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Motivation: OSMTs in Ca2−xSrxRuO4

Ca2−xSrxRuO4:

isostructural to La2−xSrxCuO4

Sr2RuO4: quasi-2d FL,

spin-triplet superconductor

[Nakatsuji, Maeno, PRL 84, 2666 (2000)]
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Ca2−xSrxRuO4:

isostructural to La2−xSrxCuO4

Sr2RuO4: quasi-2d FL,

spin-triplet superconductor

[Nakatsuji, Maeno, PRL 84, 2666 (2000)]

[Nakatsuji et al., PRL 90, 137202 (2003)]

saturation moment, susceptibility

 S = 1/2 system for x & 0.2 (not S = 1)

strongly anisotropic magnetoresistance

orbital-selective Mott metal-insulator transitions for

x ≈ 0.5, x ≈ 0.2 ?

NEDO workshop Mainz · July 28, 2005 · Nils Blümer (Univ. Mainz) C ←↩ 4 B 2



Mott metal-insulator transition in doped V2O3

Prototype correlated system: V2O3

(d1-d2LI ) hybridization (Uozumi et al., 1993). Cluster-
model analysis has revealed considerable weight of
charge-transfer configurations, d3LI ,d4LI 2,. . . , mixed into
the ionic d2 configuration, resulting in a net d-electron
number of nd.3.1 (Bocquet et al., 1996). This value is
considerably larger than the d-band filling or the formal
d-electron number n52 and is in good agreement with
the value (nd53.0) deduced from an analysis of core-
core-valence Auger spectra (Sawatzky and Post, 1979).
If the above local-cluster CI picture is relevant to experi-
ment, the antibonding counterpart of the split-off bond-
ing state is predicted to be observed as a satellite on the
high-binding-energy side of the O 2p band, although its
spectral weight may be much smaller than the bonding
state [due to interference between the d2→d11e and
d3LI →d2LI 1e photoemission channels; see Eq. (3.12)].
Such a spectral feature was indeed observed in an ultra-
violet photoemission study by Smith and Henrich (1988)
and in a resonant photoemission study by Park and
Allen (1997). In spite of the strong p-d hybridization
and the resulting charge-transfer satellite mechanism de-
scribed above, it is not only convenient but also realistic
to regard the d1-d2LI bonding band as an effective V 3d
band (lower Hubbard band). The 3d wave function is
thus considerably hybridized with oxygen p orbitals and
hence has a relatively small effective U of 1–2 eV (Sa-
watzky and Post, 1979) instead of the bare value U
;4 eV. Therefore the effective d bandwidth W becomes
comparable to the effective U : W;U . With these facts
in mind, one can regard V2O3 as a model Mott-Hubbard
system and the (degenerate) Hubbard model as a rel-
evant model for analyzing the physical properties of
V2O3.

The time-honored phase diagram for doped V2O3 sys-
tems, (V12xCrx)2O3 and (V12xTix)2O3 , is reproduced
in Fig. 70. The phase boundary represented by the solid
line is of first order, accompanied by thermal hysteresis
(Kuwamoto, Honig, and Appel, 1980). In a Cr-doped
system (V12xCrx)2O3 , a gradual crossover is observed
from the high-temperature paramagnetic metal (PM) to

FIG. 69. Photoemission spectra of V2O3 in the metallic phase
taken using photon energies in the 3p-3d core excitation re-
gion. From Shin et al., 1990.

FIG. 68. Corundum structure of V2O3.

FIG. 70. Phase diagram for doped V2O3 systems,
(V12xCrx)2O3 and (V12xTix)2O3. From McWhan et al., 1971,
1973.

1147Imada, Fujimori, and Tokura: Metal-insulator transitions

Rev. Mod. Phys., Vol. 70, No. 4, October 1998
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(V1−xMx)2 O3

+Cr +Ti
←− | −→

←− U/W[McWhan et al., PRL 27, 941 (1971)]

1st order MIT
@

@
@

@
@I

log ρ

1/T
[Kuwamoto, Honig, Appel, PRB 22, 2626 (1980)]

MIT without long-range order

resistivity ρ increases by factor 103

shift in lattice parameters
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Corundum structure

Corundum structure:

• hcp O2− lattice

• V3+ fill 2/3 of octahedra

doping with Ti, Cr:

• (nearly) isovalent

• distorts lattice→ changes overlap

• drives MIT (like pressure)

O
2-

α

V
3+

V
3+

αCr < αV < αTi

Paramagnetic, bandwidth-controlled metal-insulator transition in V2O3 −→ microscopic model?
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O
2-

α

V
3+

V
3+

αCr < αV < αTi

Paramagnetic, bandwidth-controlled metal-insulator transition in V2O3 −→ microscopic model?

Bloch states near Fermi energy, band-splitting by Coulomb correlations (∼ U)

ε
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N(E)

W

E

N(E)

U

Paramagnetic Mott transition not captured by LDA band structure calculations!
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Mott transition in frustrated 1-band Hubbard model

Hubbard model
i

U
tj

Ĥ =
∑

(i,j),σ

tij(ĉ
†
iσĉjσ+ h.c.) +U

∑

i

n̂i↑n̂i↓

Minimal model for correlated electrons

MIT/crossover at U/W ≈ 1 (and half filling)
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Dynamical mean-field theory (DMFT): local self-energy Σ(k, ω) ≡ Σ(ω)

+ non-perturbative

 valid at MIT

+ dynamical on-site

correlations preserved

+ in thermodynamic limit

+ exact for Z →∞ d=2: Z = 4 bcc: Z = 8 fcc: Z = 12 DMFT: Z =∞
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Frustrated 1-band Hubbard model (DMFT+QMC): 1st order MIT + coexistence
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Frustrated 1-band Hubbard model (DMFT+QMC): 1st order MIT + coexistence

• •0

0.02

0.04

0.06

0.08

0.1

4.4 4.6 4.8 5 5.2 5.4 5.6 5.8

T

U

metal insulator

crossover region

critical end point

coexistence
region

Uc1 Uc Uc2

Georges and Krauth (1993)

Rozenberg, Kotliar, Zhang (1994)

Georges et al. (RMP, 1996)

Schlipf et al. (1999)

Rozenberg, Chitra, Kotliar (1999)

Krauth (2000)

Bulla (1999, 2001)

Joo, Oudovenko (2001)

Tong (2001)
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1st order line from
dUc(T )

dT
= f(T, Uc(T )); f(T, U) :=

∆E(T, U)

T ∆D(T, U)

low-T asymptotics from Uc(T ) = U
0
c −

√

2SoT

a
+

γ0

4S0

T +O(T
3/2

)

High-precision energetics from QMC (even for T → 0) [NB, Kalinowski, PRB 71, 195102 (2005)]
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Orbital-selective Mott transition in 2-band Hubbard model

[LDA+DMFT(NCA): Anisimov et al. (2002)]
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Orbital-selective Mott transition in 2-band Hubbard model

Minimal model: 2-band Hubbard model

with orbital-dependent hopping
[LDA+DMFT(NCA): Anisimov et al. (2002)]
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Orbital-selective Mott transition in 2-band Hubbard model

Minimal model: 2-band Hubbard model

with orbital-dependent hopping
[LDA+DMFT(NCA): Anisimov et al. (2002)]
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For Bethe DOS, t2 = 2 t1: two 1st order MITs for U ′=Jz=J⊥=0 (trivial)

two distinct MITs for Jz=J⊥=U/4 [Koga et al., PRL 92, 216402 (2004)]

single MIT or OSMTs for J⊥=0, Jz=U/4 ?

NEDO workshop Mainz · July 28, 2005 · Nils Blümer (Univ. Mainz) C ←↩ 4 B 7



Earlier DMFT-QMC results: single Mott transition in Jz model (J⊥ = 0)

quasiparticle weight Zi = m/m∗i

discrete QMC estimate:

Zi ≈
[

1− ImΣ(iπT )/πT
]−1

Jz = 0.2, U ′ = U − 0.4
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[Liebsch, PRL 90, 226401 (2003)]

NEDO workshop Mainz · July 28, 2005 · Nils Blümer (Univ. Mainz) C ←↩ 4 B 8
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Jz = U/4, U ′ = U/2
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[Liebsch, PRB 70, 165103 (2004)]
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Test for multiband-QMC: quasiparticle weights Z = m/m∗ in 2-band model
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[Comparison with Liebsch, PRB 70, 165103 (2004)]
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Test for multiband-QMC: quasiparticle weights Z = m/m∗ in 2-band model
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QMC+1/ω: ∆τ=0.30

∆τ=0.25
∆τ=0.20

[Comparison with Liebsch, PRB 70, 165103 (2004)] [C. Knecht, unpublished]

Very small dependence on discretization ∆τ .

Conclusion in 3/2005: New algorithm clearly exposes (single) metal-insulator transition (MIT)

But: wide band still “quite metallic” for U > 2.0 – 2nd transition?
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Ratio of quasiparticle weights r = Znarrow/Zwide
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Low-frequency analysis of self-energy
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Spectral function (interacting DOS)
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Clear indications for second singularity

Wide band remains metallic at U ≈ 2.0

 two orbital-selective Mott transitions [Knecht, NB, van Dongen, cond-mat/0505106, to appear in PRB RC]

same conclusions from slave-spin approximation [de’ Medici, Georges, Biermann, cond-mat/0503764]
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Comparison at T = 1/32 with Liebsch, PRB 70, 165103 (2004)

triggered by Comment [Liebsch, cond-mat/0506138] on our preprint
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Numerical noise in Liebsch’s QMC data obscures second transition

Liebsch’s relative errors >100% at both transitions [our error: O(1%)]

[Knecht, NB, van Dongen, cond-mat/0506450]
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Summary and Outlook

DMFT+QMC: valuable numerical approach for correlated electron systems

– ab initio approach in combination with DFT(LDA)

– even broader applicability for cluster extensions

Mott transition in frustrated 1-band Hubbard model

Orbital-selective Mott transition in 2-band Hubbard model

Jz model: minimal model for OSMTs in Ca2−xSrxRuO4

not shown: narrow-band transition 1st order for T . 0.02

wide-band transition 1st order for small Jz, U ′

Outlook: realistic material-specific calculations with LDA+DMFT . . .

Thanks to: NIC Jülich, DFG (Bl775/1)
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Outlook: theory of half-metallic double perovskites

Sr2FeMoO6 and Sr2FeReO6

• Sr

• Fe

• Mo/Re

• O

Valences: Sr2+ [Kr]

Fe3+ [Ar] 3d5

Mo5+ [Kr] 4d1

O2− [Ne]

[LSDA+U for Sr2FeMoO6, Saitoh et al. (2002)]
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