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Anion Layered Compounds (MALCs)
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Background: Mixed anion layered compounds (MALCs)
 LaCuChO (Ch =S, Se)
— Transparent semiconductors , Hiramatsu, JACS (2010) & Goto, APL (2014)

 BiCuSeO
— Thermoelectric material, ZT~0.76 @900 deg.C, Zhao, APL (2010)

* |ron-based superconductors

— LaFeAsO, F, ,|Sr,VFeAsO, 5,|Zhu PRB (2009)

1-x" x?




Supplementary, our motivation
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Background: Mixed anion layered compounds (MALCs)
LaCuChO (Ch =S, Se)
— Transparent semiconductors , Hiramatsu, JACS (2010) & Goto, APL (2014)
BiCusSed
— Tnerrmoegleciric rmaterial, ZT0.76@900 cdeg.C, Znzao, APL (2010)
lron-oased suoerconductors
— LareAsO, F,, S VFeAsO, ., Znu PRE (2009)
Oxygern evolution reactior

— rlirai, IMICA (2018), We-B82-1




Background: short (private) history on MALCs

Transparent oxides as active electronic materials and their
appliations, edited by H. Hosono and M. Hirano (CMC publishing,
Tokyo, 2006), p. 71-93, Layered compounds (in Japanese),
ISBN: 978-4-88231-656-5

|38 Layered compounds

Hidenori Hiramatsu
1 U8 Yoichi Kamihara

wikiE T, BB ERTS LI, HOLeEE LT 2@EEICHREL. Thb
LETFBA — ¥ —TEMCHE T Ltk -T, AT EA TS, JOATERTE,
ST 5% — (MBE) +HSeREMEHERE (MOCVD) & £ DMEEERATHD B & 2
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52 —FFBHoOEsHE RESEE KRS —ErRRER, 260, YrSLER
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B AMANE CHEL, Thetanndind, SELERERTE0OM55, L<HSH



Background: short (private) history on MALCs

FFFrid ASEEEL TS, —F. —HTBISHEST IR (ESEa R HEE hn
B AWANE HEL . Theamndind, SRAEEEFTEOIH5, L{HSH
TLAHE LTIE, YBCOZ ED CuREEHEZEEY & 5.

e F I EBHE LSRR SE | B, P4 E2WMBLEERETS [BE&T =
4 A | InRE LY, Blla) i@kt 025+ 4 F LnCuOCh OFERME TS
F14 A 1aCu0S T, BE rf Belb@lrEmIswE L RS TR 2

We have focused on a Mixed Anion Layered
Compounds (MALCs), which contains two or more
kinds of anions at crystallographic sites in a unit cell.

Transparent oxides as active electronic materials and their
appliations, edited by H. Hosono and M. Hirano (CMC publishing,

Tokyo, 2006), p. 71-93, Layered compounds (in Japanese),
ISBN: 978-4-88231-656-5
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e.g. Electronic properties of representative MALCs
LaCuChO & LaT,,Pn0O (T,,: Transition metal) 1111 system

O : . \-\‘. | \\ -
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x4

Transparent semiconductors Unknown In 2005
Eg~3eV



Ln_é

Cu
Ch

e.g. Electronic properties of LaCuChO

4 4)\
o

Carrier blocking

}Ln-O "

layer a ‘ ‘
_ _ C. Cu 4s
Carrier conducting :

,/'J}, }Clu-Ch

h* Ch 3p or 4p
-

’ Cu vacancy (~1 at%)

M. Palazzi et al, Acad. Sci., Paris, C. R. (1981).
K. Ueda et al, Appl. Phys. Lett. (2000).

H. Hiramatsu, et al, J. Am. Chem. Soc. 132, 15060 (2010).

Y. Goto, et al, Appl. Phys. Lett. 105, 022104 (2014).



e.g. Electronic properties of representative MALCs
LaCuChO & LaT,,Pn0O (T,,: Transition metal) 1111 system
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An mixed anion compound; LaT,,PnO
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Many electronic properties
(Functionalities) appears in MALCs



e.g. Simplified energy diagram of Fe-P in LaT,,PO

A

(@)

Fe 4p \

a

|

4s -

(b)



e.g. Valence band of LaT,,PO

",Vr"‘ hv = 1486.6 eV
o) ™ =
0 [
= g Mn
= f — Fe
= sl — Co
% ) ,W
£ La5p,, \
c
Q 9 ~“M
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\
| | | W
30 20 10 0

Binding Energy (eV)




Electronic and magnetic properties of LaT,,PnO

Tw Mn Fe Co Ni (Cu) Zn
Elect. Prop. Mztt Insulator i Metal - Metal - ‘ % PInsulator
Magnetism AFM 2t AFM FM 2 % -

Eg ~1eV -(F) > - - é ~1.5¢eV
Ty T (FM) >400K - 150K|| 43K | 66K - - % )
TIC?(eSf.C) 1 \4-K - -26 }j _ 2 33K ZfSK //4 6,/ 0,7

Noo~WNE

H. Yanagi, et al J. Applied Phys. (2009)
H. Yanagi, et al, Phys. Rev. B (2008)
T. Watanabe, et al, Inorganic Chem. (2008)
T. Watanabe, et al, J. Sol. State Chem.(2008)
L. Fang, et al, Phys. Rev. B (2008)
K. Kayanuma, et al, Thin Solid Films (2008)
Y. Takano, et al, J. Alloy Compd. (2008)
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Iron (Fe) is

Ferromagnetic
in pure metal

Ferri. magnetc
In oxides

Magnetite, Fe;0O,

OfF e
P Superconductlwty retra s
‘ PM
RFe/ In most MALCs ¢ |. , .
Pe .‘ % 100 | A L
dqd}:) X J) Iron-based S v
i AFFe
superconductors opmmmpegtt
LaFePnO, F, (Pn =P, As) oL L AR

X




e.g. LaFeAsO, a mother compound for

superconductors

Chemical formula

7. onset (K)

LaFeAsO_F, 29
LaFeAsO -, 28
LaFeAs(O, H) 38.9
LaFe-,Co,AsO 14
LaFe{-,Ni,AsO ]
LaFeAs-, PO 12
LaFeAsO (HP) 21
LaFeAsOqgoFo11 (HP) 43

Review: Kamihara, Hosono, Denshi-Zairyo (2010) Japanese
Ref. K. Miyazawa, et al, Appl. Phys. Lett. 96, 072514 (2010).




lIron-based superconductors in MALCs

Highest T, ~58 K
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T.versus year

300 . !
----- O Elements
& Binary A. P. Drozdov, et al, arXiv (2018).
compounds
A Cu-based La-H @170 GPa
ool ®  Fe-based H,S @141 GPa%k
O0M--- H-based |
HgBa,Ca Cu O, @15 GPa ;
- | A A
o HgBa Ca Cu308+“
Bi,SrCa CuO, %
100f 1z A -
YBa,Cu,0,, ; SmFeASO
JSmFeAsO F
La_BaCuO, , MgB, &
Nb Ge 4\
NbC -------------
Hg PP NOC oo Tee Lapepojl?S'H @100 GPa
1300 1950 2000 J [ 2050

We are here YK's Limit

ea
Iron-based superconductors shows “Second highest T,

under ambient Pressure”



Recommended Reviews & Books on iron-based

superconductors

G. R. Stewart, Rev. Mod. Phys. 83, 1589-1652 (2011). Superconductivity in iron
compounds

J. Shimoyama, Supercond. Sci. Technol. 27, 044002 _1-7 (2014). Potentials of
iron-based superconductors for practical future materials

K. Tanabe, and H. Hosono, Jpn. J. Appl. Phys. 51, 010005 1-17 (2012). Frontiers
of research on iron-based superconductors toward their application

M. Fujioka, Wiley encyclopedia of electronics Engineering 1-30, 2014. Iron-based
superconductors, SmFeAsO1-xFx

H. Hosono, K. Kuroki, Physica C 514, 399-422 (2015). Iron-Based
Superconductors: current status of materials and pairing mechanism

M. Fujioka, Wiley encyclopedia of electronics Engineering 1-30, 2014. Iron-based
superconductors, SmFeAsO1-xFx

Y. Kamihara, H. Hosono, “Superconductivity in I[ron Oxypnictide induced by F-
doping” in “Photonic and Electronic Properties of Fluoride Materials, 1st Edition”
Chapter 19 (2016).

Y. Kamihara, TEION KOGAKU (J. Cryo. Super. Soc. Jpn.) 52, 383-388 (2017). A
private story, discovery of iron-based high Tc superconductors Il (in Japanese)

Y. Kamihara, TEION KOGAKU (J. Cryo. Super. Soc. Jpn.) 52, 415-421 (2017).

Electronic properties of 1111 superconducting materials and superconducting
wires made from 1111 via powder-in-tube process (in Japanese)







Introduction for our university
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Sr,MnCuS0O,
Y. Kamihara, et al
J. Appl. Phys. (2002) Y. Kamihara, et al
AT MESE0 % 10 20
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superconducting _ _
* wire ~ S. lwasaki, M. Matoba, and Y. Kamihara,
- M.Fujioka,etal  Mater. Sci. Tech. Jpn. 55, 77-82 (2018).
- APEX(2011) . Superconducting critical current densities

kS

- for Sr,VFeAsO, ; wires fabricated by
" ex-situ powder-in-tube process

Japanese Unexamined
Patent Application
Publication No. 2018-055975

Y. Kamihara, J. Cryo. Super. Soc. Jpn. 52, 383-388 (2017). (in Japanese)
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Gibbs’ Phase rule

* is essential to verify a chemical state

and phase diagram, and an
electronic & an magnetic
functionality.

F=C-P+2
/ AN
Degrees of Freedom Number of Phases

Number of Components



Goodenough’s Electronic and magnetic phase diagram

“Descriptions of outer d electrons”

F=C-P+2
LOCALIZED | _, | ___ COLLECTIVE 200 | ' ] ' A
f ELECTRONS E?LECTHOHS ™
SPONTANEOUS o Teira. B, . -
W | MAGNETISM | PM L
s i
E Ty | PAUL < P
E | PARAMAGNETISM | o | 4 A
S ;:SUPEREGMDUCTIHG =100 | |y -
p s A Tetra.
g. PM
NC
b b ® ' |
TRANSFER ENERGY b ——» Ortho. L .
: : : : AFFe :
Fig. 8. Schematic, electronic T-b diagram for one electron S SC:
per interacting 4 orbital. 0 mem TITT IAanmuu
0.00 0. 02 0.04 0 b6 0 I08
J. B. Goodenough (1969). p | |

e.g. SmkFeAsO, F,
Y. Kamihara (2010).

3d transition metal based superconductors obey the
Goodenough'’s phase diagram



Outline

* Magnetic and electronic phase diagram for Sr,VFeAsQO, ;
— Experimental
— Results

* Supplementary, our motivation
— Update J. B. Goodenough’s scheme



Magnetic and electronic phase diagram for
Sr,VFeAsO; s

300¢

£ ¢ P, > y » B . AT
+ O 39 200
e I\
IR

- &
555755
/ 5% %
%% %

5
SR
2505 5%

00

=

Temperature (K)
D
IO o

N
o

ESC= ﬁﬁ\mfwﬁﬁ

8.0 0.2 0.4 0.6
o)

Sr,VFeAsO4 5 Tojo et al (2018)
URL: https://arxiv.org/abs/1802.03907

Yoichi Kamihara, Yujio Tojo, Manami Nakanishi, Suguru Iwasaki,
Ryosuke Sakagami, Michitaro Yamaguchi, and Shigeto Hirai
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Sr,VFeAsO4 s

To make Magnetic and
electronic phase diagram

We have to verify
« Oxygen vacancy (0)

« Two magnetic 3d transition
metal ions in a unit cell

« Three electronic phase
— Normal conducting
— Superconducting

« Three magnetic phases

for V & Fe.

— Paramagnetic phase

— Antiferromagnetic phase

— Ferrimagnetic phase

— Theoretical analysis using DFT
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Experimental

« Samples preparation & characterization
— Synthesis by solid state reactions
— X-ray diffraction (XRD), Rigaku Rint2500, Cu-Ka
v'Lattice constants o
— X-ray Fluorescence
v Atomic valence
v'Chemical composition analysis
— Heat capacity & Synchrotron XRD @ low temperatures
v'Possible magnetic phase transitions
* DC 4 proved resistivity measurement
* Magnetic moment measured by SQUID magnetometer

— To quantify o

« S’Fe Mossbauer spectroscopy



Experimental: °>’Fe Mossbauer spectroscopy
using °>’Co source (hv = 14.4 keV)

Excited state
- - I AE — L
le=312 E \ ,//d_\"-, I-"
g I‘II | | |II
3 '| IJ ll'
[
5 -
N ———
I=1/2 AE
Ground state Energy

Nuclear level splitting Mossbauer spectrum



Nuclear level splitting, °>’Fe Mdssbauer
spectroscopy using >’Co source (hv = 14.4 keV)
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Diffraction intensity (kcounts)

N
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Results: XRD patterns & Lattice constants
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Results: XRF

Intensity (arb. units)
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Results: Ms-T
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Results: °’Fe Mo6ssbauer spectroscopy
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Results: DFT calculations on magnetism, Fe: s-AF

Moments (i) AE (meV
o Orer 1 vo w3 ova (f.u)™)
A-AF -19 -19 19 1.9 0
FM 19 19 19 19 4
0 c-AF -19 19 -19 1.9 4
c-AF 19 -19 -19 19 5
Ferri. -19 -19 19 -19 16
Ferri. 19 19 19 -22 0
025 AAF 19 19 19 23 7
(Ferri.)
FM 19 19 19 23 10
c-AF
(Ferri) 19 -23 19 -23 0
0.50 FM 19 23 19 23 9
A-AF -19 -23 19 23 29




Results: Element specific phase diagram
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Conclusions

* Magnetic and electronic phase diagrams for Sr,VFeAsO, ;
are demonstrated assuming linear relation between o and

lattice volume.

— AFM of V coexists with SC of Fe in Sr,VFeAsO,

— Ferrimagetism of V does not.

— AFM of Fe does not...

e Qur result supports
“Goodenough’s scheme ”

TEMPERATURE —»

LOCALIZED . | COLLECTIVE
ELECTRONS EILECTHONS
SPONTANEOUS ol
MAGNETISM } ,
T | PAULI
| PARAMAGNETISM
|

‘SUPERCUNDUCTIHG

TRANSFER ENERGY b ———»

Fig. 8. Schematic, electronic T-b diagram for one electron

per interacting d orbital.

J. B. Goodenough (1969).

“Descriptions of outer d electrons”



Outline

* Supplementary, our motivation
— Update of J. B. Goodenough’s scheme
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Update of J. B. Goodenough’s scheme
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Supplementary, our motlvatlon

-— e

'P‘m Updated phase diagram of Sr,VFeAsO; 4

2018 =

Sr 2VF eAsO} 5 SrZVFeASO:?rJ SI'ZVFGASOQ,.‘;

0.0 0.2 0.4 0.6
o
Bifunctional material that adopts OER catalyst or superconductor
We-B2-1



Dr. Hirai’s slides in IUMRS-ICEM



Thank you for your attention



