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The iron age of superconductivity ...
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The “1111” family: LaFeAsO
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The “122” family: BaFe2As2
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The “122” family: BaFe2As2
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A zoo of compounds ...

+ “245”
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Features
• critical temperatures for superconductivity (under

hole/electron-doping, pressure, substitutions ...)
up to∼ 55 K

• near magnetic phases

• Fe forms a square lattice
• tetrahedral coordination
• near divalent Fe (d6 configuration)
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• CalculatedTC for
phonon-mediated
superconductivity: 0.8 K

• Experimental: 26 K
• Phonons cannot not ac-

count for superconduc-
tivity in this compound
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Electronic structure

determined by Fe-As-plane: Fe 3d and As 4p states
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LaFeAsO and LaFePO
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Correlations in pnictides ?
The example of LaFePO:
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Correlations in pnictides ?

LaFePO: photoemission versus band structure
(Lu et al., 2008)
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Correlations in pnictides ?

LaFePO: photoemission versus band structure
“after shifting the calculated bands up by 0.11 eV and
then renormalizing by a factor 2.2” ...
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Correlations in LaFeAsO?
Experimental (ARPES, XAS, optics ...) indications of
moderate correlations
Mass enhancement from ARPES∼ 2
Optics (Boris et al.):
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Dynamical Mean Field Calculations ...

Close
to Mott
transition
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Dynamical Mean Field Calculations ...

“LDA-
like”
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Multi-orbital Hamiltonian

H =
∑

{imσ}
(HLDA

im,i′m′ −Hdouble counting
im,i′m′ )a+imσai′m′σ

+
1

2

∑

imm′σ (correl. orb.)

U i
mm′nimσnim′−σ

+
1

2

∑

im6=m′σ (correl. orb.)

(U i
mm′ − J i

mm′)nimσnim′σ

• HLDA
im,i′m′ calculated from density functional theory within

the local density approximation (LDA)

• solved within dynamical mean field theory (DMFT)

→ combined “LDA+DMFT” scheme
Anisimov et al., 1997, Lichtenstein et al., 1998
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Parameters ...
Shim et al:

Hubbard U (= F0) = 4 eV
Hund’s J = 0.7 eV

Anisimov et al:
Hubbard U (= F0) = 0.8 eV
Hund’s J = 0.5 eV
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Sensitivity with respect to Hund’s J

Haule et al., NJP 2009
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Dynamical mean field calculations ...
... on iron pnictide compounds (1111, 122, 111, 11,
.... (not exhaustive!)):

Haule et al. PRL 2008, New J. of Phys. (2009)
Craco et al., PRB 2008
Aichhorn et al., PRB 2009
Sangiovanni et al., PRL 2009
Han et al., PRL 2009
Anisimov et al. PRL 2009, Skornyakov et al. PRB
2009, PRL 2011
Laad et al., PRB 2009
Yee et al., PRB 2010
Ishida et al., PRB 2010, Liebsch PRB 2011
Yin et al. Nat. Mat. (2011)
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Need for determination of ...

... Hubbard interactionU and Hund’s couplingJ
from first principles
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Bare interactions?

Vm1m2m3m4
≡ 〈φm1

φm2
| 1

|r − r′| |φm3
φm4

〉

=

∫∫

drdr′φ∗
m1
(r)φm3

(r)
1

|r − r′||φ
∗
m2
(r′)φm4

(r′).

... calculate using Fe-3d Wannier functions
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Bare interactions
LaFeAsO:∼ 20 eV

(L. Vaugier et al., unpublished)
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Parametrisation

Vm1m2m1m2
= 〈φm1

φm2
| 1

|r − r′| |φm1
φm2

〉 =
∑

k

akF
(k)

with the Slater integralsV ≡ F (k).
For 3d-electrons:

U = F (0)

J =
1

14

(

F (2) + F (4)
)

F (4)

F (2)
∼ 0.625 (1)
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Screened interactions?

Wm1m2m3m4
(ω) ≡ 〈φm1

φm2
|ǫ−1(ω)

1

|r − r′| |φm3
φm4

〉
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Partially Screened interactions?

Um1m2m3m4
(ω) ≡ 〈φm1

φm2
|ǫ−1
r (ω)

1

|r − r′| |φm3
φm4

〉

with a “partial dielectric function”ǫ−1
r (ω) that

includes screening processes not included in the
low-energy Hamiltonian
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What’s U in a solid?
... an answer from RPA:

Divide P = Pd + Pr wherePd = polarization of the
correlated orbitals (e.g. 3d orbitals)
Then:

W = [1− vP ]−1v

= [1−WrPd]
−1Wr

whereWr that does not include 3d-3d screening:

Wr(ω) = [1− vPr(ω)]
−1v

IdentifyU = 〈|Wr(ω = 0)|〉 !
F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S.B., A. I. Lichtenstein PRB70195104 (2004)

L. Vaugier, PhD thesis (2011)& L. Vaugier, H. Jiang, SB, to be published
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Remarks
Wr(ω) = [1− vPr(ω)]

−1v

U = 〈φφ|Wr(0)|φφ〉
• More generally:U = U(ω)

• U depends on model (non-interacting
Hamiltonian and choice of correlated orbitals)

→ choice of
(i) screening processes to be cut out fromPd

(ii) orbitals for matrix elements
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Hund’s coupling
Matrix form

Jm1m2
≡ 〈φm1

φm2
|ǫ−1
r (ω)

1

|r − r′| |φm2
φm1

〉

Slater parametrisation:

J =
1

14

(

F (2) + F (4)
)
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Hubbard and Hund in pnictides

• Screening of U→ one order of magnitude
• J weakly screened
• Variations between different compounds

(L. Vaugier, H. Jiang, SB, to be published)

see also Miyake et al, JSPJ 2010
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LaFeAsO in DMFT
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LaFeAsO in DMFT
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FeSe
Using this same (CRPA-) procedure for FeSe yields:
U=4.06 eV, J=0.91 eV
→ Stronger correlations?

Cf ARPES for Te-doped FeSe claims to see effective
mass enhancements up to 23 !
(Tamai et al, arXiv 12/2009)
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FeSe
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FeSe

.....

Hubbard band!
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FeSe
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effective masses:∼ 2 for x2 − y2, ∼ 5 for xy
But: large quasi-particle (?) damping
(−ImΣ(i0+)xy ≃ 0.2 eV )
very bad metal ! – p. 37



FeSe: bands& spectral function
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FeSe: spectral function
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enhancements from PES difficult ! – p. 39



What’s U in a solid?
... an answer from RPA:

Divide P = Pd + Pr wherePd = polarization of the
correlated orbitals (e.g. 3d orbitals)
Then:

W = [1− vP ]−1v

= [1−WrPd]
−1Wr

whereWr that does not include 3d-3d screening:

Wr(ω) = [1− vPr(ω)]
−1v

IdentifyU = 〈|Wr(ω = 0)|〉 !
F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S.B., A. I. Lichtenstein PRB70195104 (2004)

L. Vaugier, PhD thesis (2011)& L. Vaugier, H. Jiang, SB, to be published
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What’s U in a solid?
... an answer from RPA:

Divide P = Pd + Pr wherePd = polarization of the
correlated orbitals (e.g. 3d orbitals)
Then:

W = [1− vP ]−1v

= [1−WrPd]
−1Wr

whereWr that does not include 3d-3d screening:

Wr(ω) = [1− vPr(ω)]
−1v

IdentifyU(ω) = 〈|Wr(ω)|〉 !
F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. B., A.I. Lichtenstein, PRB 2004

L. Vaugier, H. Jiang, SB, in preparation
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BaFe2As2
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BaFe2As2: dynamical interaction

Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012 – p. 43



K-doped BaFe2As2: spectral function

Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012 – p. 44



Hamiltonian formulation

H =
∑

{imσ}
(HLDA

im,i′m′ −Hdouble counting
im,i′m′ )a†imσai′m′σ

+
1

2

∑

imm′σ
(correl. orb.)

V i
mm′nimσnim′−σ

+
1

2

∑

im6=m′σ
(correl. orb.)

(V i
mm′ − J i

mm′)nimσnim′σ

+
∑

i

∫

dω
[

λiω(b
†
iω + biω)

∑

mσ

nimσ + ωb†iωbiω
]

.

with −ImUretarded(ω) = πλ2
ω, andU0 = V − 2

∫

dωλ2

ω

ω
.
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Effects of dynamic U?
Hubbard-Holstein model in the “screening”
(antiadiabatic) regime (large plasma frequency)
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K-doped BaFe2As2: spectral function

Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012 – p. 47



K-doped BaFe2As2: self-energies

Optimally doped Ba1−xKxFe2As2: at the onset of
square-root self-energy behavior!
Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012 – p. 48



“Spin-freezing scenario”
seen in 3-band model (Werner and Millis, 2008):
non-Fermi liquid phase with local moments

 0

 2

 4

 6

 8

 10

 12

 14

 16

 0  0.5  1  1.5  2  2.5  3

U
/t

n

Fermi liquid
frozen
moment

βt=50
βt=100

Mott insulator (βt=50)
-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  5  10  15  20  25

<
n 1

(0
)n

2(
τ)

>
, <

S
z(

0)
S

z(
τ)

>

τt

n=1.21
n=1.75
n=2.23
n=2.62
n=2.97

(cf cours)

– p. 49



BaFe2As2: doping and T-dependence

Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012 – p. 50



K-doped BaFe2As2: k-resolved spectra

x = 0 x = 0.4 x = 0.8
Werner, Casula, Miyake, Aryasetiawan, Millis, SB, Nature Phys. 2012
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K-doped BaFe2As2: k-resolved spectra

Werner, Casula, Miyake,

Aryasetiawan, Millis, SB, Nature Phys. 2012
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Resistivities?

A. Olariu, F. Rullier-Albenque, D. Colson, A. Forget,
PRB 2011
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Resistivities?
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Resistivities?
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Optics?
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Satellites in BaFe2As2 ?

H. Ding’s group
– p. 57



Satellites in BaFe2As2 ?

H. Ding’s group
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Satellites in BaFe2As2 ?

H. Ding’s group

– p. 59



Satellites in BaFe2As2 ?

de Jong et al., PRB 2009
– p. 60



Effective Hamiltonian ?
Question:
Can we obtain the low-energy physics from an
effective model withstaticU ?

• Which U ?
• Which one-particle Hamiltonian ?

M. Casula, P. Werner, L. Vaugier, F. Aryasetiawan, A. Millis, SB, arXiv 2012.

– p. 61



Hubbard-Holstein Hamiltonian

H =−
∑

ijσ

tijd
†
iσdjσ + V

∑

i

d†i↑di↑d
†
i↓di↓ + µ

∑

iσ

d†iσdiσ

+ ω0

∑

i

b†ibi + λ
∑

iσ

d†iσdiσ(bi + b†i). (2)

Lang-Firsov transformation:
H → HLF = eSHe−S with
S = − λ

ω0

∑

iσ niσ(bi + b†i)
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HLF = −
∑

ijσ

tijc
†
iσcjσ+U0

∑

i

c†i↑ci↑c
†
i↓ci↓+ω0

∑

i

b†ibi,

(3)
with screened interactionU0 = V − 2λ2

ω0

.
and polaron operators
c†iσ = exp( λ

ω0

(b†i − bi))d
†
iσ

ciσ = exp( λ
ω0

(bi − b†i))diσ.
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Low-energy sector:

Heff = 〈0|H|0〉 (4)

= −
∑

ijσ

ZBtijd
†
iσdjσ + U0

∑

i

d†i↑di↑d
†
i↓di↓(5)

whereZB = exp(−λ2/ω2
0).

Glow-energy
ij (τ) = −ZB〈Tdi(τ)d†j(0)〉Heff,= ZBG

eff
ij (τ)

(6)
Spectral function:

Alow-energy(ω) = −1

π
ImGlow-energy= −ZB

π
ImGeff (7)
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Spectral functions
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Realistic Hamiltonian?
(

p†d†
)

(

Tpp Tpd
T †
pd Tdd

)

(

p

d

)

, (8)
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Rescale!
(

p†d†
)

(

Tpp
√
ZBTpd√

ZBT †
pd ZBTdd

)

(

p

d

)

, (9)
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General dynamicU :

U0 = V + 2/π

∫ ∞

0

dν ImUret(ν)/ν,= U(ω = 0)

ZB = exp

(

1/π

∫ ∞

0

dν ImUret(ν)/ν
2

)

.
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Materials??
ZB ω0 V = U(∞) U0 = U(0) Uliterature

SrVO3 0.70 18.0 16.5 3.3 4 - 5
Sr2VO4 0.70 18.1 15.7 3.1 4.2
LaVO3 0.57 10.3 13.3 1.9 5
VO2 0.67 15.6 15.2 2.7 4
TaS2 0.79 14.7 8.4 1.5
SrMnO3 0.50 13.3 21.6 3.1 2.7
BaFe2As2 0.59 15.7 19.7 2.8 5
LaOFeAs 0.61 16.5 19.1 2.7 3.5 - 5
FeSe 0.63 17.4 20.7 4.2 4 - 5
CuO 0.63 21.1 26.1 6.8 7.5
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BaFe2As2
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standard DMFT calculation, DMFT calculation with
dynamicU(ω), and effective low-energy model.
M. Casula, P. Werner, L. Vaugier, F. Aryasetiawan, A. Millis, SB, arXiv 2012.
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Some previous calculations ...
... compensated for missing bandwidth
renormalisation effect by choosing an artificially
enhancedU
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DynamicalU
• shifts spectral weight to higher energies
• explicit extended DMFT calculations possible
• effective static model: Ustat = U(0), one-particle

part renormalized by
ZB = exp

(

1/π
∫∞
0 dν ImUret(ν)/ν

2
)

(single-mode case:ZB = exp(−λ2/ω2
0))

• solves puzzle about “too small” cRPA U-values!

M. Casula, A. Rubtsov, SB., PRB 2012.

P. Werner, M. Casula, T. Miyake, F. Aryasetiawan, A. Millis, SB, Nature Physics 2012.

M. Casula, P. Werner, L. Vaugier, F. Aryasetiawan, A. Millis, SB, arXiv 2012.
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Conclusions
Towards a quantitative description of correlated
materials from first principles:

• LaFeAsO: moderately correlated metal
• FeSe: Hubbard band!
• BaFe2As2: dynamical screening effects,

doping-dependent (in)coherence

Methodology:
• From LDA+DMFT to LDA+U(ω)+DMFT
• HubbardU(ω) from constrained RPA
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Collaborators and references
• LaFeAsO vs. LaFePO: trends and models in LDA

Vildosola, Pourovskii, Arita, Biermann, Georges, PRB 2008

• LaFeAsO: assessing correlations in LDA+DMFT
Aichhorn, Pourovskii, Vildosola, Ferrero, Parcollet, Georges, Miyake, SB, PRB 2009

• FeSe – strongly correlated?
Aichhorn, SB, Miyake, Georges, Imada, PRB 2010.

• d- and f-electron correlations in REFeAsO
Pourovskii, Vildosola, SB, Georges, EPL 2009. Miyake, Pourovskii, Vildosola, SB,

Georges, JPSJ 2009.

• Ru-doping in BaFe2As2: reduction of correlations
V. Brouet, F. Rullier-Albenque, M. Marsi, B. Mansart, M. Aichhorn, SB., J. Faure, L.

Perfetti, A. Taleb-Ibrahimi, P. Le Fevre, A. Forget, D. Colson, PRL 2010
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