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Superconductivity in 1911
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Since then... very common!

PERIODIC TABLE OF SUPERCONDUCTING ELEMENTS

Special
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Ambient
conditions
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Evolution of superconductivity to 2008...
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60 ... plus six months!
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Transparent Oxide
Semiconductors...

Hideo HOSONO

Frontier Research Center & Materials and Structures Laboratory, Tokyo Institute of Technology,

Nagatsuta 4259, Midori-ku, Yokohama 226-8503, J4PAN,

& Transparent Functional Oxide Project, ERATO-SORST, Japan Science and Technology Agency (JST), JAPAN
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... to a wide assortment
of behaviour
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Superconductivity l{\(s

Published on 'We H5

at 5 Kin LaOFeP
Iron-Based Layered Superconductor: LaOFeP

ahiro Hirano,t+
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Superconductivity JAICIS

at M in LaOFEAS COMMUNICATIONS

dOpEd With Fluorine Iron-Based Layered Superconductor La[O;_,F,JFeAs (x = 0.05-0.12)
with 7. = 26 K
Yoichi Kamihara,™ Takumi Watanabe,* Masahiro Hirano,t§ and Hideo Hosonot+§

ERATO-SORST, JST, Frontier Research Center, Tokyo Institute of Technology, Mail Box S2-13, Materials and
Structures Laboratory, Tokyo Institure of Technology, Muail Box R3-1, and Frontier Research Center, Tokyo Insritute
of Technology, Mail Box S2-13, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan

Fublished on Web 02/23/2008
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Superconductivit
p ) y NATURE| Vol 453|15 April 2008 |_ E TT E R S
at 43 K in La(O,F)FeAs

under pressure Superconductivity at 43 K in an iron-based layered
compound LaO,_,F,FeAs

Hiroki Takahashi', Kazumi lgawa’, Kazunobu Arii’, Yoichi Kamihara®, Masahiro Hirano®* & Hideo Hosono*?
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Superconductivity
up to 56 K in doped ROFeAs, RFeAsF

Gd | __‘Th__{_FeA sO

Thorium-doping—induced superconductivity up to 56 K
in Gd;_xThyFeAsO

(E L1, YUETAO
d ZHU'AN

Superconductivity at 56 K in Samarinm-doped SrFeAsF

G. Wu, Y. L. Xie, H. Chen, M. Zhong, R. H. Lin, B. C. Shi, Q.

(Dated: November &
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Statistics on Iron-based Superconductors on arXiv.org
As of Sep.10,2009
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Outline of talks

Part 1:
a) iron-pnictide family album
b) Phase diagrams and tuning
c) Normal and superconducting state properties

a) single-crystal growth

b) Ni- and Pt-doped SrFe,As,

c) SCin stoichiometric SrFe,As,
d) (Ca,Sr,Ba)Fe,As, solid solutions
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a) Iron-Pnictide family

FeSeysTegs

OH:esel-x ® o-FeSe o
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Crystal Structures

binary

“1-1-1-1"
“1-1-1-1” (ZrCuSiAs) R
ROFeAs
R= rare earth “1-2-2" (ThCr,Si,)
AFe,As,
A= alkali(ne)
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Crystal Structures

4 CuOs type layer

Fe,Pn, layers

Fedfs type layer

Sr,T,0,(T=V,Sc)

perovskite
layers
R. Nath et al. (2010)
o »
A FeAs/CuO,-type
Tetragonal P4/nmm layered 14/mmm

Sr,Sc,04Fe, (T.~ 17 K)
Sr,V,0,Fe, (T.~35K) (not superconducting)
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Crystal Structures

LiFeAs
BaFe,As,

Sr;Sc,0sFe,As,
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Chemical substitution
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b) Phase Diagrams and Tuning

SDwW

Superconductivity
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Tuning Phase Diagram
RO, F,FeAs

LaO, F FeAs

12" x

CeFeAsO, F, -

" T, (Fe) 08 QO ; tetragonal

& P4/nmmto Cmma :

¢ T 4 N e T, from y(T)

TN-{C'E') = AN l‘- :. A Tr‘frﬂm I.ISR
Ny s T_from uSR

Temperature (K)

0.08 0.12 0.16 0.20

000 002 004 006 008 010 012 014 0156 018 020
F doping x

Nominal F content x

J. Zhao et al. (2008) H. Luetkens et al. (2008)

No AFM/SC coexistence?
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Tuning Phase Diagram

RO, F,FeAs

LaFeAs(O, F) ) SmFeAsO;_F,
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Y. Nakai et al. (2009) A. Drew et al. (2009)

AFM/SC coexistence?
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Tuning Phase Diagram
1-2-2 (single crystals)

Ba, K FeAs,

Chen - EPL85, 17006 (2009)

150

04 06
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1w x F 2

Ni/Canfield  PHYSICAL REVIEW B 78, 214515 (2008)
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Tuning Phase Diagram
1-2-2 (single crystals)

BaFe, T As,

Thaler— PRE 80,024511
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J. Phys.: Condens. Matter 21 (2009) 382203
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Tuning Phase Diagram
1-2-2 (single crystals)

BaFe, Co,As,

0.1 0.2
Doping level

X.F. Wang et al. (2008)
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Tuning Phase Diagram
1-2-2 (single crystals)

.. PM SFFEEASE
Pressure tuning e —__ tetragonal

AFM
orthorhombic

J Il ab plane

Temperature (K)

H. Kotegawa et al. (2008)
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Tuning Phase Diagram
1-2-2 (single crystals)

Diamond Anvil [Alireza]
Bridgeman [Colombier]
Bridgeman [Ishikawa]
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Tuning Phase Diagram

High-T,

insulator

Middle-T.??

SDW State

3
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2 2
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Jw——~oSow3

Pressure [kbar] Doping level

Carrier concentration

Perhaps! Perhaps Not!

T-linear transport Multi-band transport , WF law
Divergent thermopower Specific heat entropy balance
Anomalous scaling (non-BCS) pair-breaking
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c) Normal/SC State Properties
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Normal State Properties

AL\ Jog
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Energy, eV
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I.A. Nekrasov et al. (2008)

. . . S UNIVERSITY OF
CIFAR QMSS Montréal, Canada - May 2010 Johnpierre Paglione @1 MAR®




Normal State Properties

S. Lebegue et al. (2007)

-
0

=

=

D. J. Singh et al. (2008)

R.T. Gordon et al. (2007)
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Normal State Properties

CeQ,, F FeAs

——BaFe As,

{Baﬁ 6K-:.4) F'E 2A$:

KFe,As,
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E
8
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Q
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G.F. Chen et al. (2008)
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Temperature (K)

M. Rotter et al. (2008)
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Normal State Properties
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Normal State Properties

CeFeAsO SrFe,As,
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Normal State Properties

CeFeAs(O,F) Ba(Fe,Co),As,

. CeFeAsO,_,F, .
. ® Ty (Fe) *

E 4 Ty(Ce) ole Femoment 4
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J. Zhao et al. (2008) Chu et al. (2009)
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P Decouples with doping

with doping
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Normal State Properties

Ba(Fe. Co, LAs,
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Superconducting state properties

NdO, ,F, ;FeAs

e~ 50-100 Tesla

 Less anisotropic
than cuprates

e better pinning

0 5 10 15 20 25 30 35 4
T(K)

J. Jaroszynski et al. (2008)
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Superconducting state properties

Structural tuning?

LaFePO m NdFeAsO
LaFeAsO + TbhFeAsO
CeFeAsO « DyFeAsO
PrFeAsO g BaFeAs;
NdFeAsO . LaNiPO
SmFeAsO ¢ BaNi,P,
GdFeAsO ; | aNiAsO
m LaFeAsO

Fe-As-Fe bond angle

oA
B

107.06°

105 110 115 120 125 130
As—Fe—As bond angle (deg.)

T. vs As-Fe-As angle

J. Zhao et al. (2008)
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Superconducting state properties

O 1111{Oxide)

Structural tuning? YOG L e | oo

a,
O Nd1111
CI.I—-r1 111

A 122
111
oll

Fe-As-Fe bond angle

A
*

107.06°

a angle (deg.)

T. vs As-Fe-As angle

Hosono — ISS (2010)
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Superconducting state properties

: @@t |
Structural tuning? POF . g [

o
'111

ol
21113

Fe-As-Fe bond angle

T. vs anion height

Hosono — ISS (2010)
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Superconducting state properties

fully gapped s-wave

Al (meV)
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G. Mu et al. (2008)

Ding et al. (2008)
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Superconducting state properties

fully gapped s-wave

BaoeKoaFeaAsz (1. = 37T K)

; 5
Al mev)  (b] 151l (mew)
:.Jl-: - — :.
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G. Mu et al. (2008)
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i (degree) t {degree)

K. Nakayama et al. (2008)
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Superconducting state properties BaFe, ,Co,As,

Thermal conductivity:

No (H=0) low-energy quasiparticles

~
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~
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=
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Ba, K Fe,As,
FeSe

Ba, K Fe,As,
- Ti2z01 FeSe, M.A. Tanatar et al. (2009)

-+ NbSe, .
e BaFe, Ni As,

~

5
.

1
~
= --fe- TIZ201 —=— BaFe
= NbSe, —e— BaFe,,
- .

by

0
0.00 0.05 0.10 0.15 0.20
-1.65

T (K')

X.G. Luo et al. (2009)

J.K. Dong et al. (2009)

H/H

o2

L. Ding et al. (2009)
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Superconducting state properties

Likely not (only) phonons... oFlo)

The tot:
cal integration of A({)) up
with a .LdlIlhI'I'IIL‘I”\ ave
and p* =0, gives T,
using th AIILn D\

. =08 K Tu lL[’!llrLlllu. th L\pumunlul
5 times Lu”u A \\UlllLl hn. nLu.IuJ en for

#“
standard e- ph thec )
line with recent tl orks wh mplmxm. the
role of strong electronic correlations and/or spin fluctua-
tions [7.8].

L. Boeri et al. (2008)
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Superconducting state properties

1000

Power law in T1-NMR

Fermi surface

2-D line node
2.._-1IKBTC =4

Y. Nakai et al. (2008)
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Superconducting state properties

Varying penetration depth

Ba(Fe,,,Co,

ilind

LAS,
dirty s-wave

clean s-wave

\'\_ N
N i
AN

“ A
\yNd-1111

0.8 o4

0.05 040 O F NdFeAsO__F

()’

BSCCO-2212

R.T. Gordon et al. (2008)
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Superconducting state properties

Thermal conductivity:

low-energy quasiparticles!

LaFePO BaFe,As, P, Sr, K, Fe,As, (x=1)

--N-- T12201 —o— KFeAs,
-- NbSe,

BaFe,(As, P

'].33-|..'-‘

=
g
et
-
=
N
et

0
0 1000 2000

— (Bay K i )FeAs
T (K% --

M. Yamashita et al. (2009) K. Hashimoto et al. (2009) J.K. Dong et al. (2009)
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Superconducting state properties

Thermal conductivity:

1. Low-energy (gapped)
excitations

2. Nodal excitations

CIFAR QMSS Montréal, Canada - May 2010
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Ba,,K Fe,As, g KFe,As,
BaFe,,Co,As, BaFe,,Co,As, (J/ic)
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Superconducting state properties
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Superconducting state properties

Multi-band
“extended s” or s+/-
order parameter
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Superconducting state properties
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Superconducting state properties

Ba, K Fe,As,
BaFe, CoAs,
BaFe, Ni As,
FeSe, Te,

- intrinsic magnetic mechanism
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Superconducting state properties

(Kogan)
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Superconducting state properties

Ba{Fe, Co .As,
Ba(Fe, MNi)As,
(Ba, K, JFeAs,
Fe. o0 iS&c er'&-: 55]
LaFeas(O, F |
MdFeAs(O, F..]

p=(8.8+1.0)T, ||

A urm] T
Ll

Ba{Fe, Co)As,
Ba{Fe, Ni)Aa,
F%;Kél::’?j:w R.T. Gordon et al. (2009)
LaFeAs(O F ) :
NaFeAsiOFod ] To coneclude, analysis of the low-temperature behavior
of the London penetration depth shows that a strong
pair-breaking is likely to be responsible for the nearly
universal temperature dependence ANy o TE.,!'TE.;. along
with earlier reported AC o< T2 and [dH./dTr, = T..
in nearly all iron-based superconductors.
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Part 1: Conclusions

a) iron-pnictide family album
. Large phase space to explore!

—

. Overall chemistry good
. Lots of potential for new discoveries

b) phase diagrams and tuning
. Role of doping/pressure
. Subtle magnetic/structural tuning

. Quantum criticality? Ba,.K.Fe.As, - KFe,As,

BaFe,,Co,As, BaFe, Co,As, (J/ic)
BaFe,, NiAs, BaFe,As, P,

c) normal/SC state properties
. Fully gapped AND nodal-like

Thermal Conductivity (normalized)

. Varying OP symmetry? : _ 0.2
. Scaling propeties Magnetic Field (H/H.,)

J.P. and R.L. Greene, Nature Physics (in progress)
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