007) 

Materials motivate model
studies



Crystal-field effectsCrystal-field effects

Orbital fluctuations in d1 perovskites

SrVO3
CaVO3

LaTiO3 YTiO3

Pavarini et al., Phys. Rev. Lett. 92, 176403 (2004)

Bandwidth is renormalized
while crystal field is not

LDALDA

LDA+DMFTLDA+DMFT



Yoo et al., PRL. 94, 115502 (2005)

• moment collapse
• insulator -> metal transition
• volume collapse
• structural transition
FeO, CoO, Fe2O3, BiFeO3, …

Moment collapse and Mott transition under pressureMoment collapse and Mott transition under pressure

MnOMnO

JK et al. Nat. Mat. 7, 198 (2008)  … MnO

JK et al. PRL 102, 146402 (2009) … Fe2O3

Werner & Millis PRL 99, 126405 (2007)

Lyubutin et al. PRB 79, 085125 (2008) …
BiFeO3

high spin low spin

Fe2O3

(crystal-field + on-site exchange J)(crystal-field + on-site exchange J)



Charge-transfer materials:Charge-transfer materials: NiO NiO

Eastman & Freeouf, PRL 34, 395 (1974)

1253 eV

30 eV

40 eV

78 eV

20 eV

• Is NiO charge-transfer insulator?

• How does hole doping affects the
spectrum?

• Role of AFM order?

Δ

U

UHB

O-p
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Charge-transfer insulators:  Charge-transfer insulators:  NiONiO

JK et al. PRB 75, 165115 (2007),
PRL 

 120 eV

 66 eV
 O-p  Ni-d

 Theory:

 Experiment*:

Exp. from Shen et al. PRB 44, 3604 (1991)
and Sawatzky & Allen, PRL 53, 2339 (1984)

(p-d (p-d hybridizationhybridization))



Hole doping ofHole doping of NiO NiO
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0.971.000.550.0

pt2gegnh

doped
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Li0.4Ni0.6O:



Correlated covalent insulatorCorrelated covalent insulator

Temperature (K)
       200      400      600      800

S
us

ce
pt

ib
ili

ty

• Minimal model description of FeSi.
- band insulator at low T, local moment bad metal at high T
- overestimation of gap by LDA (rare)
• Transition between band insulator and Mott insulator
- evolution of quasi-particle, charge- and spin- gaps as a function of U

Jaccarino et al. Phys. Rev.  1967

Schlesinger et al. PRL 1993



• 1 orbital (2 spins) per site, half-filling

• gap in non-interacting spectral function

  (origin of the hybridization gap is irrelevant for

  local quantities and uniform susceptibility within DMFT )

Local spectral density:

+U=1.5 eVMODEL:

Correlated covalent insulatorCorrelated covalent insulator

JK & VI Anisimov PRB 78, 033109 (2008)



T-dependent quantitiesT-dependent quantities
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uniform χq=0
local (Σ χq)

• charge gap reduced by interactions
• gap filled with incoherent excitations
  at high T
• band-insulator-like ρ at low T, 
  bad metal ρ at high T
• local moment appears at high T



Spin and charge gaps as a function of USpin and charge gaps as a function of U

Spin gap is reduced compared
to charge gap (at finite U).

Origin of charge gap renormalization:

Δc = E(N+1) + E(N-1) - 2E(N)

E(2)  =

~ 1/W2

Sentef, JK, Werner and Kampf PRB 80, 155119 (2009)



SummarySummary

• LDA+DMFT can describe qualitatively different physics than  LDA,
such as PM phases of Mott insulators, quasiparticle renormalization,
Kondo screening and heavy fermion physics

• Multiple bands can give raise to new phases and transitions not existing
for simple models

Future and open problemsFuture and open problems

• Connection between LDA & DMFT - double-counting,
   calculation of interaction parameters cRPA, cLDA and charge self-

   consistency

• More efficient impurity solvers

• Linear response - spin, charge and orbital susceptibilites (dynamic)
• beyond single-site approximation: DCA, CDMFT, DΓA, dual fermions


