New results in the pysics
of superconducting ferro-pnictides:
theory, experiment, and applications
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Basic crystal structure of FeAs superconductors

CuO:2 as compared with FeAs
layers:
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The superconductivity at 18 K in Li; ;FeAs compounds
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Superconducting gap — ARPES data

Observation of Fermi-surface-dependent nodeless

S ] T.=37K superconducting gaps in BagsKosFez2As2
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Schematic picture of superconducting gaps in Ba,, K, ,Fe,As,. 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:

L) A=NOfvVa@) e

V>0 for all

Spin fluctuation
exchange repulsive, but
pairing for all g’s!

Simple model: spin sluctuations with spectral function

wl' Q
L@ - @*) + Qal')
Parameters: Q =25meV, A, =4,,=054,=4,, =-2 Tc=27K

Bij(a)) =4

Schuttler and Norman (1996)



Mechanism of s, wave superconductivity
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Q=(0,m) stripe AF

s, _wave changes sign of gap function along nesting vector

!

superconductivity 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

. Nonmagnetic impurities are pair
breaking

. Born limit: no coherence peak, /
exponential at low T

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

. Intermediate limit: finite energy \
bound state, simulates power law .1
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Superfluid density n, . experiment

uSR: Luetkens, arXiv:0804.3115 uSR: Martin et al, arXiv:0807.0876
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Superfuid density: the model

VAL ap(T) = (@fap(T)/c)* =

af 2 o0 X2
a)p.f A; (H)
' T L
;( ‘ ) T 2 iy + R
where &(n) = 0,Z(w,) and

ANw,) = AMw,)Z(w,) are the solutions of
the Eliashberg equations.

Effects of impurities

Ai > A+ Dy A2 ok + A2,
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Magnetic field penetration depth: low T
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I Tunneling: the BTK theory

— Andreev reflection

electron :
o » Cooper pair _
.......................................... O=Q—— e FErMI €@NEIQY
ho_hole Alenergy gap

(N: Normal metal, SC: superconductor)

(no barrier) (high barrier)
Normalizedfonductance Normalized Conductance
2 1

J k Barrier strength

1 eV /A ! -1 I

Z=H/hv.



Tunneling conductance in d-wave superconductor junction (ballistic)

QB Ay = Agcos[2(6 F )]

m Bruder (1990)
Blue dotted line : Insulat Blonder Tinkham
Bulk d-wave DOS AL L 00 Klapwijk (1982)
o | P
- i Tanaka Kashiwaya (1995)

o P B=0 Phys Rev Lett 74 3451 (1995)
k % ZBCP

Zero bias conductance peak

Surface bound state

Hu (1994)

Buchholtz (1981)

Hara Nagai(1986)
Matsumoto Shiba(1995)

(d1/dV)s/(dI/dV)




Andreev spectra and Subgap bound
states In multiband superconductors

A.A. Golubov, A. Brinkman, Y. Tanaka
[.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)



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

Vi (z) = ¢p(x) + bp_p(x)
Vg(z) = clép(x) + apggq(z)]

Normal metal
Two band

Mixing coefficient o defines the ratio of probability amplitudes for an
electron 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 (0) = ¥ (0),

h? d h’ d
Y (0) - ¥, (0)=HY, (0
o g L0 o (0) v (0)

H is the strength of the interface barrier

Y=Y, ,0(-X)+Y¥.0(x),
Coefficients are determined

1 0 . (1 Coefficients are detor
LPN :wk(o)—i_alﬂk(l]‘l‘blﬂk (Oj, rom boundary condition

u u uLQ:J(EJr E% - A%,)/2E,
s = C{(”p(\/ eli¢1j+a0(oq[ 2%” \/ ’
1

o1 = \/ (B \JE?— n2,)/2E,




Tunneling conductance in the s . case

Z=H/hv,, H-the barrier height

1.40 . , . , . ,

R, dl/dV

Andreev conductance is suppressed
due to destructive interband interference

Z=5.0
—— 2A1=A2, a= 0.1 ]
——2A1=A2, 0= 0.5 |
—— 2A1=A2, a.= 0.7
—o—2A1=A2, 0= 0.9 -

Bound states appear at
finite energy for large Z



unneling regime: Surface bound states
s+ model
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Superconducting gap — ARPES data

Observation of Fermi-surface-dependent nodeless

S ] T.=37K superconducting gaps in BagsKosFez2As2
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Schematic picture of superconducting gaps in Ba,, K, ,Fe,As,. 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. Popovich, et. al. arXiv:1001.1074) :

Spin fluctuations with spectral function

B (@)= A wl Q2
! QL —0?) +(al)’

AQsr =18 meV

0.2 0 —1.0 —1.0
A 0 0.2 —-0.2 —-0.2
—3.41 —1.01 0.2 0
—3.41 —1.01 O 0.2
8.

(N, NI Ng, N$). Ry~ ! (29 43 8.5 8.5)
Y 1.89

(AT, AL A, AS). meV (-85 -3.6 92 9.2)
T..K 38.5

MSE, (J/mol)? 0.015




Calculation of free energies in 4-band model

Experiment: BaKFeAs, Popovic et al
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Calculation of energy gaps in 4-band model

{ - ﬁQSF =18 meV
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Specific heat: theory and experiment
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B In (L.=0.81) l
A Pb_BI (L= 1.88)

0.8 0.2

D EED.EBKD.E-EFE?AEE __
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The strong coupling regime suggests the interaction with
low-energy (< 50 meV) excitations as the pairing
mechanism 4, = 1.9



Conclusions

st pairing can explain some properties of superconducting Fe-
pnictides.

T, is robust against unitary interband scattering.

The lack of an NMR Hebel-Slichter peak 1s consistent with the
nodeless s+ wave symmetry of the order parameter .

The low-temperature power-law behavior of 1/T, can be also
explained 1n 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.

Four-band Eliashberg model explains thermodynamic data in
BaKFeAs



