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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)

• Iron-based superconductors
– LaFeAsO1-xFx , Sr2VFeAsO3-, Zhu PRB (2009)

• Oxygen evolution reaction
– Hirai, JMCA (2018), We-B2-1

La / Bi

Cu
Ch

O

Fe

As



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

We-B2-1



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

We-B2-1



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)

• Iron-based superconductors
– LaFeAsO1-xFx , Sr2VFeAsO3-, Zhu PRB (2009)

• Oxygen evolution reaction
– Hirai, JMCA (2018), We-B2-1

La / Bi

Cu
Ch

O

Fe

As



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

Layered compounds 

Hidenori Hiramatsu

Yoichi Kamihara



Background: short (private) history on MALCs

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 & LaTMPnO (TM: Transition metal) 1111 system
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Unknown In 2005



e.g. Electronic properties of LaCuChO
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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).
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An mixed anion compound; LnTMPnO
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e.g. Simplified energy diagram of Fe-P in LaTMPO
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e.g. Valence band of LaTMPO
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Electronic and magnetic properties of LaTMPnO
T M (Cu)

Pn P As P As P As P As P As

Elect. Prop. Metal

AFM

(F) SC

Eg

T N, T c (FM) - 150 K 43 K 66 K - -

T c (SC) 4 K (F) ~26 K - - 3 K 2.4 K

Ref. - - 3 4,5 6,7 6,71 2
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-
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Mott Insulator
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1. H. Yanagi, et al J. Applied Phys. (2009)

2. H. Yanagi, et al, Phys. Rev. B (2008)

3. T. Watanabe, et al, Inorganic Chem. (2008)

4. T. Watanabe, et al, J. Sol. State Chem.(2008)

5. L. Fang, et al, Phys. Rev. B (2008)

6. K. Kayanuma, et al, Thin Solid Films (2008)

7. Y. Takano, et al, J. Alloy Compd. (2008)
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Pure Fe Magnetite, Fe3O4

Ferromagnetic

in pure metal

Ferri. magnetc

in oxides

Re/Ae

Pn

O/F

Fe

LaFePnO1-xFx (Pn = P, As)

Superconductivity

In most MALCs

Iron-based 

superconductors

Iron (Fe) is 



e.g. LaFeAsO, a mother compound for 
superconductors 

La

Fe

O

As

Review: Kamihara, Hosono, Denshi-Zairyo (2010) Japanese

Ref. K. Miyazawa, et al, Appl. Phys. Lett. 96, 072514 (2010).

Chemical formula Tc onset (K)

LaFeAsO1-xFx 29

LaFeAsO1-x 28

LaFeAs(O, H) 38.5

LaFe1-xCoxAsO 14

LaFe1-xNixAsO 7

LaFeAs1-xPxO 12

LaFeAsO (HP) 21

LaFeAsO0.89F0.11 (HP) 43



Iron-based superconductors in MALCs
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Tc versus year
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Iron-based superconductors shows “Second highest Tc

under ambient Pressure”

A. P. Drozdov, et al, arXiv (2018).



Recommended Reviews & Books on iron-based 
superconductors

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

compounds
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iron-based superconductors for practical future materials
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of research on iron-based superconductors toward their application

• M. Fujioka, Wiley encyclopedia of electronics Engineering 1-30, 2014. Iron-based 
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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 II (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)



Self-Introduction



Y. K. from

Keio University

founded by

Y. Fukuzawa

Introduction for our university

S. H. from Kitami Institute of Technology



https://zh.wikipedia.org/wiki/神原陽一

Highly cited paper in 2008.



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

S. Iwasaki, M. Matoba, and Y. Kamihara, 

Mater. Sci. Tech. Jpn. 55, 77-82 (2018). 

Superconducting critical current densities 

for Sr2VFeAsO3- wires fabricated by

ex-situ powder-in-tube process

Japanese Unexamined 

Patent Application 

Publication No. 2018-055975

Recent history, Y. K.
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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

Degrees of Freedom

Number of Components
Number of Phases



Goodenough’s Electronic and magnetic phase diagram

F = C – P + 2

J. B. Goodenough (1969).

“Descriptions of outer d electrons” e.g. SmFeAsO1-xFx

Y. Kamihara (2010).

3d transition metal based superconductors obey the 

Goodenough’s phase diagram
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Magnetic and electronic phase diagram for 
Sr2VFeAsO3-

Yoichi Kamihara, Yujio Tojo, Manami Nakanishi, Suguru Iwasaki,

Ryosuke Sakagami, Michitaro Yamaguchi, and Shigeto Hirai

Keio Univ. & Kitami Inst. of Tech., Japan
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Sr2VFeAsO3

To make Magnetic and 
electronic phase diagram

We have to verify

• Oxygen vacancy ()

• 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-K

Lattice constants

– X-ray Fluorescence

Atomic valence

Chemical composition analysis

– Heat capacity & Synchrotron XRD @ low temperatures

Possible magnetic phase transitions

• DC 4 proved resistivity measurement

• Magnetic moment measured by SQUID magnetometer

• 57Fe Mössbauer spectroscopy

To quantify 



Experimental: 57Fe Mössbauer spectroscopy
using 57Co source (h = 14.4 keV)



Nuclear level splitting, 57Fe Mössbauer 
spectroscopy using 57Co source (h = 14.4 keV)

Hint = 0 Hint  0

Ie = 3/2

Ie = 1/2

Ferromagnetic or 

Antiferromagnetic

Sextet

Paramagnetic

Doublet



Results: XRD patterns & Lattice constants

Tojo et al, arXiv (2018)
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Results: XRF
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Results:  - T
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Results: Ms-T
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Results: 57Fe Mössbauer spectroscopy
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Results: DFT calculations on magnetism, Fe: s-AF

δ Order
Moments (μB) ΔE (meV

(f.u.)−1)V1 V2 V3 V4

0

A-AF -1.9 -1.9 1.9 1.9 0

FM 1.9 1.9 1.9 1.9 4

c-AF -1.9 1.9 -1.9 1.9 4

c-AF 1.9 -1.9 -1.9 1.9 5

Ferri. -1.9 -1.9 1.9 -1.9 16

0.25

Ferri. 1.9 1.9 1.9 -2.2 0

A-AF

(Ferri.)
1.9 1.9 -1.9 -2.3 7

FM 1.9 1.9 1.9 2.3 10

0.50

c-AF

(Ferri.)
1.9 -2.3 1.9 -2.3 0

FM 1.9 2.3 1.9 2.3 9

A-AF -1.9 -2.3 1.9 2.3 29



Results: Element specific phase diagram
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Conclusions

• Magnetic and electronic phase diagrams for Sr2VFeAsO3-

are demonstrated assuming linear relation between  and 
lattice volume.
– AFM of V coexists with SC of Fe in Sr2VFeAsO3-

– Ferrimagetism of V does not...

– AFM of Fe does not...

• Our result supports

“Goodenough’s scheme ”

J. B. Goodenough (1969).

“Descriptions of outer d electrons”
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