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The 4th workshop of the NIMS-RIKEN-JAEA Cooperative Research Program 
“Quantum Complex Phenomena” was held on December 20, 2010 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.  This workshop day was the 4th anniversary of this Joint 
Research Agreement.  Each institute has changed in these 4 years. As example, at 
Materials and Life Science Facility of J-PARC (Japan Proton Accelerator Research Complex) 
operated jointly by JAEA and KEK, proton beam power reached 210 kW as a steady 
state last November. Among 23 beamlines, 8 instruments are under operation for the 
user program.   

Based on this circumstance, characteristic technologies, instruments, and 
distinguished researches of each institute are introduced and discussed in addition to 
research outcomes of this Joint Research Agreement including a future prospect of this 
research area.  

This report includes abstracts and materials of the presentations in the workshop. 
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The degeneracy induced by 
Spin and Orbital degrees of freedom

degeneracy of

Co3+ and Co4+
Charge

�
k
e

g
g

e

h

B lnQ � �
�

k
e

x
x

B ln
( )1

Generalized Heikes Formula

•Other Transition Metal Oxides

Ti3+(3d1), Ti4+(3d0) 

ge / gh

6 / 1 �154 �V/K

��kB/e�ln(ge/gh)

V3+(3d2), V4+(3d1) 9 / 6 �35 �V/K

Mn3+(3d4), Mn4+(3d3) 10 / 4 �79 �V/K

Cr3+(3d3), Cr4+(3d2) 4 / 9 70 �V/K

Large thermopower is also expected!
Rh3+(4d6), Rh4+(4d5) 1 / 6 ��	 �V/K

 

Thermoelectric module

P NT + 
T

T

electric current

el
ec

tr
ic

 
cu

rr
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telectric 
current
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spin-Seebeck effect

J J� ��Spin current:

Electric voltage

“Spin voltage”

Spin Hall effect

Flow of magnetization (spin current)

 

measurement system

Lower T end Higher T end

Pt: spin detector
(4 mm x100 �m x10 nm)

NiFe: thermo-spin generator
(4 mm x6 mm x20 nm)

spin Hall effect:
ESHE = DISHE Js  ��

magnitude & polarization of Js

[Tohoku U.]
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results

spin Hall effect:
ESHE = DISHE Js  ��

�z        +x�y        

[Tohoku U.]

 

� �2
F F

  ( ) ,  

1  (1 ) ( ),
2

J

� �
� �

� �

� �� �
� � � �� �� �� �

� � � � �s

T x
T T

p S S T

� �
� �

�

Spin dependent entropy difference

Seebeck effectO
Charge current due to Entropy flow,

Spin Seebeck effectO
Spin current due to Entropy flow.

Maxwell relation:   
N T

S
T N

� �� �� � � �� �� �� �� � � ��

�

�

�
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Inverse spin-Hall effect:
N

N SH ,y SE J� ��

Injected spin accumulation and spin current in Pt:

� �
� �

2
N NN

SH SH
N

S
N N

sinh /21 3 V,
2 cosh /

dlV T
d d

S
�

� �
�

� �� �
� 
� �� �

� � � �
~

N N N0.4cm, 10nm, 10nml d �� � �

Nd

Nl

0 x

z

N
SJ

Pt
NiFeN��

SHV

Spin-Hall voltage:

SH 0.0037 for Pt (Kimura . )et al� �

SH  Hall angle � :

F S ( ) ( ) ,x S T x��  ��

! "
� �

N N
N F

N N

N N
N

cosh ( ) /
( ) ( ) ,

cosh

( ) ( ),
2

 

  S

z d
z x

d

J z z
e z

�
�� ��

�
� ��

�
 

#

�
� �

�

F��

 

New experiment on YIG

No conduction electrons in YIG
spin-wave mediated spin current!

K. Uchida et al.: Nature Materials (Sept. 26, 2010).
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Phonon-drag contribution to SSE

Phonon drag process; 
Magnons dragged by nonequilibrium phonons � spin injection

Js
ph�drag $% ph
T

Phonon drag gives low-T enhancement of SSE 
due to the rapid suppression of umklapp scatt.

 

Fitting of the data by our theory

Js
ph�drag (T) � const & B1(T)B2(T)% ph (T)

B2(T) � (T /TM )9 / 2 dvv 7 / 2

th(v /2)0

TM /T

'B1(T) � (T /TD )5 duu6

sh2(u /2)0

TD /T

'

% ph (T) � % (0)
ph

1
1( (1/a)exp[�b(TD /T)]
�)

�)
�)

�)

�)
�)

1
1( (1/c)(T /TD )
�)

�)
�)

�)

�)
�)
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In conclusion;
Conversion among charge current, spin current, and heat 
current provides a new paradigm in physics.

Seebeck effect and Spin Seebeck effect 
1) Oxide-Thermocouple
2) Spin Seebeck effect (FeNi, YIG, GaMnAs…)

References:
S. Maekawa(ed.)“Concepts in Spin Electronics” (Oxford Press, 2006),
K. Uchida et al.: Nature 455, 779 (2008),
J. Ohe et al.: PRB to be published,
H. Adachi et at.: APL and PRB to be published,
Y. Kajiwara et al.: Nature 464, 262 (2010),
K. Uchida et al.: Nature Materials (Sept. 26,2010).
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���Magnetic X-ray Study on Electronic Structure 
���in 5d Transition Metal Oxide Compounds

���5d��<=�Z{B5���BX��A����

ARIMA Taka-hisa
Institute of Multidisciplinary Research for Advanced Materials, 

Tohoku University, JAPAN

RIKEN SPring-8 Center, JAPAN

�4� %�&'(����������+, "�, 20 Dec. 2010

Colleagues and Collaborators

X-ray
H. Ohsumi, T. Komesu, S. Takeshita, M. Takata (RIKEN SPring-8)

Sr2IrO4

B. J. Kim, S. Fujiyama, H. Takagi (Univ. Tokyo & Riken)

Cd2Os2O7

J. Yamaura, K. Ohgushi, Z. Hiroi (Univ. Tokyo)

����O���CR�?��}�	��B� ��B¡V



JAEA-Review 2011-020 

Outline

�Why 5d Transition Metal Compounds? 

�Metamagnetic Transition and Electronic State in Sr2IrO4

�Magnetic Structure in Cd2Os2O7 

Merits and Demerits of X-ray Magnetic Diffraction

Merits

Demerit

•Spin and orbital moments respond in different ways.  
•The focus can be very small.
•Resonant diffraction makes the atomic specific study possible.
•Q-resolution is excellent.  

•Interaction with magnetic moments is usually very weak.  
(Low S/N ratio) 
•Energy resolution is bad.

In principle, magnetism in matter can be studied by utilizing synchrotron x-
ray (M. Blume & D. Gibbs, 1988).  The magnetic structures of matters were 
however almost always determined by neutron diffraction (or sometimes 
NMR).  Can x-ray magnetic scattering be useful in practice?
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Resonant x-ray diffraction for 5d transition elements

E 2p [eV] d min [A] E 3d [eV] d min [A]

3d  TM 450~900 14~7 - -

4d  TM 2.2k~3.4k 2.8~1.8 - -

Lanthanides 5.7k~8.9k 1.1~0.7 450~1500 14~4

5d  TM 9.6k~11.9k 0.65~0.52 - -

Actinides 15.9k~ 0.39~ 3.2k~3.6k 1.9~1.7

Interest in Sr2IrO4

Sr2IrO4 (5d5)
Semiconductor

Sc Ti V Cr Mn Fe Co Ni Cu

Y Zr Nb Mo Tc Ru Rh Pd Ag

(Ln) Hf Ta W Re Os Ir Pt Au
Sr2RhO4 (4d5) 
Good Metal

Sr2CoO4 (3d5) 
Bad Metal

We believe 
Band Width: 3d<4d<5d
Coulomb: 3d>4d>5d 

G. Cao et al., Phys. Rev. 
B 57, R11039 (1998).

J. Matsuno et al., Phys.
Rev. Lett. 93, 167202 
(2004).

R. S. Perry et al., New J. 
Phys. 8, 175 (2006).

Isostructure with (La,Ba)2CuO4
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Magnetism and Spectroscopy

Weak ferromagnetism 
below 230K

G. Cao et al., Phys. Rev. B 57, R11039 (1998)

B. J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008)

T2g Orbital Not Ordered.  
Novel Jeff=1/2 State?

No Neutron Data

(0.15�B/Ir)

SPring-8 BeamLine-19LXU (RIKEN-BL) Layout
74m

EH1 EH2 EH3 EH4Optical Hatch

Multi-axis DiffractometerX-ray Phase Retarder System

Experimental Hatch 1

Experimental Hatch 4

Microdiffraction System

KB Mirror

Scanning DiffractometerMulti-axis DiffractometerX-ray Phase Retarder
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Magnetic Structure Analysis
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BL29XUL & BL19LXU

Net moment 
of each layer

1mm

a
b

c

Ir L3 Edge

B. J. Kim, H. Ohsumi et al., Science (2009)

L-scan profiles of Resonant X-ray Scattering 
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Correlation Length
Canted moments


L~0.01
*c~100 c = 400 layers!

1 0 20
T<Tc

L [r.l.u.]

In
te
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ity

 [a
rb

. u
ni

ts
]

19.95 20 20.05
0

1000

2000

3000

Resonant Spectrum: Wave Function

A
bsorption Intensity (arb. unit)

���������������

Photon Energy (keV)
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���Sc
at

te
rin

g 
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���������������

L3 edge

L2 edge

(1 0 22) reflection
absorption

J=3/2 (L3)

J=1/2 (L2)

Spin-Orbital Coupled State 
with Quantized Jeff

Ir 5d+
Jeff=1/2

Jeff=3/2

SLJ (�,eff

No Contribution 
to MXS

Ir 2p

������-

�(�����-

zxyzixyi

zxyzixyi

3
1

33

3
1

33

2

1

B. J. Kim et al., Science 323, 1329 (2009).

A weak L2 resonant enhancement can be ascribed to 
a weak tetragonal field.
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Calculation of Intensity of Resonant Scattering

������-

�(�(��-

zxcyzcxyc

zxcyzcxyc
*
3

*
2

*
12

3211

(S//z)
At L3 edge, 

At L2 edge, 

� �� �! "2

21
*
3

*
19

cccicAI �(.�

� �! " � �! "2*
321

*
121 2

9
ccccccAI (.(�/�

Exotic Spin-orbit Coupled State in Ir4+

probability¢2/3probability¢1/3
d-electron

<Sz>=1/6, <Lz>=2/3; L/S=4

Fractional Charge, Helical Edge Mode, Quantum Spin Hall Effect

Jackeli, Khaliullin 2009

Sz=�1/2,  Lz=0 Sz=+1/2,  Lz=+1
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L-S Separation 
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�1��
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�

M. Blume and D. Gibbs, Phys. Rev. B. 37, 1779 (1988)

Non-resonant magnetic scattering

Spin and orbital moments respond in different ways.  

Double Phase Retarder Method

Variable Polarization Plane

First ¼ Wave Plate
Second ¼ Wave Plate

Conversion to P45

H. Ohsumi

We have developed the double-phase retarder method 
to control the polarization direction of incident beam.  
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Purity of polarization depends on the beam divergence

Beam with a divergence as low 
as ~10-3 degree is necessary for 
highly pure polarization.

Phase retarder

Polarization

divergence

�)

pu
rit

y


�)

Phase retardation 
as a function of the incident angle

Rocking curve of
Diamond 220

Application to a Pyrochlore System Cd2Os2O7

A. W. Sleight et al., Solid State Commun. 14, 357 (1974)

TMI=225K

Magnetic order at 225K in spite of the 
geometrically frustrated pyrochlore 
lattice.

Os5+: 5d3



JAEA-Review 2011-020 

Conclusion

X-ray magnetic scattering reveals
•Magnetic structures in 5d TMOs.

�Metamagnetic transition in Sr2IrO4
�All-in all-out structure in Cd2Os2O7

•Wave function of 5d TM ion.
�Jeff=1/2 state in Sr2IrO4



共鳴非弾性Ｘ線散乱による
Sr2IrO4の電子励起

原子力機構放射光
石井賢司

共同研究者
イニヤスジャリッジA、吉田雅洋A、池内和彦A,B、水木純一郎A

大橋啓C、高山知弘C、松野丈夫D、高木英典C,D

A原子力機構放射光、BKEK物構研、C東大新領域、D理研

Outline

1. Introduction
� � resonant inelastic x-ray scattering (RIXS)
� � electronic structure of Sr2IrO4 and related iridium oxides

2. Results

3. Other topics of RIXS

4. Summray
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Resonant inelastic x-ray scattering

� Inelastic version resonant x-ray scattering

� Resonant electronic Raman scattering using x-ray

spectroscopy
(scan in energy space)

scattering
(scan in reciprocal space)

momentum-resolved 
spectroscopy

To measure
 electronic excitation in Q-� space

Inelastic x-ray scattering

Non resonant IXS (NIXS) Resonant IXS (RIXS)

1st order of A2 term 2nd order of A�p term

photon energy is far
from absorption edge

photon energy is tuned
near absorption edge

dynamical charge correlation function
N(Q,�) ~ Im�(Q,�)

(simple)

2nd order optical process
(complicated)

all electrons contribute evenly element selective

good energy resolution
�E ~ sub meV

poor energy resolution
�E ~ 100 meV

valence electron excitation across EF 
is usually very weak

� limited to low Z materials

phonon excitation (all electron in atom)

resonance enhancement of
valence electron excitation

simple polarization dependence polarization analysis
� determination of symmetry
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Advantage and disadvantage of RIXS

Advantage

� 1. Momentum resolution    optical conductivity, absorption, ...

� 2. Element selectivity　

� 3. Bulk sensitivity  ARPES, STS

� 4. Coupling to charge  inelastic neutron scattering

Disadvantage

� I. Poor energy resolution

� II. Limited resources

Two types of resonant inelastic x-ray scattering

4p

Unoccupied

Occupied

1s

EF

�i, ki, �i �f, kf, �f

3d

4p

Unoccupied

Occupied

2p

EF

�i, ki, �i �f, kf, �f

3d

L-edge K-edge

direct RIXS
E ~ 1 keV (� ~ 10Å)
� soft x-ray

indirect RIXS
E ~ 10 keV (� ~ 1Å)
� hard x-ray
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Comparison between L-edge and K-edge

Ghiringhelli et al., PRL 92, 117406 (2004).
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Energy Loss [eV]

La2CuO4 Ei=8992eV T=7K

L-edge K-edge

� weak elastic scattering
� � accessible to low E excitations

� large transmission
� � high pressure
� polarization analysis
� � symmetry of excitation

Magnetic excitation by L-edge RIXS

Cu L-edge RIXS at Swiss Light Source

Magnon dispersion of La2CuO4

L.Braicovich et al., PRL 104, 077002 (2010).

Two-triplon dispersion of Sr14Cu24O41

A: elasetic
D: optical phonon
B: single magnon
C: multiple magnon

J. Schlappa et al., PRL 103, 047401 (2009).
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Accessible momentum space

L 
[r

.l.
u]

H [r.l.u]
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Reciprocal space (HL-plane) of La2CuO4

L3-edge K-edge

(�,0)

Inaccessible to (�,�)

RIXS at the L-edge of 5d transition metal bene�ts from both advantage.

Absorption edges of transition metals
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Element

K-edge
L3-edge

Accessible to 5d L-edge by the same spectrometer !
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Transition metal oxides

large

Coulomb
repulsion (U)

small

small

band
width (W)

large

insulative

metallic

babandnd
dtdtdth hh (W(W(W

g

oo lululomom
lssioio

Moon et al., PRB 74, 113104 (2006)

Unexpectedly,
Sr2IrO4 is an insulator.

Spin-orbit interaction induced Mott insulator

Both U and SO are important
 for the insulating state B. J. Kim et al., PRL 101, 076402 (2008)

Ir4+ : (t2g)5 in Sr2IrO4
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Con�rmation of Jeff=1/2 state

xy =
1

2i
Y2,2 � Y2,�2( )

yz =
�1

2i
Y2,1 + Y2,�1( )

zx =
�1

2
Y2,1 � Y2,�1( )

Jeff =1 2,mJeff
=1 2 =

1

3
yz,� � i zx,� � xy,�( )

Jeff =1 2,mJeff
= �1 2 =

1

3
yz,� + i zx,� + xy,�( )

spin-orbit
coupling

Leff =1,mLeff
= ±1 = m zx ± i yz( ) 2

Leff =1,mLeff
= 0 = xy

Resonant magnetic diffraction

B. J, Kim et al., Science 323, 1329 (2009)

Aim of RIXS study of Sr2IrO4

� Demonstration of RIXS at 5d transition metal L-edge

� Momentum dependence of the Mott gap

� Recon�rmation of the Jeff=1/2 state

� New excitations

JAEA-Review 2011-020 



Experiment

SPring-8 BL11XU (JAEA beamline)

� Si(400) monochromator + Si(844) analyzer
� � total energy resolution ~ 1 eV

� Measurement at room temperature
� TN = 250 K for Sr2IrO4

ki

kf

c a or [110]

Q = kf - ki

�i

Sample con�guration

X-ray absorption and incident energy dependence
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Excitations appear near the peak of XAS.
Raman features are dominant.

Q=(0,0,33)

RIXS of Pt metal
at Pt L3-edge

Fluorescence are dominant.

Glatzel et al., JACS 132, 2555 (2010)
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Typical spectrum and assignment of peaks

Optical conductivity

	
ab

(

-1

cm
-1

)

A B
C

D

E

Moon et al., PRB 74, 113104 (2006)

Count rate exceeds 1000 cps!
� 2-3 order stronger than K-edge

A:� � Mott gap
B:� � doublet (Jeff=1/2) - quartet (Jeff=3/2)
� �  missing in RIXS ?
C,D:� charge transfer

EF

Jeff = 3/2 band

Jeff = 1/2 LHB

Jeff = 1/2 UHBA C

O 2p band

B

(b)

eg (3z2-r2) bandD

RIXS spectra
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Why excitation B is missing?

B. J. Kim et al., PRL 101, 076402 (2008)
H. Jin et al., PRB 80, 075112 (2009)

decomposition of UHB

EF

Jeff = 3/2 band

Jeff = 1/2 LHB

Jeff = 1/2 UHBA CB

Highest occupied band is a mixture 
of Jeff = 1/2 and 3/2 bands

three orbital Hubbard model
 + variational cluster approximation

Watanabe et al., PRL 105, 216410 (2010)

Too simplistic
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Notation of momentum transfer
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q=(�,�) absolute momentum (Q)
  Miller index of chemical unit cell
  a = 5.4979 Å, c = 25.798 Å
  Two Ir atoms in a unit cell

reduced momentum (q)
  One Ir atom in a unit cell
  neglect the component along the  c-axis

Momentum dependence
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� Flat dispersion of excitation A

� Intensity at (�,�) near 0 eV

� Dispersion of excitation C

EF
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O 2p band

B
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Flat dispersion of excitation A

(a)
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B. J. Kim et al., PRL 101, 076402 (2008)

RIXS spectrum ~ convolution of occupied
� � � � � and unoccupied band

Band dispersion is �at in LDA+SO+U.

Flat dispersion of RIXS is a characteristic
� of SOI driven Mott insulator.

Intensity at (�,�) near 0 eV
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Spectral weight of difference spectrum
� is located near 0 eV.

Q=(1,0,33) is structurally forbidden in I41/acd.
It is not a magnetic Bragg point either.
� and measured above TN.
� � � not elastic scattering

 0

 500

 1000

 1500

 2000

 2500

 3000

-2 -1  0  1  2  3

In
te

ns
ity

 [c
ps

]

Energy Loss [eV]

Q=(1,0,33)
Q=(1,0,30)

Q=(H,K,33)

2D character
 � independent of the Qc

q=(�,�) is the magnetic Bragg point
� of IrO2 plane.

Possibly, inelastic magnetic scattering
 � spin wave in 2D order
 � �uctuation

JAEA-Review 2011-020 



(a)

(�,0) (�/2,0) (0,0) (�/2,�/2) (�,�)

Momentum

-1

 0

 1

 2

 3

 4

 5

 6

 7

 8

E
ne

rg
y 

Lo
ss

 [e
V

]

In
te

ns
ity

 [a
rb

. u
ni

ts
]

Dispersion of excitation C
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Comparison of Srn+1IrnO3n+1

Ruddlesden-Popper series

Moon et al., PRL 101, 226402 (2008)
q-dep. is observed in SrIrO3.
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Summary

Resonant inelastic x-ray scattering of Sr2IrO4 at the Ir L3-edge

� � huge inelastic signals
� � 2-3 order higher intensity than K-edge

� � momentum-independent the Mott gap excitation
� � �at band by spin-orbit interaction

� � possibly magnetic excitation at (�,�)

� � band folding effect in charge-transfer excitation

Improvement of energy resolution (in progress)

� upgrade of monochromator system (with Riken)
� good analyzer (with APS)
� new detector (with JASRI)

�
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5. Theory on Mott transition, 
magnetism, and Z2 and U(1) topology 

for pyrochlore iridates

Shigeki Onoda
RIKEN (The Institute of Physical and Chemical Research) 

 

Z2 topological insulator

The strongly topological index

Fu-Kane-Mele 2007

3 Weakly topological indices

Time-reversal invariant momenta
Moore-Balents 2007

Surface massless Dirac fermions

Laboratory for a mirror image 
of a magnetic monopole
S.C. Zhang

Bi2Se3, Bi2Te3, and many others.

Cava, Hasan, …

Diamond lattice with SOI

WTI

STI

WTI

STI
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Quantum anomalous Hall effect
In a translation-invariant insulating state, 

Nagaosa-Sinova-SO-MacDonald-Ong RMP (2010)
For QHE, Thouless-Kohmoto-Nightingale-Nijs (1982)

U(1) Chern number

Berry-phase curvature

3D quantum AHE 

It has never been observed either experimentally or theoretically!

Berry-phase connection

 

Pyrochlore oxides A2B2O7

Subramanian and Sleight, 1993

Gardner-Gingras-Greedan RMP (2010)

Spin-orbit coupling

U

U

Trigonal CEF
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Scalar spin chirality 
in the pyrochlore system

Nd2Mo2O7
“2-in, 2-out” ferromagnet
[Taguchi et al.]

Nd Ising spin: in/out

321 rrr SSS
���

& Baskaran-Anderson
Laughlin
Wen-Wilczek-Zee
Kawamura
Ye et., Ohgushi et al.
Ong
Taguchi et al.

Scalar spin chirality
Time-reversal � odd
Inversion � odd

Anomalous Hall transport (Nd2Mo2O7, Pr2Ir2O7, …)
Nagaosa-Sinova-SO-MacDonald-Ong, “AHE” (RMP 2010)
SO-Nagaosa (PRL 2003)

AHE

 

Pyrochlore iridates
Nagoya group (2003)

Metallic

Semiconducting

Matsuhira et al. (2007)
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Strong topological insulator 
on the pyrochlore lattice

Guo-Franz (2009)
• Single-band Pyrochlore-lattice model

Pesin-Balents, Nature Physics (2010)

• Pyrochlore iridate
• t2g orbitals with a large spin-orbit coupling
• Neglecting the trigonal crystal field
• Slave rotor approximation

Yang-Kim (2010)
• STI (1;000) is stable under a small 
• trigonal crystal field

Surface spectrum

 

Role of rare-earth moments
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Chiral spin state in Pr2Ir2O7

<111> Ising moments
Machida et al., PRL ‘07

 

2-in 2-out correlations in Pr2Ir2O7

Pr2Ir2O7 [Machida et al.]:   <111>-Ising Pr moments

Metamagnetic transition only along B//(111)@ Bc ~ 2.3 T � Jeff ~ 1.4 K
� “2-in, 2-out” states are favored

Similarity to dipolar spin ice but  without a clear plateau 
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Spin ice & magnetic monopoles
Castelnovo-Moessner-Sondhi

Metamagnetic transition under  the (111) 
magnetic field 
� monopole liquid-gas phase transition

Dirac string
Monopole, anti-monopole

“2-in, 2-out”

“3-in, 1-out”/”1-in, 3-out”

Dy2Ti2O7

(Exp. Hiroi)

 

This definition gives zero uniform chirality as M.

Nonzero uniform chirality with M
0 at H=0: classical analysis

T-broken spin liquid at Tf < T < �
�Tf ~ 0.3 K, �)2)1.5 K)

2I2O state with M 0 but 
nonzero chirality
and thus nonzero AHE

Nonvanishing uniform chirality
summed over the hexagon
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Anomalous Hall effect

Anomalous Hall transport 
due to Ir 5d conduction 
electrons coupled to the 
chiral spin texture.

A tiny orbital magnetization due to delocalized motion of conduction electrons

� Pr/10~ 6
B�

�

Resta, Vanderbilt

Machida et al. Nature 2010

 

Quantum nature of Pr moments
“Dynamic spin ice” (Zhou et al. 2008) ?

low-energy neutron-scattering intensity
� quantum nature

No magnetic Bragg peak 
at T > 0.2 K

Pr2Sn2O7

c.f. Dipolar spin ice: Dy2Ti2O7, Ho2Ti2O7

Structures around 
|q|~0.5 -1 and 1.5 -1

Similar thermodynamic properties in Pr2Zr2O7
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Quantum melting of spin ice

Small magnetic dipolar interaction for Pr (�~2.7�B).
Pr2TM2O7 (TM : transition-metal) 

Magnetic dipole interaction ~0.1K
Superexchange interaction is important

Spin-1/2 with a strong Ising <111> anisotropy � U(1) spin liquid
[Hermele, Fisher, & Balents]

Realistic case � search for smaller rare-earth magnetic moments
Pr (J~4)? Nd (J~5/2)? 

Macroscopic degeneracy � Spin ice freezing

Quantum entanglement among otherwize degenerate states 
�lifts the degeneracy
�suppresses the spin-ice freezing

SO-Tanaka, PRL 2010, arXiv:1011.4981

 

Effective model (Pr2TM2O7)
Pr3+ ion: f 2 LS multiplet (J = 4 )+ CEF (O ion)

�3��4�5� 24 ����(�� MMM

Non-Kramers mangetic doublet

D3d crystalline electric field
3-fold rotational symmetry about z = <111>

0 K

162 K

580 K

1044 K

1218 K
1392 K

�3

�1

�3

�3

�2

�1

ground state

1st

2nd

3rd

4th
5th

Inelastic neutron scattering

Derive an effective superexchange Hamiltonian for

SO-Tanaka, PRL 2010, arXiv:1011.4981
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Superexchange Hamiltonian
Local level scheme 2 transfer integrals

4th-order perturbation expantion of transfer integrals

LDA+U calc.

(d) Projection of the superexchange Hamiltonian 
onto the subspace of local ground doublets 

SO-Tanaka, PRL 2010, arXiv:1011.4981
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Effective quantum psuedospin-1/2 Hamiltonian

Partially lift the degeneracy of the ice manifold 
in degenerate perturbation theory, when they are small

3� 24q� 
There would be a finite region around  d=q=0
where the spin ice or U(1) spin liquid is stable.

But, they are large, something different happens.

SO-Tanaka, PRL 2010, arXiv:1011.4981
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Coupling constants

z
r� : atomic magnetic dipole moment / M0(effective moment)

yx
r

,� : atomic quadrupole moment 8 9 ����� �$� :: z
rrr JJ ,

������ $$ z
r

z
r J

(atomic electric quadrupole moment )

Ferromagnetic superexchange

Ising coupling J > 0
in a pseudospin language. 

�, q � quantum nature

Physical observables

Remember that 4 local frames (x,y,z) are all different!

SO-Tanaka, arXiv:1011.4981

 

16-site cluster calculations

Pr2TM2O7 ?

AF quadrupolar state
(Collinear pseudospin F)

U(1) spin liquid ?
(quantum spin ice)

??
(Chiral spin liquid ?)

6-fold degenerate
Quadrupolar state
(120 pseudospin AF)

N.N. spin ice

SO-Tanaka, arXiv:1011.4981
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Neutron scattering profile
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S.T. Bramwell and M.J.P. Gingras

Science 294, 1495 (2001)

Dipolar spin ice

broad peak

Experiments

Numerical 
simulations

Structures around |q|~0.5 -1 and 1.5 -1

Consistent with exp. on Pr2Sn2O7 (Zhou et al.)

Pinch point singularity should be broadened  
because of violation of ice rule

 

Magnetization curve

Experiments (Pr2Ir2O7)
[Nakatsuji et al.; Machida et al.]:   

Numerical results

1(�I%
Ground state 

Excited state

1��I%

111//H
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Role of Ir electrons

 

Band structure
LSDA based on the fully relativistic Dirac equation
(OPENMX by Ozaki, Yu, et al.)
SO et al.

Pesin-Balents 2009
2/1�effj

Yang-Kim 2010

Totally different from the simple N.N. tight-binding model

models



JAEA-Review 2011-020 

Mott transition
Dynamical mean-field calculation 
for the effective single-band model

Metal
Mott insulator

Properties of spinons in insulators to be clarified!

Gapped or gapless with spinon Fermi surface?

SO-SO

 

Hatree-Fock approximation
Effective single-orbital tight-binding model
+ Local Coulomb repulsion

Metastable magnetic structures

Ferromagnetic Mott insulator is also possible
3D quantum AHE!

4-in, 4-out antiferromagnetic insulator 

Noncollinear ferromagnet
Sm2Ir2O7, Eu2Ir2O7, … ?
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• Ferromagnetic anisotropic superexchange interaction
� Incorporates “3-in, 1-out” into otherwise spin-ice states.

Summary
Effective highly quantum pseudospin-1/2 model for Pr2TM2O7

Ferroquadrupolar ground state (Quantum melting of spin ice)
• Consistent with Magnetization curve 
• Neutron scattering profile

Indication of “chiral spin liquid”  and “quantum spin ice”

� �6 &�
nml

nml
T

T
,,

���; ���
Pseudospin chirality

Possible Mott-insulating 3D quantum AHE

No indication of time-reversal invariant Z2 STI in a 
realistic model

 
 



#1

J-PARC Center/ JAEA
Masatoshi Arai

Present status of  J-PARC/MLF
(Materials Life Science Facility, JSNS, MUSE)

Bird’s eye photo in January of 2008Bi d’ h t i J
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History of proton beam power at MLF

Very high reliability
over 93%

20 kW

120 kW

210 kW

HRC
Muon Facility

Muse

Neutron Experimental Facility
JSNS

Neutron Scattering Instruments

Neutron Target Station

Materials Life Science Facility of J-PARC
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J-PARC MLF Experimental Hall
The Hall #2 The Hall #1

6

Diffractometer (structural analysis)

SHRPD: high resolution powder diff.

iBIX: protein diffractometer

NOVA: liquid amorphous diffractometer
NEDO)

iMATERIA: high intensity powder diff.

TAKUMI : residual stress analysisSHRPD

iMATERIA
(

NOVA
NEDO

TAKUMI

iBIX
(
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Diffractometers

BL19

BL20
BL21

BL20

#8

L1

L2

Time of flight

Detector

Neutron
Target

Fl
ig

ht
 le

ng
th

Diffraction Peaks

L1

L2

Scatt.
angle

detectors
Sample

proton

Time of Flight method
(importance of peak flux)

Sharper pulse or longer flight pass
gives higher resolution

JAEA-Review 2011-020 



Incident white beam
k0, E0

k0, E0

k, E

Sample

2�

Q
momentum
Transfer Q

Scat. Angle

L1 Moderator-Sample

TOF Scattering Diagram

0

k

0 k
2�rij

TOF enables a Fixed Angle Experiment

A High Pressure Apparatus
(ATSUHIME  30GPa, 2500K)

Lower Mantle

TOF is suitable for extreme condition experiments

Simultaneous Measurements 
on Stresses along Axial and Radial direction

incident neutron

collimator
detector

2d-detector
k3

k1

k2

lattice 
Spacing

long. dir.

trans. dir.

Axial Direction

latti
Spac

g. dir.rrrrr

trans. d

Incident

Axial Direction

k1 k2

k3

Appling stress
45o

20x10-3
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0
3.02.01.00.0

After drawing
Before drawing

ferrite � (110)
Axial dir. only

Plastic deformation
starts

No plastic
deformation

20x10-3
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5

0
3.02.01.00.0

After drawing
Before drawing

ferrite � (110)
Axial dir. only

Plastic deformation
starts

No plastic
deformation

Applied stress / GPa

20x10-3

15

10

5

0

-5

-10
3.02.01.00.0

�(110)
�(211)
�(220)
�(200)

filled : axial
hollow : transverse

After drawing
20x10-3

15

10

5

0

-5

-10
3.02.01.00.0

�(110)
�(211)
�(220)
�(200)

filled : axial
hollow : transverse

After drawing

E
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in

AD method TOF method

5 m�

Akashi   world 
longest 

suspension 
Bridge

5 m�
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Nb
3Sn

 (2
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)

0.214 0.216 0.218 0.220

0.0

0.5

1.0

1.5

Peaks 
along 
axial 
direct.

Residual Stress in the ITER TF cable

Successfully observed internal stresses of Nb3Sn in the TF cable
Cable contains only Nb3Sn of 6%
neutron transmitted length of 60mm
good statistics of peaks in several hours at 120kW
the observation can bring improvements on Nb3Sn filaments 

Superconducting 
characters are 
strongly depend on 
internal stresses in 
cables.

Guage volume
7 2 15mm3

Contrac
tion of 
0.23%
along 
axial 
direct.

Aizawa     Harjo

Finding Optimized Process in-situ 
to manufacture durable steel

Accelerate developments

Sample : 2Mn-0.2C-Steel
Specimen : �7mm, length 14mm

RT 900 , 10 /s
900 , 10min hold
900 700 , 10 /s
15% compression at 700
700 , 10min hold, cooling

Thermo-Mechanical Processing in-situ measurement

Diffraction pattern / 30sec

Loading frame

Furnace

Sample Extensometer

Loading frame

Furnace

Sample Extensometer

Importance of Event Recording
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1313

Intensity estimated gives   
=>50 times Intense @ 120kW 
=>400 times @1MW

(1min. for 1g sample)
with much better resolution 
from the Poisoned Moderator 

iMATERIA(BL20) measures Rietveld-quality data 
of 1cc YBCO with less than 10 minutes (1.5g) @120kW

YBa2Cu3O7 data @ KENS(3kW)  in 1990  

YBa2Cu3O7 data @ J-PARC/iMATERIA @20kW 
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AMATERAS
10�eV-100meV 4SEASONS

0.1-300 meV

HRC

Inelastic Scattering Instruments

4SEASONS : Fermi chopper instrument
AMATERAS: Cold neutron disc chopper instrument
HRC: high resolution Fermi chopper instrument
DNA: back scattering instrument �eV)

4SEASONS
0.10.1-300300 meVmeV

pp
mek scatterrrriiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngggggggggggggggggggggggggggggggggggggggggg iiiinstru ent �eV)

DNA
1�eV-10meV

B4C absorbers inside 
the vacuum 

scattering chamber

Detectors 
installation

Installation of guide 
tube

Vacuum system
(control, piping)

Fermi chopper
translation table

Supermirrors

Construction of chopper instruments

JAEA-Review 2011-020 



#17

L1

L2

Time-of-Flight 

Detector

Source
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th Inelastic Scattering

L1

L2

Scattering 
Angle

Detector
Sample

Inelastic Sacttering (chopper instrument)

Momentum Q
E
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y 
E

Energy is analysed by TOF

Scattering angles scans momentum

Gving 3D information of S(Q,E)
3 - S(Q,E)

��-AgI
High �

Chopper

Multi-Ei Method

• Multi-Ei data from oone data set!
(zoom-in–out in Q-E)

• 13.7hrs@100kW 	 80min@1MW!

Detector

Sample

Chopper

Time of flight

1-frame

Source

Distance

[M. Nakamura et al., J. Phys. Soc. Jpn. 78, 093002 (2009)]

1-frame (40msec)

Chopper frequency = 200 Hz
>> frequency of the source (25Hz)
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Importance of Event Recording
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La2CoO4.24Magnetic Excitation

Ei=22meV

h (rlu)

E
ne

rg
y 

(m
eV

)

h (rlu)

k 
(r

lu
) 6<E<8meV

0.4<k<0.6rlu

T=6K
5/10 5/13

Calculation

Ei=12meV

4g

Co2+ - Co3+ charge-spin ordering

Ei=45meV

Kajimoto

Nakamura

Magnetic Excitations in BaFe2(As,P)2
Ei = 45.5 meV

Ei = 45.5 meV

5 K

Ei = 21.6 meV

32 K 5 K 32 K

M. Ishikado et al.
arXiv:1011.3191

45555555..555.555.55 55 me meVVVVV EEEEEii ====== ====

32 K 5 K
Ei=45.5meV

Ei=21.6meV
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(CuCl)LaA2O7 (A = Nb, Ta) 
Crystal structure J1-J2 model

(CuCl)LaTa2O7 TN=7K
(CuCl)LaNb2O7 1
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Imaging technique developments

Transmission image

-27�C

27�C

D2O region
D2O sample in Al cell

45
m

m

10mm-�

-27�C

27�C

No D2O region

TOF (ms)

Structure of ice
(ice VII)

A principle to Distinguish ice from water by 
Bragg-edge imaging was demonstrated.

Ice: solid
Water: liquid

Dips were seen only for D2O ice

Tr
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P
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Vertical position

P
ol
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n

Succeeded in visualization of magnetic field with 
polarized neutrons imaging.

electromagnet  
OFF

Vertical position

slit

polarizer
spin flipper

solenoid coil

analyzer

collimator

electromagnet  
ON

Neutron beam
Guide field

Current

Solenoid

Proposals from Users to MLF

, 
39%

, 2%

, 
39%

, 
4%

JAEA, 
11%

KEK, 
4%

, 
1%2009B

Univ.
31%

Nat’l 
Lab 6%

Industry 
19%

Foreign 
6%

JAEA, 
18%

KEK, 
5%

Ibaraki 
Pref.
15%

2009A

, 
21%

, 3%

, 
27%

, 
1%

JAEA, 
10%

KEK, 
5%

, 
33%

2008

Term 2008 2009A 2009B 2010A 2010B

Proposals 98 132 74 110 116

Accepted 61 124 70 90 -

Beam Time (day) 40 44 37 50 60

# Instruments (N) 4 7 8 9 10

# Instrumetns(M) 1 1 1 2 2

, 
35%

, 4%

, 
30%

, 
9%

JAEA, 
10%

KEK, 
6%

, 
6% 2010B

, 
36%

, 6%

, 
27%

, 
13%

JAEA, 
6%

KEK, 
6%

, 
6% 2010A
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Ramping up scenario of the accelerator power

2008 2009   2010   2011  2012   2013  2014

tests

120 kW 
User operation

300 kW 1 hour

3 GeV RCS
For MLF

30 GeV MR
For Neutrino 
& Hadron

The Goal is 1MW

Summary

1. J-PARC Accelerator runs at very high reliability, 94%, at 
120kW. Now we run at 200kW

2. 8 out of 15 instruments in MLF are under operation for the 
user programe. 

3. Experimental outputs are coming out reasonably.
4. User programme is fairly going well.

(about 300 proposals in a year at 120kW)
Call for proposals twice a year. (June-July and Nov-Dec)

1) Fermi Chopper, 2) Protein X-tal Diff. 3) High Res. Powder, 
4) Test-port, 5) Cold Disk Chopper, 6) Reflectometer, 
7) High-Intens Powder, 8) Liquid-Glass Diff.

H23 SANS) DNA(�eV

H23 26
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�非クラマース希土類イオン＋立方対称結晶場��

Intro�

�����	
���
�

　　電気四極子��O20, O22 
　　磁気八極子���Txyz�

　（�磁気モーメント）£

���3基底状態の可能性 

�立方対称結晶場�

�
3�

�
4�

�
5�

�
1�

£

�スピン・軌道相互作用�

f2電子 

�J = 4 �

Γ3基底・Γ3基底Pr化合物　　～ 多極子基底状態 ～ 

物材機構　　鈴木博之 

 　立方晶希土類化合物における 
　　　　    　　多極子揺らぎの研究 

○ 内容 
　　立方晶Pr化合物PrMg3の�3 基底状態の多極子(四極子・八極子）の観測 

 ・立方晶Pr化合物のΓ3基底状態 
 ・μSRによる研究 
 ・結晶場励起の分散 

共同研究者  物材機構　　　寺田典樹　酒井 治　吉川明子(現理研） 
   東北大院理　　高木 滋　久野大輔　 谷田博司(現広大院先端) 
   理研仁科セ　　鈴木栄男　渡邉功雄　松崎禎市郎 
  新潟大院自然　荒木幸治　赤津光洋　根本祐一　後藤輝孝 

   原子力機構　　目時直人　金子耕二　長壁 豊隆 
   Néel Inst.  　　R.-M. Galera　M. Amara 
   ILL　　  　  　  L.-P. Regnalut 
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　�+サイト 

� SmAg2In (同じホイスラー構造）TF-�SR　(by Ito ) 
　　　　　　　　　　　　　　 　(1/4, 1/4 , 0)と等価なサイト 

P�(t = 0) // [001] の場合 2サイト 
（1/4, 0, 1/4) (0, 1/4, 1/4)   と  (1/4, 1/4, 0)   　�　２：１ 

　　cf. TmAg2Inでも同様な結果 

PrMg3のμSR　　　～多極子(四極子)揺らぎの観測～ 

PrMg3のμSR　　　～多極子(四極子)揺らぎの観測～ 

�3（非磁性）基底系Pr化合物での�SR 
�　増強核＆非磁性基底　 　141Pr核磁気モーメント揺らぎの観測　 
　　141Pr核磁気モーメント　 
              　hyperfine-enhanced dipolar coupling   �+ 

�　四極子のオンサイトのカップリング 
　　　ｆ電子系のquadrupoles 　 　141Pr核quadrupoles  

 �SR実験 

 　AUGUS spectrometer RIKEN-RALMuon Facility  
　　        ３He 冷凍機　（測定温度 : 0.28 K ～ 78 K） 

    Sample : single crystal [001]面の3mm四方の板状 約20個 
               P�(t = 0) // [001] // Hext 
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��������������������� !"#$%&'Van Vleck��()*+£
�,������)-./0�1�'2345678#9:;Van Vleck�)-<=>?@.A£
�BC�DEFGH��/0�1�'141Pr,,I��JKLMNOP141Pr,T1,T2#QRO)STU�£

“dressed”,  
 or hyperfine-enhanced 

PrMg3のμSR　　　～多極子(四極子)揺らぎの観測～ 

　　dynamical KT model 

�　�1：�2　～　1.5 : 1    　計算で求められるdipole filedの比率と等しい 
�　Enhancement factor 141K ＝９   
　 　141Kcal = 8.5    Ahf = 187.7 mole/emu, �VV (=C/(�CEF/kB)) = 0.45 emu/mole　　　　 
                                                               cf  Mg核のdipole field  0.056 �sec-1 

Fitting parameters 
@ T= 0.28 K 

サイト比率　２ : １ 
site 1 
�1 = 1.1 �sec-1  
�1 =  9.1 �sec-1 

site 2 
�2 = 0.71  �sec-1   
�2 = 0.47  �sec-1 

PrMg3のμSR　　　～多極子(四極子)揺らぎの観測～ 
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�3	�4励起での2ブランチ構造��

・Q依存性の強い幅の狭いピーク 
・Q依存性の弱い幅の広いピーク 

H.S. Suzuki,  et al., LT25 Proceedings  (2008) .  

para-orbiton£

 理論的なアプローチ (O. Sakai JPSJ 77(2008) 24714) 

・基底状態における(軌道）縮退（  
singlet基底） 
・inter-siteの多極子間相互作用 

Γ3基底PrMg3の中性子非弾性散乱      　～ 結晶場励起の分散 ～ 

PrAg2In PrMg3 ( cf. ��p = -16 K ) ( cf. �p = -36 K ) 

Γ3基底PrMg3の中性子非弾性散乱      　～ 結晶場励起の分散 ～ 
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Summary�

  Summary 
　  �3基底PrMg3の低温での多極子のdynamicsの研究として 
　　　　　　　　　　　　　　単結晶を用いたμSRの実験 
　　低温では、141Pr核の揺らぎを観測 
　　  ２サイト dynamical Kubo-Toyabe 関数 
　　      hyperfine-enhanced ( K～9 ) 
　　     141T1の温度依存性 ～  T  

　　 �3基底PrMg3単結晶を用いた結晶場励起の分散の観測 
　 　　　２ピーク構造　（q依存性の強いピークと幅広いq依存性の弱いピーク） 
　　　　第１励起状態に�4をとる系（PrPb3、PrAg2In)に共通に見られる。 
             (理論）→ 基底状態に縮退+多極子相互作用　（para-orbiton) 
         

��
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8. Yb

�
� X
�YbCu5�xAlx YbPd2Si2
�

Yb
Ce

�

• Ku�Ding�Tsuei,� (BL12XU�:
• Hideki�Yoshikawa�(BL15XU:�NIMS
• A.�Chainani,�S.�Shin�(RIKEN)
• H.�Oohashi�(nims)
• K.�Handa,�J.�Ide,�Y.�Ito�(Kyoto�Univ.)
• T.�Tochio (Kobe�Univ.)

X

Ignace Jarrige

X SEM EPMA
SQUID PPMS
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Introduction

• Superconductivity
• Non�Fermi�liquid

< ~ <(0)
= ~ AT 2
C/T ~ 3

<~ C/(T-�)
C ~ Cv

Magnetic�instability
Spin�fluctuation

Properties at Valence Instability

AFO QCP FL
Mixed
valence
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Valence�fluctuation�at�QCP?

• Quantum�Critical�Point�(QCP)�offers�
anomalous�physical�properties�
(superconductivity,�non�Fermi�liquid).

• Spin�fluctuation�is�considered�to�be�
responsible.

• Charge�fluctuation�?�(valence�
fluctuation?)

Method

Valence�state�of�Yb
(4f�electron�number)

1s2
2s2 2p6
3s2�3p6�3d9
4s2�4p6�4d10�4f�n
5s2�5p6�5d2
6s2

1s2
2s2�2p5
3s2�3p6�3d10
4s2�4p6�4d10�4f�n
5s2�5p6�5d2
6s2

1s2
2s2�2p6
3s2�3p6�3d10
4s2�4p6�4d10�4f�n
5s2�5p6�5d1
6s2

L5

L5�:�2p3/2�3d5/2

X�ray�absorption�spectra�(PFY�XAS)
Incident�energy�dependence�of�L5
emission�(Partial�Fluorescence�Yield�
=PFY)�gives�higher�resolution�than�
conventional�x�ray�absorption�spectra�
(Total�Fluorescence�Yield�=TFY)

Resonant�X�ray�Emission�(RXES)

L5
em

iss
io

n�
in

te
ns

ity

Tuning�the�incident�energy�
allows�to�selectively�enhance�
the�Yb2+�or�Yb3+�related�
emission.

Probing�depth�~�1��m

Incident x-ray

Bulk�sensitive
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O 3g (Cu, Al)

1a (Yb)
2c (Cu)

YbCu5�xAlx

(4f)14

J=0

(4f)13

J=7/2

Valence�evolution�in�YbCu5�xAlx

x=2�:�Yb3+

x���1�:�mixed�valence

E.�Bauer�et�al.,�PRB�56�(1997)�711.

Physical�properties�of�YbCu5�xAlx

E.�Bauer�et�al.,�PRB�56 (1997) 711.�
PRB�60 (1999) 1238.

K.�Yoshimura�et�al.,�JJAP�Series�11�(1999)�242.

x=1.5
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Resonant�XES�of�YbCu5�xAlx

• Yb2+ component�exists�even�for�x=1.5�(QCP)
• Valence�fluctuation?�impurities/defects?
• Temperature�dependent�measurements�

needed!

K.�Yamamoto�et�al.,�JPSJ�76�(2007)�124705.

hexagonal
YbCu6.5

Yb3+Yb2+

Resonant�X�ray�Emission�Spectra�of�YbCu5�xAlx

• PFY�spectra�confirm�the�existence�of�Yb2+ component�for�x=1.5�(QCP)�and�even�for�x=2�(AFO).
• Resonant�XES�demonstrate�Yb2+ component�increases�with�decreasing�temperature.

H.�Yamaoka�et�al.,�PRB 80 (2009)�035120.��
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Temperature�dependence�of�the�
valence�in�YbCu5�xAlx around�QCP

• YbCu3.5Al1.5 (QCP) and even YbCu3Al2 (AFO) 
show valence fluctuation.

• Temperature dependence of the valence is 
qualitatively described by the Anderson 
Impurity Model.

Bickers,�Cox�&�Wilkins,�PRB�36 (1987)�2036

YbNi2Ge2 under�pressure�

• Valence�fluctuation�remains�at�QCP�and�even�
at�AFO�region.

• Spin�density�wave�(SDW)�is�unlikely�from�the�
electrical�resistivity�data�at�high�pressures.

AFO
QCP

FL

YbNi2Ge2H.�Yamaoka�et�al.,�PRB 82 (2010)�035111.

G.�Knebel et�al.,�JPCM 13 (2001)�10935.
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Valence�fluctuation�:�Common�for�Yb�compounds�?

• Valence�fluctuation�(~Yb2.9+)�has�been�observed�for�YbRh2Si2 at�
ambient�pressure

P. Gegenwart et al., 
Phys. Rev. Lett. 89 (2002) 056402.

C. Dallera et al., ESRF Report 2006

Superconductivity�and�valence�fluctuation�in�4�YbAlB4

• Non�Fermi�Liquid�behavior�= ~ T1.5

• Superconductivity�at�T�=�80�mK
• Yb~2.7+

Nakatsuji et al., Nature Phys. 4 (2008) 603.
Kuga et al., PRL 101 (2008) 137004.
Okawa et al, PRL 104 (2010) 247201. 
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Comparison�with�Ce systems
CeNi1�xCoxSn�system

• x=0.38 :�Very�low�TK�(near�QCP)
• x=0.33 :�Valence�transition

PFY�XAS�and�RXES�of�CeNi1�xCoxSn

• Very�small�change�of�the�Ce valence�for�x=0.33 (Valence�Transition)
• No�temperature�dependence�in�the�Ce valence�for�x=0.38 (near�QCP)

Yamaoka, Tsujii, et al., PRB 76 (2007) 075130.



JAEA-Review 2011-020 

 

Difference�between�Ce and�Yb
• 4f�orbitals spread�more�

widely�in�Ce than�in�Yb�



�

�

f

K

f

f

N
T

n
n1

Gunnarsson &�Schönhammer (PRB�28 4315)

nf:�4f�occupation�number
Nf:�degeneracy�of�f�orbital

 :�hybridization


 (Ce) > 
 (Yb) nf (Ce) > nf (Yb)

(for�similar�order�of�TK)

( R
 ( 

r )
 · 

r )
2

r ( atomic unit )

 4f
 5s
 5p 
 5d  
 6s 

Ce

( R
 ( 

r )
 · 

r )
2

r ( atomic unit )

 4f 
 5s 
 5p 
 5d 
 6s 

Yb

Calculated�by�O.�Sakai�Yanagimachi

Ce4+,�Yb2+ Ce3+,�Yb3+

Difference�between�Ce and�Yb

• 4f1 4f0 or�4f2

• Yb
• 4f
• 4f nf

4f�1 4f�0 4f�2

4f�13 4f�14 4f13�

Conduction�Electrons

Ce

Yb

�

4f14

� 4f13�4f14
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Conclusion
• RXES and�PFY�XAS are�very�useful�to�study�the�electronic�

state�of�heavy�fermion system
(intrinsically�bulk�sensitive,�sensitivity�of�tiny�valence�
change�and�accessibility�to�QCP�by�pressure,�magnetic�
field,�etc.)

• Yb system�shows�clear�valence�fluctuation�even�at�QCP�
and�AFM�state.

• For�Ce system,�such�valence�fluctuation�is�not�so�
pronounced

• These�difference�can�be�attributed�to�the�wider�4f�
orbitals in�Ce than�in�Yb,�and�existence�of�4f0 and�4f2

excited�states�for�Ce contrasting�to�the�4f14 state�as�the�
only�excited�state�for�Yb.

Valence�fluctuation�in�Yb systems Superconductivity
Non�Fermi�Liquid

?
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Crystal Structure and Physical Properties of 
Itinerant 4d,5d Pyrochlores, A2B2O6O’

2010.12.20 4th Three Organization Joint Meeting @ Ueno

RIKEN  Ayako YAMAMOTO

Focus on trigonal distortion of BO6
(positional parameter, x (O))

Conductivity - bonding angle
Magnetism - orbital sprit 

Valence of B: 
less distortion, 2+/5+  

Bonding character of A:
comfort with Hg, Tl

9.
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t2g t2g a1g
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Distortion in the cubic phase
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Outline

(1) Basic crystal structure of pyrochlore
Importance of positional parameter parameter x

(2) Material summary of itinerant 4d,5d pyrochlores
A-site effect : structure & properties for
3+/4+, 2+/5+ having partially filled t2g orbital

(3) Structure of low T phase of Hg2Ru2O7

(4) 4d versus 5d : Tl2Rh2O7 and Tl2Ir2O7

(5) Summary

 

Composition of Composition of PyrochlorePyrochlore

"#�$%�&�"#�$%�&�%'�%'�����((
)�)�*�*�������++

(1)A2B2 O7 (3+ /4+)          ex. Dy2Ti2O7 , Tl2Ru2O7 

(2)A2B2O7 (2+ /5+)           ex. Cd2Re2O7, Cd2Nb2O7 

(3)A2B2O6 (1+/5+, 3+/3+) ex. Tl2Nb2O6, Bi2Sc2O6

(4)AB2O6 (1+/5+,6+)          ex. KNbWO6, KOs2O6

( B2O6A

Spin ice

Super
Dielec
trics

MIT

Super
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Structure of Pyrochlore and related 
,   -

Pyrochlore lattice

Hexagonal, AxBO3

Pyrochlore
A2B2O7

Frustration / tetrahedron

Conduction / octahedron 

Weberite, A2B2O7
CN(A1)= 4+4, CN(A2)= 2+4+2

Pyrochlore, CN(A)= 2+6

 

Local structure of
pyrochlore

M.A. Subramanian et.al., Prog. Solid St. Chem. 15 (1983) 55-143.

A  (1/2,1/2,1/2)
B  (0,0,0)
O  (x,1/8,1/8)
O’ (3/8,3/8,3/8)

dA-O = dA-O’dA-O > dA-O’

Pyro Fluo

CN=8CN=2+6

Defected fluorite: 4 x (AX2) – X  -> Pyrochlore: A2B2X7

x(O)=0.375 original cubic -> x(O) = 0.3125 regular octahedra
B-O-B angle 110 � ->  B-O-B angle 135 �
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Structural parameters depending on x (O) 

Large Gap

Conductivity

No distortion

Large 
distortion

 

A2+/B5+ Ru5+, 4d3 Re5+, 5d2 Os5+, 5d3 Ir5+, 5d4

Ca2+ M, Ca1.9
Para-SG

0.320

Metal, Ca1.5 weberite M, unstable

Cd2+ I-M(90K)
Para-AF

0.319

M-M(200K)-
M SC@1.2K

0.317

MIT@230K
Para-AF.

0.319

M
Para

Hg2+ MIT@107K
Para-AF

0.317

Hexa. SC
Tc=8.0K

M-M(100K) 
Para-AF.

0.317

M
Para

Pb2+ M, O6.5 M, Pb1.83 M M

A2B2O7 A: nonmag, B:4d5d t2g partially filled
itinerant 4d,5d pyrochlores with spin

Underlined  High pressure

eegg

tt2g2g
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Ca-O  2.408 x 6 
Cd-O  2.348 x 6

CaO,
CdO

Tl2O3

HgO

Tl(1)-O  2.424 x 6 
Ti(2)-O  2.177 x 2

2.224 x 2
2.529 x 2

Hg-O  2.028 x 1
2.042 x1

(2.821 x 2, 2.825 x 1,  2.896 x 1)

Character of coordination in simple oxides

In pyrochlore lattice
Hg-O  2.21 x 2, 2.59 x 6

 

In simple oxide 
(AO, A2O3)

In pyrochlore
(A2Ru2O7)

x O-B-O B-O-B

Hg2+ 2.03 x 2, 2.83x 4
CN=2+4

2.21 x 2, 2.59 x6 0.317 88.2, 91.8 138.5

Cd2+ 2.35 x 6
CN=6

2.19 x 2, 2.56 x6 0.319 87.3, 92.7 137.1

Ca2+ 2.41 x 6
CN=6

2.20 x 2, 2.57 x6 0.320 87,1, 92.9 136.9

Tl3+ 2.20 x 2, 2.47 x4
CN=2+4

2.20 x 2, 2.53 x6 0.325 85.2, 94.8 134.2
Metal

Nd3+ 2.30 x 3, 2.40 x1 
2.66 x 3 
CN=3+1+3

2.24 x 2, 2.54 x6 0.329 83.3, 96.7 131.3
Ins.

Y3+ 2.29 x 6
CN=6

2.20 x 2, 2.46 x6 0.335 81.5, 98.5 128.5

Summary of bond distances & angles of A2Ru2O7
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Divalent A 

Hg: very comfort       T*~100K

Cd: comfort               T*~200K

Ca: possible but deficiency, SG 

Pb2+: lone pair,          
Induce oxygen deficiency
Distorted F43m  

A site preference
Trivalent A

Tl: very comfort        T*~100K

Bi: lone pair, 
Bi6p near Fermi level  conductive 

Ln (Nd, Sm, Gd, Dy, Ho, Y)
(size effect on distortion )
Ferro, spin glass 

No phase with La !! 

Pb2+/Pb4+ ?  complex

 

B site valence 
A2+/B5+ x=0.317,  close to regular (x=0.3125) octahedron 
A3+/B4+  x=0.330, trigonal distortion even in high T cubic phase

A site preference
Increase trigonal distortion especially for small size lantanoid

B site d electron number  
does not affects so much in x

Additional factor
Spin Orbit coupling for 5d
Z=4 multiband near Fermi energy, topological insulator? 

Some factors related to x 
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Structural analysis of Hg2Ru2O7

Crystal structure
(1) Lab  detected the distortion

but problem on wave length, intensity, resolution
(2) Synchrotron

coexistence of Hg and O, X-ray absorption, 
(3) J-PARC  

intensity (iMATERIA better), resolution (SHPD)

Magnetic structure
(1) NMR magnetic order at the T_MIT, Hg, isotope Ru 99
�>� �SR  magnetic order at the T_MIT
(3) High field, no enhancement up to 45T
(4) Neutron diffraction, volume(intensity) problem

 

Phase transition from Cubic to Phase transition from Cubic to TrigonalTrigonal

111

/012345671238
39:;<=>?@ABCD3E:;<=>?FGHIJ
KLMNOPQRSTUVWXY/04567Z

Ru Trigonal

Ru Trigonal

Ru Kagome

Ru Kagome

Kagome
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Structure : DistortionStructure : Distortion

Hg2Ru2O7          Tl2Ru2O7
Low temp phase                     trigonal ortho
Direction of distortion           [111]                 [110]

�[�����������\��]����#��^���" ���&�� !�

_��_���

Chain a

Chain b

Tri

Tri

Kagome

Kagome

Kagome Chain b

Chain a

Chain a

Hg2Ru2O7
Tl2Ru2O7

 

Summary
(1) Positional parameter of oxygen is a key of structural distortion. 

Conductivity: bonding angle of BO6-BO6
Magnetism: orbital sprit  ->  release spin frustration

(2) Preference of A ion is important.
Hg > Tl > Cd > Nd > Ca >> Gd >> Y

(3) Trigonal distortion of BO6 at room T depends on valence of B 
ion and coordination character of A ion. 

(4) Example: analysis of Low T phase of Hg2Ru2O7

(5) Neutron diffraction analysis is needed and in progress at J-
PARK  SHPD and iMATERIA. Single crystal ??
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(CMRG)
(CERG)

 

Collaborators

(Univ. of Tokyo, CMRG-RIKEN)
(CMRG-RIKEN)
(ERATO-MF)
(ERATO-MF)

(Univ. of Tokyo, ERATO-MF)
(Univ. of Tokyo)
(JAEA)
(JAEA)
(ISSP, Univ. of Tokyo)
(Tohoku Univ.)
(Univ. of Tokyo, ERATO-MF)
(IMRAM-Tohoku Univ / RIKEN SPring-8 )
(CMRG-RIKEN / CERG-RIKEN/
Univ.of Tokyo / ERATO-MF) 
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Outline

- Introduction of spin driven electric polarization

- Weak magnetic field control of polarization 

in Y-type hexaferrite Ba2Mg2Fe12O22

- Polarized neutron diffraction study on 
Ba2Mg2Fe12O22 in transverse magnetic field

- M-type hexaferrite with room-temperature conical 
spin structure

- Summary

 

Introduction
What’s interesting about magnetically induced polarization?

Mutual control of electricity and magnetism with
magnetic- and electric-field.

Possible device application in future spin-
electronics

e.g.   E-driven magnetization reversal 
with low power consumption
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Introduction
Mechanisms of magnetically-induced polarization

Spin current model    
Inverse Dzialoshinski-Moriya interaction

Symmetric exchange striction

TbMnO3, Ni3V2O8, MnWO4, CuO, Hexaferrites

Ca3(CoMn)2O6, GdFeO3 , o-RMnO3

Cu(FeGa)O2

P ~ e¤(Si¤Sj)

P ~ Si · Sj

Spin dependent orbital hybridization

P ~ (e · Si)Si - (e · Sj)Sj

 

Introduction

Magnetically induced ferroelectricity in TbMnO3

T. Kimura et al. Nautre 426, 55(2003)
Y. Yamasaki et al. Phys. Rev. Lett. 98, 
147204 (2007)

Polarized neutron

collinearbc spiral

Transverse spiral 
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polarization generation due to anti-symmetric exchange striction

Si Sj

“Spin current model”
Katsura, Nagaosa, Balatsky PRL 95, 057205 (2005)

Sergienko and Dagotto, PRB (2006)
Mostovoy, PRL (2006).

“Inverse DM interaction”

P = Aeij¤(Si¤Sj)
P

|| eij

Si¤Sj

eij

P

Spin-orbit interaction  + Spin canting (=spin current)            Polarization

Direction of P depends on the sense of spiral

Transverse spiral structure gives rise to P

 

Ferroelectricity in helimagnets under magnetic field

P
transverse conical
P ? 0, M ? 0

k

P = @Aeij¤(Si¤Sj)

@Si¤Sj || B

k

P
Katsura et al., PRL (2005)
Mostovoy, PRL (2006).
Sergienko et al., PRB (2006)

longitudinal conical 
P = 0, M ? 0

Weak planar anisotropy
control of screw axis by low mag. field

k || @ Si¤Sj

B

spin helicity
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Outline

- Introduction of spin driven electric polarization

- Weak magnetic field control of polarization 

in Y-type hexaferrite Ba2Mg2Fe12O22

- Polarized neutron diffraction study on 
Ba2Mg2Fe12O22 in transverse magnetic field

- M-type hexaferrite with room-temperature conical 
spin structure

- Summary

 

Field-induced rotatable polarization in helimagnetic
hexaferrite Ba0.5Sr1.5Zn2Fe12O22

k0 ||c axis

P

B

working at high T
working at high B

Relation between helical structure
and field-induced polarization is not clear

Unique phase ?

rotatable

BkP $ 0

fan

Strong spin anisotropy
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Y-type hexagonal ferrite Ba2Mg2Fe12O22

Basically, Spinel structure Helical structure composed of 
Long and Short “spin bunch”

Momozawa et al. JPSJ 62, 1292 (1993)

L-spin
(~12.5 �B)

L-spin

S-spin
(~4.5 �B)

L-spin

S-spin

S-spin

L-spin (~12.5 �B)

L-Spin(~12.5 �B)

S-spin(~4.5 �B)

S-spin(~4.5 �B)

Frustration

 

Helimagnetic order in Ba2Mg2Fe12O22

Proper 
screw

Collinear
ferrimag.Conical

Magnetically easy surface seems to be conical.Magnetically easy surface seems to be conical.

H || ab

T < 195 K       
Proper screw

ck ||0

T < 50 K  
Conical

H || c

H = 100 Oe
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Magnetoelectric phase diagram of Ba2Mg2Fe12O22 
with transverse  magnetic field

S. Ishiwata,  et al., Science 319, 1643  (2008)     
c.f. K. Taniguchi, et al.,  Appl Phys. Exp. (2008)

B || a
]k0

FE1 FE3FE2

BkP $

B || a
]k0

BkP $ P = 0 for 
collinear Ferri. 

Indication for spin current mechanism

 

Polarization reversal by magnetic fields of :30 mT

0kB A

B

k0

P

S. Ishiwata, et al.  Science 319, 1643, (2008)

Ba2Mg2Fe12O22 T = 5 K 

I(
pA

)
P

(�
C

/m
2 )

B
(m

T)

Time (sec)
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Ferroelectric helimagnets

Working at HFE~ 1 T and TFE < 40 K

In Ba2Mg2Fe12O22 , polarization can be controlled 
with the lowest field (30 mT) ever reported

 

Outline

- Introduction of spin driven electric polarization

- Weak magnetic field control of polarization 

in Y-type hexaferrite Ba2Mg2Fe12O22

- Polarized neutron diffraction study on 
Ba2Mg2Fe12O22 in transverse magnetic field

- M-type hexaferrite with room-temperature conical 
spin structure

- Summary
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Ferroelectricity in helimagnets under magnetic field

P
transverse conical
P ? 0, M ? 0

k

P = @Aeij¤(Si¤Sj)

@Si¤Sj || B

k

P
Katsura et al., PRL (2005)
Mostovoy, PRL (2006).
Sergienko et al., PRB (2006)

longitudinal conical 
P = 0, M ? 0

Weak planar anisotropy
control of screw axis by low mag. field

k || @ Si¤Sj

B

spin helicity

 

T. Nagamiya, J. Appl. Phys. 33 1029 (1962)

M
ag

ne
tic

 fi
el

d

Anisotropy 
energy

Transverse conical spin structure becomes stable 
at low H when the anisotropic energy is small 

B

k

transverse 
conical

ferroelectric

P

Helimagnetic structure under magnetic fields

B
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B

Magnetic phase diagram of Ba2Mg2Fe12O22

H. Sagayama et al.  PRB (2009)

Complex phase diagram

S. Ishiwata et al.  Phys. Rev. B 81, 174418 (2010)

TAS-1, JRR3

 

0.5 T, 3.5 K
Polarized neutron diffraction on FE3

Polarized 
neutron

FE3 phase has 
transverse conical 
spin structure

cycloidal
component (A B)

transverse ferro.
component (|| B)

TAS-1, JRR3
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Magnetic field dependence of satellite peaks

(0 0 18-¥)(3 3 0-¥)¦

k0 || [001]

•spin spiral is squeezed along (001) 
upon application of magnetic field

B || [110]

increase B

P || [110]

S. Ishiwata et al.  Phys. Rev. B 81, 174418 (2010)

 

Possible Magnetic structure model for FE3

transverse conical 
(double fan )

�S

[001] || k0

SL

SS

�L
[110] 

[110] ¦

•Calculated P reproduce the 
experimental P qualitatively, but 
not quantitatively.

Pcalc =ASSSLsin�Ssin�L

q = (0 0 3/2)

�S = �L

B

L1
L2

S1

S2

L2

L1

S1

S2

[001] || k0

B
S. Ishiwata et al.  Phys. Rev. B 81, 174418 (2010)
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Electromagnon absorption as observed by THz spectroscopy 

N. Kida, D. Okuyama et al.   Phys. Rev. B 80, 220406 (R) (2009)

Magnon excitation 
driven by electric 
field of light

 

Outline

- Introduction of spin driven electric polarization

- Weak magnetic field control of polarization 

in Y-type hexaferrite Ba2Mg2Fe12O22

- Polarized neutron diffraction study on 
Ba2Mg2Fe12O22 in transverse magnetic field

- M-type hexaferrite with room-temperature conical 
spin structure

- Summary
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Hexaferrites as promising multiferroics

Y-type,   weak field (300 Oe) control

S. Ishiwata et al.  Science (2008)
K. Taniguchi  et al. APEX (2008)

Y-type, B-induced polarization 
T. Kimura et al. PRL (2005)

Z-type,   room temp. operation
Y. Kitatawa et al. Nat. Mat. (2010)            

 

M-type hexaferrite BaFe12-xScxO19

O.P. Aleshko-Ozhevskii et al. JETP  (1969).
Aleshko-Ozhevskii et al, JETP Lett. (1968).

BaFe12O19

Hard  magnet (uniaxial:M||[001])
cf. Y-type §planar

longitudinal conical (k0||[001])

6 6 63 6

R’

R

Ba

Fe

O

BaFe12-xScxO19 ,x=1.2-1.82

M-type: 
ferrimagnetic (uniaxial)
§ longitudinal conical

c k0||[001]

5

7

7

R

R’

R’

x=1.8:
7=150¨, 5=30¨
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Ferrimagnetic to conical transition in M-type hexaferrite 
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Y. Tokunaga et al. Phys. Rev. Lett. 105, 257201 (2010)

 

Neutron diffraction study of conical transition
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Y. Tokunaga et al. Phys. Rev. Lett. 105, 257201 (2010)
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Neutron diffraction study of conical transition
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Polarization induced by transverse magnetic field
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T-H phase diagram in transverse magnetic field
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Polarization in tilted magnetic field
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Summary
+  In Y-type hexaferrite Ba2Mg2Fe12O22

*Polarization is induced by transverse magnetic field.

*The direction and magnitude of P was controlled by a magnetic field 

as weak as 300Oe.

+ In Y-type hexaferrite Ba2Mg2Fe12O22

*Transverse  conical structure was confirmed 

by polarized neutron diffraction.     
*Gigantic magneto-chromism was observed via electro-magnon excitation.

+ In M-type hexaferrite BaFe12-xScxO19,
* Conical spin state above room-temperature with robust spin helicity

* Clamping between spin helicity and magnetization changes as T varies.

S. Ishiwata et al.  Phys. Rev. B 81, 174418 (2010)

S. Ishiwata et al.  Science 319, 1643 (2008)

Y. Tokunaga et al. Phys. Rev. Lett. 105, 257201 (2010)

N. Kida et al.  Phys. Rev. B 80, 220406 ® (2009);  N. Kida et al. submitted.
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Outline

• Introduction
Multiferroic triangular�lattice�antiferromagnet CuFeO2

• Spin�lattice�coupling�CuFeO2
© Lattice�distortion�(synchrotron�x�ray)�
© Spin�wave�excitation�(neutron)
© High�pressure�study�(neutron)

• Multiferroicity in�CuFeO2
© Spin�chirality (neutron)
© Orbital�modulation�(synchrotron�x�ray)

• Summary
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Crystal�Structure�and�Ground�state�of�CuFeO2

Delafossite CuFeO2
Magnetic Fe3+ (S=5/2, L=0)
Nonmagnetic Cu+, O2-

c

<110>

collinear 4-sublattice ground state of CuFeO2
Mitsuda et al. JPSJ 60 1885 (1991)

???

Typical Heisenberg TLA ?
120¨ structure  

 

H�T�magnetic�phase�diagram�of�CuFeO2

H-T magnetic phase diagram
Magnetization process

Kimura et al. PRB 73 220401(R) (2006)

Ferroelectric Polarization
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Kimura et al. PRB 73 220401(R) (2006)

Field-induced Ferroelecticity
CuFeO2 CuFe1-xNxO2 (N= Al or Ga)

Impurity-substitution induced FE

Kanetsuki JPCM 14 145216 (2007)
Seki et al. PRB 75 100403(R) (2007) 
Terada et al. PRB 78 014101 (2008) 
Terada et al. JPCS 145 012071 (2009)

Field�and�substitution�induced�ferroelectric�state

 

Motivation:�Study�of�CuFeO2

• Why�is�the�ground�state�collinear�ground�
state�?

• Why�does�the�ferroelectricity appear�in�the�
noncollinear phase?

c

<110>
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Outline

• Introduction
Multiferroic triangular�lattice�antiferromagnet CuFeO2

• Spin�lattice�coupling�CuFeO2
© Lattice�distortion�(synchrotron�x�ray)�
© Spin�wave�excitation�(neutron)
© High�pressure�study�(neutron)

• Multiferroicity in�CuFeO2
© Spin�chirality (neutron)
© Orbital�modulation�(synchrotron�x�ray)

• Summary

 

Spontaneous�lattice�distortion
N. Terada et al. JPSJ 75 023602 (2006)

X-ray diffraction intensity around 220 refletion

(0.5 0.5 0) superlattice reflection

Expected lattice distortion: scalene triangle

Experiment at BL46XU at SPring-8

Three-fold rotational symmetry breaking

Doubling the lattice period along [110] 

The geometric frustration in this system is released 
by the spontaneous lattice distortion.
As the result, the unexpected 4-sublattice ground 
state considered to be stabilized. 
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X�ray�diffraction�under�pulsed�magnetic�fields

Experiment at BL19LXU at SPring-8

Motivation: clarify the relationship between the magnetic phase transition and 
lattice deformation under high magnetic fields.

Electrical
leads

X-rays

Liquid nitrogen
in / out

Maraging
steel
tube

Narumi et al. J. Syn. Rad. 13 120 (2006)

2D pixel detector
Developed by PSI  

Typical diffraction images

Highest field: 38 T
Pulse width: 26 msec

 

Relationship�between�calculation�and�observation
Terada et al. Phys. Rev. B 75 224411 (2007)

Relative fractional change in lattice constant b 
in magnetic phases

Relationship between calculation 
and observation

The�relative�change�in�the�lattice�constant�b�can�be�
quantitatively�explained�by�our�magnetostriction model.
The�relative�change�in�the�lattice�constant�b�can�be�
quantitatively�explained�by�our�magnetostriction model.
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Magnetic excitation spectrum: Previous Works

«¬�àá¬��_°â:
��
ãW�&äRåIæçTèR::

Ye. et al. PRL 99 157201 (2007)
Terada et al. JPCM 14 145241 (2007)

%éê�ë�3ìíî7ïðñr

%éê�òóFôõ:sö÷�
~øùôúçTSHûè;

Fishman  JAP 103 078109 (2008)
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Inelastic neutron scattering

¡��� FB
/.MPa
��	R��

C1-1 HER JRR-3

}
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Spin-wave dispersion in CuFeO2
Nakajima et al. JPSJ in press arXiv 1011.2859v1

±F²üut� ��»Füut�

���%éê�òóFôøùôú�K

 

Motivation:�Pressure�effect�on�CuFeO2

Expected lattice distortion: scalene triangle

Magnetic ordering in CuFeO2 is stabilized with help of anisotropic lattice 
distortion lowering the lattice symmetry and release the frustration.

If the anisotropic distortion is suppressed 
by isotropic hydrostatic pressure, the 
magnetic ordering should be suppressed 
under the pressure.
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Our�Recent�Works:�Neutron�diffraction�CuFeO2�under�7.9�GPa

Sample size
0.50*0.60*0.25, 7.7 mg

Hybrid anvil type cell
developed by Dr. Osakabe in JAEA

JPSJ 79 034711 (2010)

N. Terada,  et al. PRB in press: arXiv:1012.1091v1

 

Our�Recent�Works:�Neutron�diffraction�CuFeO2�under�7.9�GPa

The wave number q=0.192 is almost the same as that just 
above temperature where the lattice distortion occurs under 
ambient pressure. 

Lattice distortion!
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Multiferroic triangular�lattice�antiferromagnet CuFeO2

• Spin�lattice�coupling�CuFeO2
© Lattice�distortion�(synchrotron�x�ray)�
© Spin�wave�excitation�(neutron)
© High�pressure�study�(neutron)

• Multiferroicity in�CuFeO2
© Spin�chirality (neutron)
© Orbital�modulation�(synchrotron�x�ray)

• Summary

 

Ferroelectric�Phase�of�CuFeO2,�
Cu(FeAl)O2 and�Cu(FeGa)O2 systems

Kimura et al. PRB 73 220401(R) (2006)

Field-induced ferroeletrics

CuFeO2
CuFe1-xAlxO2

Impurity-induced ferroeletrics Proper helical ordering
Nakajima et al. JPSJ 76 043709 (2007)

Si X Sj eij
eij || Si X Sj

Kanetsuki JPCM 14 145216 (2007)
Seki et al. PRB 75 100403(R) (2007) 
Terada et al. PRB 78 014101 (2008) 
Terada et al. JPCS 145 012071 (2009)

SM L
�

z

d-p hybridization mechanism
P� (eij • Si) Si - (eij • Sj) Sj

Arima JPSJ 76 073702 (2007)
Nakajima et al. PRB 78 024106 (2008)

� P(0) + P(2Q) + P(4Q)

Jia et al. PRB 76 144424 (2007)

CuFeO2

P� eij X (Si X Sj)
Katsura et al. PRL 95 157205 (2005)

Spin current mechanism

TbMnO3, MnWO4, etc

CuFe1-yGayO2
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d-p hybridization mechanism
P� (eij • Si) Si - (eij • Sj) Sj

Arima JPSJ 76 073702 (2007)
Nakajima et al. PRB 78 024106 (2008)

� P(0) + P(2Q) + P(4Q)

Jia et al. PRB 76 144424 (2007)

CuFeO2

Mechanism3: d-p hybridization
Arima JPSJ 76 073702 (2007)

1, Spin chirality should be 
reversed when P is reversed.

2, Spatial modulation with 2Q 
(and 4Q) of d-p hybridization. 

Experimental�Prove�predicted�by�the�theoryExperimental�Prove�predicted�by�the�theory

Polarized�neutron�in�electric�fieldsPolarized�neutron�in�electric�fields

Resonant�X�ray�ScatteringResonant�X�ray�Scattering

 

Polarized�Neutron�Diffraction�in�Cu(FeGa)O2

Purpose: Clarifying the relationship between magnetic 
ordering and   electric polarization in Cu(FeGa)O2.

��

d�
dB
�)
�)
�)

�)
�)
�)
:

$ S(;){(1( ( ˜ C & ˜ ;))2)(VRH (VLH )} m2(pN & ˜ ;))( ˜ C & ˜ ;))(VRH �VLH )

Neutron�scattering�cross�sectionNeutron�scattering�cross�section

˜ C 
VRH (VLH )

Spin chirality

Volume fraction of right-hand (left-hand) chirality

pN Neutron spin

Ferroelectric�polarizationFerroelectric�polarizationPolarized�neutron�diffraction�in�electric�fieldsPolarized�neutron�diffraction�in�electric�fields

Point
When the ferroelectric polariztion
is reversed by electric fields, is 
spin chirality changed or not? 
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PRB 79 214423 (2009)

Spin�Chirality and�Polarization�are�simultaneously�reversed�by�electric�fields !Spin�Chirality and�Polarization�are�simultaneously�reversed�by�electric�fields !

E�dependence�of�neutron�profilesE�dependence�of�neutron�profiles Relation�between�chirality
and�polarization
Relation�between�chirality
and�polarization

ChiralityChirality

PolarizationPolarization

Polarized�Neutron�Diffraction�in�Cu(FeGa)O2

 

Resonant�Soft�X�ray�Scattering�in�Cu(FeGa)O2

SPring-8 BL17SU
Temp down to 4 K

理研 田中良和氏
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Fe L��� 3d stateを直接観測

鉄のL吸収端の吸収曲線

0,�1�2q,�0�®BDEFG�:�¯��¬

Tanaka et al.  arXiv. 1012.3586

 

Fe L��� 3d stateを直接観測

軌道秩序

0,�1�2q,�0�®BDEFG�:�¯��¬

Tanaka et al.  arXiv. 1012.3586
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0,�1�2q,�0�®B����¬

Tanaka et al.  arXiv. 1012.3586

 

SM L
�

z

d-p hybridization mechanism
P� (eij • Si) Si - (eij • Sj) Sj

Arima JPSJ 76 073702 (2007)
Nakajima et al. PRB 78 024106 (2008)

� P(0) + P(2Q) + P(4Q)

Jia et al. PRB 76 144424 (2007)

CuFeO2

Mechanism3: d-p hybridization
Arima JPSJ 76 073702 (2007)

1, Spin chirality should be 
reversed when P is reversed.

2, Spatial modulation with 2Q 
(and 4Q) of d-p hybridization. 

Experimental�Prove�predicted�by�the�theoryExperimental�Prove�predicted�by�the�theory

Polarized�neutron�in�electric�fieldsPolarized�neutron�in�electric�fields

Resonant�X�ray�ScatteringResonant�X�ray�Scattering
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Summary

 

Previous�Works:�Pressure�effect�on�CuFeO2

Moessbauer spectroscopy
Up to 19 Gpa
Xu et al. PRB 69 052401 (2004)

Magnetic susceptibility
Up to 0.7 Gpa
Takahashi et al. J. MMM 272 213 (2004)



Magnetoelectric (ME) effects in RMn2O5

Hur et al.TbMn2O5 H//a

Switching of P by magnetic field

P is reversal.

HoMn2O5 H//b ErMn2O5 H//c

Ps

Ps

Ferroelectricity is 
magnetically driven. 

Rich variety of 
ME effect.

TmMn2O5 H//c

Flopping of P by magnetic field

Fukunaga et al.

Change of P by magnetic field

JAEA-Review 2011-020 



Crystal structure

Mn4+O6

octahedra

Mn3+O5

pyramids

R3+ ion
(R = rare earth, Bi, Y)

Crystal structure
(orthorhombic Pbam)

Magnetic & dielectric phases

qx = 0.5
qz = 0.25

LT-ICM CM

JAEA-Review 2011-020 



Three issues(?) in Mn125 system

(1) Rare earth moment.

(2) Mn4+ or Mn3+ ?

(3) At least, two different FE phases.

Large ME effect in LT-ICM phase

Ps

Ps

Higashiyama et al.

JAEA-Review 2011-020 



RE moment & ME effect
HoMn2O5 ErMn2O5

Ho spin // b Er spin // c

H // b H // b

H // cRE moments also play  
a role in ferroelectricity.

Three issues(?) in Mn125 system

(1) Rare earth moment.
For the sake of simplicity,
YMn2O5 is ideal !!

(2) Mn4+ or Mn3+ ?

(3) At least, two different FE phases.

JAEA-Review 2011-020 



Two possible mechanism
Inverse DM mechanism Exchange striction

PPP

Katsura et al. Chapon et al.

a

a

b

Mn4+ chain
cycloid structure

�
P // b by SxS model

Mn4+ Mn3+ spins
zigzag AF chain

�
P // b by S S model

TbMnO3

Ga3+ doping

Mn3+ : 3d4, S = 2, 
r = 0.645 Å

Ga3+ : 3d10, S = 0, 
r = 0.620 Å

Ga3+ doping dilute 
Mn3+ spins.

�
Dilute interchain
interaction, &
dilute S·S contribution.

Kimura et al.

Ga concentration

JAEA-Review 2011-020 



Three issues(?) in Mn125 system

(1) Rare earth moment.
For the sake of simplicity,
YMn2O5 is ideal !!

(2) Mn4+ or Mn3+ ?
Ga3+ doping dilute Mn3+ spins.
(Dilute S S contribution.)

(3) At least, two different FE phases.

Poling condition dependence
Journal of Physics: Conference Series 150 (2009) 042013
P. Chaudhury, C. R. dela Cruz, B. Lorenz, Y. Y. Sun1, C. W.Chu, S. Park and S-W. 
Cheong

YMn2O5

FE Ps//b

WFE Ps//b
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Three issues(?) in Mn125 system

(1) Rare earth moment.
For the sake of simplicity,
YMn2O5 is ideal !!

(2) Mn4+ or Mn3+ ?
Ga3+ doping dilute Mn3+ spins.
(Dilute S S contribution.)

(3) At least, two different FE phases.
Poling condition is important.

Experiment
Kimura et al.

x=0.047 x=0.12

Sample :
YMn4+(Mn1-xGax)3+O5
x=0.047 (HTICM-CM-LTICM)
x=0.12 (HTICM-LTICM)

Experiment :
Polarization measurements
Spin chirality by polarized neutron

Poling condition :
x=0.047
Poling @CM phase
FC 55K�24K, ZFC 24K � 4K

Poling@LTICM phase
ZFC 55K � 18K, FC 18K � 4K

x=0.12
Poling @LTICM phase
FC 55K � 4K

JAEA-Review 2011-020 



Detecting spin chirality
Incident PG(002) 
monochromator.
(Unpolarized beam)

Helmholtz coil guide 
field (HG) either
vertical or parallel 
to Q.

Scattered
Heusler (111)
double-focus
analyzer.

Q

Q

In this set-up, Pi=0.  Thus Pf� (� ���) is the direct 
measure of the magnetic chirality (M M*)//Q.

TAS-1 spectrometer at JRR-3M

Current definition

�

��

� HG // Q (Horizontal field, HF), non-spin-flip (NSF)   
�� HG // Q (Horizontal field, HF), spin-flip (SF)   

Ei = 14.7 meV
40’-80’-80’-80’

0 50
-15
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-5

0
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15

T (K)

0 50
0
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T (K)

x=0.12 sample

LT-ICM

HT-ICM

LT-ICM

HT-ICM
�

��

�

��

+1 kV

-1 kVHF SF �

HF NSF ��
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x=0.12  Poling @LTICM
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Temperature (K)
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C
)

M
xM

*
M

xM
* /

 M
M

*

+1 kV

-1 kV

+1 kV

-1 kV

+1 kV

-1 kV

� Measured with ZFH after 
FC from 55 K to 4 K.
� Positive P gives positive 
chirality.
� MxM* and P follows almost 
same T-dependence.
�Normalized chirality 
saturates quickly.

-5

0

5

-5

0

5

0 10 20 30 40 50
-1

-0.5

0

0.5

1

x=0.047  Poling @CM

Temperature (K)

P 
(n

C
)

M
xM

*
M

xM
* /

 M
M

*

+1 kV

-1 kV

+1 kV

-1 kV

-1 kV

+1 kV

� Measured upon ZFH after FC 
from 55 K to 24 K. 
(CM phase data)
� Measured upon ZFH after FC 
from 55 K to 24 K, then ZFC from 
24 K to 4 K.
(LTICM phase data)
� CM phase :
Positive P gives negative chirality.
� Upon CM-LTICM transition, 

�P flips, but chirality does not  
flip.
�Normalized chirality 
changes little.
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-5
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5
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0

5

x=0.047  Poling @ LTICM

Temperature (K)

P 
(n

C
)

M
xM

*
M

xM
* /

 M
M

*

� Measured upon ZFH after ZFC 
from 55 K to 18 K, then FC from 
18 K to 4 K. 
� LT-ICM phase :
Positive P gives positive chirality.
� Upon LTICM-CM transition, 

�Both P and chirality vanish.

+1 kV

-1 kV

+1 kV

-1 kV

+1 kV

-1 kV

Summary

LTICM phase CM phase

P - negative + positive

MxM* - negative - negative

LTICM phase CM phase

P + positive ~0

MxM* + positive 0

Poling @ CM (x=0.047)
FCZFC

ZFCFC
Poling @ LTICM(x=0.047, x=0.12)
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• Spin chirality & electric polarization were measured for Ga-doped 
YMn2O5, where Mn3+ spins are diluted.

• When pole at each phase :

• When cool down to LT-ICM phase, the sign of MxM*/M M* 
conserves.

• This is why P changes sign at the CM-LTICM transition when FC 
down to the CM phase.

• When pole at the LTICM phase, both P and MxM* vanishes at the 
LTICM-CM transition upon warming.

• These facts indicates that in the LTICM phase, the SxS mechanism is 
dominant, while SxS is not necessary for the ferroelectricity in the 
CM phase.

Summary 2

CM phase LT-ICM phase

P + positive + positive

MxM* - negative + positive

Summary 3

S S

SxS

YMn2O5
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SrMn3P4O14
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1.
AMn3P4O14 ACo3P4O14 (A = Sr, Ba)

Mn2+ 3d5 5/2
Co2+ 3d7 3/2
1/3 Mn Co
canted AF order Mn Co

T. Yang et al.,
Inorg. Chem.

47, 2562 (2008).

2.

SrMn3P4O14 200

58 T ISSP

JRR-3 LTAS
1/3

PSI DMC HRPT
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3.
3-1 SrMn3P4O14
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3-2 SrMn3P4O14 � (1)
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3.
3-2 SrMn3P4O14 � (2)
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3-2 SrMn3P4O14 � (3)
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3-3 SrMn3P4O14 (1)
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3.
3-3 SrMn3P4O14 (3)
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3-3 SrMn3P4O14 (5)
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SrMn3P4O14 5/2
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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