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∗ with severe restrictions: symmetry breaking necessary

but e.g. no spin polarons in antiferromagnetic phase

Sangiovanni, Toschi, Koch, KH, Gunnarsson ... PRB’06
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Ĥ =
X
klmσ

ε
LDA
klm ĉ
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material specific lattice problem Ĥ Anderson impurity model + Dyson equation

(Metzner, Vollhardt’89; Georges, Kotliar’92)

Solve Anderson impurity mode with
Quantum Monte-Carlo (QMC)

Hirsch-Fye’86

〈O〉 = TrOe
−βH

Tre
−βH

• T & 300K (effort ∼ β3 = 1/T 3)

Projective QMC Feldbacher, KH, Assaad PRL’04

〈O〉T=0 =
〈ΨT |e−θ/2 HOe

−θ/2 H|ΨT〉
〈ΨT |e−θH|ΨT〉

Trick:

〈O〉T=0 = lim
β̃→∞

Tre
−β̃H0e

−θ/2 HOe
−θ/2 H

Tre
−β̃H0e

−θH

with |ΨT〉 ground state of H0

NCA, IPT show quantitative differences at Mott-Hubbard transition



II) LDA+DMFT as a spectral density functional theory



DMFT Luttinger Ward functional
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(Dyson)
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also allows to calculate correlation functions, higher order GF

correlations purely local



LDA+DMFT as Spectral Density Functional Theory
Savrasov, Kotliar’01

DMFT:
ΩDMFT[Σ, G] = Φ[G]− TrΣG− Tr ln([G0

k(ω)]
−1 − Σ(ω))

LDA functional integral (Fukada’94)

ΩLDA[VKS, ρ] =

Z
d
3
rVion(r)ρ(r) +

1

2

Z
d
3
rd

3
r
′ρ(r)ρ(r′)
|r− r′|

+ Exc[ρ]

−
Z

d
3
r VKS(r)ρ(r)− Tr ln[ω + ~2

/2me∆− VKS(r)]



LDA+DMFT as Spectral Density Functional Theory
Savrasov, Kotliar’01

DMFT:
ΩDMFT[Σ, G] = Φ[G]− TrΣG− Tr ln([G0

k(ω)]
−1 − Σ(ω))

LDA functional integral (Fukada’94)

ΩLDA[VKS, ρ] =

Z
d
3
rVion(r)ρ(r) +

1

2

Z
d
3
rd

3
r
′ρ(r)ρ(r′)
|r− r′|

+ Exc[ρ]

−
Z

d
3
r VKS(r)ρ(r)− Tr ln[ω + ~2

/2me∆− VKS(r)]

ΩLDA+DMFT[Σ, G, VKS, ρ] =

Z
d
3
rVion(r)ρ(r) +

1

2

Z
d
3
rd

3
r
′ρ(r)ρ(r′)
|r− r′|

+ Exc[ρ]

+Φ[G]− Φdc[G]−
Z

d
3
r VKS(r)ρ(r)− Tr Σ(ω)G(ω)

−Tr ln[ω + ~2
/2me∆− VKS − Σ(ω)lmϕ

∗
il(r

′
)ϕim(r)]



LDA+DMFT as Spectral Density Functional Theory
Savrasov, Kotliar’01

DMFT:
ΩDMFT[Σ, G] = Φ[G]− TrΣG− Tr ln([G0

k(ω)]
−1 − Σ(ω))

LDA functional integral (Fukada’94)

ΩLDA[VKS, ρ] =

Z
d
3
rVion(r)ρ(r) +

1

2

Z
d
3
rd

3
r
′ρ(r)ρ(r′)
|r− r′|

+ Exc[ρ]

−
Z

d
3
r VKS(r)ρ(r)− Tr ln[ω + ~2

/2me∆− VKS(r)]

ΩLDA+DMFT[Σ, G, VKS, ρ] =

Z
d
3
rVion(r)ρ(r) +

1

2

Z
d
3
rd

3
r
′ρ(r)ρ(r′)
|r− r′|

+ Exc[ρ]

+Φ[G]− Φdc[G]−
Z

d
3
r VKS(r)ρ(r)− Tr Σ(ω)G(ω)

−Tr ln[ω + ~2
/2me∆− VKS − Σ(ω)lmϕ

∗
il(r

′
)ϕim(r)]

δΩ[Σ, G, VKS, ρ]

δG
= 0,

δΩ[Σ, G, VKS, ρ]

δΣ
= 0 ⇒ DMFT eqs.

δΩ[Σ, G, VKS, ρ]

δVKS
= 0,

δΩ[Σ, G, VKS, ρ]

δρ
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Problems:
basis dependent
material dependent



III) Manganites La1−xSrxMnO3

colossal magnetoresistance

phase diagram

transition decreases appreciably, and for x>0.14 the transition temperatures agree well
with published data for a structural transition between orthorhombic O* and rhombohe-
dral R phases.2,6 This gives us a basis for identifying the observed transitions as
O*→R right down to x50. In the region of magnetic ordering, for x50.175 and 0.2,
these transitions also manifest themselves in the form of a sharp change in the suscepti-
bility ~Fig. 1! and magnetization. Therefore two high-temperature structural phase tran-
sitions O8→O* and O*→R , corresponding to the lines Ts8(x) and Ts(x) on the phase
diagram in Fig. 4, occur in La12xSrxMnO3. The structures of the rhombohedral R and
orthorhombic O* phases are determined by distortions of the initial perovskite cubic
structure which are associated with a rotation of the oxygen octahedra around axes of the
type @111# and @110#, respectively, while the structure of the orthorhombic phase O8 is
associated with the additional distortion of the O* phase in the presence of static coop-
erative Jahn–Teller ordering of the deformed oxygen octahedra.

Let us now turn to the results of submillimeter measurements of the permittivity
e8(T) and dynamic conductivity s8(T), whose temperature dependences for x50.125
are presented in Fig. 3 for the frequency n513.3 cm21. The curves 1 and 2 refer to
different polarizations of the radiation, which correspond to minimum and maximum
transmission. This is evidently associated with the anisotropy of the crystal. It is evident
see that appreciable anomalies are observed in the curves s8(T) and e8(T). They corre-
spond well with the features appearing in the curves of the static conductivity sdc(T),
magnetic susceptibility xac(T), and magnetization M (H) ~Fig. 3c and 3d! as a result of

FIG. 4. Structural and magnetic T –x phase diagram of La12xSrxMnO3. R — rhombohedral phase; O* —
weakly distorted orthorhombic phase; O8 — strongly distorted ~Jahn–Teller! orthorhombic phase; P —
polaron-ordering phase; Para — paramagnetic state; F — ferromagnetic state; CAF — noncollinear phase; TC

and TN — Curie and Néel temperatures; T s and Ts8 — temperatures of the transitions O*→R and O8→O*,
respectively; and, Tp — temperature of the transition to the polaron-ordering phase.
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Fig. 2.1.2. (a) Temperature dependence of the resistivity in magnetic "elds corresponding to La
���

Sr
�
MnO

�
at

x"0.175 (from Tokura et al., 1994). (b) Temperature dependence of the total infrared-absorption spectral weight

N
���
(open circles) and Drude weight D (closed circles) for a single crystal of La

���
Sr

�
MnO

�
(x"0.175). The solid line is

the square of the normalized ferromagnetic magnetization (M/M
�
)�, with M

�
the saturated magnetization. Results

reproduced from Tokura (1999).

modi"cations of the double-exchange ideas, but it is crucial in the phase-separation-based ap-
proaches described here. Note, however, that the metallic phase of La

���
Sr

�
MnO

�
at su$ciently

large hole density seems quite properly described by double-exchange approaches, namely there is
a simple relation between the resistivity and the magnetization in the metallic ferromagnetic phase
(Tokura et al., 1994; Furukawa et al., 1998). Then, it is important to distinguish the theoretical
understanding of the individual phases, far from others in parameter space, from the understanding
of the competition among them. It is the latest issue that is the most important for the explanation of
the MR e!ect according to recent calculations (Moreo et al., 1999a, 2000).
It is also interesting to point out that the low-temperature ferromagnetic metallic state that

appears prominently in Fig. 2.1.1b is actually `unconventionala in many respects. For instance, in
Fig. 2.1.2b, taken from Tokura (1999), it is shown that the total low-energy spectral weight of the
optical conductivity N

���
is still changing even in the low-temperature region, where the spin is

already almost fully polarized. Clearly, there is another scattering mechanism in the system besides
the spin. Actually, even within the FM-state the carrier motion is mostly incoherent since the

11E. Dagotto et al. / Physics Reports 344 (2001) 1}153

Tokura et al.’94

•
ferromagnet

“bad” metal

paramagnet
insulating-like




