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The 3rd workshop of the NIMS-RIKEN-JAEA Cooperative Research Program
“Quantum Complex Phenomena”, entitled “Leading Edge of Iron-based High-T.
Superconductor Research, ~Review and Prospect of the Mechanism and Physical
Properties~”, was held on November 28, 2009 at Center for Computational Science &
e-Systems, Japan Atomic Energy Agency. This workshop is aimed to reveal the
mechanism of quantum complex phenomena for the developments of next generation
functional materials on the basis of “Joint Research Agreement for the Pioneering R&D
with Quantum Beam Technology” concluded by NIMS, RIKEN and JAEA on December
20, 2006. In accordance with this purpose, eminent researchers in the three institutes,
AIST and universities talked and discussed the physical properties, theories, and
synthesis of a series of iron-based high-T. superconductors which have been synthesized
since the discovery of the superconductivity in LaFePO and LaFeAsO:xFx by Prof.
Hosono’s group of Tokyo Institute of Technology, including a future prospect of this
research area.

This report includes abstracts and materials of the presentations in the workshop.
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Electronic structure and pairing mechanism of the iron based superconductors
Dept. of Applied Physics and Chemistry, Univ. of Electro-Communications, JST-TRIP

Kazuhiko Kuroki
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Discovery of SC in LaFeAsO

Published on Web 022372008

Iron-Based Layered Superconductor La[O,_,F,]JFeAs (x = 0.05-0.12)
with T. = 26 K
Yoichi Kamihara,*- Takumi Watanabe * Masahiro Hirano,'$ and Hideo Hosonot+§

ERATO-SORST, JST, Frontier Research Center, Tokyo Institute of Technology, Mail Box 52-13, Materials and
Structures Laboratory, Tokyo Institute of Technology, Mail Box R3-1, and Frontier Research Center, Tokyo Institute
of Technology, Mail Box 52-13, 4259 Nagaisuta, Midori-ku, Yokohama 226-8503, Japan

Received January 9, 2008, E-mail: hosono@msl. titech.ac jp
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(Unfolding the Brillouin Zone: 5 band model
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Kuroki et al., Phys. Rev. Lett. 101 (2008) 087004

Character of the bands and Fermi surface
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Effective Hamiltonian

H=Ho+ H1
pv T
Ho = Z Z Zt wngyg + Z EpNipo i, site, u, v: orbitals
iy pv oo LT
Hy= Z U Z NiptMip) + U’ Z NNy + J Z Si.u Si +J' Z cmTcw.],cwchT
i p>v pFY n#v

Tz = I

U U’ -J g
intraorbital U, interorbital U’, Hunds coupling J, pair hopping J as parameters
assume U, U’J.J’ independent of the orbitals, U=U"+J+J’

evaluation from first principles: K.Nakamura et al, JPSJ 77 (2008) 093711
V. Anisimov et al, 0810.2629
T.Miyake et al, JPSJ 77 (2008) Suppl. C 99

lii

non-doped system d® - band filling » (number of eletron /site)= 6,
doped system n=6+x (x: F content), mainly 10% doping, n=6.1

RPA spin susceptibility
n=6.1 (10% dope), N,=32, N,=32, N,=1024, T=0.02, U=1.2, U'=0.9, J=J'=0.15(eV)

eigenvalue of the spin suceptibility matrix

YRR
b
t ¢t

neutron scattering
C.de la Cruz Nature 453, 899 (2008)

W &

o = N W ke O o
= I

also from first principles calculations:

k{)) (@ B""; I Mazin et al Phys. Rev. Lett. 101, 057003 (2008)
oy .

J. Dong et al., Europhys. Lett. 83 27006 (2008)
L | S. Ishibashi et al J. Phys. Soc. Jpn. 77 (2008) 053709
= . G T. Yildirim, Phys. Rev. Lett. 101 (2008) 057010

i8i
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Superconductivity and pairing interaction
k'l -k'|
superconductivity occurs due to pair scattering
V (k-k"): pairing interaction - pair scattering

gap equation V

A(K) =—; ta”h[zEE('(‘l;),)/ KeTly (k- k)a(k) K1 2

phonon mediated pairing:V (q)<0

gap: no sign change, s-wave
for a finite A

V (k=k")A(K)A(K') <0 \

d-wave superconductivity due to AF spin fluctuations

V (k- K)AK)A(K') <0

atq~Q Vsinglet (q) >0 k'T "'k rl
A(k)= A(=K)

d-wavegap [/ QO

+/ Nk’

o gap Hodes
*
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Disconnected Fermi surface

n
/ N I8
ky G N ~ N .' LR A
s ? QT7‘
I 0+40 P+ 2
—;1;\1‘51 ' 1 / + B

ks

Kuroki&Arita, 2001,2002

spin fluctuation (repulsive interaction)—> sign change of the gap necessary
—>disconnected Fermi surface:
sign change without nodes of the gap intersecting the Fermi surface

SC gap function

A simple expectation

- I~

4

“sign reversing s-wave’, “s+- wave”

Mazin et al PRL 101, 057003 (2008)
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For LaFeAsO

(with experimentally
determined

lattice structure)

U=1.2, U'=0.9,
J=J'=0.15

n=6.1 (10% dope)
T=0.02 (eV)

gap in the
band representation

Erratum : PRL 102, 109902 (2009)
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0.006
0.004
0.002

-0.002
-0.004
-0.006

0.008
0.004
0.002

-0.002
-0.004
-0.006

ke kx
fully gapped sign rev. s-wave dominates

Also with five band model

F. Wang et al, functional RG

(3) ¥=-0.10 (D) &, form factors. 3 IN{AgIA}=101
(0] - - [] T 03
W L [redo et tecla x head tacl: o]
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Anomalous Green'’s functions : sign rev. s-wave
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H.lkeda, FLEX
JPSJ 77 (2008) 123707

sign rev. s-wave

bare energy dispersion “tuned by hand”
so that the renormalized band dispersion
gives the “correct” (w,0) spin fluctuations

ZEUBLELFVF LI EME
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5 orbital RPA calculation FeSe, Te,, neutron
in the unfolded BZ Lumsden et al

Ishikado et al

JPSJ 78 043705 (2009) ﬁ ;irf;g&::&%zgta

JPSJ 78 043708 (2009)
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For the sign reversing s-wave, resonance peak in Im y (q,0) at g=(=,0)

A. D. Christianson et al, 122 Qiu et al, FeSeTe
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Sato et al, arXiv: 0907.3007 Onari&Kontani, PRL 2009

NMR relaxation rate in SC

La(o, F,)FeAs - 100 anisbtropic t5-Wavg 7 7 T T -
100 | . D_ Mukuda et% 1.0
avihe of R I
10 F .- - !_.__,
/JT . - > 06}
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2D ine node % 05 1 15 2 exp: Matano et al
i . W B T EPL 83 (2008) 57001
1 10 100 T”_D
T _ Theory: Chubukov
Nakai et al Pk JM%“(‘;%(%)&C')%?O . PRB 78, 134512 (2008)
JPSJ 77 (2008) 073701 effect of impurity
theory : Nagai et al W/

New J. Phys. 10 103026 _+
power law like behavior due to )— @) —C
max. and min in the gap; =

also Mukuda et al, Y
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10 (@) (c) Case B1 (e)

| single  —
| Case B1mm 1
| Case B2=— 1

0 IT}‘TCI o
(f)

LSingle — =
E Case B1
[ Case B2 ==

=0.3893:0.642: 0.490: 0.420: 0.384

Nakai et al 0909.1195

Evidences for sign changing gap

C.T. Chen et al

phase sensitive experiment using
polycrystaline samples;

detection of half-flux quantization

_______________________

Hanaguri et al, STS Fourier transformation in magnetic field
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Lattice structure dependence of Tc

regular tetrahedron
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C.-H. Lee et al, JPSJ 77 (2008) 083704 K. Miyazawa et al, 2009

also by J. Zhao, Nat. Mat. 7, 953 (2008)

Lattice structure dependence of SC gap

for LaFePO, experiments
show presence of line nodes in the SC gap
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Fletcher et al, PRL 102, 147001 (2009) M. Yamashita et al., arXiv: 0906.0622
also Hicks et al., PRL 2009
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“Orbital dependent” nesting

LaFeAsO
3.0 Xsaasa iso
1.0 1.0
v 0O @
intra-orbital ”
interaction o
T elO 0O
Ei ({‘}) I -d-st
k, ke

arrows : intra-orbital nesting

Pnictogen “height”

LaFePO h,=1.14 A

LaFeAsO h,=1.32 A

NdFeAsO ha=1.38 A
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high

low

2, =0.658 (h,=138)

25 =0.630 (h,= 1.14)

8

gL ] J—
(0,0,0) (m,0,0) (7,7, 0)(m,

Ny @ G

fully gapped s=wave

L N \

Mazin, Nomura,
Ikeda, Wang, KK,
Chubukov, Ji,
Daghofer....

) 0,00 001000 (®00) (mu0)mmR) (0,0,0) (0,0,

KK et al., PRB 79 (2009) 224511
also by Singh&Du, Vildosola et al, others

low

nodal s*=wave

Graser et al. KK et al.,
Mishra et al. Graser et al,
KK et al. Yanagi
Ikeda&Arita Ikeda&Arita. ..
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“Height” as a switch between high Tc
nodeless and low Tc nodal pairings
hy [A]

1.14 1.20 1.26 1.32 1.38

2.0p
U=1.2, U=0.9,
J=J'=0.15
n=6.1 (10% dope) 15} high Tc nodeless
T=0.02 (eV)
<10}
low Tc nodal

KK et al., PRB 79 (2009) 224511

0.0. 063 064 065 066
¢ /! ZAs

Schematic “Phase diagram”

nodal nodeless
(J . Al .
B‘ ‘|‘ ‘\ “
[4+] 3 v A |‘
g P*0.21 ] | W Nd 1,20
8 |‘ \‘ ‘.“ Nd n“ \“ ei({ [
0 -p I ‘\ + “
ks I R
E $‘ \‘ “

pnictogen height A

the numbers are the eigenvalue of the
Eliashberg equation for T=0.02eV, n=6.1
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- Structure dependences other than
in 1111

Sc-22426P i smin v

J. Shimoyama et al, Supercond. Sci. Technol. 22 (2009) 075008

() 20426P  LaFePO

PegPQ: %q:i@&q:g‘: Tc=1/K > 5~7K

502 o9 o h=1.20A>1.14A
039890 c=1554 A >85A
ss,0d 0°089530°  a=4.016 A >3.95A
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Schematic “"Phase diagram”

nodaJ nodeless
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pnictogen height A,

the numbers are the eigenvalue of the
Eliashberg equation for T=0.02eV, n=6.1

V-22426As

X. Zhu et al, PRB 79, 220512 (2009) Tc=37K

Lee&Pickett, 0908.2698, Fermi surface “without nesting”
H. Usw&KK (=, BEX)

WM Z dX2-Y2 u Qaﬁ:

also Mazin, condmat 0909.5174
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10082 F de2-v2

BaFe,(As,.P), "

Kasahara et al, 0905.4427
Hashimoto et al, preprint, presence of nodes

Nakai et al, 0908.0625
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11 FeSe

Experimental result : Pressure vs. Tc
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[11] material ressure 4

[S. Margadona et al., arXiv:0903.2204 ]

Pressure dependence of Bt S & Z. Prassides
hopping parameters
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Pressure vs. T,
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both magnetism and SC is degraded with pressure in RPA

H. Usui, KK, M2S

correlation effects that are not taken into RPA may be important

Miyake et al arXiv:0911.3705, U_11>U_ 1111
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Summary

< Spin fluctuation originating from disconnected Fermi
surfaces as a possible glue for the pairing

< Electronic structure very sensitive to the pnictogen
height, affects pairing symmetry and Tc

« All five Fermi surfaces are fully gapped in the high Tc
state despite the sign change due to the

disconnectivity of the Fermi surface

< Strong possibility of gapless pairing (either nodal
s-wave or d-wave, horizontal nodes? ) in P systems
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Reflectivity spectrum of iron-pnictides
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Charge Dynamics in Iron-Pnictides
Studied by Optical Spectroscopy on Ba(Fe, Co,),As,
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Temperature evolution of the optical conductivity spectrum

Large gap energy scale

2F, /Ky Ty > 10
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Low-energy optical conductivity spectrum is
decomposed into ‘two' components

BaFe,As, 150K ____ Experiment
— (1)Drude
— (2)Incoherent
(3)Interband
(DH2)H3)

cm'l)

Conductivity (€2
N
(e
(e
(e

1000 2000
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Coherent (Drude) vs Incoherent Weight

Ba(Fe,Co),As; 150K
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Decomposition of the spectrum below Ty

A gap opens in the incoherent component
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T dependence of the spectral weight: Drude weight

The weight of the Drude term is unchanged with temperature.
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Reconstruction of Fermi surfaces below Ty

Optical spectrum near E;:
e Drude weight (~10%) is unchanged.
e A gap opens in the Incoherent component (~90%).

T=150K > Tspw T=10K < Tspw

M. Yi et al., arXiv:0909.0831

C. Liu, T. Kondo, P. Canfield, A. KaminsKi ef al.,
arXiv:0910.1799

Reconstruction of Fermi surfaces below Ty

Laser—ARPES
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single Fe orbital:
Orbital selective FS

i ¢

Density of states (state/eV)
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Domain A

-0.5
Binding energy (eV) Binding energy (eV) Twinned domains in the

orthorhombic structure;
T. Shimojima et al, arXiv:0904.1632 typical domain size ~ 1Tum




JAEA -Review 2010-006

Charge Dynamics in Iron-Pnictides
Studied by Optical Spectroscopy on Ba(Fe, Co,),As,

Ba(Fe, ,Co).As,

N

005 010 015 0.

X

SCHOOL OF SCIENCE
THE UNIVERSITY OF TOKYO

| Ba(Fe,Co),As, /

Co concentration
0%

supporied by

. %
I ' n I'l - : C 1%
e 1 1 1 1 Il
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Resistivity (mQ cm)

'Doping’ dependence of the Drude
and incoherent spectral weight

4000

T
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Charge transport in oxygen-deficiency controlled
iron-pnictide superconductor LnFeAsO,,

S. Ishida, M. Nakajima, K. M. Kojima, S. Uchida

Y./ !- T. Ito, Y. Tomioka, H. Eisaki, A. Iyo,
= K. Miyazawa, H. Kito, H. Kihou, C. H. Lee

-y |

(@EA) M. Ishikado, S. Shamoto

supporied by

TRIE

"Doping" dependence of pin LnFeAsO,, (Ln =La, Nd)

NdFeAsO 1y

~
(98]

o
[N}

o)

Resistivity (mQ cm)

Resistivity (mQ2 cm)

—_—

/ o | | |
100 2(|)0 ' 100 200
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Evolution of the (in-plane) resistivity with 7'and x (doping)

in the cuprates and Fe-pnictides S. Uchida (Univ. of Tokyo)

Carrier Scattering:

p(T,x) =p0+ps(T)

. residual

== 1/T (T, x)= 1/75(x) + 1/T, (T, x)

elastic inelastic

scattering scattering
Scattering centers: impurities, El-el coupling, el-boson
defects, and their lattice-sites couping: 1/1,~2n\(kg T)*

p(T,x) = py (x)+ p,(T) In the case of the cuprates
(1) in—plane disorder (Zn)
(2) apical-O block

(3) charge reservoir blotk

- =>(1) YBay(Cuy_,Zn,)s07y

[ 2= unitarity t

s

o
i

" ¥°3) "YBa,Cu,0,

I

o i i

/Resistivity 0, (mQ cmp)

0 100
ukuzumi  Temperature (K)
0.5

" T ' T
\ (2) Biy(Sr;6Lng4CuOs.;

| — Gd=0.4

| ——Eu=0.4
La=0.2 Gd=0.2

| Nd=0.4

T ——La=0.4

Pa, (M cm)

100 200 300
Temperature (K)
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p(T,x)= py+p.(T) : py in Zn-doped cuprates

po = 4(fi/e?) (”-f/@ sin” &

dp= T/2 : unitarity limit

Resistivity (4 (em)

W

p2P (kQ /o01%Zn)
[ ]

—

Resistivity (z Qcm)

100 300
Temperature (K)

r=645 o)l E [ Lay_.Sr,CuO,
655 \I% 2 szfZ; ,//

~ 800 VA RTINS
£ |YBaCuQy /Y s ll 2 0t SR
. /e K
G el E .
2 400k=" S/, 6.80
“;400~h/4e2 A 6.85 ;
Q 4 6.9 O

17.00
S REETIETTT /Gl | -incar coeficient; [A)/n(x)]
T(K)

0 200 400 600 800
Temperature (K)
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Evolution of Fermi Surface with Doping in the Cuprates

Fermi Arc

Charge transport in oxygen-deficiency controlled
iron-pnictide superconductor LnFeAsO,

(’ S. Ishida, M. Nakajima, K. M. Kojima, S. Uchida

T. Ito, Y. Tomioka, H. Eisaki, A. Iyo,
K. Miyazawa, H. Kito, H. Kihou, C. H. Lee

M. Ishikado, S. Shamoto

supported by
RiF
] R
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FeAs superconductors

(1) LnFeAsO(F) (2) Ba(K)Fe,As,

(3)BaFe,(As,P),, T MAX=30K
TMAX=56K

TMAX=37K (9Ba(Fe,Co)yAs, TMAX=25K

Py in “doped” pnictides with various dopant sites

Ba(Fe,_ Co,),As, BaFe,As, P,

£ (P& cm)

F. Rullier-Albenque, ef al., PRL (2009) S. Kasahara, arXiv:0905.4427
L. Feng, et al., Phys. Rev. B 80, 140508R (2009)
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Pp in "doped” pnictides with various dopant sites

PrFeAsOl_y

single crystals

Ba, K Fe,As,

Resistivity (mQcm)
(]
n

(y~0.1

Resistivity (mQcm)

annealing
temperatu

|
100
Temperature (K)

| L ‘ L
100 200 30
Temperature (K)
M. Ishikado et al., unpublished

Po in"42622" system

[ (srv.0

V0,)FeAs,

0 GPa
0.65
1.34
2.07
2.70 1
3.28

4.15
100 150 200 250

T (K)

H. Kotegawa, arXiv:0908.1469 “42622”
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"Doping" dependence of p, in Ln FeAsO, , (Ln =La, Nd)

NdFeAsO,,,

Resistivity (m cm)
Resistivity (m€2 cm)

IV _~Tighty doped™
. T 1 | 1 H | 1 |
100 200 300 100 200
Temperature (K) Temperature (K)

“Doping” dependence of p,

PrFeAsOl_v single crystals

=g
I

Resistivity (mQcm)

(y~0.1

annealing
temperatur:

| L | 1
100 200 300
Temperature (K)
M. Ishikado ef al., unpublished
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Residual resistivity p,

R o, rapidly decreases in the
® LaFeAsO,,, “ » 0
* NdFeAsO ., underdoped” regime.

Po (MQ cm)

® NdFeAsO,, |
A LaFeAsO,, ]

Superconducting
Phase

0.10 0.15 0.20 0.25
y
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“Doping” dependence of p,

BaFe,As, P, Ba(Fe,_ Co,),As,

F. Rullier-Albenque, ef al., PRL (2009)
S. Kasahara, arXiv:0905.4427 L. Feng, et al., Phys. Rev. B 80, 140508R (2009)

160

140 2oy, LaFeAsO, F,
120 : Tetragonal

c-axis (A)

100
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\
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40 . '

20 ["'/"_-\\_._ 1 s SC pe
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0 PR 12 PR [ L I L I I I — - A
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1
| CeFeAsO, F, |
'
"
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Temperature

Temperature (K)

N

‘. | - .“ |
d st W Superconductivit
Y . : s i

1 L
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"Doping” dependence of residual resistivity p,

® LaFeAsO,. rapidly decreases in the
o NdFeAsO ), - Po rapidly

“underdoped” regime.

Po (M cm)

Suppression of long — /short —
range magnetic order at y~0.11.

“static magnetic structure”

A possible source of g,

“stripe” magnetic order

magnetic antiphase
(orthorhombic)

and/or twin boundaries

 50/0666-¢
3 00666664
0600666
. 0 6.6d

L.I. Mazin & M.D. Johannes, Nature Phys. 5, 141 (2009).
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"Underdoped"” regime of FeAs compounds
Tuning SC by suppressing AF

Control parameter A ;
i) el./hole balance
ii) pressure

iii) polarizability

iv) pnictogen height

Temperature (K)

Charge transport in oxygen-deficiency controlled
iron-pnictide superconductor LnFeAsO,

(’ S. Ishida, M. Nakajima, K. M. Kojima, S. Uchida

T. Ito, Y. Tomioka, H. Eisaki, A. Iyo,
K. Miyazawa, H. Kito, H. Kihou, C. H. Lee

@ M. Ishikado, S. Shamoto

supported by
RiF
] R




JAEA -Review 2010-006

Charge transport in the ‘highly doped' regime

“highly doped”

Temperature (K)

P (T, x) = py+ p.(T) in the optimally/highly "doped” regime

2o ~0, p.(T)=AKx)T % n(x); n(x) dominates (?)
LaFeAsO,, NdFeAsO,,

y (mQ cm)
y (mQ2 cm)

Resistivit
o
whn
Resistivit

T . ! . I . L . ]
100 200 0 100 200 300
Temperature (K) Temperature (K)
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p(T)~T"inLn FeAsO,,

CeFeAsO,, PrFeAsO, NdFeAsO,,

7-1 .36

AT) -po (m€2 cm)

Ie n Te n
. e 47 136 |

® 2
2

2
2

°

0
6
8
7
9

1.95
1.93
1.99
2.00
2.15

1

IV 1 L 1 1 ; P |
50 100 50 100 50 100
Temperature (K) Temperature (K) Temperature (K) Temperature (K)

n~2 n~17-14 n~14 n~1.1
7; =20-28K 7; =33—-42K 7;"13)( =47K 7;max =52K

Tc vs n plot for LnFeAsO, :
A correlation between T, & exponent nof p(T)~T"

T I

e LaFeAsO,,
CeFeAsOy,,

® PrFeAsO,, ]

® NdFeAsO,,,

© PrFeAsO,,,

(single crystals, 1
M. Ishikado, et al.) |

p(T) crosses over from T2to T as T, increases.
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Test for other classes; Test for other classes;
applying pressure on "42622" system
Nd 1111 under pressure
NdFeAsO,, Sr,V,0¢Fe,As,

NdFeAsOg ¢(nominal)

(SrV.0

WV OpFeAs,

+ 0GPa

+ 0.65 1

1.34

= 207 7

- 270

+ 3.28 1

+ 415

50 100 150 200 250 300

T (K)

p(mL2cm)

7.=52-13K> n=1.1-15 7.=33-43K>n=18-14
N. Takeshita, JPSJ 77, 075003(2008) H. Kotegawa, arXiv:0908.1469

Test for other classes;
in the case of "122" system

Ba,_K Fe,As,

TC n
L 30K 1.89
e 31K 1.85
36K 1.54
e 37K 1.49

Resistivity (mQcm)

|
100
Temperature (K)

7. = 30-37K > n=19-15
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Tc vs n plot for LnFeAsO,,, Ba, K Fe,As, & “42622”

T T
e LaFeAsO,,
CeFeAsOy,,
® PrFeAsO,, |
® NdFeAsO,,,
© PrFeAsO,,,
(single crystals,
M. Ishikado, et al.) |
A Ba_K Fe,As,
B Sr,V,0.Fe,As, ]|

Test for other classes;
in the case of "122" system

BaFe,As, P,

P12 cm)

\ L -
200 3000

S. Kasahara, arXiv:0905.4427
7. =30-5K > n=1.0-1.9
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Test for other classes;
in the case of "122" system

Ba(Fe, . Co, ),As,

L. Feng, et al., Phys. Rev. B 80, 140508R (2009)
T.=25-4K > n=1.3-1.6

T; vs n plot

Dopant sites located outside the FeAs, blocks --- “universal”

T T
e LaFeAsO,.,,
CeFeAsOy,
® PrFeAsO,,,
® NdFeAsO,,,
© PrFeAsO,,,

(single crystals,
M. Ishikado, et al.) |

A Ba,_ K Fe,As,
L - i
| %Ba(Fe, Co,),As, Sr,V,04Fe,As,

) % BaFe,As, P

X

/
FeAs, tetrahedra are modulated by “doping” = reduction of T,
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Charge transport in the ‘highly doped' regime

Control parameter 4 ;

po(T) = AE) T %/ n(x)

i) polarizability "
ii) pnictogen height > T/ n(x)

iii) else

T oh)
“highly doped” l/t~T

Temperature (K)

P (T, x) = py+ p.(T) in the optimally/highly "doped” regime

2o ~0, p.(T)=AKx)T % n(x); n(x) dominates (?)
LaFeAsO,, NdFeAsO,,

y (mQ cm)
y (mQ2 cm)

.o
in

Resistivit
Resistivit

-T L | " . I . |
100 200 0 100 200
Temperature (K) Temperature (K)
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Magnetoresistance Ap (H )/ p (H=0) in the “highly doped" regime

® LaFeAsO,,
® NdFeAsO |, A

Po (M cm)

0) (%)

Ap (H)/p (H-

Ty rapidly decreases in the
“underdoped” regime.

Suppression of long — /short —
range magnetic order

The magnitude of MR is remarkably
different between La- and Nd-1111
in the ‘highly doped’ regime.

Magnetoresistance 4p (H )/p (H =0)

LaFeAsOl_.v

]
T

0) (%)
i T

0) (%)

Ap (H)/p (H
T N T 4; T
Ap (H)/p (H

[ e 200K PrFeAsO,
150K y
e 100K

o 50k~ 2.3% @50K,6T

(=)

0) (%)

Ap (H)/p (H:
[\] . +~ .

y=022

(=

Magnetic Field (T)

NdFeAsO 1y

~0.8% @70K,6T

L y=0.17

* 250K
* 200K

150K
* 100K
¢ 70K

s L 1 s 1 s 1 s 1
0 1 2 3 4 5
Magnetic Field (T)

Magnitude of MR~(p1H)?2
[u~ 7]

[Nd- ] < [Pr- ] <|[La- ]

“T. is smaller for higher T_.”
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Hall resistivity p,(H)

® 250K

e 70K -°

170K
130K °

y=0.23

1 2 3 4

Magnetic Field (T)

L y=022

* 250K
200K
150K

¢ 100K

* 50K

=

1 2 3 4
Magnetic Field (T)

Po (M2 cm)

® LaFeAsO,,,
® NdFeAsO,,

0) (%)

Ap (H)/p (H-

MR at 70K, 6T

NdFeAsOl_y

e,
i,
"o'"‘l:z'.

® 250K ° 200K

170K 150K -.::.,u“h‘
130K * 100K he
e 70K *Coetites,
y=0.17 ...h;aﬂi;
L 1 L

J
3 4 5 6 7
Magnetic Field (T)

R, (T) at low H is T independent.
Non-linearity in p,(H)

[Nd- ] < [Pr- ] <|[La- ]

7o rapidly decreases in the
“underdoped” regime.

!

Suppression of long — /short —

range magnetic order

7.(T) depends strongly on
material (#) and weakly on
‘doping’ (x) in the

“highly doped” regime.
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Difference between
Lal111 and Nd1111

FeAs,
As—height

Fermi
surfaces ky 0 FS configuration

« R K. Kuroki et al, PRB79,
Nesting WOrse 734511 (2009).

3

Resistivity T2

Normal-state

charge transport Tlinear

FeAs,
e.g. As—height: A

Carrier
inelastic
scattering

Normal—state
charge transport

low Superconductivity hi gh

cf. Cuprates

“Carrier scattering in the normal state has some relevance to T..”
cf. Cuprates
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Charge transport in the "underdoped” and “highly doped” regimes

o LaFeAsO,, 7y rapidly decreases in the
- [11 ” 0
b ieAs0,, underdoped” regime.

Po (M cm)

Suppression of long — /short —
range magnetic order

MR at 70K, 6T B T 7.(T) depends strongly on
material (4) and weakly on
‘doping’ (x) in the

“highly doped” regime.

i

Inelastic scattering likely from
spin fluctuations, not from
phonons

0) (%)

Ap (H)/p (H-

Charge Dynamics in Iron-Pnictides

Studied by Optical Spectroscopy on Ba(Fe, Co,),As,

| Ba(Fe,Co),As, /

Resistivity (mQ cm)

P 1 1 Il 1 1
SCHOOL OF SCIENCE 50 100 150 200 250 300
THE UNIVERSITY OF TOKYO Temperature (K)

S. Ishida, K. M. Kojima, S. Uchida

Y. Tomioka, T. Ito, K. Kihou, C. H. Lee,

H. Kito, A. lyo, H. Eisaki
supported by
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Superconducting gap magnitude

Ba(Fe(9,Coq 05)2As5 1 SEERAS e B
T=25K

(V8]
o
j=
=]

2A ~ 80 cm™ (10 meV)
— 5K = 20K

— 30K 100K at 7=5HK

ARPES: A ~ 5.0-6.6 meV

K. Terashima et al., PNAS (2009)

Conductivity (Q'lcm'l)
S
()
[

001\- — T T Point contact: A ~5-6 meV
2A

-1
Wavenumber (cm ™) P. Samuely et al., cond-mat (2009)

a1 1Al (meV)

Pow 8
-’ ‘b_ .

K. Terashima ez al., PNAS (2009)

Ba(Fe( 0, Cog 03),A3,
T.=25K

Ba(Fe(5C0q 11)2A8;
T.=20K

N

- 5K=— 20K

— 30K 100K
200K — 300K _|

— SEe—— 15K

A —_— 25K 100K
200K ——300K |

1 1
500 1000
Wavenumber (cm ’1)

[\
(=)
f=3
(=}
2
[=}
(=)
=

—
[
(=
(=]

—_
[}
[=1
=

Conductivity (Q cm
Conductivity (Qem

500 1000 1500
Wavenumber (cm '1)

Ba(Fe, 4yCo, 11),As, (T, ~ 20 K)
2A < 50 cm™!

A Ba(Fe, 9,Co, y5),As, (T, ~ 25 K)
o 2A~ 80 om™!

W2 Bay K, 4Fe,As, T~37K Ba, (K, sFe,As, (T.~37K)
: : : . -1
600 800 1200 1500 2A ~ 130 cm

o (‘::ITI-1 )

G. Li et al., PRL (2008)
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How does the opening of a superconducting gap affect
each component?

Ba(FeO_92C00_08)2A52 5K

[F'S]
o
-
=

Experiment
—— (1)Drude
— (2)Incoherent

(3)Interband |

(D+2+3)

]
o
S
=

Conductivity (@'em™)

7 f .
o
'

0 200 A0 600 8001000
2A Wavenumber (cm'l)

A superconducting gap opens in both components.

Missing area: London penetration depth

Ba(Fe,Co),As,
Co=8% T.=25K

— SK— 20K | uSR: A ~2250 A

— 30K 100K
200K —300K | T. J. Williams e# al., PRB (2009)

missing area

1 L | L 1 L 1 L
200 400 600 800 1000
Wavenumber (cm'l)

London penetration depth A, ~ 2500 A

;)5:8/:de[01( ToT) —oy(w T < T.)]

+

ps = c2 /N2
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On the ‘Uemura’ plot

Nd-Feds

Ce-FeAs

c

La-FeAs

Sm-FelAs

La-Fels

123(Zn) TI2201

(Ba,K)Fepasz H

214 214Stripe N
214(Zn) A

Bi2212 0O

1

3
Relaxation Rate o(T-0) [us™']

Transition Temperature T

Charge Dynamics in Iron-Pnictides
Studied by Optical Spectroscopy on Ba(Fe,  Co,),As,

T T T T T
| Ba(Fe,Co),As, /

Co concentration

Resistivity (mQ cm)

1 1 1 1
100 150 200 250 300
() SCHOOL OF SCIENCE Temperature (K)
THE UNIVERSITY OF TOKYOD

S. Ishida, K. M. Kojima, S. Uchida

% Y. Tomioka, T. Ito, K. Kihou, C. H. Lee

H. Kito, A. lyo, H. Eisaki
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Charge transport in oxygen-deficiency controlled
iron-pnictide superconductor LnFeAsO,,

S. Ishida, M. Nakajima, K. M. Kojima, S. Uchida

1/ T. Ito, Y. Tomioka, H. Eisaki, A. Iyo,
"4'5! K. Miyazawa, H. Kito, H. Kihou, C. H. Lee

M. Ishikado, S. Shamoto

supporied by

TRIE
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4, SBFRBRERD NMR

FORPEFR A, JST-TRIP®
FAHE AR a2 dR)IEIE AR, S AB

NMR study on Iron-based Superconductors
Kyoto University”, JST-TRIP &,
K. Ishida”®, Y. Nakai*®, S. Kitagawa”™®?, and T. lye*®

R R A (NMR), B U BRI (NQR) DI E Tk, ¥E DRI 0B s E
Btk 2 AR RS DIARD Z E N TE D L0 ) 5 RIS
CRBEEOBRERRDIITA R IERFILETH D, BUEE TIZ, iR thi{sE
RRPEWEF REBRERIZISV T NMR/INQR EBRITKE IR T, B REED
T OB AR B O X R D[R E I B A& & Fef- LT & 72,

A RIOFFERERICONTH R ALY LD . FOEEH.OICIERIZ NMR/NQR
BT, As ° P o= NP ¥ A Finh, BEEICKRLEER Fe A b
*Fe-NMR D FEBRE THA STV 5, A Tit, X 1 ISR T#RBEERD 1111
M, 122 A, 11 &S0, BIEE CIZHlE STV % NMR/NQR Dt 247

T 5, FITHEGEIRREORS %t@ﬁﬁ%%@ﬁf@ﬁi BEAURNE & B b
DR, BIEX v v 7HEEICOVT NMR OFEBRNSL EO LI ICRZ D0 EiE
SR

: zo b o °o () ? g (d)

gzg 03323 °o§)o° Oiggo
AR N

.823. 20300 ] i o o g [+

B 1 4 FEHOSREEEAROR SEE, (2)1111 #iE, (b)122 #iE, (c)111 #ik,
()11 3, 4 >oXIcHm L T, SR 76, =7 NV
FLoTVETRINTND, [1]

122 115 D BaFe,As, 13, 135K THEIEAHIERE 2 (WA & T o TR D [ IR AR
T 5, ZOWED Ba A b KIZE#RT D Z L (EF—L F—)%, Fe A1
N2 Co lCE#ATHZLE(ET F—7), AstA h& P IZERT S Z & TrORBIEIX
il s, BIRENHIT 5, Fex D7 L—F Tl BaFey,(Asl-xPx)2 DFRICHEH L
WAREIRE DRI PRI E X ¥ v 7 OME % P & AstED NMR FEBR ) 5~ T
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Vo, ZORTHE As & P AR U0, BFEEZLSED LA, B
HIPEE % 25 SWBIRES BN D &0 ) BB 5 5,

212, ENZRORICHBT DRED T OWEORETO UTT 277, EO K
— 7 RIZBNT bikmD T DFENCIE, UTIT 1T Tl > THRZHIT, FinE
IRAE T 7o SO B & & D3

ERRLNTV S, ERRICHAS | A
T O RRBEER B O FE FE N X Ak ; B R e e ps, (Fukazawa ot
BHEE T, "B WEAICH S - L b : ! (Ba, K, ,)Fe.As, (Yashima et al.)
D (T(BaK)FepAsy]=38K > I > I;I:(RFeo.szCOo.osjzﬂsz (Ning et af)
T [BaFe,(AsP),]=30K > ’51 -

T[Ba(FeCo),As,]=22K), = OAE[A] 1%, “;: .\.' 2000080000800
HITD BaFey(AsiuPy)2 (2815 LT T = | ; %0 e 99.00 90 08 060 o
DWERFVEDN B HREN D, m{ P© g T
BaFe,As, DR TlE. MWD 5 % & %

BAZE B IR EOMBEA R 5T :gﬁf o BaFes, (Clagawa cfl)
WB. ZHITH L LaFeAs(OwF) D S v e

1/T1T @/}%E{Kﬁ‘lﬁﬁ‘ ) = }igﬁﬁﬁ‘lﬁ 0.01 o = pr - 2(,)0 L J
D6 X LBEEICIE., —RAEBITRS T(K)
Nmole, ZOXIITERTRLF— K 244 72 FeAs WHEHD As D UT,T O
SRS & X L BEE ORI, B EHm 2,
REAZEEO R T HHIEIC Lo TiE BaFesAs, (Th=135K)”, (BaysKo)FerAs,
BipoTWHEHIThDL, ZNHDH (T.=38K)*?, BaFe,(AsoerPo3)> (Tc=30K)? [P
2B B SEREIC ST S YT, o 1 MEE As YA PO VT, T ISHRAL],
FERE LR, E2 b s @EEyy  BaFesCoum)As, (T=22K)?,
v FHEEIC OV THERT S, LaFeAsOq6(T:=28K)”,

F AR OESRBIEEROER A LaFeAs(OpgoFo.11)(Tc=22.5K)”
S FETIZE MBI TOV DI LB E R EVE T REEERORE R & gk L,
Sl R OME S A R LT

e D NMR OHFFEIE, I ARMEF, #hH 27 /L— 7 (LaFeAs(O14Fx)-R). AURIAH -
WL SR 7 L — T (BaFey(AsixPy)2 k). TEEKE R (Bl P K) 7 /v — 7 (LaFePO) &
DILFTETH D,
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[2] Y. Nakai et al.: arXiv:0908.0625 (2009). [3] K. Kitagawa et al.: J. Phys. Soc. Jpn. 77 (2008)114709.

[4] H. Fukazawa et al.:J. Phys. Soc. Jpn. 78 (2009)033704. [5] H. Mukuda et al.: Physca C 469 (2009) 559.
[6] F. L. Ning et al.: J. Phys. Soc. Jpn. 78 (2009) 013711.

[7]1Y. Nakai et al.: J. Phys. Soc. Jpn. 77 (2008) 073701.

[8]H. Mukuda et al.: J. Phys. Soc. Jpn.77 (2008) 093704.
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on Iron-based Superconductors
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Yusuke Nakai, Shunsaku Kitagawa and Tetsuya Iye
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Introduction
What can we know from NMR experiments?
NMR results on Cuprates (Ruthenate Sr,RuO,)
NMR results on Iron-Based superconductors
Normal-state spin dynamics
LaFeAs(O,_F)) (1111), BaFe,(As, P)), (122)
Superconducting-gap structure
Summary
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Interaction between nucleus spin and electronic spins

Nuclear spins ( /) are coupled with electronic spins (S ) in
the external magnetic field (H,).

K#0 K=0
Me = YehS /\
: - H

Hamiltonian of the nuclear spiné

H,=-yh I H,+AIS=-yhlHy,

My = Yol
A: Hyperfine coupling constant

A A{(S_)+§S‘_}

S =H, -
Ynh 0 Ynh

av. static dynamics

Shift of the spectrum (Static properties)

HL HO -

oc

K:H0—<HLOC>: A .<S>: A M NA7eh<S>
H, yoh Hy  N.y.y,h’ x=

Xalw) Dynamical

H=—y h; -5_: _m{lzdgz + % (L&l +1.655, )} Isusceptibility

2y, . 2 nuclear spins relaxe 5
W:?<1|H|f>| S(E,—E))

1:7n2—kBTZAA P CRCY) wir [ we o
I )T e, ~ X W w,

- % A2 f N(e)N () f(e)1- f(£))5(e —&')deds' «—— Metallic state

— % ANENK,T T T,T = const. Korringa relation

Magnetic i = r - 2D FM n=372, AFM n=1 Moriya et al.
fluctuations L (-T,,) 3D FM n=1, AFM n=1/2
1 EXp(- Al T) isotropic gap ( s-wave)
SC state T :
1 T3 line-node gap
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CuQ, plane vs. FeAs layer

CuO, plane FeAs layer

(a)

NMR Results on YBa,Cu;0,_:
Cu-NMR
Knight shift 1/ T1T |
1'3_”*‘;‘¢r—¢r o o | ol ,j'.o”..'f:w
1.2 . lc:-'
y-0 * .
< o Pt Bl
; Pt 3
{
0.4 i + + Keo 2
y=0.37
i} 100 T (K) 200 300 0 0 1 160 T ('K} 200 300
K o< y (4=0, ©=0) — o > x(q,0~0)
nr 4
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NMR Results on YBa,Cu;0,_:

1/T,T at Cu and O sites Cu0,
Cu si plane
u site O site
7t 0.4 T T
e 0o .'.y=0.3? °°°° ;’:Oc’ o o
6 o o . - 7
Te 0.3 °
_5r l_' v
‘Eﬂ - Y:O ° Ig -
78 sl ° <z o y-osT
8 —oz2
‘Tp o r-'_'- a
ml_‘- 3r —
P d 01 F .
.?
| <1
o® . % ' 700 ‘ 200 ’ 300
% ' 00 200 ' 300 T (K)

' A(q) = A +4Bcos(qa) @) ZC exp(iqr,) =2C COS(q 2)

Implication of NMR results

AF fluctuations with the (/a, w/a) correlation develop in
the normal state.

In underdoped y~0.37 with stronger AF fluctuations, spin
gap opens far above T .

x(q)

* Spin gap Yasuoka (‘89)

Fc{{‘.u:l

Fﬂ{cu) ®3

T<T

e

_____

K.S Q 1 * ‘:‘:’ *
L oS rgo-0 T .
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SAs, °La-NMR measurements

1397,a-NMR spectrum in LaFeAsO

i

¥ 'n'.r,* 130 K|

«w’ A ; b,

C—————

Internal field

110 K

La-NMR Intensity (arb. units )
=
N = -—ﬁi’
%
5

N\ Fe J

5As(I=3/2)NMR | .
*Powder samples 20 2.5 3.0
- Fixed frequency 72.1 MHz(~9.89 T) #H M

@ 1/T, shows a distinct peak at I\~142K ¢ o(T) and M(T)

LaOFeAs DB = R [ —————— 10
La-NMR L o TF180K] Undoped
TN~142K(5§"J: oS 13 8t 8
10 :“‘ — E‘: 30 ”/”‘ . —~ 6 L\ 4“‘3\
0 .“‘-. 0 % 700 200 aou Q g _"gl 19 qEJ
—~_ V"o T (K) i) "‘:_‘ G [ c ) . _ —
~ v £ é 4L % OOIIHQ/ /‘Heating ol 4 g
- AT I Q .......... 3
A K] | ..’...l..
oe®
5F q%OQOOO _____ 2} - 12
O i ‘
',’ : ] 0 . I " 1 " 1 " 1 . 1 " 8
o —_— 0 50 100 150 200 250 30
0 09 ew--@-—-_ 10 - Temperature (K)
0 100 _— 200 300 T. Nomura et al, arXiv:0804.3569.
Structural order occurs at 7.~160 K.
M(T) = Mo(1 - T/Ty)? 5
(T) of /Tn) AF correlations with finite Q
7,= 142K, B =0.15 develops below Ty
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Evolution of magnetic fluctuations upon F-doping

I(q, CUU)
x=0.0(non-SC) CU—D
- x=0.04(7=16.3 K)
I H~9.9T
x=0.07(22.5 K
3 SRS As-NMR
%100 L
g x=0.14(12.3K)
5 |AFM = od o....
50 g Q i '
l 5 0.1 o " = v v
- — ] v v ¥
%.00 0.05 0.10 0.15 "l:‘_ t
F-content - ® x=0.0
r ® x=0.04
16.3 K (x=0.04) 001 x=0.07
_ 22.5 K (x=0.07) ' " x=0.11
7= v x=0.14
225 K (x=0.11)
12.3 K (x=0.14) o0t on e

1/T,T depends strongly on F-doping

(2 orders difference!!) © T, changes only by a factor 2

>’Fe NMR in LaFeAsQ, -

Spin Fluctuations and Unconventional Superconductivity in the Fe-based
Oxypnictide Superconductor LaFeAsQOg; probed by “Fe-NMR

Nobuyuki Terasaki', Hidekazu Mukuda® *, Mitsuharu Yashima®, Yoshio Kitaoka®,
Kiichi Miyazawa?, Parasharam Shirage?, Hijiri Kito?, Hiroshi Eisaki?, Akira Iyo?

! Graduate School of Engineering Seience, Osaka University, Toyonaka, Osaka 560-8531
2 National Institute of Advanced Industrial Seience and Technology (AIST), Umezono, Tsukuba 305-8568

7 i ‘ ‘ i i PP L T |
5| (a) H=8309T| | (b) ){11.97T
g [~
= }: 0k
7 30K ok 0312 i
g 40K Sl
% 10K 14K i L&
o m 1888 16:70 18,‘72 - o 1 1
- quuam:y(MHz) W o2k 0 10 20 a0
143 : - P THEK) @ 3
~ il LaFeAsOu ] I_"E. * * Ea site
® “Fe-NMR =
£ +++ “As H=11971 0.1 o 9 -
£ 141 [ ++ + 7 o) &) ?EAS .
) site
£l T )
. . ‘ ‘ ‘ 0.0 L L 1 . 1| P R |
139, = w0 0 70 20 0 50 1] 50 200 250
T (K) T ( K }
A,;<0

Fe can detect whole ¢ fluctuations.
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Relationship between SC and low-energy magnetic

fluctuation

1 /T, results suggests that AFM fluctuations are

® 1 strongly suppressed upon F-doping.
° ]
e, ‘ However...
. . . . . . ., . .
4 T, is relatively insensitive to F-concentration,
(3
- 0.1 ® e ey 7 comparedto /7).
2 e® o ]
£ s ¢ ; 16.3 K (x=0.04)
-~ 1 -
- 22.5 K (x=0.07)
S 7P =0= 7 225k (0.11)
&< o1 LaFeAs(O, F )| > R
: e x=0.04 ] 123 K (X=0.1 4)
x=0.07
® x=0.11 .
o x=0.14 Suggesting that

low-energy AFM fluctuations probed by NMR

evvvvvvv w4 may NOT be important for superconductivity.
0 50 100 150 200 250

T (K)

1E-3

P-substituted superconductors BaFe,(As, . P,), (122)

o
]

—-x=0
S. Kasahara et al., arXiv:0905.4427. = &
600= 020
132 T T T T AL, T 03
2 A T . B85
@ 12.8F —1.&5 g gg&
- | —— !
T 3 G400 - 0.7
© 124 L L 8S =
. BaFe,(As, P,),] &
L 1 U

200

Z I
&~ I
50 : % 100 200 300
I ] T (K)
] % TREE —— &
0-6 0'8 l ml— ! !E/
X £ e
au 40+ :l —-Iﬂ;%
@ Superconductivity with T, =30 K is 3‘; x
realized by isovalent P doping. e —
9 High-quality single crystal
(dHvA measurements are possible) o X0 r{?:)_%“ Do
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Non-Fermi liquid behavior near optimum substitution (x~0.33)

S ——
3 Shishido et al.,
p arXiv:0910.3634.
5
,—g 2
S 100k .
= Effective mass(dHvA)
& 1L ‘ ‘ . . .
304 1 BaFe,(As, P,),
. 254
| Y “sow |fsc
0% — Teei(a) < i PM
0 50 100 150 R
T'(K)
Kasahara et al., arXiv:0905.4427. *
00— T T T hd
@ o< 7T (Anomalous FL behavior) in the 00 02 04 06 08 10
x~0.33 sample is changed to p o< 72 (FL )
behavior) with P-substitution. @ Effective mass diverges towards the

x~0.33 sample with highest 7.

Similar to cuprate, heavy fermion

Phase diagram in BaFe,As, 310
ol BaFe,(As, ,;P, ,,), (this work)
® “PNMR
O TAsNMR
= (Ba, K JFeAs, (Ref. 10)
{- O (Bay K, Fe,As, (Ref. 12)
< BafFe,,,Co, Ref. 14
hole-dope g? [i-a BalF Oy Cohuml e ]'._ 12
3 1t m [ Tal v i
l s st | B
'___ - -
s 2 000 o 2t 8eeesse o | o
; N v .
4"'{ 2 0.1 Qf_\.‘v voyv % g ™
= i ]
PSPPIV 0 04 . Ef-‘-ﬂﬁ
o : A BaFe s, (Ref. 23)
Doping level v LaFeAs(0,F, ) (Ref.2)
v LaFeAsO, , (Ref.5)
Isovalent 0.01 L L I s s 0.01
. 0 50 100 150 200 250 300
doping T(K)

H.Chen et al. EPL85, 17006 (09)
X.F.Wang et al. arXiv. 0811.2920
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NMR results in the SC state

SC State in LaFeAs(O,_ F,) (x=0.07, 0.11)

100 p———rrrr———— e ———
- H~9.9 T // ab plane E Residual DOS was not
‘."- observed in LaFeAs(OF) .
10F o - .
: T o | Different from d-wave
i . ] superconductors
ot /r . = temperature dependence is
- | 5 interpreted with the S % wave
= 1 model 5 '
0.1 F La(O,_F )FeAs
/ x=007 2
® x=0.11 &
] s dwave |
0q E - 30 4 | Residual DOS is >
line-node modef] | easily induced by 2
A@) = 4sin(20) 1 | jmpurities and/or a
1E-3 | 2oyl =4 4 | imperfection in a N,
: w3 | sample.
100 ;
i

Ee  E.+4, Energy



JAEA -Review 2010-006

Absence of H-dependence of 1/T; in the SC state

Terasaki et al.

10 ——ry g
 Larerso ) J e ST 015009
%= O I . F LaFeAsOo, o
A %0
L O e of TEMRIIED e
55 0 H~12T E ""”““‘””::{H} 0
"-‘31 5 1 * %
~ & g '
~ 0.1 3 [ ] 3 I K
= © = ®
b4 O ; - 0.1 E ‘
Q : o
0.01 ﬁ ’ 8
TF = E 0.01L s/
O e/ F ~T
/ #
[ ) /‘Ir 3 i
T 1E-3 ol Ll
3L o,/ i 1 10 1
» 1 il P
1 10 100
7(K) 1/T; by NQR is the same

1/T, in the SC is independent of H
in the field region of 5~ 12 T.

behavior as 1/T; by NMR

3P 1T,
® Coherent peak is absent just below T, 100 —
— conventional s-wave is excluded B A T;c/
o0p &
@ 1/T o< T'is observed below 4K down to 0.1K 10 008l ' I3
— Presence of residual DOS - (c) T=2.0K s
. X — [ 0'000 2 4 6 8 ‘}“
@ Field dependence of 1/7)is observed even "o 1 pH (T) iy
in low-field (H/H,, =~0.1). =t
—consistent with nodes in the SC gap a ;
contribution of the delocalized °oTE u'%/
quasi particle &A/” T
0.01} AA/'/ T ® 4127
3 A A 210T
% These behaviors have not been reported in A v H-0T
(Ba, K )Fe,As, and LaFeAs(O_F,) N B
001 041 1 10 100 1000
T(K)

Nakai et al, arXiv:0908.0625.
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Possible line-nodes in the SC gap in BaFe,(As (P 33),

31
P1/T, @ Temperature dependence of 1/T, are
10 .
E & @ BaFe(As, P, different between (Ba,K)Fe,As, and
[ "P-NMR2.10&4.12T
[ 0 (Ba, K, JFe,As, (Yashima ot al.) BaFe,(As, (Py), -
1L "FeNMR~12T @ Temperature dependence of 1/7 in
— line-node model BaFe,(As, P,), is similar to that in
i YBa,Cu;0; and CeColns.
W O1E
5 Consistent with line-node gap
=
™ 001l :
o 0.30 T 1 T
- / / Penetration
- - | depth A ocT
13t g0 ] 1Y
E ‘§0:5 - % s é”K!i 12 15 ‘u
, domc win 7
1E-4 RN B B PNV 0.05 ) n,_,/»:,':
1E-3  0.01 0.1 1 10 R
T e e e ==
c 0 3 6 9 12
T(K)
Nakai et al, arXiv:0908.0625. Hashimoto et al, arXiv:0907.4399.

Low-energy spin-dynamics revealed by 1/7,T

@ Development of AFM fluctuations is observed ol BaFe,(As, , P,..), (this work)
in optimal-concentration BaFe,(As,P),,as well as S nram .
optimal doping in (Ba,K)Fe,As, and . :??ﬁ:ﬁ o
Ba(Fe,Co),As,. - g"ri_i Ba(Fe,,C0,,). s, (Ref. 14) | .-
@ Development of AFM fluctuation seems to be ~ &1F 8 "%, 1 %
important for superconductivity, and 7 is related E ;k % —:—
to the strength of AFM fluctuations in the Bal22 7 | & 292 90 a0 0o oo ave o | ;,‘:'
systems. € . af' vy o1
@ In contrast, enhancement of AFM fluctuations ‘ £ vt ¥ A E
is not observed in the optimal-doping B A are s, et 20) ]
LaFeAs(O,F). f MiviowS CAN
S e w0 10 20 20 w00
Relationship between AFM fluctuations and T(K)

superconductivity is different between in Bal22 system ... o 2/ arXiv:0908.0625.
and LaFeAs(O,F). ’
Different characteristic energy of AFM fluctuations?
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T117 RITBI B K m DS X LB EDOB R

= FFeSedNMR : Fese H
1 T T T 1
H v i3
100 ¢ H — ¢ 070 TH ) o Yore ¥
L E 5., © 0GPa o
08| f‘ H :.. cLo:goo @
l —': 10¢ .t i E uooo"
w & o ! o1} °°3
. ,, = : ' TR
5‘ 0.6 E ‘00 * ® =0.6 fixed
4 1 T
=_ I T T 0.8
£ 04 i
1 I |
0.2 —&—1.4 GPa || E 2 . - 04 ;d
g ;i D B e ——0.7 GP 1 [ o
S Tall e
% Fel.03 , ~
0 0 5IU ﬂliﬂ 1I50 2;)0 2I50 300 E
-~ s 00
T. Imai etal. PRL 102, ; P (GPa) .
' S. Masaki et al. JPSJ
(09) 177005 . 78 (09) 063704
SIS RENS L3 20 fickTed ER, ZAuchoTeT
ZHEV ‘TCIEJZODI/TlT@{ﬁ%)ﬁ%<7I5° E o)l/TlT{)j(%(tIao

Collaborators
NMR: Kyoto Univ.

Y. Nakai (PD) S. Kitagawa (M2) T. lye (M1)

Sample: LaFeAs(O, F,)

Tokyo Inst. of Technology

Y. Kamihara H. Hosono

Sample: BaFe,(As,P,),

Kyoto Univ. Matsuda Gr.
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5. J-PARC THEFAH7-72 P+ FE R BELRIE E

J-PARC o —" HL KPR B, HIb K4 C, IST-TRIPP
AT — AP R 2 A TRATZRIL A, KBRS A8, R A ©
RERAT A FrHEIE R AP

New Method for Inelastic Neutron Scattering Demonstrated at J-PARC
J-PARC Center”, Dept. of Phys., Tohoku Univ. 2, IMR, Tohoku Univ. ¢, JST-TRIP °
Ryoichi Kajimoto™P, Mitsutaka Nakamura®, Yasuhiro Inamura®, Mizuno Fumio™®,

Masaki Fujita®, Yokoo Tetsuya”, Masatoshi Arai P

B -0 AK L D ZE ] HY « I FRT RO AH B8 2 (E 2281 C & 2 - FE s BOSLI 3 Ve
REM IRV TR IR E 2 R TETEY, T EER SIREEOM 5T
BWTHFEMETHS. EEBEE IO TE, BoEVEE &-— 32 /LX — (Q-E)
72 % — 25\ E AT BEZR SV A M IR O FES P I EL AR (B DR R L CT& 2. L2AM,
— B FE A BEL S T L 3RO TII =D, TN E BT I3t D R Tkl b
RTHEBNIREZLRECE W E R AL ETHY, TNORFIEOHER I > TEE
Lo TN,

LL7RING, Feali KEOSNS (51— A H 1 1.4AMW) 5523 [E DJ-PARC (1MW)
D EHIRPER D 7V AR (1] 21X FEE D ISISITL60KW) (2 bR T—Hrr< e — A H
FDOENH AR D SOV AF PR O R PHEA TS, ZHUZEbE, xiXonExT
O H M- FEEBGEL FE R DM 0 2 DRI EZ R 3 _<, J-PARCIZ KR - = I E D R D
FEREE BCEL FEBR AL T 2R ) O R A D TE72[1]. 20054 Zj% G s E -7 1102 1%
WEARFE T L0 ME B — AMC KD EEE R FE A BRIAL, W WA L0 FE M B L3S
BraBtR LT,

[UZEET7 2T gy X —EME I DB L > TREHC AR T 52— 2%
BT 57 2 NIFay/ =BG HIRO—FTHDHN, RO RIFEOLEE 2~ M7
FEORIERNHEMN EAER T 572012, iEE, WEEICHEA R TRPILL THD.
FED—DN, RFEFRIZTTHEITHHEEAS =X —[RIRFHEE (Multi-EfE) | TH 5.
7N TF 3y N— [ IHMETFHOR) Y M EE RS, ZORBROZ A T E (=
FNF =) DEST-F A DB EFBBSELHLETE — LD HEAETT). Tx/L3Fau/8
— DAz % H5 (Gl £ 100HZ) 137 SV A H PEFIR OO0 I U JE 5L (-PARC Ci25Hz)
IZHEARTIEF IR EW =0, 1HIEJE ] (J-PARCTIZ1/25Hz = 40ms) D RJIZ /25T %
WX =D NIAIL T HEZ TOLOLBIR T HIENFHETHDH[2]. LnL7edin,
PERDT 2 VI F a2y /R — TR RV F —# i O 125058 RGBS T DI2IEA M
XThol=Zll, IRITEED AF =X —0FH TEo L TH T — XU - T R 0
UK I CERD T2 287285, ZHVETIZEI DO A = /L — U FEERIZF)
STV oTe, ZIUT SV AR FEEOLIRIEB O D, 13EA E DR ZJIE
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IR L TR T2 2 22 B ET 5. UKL, D02 Tl oL — 86t
L CEEBEOENT =V IF 2y 3—% I L (SNSED HLFIBAFE) , E5HIZJ-PARCTHITZ
BB SN Fe 2T — HINEE AT S AT DETE AT HZLICED, 7= 3F gy 3—Hl
43 eaa L TIEAd TMulti-Effll & 12 s L 7= [3].

B LIZMulti-EfEIZ L THIE L7z — ROt TR MR CuGeOs D AL i it O 7 — 4
Zon . —IRITH (clih) J7 AR 2R A I ELT-H O T, A=k ¥—(E) D#E
I2DAD DT —HEPIRSIVTNDN, ZIWHIE T R TLEDOHIE CRIFHIGELNZHDTH
5. EDRENT —F TIHIEVQ-EfIRE RIET 2N TE, ZAUTKHL TED/IENT —
Z IR OAVIZ fHI A & 0 FREE CREANICBLI TETRY, —HD T —XITB AWITHIE
A E X — LA - T RESNTZ BRI > TN D.

Multi-EjEIZ ETE A E ST EN VDO F LWRIELETHY, ZORIEIEN KR~ 72Q-EZE
MOWEIZAE D THHZLERLIZDIFEZEBLI-PARCO N UZE | 34O TTHAD. &H
AT Nz AU, BIE Y RFDI-PARCOE — A H I 13 E7220kWES £ ISISD 1/855 Th-7=
0, K1DOT —2 13 D5 REH R E ORI EREH THROITEY, 4% — A )23
KITUEESICRKREO T — 2 E AL ENTREIC 2D, ThUCED, flziEonE
TFav/ =BG WBRNREFLL TN SR ITCROHEL REHERTAE59. 5%
Multi-EjiE 1T H - FEME BELINE 12 B W TUAIE SN TUKEEDLNDN, 22005
ENTRRREDEFNTLANE LA THD.

AHFFE I IO MU 2R | O JE g2 1 ZRHIFE R BIHEERF 5T T 4k ST 28 ] P - R A 2E i o
B % LER LW TR B A O % BH | (N0.17001001, AFZEA A B IER) 12k Db o
Thod. Fiz, UZFJOBERIIAMIER KL DIEN, LTFOFRICE> T Thiv:
J-PARCE & — i IR, EfG B, WA IR, JLILFETR, & ILFnE, SEHE, an
BEOKRR, R, e, JHiksEdl, S, R, mrytiE, S, Mg
o ST TR AT —, AEARE —; ALK AL, RILAESE], 1HEFDT.

E,=150.7 meV E;=45.4 meV E;=21.5meV E,=12.6 meV

Energy Transfer (meV)
@
8

N
s

10 .'| Al
20

| . i X LK
| — . | -
20 ) ™9, MY L
-2 1 o 1 2

| — R P :
z A8 A0 @5 ©O 08 10 15 20 05 00 05 10 05 v 05
Momentum Transfer (r.l.u.) Momentum Transfer (r.lL.u.) Momentum Transfer (r..u.) Momentum Transfer (r.Lu.)

1. Multi-E; 512 X 0 FIEFIZHIE 4172 CuGeOs D A7 kL.

2 d ] ii.l bignsn)

10

2% 3R

[1] R. Kajimoto et al., J. Neutron Res. 15, 5 (2007).

[2] F. Mezei, J. Neutron Res. 6, 3 (1997); F. Mezei et al., Physica B 276-278, 128 (2000).
[3] M. Nakamura et al., J. Phys. Soc. Jpn. 78, 093002 (2009).
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Crystal structures of Fe-based superconductors
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Transport properties of LaFeAsO and LaFePO
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FeSe: Crystal structural transition around 70K
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S doped FeTe

S substituted FeTe

Composed of less toxic elements
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Superconductivity in FeTe,_ S, F
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Pressure effects of FeSe
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Transport properties of FeSe under pressure
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Temperature dependence of resistivity under pressure
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Tc as a function of pressure in FeSe
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1/T, under Pressure
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Spin fluctuation is one of the main player of superconductivity.
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Lattice parameters of FeSe under pressure

3 150
‘.‘B [3g]
© <C
= 145 —
g S
8 140 S
8 s
= 135
®
- 1130
1.03 E 40
— 1.02 :
o 0 ] / \ 30
& 1. ¥
S 1.01 E - X
S T/ N {20 °
N 100 :‘/ /0 N
te” ~ 410
0.99 if®  Structure changes

N
&

n
b4

)
bt

o
(<]

-
[

-
(=]
o

1.45

1.44 |
143

142

from Tetra to Hex

2 4 6 8 10 12 14 2 4 6 8 10 12 14
Pressure /GPa

S. Margadonna et al., PRB 80, 64506(2009)

Structural parameters of FeSe under pressure

0.97

saloa s losaslonaaliisgy

2 4 6 8 10 12 14
Pressure (GPa)

2 4 6 8
Pressure (GPa)

S. Margadonna et al., PRB 80, 64506(2009)
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Se/As height from Fe layer

- _ Kotegawa et al., JPSJ2009

p{maem)

2242648

Teq @ 0 O
Te(K) hpn(A)  hpy under pressure (A) Te under P z/ : :

LiFeAs 18 1.50%2%  1.55 — 1.56 (~4 GPa)?!  down?!-22) o O
—P [eSe 8 1462 145 — 142 (~5 GPa)?  up, 37 K357 °"?‘"°"0"°"0' *
— SraVFeAsOs 36 1.4210 up, 46 K ° o ° o °

NdFeAsO;_y 54 1.38! 1.34 — 1.33 (7.5 GPa)'™  down'® 0:0:0

LaFeAs(O1-2Fz) 26 1.322% up, 43 K% o000

SraSckFePOa 16 1.207 down J

LaFePO 7 1.12% up. 10 K227 © 0.0

Ko.28r0 sFea Asa 13 up. 16 K% : :

Ko 1Srg gFes Asg 37 constant®®

]\-” 7.“51'” 3 ]"t.';»:\:*-g -] \|t)\'-‘||"“:

Sr,V,04Fe,As,

STS of Fe(Se,Te)
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STM/STS on Fe,.4Se; ,5Teg 75

T. Kato, et al., Phys. Rev. B 80, 180507(R) (2009) [Editors’ Suggestions]
Surface Topography
42K 18 K, (6.8 nm)?

(72 nm)?, 1.0 V/34 (18 nm)?, 1.0 V/40 pA

- Atomic resolution; square lattice with ay~3.84
- No surface reconstruction

- Bright spots: ~4.5% ->excess iron atoms

- Dark sites do not correspond to vacancies

STM/STS on Fe,, Se,_,Te,

Tunneling Spectra & Superconducting Gap

R T

RSN N S

' 1) 1 1 1 1 u.u
<400 -200 0 200 400 10 5 0 5 10 -10 -0 0 5 10

Sample Bias (mV) Sample Bias (mV) Sample Bias (mV)
- High-energy DOS: - Superconducting gap:
> asymmetric V-shape >A~ 2.3 meV (s-wave fit)
> kink around +300 meV > disappears at 18 K (T onrset ~ 14 K)

T. Kato, et al., Phys. Rev. B 80, 180507(R) (2009) [Editors' Suggestions]
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STM/STS on Fe,,  Se;_ Te,

T. Kato, et al., Phys. Rev. B 80, 180507(R) (2009) [Editors’ Suggestions]

Spatial homogeneity of Superconducting Gap,

and inhomogeneity of Normal-State LDOS

Topo: 20 mV/0.4 nA

= o W |
[ W - = |
o o NT ™1 T

[~ % S ST 8\ o

___—__ ——— N \“ -

o Bk Z\\\‘\ /‘/ﬁ

T W\ e ~BN\ N\ _~5]

I TSN E ¢ NN

£ c N\ N £
S 1 ECETE W AN
5 . - & _ . [EEB 3 AN\
% _' i E B e L E = L% \\ ;/ 41/_
- 0871} £ . S 5] T \ ~ 735
80677 < o AN yayd
N 1/ [ ] 2 \ ™~ 724
© 0414 = - | L \ -
E 02 g - ! N\ A
S 0. ~ o = | Lo~
2 00— » . 0 02000 200
) -5 0 o R -300-200-100 O 100 200 300

Sample Bias (m\/)

Superconducting gap:
spatially uniform

- . Sample Bias (mV)

dI/dV at 50 mV
Normal-state LDOS:

> spatially changes in accord with topo.

> the change remains up to 1 eV

>LDOS ~ 100 meV enhances at bright spots

> the LDOS inhomo. is caused by the excess iron

Sample Bias (mV)

Summary

1. High pressure enhanced the Tc of FeSe up to 37K.

2. Superconductivity was discovered in S doped FeTe around 10K.

3. SLO is observed in superconducting FeSe, ,Te, s samples.

4. STS measurement was performed in Fe(Se, Te).

Y. Mizuguchi et al., APL 93, 152505 (2008). APL 94, 12503 (2009).
S. Margadonna et al.,Chem.Commn.5607(2008), PRB 80, 64506(2009).

S. Masaki et al., JPSJ 78, 063704 (2009).
H. Kotegawa., JPSJ 77, 113703(2008).

Thank you...
Y. Mizuguchi et al., APEX 2, 83004 (2009).
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Thank You
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8. SRBIE(RD STM

HLRF A, JST-TRIP B, H A HrfEdk ©
TEEEPTER A sl A8, R ggh ABC

STM on an Iron Based High-T. Superconductor
RIKEN”, JST-TRIP &, Univ. of Tokyo ,
Tetsuo Hanaguri™®, Seiji Niitaka™®, Hidenori Takagi”®°

PRBRERD Fermi 1%, THEVOR—/ViEE, M SJEYOE 1 H CHRERR ST
W5, ZibOIEES Fermi i _LIZBHSEBRE X v 7L, 7Ly THORDG, R—
JVHEEE A H T Yy 7 O/ 5B XERT D s O HEE A 322 L3 BRI faHES
TN [1,2]. selload Bt A MEE 95720120, IR B AT AR U E Dt & 24
HFRENRAIRTHD. 3 HAA—T 7 STMIZEDHERL T8 (QPNZh OB ML, =
D ET-L WA, 772, BHICKAHERL i ELIC Y 2 — L U R [ 1 D3 R
IZEo T, QP DHELEL~Z ML D[l CHARE v 7 DRI 5 D6 (FF 5 R AR L),
QPI DRIEIIETHZ L > T KL, W5 OHA (5 EREEL) , RIS 12Xk~ T
W42, Lizos>C, QPl /3% —_ % Fourier fi#HT L, BELT MV ORGS0 R 5~
AU, RN B T DN AREE O HAEH 35223 T&5 [3].

FERIT, b HEM SR BIREIRTHD Fe(Se, Te)loxtL TiTo7-. B2BHm > STM
B1%, K ULRT IO, var RIS Y 250 3.8A RO T iE 2 R L,
N RV ART MUZIE Fermi =V — i A IR X v o T REE DB S 7=, Zo%
Yo%, BAEHIE TR EL T (59 14.5 K) K008y, 11 KRRE THE T 528, 20
IREEZE{RIX, BCS B oWIFFSNAIRO T E—EL, BEEX vy 7 Z28IHIL T1D
EEBEZOND. TNHOFRERIZINETOHRE [AlEEMEMIC—EL TAD. 0.4 K THIEL
T v as AR A%, Fermi TRLX —TIRITBRIIEFETHY, M oFX vy i
DIEIT 2T b, 2D
ROBIREX v 713 ) — R E R W2 e RORIB S 5.

20 Tt L

. A 4

%)
£
8 15 .
s — 12K
S 11K
e 10 - 10K
o] 9K
o \ 8 K
= | Lt = 7K
2 LA\ T S ik
e . — 25K
1 1 P R _04K
— 6 4 -2 0 2 4 6
O 10.15nm Sample bias (mV)

1. Fe(Se,Te)? STM # L KA ML DR FEZEA L.

—111—



JAEA -Review 2010-006

WIZ QP _Z— L DR &R ATz, $RBRERTIE, KRESTT, THREM JE
DIZ Fermi EAFETHDOT, K 2 [THEAMNTRT IO g~z DHGLDYE 2 515,
Bogoliubov ERI ¥ QPI A fifts 957012, (SARAELIEEAMRAED di/dV DL Z =
dI/dV(+E)/dI/dV(-E)%&~ > 7 L[5], Fourier fEMT AT o7, ZORER, T 5 KISHEL TH S
Qo ETF BARAFHAEL CH D qz O H MBS, BilE OFRE LRI TR L, %EF T K
T DHIENINoT=. ZOFERIT sl A RIRIE T 5.

-/ (m, ) (2m, 27)
‘.“"‘a‘ ‘“u‘ “‘93
* ’ ‘o»::’ e
., A2,
. ¢ &
“’..‘.‘..0“
k space g space Dec. B Inc.

2. kZE[], qZEMICRT DHEANT P ORI & ESIZ LD QPIFREEZ .

BN

[1] I. I. Mazin et al., Phys. Rev. Lett. 101, 057003 (2008).
[2] K. Kuroki et al., Phys. Rev. Lett. 101, 087004 (2008).
[3] T. Hanaguri et al., Science, 323, 923 (2009).

[4] T. Kato et al., arXiv:0910.1485.

[5] T. Hanaguri et al., Nature Phys., 3, 865 (2007).
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HAREBIGE#FOSTM

FEHD (11 EFLHE
GATTE ("11117)

HE K ¥

(_‘_ ’ THE UNIVERSITY OF TOKYO

FAFTHEE TG T
BN ‘ KUEF
PR
S8R0

special thanks to &EEX %K*DE )

Outline

* Motivation
- SC gap symmetry?
- Why STM?
- Tunneling spectrum nodal gap or full gap

- Quasi-particle interference k space
- Coherence factors phase of the SC gap

- Results on iron-based superconductors
- Magnetic-field dependent QPI in Fe(Se,,Teq )
(- Preliminary STM/STS on PrFeAsO, )

- Summary
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Gap symmetry of iron-based superconductors

Disconnected Fermi surface pockets
cf. K. Kuroki and R. Arita, PRB 64, 024501 (2001).

D. J. Singh and M.-H. Du, K. Kuroki et al,, PRL 101, 087004 (2008).
PRL 100, 237003 (2008). I.I. Mazin et a/, PRL 101, 057003 (2008).

Nodal gap or full gap?

Sign reversal?

Full gap or nodal gap?

T dependence of 4, €, o, T, o(w)...
Quasi-particle population
Full gap : ~ exp(A/T)
Node : Power of T Direct gap map by ARPES

PrFeAsO, , T ' +w\ Al (mev)

0.20 T

3L ~ousk A=1674T,

0

= ’
10 -
d-wave .*
.

/X
s
[\

~ 370.05

(D

0X
5

Bag Ko 4Fe,AS3
K. Hashimoto et al, PRL 102, 017002 (2008). H. Ding et al,, EPL 83, 47001 (2008)
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Full gap or nodal gap?

J. D. Fletcher et a/, PRL 102, 147001 (2009). K. Hashimoto et al.,, arXiv:0907.4399v1.

Various symmetries possible depending on detailed band structures

s, wave dwave nodal s, wave

K. Kuroki et al.,
PRB 79, 224511 (2009).

S Graser et al.,
New J. Phys. 11, 025016 (2009).

Sign reversal?

Flux jump in the composite superconducting loop

NdFeAsOq gsFo 12 DC SQUID
electroni

Both momentum and phase
resolutions are indispensable. \

C.-T. Chen et al,, arXiv:0905.3571.

Sign-reversal l.lkely...
But what is the relationship between the Fermi pockets?
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How STM can contribute to the issues?

* Nodal gap or full gap
Tunneling spectrum

- Distinguish different FS pockets (k resolurion)
Quasi-particle interference patterns

* Phase of the SC gap on each pocket
Coherence factors

Iron chalcogenide superconductor
X'tals grown by Dr. Niitaka (RIKEN)

Fe (Se,Te) 7.~13K

M/H (arb. unit)

| | |
5 10 15
Temperature (K)
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Nodal gap or full gap

STM on an iron chalcogenide
X'tals grown by Dr. Niitaka (RIKEN)
Fe (Se,Te) 7.~13K

2A/ T, ~ 35

Ve 1d kmV

b
(o> ]

T~15K

—_
[N

dl/dVdErnSnit)
=

w1 O

. o 0
_— ' -20-4 -102 0] 210 4 20
19 nm x 19 nm, -20 mV/0.1 nA Sample bias (mV)

ot mgap-Fd/bdk Yo apstvantboyendha F dm akeiar) 2009
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Distinguish different
FS pockets

Quasi-particle interference ~ k-sensitive STM

J. Hoffman et al, Science 297, 1148 (2002). w "
K. McElroy, et al., Nature 422, 592 (2003). Octet mOdel

© FT-5TS
ARPES

Fermi
surface

.

S| Ri2212
£ S L P

positive £

negative £

"1 'Z0sh 4b 'sh B0 0 e ‘\

o, {dogroes)

FS geometry & SC gap dispersion can
be obtained through QPT. HBLN e UVE(k)
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How will it work in iron-based SC?

T,27)

R A\

J — W

D. J. Singh and M.-H. \ggPRL 100, 003 (2008).
q SPGCC

Inter-pocket scattering Relationship between the pockets

QPI in an iron chalcogenide

Fe(Se,Te) T7.~13K

T~15K FT-Zmap 1.4 meV
dL/dV.e/dL/dV] ¢ | : ® q,

il il e

34 nm % 34 nm, -20 mV/0.1 nA

All the inter-pocket scatterings are detected.
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Phase of the SC gap
on each pocKet

Coherence factors in QPI -~ “extinction” rule

J. E. Hoffman, Thesis, http://physics.harvard.edu/~jhoffman/thesis/HoffmanThesis.pdf.
Q. -H. Wang and D. -H. Lee, PRB 67, 020511(R) (2003).

T. Pereg-Barnea and M. Franz, PRB 68, 180506(R) (2003).

R. S. Markiewicz, PRB 69, 214517 (2004).

T. Nunner et al,, PRB 73, 1042aas)

More than one scatterer may
exist in mealmaterials, hiding
the effects of coherence
factors ...

®
Seslor gl e ot Ry

Magnetic impurity (vu+wP : grslgnsg\{mgismﬁqufgg (q1 Q4. Gs)
Ainhomogeneity  (4+4)?  : sign-preserving scattering (qy, 94, qs)
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How to highlight the hidden coherence factors?

Introduce controllable QP scatterers
which activate only one of the two scatterings.

Vortices

y

Phase gradient (superflow) A inhomogeneity

Phase gradient  (vu*w)? : sign-preserving scattering (q;, q4, g5)
Ainhomogeneity (4+4)? : sign-preserving scattering (q, 94, qs)

Vortices will selectively enhance sign-preserving scatterings
and highlight the coherence-factor effect.

Phase-sensitive QPI in Ca,_,Na,uO,Cl,
x~014 ( T ~ 28 K) T. Hanaguri et al., Science, 323, 923 (2009).

Vample = 0.1V, I, = 0.1 nA, 45nm x 45nm FTEA hap) 43 20 T)]

STM is
phase sensitive Nl

sign- pr'eser'vmg scattering (+.+), (-.-) ‘nhanced by B

iid hezhnt{@dmp
sing- sca‘r ering (+,-),(-*):
T. Hanaguri et al, Nature Phys., 37865 (2007) K FUJITCI efa/ PRB 78, 054510 (2008).

Hidden coherence effedthia 5t it dVeredron
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How will it work in iron-based SC?

q1 (27[,270 E"’ JAY

AN

I.I. Mazin et a/, PRL 101, 057003 (2008).
K. Kuroki et a/,, PRL 101, 087004 (2008).

q SPGCC
cf.

: : c Yan-Yang Zhang et al.,
- Signh-preserving scattering PRB 80, 094528 (2009).

. . F. Wang, H. Zhai and D. -H. Lee,
- Sign- scattering EPL 85, 37005 (2009).

Phase-sensitive STM on an iron chalcogenide

Fe,.(Se,Te) T.~13K B&-=10 T

T~15K FT-Zmap 1.4 meV
dI/dV,e/dI/dv] ¢ | [, I

34 nm % 34 nm, -20 mV/0.1 nA

All thebrnidenpeake Fseativersygsnmetrygdirected.
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Summary
Spectroscopic-imaging STM on Fe(Se, Te)

* Tunneling spectrum suggests that the superconducting gap
fully opens over the Fermi surface.

« All the inter-Fermi-pocket scatterings are identified in quasi-
particle interference pattern, providing momentum-resolved
information of the superconducting.

* Magnetic-field dependence of the quasi-particle interference
pattern contains information on the phase of the
superconducting gap function. The result on Fe(Se,Te) suggests

s, -wave superconductivity where the gap changes its sign
between hole and electron pockets.

Prospects

* Universality
* Role of vortices

STM/STS on PrFeAsQ, ; (T, ~ 44 K)
X'tals grown by Dr. Ishikado (JAEA)

difdV (arb.)

-100 0 100
ARN s A8 Sample bias (mV)

- Square lattice (a~ 4 A) with few % defects in between
Top-most As atoms are imaged.

* No clear SC gap... Surface state may be important.
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(Normal state) QPI on PrFeAsO, ; surface

T=15K, AT FT-dI/dV
V, = -50 mV SeereTenrrae

I,=0.1nA,
38 nm x 38 nm

Topo.

* Well-defined surface (normal) quasi-particles

* Apparently heavy quasi-particle mass (~ 8m)

Surface effect can not be ignored ...

Possible candidates

0 ‘AS
c‘ £¥%¥°‘-\%
£ P,

- g o
<,
F P

LaFeAsO (ZrCuSiAs-typeBaFe,As, (ThCr,Si,- typelz LiFeAs (Cu,Sb-type)

. P .P
o Fe ‘. °

kSr

hx.\

La,Ni,P,0, Sr,Sc,Fe,P,04 FeSe (PbO-type)
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9. St FRRBILEKRDOIE TN

BN S =

Photoemission Spectroscopy of Iron Arsenide Based Superconductors
Department of Physics, University of Tokyo
Atsushi Fujimori

W BT WIEIC L DR RBLEROMFIEIZ DN T, TNETHLMIZENZZE

EBURA L E 22—, 5% OFMERD. F72, WORMEZETY EiF5.

(1) EFHEBEOMRS: FEAMIZ LDASUREHEE ARPES EBR O —E TRV, 72721,
~ 2R DE &AL DD [1,2].

(2) BZRNX—AELAZDE: Fe WA TNV ORZH R NG, B IRIE TH B
M ~1ug DALY =AM FFOZEDUREINTND [3].

(3) Z=/V3hi: 122 K ARPES JY, 2Wkoui)”7 =V Xh [4], 3KIeHY 7 /LM [5]
(X1), BLOSGEEMEIRRED B ZAFNT-7 /L Im [6] M ESN TN,

(b)
a
@) . 10.5
1:—-----%{,\------ :_X_ 10.0
& E T i T
T E R
— ] E g0
= p )
x L &:T%b :M: 2 e
OF-4%1T-f8-----4-r ]
L 0o ol : i
- ‘;ﬂ ] - 80
Ciwsealneseisysn ] g 75
0 1
k, (n/a)
T ""QI/).‘.
Ky I's Q M
kx——b

1. (a) BageKoaFeAs, D7 = /LI D ke-ky HI~DHE [4]. T
Kad 5 2wt 7 VT UK. (b) BaFeAsy D 2Rt U LT
HRD 7 =V I D K-k, wWTE [6]. FIXAST 2 37 U7
V. 22T, 3WILT VAT VIO koky 1Z 2ot TV VT Uk
D KKy (ZEENT 45 N TER S LTV D,

—1256—



JAEA -Review 2010-006

(4) BEEXY>y 71 ARPES DOfiRND, Fvy 7 OxtFIEILs , THDATREMED EL
[4,7].

(5) A URNEORES: FrUBBRSI [8], THRAF —HICEIEEX v 7 R
LI DUNT T 4 /AL TRl E S,

(6) BAIREEDOHEEHUENE: N RIEED As ONLEIZHEUE THHZEN, ARPES 5
YIRS ->->H5 [9].

7 2 VIEDRAT AT LR, BRE L DOBRIZOW TS, BLIRE L0 Rz R

5.

LT o RIS O )7 2 \ZE&GH 5. & HERE, Walid Malaeb, v5—EE, A H
SERES, BARBR, MEFIT, &y R, BAAME, HAHmH, e rEH, ALRHE
EA, /NEFEK, D.H. Lu, M.Yi, Z-X. Shen, #JR;—, FEIERE, MEFHHE, A5
H7=, P. M. Shirage, WFAE, (R, KIEE, AMATE, fARE— (BN .

2 E R

[1] W. Malaeb et al.: J. Phys. Soc. Jpn. 77, 093714 (2008).
[2] D.H. Lu et al.: Nature 455, 81 (2008).

[3] F. Bondino et al.: Phys. Rev. Lett. 101, 267001 (2008).
[4] H. Ding et al., Europhys. Lett. 83, 47001 (2008).

[5] W. Malaeb et al.: J. Phys. Soc. Jpn., in press.

[6] T. Shimojima et al.: arXiv:0904.1632.

[7] K. Terashima et al.: PNAS 106, 7330 (2009).

[8] P. Richard et al.: Phys. Rev. Lett. 102, 047003 (2009).
[9] I. Nishi et al., unpublished.
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SR EBCEATEORIBE~ A= X LBEUEDOLE 1 — RS |~
BRFHEE AT L ER P Y — 2009F11H28H8 (1)

BRERRECREOABTRK

Bx F
RERAFEZRHARH

S HEHT, FA—8 Walid Malaeb, tHHE—ER (R KH)
INSEEE, ABRBEIEAN, NFEX (MED)

D.H. Lu, M. Yi, Z.-X. Shen (Stanford U.)

MEE—, FHIESL, WEFSHECGEIX)

HEREIT, BrHR(EKI)

KRB, P. M. Shirage, SBEEEE, F1EE2, jKIG ¥ (EELLH)
BATE, HtAE— (RFHHESE)

FHZAXBR(RKI)

BEARF XK EKE)

BEARME, BHFHN(EEX)

HEE - TRIP

=

INURTRDHEYIAH

SIRILF—RAEEDS

JI)LIE

BIEEXvyT

RV EDEEE
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Valence-band photoemission spectra

LaFeAsO
hv=1253.6 eV

LaFeAsOg g4Fo06

LaFePO, g,F; 06

Intensity (arb. units)

\d

) Fe 3d band

10 -8 6 4 2 0, .
Energy relative to EF (eVT . W. Malaeb et al., JPSJ ‘08

Correlation strength from photoemission data

—— LaFeAsO

—— LaFePQ, o, F
—— LaFeAsO,4,F; o6 0547008

Band calc+X
Band calc+X o

Band calc

Intensity (arb. units)

mm, ~1.5 «— N\

aFePO jx”f
L~ g=085
e r=13
-1 0
Energy relative to E; (eV) Energy relative to E, (eV)

W. Malaeb et al., JPSJ ‘08
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Correlation strength from ARPES spectra

LaFePO

X(R)  M(A)

010

@100

r@
Comparison with LDA > m*/m, ~2.2 X i

D. H. Lu etal., Nature 08

"=

INURTRD#EY A H
BEIRILF—REUELE
JT)LZ|

HBInEXvyT

RV EDHEESE
EFREEDERBEESRE
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Fe 3s core-level photoemission spectra
- Spin polarization of Fe 3d electrons -

Localized Fe 3d electrons

- FeF,

52

a8

Exchange
splitting

b1 L 1
105 100 95

Binding energy (eV)

MnF,
FeF,

CoF,

NiF,

2.0

=]
o
]

1.0

1.5

Spin

2.5 3.0

3.5

NORMALIZED INTENSITY

G.K. Wertheim et al. PRB '73

Itinerant Fe 3d electrons

T T T T

Fe metal
ferromagnetic

WFe,
non-magnetic

2-3 pg

1
+10

L
+5

0

RELATIVE BINDING ENERGY (eV)
Probably FeSi, too

J.F.van Acker et al. PRB '88

Fe 3s core-level photoemission spectra
- Spin polarization of Fe 3d electrons -

Superconducting CeFeAsOy goF 14

t~ 1015 sec

Binding energy (eV)

F. Bondino et al., PRL ‘08
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Unusual temperature dependence of
magnetic susceptibility in Fe pnictides

Magnetic susceptibility of BaFe, ,Co,As,

1-2 1) T bl T v T i L i v i
[« x=0 * x=0.04 BaFe,,Co,As,

T~300-600 K

1-2ug

%, (107 emu/Oe)
[=] [=] =2
[+;] [+ (=]

Hﬂab (a)
0 50 100 150 200 250 300
- 2(T)

x=0
x=0.17

-
L2

T
[ ]

~ Opg

%, (107 emu/Oe)
o

H/fab (b) J
0 200 400 600
T (K) X F Wang et al., NJP ‘08

o
o

|
1

o

A

"=

INURTBDHEY) A A

BEIRIILEF—REVELE

JTJLSM

Ba8xryT

R EDHEES
EFEEDEAEEEERM
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Three-dimensional Fermi surfaces:
LDA calculation
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Three-dimensional band dispersions:
LDA calculation
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de Haas-van Alphen effect in SrFe,P,

Experiment Calculation
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Nearly isotropic superconductivity in

(Ba,K)Fe,As,
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ARPES of three-dimensional electronic
structure

Energy conservation
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Momentum conservation (parallel to surface)
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Modulation of Fermi surfaces along
the k, direction in BaFe,As,
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Modulation of Fermi surfaces along
the k, direction in BaFe, 3Co, ,As,
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Nesting of Fermi surfaces in
antiferromagnetic BaFe,As,?
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- Non-nesting origin of AFM ordering
Note: different AFM ordering in FeTe N
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Nesting of Fermi surfaces in
superconducting BaFe, ;Co, ,As,?
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3D Fermi surfaces in CaFe,As,
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Fermi surfaces in antiferromagnetic BaFe,As,
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Superconducting gap of Ba, (K, ,Fe.,As,
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Superconducting gap of Ba, (K, ,Fe,As,

Gap anisotropy
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Mass renormalization on low energy scale
in Fe and Fe pnictides
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Coupling to excitation of magnons/spin fluctuation + phonon
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Boson excitations in Fe pnictides

Phonon DOS compared with
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Strong structure dependence of T, in
Fe pnictides

Lattice constantvs T,
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Strong pnictogen-position dependence of
magnetic moment in Fe pnictides
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Strong pnictogen-position dependence of band
structure in Fe-based superconductors
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Fermi surfaces in PrFeAsQ,,;
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Fermi surfaces in PrFeAsQ,,;
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Fermi surfaces in PrFeAsQ,,;

Bands near E; in PrFeAsQ,,

I. Nishi et al.

LDA bands renormalized by m*/m,~3

54,
= band_47_energy_54,
o band_48_energy_54,
= i_:a_nd_l-ts_nncrgv 54,
. @ T

e

M r M

—146—

I. Nishi et al.



JAEA -Review 2010-006

Strong pnictogen-position dependence of band
structure in Fe-based superconductors
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Strong pnictogen-position dependence of band
structure in Fe-based superconductors
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Comparison between AREPS spectra of
Fe-As and Fe-P superconductors
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Neutron Scattering Study on Iron Based Superconductors
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Spin Density Wave transition

Magnetic moment vs. Crystal structure //
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Table I: Calculated and experimental As positions and Fe moments

Exp GGA-NM GGA-AF GGA

Zhe Zas error Zas error * (calc)

C. Cruzetal,
LaFeAsO | 065133 | 06375 | 012A | 06478 | 003A | 206 pugFe | 0-36(5)pg

Q. Huang et al.,

BaFej As, 03545 0.3448 013 A 0.3520 003 A 197 pg/Fe
0.87(3)ug

LaFePO 0.6339 0.6225 005A 0.6254 0.03A 0.60 pg/Fe

[.I. Mazin and M.D. Johannes, Nature Physics (2008).
S. Ishibashi, K. Terakura and H. Hosono, J. Phys. Soc.
Jpn. 77, 053709 (2008),
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BaFe2As2: M. Rotter, et al., PRL101,
107006 (2008) , R. A. Ewings, PRB 78,
220501R (2008)

LaFeAsO: S. Wakimoto, et al.,
arXiv:0906.2453., T. Nomura, et al.,
Supercond. Sci. Technol. 21 (2008)
125028

CaFe2As2. Jun Zhao, et al., Nature Phy. 5
555 (2009) , A. Kreyssig, et al.,PRB78,
184517 (2008).
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Chul-Ho Lee, et al., J. Phys. Soc. Jpn., 77-8 (2008) 083704.
Kazumasa Horigane, J. Phys. Soc. Jpn., 78-6 (2009) 063705.
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Stabilization energies Li et al., Phys. Rev. B 79, 054503 (2009).

checkerboard| stripe |double stripe
BaFes Aso 16 meV 94 meV 0.6 meV
FeTe - 207 meV| 230 meV

M.D. Johannes, |.I. Mazin, arXiv: 0904.3857v1.
, full-potential LAPW

HOMEXUR [

Ldtd

Q

Jun Zhao, et al., Nature Phy. 5 555 (2009)

—156—
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e

=

S,7=0.22+0.06

SJ,,=49.9+ 9.9,
SJ,, =-5.7+_ 4.5,
SJ,=18.9+ 3.4
SJ.=5.3+1.3
meV
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eaured spectrum b
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=== J =J_ model

1a 1o

1.0

1.5

(1.K,1) (r.L.u.)
Jun Zhao, et al., Nature Phy. 5

555-560 (2009)

2.

0

=
First-principles density functional theory calculation
— LaOFeAs
144 - - -
J /2J SrFefs_. -
1a 2 . ax
1.2 - XV
Fa
1.04-7
0 opt. 2.5
Jib Jz | VE:E
40_
NS 0.00 0.01 0.02 | .0
30
TABLE I. Calculated Fe moments (in pp) and in-plane ex- ; 1.5
change interactions (in meV), using experimental z(As). E 20
System  Moment i, S Ju /2 S t2h = |
LaFeAsO 169 474 224 —69 106 9.2 1.0
CeFeAsO 179 316 154 20 103 62.4 10
PrFeAsO 176 572 182 34 157 93.6 ] Jqa
NdFeAsO 149 421 152 -17 138 725 vJ5 |Los
CaFe,As, 151 366 194 -28 095 75.4 04
StFe,As, 169 420 160 26 131 74.0 A Jqp|
BaFe,As, 168 430 143 =31 151 715 1 ] |
KFe»As, 158 425 150 -29 142 72.5 0 , : | ICIPDLI : | Iexp; : | _._Im 0.0
LiFeAs 1.69 434 229 =25 0.95 89.2 0.345 0.350 0.355 UI?’EG 0.355 U.3?U U.3?5
zZ(As)

Myung Joon Han, Quan Yin, Warren E. Pickett, and Sergey Y.
Savrasov, Phys. Rev. Lett. 102, 107003 (2009).
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~_— Orbital-polarized Fermi surface in
antiferromagnetic state of BaFe,As,
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T. Shimojima, et al., arXiv: 0904.1632.

RHHE Dz~ § ==

LaFeAsO, ,F,

1$ *ﬁ t AS 0) T%_ é % i; _'tan '| : 1 :Eéz‘{:_f;; _
= o g: :: AF I_-‘*" ;\\\? |
LaFeAsO, F, E&FrF—7 {l "l

x=0, x=0.14,
has =1.326 A h,=1.332A

V=142.1524(8)- 140.8405(12) A®

T. Nomura, et al., (2008)

i ~§—- (Ba, KFe,As,
(Ba,_,K,)Fe,As : L
1-xI\JF€AS,  Fh—)LF—T e
x=0.0-1.0 v oy

0 i)
0.0 02 04 06 0B 1.0

ha=1.361-1.431 A :
V=203.86-203.64 A3 KF—EF -k ikTE
M. Rotter, et al., (2008) ﬁ.’/\ (Wﬁ‘*%;ﬁ%)
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Stoner theory| -

1

E = EFT ENT(ET ):z’gT +J‘:F¢ <9N¢(£¢ )7’5¢ +In.n,

n,

_ 1_[N(5F)M2

V) r oy

IN(g,)=1  Stoner criterion

E. C. Stoner, Rept. Progr. Phys. 11, 43 (1948).
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Nesting, Doping and the Lindhard Function

— [ David J. Singh
(ﬂ) (ﬂ) Oak Ridge National Laboratory
o R at IRiSes2009
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Resonant Spin Excitation in the High Temperature
Superconductor Ba, K, sFe,As,
A. D. Christianson, et al. Nature 456, 930 (2008).

E=14 meV= 4.3 k,T, (38K)
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Electron system |
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J.-H. Chu et al.,
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Static and Dynamic Magnetism in Underdoped
Superconductor BaFe, 4,C0g 45AS,
A. D. Christianson, et al. arXiv: 0904.0767
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Phys. Rev. Lett. 102,

107005 (2009)
Similar work on Ni-doped Ba122 by Chi et al., PRL 102,

107006 (2009).
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11. MFERE VU VFRDOENIONT

KRB A TE R ) B S B
EHRR, SARE A, TEERE, HEHIT

Difference between the As- and P-based Iron Pnictide Superconductors
Department of Physics, Osaka University
S. Miyasaka, S. Suzuki, S. Saijo, S. Tajima

FLWEBIREARD I R an /o L&, BIREEEICEDh L EER Y ST A— 224
Hﬁ“éﬁ%kbf AN EN DO LR ERR IZLDMETHS. Bk G
BROYEA B ATRER T AN SAH LN, IREOH.LEHIERITTRITHRO TV VL
%%4%@%?@ 1%, BAREERBIRE T RS AL 5.2 BLRZR . 201 LaFePO (T,
~TK) 13— D RB IR D 1T 9] (2006 4F) (23 RENT=WE THHM[1], T Dk
A&7 LaFeAsO (T28K)E B E[2], Tc DIEWVATAE THDH. ZORREMBHIL,
ATHAME AL As & P DEHUICE ST, EOIHEFHEEDE A E IS TV
HONEDHZENE, IR T 2D TNDDN ML EERE N2 DITT THS.

ZITIE 1111 REFFHINOEEOWEIIER L, MEHIC L DB R8T vy 7
DORIFRED LS, PIAS EHIZEIDEFIREDE, OF BEHMEDOHEREEZITV,
AREIRBIEE 2R EL CNDF— /T A—Z | ZOW T 7 5.

FARIEF v 7 ORFEIZ DWW T, st &) BTN EEV 2285753, LaFePO(Z

DNWTNEF vy 7 ) — RO EE RVE T 5 FEER[3]°dIE OB Gm T 5[40 L 13 HY, %m»

ZOWED T MEWRE THHEND TiELHH. Fex 75 LaFePOg osFo.0s D Fe B MC
Mn, Ni 728 ORMPELLEZITST-EZA, BEEARH THD Mn, Ni D55 i{%u\ Tc
DIXFRRLINTZMN, Co BHATIX T MK F TR TH-72[5]. ZIHD Ay & i)
RIT As R TORERLIZEA LR THS. REOH L THS Fe A MO RHPUINIE

PR ERIPTR O BN ﬁ%zhé&ja@ FRWF YU T HELE S EE T EB 6, ¥y
V7 ) —=ROBLBIRERDOYE, FHLWRHEENEZDI1XTTHD. - T, S EEHE
W_otofoeﬁfia#foaxﬁﬁt%@$aé7b 5, LaFePO (ZX ¥y ) —R D35 FIREME 1T HERR TX
HEEZHND.

PIAs BEHIZHOWTIE, iR ETIlEdH 5D LaFe(P1xAsy)OooFo1 D 4 [EHVA R
(0<X<V)MEBLTX, *%%E%wx (XU CRARAZEE N DA+ 2 Bl S L7z, i dh s
DEFREACITH LT, Te 1% 6K(X=0)2>5 27K(x=0.6)F TAIKITHI ML=, FEP0MC
WD T HENHIIEHEFARIED T A/ RLTZ[6]. [RIERIC, BRIPIRORERFEMEE
p(T) = p, + AT" T RILT=E X, IHEDRFIE n=2.2 35 x OBIMESIZRHAL, x=0.6
TUIEVMEIZ 2 o721, FEICEEINCEZC D LWV IRDE VS b7z, T MRl
% L DR AT VT THEBUER A T-linear £725Z L1, BaFey(AsixPy)2 TH RO TEI[T] , X
FRIGMEREDE ORI T AR E T HRERE A THHZ LA TRREL TS,
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(IEAL) F—=7PNEAIREE AR F RN EID, B THD. KL, FE#IZE
KA EHE T.OElE P R-As R CTHELIZHLDTHA[8]. F %#ﬁu:;of%%ﬁﬁ&ﬁ
RESZEALT D As REHART, PR TIIZALD/ NSV, FIFFIZ, PR TIE T ZIXLHER
PEHLROR— AR (X 2) 728 _RTUTBW T, F BRI MO T/hEW. (LRI

ILEFIEADRINTNDIETROT, bELERWEBITENRE FEHEAL TWDH)

IR DI, LIRIRTHONREIRTHD. DFY, ARZORIZEFE#FEALTY, &
FAIRRBOZALIT/ NENEZEZ BN, Thbb, As R TRONDBEIZRZ0IL, é‘-é%b—
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Non-universal gap structure in Fe-pnictide
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1. Introduction
Fe-pnictide superconductors

2. Superconducting gap structure
Magnetic penetration depth & thermal conductivity
PrFeAsO,, electron-doped, high-T, (35 K)

K. Hashimoto ef al., PRL 102, 017002 (2009).
R. Okazaki et al., PRB 79, 064520 (2009).

(Ba,K)Fe,As, hole-doped, high-T, (32 K)

K. Hashimoto et al., PRL 102, 207001 (2009).
BaFe,(As,P), undoped, high-T, (30 K)

K. Hashimoto et al., arXiv:0907.4399.

S. Kasahara ef al., arXiv:0905.4427.
H. Shishido et al., arXiv:0910.3634.

LaFePO undoped, low-T, (7 K)

M. Yamashita et al., arXiv:0906.0622.

3. Summary
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2. Superconducting gap structure
Magnetic penetration depth & thermal conductivity

PrFeAsO,, electron-doped, high-T, (35 K)
K. Hashimoto et al., PRL 102, 017002 (2009).
R. Okazaki et al., PRB 79, 064520 (2009).

(Ba,K)Fe,As, hole-doped, high-T_ (32 K)
K. Hashimoto et al., PRL 102, 207001 (2009).
high- T (30 K)
K. Hashimoto et al., arXiv:0907.4399.

S. Kasahara et al., arXiv:0905.4427.
H. Shishido et al., arXiv:0910.3634.

low-T,, (7 K)

M. Yamashita et al., arXiv:0906.0622.
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2. Superconducting gap structure
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magnetic penetration depth

T-linear penetration depth in
BaFe,(As,,P,), (T, ~ 30 K)
clearly indicates the line nodes
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Discussion

e = 1.38 A

BaFe,(As,P),
hp,=1.31A

BaFe(As

0.6?P0.33)2

v’y band exists
v'High T, ~30 K

Horizontal node?

Further studies are necessary
for general understanding

(Ba,K)Fe,As, [

fully gapped s£wave  For 1111’ systems

High-T, full-gap SC

 NdFeAs(O,F)
hp, = 1.38 A

Pnictogen
height hp,
switches

nodal s=wave

v LaFePO
he,=1.14 A
Low-T, nodal SC

K. Kuroki et al.,
PRB (2009).

Non-universal superconducting gap structure

PrreAsO,, Full-gap high-T,
(Ba,K)Fe,As, Full-gap high-T,
BaFe,(As,P), Nodal high-T,

LaFePO Nodal low-T,

K. Hashimoto ef al., PRL 102, 017002 (2009).
R. Okazaki et al., PRB 79, 064520 (2009).

K. Hashimoto et al., PRL 102, 207001 (2009).

K. Hashimoto et al., arXiv:0907.4399.
S. Kasahara ef al., arXiv:0905.4427.
H. Shishido et al., arXiv:0910.3634.

M. Yamashita et al., arXiv:0906.0622.

Two pairing channels with and without nodes
appear in similar systems with comparable T..

Unique unconventional superconductivity
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Z.PYin et al. PRL(2008)
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27/ Vs aeEN ?
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14. PrFeAsO;_, DAED#EICEF DK

FORHE A, BRHFEEL B, IST-TRIPC, B L% ff PFP, A X > 7 +— RKE JHT 1Mt T pERRF ©

PE—HBA, W. Malaeb®, 35 PR AC) RARTE A, /NAEHET P ALREHIEAN P, /NIFE R D,
M. Yi%, D. H. Lu®, R. MooreF, Z.-X. ShenF,
AfeE OF6 g 6 R ©O, WgaEd ©.6 7]<llh{$ GG HARE—-CF

LaFeAsOq_oF, IS B BEUAEDFE R [1] SN TLEK, #kEETHL REEY O RE
BEREIC DWW TS IR L T 5, 7 oV IO bR Y —07 o)V IHERDEHEON R
HREIET B FTHENREETIE (ARPES) 35817 THETH S M, Fhhbkhd 122
ZOPAZBRERIC OV TIIRSE IS ARPES OFSRAMEEN TS —AHT. 1111 %
DHEFEDE 1111 R 122 2K 0 & R EWBREERINE (T,) 263528
MHIGNTHED, BB HEEEAKICHET 2 @0 T, DEFEZFIHT %5 E T, 122 R0OH%
59, 1111 RMEEMICH L TE ARPES ZifTI % C EMNEETH 5,

1111 R EEEK PrFeAsO; _y, 13y =0.151CBW T T = 43K 271”9 [2], AWZET
& PrFeAsO;_, Dy =03 BXTy=0ICDWT ARPES 217\, KM 1ITRT 7 oV Izl
2o WINE kp ~0.6(w/a) DRKEZF—IVET L)V IWABHISNTED, chbik
R—)UEEIC R—TENi-E FIREEZ KL TWa, T ORIZEZAD 1111 % ARPES
[3,4]ICBVTE RSN, RMIREDOIEEMEDLDH 5, ARETE., TRVF—Fry 7D
HHE, NV FOHMOLKR, BXLUCT7 VD 3 OVWTHET S T ETH S,

PrFeAsO,,

1.0 1.0
B 05 B 05
K K
=00 ~>00
-0.5 -0.5
197510 05 00 05 1.0 19510 205 00 05 1.0
k, (n/a) k, (n/a)

1: PrFeAsOy_, D7 )V XHi, (a)y=0.3(b)y=0

ZE R

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130, 3296 (2008).
[2] Z.-A. Ren et al., Europhys. Lett. 83, 17002 (2008).

[3] D. H. Lu et al., Nature 455, 81 (2008).

[4] T. Kondo et al., Phys. Rev. Lett. 101, 147003 (2008).

—207—



JAEA -Review 2010-006

PrFeAsO, D

AESRRAEB TS

FA—ER, W. Malaeb, &5 HE T #%E FTXE FXHEE
INGEESE, ARBLENAN, NFEX AIF R PF
M. Yi, D. H. Lu, R. Moore, Z.-X. Shen RIS TH—FXFE
RBE, KARE BEE, KIFF* ERTF
AARTE RFH13818 EHF
HEE— IRF#1E
A HREAB* FAT, JST-CREST
*JST-TRIP
20094E11 528 H

B2 ERBCERTEDRATR
RRAA—TLEa1—

Previous ARPES studies of 1111 system

NdFeAsO, 4F 4
LaFePO |
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20— ©) T —————
=gy = 0 1 2 1405_«'""‘3 _ 20F
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T T i
D. H. Lu et al, Nature 455,81 (2008). 5 £ | oy | 1270 TeThes
=+ f i j1of
“osk _jd& E
- - 5F
6 B <1 I
00500 05 0 00t e 0 oo
k, [n/a] & [deg]

T. Kondo ef al, Phys. Rev. Lett. 101, 147003 (2008).
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Samples and experimental conditions

Single crystals of PrFeAsO,_, (y=0.3, 0)
High-pressure synthesis method
T,=42 Kfor y=0.3

_ o i 0.6F
2 FC . z |
s . 04l y=0
-0.00001- =
i 1.=42 (K) . 2
5 A 02 y=0.3
Z-0.00002} /’ H=5(Oe) - a
| e ® L He-axis, 0 : L " L .
0 20 40 60 0 100 200 300
Temperature (K) Temperature (K) M IShikadO
/ sLight source Photon Factory, SSRL, ALS \

*Photon energy /7 v=25~80 eV

Linearly-polarized beam, circularly-polarized beam
*Measuring temperature  T= 10K ’Q
Scienta analyzer SES-R4000 or SES-2002 4

*Energy resolution 10~15 meV Qo A]_S x
/

\ *Angular resolution ~0.2°

Fermi surfaces of PrFeAsQO, -,
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Bands near E¢ in PrFeAsQO, ,
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\
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A\ o A N |/ T
04— e > Energy shift ~ 50 meV
R. Arita

Fermi surfaces of PrFeAsQO, -,
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Bands near E; in PrFeAsQO, ,
1‘. = i
'.-25 eV |

E,+E,

Energy relative to E. (meV)

LDA+U calculation for PrFeAsO

0.4 ——— : A : kg of d,, band ~ 0.3 (n/a)
3 02h \ i/ /j\ i\ P4 B : kg of d, ,,band ~ 0.6 (n/a)
5 00—\ — A\
Eoal /N mime=30
e e e Energy shift ~ 50 meV
R. Arita

T T
90
‘\/J\ /\,\/‘/ 1 20—

135 Lt O\ 45

2 /&/ St P ¢ y(nr_!gie 0 (deg)
7 N\
- i /.-1 0—. b A
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Peak and gap are observed on Fermi surface A (d
while they are not observed on B (d,,, d,,).

A kg of d,, band
B : ke of d,, ,,band

xy)
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We have performed a high-resolution ARPES study of
PrreAsO,, (y=0.3, 0) to investigate Fermi surface and

energy gap.

* Large hole-like Fermi surface around I" (~ 0.6 n/a) and small

one (~ 0.3 n/a) are assigned to d,, ,, and d,,, respectively.

* Peaks and gaps have been observed on the small hole-like
Fermi surface around I' (~ 0.3 w/a). The gap is nearly
isotropic and has magnitude of 2A / kgT, ~ 9.

* No gap has been observed on the large hole-like Fermi
surface around I" (~ 0.6 w/a).
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15. NMR Study on BaFe,(As;«Py)»

FORBEEL A, JST-TRIP B, FURIKIEME Rl Eirget o &2 —C©
IR A8, F AR, AL AR, T A,

MEJRRL C, ENZERE A, R EHE] A, SRR C

NMR study on BaFe,(As;«Py)»
Kyoto University”, JST-TRIP &,
Research Center for Low Temperature and Materials Sciences ©
Y. Nakai B, T. Iye *B, S. Kitagawa *®, K. Ishida *®,
S. Kasahara ©, T. Shibauchi #, Y. Matsuda”, T. Terashima ©

122 2D BaFeyAs; I T, As % P IZEHAL 7= BaFes(AsixPy), CHEE RS
N, EHZED TS, ZOFR T, P BHICL> CTEFEE LS EHI L7, KRk
MR L OMERIRB 2 L, fem C Te= 31K OBIEENEHND [1, 2], BUEZ WWEE
D—2LLT, T N KEZRDHEIE THIE Fermi IIKRIEDE AT HND, BIEL T,
ERIRPLp 1%, RORREMEFSE R O T 3 e RAHEOFEHZ I W T, 200K LA T, ETDJA
VRIS poc TaRRL, P ZEREICTAHICLEZN->T, poc T 2 DIRDEENIC

BYOLDoTOSILRRESNTND O g e o
[1]c Fex 13, Te 3w RAFITD x = 0.33 12 A TASNMR, LaFeAs(O, F. )
BITLRE T, A U8 7% i = T " (As -P)
(TiT VP Z2HE LTz, ZOfEH, (T.T )23 i . T, 2 ez
Te (> THIRLFHT RO TR 04F 2 M

BAEDEE DIFERRLTODHILEIS o R JEINEY * .

AL (K 1) [8], ZORRIIEOLE = > I .
DRIRIL, BWRIEHUCRONSHE Fermi = | @ S 0 ™ P T
WRHORD R dHVA EBRTRLN 02| o ®eccccocesn o

5. RORBAPEARBESUSIT S<Ucoh, A ’ A
DERAER KT ARSI | S L aa’

B L CBEEZLNS [4], BETIL, aast

x =033 CCIFSU'}Z) NMR %%@%ﬁ{ﬁﬂikﬂﬂ OIOK 5LO ] 1(I)0 ] 1éO ] 2(I)0 I ZéO ] 300
D P IREIZBITHME R, BEU 1111 5RE T(K)

DB DN Th R LT, 1. BaFes(AsosrPos)z ICEITF D P D

(LT ) OREKAENE, DD I
[1] S. Kasahara et al., arXiv:0905.4427.  LaFeAs(Oo.s9Fo.11) DR Ao TR L
[2] K.Hashimoto et al., arXiv:0907.4399. C\ %, Inset: BaFex(AsixPx), DAHIX, K
[3] Y. Nakai et al., arXiv:0908.0625. Al BaFea(Aso.61Po.33)2 &3 9

[4] H. Shishido et al., arXiv:0910.3634.
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Ph=XLELVPEDOLEL—LRE ]

NMR study on BaFe,(As,_P,),

PHHEN2, REH2 AL)IEE2, BEEZ"?
TERS, TNEE, BT, FIBE{S

"REARFRFREFHER,
2JST - TRIP,
THBARFEEMERFMR 57—

P-substituted superconductors BaFe,(As,_P,),
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S. Kasahara et al., arXiv:0905.4427. =
600f-=- 020
‘_‘]3-2.1 T T T T R :-
o<t °L SR
z T8 8 400
g ¥ 9 |7
&
200
<
~
- % 300
08 1 J
Q 40l -
*EMBERTHIPERISL->TH e T
LMT, é%iﬁ T =30 K o T
’Eﬁfég%ﬂlﬁﬁ (dHVA;’ﬂI]Eb‘\EIﬁE) {x=033 .__J' (c)
b 10 2 30 40
T(?()

—214—



JAEA -Review 2010-006

Possible line—nodes in the SC gap in BaFe,(As;¢,Pg23),

P BRAEAEFERMAEL/T, ®aE—L U RE—IHRSNELY

10 ¢ . o £a)
P4 @ BaFeAs, Py, O IEBTI/ Tc TmRBIREZEDHELE
T “P-NMR2.10&4.12T _ S =
L O (Ba, K, FeAs, (Yashima ef al) Full gapb\mﬂﬁéhé(Ba,K)FezAsz
1L “FeNMR~12T LT LB 51/ T ORERFHE
line-node model
EBERAR. MEERODBRLEDE DL
- - = A K :5 N —_—
- 04 :[BaFe,(AsP), AV /—EDFEEAVATU
e HIHEAR N o<T
‘;_T- r ; ' 0.30 — T
0.01 | ‘ -
F (Ba,K)FezAsz 20‘3:1171411“1;
=020+ Eoz 9
L E o1
1E-3 | T5 60'15 0 56 8z 18 A
E F 010 o Bareya
(AP0 7
O (B Ko lFets; ;
0.05 s -
Bt i e ===" A s -
1E3 0.1 0.1 1 10 A B e
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Nakai et al, arXiv:0908.0625. Hashimoto et al, arXiv:0907.4399.
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16. ERBHED b RIcSKMRRBLEMHITEIT 5 BMKEFIRER

TUREMF A, JST-TRIP®
FTHE A kRS ELED AP

Abstract Title of Front Line on Iron Based High-T. Superconductor Research
Kyoto Univ. YITP# JST-TRIP®
Eiji Kaneshita®, Takao Morinari”, Takami Tohyama™®

PRBIEWE BT DBEEBFIREICE L T, BEFREICI > THLNTL
FAREEE & BRI ?“Z) ZOWEZRTIE, BRFEICOWTEEISHFHARLATY
0, BAEICE L T EL ISEBIN TV RN, ZOX I REFEEEL T,
AR EAT > 72

— RIS, HFEEEIITE T O NHESZ K Lz fiE#EE s smnsg. L
T2ido T, BRBLEEMEONAREELRNDZ LT, EFHEELEICET 2
BEREREGHLZENTE S, FIXIE, R %HWK & IEREMEIRAE & DS N
EOEWRHAEICHEND DT, T eI bic L aEFIREEDOE 7 Elzon
TEEL < T~z

FRTIE, 5 N RDZA AL T 4 U TETANIN =T 1]

YA NOBFHEHEEEREZEANLIZUTOETANINL =T B HZEL, Tri’J
Gl ftllZ K> T SDW DREFF/RT A —Z ZiRE LT,

H = Hy+ UZ Z CszCmTcmlcml + = [{U —2J) - —} Z Z Z .f:uw.c'mga::m,,cwGr
1 pFr oo’
—JZS -S. +J’ZZ cngCZVTCa,ulczvl

pFEr i pFty

FERGIEIREE L AR RRFFIRIED 2 DOREZFE L, XPBEEELZRD. i
ZROREEIZBN TN BB DRDFIENR S, B, BREEFIRETIX
EE [2] TEBH SN TVWD I )RR X VX —EIR CORE Y — 27 BB Z &
EHER L. RO ORRE R, MKEEFEBICE DY BEIRRE, R OEE#EED
BEACITHOWTER L HEE L, BHOBRKRFZ R TIRENERE ISEI Z &%%%
Lz, &6, ZOEFET MR L THBBSIEIOFHEZITV, £ ORGIRTE
B RIR D B A R Lz,

235 3R

[1] K. Kuroki et al., Phys. Rev. Lett. 101 (2008) 087004.
[2] W. Z. Hu et al., Phys. Rev. Lett. 101 (2008) 257005.
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Poster Preview

BRGNS R
HIMRRBCEVEICE T AHMABFIKE

E. Kaneshita (YITP at Kyoto Univ.)

Collaborators: T. Morinari (YITP at Kyoto Univ.)
T. Tohyama (YITP at Kyoto Univ.)

To be published in PRL (Preprint: arXiv:0909.1081)

Poster Preview

Research Topic

BMRBREARTMEIZEITS Striped AF state

MR FREILEDLITIREMN ?
CNZEERTHDREGETILIE?

L)

interband transition [C& D BRI DE AN OB
EHIGHEENAFICEERERED RN S
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Poster Preview

Discrepancy in magnetic moment

Magnetic moment in the iron pnictides

M ~ 2up First-principles calculations

‘ (strong order)

M < 1up Experiments (neutron scattering, etc.)
(weak order?)

Models

» weak order model vs. strong order model.

 EHIBHE(C LTINS DREEERT 2.

What to investigate

« weak order model IZ&>TEEMINBIREEDEE.
« EERED XL

Poster Preview

Conclusion from optical conductivity calculation

Good t
The weak order model ‘ . W1Ot?1 eilg,zﬁ:;s

Vahd model

The strong order model ‘ @ No good agreement

(=band calculations)

Prediction in interlaver magnetoresistance

Field dependence ‘ t[)own & Up behavior

Angle dependence - Double-peak structure at 8T

—218—



JAEA -Review 2010-006

17. + s WBEAERIZIIT Dk 2 7 PO EELSR

HAE A, JST-TRIP®, H KAk ©
KFEAGAD AR, g AP

Impurity Scattering Rate in Vortex Core of *s-wave Superconductors
University of Tokyo*, JST-TRIP ®,
Yuki NagaiA’B, Yusuke KatoA,

BRBEERTERIN TOOBEEMNFREDBEMO OEDIZ, BAeD7 2V IH
M CHBEEX v 7O BN RS s WBRE (EsHBEE) 136D, EBRAIZ B
REAMER T L7, BEERRFEROMNBIZBURLRIE FBEZ WO LE RS
%o ZDOBETFBED—2IZ, STM/STS ([ZLDHERL T ROBENRH D, ZDOFEBT
I A BELIC LDt — L AR F 2 TELEE LI TWD[L], 2 TH LI, &
FERBRE SRR EL T EHO 7 2 A IHE A OB EEAEOISR a7 FTo
Andreev FERAEF O NI EELR A E L LTI CEHEAE L, TORR, #0711
SEEFOVILT ANURRIZEBWTL, ka7 T AR R R TIR R E RO A
MEEL T B ARHHZ LA RIH LT, ZORNMEGEL T 2 A%, P72 X0k oK
D7 2 NIEEFHLZENLOM TREREX v 7 O 5N RRLGEIT, KVBEEIZHN
HZ LMotz Limino T, B ZEIINL iR 27 5912 Andreev BEAERBENS B2 D%
ICB W TR+ T ROBIEEZITHOZENTENIE, EHRL QO ABRER IR + 5
BENEINERREET DL TED,

F-4-20 2 4 B
i

BI1. = s EBREERDIRAR 2T FORMMEELERD q IRFME2].

23 3R

[1] T. Hanaguri, Y. Kohsaka, M. Ono, M. Maltseva, P. Coleman, I. Yamada, M. Azuma, M.
Takano, K. Ohishi, and H. Takagi, Science 323 923 (2009).

[2] YN, and YK, arXiv:0908.4451

—219—



JAEA -Review 2010-006

LSIBEEAIC 5 (33 BR 0 7 D TORGYEEL R

STM/STSIC& B HRFFHMR (QPI) DEBIC & DBESHFEH OO
BENEENS | BREDBEEACOIRBEEDDE— LY BT ORI
T. Hanaguri et al., Science 323 923 (2009)
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Kramer and Pesch, Kopnin, Kato and Hayashi.

R aIA"BELNER G EE R

1= cos(f, — 0,)
| sin(f, — 0yr)|

FSRFENEL RS

1+ cos(By, — Oy)
|sin(6y — 6u)]

e REGAEEL TS

D) =V +sKBIREHET
(& qZREDIEE CAVEERIC
D7z o THIELRE DR ViR
NMFEIDIEERLLE

D) —VRRTHYTEZURkMED DD

i

—220—



JAEA -Review 2010-006

18. Resonant Inelastic X-ray Scattering in Single-Crystal
PrFeAsO, (x=0.7, 1)

Synchrotron radiation research center, JAEA”, JST-TRIP 8, RIKEN®, Quantum beam
science directorate, JAEAP, NSRRCF, NeRI, AIST"
Ignace Jarrige™®, Keniji Ishii*®, Takuji Nomura™®, Masahiro Yoshida®, Tatsuo Fukuda™®®,
Motoyuki Ishikado®®, Nozomu Hiraoka®, Ku-Ding Tsuei®, Hijiri Kito®", Akira lyo®",
Hiroshi Eisaki®", Shinichi Shamoto®"

A resonant inelastic x-ray scattering (RIXS) measurement was performed at the Fe K edge in single
crystals of both the underdoped superconductor PrFeAsOy; (T.=42 K) and the parent compound
PrFeAsO. The dependence of the RIXS spectra upon the incident energy E; is observed to be nearly
featureless. This is at stark contrast with the usual RIXS signal obtained on the Cu high-temperature
superconductors, and may stem from the itinerant nature of the Fe 3d electrons in the FeAs materials.
In the E;=7124 and 7125 eV spectra, we discern two features centered respectively around 2 and 4
eV which undergo a slight resonant enhancement. Based on a comparison with calculated density of
states, we ascribe the 2-eV feature to intersite Fe dd excitation and the 4-eV one to the
charge-transfer excitation between Fe 3d and As 4p. The spectra measured at (0,0), (w,0) and (=)
suggest that both these excitations are non dispersive.
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Resonant inelastic x-ray scattering
in single-crystal PrFeAsOx (x=0.7,1)

K. Ishii, | Jarrige, T. Nomura, M. Yoshida,
T. Fukuda, M. Ishikado, N. Hiraoka, K.D. Tsuei,
H. Kito, A. lyo, H. Eisaki, S. Shamoto

@

SPrinsi 8

Intensity (a.u.)

RIXS of PrFeAsOy at Fe K-edge

ey

0‘5;/.} PrFeAsQo7, I O'JJ‘/
O 0 2 4 6 8 0
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Assignment of 4 eV excitation
band calculation
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excitation or fluorescence ?
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Theory of superconductivity for iron based superconductors
based on the two-dimensional 16-band d-p model

Niigata Univ.,
Yuki Yanagi, Youichi Yamakawa, N. Adachi, Y. Ono
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[1] Y. Kamihara, T. Watanabe, M. Hirano and H. Hosono, J. Am. Chem. Soc. 130 (2008)
3297,
[2] Y. Yanagi Y. Yamakawa and Y. Ono, J. Phys. Soc. Jpn. 77 (2008) 123701.

—224—



JAEA -Review 2010-006

IRON2009

2RITT16/\Rd-pEB LD

RILSMBERAEDOBEERDE

w AR, W F—, BRI THEF, KE

Him KB, FimKEA

Impurity effect on T,

Experiment
substitution of Fe sites

LaFe, ,Co,As0q 4F) 1
T T

p (mikem)

A. Kawabata et al.,
JPSJ. 77 (2008) 103704
A.S. Sefat et al.,

5 PRL 101 (2008) 117004

L4 :nr |(IIJ I;II :I.I'I T.:CI
TtK) . .
small reduction in T,
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Two-dimensional 16-band d-p model
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Interacting part of Hamiltonian
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On-site Coulomb interaction between Fe-3d electrons
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Off-site Coulomb interaction between Fe-3d electrons and As-4p electrons
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Phase diagram on U’-U plane (U, =0, J=J’=0.1 eV)
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between the hole and electron pockets

Phase diagram on U, U’ plane (U=U"+2J)
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J=J=0.1 eV PRL 63 (1989) 2602
B 4pmodel for Cuprates
2________________________: |
s-wave SC Y
S
L
5 I
cT1
cow
z
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Charge transfer instability (CTI) takes place for the realistic value of U,

Oxypnictides: multi-orbital, non-half-filled _ Cuprates: single-orbital, near half-filled

I/N expansion study (U=c0)
D. S. Hirashima et al., JPSJ 61 (1992) 649
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Summary

We obtained the phase diagram for the two-dimensional
16-band d-p model including the magnetic, charge and
orbital ordered states and the superconductivity.
Magnetic order
*ISDW (Q~(mt,n)): U > U’

Charge-orbital order

*Ferro orbital order (Q=(0,0)) : U'> U

*Charge transfer instability: realistic value of U,
Superconductivity

*Spin-singlet s -wave near the ISDW phase
*Spin-singlet s_ . -wave near the ferro orbital ordered phase
*Spin-singlet s-wave near the charge transfer instability

Future study
Effects of electron-phonon interaction
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Coherence effect in a two-band superconductor
Department of Physics, Waseda University
Keisuke Masuda, Susumu Kurihara
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[1] .1 Mazin et al., Phys. Rev. Lett. 101, 057003 (2008).

[2] K. Kuroki et al., Phys. Rev. Lett. 101, 087004 (2008).

[3] S. Onari, and H. Kontani, Phys. Rev. Lett. 103, 177001 (2009).

[4] H. Ding et al., Europhys. Lett. 83, 47001 (2008).
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