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• Introduction
• s± pairing and impurity scatterings± pairing and impurity scattering
• Absence of the Hebel-Slichter peak in 

NMR l ti d T d d f 1/TNMR relaxation and T-dependence of 1/T1

• Electromagnetic response in the s± modelect o ag et c espo se t e s± ode
• Tunneling in the s± model



Crystal structure of FeAs superconductorsy p

LiFeAs

LaOFeAs BaFe2As2

F A t t h d f t di i l l d d b L O B Li

2 2

FeAs tetrahedra form two-dimensional layers surrounded by LaO, Ba or Li. 
Fe ions inside tetrahedra form a square lattice.



Basic Experiments on FeAs
February 2008

Electron doping!



Basic crystal structure of FeAs superconductors

CuO as compared with FeAsCuO2  as compared with FeAs 
layers:

ReOFeAs

6

AFe2As2 arXiv: 0806.4688



Band structureBand structure



Superconducting gap – ARPES data

arXiv: 0807.0419

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.



Spin fluctuations
F M tt H bb d t

(q, (q,

( 

For a Mott-Hubbard system,
J(q,) -magnetic interaction 
is local in real space(q,1- J(q,) is local in real space

 f(k+q) - f(k)  
(q, = k

( k+q) ( k)
k+q - k - - i

the s/c physics is just the same  as old Berk-Schrieffer 
physics

1) I t ti i l i d k d t ( ) i i i1) Interaction is repulsive and peaked at (,) → pairing in 
s channel

2) Mass renormalization expected up to the energy of spin2) Mass renormalization expected up to the energy of spin 
fluctuations



Repulsive pairing interactions in the s+/- channel:

FS
)()0( qVNs  s-wave:

V>0 for all qs + q

SF exchange 

+
g

repulsive, but 
pairing for all 
q’s!

-
Simple model: spin sluctuations with spectral function

)/()( 22   sfsfijijB

Simple model: spin sluctuations with spectral function

Parameters: 2,5.0,25 21122211  meVsf Tc=27K



Some properties of the s+/- state
1. Thermodynamics is exponential in clean limit (weak coupling)

2 R d l f i / i i b d i i i
C/T, penetration depth, NMR 1/TT1. Singlet K

2. Reversed role of magnetic/nonmagnetic interband impurity scattering

3. Coherence factors: depend on the probing wave vector, BCS at q0, 
See next slides

p p g q
anti-BCS  at q(π,π).
- suppressed Hebel-Slichter peak

suppressed Hebel-Slichter peak
4. Andreev bound states at finite energies

5 E h t f i tibilit ( ) b l T

suppressed Hebel Slichter peak

See next slides
5. Enhancement of spin susceptibility near q(π,π) below Tc

7. Full gap(s) in tunneling
observed

Full gaps in ARPES, Andreev  conductance ?



Experiments: symmetry of the superconducting order parameterExperiments: symmetry of the superconducting order parameter

NMR – Lines of nodes at the FS:Fully gapped superconducting state: NMR Lines of nodes at the FS:

 75As NMR: 1/T1 with a T3 behavior 
below Tc (line of nodes?)

Fully gapped superconducting state:

 PCAR: Y.Y. Chen et al., Nature 453, 1224 
(2008); K.A. Yates et al., Supercond. Sci. c ( )

Y. Nakai et al., JPSJ 77, 073701 (2008)
 19F NMR: 1/T1 can be explained by a 

two d-wave gap scenario, ∆=∆1+∆2, 

( ); , p
Technol. 21, 092003 (2008); R.S. Gonnelli et 
al., arXiv:0807.3149.

 ARPES: L. Zhao et al., arXiv:0807.0398; H. 
Di t l EPL 83 47001 (2008) T K d ∆1=3.5 kBTc, ∆2=1.1kBTc

K. Matano et al., EPL 83, 57001 (2008)
Ding et al., EPL 83, 47001 (2008); T. Kondo 
et al., arXiv:0807.0815.

 Penetration depth: C. Martin et al., 
arXiv:0807 0876; K Hashimoto et alarXiv:0807.0876; K. Hashimoto et al., 
arXiv:0806.3149; L. Malone et al., 
arXiv:0806.3908



Effect of impuritiesp

GG ̂ˆˆ
impGG  0



Effect of impuritiesp
impGG  ˆˆˆ
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I t b d i itiInterband impurities

M.L.Kulic’, OVD, PRB, 60, 13062 (1999), Y. Ohashi, Physica C, 412-414, 41(2004)



Robustness of Tc in the presence of 
impuritiesimpurities



NMRNMR experiments: superconductivityexperiments: superconductivity

75As NMR: 1/T1 with a T3 behavior (line 
f d ?)

19F NMR: 1/T1 can be explained by a 
t d iof nodes?)

Y. Nakai et al., JPSJ 77, 073701 (2008)

two d-wave gap scenario,
∆= ∆1+∆2, ∆1=3.5 kBTc, ∆2=1.1kBTc

K. Matano et al., EPL 83, 57001 (2008)



How to reconcile s±model with NMR 1/T1?

U i l t d lU i l t d l
Two types of pockets (h and e) at the Fermi surface in the folded

BZ reproduce LDA topology

Use simplest modelUse simplest model

BZ, reproduce LDA topology

Obtain spinObtain spin--lattice relaxation rate using interband susceptibility lattice relaxation rate using interband susceptibility 1212::



Absence of the Hebel‐Slichter peak

Weak coupling:

s-wave

Weak coupling:

Hebel-Slichter peak



Absence of the Hebel‐Slichter peak

Weak coupling:

s-wave simplest s±-wave

Weak coupling:

Hebel-Slichter peak No Hebel-Slichter peak!

s

s

s s±s

s±



Strong‐coupling limit

Here
Z (ω) is the mass renormalizationZi(ω) is the mass renormalization 
ni(ω) is a partial density of states

complex order parametercomplex order parameter
EEliashberg equations:

γ=2cσ/N(0)  is the normal-state scattering rate, 
c is the impurity concentration, υ is the impurity potential, σ is 
the impurity strength (σ→0: Born limit, σ =1: unitary limit)



The dependence of  1/T1 is not reproduced in 
both Born and unitary limits:both Born and unitary limits:

unitary

BornBorn



Impurity scattering: intermediate regime

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

3

4

0

1

2
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0



Impurity scattering: densities of states



NMR: possible explanation of low-T behavior



Superfluid density ns : experimentSuperfluid density ns : experiment

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

Tc Tc
NdFeAsO0.9F0.1



SuperfuidSuperfuid density: the modeldensity: the model

The case of weakly 
coupled bands (MgB2)



Magnetic field penetration Magnetic field penetration depth: 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



Low energy density of Low energy density of statesstates



The microwave conductivity  The microwave conductivity  σσ11(T)(T)



Tunneling in N/S junction: extending Andreev reflection 
formalism (the BTK model) to two bandsformalism (the BTK model) to two bands
A.A. Golubov et al, PRL 103, 077003 (2009)
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model: 21  s model:   21s
α is the mixing coefficient between electron and hole bands

21  



Tunneling conductance in the s± case

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

LDOS at surface
swave
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Andreev bound state with non zero energy (Onari and Tanaka)



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 
(whether in the clean or dirty limit).(whether in the clean or dirty limit).

• The low-temperature power-law behavior of 1/T1 can be also 
l i d i h f k f h d l b i hexplained in the framework of the s± model but requires the 

impurity scattering beyond the Born limit.

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


