A New Continent of High Tc Superconductors:

Layered Iron Pnictides
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Trend in Superconductor Research
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C12A7 electride

Cs*[15-crown-5],(e") [Ca24A|28064] *(e),
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» » Stable condition
» Stable condition Up to ~ 400 C in Air
max -40 C in vacuum Up to melting point(~1300C)
in vacuum

C12A7 electride is thermally and chemically stable



single crystal

» A constituent of alumina cements Mp. 1415 °C
« Largebandgap ~7eV

* Cubic (a=1.199 nm, 143d) ’
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Metal-Superconducting Transition
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SOLID-STATE PHYSITS

Supersilicon

Silicon is the archetypal semiconductor, and base material of the microelectronic age. But it turns out
that, treated the right way, silicon the semiconductor can become silicon the superconductor.

If someone were to stop me in the street and
ask me to name the most important materials
on Earth, I would say concrete, steel, glass and
silicon. To witness the importance of the first
lhll’t"jllhl look llp 1’['\‘111 ‘\'Ulll' page or screen.
For the last, close your eyes and imagine your-
self back in the BS (before-silicon) world of,
say, Myrna Loy in The Thin Man or Humphrey
Bogart in Casablanca. One might reasonably
argue a preference for the softer focus of those
earlier times; but the differences in lifestyle
between then and now make it hard to argue
against the assertion that silicon has become
the technologically most important material
of the past 50 ye

It is for this reason that Bustarret and col-
leagues’ report (page 465 of this issue)' is such a
breakthrough: they have succeeded in turning
silicon, the consummate semiconductor, into
asuperconductor at ambient pressure. Admit-
tedly, the treatment they meted out to silicon to
force its conversion (‘doping’ with high levels
of boron) can only be termed abusive, and the
temperature at which they measured it (0.3

Window on the wor |
is arguably the materialmost - ;

central tomodern life. "y

D.HALLINAN/ALAMY

ucting cement:
imagination ?

NEWS & VIEWS NATURE| Vol 44423 November 2006

superconducting materials nowadays
owards exolic systems in which magnel
cant betransformed into superconductivity by
changing a carefully countrolled sxperimental
parameter, and towards maberials based on
mmetallic elerments that have high supercon-
duciing transitivo femperabares and are sasy
o process. Such & material could change the
silicon inie the sophisticaied world of micro-  way electrical SR is carried. I remain
electronics processing might uncover new cq\"rﬂeﬂ LB Pt 1 SHang gorn-
electronic functions. It will be interesting, for¢ ¥ng to the announcement that someone, soffigy
example, to see whether an electron-rich sugel-  where, has found it. If that superconductor is
conductor can be made out of silicon thiugh  made by doping concrete, I'll know it's time
extreme doping with electron-rich pho%ho-  for me to retire. = imbalance in the appropriate level of RNA
1138 or arsenic, rather than hele-rich bdfign,  Robert ). Cava s inthe Department of Chemistry, ‘ﬁnsi thus prolein praduction from that gene.
That wonld allove the gamut of Tuicroelectro® o Frinceton University, Princston, Naw Jersey o ® Forgenes amidl pathways in which the amount
i concepty and processing to be applied tp — Bowdg, Fai an® . af o funciional product produced is cdtical,
superconductors, bt s far from an shwi ermail: ia &My = " it seems likely that CNVs could wnderscore
extensicn nfthe present work. variatio in susceptibility to diseass, Classi-

any two randomly chosen genermes than sug-
gesled previously by sludying SNPs alone,
More thar balf of the CNVs that were idsn-
tified overlap known annotated genes in the
genome, ¢ i is likely that CINVs play arole i
so-czlled complex diseases, in which multipls
and/er gmoe—enviroomest toteractions
ars fnvolved,

Mechanistically, how might copy-nunmber
variation be involved with complex disease?
When deletions or duplications are present
¢Vithin a gene or its regulatory region, there

ima reasonable chance that there will be an

Performing exper s using such high-
powered Jasers, and (esling materials Jor
superconductivity at such Jow temperatures,
iz 10 small maltez. So why bather? The authors
are mistivated by the pes y that, if silicon
could bemade supercondneting — eeen under
conditicns oo extreme o be usetul in practical
devizes — the integration of superconducting
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If that superconductor is made by doping
concrete, T'll know it's time for me to retire
(Robert J.Cava, Princeton U.)




High P-phase of s-band metals and C12A7:e

Pressure-driven Li phase
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Heat Capacity
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Unique Optoelectric Properties of

LaCuOCh(Ch=S,Se)
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From LaCuOCh (p-type semicond.)

to LaTMOPN (magnetic semicond.

(La®* 02')(C1u+Ch2') Ch=S, Se, Te.
La=> Nd, Ce, Pr, Bi
Il
(La®* O>)(TM**Pn>") Pn=P, As, Sb
Ln=La, Nd, Sm, Gd
TM = Mn, Fe, Co, Ni, (Zn)




Properties of LaTMPnO

H Pn He
Li | Be B|C| N} O| F|Ne
Na | Mg Tm AllSi|P| s |cl|Ar
K|[Ca|Sc|Ti|V |Cr|Mn|Fe|Co| Ni |Cu|Zn|Ga|Ge| As | Se | Br | Kr

/ \

TMP+  Mn(3d5)  Fe(3d°) Co(3d7) Ni(3d®)  (Cu) Zn(3d™)

Pn P As P As P As P As P As
Elect. Prop. Semiconductor Super- Metal Super- — Semiconductor
Magnetism AFM conductor FM conductor ~—  nonmagnetic

E, ~1 eV —_ — — — ~1.5eV

Undoped:
26 K

Kayanuma et al.
PRB (2007),
Kayanuma et al.
TSF (2008)

Watanabe et al. IC (2007),
Yanagi et al. PRB (2008)  Watanabe et al. JSSC (in =
press)

Ref Yanagi et al. Kamihara et al. JACS(2006),
€ JAP submitted Kamihara et al. JACS (2008)




Discovery of Tc in LaFePO
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F-doped LaFeAsO

published on- line in JACS (2008) on Feb 23
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Lattice constantvs. T
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What happens at ~150K?

s H,,, by Mossbauer Spectroscopy
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(Y. Nakai et.al. J. Phys. Soc. Jpn., 77, 073701, (2008)).



Most stable magnetic ordering in ortho-phase

@@ 0@

ec®C O —®---@
SO 8O OB @ @ Fe with up spin

' - -O- . ® O . & Fe with down spin
@ (® <> X <E> <> X <E> <>As in upper layer

. <--&-O- . . - P -C- . <> As in lower layer

Most stable AF-phase (stripe-type)
Magnetic moment/Fe = 2|l

Neutron diffraction

0.4u,/Fe

Ishibashi, Terakura,Hosono, JPSJ, 77, 053709 (2008).
PRB(2008)



Phase Diagram:

A close similarity to Cuprates

La(Oy_,F,)FeAs ® Ny B
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The presence of Pseudo-Gap was observed by PE (Takahashi G, Tohoku U. +
Shin G, Tokyo U. + Hosono G. TIT)



Crystal Structures for Fe-based Superconductors

1111—LnO

Intensity (arb. units)

—— LaFeAsO, g,4F .06
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. Fe 3d band
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Advances in superconductors with

‘ REFeAsO-type LaFeAsO,_F,
. s

CeFeAsO, F,
(e ) SmFeAsO,F,
41-43 K
LaFeAsO, F,
26 K
LaFePO LaNiAsO
4K 2.4K

v SMmFeAsO,F,

55 K 55K

Sm(Nd)FeAsO,_,

Epitaxial Thin Films

New doping approach

AFe,As,-type

L] L | L] T 1
2006 2007 2008 1/9 2/26 3/18 25

Ba,,K,Fe,As, Sr,, K,Fe,As,

' ' 8/11 14
Date
18 K (Received)
Li, FeAs 22 K

BaFe, ,Co,As, 28K
a-FeSe (under HP)

38K 37K \




ATM,Pn, : bi-layer structure

—_ 2.5:— BaNi.P;
> g : Mine et al. SSC,147,111(2008)
o 2.0:-
E |
15}
E‘ [ BaFe,As,
'E 1.0} 11 hole-doping
\ 9 [ (BaosKos)Fe2As;
m b
5] i
oc 0.5 : Rotter et al.
‘ PRL(2008)
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Structural (magnetic) phase transition at high temperature is required for high Tc.



Why we skipped REFeAsO (RE= Ce,----)?

Heavy Fermion( Bruning et al PRL,2008)
v=700mJdmol-1K-2

| ' | ' | ' | ' |
(presented at 1SIC14(Seoul, 2007),

= 2.0 J.Phys.Chem.S0l.2008)
O 15 CeFePO
G
é 1.0
X 05 LaFePO (JACS 2006)
00 2 L | 2 | 1 | 1 | 1
0 50 100 150 200 250 300

7 (K)



Carrier doping kills magnetism of Fe lattice

. Ferromagnetic Metal Superconductors

. d(Fe-Fe) ~0.248 nm (720 GPa, Tc<2K)
* d(Fe-Fe)~0.244 nm

2,000 c 2323?32
o & & o e
¥ fcc I—»a
E hcp
Z 1,000 - Superconductors
é hec Elﬂ .Emrnagne[rsm? (Amblent P, Tc > 26 K)

3
=E

Superconductivity

1007,

- d(Fe-Fe)~0.285 nm

=

20 40 B0
Pressure (gigapascals) (Saxena et.al. Nature, 2001)



Tc-Pressure phase diagram

P-induced Tc in Parent material

60 1 1 1 1
}:D\ LaFeAsO, F 2 005
20| ] 1-x" x o x=011
‘ 3.1 GPa A x=0.14
4.6 GPa 40 B
15 8
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10F 10.6GPa-| 20 B
12.1 GPa
5.—
0 1 1 1 1
Zero resistivity 0 10 20 30
()] e
0 10 20 80 40 50 Pressure (GPa)

Takahashi Group (Nihon U.)+ Hosono G(TIT)
Okada et al (JPSJ 2009) Nature 453,376(2008)



Local structure and TC

Tc vs a (As-Fe-As angle)
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Higher symmetry of FeAs, tetrahedron leads to higher Tc in LnFeAsO system.




Local Structure and Tc

SmFeAsO
LaFeAsO
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New Fe-1111 member AeFeAsF (Ae = Ca & Sr)

Substitution of blocking layer

B Ln: rare-earth element
[Lr*O= ] layer | o La, Ce, Sm ... etc

Ae: alkali-earth element
ex. Ca, Sr

[Ae**F] layer

Doping method

(D Doping to AeF layer: Ae, F — ? X
2 Doping to FeAs layer: Fe — Co, Ni O

 CaFe,_,CoAsF Tc=~22K
SrFe,_,Co AsF Tc=~4K

(Matsuishi et al., JACS, JPSJ(2008)



Superconductivity in AeFe,_ Co,AsF

CaFeAsF SrFeAsF
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Perovskite-blocking layer
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April 12,2009

Superconductivity at 37.2 K in the Parent Phase SrysV2OgFezAso

Xiyvu Zhu, Fei Han, Gang Mu, Peng Cheng, Bing Shen, Bin Zeng, and Hai-Hu Wen*
National Laboratory for Superconductivity, Institute of Physics and Beijing National Laboratory for Condensed Matter Physics,
Chinese Academy of Sciences, P. 0. Borxr 605, Beijing 100190, China
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A Tentative Mechanism

Intercalation
H,O (~0.3nm) is larger than Sr2* (0.23nm)
OH- is more plausible
SrFe,As, ——>Sr(OH),Fe,As, Tc (max)=25K

Hole-doping to FeAs layer
via OH- insertion to Sr-layer

cf. Sr(Fe,, Co,)As,
Tc(max)=22K

Chemical doping with H,O is possible in Sr122.



Comparison with Cuprates and MgB,

Fe-oxypnictides MgB, Cuprates

Parent (bad) metal metal Mott Insulator

Material (T\~150K) (T\~400K)

Fermi ]

Level 3d 5-bands 2-bands 3d single band

Max Tc 56K 40K ~140K
Impurity effect robust sensitive sensitive

Sc gap extended- s-wave d-wave

symmetry s-wave(?)

Hc2(0) 100-200T> ~40T ~100T

Jc 0




Contemporary superconducting materials

Chemical Communications 2005,5373-5377. By Bob Cava
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New superconductors are currently being discovered at 2-4 per year.

The search for new superconductors has largely been the domain of
condensed matter physicists knowledgeable in the synthesis of
intermetallic or oxide compounds. Chemists have much to offer the field,
and have also found new superconductors, both in focused searches and
by accident in the synthetic programs with other goal.



Journey for discovering a new continent
Frontier to Transparent Oxide Semiconductors
: High Conductivity
conventional A
In,O,:Sn " Highly Conductive ITO
SnO,:F
7nO:Al UV tfansparency < 300 nm
Transition metal * D&ep-UV transparent B-Ga,O,
& Post-transitio o-type TZ0
Metal Oxides Vierropolar PN | -
homo-junc’[io *p-n homo-junCtlon
(LaCuOs, SrCu,0,) using bipolar CulnO,
2pelel{OUiney) o-n High Tc superconductor
otero-iulotion wUV-LED in layered metal pnictides

Natural superlattice
reactive solid epitax#T ex€itonic luminescence

P-type TCO | * Trighsparent FET RT-stable electpiles

(ZnRh,0,) ) . (low work function)
% Amorphous PN diede pew capénent electride

Ca0,Al,0O;, Si0,superconductor

Toward flexible electronics Photo-induced
Insulator-conductor conversion Light metal.oxides




