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The FeAs-superconductors 
– the iron age revisited

Iron Man : In cinemas now from Paramount Pictures and Marvel Entertainment
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The FeAs-superconductors 
The discovery of FeAs high-Tc superconductors in 2008 is 
the most extraordinary, unexpected and unprecedented
event in the condensed matter physics for the last 20 years.

- Why extraordinary? It was considered that cuprates are 
absolutely unique compounds where high-Tc can be realized.

- Why unexpected? At first time high-Tc superconductivity is 
observed in compounds containing iron. 

- Why unprecedented? During one year more than 1000 
papers were prepared and displayed on http://xxx.lanl.gov
web site.

http://xxx.lanl.gov/
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The FeAs-superconductors: 
races on a vertical

•Hideo Hosono, at the Tokyo Institute of Technology, and colleagues 
found the first compound, fluorine-doped lanthanum oxygen iron arsenide 
(LaO1–xFxFeAs), as they reported online 23 February 2008 in the Journal 
of the American Chemical Society. It weighed in with a Tc of 26 Kelvin.
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First family of FeAs-
superconductors

SmFxO1-xFeAs
x~0.2 d)

Tc=55K,
cm/0803.3603
a=3.933A, 
c=8.4287A

PrFxO1-xFeAs c) Tc=52K,
cm/0803.4283
a=3.985A, 
c=8.595A

CeFxO1-xFeAs b) Tc=41 K,
cm/0803.3790 
a=3.996A, 
c=8.648A

LaFxO1-xFeAs a) Tc=26 K,
JACS-2008
a=4.036A, c=8.739 
A

La1-xSrxOFeAs Tc=25K,
cm/0803.3021, 
a=4.035A, c = 
8.771A

Y. Kamihara et.al., Tokyo, JACS (2008)
G.F. Chen, et.al., Beijing,arXiv: 0803.3790
Zhi-An Ren, Beijing, arXiv: 0803.4283
Zhi-An Ren, Beijing, arXiv: 0804.2053

FeAs-superconductors: races on a vertical

Four Chinese groups quickly pushed the 
critical temperatures higher by replacing the 
lanthanum with other rare earth elements.
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Crystal Structure:Tetragonal I4/mmm

Fe,Ni
As,P
La,Sm,Ce
O

•2D square lattice of Fe
•Fe - magnetic moment
•As-similar then O in cuprates

ReO1-xFx FeAs
ReO1-x FeAs

F not important, vacancy fine

Fe

As

ReOFeAs (111)

AFe2As2 (122)
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Technologically relevant
Wires fabricated by the powder-in-tube (PIT) method: 

(Hc2) up to 120 T 

Jc up to 2×105 A/cm2

Zhaoshun Gao, et.al., arXiv 0806.2451

More three-dimensional than cuprates
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Variety of materials

BaFe2As2, (Tc=29K @ 35 kbar), 
Milton S. Torikachvili, PRL (2008)

Li1-xFeAs, (Tc=18K), 
X.C.Wang et.al., arXiv:0806.4688

(Ba1-xKx)Fe2As2 (Tc=38K, x~0.4), 
Marianne Rotter et.al., arXiv:0805.4630

hole doped (not electron doped)
SmO1-xFxFeAs  (Tc=55 K, x~0.2) electron doped

FeSe1-0.08, (Tc=34K @ 22 GPa), 
G. Garbarino et.al., arXiv: 0903.3888

No arsenic ☺!
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A big class of new materials
(> 2000 compounds)

• Re-O-TM-Pn.

• Re = La+

• TM =

• Pn
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Cuprates and pnictides: 
similarity and difference

Cuprates LaO1-xFxFeAs

In both cases doping induces carriers (electrons and holes) which 
suppress AFM ordering and provides conditions for Cooper pairing.
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Cuprates and pnictides: 
similarity and difference

In both cases, the superconductivity is in metallic layers,
there is a charge reservoir and they are antiferromagnetic

in their undoped state.
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Cuprates and pnictides: 
similarity and difference

Similarity:
- Layered structure
- AFM for undoped compounds
- Suppression of magnetic order with doping

Difference:
- Undoped cuprates – AFM insulators with 
localized description of magnetic moments, U≥W

– Undoped pnictides - metals with itinerant 
description of magnetic order, U<W
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Are Fe-pnictides correlated systems?

Open questions:

- Very high electrical resistivity (bad metals)

- Very large uniform susceptibility in the normal state

- Very low constant of electron-phonon coupling which is 
not sufficient for BCS-theory

- Close to M-I transition (predicted by DMFT theory)

Is it strongly correlated superconductivity?
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X-ray spectra of FeAs-superconductors:

7 May 2008: E.Z. Kurmaev et al., arXiv: 0805.0668; PRB, 78, 220503R (2008).
Fe RIXS, O 1s XAS, O Kα XES: ReO1-xFxFeAs (Re=La,Sm). 

12 June 2008: T. Kroll et al., arXiv: 0806.2625; PRB 78, 220502 (2008). 
O 1s XAS, Fe 2p XAS: LaO1-xFxFeAs.

15 August 2008: A. Ignatov et al., arXiv; 0808.2134. Fe 1s XAS, As 1s XAS, La
2p XAS: LaO1-xFxFeAs.

20 November 2008: C.J. Zhang et al., arXiv: 0811.3268. Fe 1s and As 1s 
EXAFS: LaO1-xFxFeAs.

6 February 2009: E.Z. Kurmaev et al., arXiv: 0902.1141. Fe RIXS: CaFe2As2.

27 March 2009: E.Z. Kurmaev et al.: arXiv: 0903.4901, Fe RIXS: LiFeAs and

NaFeAs.
15 May 2009: W.L. Yang et al., Fe RIXS: Sm0.85FeAs, BaFe2As2, LaFe2P2. 
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RIXS spectra of FeAs-superconductors
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T. Kroll et al., PRB 78, 220502 (2008)

Results of multiplet calculation for 
Fe2+ (d 6) are in accordance with 
experimental Fe 2p XAS of 
LaOFeAs

E.Z. Kurmaev et al.
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X-ray spectra and LDA of undoped
LaOFeAs
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E.Z. Kurmaev et al., PRB 78, 220503 (2008)

Fe 3d-states dominate at the Fermi level; the contribution of 
O 2p-states in the vicinity of EF is negligible.
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X-ray spectra and LDA of ReO1-xFxFeAs
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The same level of oxygen deficiency and fluorine doping (12.5%) gives the similar 
reduction of O 2p band width. This means that carriers in FeAs-reservoir are 
provided by oxygen vacancies or F 2p-electrons.
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RIXS spectra of FeAs-superconductors
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In accordance with LDA calculations Fe L3
RXES show that Fe 3d-stes have the similar 
distribution and dominate at EF for all FeAs-
compounds. Therefore superconductivity in 
FeAs-systems may be described within 
minimal model, taking into account only 
essential Fe 3d-bands which are close to the 
Fermi level. 

E.Z. Kurmaev et al., arXiv: 0903.4901 (2009)
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X-ray spectra of FeAs-superconductors
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E.Z. Kurmaev et al., arXiv: 0902.4901 (2009)
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XPS Fe 2p

I (L2)/I(L3) intensity ratio is almost 
identical for all FeAs-compounds and 
more close to that of Fe metal than 
of FeO.

XPS Fe 2p of FeAs-systems  are narrow, 
have a simple shape as in Fe-metal and 
do not show the presence of satellite 
structure typical for FeO. 

Conclusion: X-ray emission and photoelectron spectra show itinerant character 
of Fe 3d-electrons in FeAs-compounds. 
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Computational scheme for
correlated electron materials: 

+
Material specific electronic structure
(Density functional theory/LDA)

Electronic correlations
(Many-body theory/DMFT)

LDA+DMFT
Anisimov, Poteryaev, Korotin, Anokhin, Kotliar (1997); 
Lichtenstein, Katsnelson (1998);
Augsburg – Ekaterinburg collaboration (2001)
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Computational scheme for
correlated electron materials: 

Weakly correlated
metal (U<<W)

Strongly correlated
metal (U/W>>1)

Mott insulator
U>>W

K. Held, Adv. Phys. 56, 829 (2007).
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Total and partial DOS (LDA) of LaOFeAs

V.I. Anisimov et al., arXiv: 0810.2629 
(2008); Physica C 469, 442 (2009).

LDA:
Fe 3d: -3 ÷ +2 eV

LDA and LDA+DMFT calculations of LaOFeAs

Electronic structure is typical for 

metallic systems
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LDA+DMFT for LaOFeAs

K. Haule et al., PRL 101, 226402 (2008)

U=4 eV, JH=0.7 eV; 
Fe 3d-states: -8 eV ÷ +4 eV
Low Hubbard d-band and 
quasiparticle peak at EF are 
formed.
The band gap is opened for 
U=4.5 eV, JH=0.7 eV 

Conclusion: LaOFeAs is close 
to M-I transition and 
belongs to class of strongly 
correlated systems
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LDA+DMFT for LaOFeAs

V.I. Anisimov et al., arXiv: 0810.2629 (2008); Physica C 469, 442 
(2009),  A. Georges (private communication)

LDA+DMFT calculation is 
performed in extended basis 
including not only Fe3d but 
also As4p and O 2p-states. 
In this case the value U is 
reduced to U=3.1 eV and 
LDA+DMFT calculation did 
not show low Hubbard d-
band and quasiparticle peak 
near EF.

Conclusion: LaOFeAs belongs to weakly correlated systems
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Comparison of LDA+DMFT and 
experimental spectra of LaOFeAs

V.I. Anisimov et al., arXiv: 0810.2629 (2008); Physica C 
469, 442 (2009) 
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FeAs is different from CuO2

Charge carriers are more itinerant and 
less localized on atomic sites.FeAs
Multiband description is necessary, 
unlike an effective single band model of 
cuprates.
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Why the U (local correlations) are 
different in pnictides and cuprates?

M.R. Norman, Physics 1, 21 (2008)

Cuprates are very two-dimensional and the low-
energy electrons reside in a single band of 
carriers formed by hybridization of Cu   
3dx2-y2 orbitals with O 2p-electrons.

Pnictides all five Fe 3d-orbitals contribute to the 
electronic structure in the vicinity EF. This 
orbital mixing coupled to Fe 3d-As 4p 
hybridization strongly reduces the effective 
U as compared to the cuprates.
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Summary

Experimental X-ray and photoemission spectra are 
found to be close to LDA+DMFT calculations which 
take into account Fe 3d-As 4p hybridization which 
weakens electron correlations.

Fe RIXS spectra show that Fe 3d-states dominate at 
the Fermi level for LaOFeAs, CaFe2As2, LiFeAs and 
NaFeAs. Therefore the superconductivity of FeAs
systems can be described within the minimal model.

LDA-calculations and X-ray spectra show the similar 
reduction of O 2p-band due to oxygen deficiency and 
F-doping. This means that carriers in FeAs-reservoir 
are provided by oxygen vacancies or F 2p-electrons.
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Thank you very much!
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