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Basic crystal structure of FeAs superconductors

CuO as compared with FeAsCuO2  as compared with FeAs 
layers:

ReOFeAs
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AFe2As2 arXiv: 0806.4688



Band structureBand structure



L. Boeri, O.V. Dolgov, and  A.A. 
Golubov, PRL 101, 026403 (2008); 

D.J. Singh and M.-H. Du, PRL 100, 
237003 (2008)

(for Al =0.44)

Not sufficient to explain SC!



Superconducting gap – ARPES data

S h ti i t f d ti i B K F A L i t tSchematic picture of superconducting gaps in Ba0.6K0.4Fe2As2. Lower picture represents
Fermi surfaces (ARPES intensity), upper insert – temperature dependence of gaps at different
Sheets of the Fermi surface.



Repulsive pairing interactions in the s+/- channel:
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Mechanism of s wave superconductivity
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swave changes sign of gap function along nesting vector

d i i di d b h i i fl isuperconductivity mediated by the stripe AF spin fluctuation
Mazin et al, PRL 101, 057003 (2008); Kuroki et al, PRL 101, 087004(2008)



Impurity scattering in the  s+/- state
1. Nonmagnetic impurities are pair 

breaking

2. Born limit: no coherence peak, 
exponential at low Tp

3. Unitary limit: weak Tc suppression, 
zero-energy bound statezero energy bound state

4. Intermediate limit: finite energy 
b d t t i l t lbound state, simulates power law
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Superfluid density ns : experimentSuperfluid density ns : experiment

SR: Luetkens, arXiv:0804.3115 SR: Martin et al, arXiv:0807.0876

T
Tc

Tc NdFeAsO0.9F0.1



SuperfuidSuperfuid density: the modeldensity: the model

The case of weakly 
coupled bands (MgB2)



Magnetic field penetration depth: Magnetic field penetration depth: 
calculations for various scattering ratescalculations for various scattering ratescalculations for various scattering ratescalculations for various scattering rates



Magnetic field penetration depth: low TMagnetic field penetration depth: low T



, Transport properties of Ba1-xKxFe2As2 single crystals (LEK ISSP)
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V.N.Zverev, A.V.Korobenko, G.L.Sun, D.L.Sun, C.T.Lin, and A.V.Boris, 
«Transport properties and the anisotropy of Ba1-xKxFe2As2 single p p p py 1-x x 2 2 g
crystals in normal and superconducting states» 
Письма в ЖЭТФ, 90(2), 140-143 (2009) 
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Tunneling: the BTK theory

SCN

Andreev  reflection

Cooper pair
Fermi energy

energy gap

electron

hole hole

(N: Normal metal, SC: superconductor)

Normalized Conductance
(no barrier) (high barrier)

N li d C d tNormalized Conductance
2

Normalized Conductance

Barrier strength

FvHZ /

ΔeV-1 1
ΔeV-1 1



Tunneling conductance in d-wave superconductor junction (ballistic)
β

Bruder (1990)
Blonder  Tinkham
Klapwijk (1982)InsulatorBlue dotted line：

Bulk d-wave DOS Klapwijk    (1982)

Tanaka Kashiwaya (1995)
Ph s Re Lett 74 3451 (1995)

Bulk d wave DOS

ZBCP
Phys Rev Lett  74 3451 (1995)β= 0

Zero bias conductance peak

Mid gap Andreevβ= π/8

Surface bound state

Mid gap Andreev 
resonant state

Surface bound state
Hu (1994)
Buchholtz (1981)
Hara Nagai(1986)

β= π/4
Hara Nagai(1986)
Matsumoto Shiba(1995)

eV/0
０ １１



Andreev spectra and Subgap bound 
t t i ltib d d tstates in multiband superconductors 

A A Golubov A Brinkman Y TanakaA.A. Golubov, A. Brinkman, Y. Tanaka 
I.I Mazin, and  O.V. Dolgov

Phys. Rev. Lett. 103 077003 (2009)

Not so simple as compared to d-wave 
p wave case (single band)p-wave case (single band)



Tunneling in N/N(two band) junctions
A A G l b t l PRL 103 077003 (2009)A.A. Golubov et al, PRL 103, 077003 (2009)

Normal metal Normal metal
One band

Normal metal
Two band

Mixing coefficient   defines the ratio of probability amplitudes for an 
electron crossing the interface from the left to t nnel into the first orelectron crossing the interface from the left to tunnel into the first or 
second band on the right.



The boundary conditions at the N/S interface (x=0)y ( )
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Tunneling conductance in the s± case

FNvHZ / H – the barrier height
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Tunneling regime: Surface bound states 

3.0
 

2.5

 2 = 21

 1

E 

1 5

2.0
E

ne
rg

y 
E B/ E = 2

1.0

1.5

E = 1

 

un
d 

S
ta

te
 E

0.5

B
ou

Zero energy state at 2 = 1/2

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0

Band ratio Band ratio 

Zero energy state (quite exceptional case)



Superconducting gap – ARPES data

S h ti i t f d ti i B K F A L i t tSchematic picture of superconducting gaps in Ba0.6K0.4Fe2As2. Lower picture represents
Fermi surfaces (ARPES intensity), upper insert – temperature dependence of gaps at different
Sheets of the Fermi surface.



Four-band Eliashberg model: 
P P i h t l arXiv:1001 1074)P. Popovich, et. al. arXiv:1001.1074) :

Spin fluctuations with spectral function
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C l l ti f f i i 4 b d d lCalculation of free energies in 4-band model

E i t B KF A P i t lExperiment: BaKFeAs, Popovic et al



Calculation of energy gaps in 4-band model



Specific heat: theory and experimentp y p
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The strong coupling regime suggests the interaction with e st o g coup g eg e suggests t e te act o t
low-energy (< 50 meV) excitations as the pairing 
mechanism 9.1av



Conclusions
• s± pairing can explain some properties of superconducting Fe-

pnictides.

• Tc is robust against unitary interband scattering.

• The lack of an NMR Hebel-Slichter peak is consistent with the 
nodeless s± wave symmetry of the order parameter .

• The low-temperature power-law behavior of 1/T1 can be also 
explained in the framework of the s± model but requires the 
i i i b d h B li iimpurity scattering beyond the Born limit.

• Conductance Peak can appear in Andreev and tunneling pp g
experiments, but, unlike nodal superconductors, at finite energy. 

• Four band Eliashberg model explains thermodynamic data in• Four-band Eliashberg model explains thermodynamic data in 
BaKFeAs


