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Proceedings of the 4th Workshop of
“Quantum Complex Phenomena”
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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.

Keywords : NIMS-RIKEN-JAEA, Quantum Beam Technology
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The degeneracy induced by
Spin and Orbital degrees of freedom

Q:—k—Bln& —k—Bln *
e g, e (1-x)

degeneracy of Charge
and Generalized Heikes Formula

*Other Transition Metal Oxides
g, / gp —(ky/e)In(g /g,)

TidT3dY), TitT (340 6/1 ~154 pV/K
V3*3d?), vt adl 9/6 ~35 uV/K
38y, crtt@d?) 419 70 uV/K
M3t 3, Mn*t @) 1074 ~79 uV/K
Rh314d%, R 4d® 176 154 uV/K

Large thermopower is also expected!

Thermoelectric module

S = 25
=~ e - Q)
" - "55—1
0 = Qh
:5' —
= L

electric current
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spin-Seebeck effect

a thermocouple
metal A

Electric voltage

metal B g T
Spin Hall effect
b spin-Seebeck effect
metallic magnet [

“Spin voltage”

M . '
y T Spin current. Ji—J,

Flow of magnetization (spin current)

[Tohoku U]
measurement system

Pt: spin detector
Magnetlzatlon (4 mm x100 pm x10 nm)

i \

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

spin Hall effect:
Esie = Dise Js < ©

CHI
HI . .
NlmFe]g =
LO \
%, #T"* AT \ ) T+AT

- Hoo P
y H o d . . .
) tude & pol t fJ
?‘T = ~ ~ magnitude & polarization of J
T
Lower T end Higher T end
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lt [Tohoku U.]
b LowerT |C Higher T d Ni,Fe, film
Hi
LO/.
6 F vT
4+
2+
§ OhAAAAAL
- L H =100 Oe ei T T T T f T T T T g| T T 4 T
-2 2r Lower T 110_0 Higher T 110.0 Niy,Fe, Im_u
-4 -Ar _] 2“(1_‘[1—7——— — 21K
-8 1 1 1 T ! ! ! L _J —
0 6 12 180 6 12 18 0 6 12 18 18K[18K 18 K
AT (K) AT (K) -
| _"ﬂ 1SK[15K 15 K
=)
. 2 1 _12K]2K 12K
spin Hall effect: =
= DISH < ey K| 9K H——-—-‘ 9 K
i y i z +x - 3K| 3K y- 3K
AT=0K|AT=0K AT=0K
1 1 1 i 1 1 L 1 1 1 1 L L L 1
400 0 100 -100 0 100  -100 O 100
H (Oe) H (Oe)
Seebeck effect :
Charge current due to Entropy flow,
Spin Seebeck effect :
Spin current due to Entropy flow.
, O, | __[ O
Maxwell relation: =
oT ), ON, ),

O Ok,

of  of J(VT)X, «——  Spin dependent entropy difference

Hy —H, :(

J, === pD)oy (S, =5,)(VT)
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Injected spin accumulation and spin current in Pt:

cosh[(z—dy)/ A ]

Oy (2) = Oy (x)

cosh(dy/2y)
- Veu
Jg (2)=———du(2), z
e 0Z
Iy -
Oy (x) = Sg(=VT)x,
Pt
Inverse spin-Hall effect: d,, I Oty TJ‘E NiFe
N  —
onE, =04 (7)), 0
—
0Oy, : Hall angle
Oty
Spin-Hall voltage:
inh’ (d,/2
Veu :lgSH [IL] w SAT ~3uV,
2 dy )| cosh(dy/Ay)
Iy =0.4cm, d, =10nm, A, =10nm
Oy, =0.0037 for Pt (Kimura ef al.)
New experiment on YIG
X vic— o S Uchida et al.
YIG: (2009: unpublished)
Yttrium iron garnet H
Y3Fe5012 Pt ] H 1 ;x(mm)

| |
10 20 0 10 20
AT (K) AT (K)

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

electron  phpnon

(a) N; N, N
nagsnoen —_l== .-',--.--L-—.I :
B T i AR
TNi=Tr1=Ti Tno=Tp2=T2 Tn3=T3=T;5
(b) - T
T(z)
-7

ZI1 le ZI3
ph—drag
I o 7,AT

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

Fitting of the data by our theory
J" (T = const - B,(T)B,(T),,(T)

S
h 1+ (1/a)exp[-b(T, / T\ 1+ (1/c)T/T,)

Ty [T 6 Ty LT 7/2
duu et dvy
B(N=(TIT)) | ———  B(D=(TIT,)"
D oshi(ul2) 2 M o th(v/2)
Spin Seebeck effect ..
o " pin. ‘ ‘ ‘ Thermal conductivity
S Theor 1 : | | | | ‘
N PYS Y i S Theory ]
L:E.] L phonon—drag + magnon | Q s |
>£ h \. | % . K= (1/3)Vph2Cph (T)Tph (T) |
~ 08| . i 2 b ) i
£ oer Experiment =~ Experiment
< oal = / data from Slack & Oliver |
T e il . PRB4, 592 (1971)
w02 05 - .
N R S S | ; ‘ ‘ : ‘
0 50 100 150 200 250 300 0 0 50 100 150 200 250
Theory T [K] T [K]
magnon

300
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In conclusion;
Conversion among charge current, spin current, and heat
current provides a new paradigm in physics.

4

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

References:

S. Mackawa(ed.)“Concepts in Spin Electronics” (Oxford Press, 20006),
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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3. Magnetic X-ray Study on Electronic Structure

in 5d Transition Metal Oxide Compounds
5B EERIEYDEFEEDXBRESEEAE

ARIMA Taka-hisa

Institute of Multidisciplinary Research for Advanced Materials,
Tohoku University, JAPAN

RIKEN SPring-8 Center, JAPAN

Colleagues and Collaborators

MEDT: BAREENTETLEHLRAHADLRHATO—E

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

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

Cd,0:s,0,
J. Yamaura, K. Ohgushi, Z. Hiroi (Univ. Tokyo)

710,
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Outline

< Why 5d Transition Metal Compounds?
< Metamagnetic Transition and Electronic State in Sr,IrO,

< Magnetic Structure in Cd,0Os,0,

Merits and Demerits of X-ray Magnetic Diffraction

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?

Merits

*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.

Demerit

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

7117
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Resonant x-ray diffraction for 5d transition elements

Epp[eV]  dumin[A] | E3q[eV] dumin [A]
3d T™M 450~900  14~7 - -
4d ™™ 2.2k~3.4k 2.8~1.8 - -
Lanthanides |5.7k~8.9k 1.1~0.7 |450~1500 14~4
5d T™M 9.6k~11.9k 0.65~0.52| - -
Actinides 159k~ 039~ |3.2k~3.6k 1.9~1.7

Interest in St,1rO,

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

[
e Rl

2Sr,Co0, (3d5)

sol- . . ' —0.5§B dM
. —9T(HIG 4 = Da etal
Coulomb: 3d>4d>5d _OT : j J. Matsuno et al., Phys.
N T e me” Rew Leit. 93, 167202
Sc | Ti | V| Cr|Mn| Fe | Col|Ni|Cu T(K) (2004).
3
Y Zr Nb Mo | Tc Ru Rh Pd Ag 3 240 SrthO4 (4d5)
(Ln)| Hf | Ta | W |Re |Os | Ir | Pt |Au| £ Good Metal
B R. S. Perry et al., New J.
2 Phys. 8, 175 (2006).

Isostructure with (La,Ba),CuO,

r

100

200 300

Temperature (K)

plfrem)

Sr,IrO, (5d°)
I Semiconductor

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

- 12
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’ Magnetism and Spectroscopy

0.16 T T T
0.14 _\
E 0.12 Hlla axis iy .
I ' Weak ferromagnetism (0.15ug/Ir)
3 =i
Eoos| MO T ] below 230K
o8 : 1
E 0.04 .' -
2. _E.F;.T\ | G. Cao et al., Phys. Rev. B57, R11039 (1998)
b
0 50 100 |50T20(f<)250 300 350 400 No Neutron Data
(a) [Optical Conductivity at 100K (b) O1sXaSatsoK Eic .
ol - T,, Orbital Not Ordered.
- = yaimx
i 5 Novel ] 4=1/2 State?
£ Z
% 05} z
§ g B. J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008)
0.0 L
0.0 1.0 20

521
Photon Energy (V) Photon Energy (eV)

SPring-8 BeamlLine-19LXU (RIKEN-BL) Layout

P =1
e

* | Optical Hatch

[T

4 Experimental Hatch 4

Scanning Diffractometer

X-ray Phase Retarder | Multi-axis Diffractometer

—l— ==

[ O
KB Mirror
Experimental Hatch 1 ﬂ

X-ray Phase Retarder System Multi-axis Diffractometer Microdiffraction System

7137
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Magnetic Structure Analysis

B. J. Kim, H. Ohsumi ef al., Science (2009) BL29XUL & BL19LXU

L-scan profiles of Resonant X-ray Scattering
Ir L3 Edge Net moment

of each layer

2 (tou
> ©o1L
£
S
2
2}
C
2
£
18 19 20 21 22 23 24
L(rlu)
Tg 1200 oL
-
g
JE 800
>
% 400 ¢
3
g 0 i jieerey . Y

13 14 15 16 17 18 19
Lir 1w}

’ Metamagnetic Transition

7147
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Correlation Length

Canted moments

T
— 3000
5
5 2000
£
=
'Z 1000
jo3
E L
0 1
19.95 20 20.05
L[rlu]

£.~100 ¢ = 400 layers!

Scattering Intensity (arb. unit)

.
’

Resonant Spectrum: Wave Function J LS
eff —
= Ja1/2
Ir5d, |g 2/
N . (102 reflection = Jer=3/
08 L3 edge — absorption é
06 B L2 edge g‘
| ! % No Contribution
04 - :. 5 e
[ ] "2
&
g,

0.0 ————— 2 _
115 1120 1125 1280 1285 1290 == J=3/2(L3)
Photon Energy (keV) Ir 2p

—8—J=1/2(L2)
B. J. Kim et al., Science 323, 1329 (2009).

Spin-Orbital Coupled State
with Quantized J

i i 1
¥ Lot ) L)

Y, =%‘xy ¢>—%‘yz T>—%|sz>

A weak L, resonant enhancement can be ascribed to
a weak tetragonal field.

7157
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Calculation of Intensity of Resonant Scattering

¥, =cl‘xy T>+cz‘yz »L>+c3‘zx ~L>
Y, :cl*|xy¢>—c;|sz>—c;|sz>

(S//z)
At L, edge,
A 1~ .12
I= ;’SR[(CI 6 )Cl ]"‘ ‘5[(01 +2¢, )C3 ]
At L, edge,
AJ(. » =« 2
I = 5’\5[(101 + ¢, Xcl -, )]
Exotic Spin-orbit Coupled State in Ir**
<S>=1/6,<L>=2/3; L/S=4
probability~1/3 probability ~2/3

d-electron

-+

isospin up S=1/2, L=0 S=+1/2, L=+1

Jackeli, Khaliullin 2009

» Fractional Charge, Helical Edge Mode, Quantum Spin Hall Effect

7167
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‘ L-S Separation

Non-resonant magnetic scattering

(E, E.)--4 """"[Mw

M

o

M, =S§,sin260

M, =sin20[2L,sin>0+5,]

M, =-2sin’ Q[(L, + S, )cos - S, sin 6]
M, =2sin’® ¢9[(L1 + Sl)cos<9+ S, sin 9]

Spin and orbital moments respond in different ways.

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

Double Phase Retarder Method

CP

horizontal LP

First % Wave Plate -
Second % Wave Plate

H. Ohsumi

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

Degree of polarization

-90 60 -30 0 30 60 90
8/deg

N Variable Polarization Plane

Conversion to P45

7177




JAEA-Review 2011-020

Purity of polarization depends on the beam divergence

asa function of the incident angle

Phase retardation

Phase retarder

C 1 | ]
o 120 R T e O
o - " _.)..: BB £\ eeeeeeeinninnnee, [ (‘-}} 5 - 5,
‘E 60 [Ee —3 0 S ?l\
S E E
s i ]
8 °r 7
] — -
o I — —
2 60— ﬁivergencje\% - ) )
£ e N P gt 2} Beam with a divergence as low
120 R - ,
T M ] as ~10-3 degree is necessary for
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A. W. Sleight et al., Solid State Commun. 14, 357 (1974)
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Conclusion

X-ray magnetic scattering reveals
*Magnetic structures in 5d TMOs.
OMetamagnetic transition in Sr,IrO,
OAll-in all-out structure in Cd,Os,0,
*Wave function of 5d TM 1on.
0J.4=1/2 state in Sr,IrO,
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4. FEIEFEH M X FRENELIC KB
SralrO4 D EF i

BT S ET
AHET
HEMRKRE

AZV ATy Uy IA FHEHBFA BAMEZAB KKH—ARA
KIBEC, BIUAIGAC, MEFIRD, HATHCD
ARFHEEBEREE. BKEKIREHT, CRAFMEE. PIEL

1. Introduction
e resonant inelastic x-ray scattering (RIXS)
e clectronic structure of Sr21rO4 and related iridium oxides

2. Results
3. Other topics of RIXS

4. Summray
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Resonant inelastic x-ray scattering

e Inelastic version resonant x-ray scattering

e Resonant electronic Raman scattering using x-ray

spectroscopy scattering
(scan in energy space) (scan in reciprocal space)

~ S

momentum-resolved
spectroscopy

To measure
electronic excitation in Q-w 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 photon energy is tuned

from absorption edge near absorption edge

dynamical charge correlation function

N(Q,w) ~ Imy(Q,w) 2nd order optical process

(complicated)

(simple)
contribute evenly element selective
poor energy resolution
AE ~ sub meV AE ~ 100 meV
valence electron excitation across Er
is usually

resonance enhancement of

— limited to low Z materials -
valence electron excitation

phonon excitation (all electron in atom)

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

Il. Limited resources

Two types of resonant inelastic x-ray scattering

L-edge K-edge

4p

~_ "

Unoccupied
pd

Unoccupied
™ E . 7 Er
Occupied N F Occupied
2p 1s
direct RIXS indirect RIXS
E ~1keV (A~ 10A) E~10keV (A ~ 1A)
soft x-ray hard x-ray
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Comparison between L-edge and K-edge

F 1.0
80 F 1
70 E 1 0.5

0.0
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% 50%
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£ 40F |
S Esrcuqc ",

£ 301= h—
E :Nd”ﬁCq)_IsCuO \
E

)
<

EL% SQSrO.Iscuod

_.
<

'Bi-2212
0.1.u\nnlnnl.uwIunlnnlunluuhu. sl
9 8-76-54-3-2-1012
Relative photon energy (eV)

K-edge
La,CuO, E;=8992eV T=7K

450 . . . .
400 ?
350 | l
g 300 s
O, I
> 250 ‘ \‘
2 200 | [
8 N
E 150} l |
100

0 ooot® | e —f"" '7"."‘°9000“

-2 0 2 4 6

Ghiringhelli et al., PRL 92, 117406 (2004).

e weak elastic scattering

— accessible to low E excitations

Energy Loss [eV]

e large transmission
— high pressure
e polarization analysis

— symmetry of excitation

Magnetic excitation by L-edge RIXS

Cu L-edge RIXS at Swiss Light Source

Magnon dispersion of La2CuOa4

Norm. intensity (arb, u.)

. (@)
7 on)
7/
’ N
4 \\
- (7, 0)
\ (00),7
\\],
T 400
(Neutrons ) .
T e 4300 o
‘] RIXS)» g+ s
: : 3
. . 200 =
., L4 1 )
Ve 100 @
s 198
' 0
1 ‘ sl ! g

0.5 0.0 3 2 - 0 1 2 3
Energy loss (eV) q,
A: elasetic

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

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

—~
2

Energy transfer (eV)

FIG. 3 (color online).

Two-triplon dispersion of Sr14Cu24041

T 5 Int (au.)
0 6 N 3.0
: 4 r:n 25
g 20
a .
04} 3% Pl
QO
2 a 1.0
02+ T Mos
) S
0.0 —— 10
-0.6 -0.4 -0.2 0.0 0.2
q, (2rn/c))

(a) RIXS data as intensity map vs
momentum and energy transfer after subtraction of the clastic
signal. We overlay the extracted dispersion curve of the lower
boundary of the two-triplon continuum with open black diamond
symbols. For comparison we plot calculated one- (red dashed
line) and two-triplon (black full lines) dispersion curves from K.
Schmidter al. [22]. The right axis is scaled in units of J along the
rungs (J ), extracted from the theoretical model below. (b) RIXS

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

Reciprocal space (HL-plane) of La2CuQO4

Ls-edge
2 T T | T T ]
16 |- A
'S_' ! : : : : 'S'
R e N =
R A Rt
O bleogeeeeeeoo [T R boceooooooo: PR
0.5 0.25 0 0.25 0.5
T H[r.lu]
(m,0)

Inaccessible to (m,m)

RIXS at the L-edge of 5d transition metal benefits from both advantage.

Absorption edges of transition metals

100 T T T T T T T T T T T T T T T T T T T T T T T T
K-edge PRIPRIPSY = o o S
L;-edge

10 | PRPRPSY S5 o S

oo’

Absorption Edge [keV]

0.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ti V CrMnFeCo NiCu Zr NboMoTc RuRhPdAg TaHf W ReO@Pt Au

Element

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

2 ba) M Fo X . .
large small insulative
Ti]VICriMn Zn
o o I° o ‘é Coulomb band
Zr |NbjMoj Tc d|  repulsion (U)  width (W)
"7 n 74 b} o0
Hfl TalWIRe Hg small large metallic
0 I { }
_ (b) Sr,RhO, (4d) .
(b) SrsRuOy and SrsRhO, —'E v
A B C Q
D 2000 A B
02p tg! <) < v X
@ @]
3z2-r2 ~ 3
NC N 8 o : s
E; (¢) St,Ir0, (5d°) v
Sr,1r0O,
(¢) SralrO,4 A B . B
> z 2000 v
0 g g P & Unexpectedly,
L dia SralrOg4 is an insulator.
/\ AN 0 - - -
Ep 0 2 4 6 3
Photon Energy (V)
Moon et al., PRB 74, 113104 (2006)

. (a) LDA
Ir4+: (t29)5 in Sra2lrO4 1
1 #\ /A-.F-—/—:7' 0 7
? v DI K [l = &
d W Ul = r M X r
t,, band > (b) LDA+SO 1
LHB d Y S —
wide £,,~band Metal S = 1/2 Mott ground state f}a B oS~ | SN ——" 0 Sk
L S
© CI \ 1 03
_________ J_e/f= 1/2 band UI _A““"""ejf= 12 UHB r M X -
) t _ (c) LDA+SO+U
quIE to] Sy =1/2 LHB 5 qr —
Jyr=3/2 band T = 3/2 band . ~| —+—1.
G) e e i
J 4y band split due to SO J o= 1/2 Mott ground state / = : | 44 S
©) DR A at | | ,
ST N r M X r
d 10Dq e 5d @ (DAU
= Jyp=1/2 -~ = 1
Ly=1 - L
e T CSO ."___,,= _\ m
t Jan 0 o
% Jy=302 # _ I
Crystal Field SO coupling  Crystal Field SO coupling ﬂ = -4 S

Both U and SO are important

for the insulating state B. J. Kim et al., PRL 101, 076402 (2008)
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Confirmation of Jesi=1/2 state

(d) . :
AB_; -12unB Resonant magnetic diffraction
UI —— J 12 LHB A 10 Sr2lrOs T=10K i °(1 O22)l/Magnetic reﬂlection—X-ra'y absorption
ngl el = T ol L2 @Peo5d) L2 (2p12—5d)
J 7= 3/2 band i
£ os}
Jg7= 1/2 Mott ground state s
>
1 o 04
) = —=(22) - %2.2)) 3
A2 £
£ o2f
-1
|yz>=ﬁ(|yz,l>+|yz.—l>) N
-1 %% 11.20 11.25 12.80 12.85 12.90
|=x) = $(|Y21> - |Y2*1>) Photon energy (keV)
B 5=1/2 Model Jeft=1/2 Model
1:1 intensity ratio at Ls and L2 resonance only at L3 edge

’ eff X leff=
Ly=lm,, = 0> =|xy) 11 yizx chlf t::)e g: je:;;i
Ls L2 Ls I L2
l spin-o_rbit 2 =
coupling 2o core ! 2o
Ly =2um,, =12) = (et =iex) - o)
Jyp =12,m; = —1/2> = %(\YZ,D +ilzx.l)+|xy.1) B. J, Kim et al., Science 323, 1329 (2009)

Aim of RIXS study of Sr2lrO4

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

e Momentum dependence of the Mott gap (C)JLDA+S°+U - ‘ ;

N
L

fan

e Reconfirmation of the Jesi=1/2 state

(ne) 13

o New excitations
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SPring-8 BL11XU (JAEA beamline)

Sample configuration

Q = ks - ki

ki
aor[110]

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

e Measurement at room temperature
Tn = 250 K for Sr2lrO4

X-ray absorption and incident energy dependence

Q=(0,0,33)
Intensity [arb. units] RIXS of Pt metal

11240
11235
11230
11225
11220
11215
11210

ucigeuy EUﬂﬂ?\ﬂ[KGA]

Incident Energy [eV]

11205 - ¢ //[110] -
11200 i e //[001] | i/ L fo
— gusidh JLsvest [sp)
P A Glatzel et al., JACS 132, 2555 (2010
Energy Loss [eV] Intensity [arb. units] azetetal, , (2010)

Excitations appear near the peak of XAS.

. Fluorescence are dominant.
Raman features are dominant.
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Typical spectrum and assignment of peaks

RIXS spectra Optical conductivity
4000 C T T T T T ] 0 : : + E_
3500 (@) 3 E=11217eV _ () St,Ir0, (5d°) v
500 1 FE=112140V | T
o 3000 r C Q=(0,0,33) o D
é 2500 L i G 2000 } c v E
2 2000 | 1 3 A B L4
2 o
o 1500 b
£ 0 . . .
1000 7 0 2 4 6 8
500 i Photon Energy (V)
0 t= ' : ) Moon et al., PRB 74, 113104 (2006)
-2 0 2 4 6 8
2.2
Energy Loss [eV] 8 (32%:1%) band

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

A: Mott gap
B: doublet (Jeii=1/2) - quartet (Jer=3/2)
missing in RIXS ?

C,D: charge transfer 0 2p band

three orbital Hubbard model

(c) LDA+SO+U + variational cluster approximation
v q ’ !
P S =0 T z 0012
“J - = g g ‘1().0]0
‘ 0.008
D At

0.006

o (eV)

1
(b) Jest = 1/2 UHB -
0.8 0.081©
£o06 B 006-:?:’%1/’3 AT I B
2 Joif = 1/2 LHB g I sy
; 0.4 = 004f
02 Jeft = 3/2 band 0.02} |
0 i Lo 9 35-3-25-2-15-1-050 05 1
Too simplistic o (V)

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

B. J. Kim et al., PRL 101, 076402 (2008) Highest ied band | it
H. Jin et al., PRB 80, 075112 (2009) Ighest occupied band Is a mixiure

of Jesf = 1/2 and 3/2 bands
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Notation of momentum transfer

K
Brillouin zone of
iridium unitcell 1 ¢ g=(m,m) absolute momentum (Q)
\ Miller index of chemical unit cell
a=54979 A, c=25.798 A
1 o 0=(7,0) Two Ir atoms in a unit cell
} } } } H
-1 0 1 reduced momentum (q)

One Ir atom in a unit cell
neglect the component along the c-axis

Brillouin zone of
chemical unit cell

Momentum dependence

E|—11214eV Q=(H,K,33)
4000 F T ' . 3
(a) 3 E 11217eV 8
3500 | TE=11214eV | 7
5 3000 F C Q=(0,0,33)
& 2500 _6 _
> > 2
2 2000 @ 5 c
2 > 5
o 1500 D 4 3
= 1000 3, | S
53 >
500 % 2 )
c c
0 i 2
1 =
Energy Loss [eV] 0
(b) -1
Dp €g(3z2-r2) band (7t,0) (7/2,0) (0,0) (7t/2,7/2) (7t,7)
Momentum
R Jeff = 1/2 UHB
Er
Jet = 1/2LHB e Flat dispersion of excitation A
Jeff = 3/2 band .
of e Intensity at (r,r) near 0 eV
0 2p band e Dispersion of excitation C
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Flat dispersion of excitation A

8 T T T T T (a) LDA 1
7
I 4--;—‘—”"_7- N
6 L "\/ // O‘E
% 5 2} T~ ], 2
— c
=} I
§ 4 o r M X r
< (b) LDA+SO
3 3 [ ||| B epPAse 1
> z
22 g TS ~—°F
Wy 2 %) bl
£ = 44 S
0 D Ja
L M X L
-1 (c) LDA+SO+U .
0 (W20  (0,0) (w/2,7/2) () g N L
o
Momentum FanY P~ T~ *
A" : | | 1%
RIXS spectrum ~ convolution of occupied N Al | |
i r X r
and unoccupied band oAU M :
Band dispersion is flat in LDA+SO+U. N o7
] ©
= 341 S
Flat dispersion of RIXS is a characteristic % _ %
of SOI driven Mott insulator. r M X r
B. J. Kim et al., PRL 101, 076402 (2008)

Intensity at (rr,) near 0 eV

3000 3000 . . . .
2500 2500 r
‘2 2000 ‘2 2000 |
S S
2 1500 2 1500 -
2 2
é’ 1000 é’ 1000
500 ) 500 -
0 1 - i 1 I . 0 1
2 1 0 1 2 3 2
Energy Loss [eV] Energy Loss [eV]
Spectral weight of difference spectrum 2D character
is located near 0 eV. + independent of the Qc
Q=(1,0,33) is structurally forbidden in 144/acd. g=(r,m) is the magnetic Bragg point
It is not a magnetic Bragg point either. of IrO2 plane.
and measured above Tn.
— not elastic scattering Possibly, inelastic magnetic scattering
e spin wave in 2D order
o fluctuation
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Dispersion of excitation C

8 T T T T T K
7
6 Brillouin zone of
=5 @ iridium unit cell =(rt, )
) =
g ) %‘ o g=(,0)
L [)
1 E
: } f 4 } } H
! -1 o 1
(,0) (w/2,0) (0,0) (n/2,7/2) (7, )
Momentum
6000 : : il T
() E=11217eV Q=(0,1,33)
5000 c2see —( Brillouin zone of
> chemical unit cell
—_ -1+
2 4000
S
2 3000
2
é’ 2000 Spectra can be reproduced by two peaks
1000 with same peak position and width
0 Spectra are folded at the zone boundary
of the chemical unit cell

Ruddlesden-Popper series ' ' ' ' '
(a) Mott insulator Sr2IrO4 1 ey sei0, & Hmo
@ e l.A)nnl uu
ﬁmLHB UHB 1000 s
EF O~y ~
(b) Barely insulator Sr3Ir207 |2 & 10| «
Jef1n2, =T
i 2 S W
@\ |5 3 7
Er % T S
(c) Correlated metal SrlrO3 | g3 g .
em/z et g
' A (c) StlrO), (z+6) -é‘
Efp %0 0s 10 15 20 8
] Dlosian Energy (¢V) 9
-' ™ (@120 =
N @
T INF p (U
4 &@ W 103
1 T T »
) T (©]20 &
<5 / » ; 0 g
1K L | =
N | 1-20 @
1 . ; 3
L })__ F (f)' 20 > I L I L I
OE — f 2 2 4 0 1 2 3 4
SNE=== Sy
1 73///%_% | A Energy Loss [eV]
Y.i L. I 1-20
¢ Mo x G 0 -dep. is observed in SrirOs.
k E-E.  Moon et al., PRL 101, 226402 (2008) q-dep s
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Resonant inelastic x-ray scattering of Sr2IrQO4 at the Ir Ls-edge

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

e momentum-independent the Mott gap excitation
flat band by spin-orbit interaction

e possibly magnetic excitation at (r;,m)

e band folding effect in charge-transfer excitation

Improvement of energy resolution (in progress)

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

732,



JAEA-Review 2011-020

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)

nological insulator

Time-reversal invariant momenta Fu-Kane-Mele 2007
Li—(n,mny) = (mby + nyby + n3bsy)/2 Moore-Balents 2007
The strongly topological index (=% = T Sunns

nj=|1]

3 Weakly topological indices (== T Bumne
Diamond lattice with SOI

e =0,1:m=1

of a magnetic monopole
S.C. Zhang

Bi2Se3, Bi2Te3, and many others.

D

™ Cava, Hasan, ... RIK=N
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Quantum anomalous Hall effect

Ina ’rmnsla‘rion-invarianf insula‘ring state,

g-;H"-m_ uf E I f(sn(k))bf(k) U(1) Chern number

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

a,(k)=i(n k|Vi|n.k) Berry-phase connection

b,(k)=V; X a,(k) Berry-phase curvature

3D quantum AHE

e K

1 3
Ou=Eipf 3 K = 2 K . Ki‘l =—a_ d kﬂgllk)bnf'
if W p 2 - "

27 JEBz.

It has never been observed either experimentally or theoretically!

2
m
=@

Pvrochlore oxides A2B207

Possible A-site elements
and B site elements

Gardner-Gingras-Greedan RMP (2010)

‘ﬂ;_“

LA N4 YSIV 61 17/ | aﬂegg
L 6 7 9

Spin-orbit coupling

[[Fbiock ] Zr ' = 8 omow

Subramanian and Sleight, 1993 ¢ ! . —
' . s J-—hlghpnnunpham
0 105 | 110 | 13s]
Y Wl Trigonal CEF wowe ] se@) o

[AYER I b ]

p
&
H
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Scalar spin chirality

in the

Time-reversal
Inversion

rochlore system
Scalar spin chirality § .§ x§

- odd !
- odd

Anomalous Hall transport (Nd,Mo,0, Pr,Ir,0,, ..)
Nagaosa-Sinova-SO-MacDonald-Ong, "AHE” (RMP 2010)

S50-Nagaosa (PRL 2003)

A

Nd2Mo207

[b]
"?‘
“2-in, 2-out" ferromaM

[Taguchi et al.]

mm
WMQM

(100)

E
AN"
— &
(oo1) a
(010)
Mo

0y (H=05T) (' em™) @

Baskaran-Anderson
Laughlin
Wen-Wilczek-Zee
Kawamura

Ye et., Ohgushi et al.
Ong

Taguchi et al.

0 0

Nd Ising spin: in/out
O’Q """ "-O ) O
TB =sb; | M o O

= \ E
2 o H|/(100) &
gl= . —=—H|(110) ] i
N *—H|(111) ;ﬁ
0 1 Y - a
(1] 50 100 150

Temperature (K)

Pyrochlore iridates

Nagoya group (2003)

Matsuhira et al. (2007)

i 104 . :
o IY}xleIr207 (a) R ‘K
£=0.28 109 =5
8 i ] g
_ e ; Semiconducting £ ol g2
E 6 [ 12 i 8 = 1 3
G ;-3 . K= B0 100 120 140 160
E4 W E ¥ T(K :
g 1
0 b pisatsiantannstarsciamsiosnl . Metallic sz BT :
0 50 1001%?%?0250300330 0.1 P == o e
T (K)
©
RIM=EN
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Strong topological insulator

on the pyrochlore lattice

GUO‘FanZ (2009) Magnetic order
+ Single-band Pyrochlore-lattice model

Pesin-Balents, Nature Physics (2010)

Pyrochlore iridate
t2g orbitals with a large spin-orbit coupl
Neglecting the trigonal crystal field

Slave rotor approximation

—iO0: ’ ro,00 |[+]+]+]+

dRiﬂc‘ =€ i Ria Lo(m,m,m) | - | - |+ -

Ly(-m=mm)|+|+]|- ]|+

Ly(m,—mw,m)| + |+ | - +

Yang-Kim (2010) Facu o M e

+ STI (1.000) is stable under a sma | Xz(0,27,0) | ¢ | 2 | ¢ |
+ trigonal crystal field Xs@02m)fefe]e]e] | : ]
STI STI Metal - y
- - o ©
(tefty),  telta RIKZN

Role of rare-earth moments

2
mj
=0
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ll Chiral spin state in Pr,Ir,0,

0.8
. . 10 VA FC ! i B=0.05T
Time-reversal symmetry breaking and spontaneous oS S B P
Hall effect without magnetic dipole order ~ ! ! 1 g
Yo Machida'f, Satoru Nakatsuji', Shigeki Onoda’, Takashi Tayama't & Toshiro Sakakibara' g 6 ‘,"H1 : i oa =
- i | , 194 T
1.2 ' ' ' | spinsarccssentially ordered. However, itis usually difficultto extra g: * M 1 - %
the scalar spin chirality g reliably unless the spins are long-range 2+ | 1 | lo2 3
nrd:r;d"lnmmllcmmm.unlknh«ha::i.aﬁmuﬁpru‘: I 1 : ~
WL 1 e i g O A
. 1 - + E i et f 0
08 T 1ol T
g : ‘_E 3 :z w11 | 002 ‘E
17 a = T bl é
2 0.6 = { o1 =
= @ 5t l 0 00175
0.4 g - =
2 0
02§ £ e
- T o
$ o =
*E -1t -I?
<111> Ising moments i,, 0 2
Machida et al., PRL ‘07
2-in 2-out correlations in Pr,Ir,0,
Prlr.Or [Machida et al.]: <111>-Ising Pr moments
T T 1 L L] T T
ilLB : 41.5
Bl [111])
—0.06 K
'D.B - u-s K n
- 5 1§
a 06} m
Tm
2 0.4 0.5 "E
s {05 3
0.2 -
0 0
0 1 2 3 4 5 6 7
B(T)
Metamagnetic transition only along B//(111)@ B, ~2.3 T 2> J~ 1.4 K
- “2-in, 2-out” states are favored
Similarity to dipolar spin ice but without a clear plateau RIH=.I~I
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Spin ice & magnetic monopoles

Dy2Ti207

Castelnovo-Moessner-Sondhi

Metamagnetic transition under the (111)
magnetic field
> monopole Iqu|d gas phase transition

12

Experiment {ref. 6] 3 -in, 1 out”/”1 -in, 3 out

ED.&
3 i
2 06 L]
¥ & w0
g Simulation i
04 549
2-in, 2-out” £
0.2}F §
a4
L 2T neprean
0 0.1 0.2 0.3 0.4 0.5 0.6 o7 0.8
Temperature (K)
(Exp. Hiroi)
Monopole, anti-monopole P4
Dirac strin k.
9 RIKZN

Nonzero uniform chirality with M~
O at H=0: c/assical analysis

T-broken spin liquid at T, < T <6
(T;~0.3K, 6~1.5K)

This definition gives zero uniform chirality as M. 2120 state with M~0 but
d q | nonzero chirality
& }j and thus nonzero AHE
> '/ = /-"‘-.
A \-/“I“I Nonvanishing uniform chirality
1 j 2 A *2 summed over the hexagon
T = “\.a-"."'-‘
6.:; 1 +2n * +Bx’ ‘ +2x
-Bx

2
mj
=0
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Anomalous Hall effect

nk '];c q)n'k (I)n'k JI;:’ q)nk

(Zﬂﬁ) (Enk - Enk‘ )2

High magnetic ﬁeld

Anomalous Hall transport

40| 14 :
due to Ir 5d conduction
~ 30 13 electrons coupled to the
‘_g - Zor magnetofeld 5 chiral spin texture.
e N
= 10} 1
©

L L L | -2 .
3 35 4 45 5 55 6 Machida et al. Nature 2010
Number of d electrons/ir

A tiny orbital magnetization due to delocalized motion of conduction electrons

=2 | G .0 (1= a6 () x (21 ea0) = w6 =10 115 /PN
Resta, Vanderbilt RIKEN

Quantum nature of Pr moments

“Dynamic spin ice" (Zhou et al. 2008) ?

PrySn,0; low-energy neutron-scattering intensity

PcSn0, 2% - quantum nature
. o 0T 5%
% IT &5 6000
=] g0
E -;5 24000
S 0 gm
S
0
0 1 2 34 5
I QI (A™)
T No magnetic Bragg peak :f
2 4 X atT>02K .
'Eé 3r %-4' '.
S of R
> ,Sn, Ho,Ti,O, =
1H o 0T o 0T ) Structures around R
W T "] [q~0.5 Aand 1.5 A o
0 5 10 15 20 25 . o ' |
Temperature (K) c.f. Dipolar spin ice: Dy, Ti,O,, Ho,Ti,O; b4
Similar thermodynamic properties in Pr2Zr207 RIK=N
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Quantum melting of spin ice

Macroscopic degeneracy 2> Spin ice freezing

Quantum entanglement among otherwize degenerate states
~lifts the degeneracy
—>suppresses the spin-ice freezing

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)?

Pr,TM,O, (TM: transition-metal)

Small magnetic dipolar interaction for Pr (u~2.7pg).

Magnetic dipole interaction ~0.1K
Superexchange interaction is important

@
SO-Tanaka, PRL 2010, arXiv:1011.4981 RIM=N

Effective model (Pr, TM,0-)

Pr3*ion: f2 LS multiplet (J=4 )+ CEF (Oion)

Z CM,, My, Ms|2:5, Mi; 1, Ms)

11)

m) Non-Kramers mangetic doublet MyMs
- C J.m.m*.s.srfrt.,sfrt-:f,sf10)‘
|6) = a| M =40+ 0f| M = &) - y|M =-25) 2

Inelastic neutron scattering
D3d crystalline electric field

i 5th 1392 K r

- =< > 1
3-fold rotational symmetry about z = <111 ath 1218 K r
Sl 3rd  1044K My

2nd 580 K s

‘ Derive an effective superexchange Hamiltonian for
.......... - ' 1st 162 K

e
-----

ground state 0K

SO-Tanaka, PRL 2010, arXiv:1011.4981
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Superexchange Hamiltonian

SO-Tanaka, PRL 2010, arXiv:1011.4981

(a)

0OSieV U g likiisisEs

LDA+U calc.

? Pef <FP5F s
Pe'FP

FpP
FeP
4th-order perturbation expantion of transfer im‘egp
@

(d) Projection of the superexchange Hamiltonian

onto the subspace of local ground doublets HiK=h
1 -

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

—JZO‘O‘+250‘O‘ +0,0) +2q oo +hc)]

Ismg j‘ exchang74 double spin-flip —

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

3 o S4 2
~ 0 =0 ¢
There would be a finite region around d=gq=0
where the spin ice or U(1) spin liquid is stable.

But, they are large, something different happens.
—_— =0
—_— . =—27/3
—_—,.=27/3
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Physical observables

O'rZ : atomic magnetic dipole moment / My(effective moment)
<0' 0'>OC<0"Jf‘0'>oc0'

O —O'>

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

Coupling constants

d, q = quantum nature

z

O-r

|-o)ec o] 7.0

7

X,

Yy .
O, " : atomic quadrupole moment <O'

(atomic electric quadrupole moment )

02 ;
(11| PO Ssle _5 eSS s /Ferromagnetic superexchange
E_'ﬂ_o'z 1 Ising coupling J > 0
", A PEIEEERES p=-y/3 in a pseudospin language.
....... B =—y/6
p=0
.| =———— f=vy/6
————— B=y/3

SO-Tanaka, arXiv:1011.4981 RIK

SO-Tanaka, arXiv:1011.4981

IQI e rleyd] O fold degenerate
1 Quadrupolar state
(120° pseudospin AF)

L e e e P S I S

" = 5 " ®§ = = = -h“ . @ o © % 0 ©
" " N OB o®R R OB W s * « o o 0o 00 o0 ¥
- = = = = 8§ =2 8 & ‘l L "« @& o © © O © o +
- & a8 @ o . e
AF quadrupolar state e iy : ) : : =gl (Chiral spin liquid ?)
(Collinear pseudospin F) [N NS !
" = = ®m ®m ® ®E = ® ® ‘.I "= ® » = ® 5 = & ® l
" = o ®E " o o®m s W = : * = = = = = ® = = U(l) Sp|n IIQUId ?
* = & = = 8 8 8 = 8 | wos = ® = ® ®m . (quan"l'um Spin ice)
I —— e e -i_ P P - *
-1 -1/3 0 1 8
= g=0, *lo g = Ky, ky, or A N.N. spin ice
R=1, I=+1 or -1, T=+4/-1 W N.N. Heisenberg AF
I=+1, I=#+1
@

RIM=EN
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Neutron scattering profile

S(@) _ 1 _ 94,
Mg _NZZ(@,/ -'|2

i_J z__z ig-(r—r'")
]n, nt(oios) e

hhl), M, ngﬂB(4a2+ﬁ2_272)

q

ror'i,j

=l

02
017 it
Y ()Y C)
%% 05 10
q(1/A)
broad peak

Structures around |g|~0.5 A-'and 1.5 A"
Consistent with exp. on Pr,Sn,0O, (Zhou et al.)

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

N
Dipolar spin ice

S.T. Bramwell and M.J.P. Gingras
Science 294, 1495 (2001)

0.0

Numerigal
°5imulatibn'§

M (gl

Numerical results

H//(111)

El

M (i /Pr)

15 2.0

4 25
wHI

30 =5

Ground state =) 7, =—1
Excited state =) 7, =+1

Experiments (Pr,Ir,0,)
[Nakatsuiji et al.; Machida et al.]:

1LB " 15
sipm)
—0.06 K A
08l — oc.'g_x' a
0.6 M o
0.4 o ; =
05 =
v - -
0.2 '-.\ S

2
mj
=0
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Role of Ir electrons

2
m
=@

Band structure

LSDA based on the fully relativistic Dirac equation Jo =1/2  models

(OPENMX by Ozaki, Yu, et al.) Pesin-Balents 2009

SO et al.

- | | | 1, /\
=] | &
_/‘_:7‘:':#‘# e
r X w L 1 K
Yang-Kim 2010

(a) to/1,=1.0 (b) tg/ t5=2.2 () te/t,=2.5

E(K)

NS TP P
~ . D LTS W
9 X w L g o NN c.-:ﬁ;‘: =
Totally different from the simple N.N. tight-binding model PRWLERXTONL TR [%I:{I"I—[-I
1 -
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Mott transition

Dynamical mean-field calculation SO-SO
for the effective single-band model

Metal
Mott insulator

Properties of spinons in insulators to be clarified!

Gapped or gapless with spinon Fermi surface? RIK

Effective single-orbital tight-binding model
+ Local Coulomb repulsion

Metastable magnetic structures

4-in, 4-out antiferromagnetic insulator

ON
Ferromagnetic Mott insulator is also possible \

3D quantum AHE!

Noncollinear ferromagnet
Sm21r207, Eu2Ir207, ... ?

2
mj
=0
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e Effective highly quantum pseudospin-1/2 model for Pr,TM, 0O,

» Ferromagnetic anisotropic superexchange interaction
- Incorporates “3-in, 1-out” into otherwise spin-ice states.

m Ferroquadrupolar ground state (Quantum melting of spin ice)

* Consistent with Magnetization curve

* Neutron scattering profile » Pseudospin chirality

=37 6(6.x0) \/;
I,m,n '

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

m Possible Mott-insulating 3D quantum AHE

® No indication of time-reversal invariant Z2 STl in a p.
realistic model RIKZN
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4
/‘

VIZ/-PHHI:

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

J-PARC Center/ JAEA
Masatoshi Arai

P AR‘ JAERI and KEK Joint Project
Japan Proton Accelerator Research Complex

High Intensity Proton Accelerator Project FOARE BT NIRRT

@ ' ©
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o"
"‘p’rﬁc
J-PARC
e _§ 5 g gy § §y | EmEOn
Q
&
250 IS Q' — 500
3 >
mm Beam power (kW) ;8.\ S
—— Average availability (%) é (\\/ § 210 kW o
—=— Cumulative beam power (MWh) OQ "\\ ,9 Ft
200 N AN 400 =
K3 S S& 2
= NS Ny =
s ) N ]
= % 150 > %) S r§ 300 §
§ © Vs Ve 120 kyy VeV high reliability g
3 © 2 over 93% @
Q m g
(]
E 5 100 200 ¢
@ & =
. 3
£
50 1100 3
0

‘15"-1}”«"-‘ A I I A

: A\
Y A7 WA
SR LN KT S
PPEy S & &L PP F e
S § & ¢ ¢ ¢ & & o5
TS S & & & &8 & &S

LTI

Materials Life Science Facility of J-PARC |.

Neutron Experimental Facility
JSNS

Neutron Target Station
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V> J-PARC MLF Experimental Hall
% rnc The Hall #2 The Hall #1

(¥ Diffractometer (structural analysis)

[EIHTET (185 E 2 B)
HRPD: high resolution powder diff.
B 7 BEREETHT AT
iBIX: protein diffractometer
FANI E g en B

* NOVA: liquid -amorphous diffractomete
7-'E/L77X0)/§15 (%%WE##NEDO) <&

ﬂﬁﬁﬁ*ﬂ

SHRPD TAKUMI ([E): residual stress ana/ a
BB BT

IBIX

NOVA

(NEDOE&'%)

TAKUMI
()

IMATERIA

(RREE)
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¥ 2 Time of Flight method
P _jraRc .
(importance of peak flux)
<
5
§ 1 Diffraction Peaks Scatt.
3 angle
E Y
Detector
L2
L2
[ Sample
detectors
L1 [ 1
Time of flight
Sharper pulse or longer flight pass > Neutron
gives higher resolution Target

7507
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oo TOF Scattering Diagram

TOF enables a Fixed Angle Experiment ¢

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

Incident white beam
0 EO

L, (Moderator-Sample)

TOF is suitable for extreme condition experiments

(2 Simultaneous Measurements
S on Stresses along Axial and Radial direction

=== ferrite (a-Fe)
S| cementite (Fe3C)
lamelae structure

2d-detector

20 T rer drewing 20010 or drawing ~AX/G/ Direction
¢ Before drawing ® O ol10)
ferrite  (110) 5 e :‘(2(‘); .
15 Axial dir. only 4 o a(200) B \\ y
Ferrite is — 4 10 —_} App /ﬂ_q S ff' ess
strengthened

trans. dir.

No plastic
deformation

filled : axial
hollow : transverse kj’

Elastic strain
3

Plastic deformation

starts lattice

Spacing

Axial Direction

AD method TOF method

00 10 20 30 00 10 20 30 /0/7_9 bo/]
Applied stress / GPa ’ ’
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Residual Stress in the ITER TF cable

Aizawa Harjo

Guage volume
7 X2 X15mm?3

Poloidal Field (PF) Coil

Superconducting 11 /- T e Hem——— t:: - -
characters are d¥ B : < _ =
. n = = s
strongly depend on ~ Cenirel Solencid " IS 5 25 1 peaks
i ; BIEERE ZFULRS @ 58 Z T8
internal stresses in NosSniZiEEH 1O 228 ‘ ‘ 0 ﬁf along
cables. = | =2 \ “ﬂ 1 axial
o R M “‘ | Il di
g WWM W’me ‘*\Mw T Girect.
150 = g g <
Z 100 E - . . ¢ 5 £3 .
= - 012 014 016 018 020 022 0.24
sal 082mm  Nb/SUT & FEREE (hm)
- 15 - : -
42K 14 5T 42.6mm NbsSniBimE =g Nb;Sn (211) ERTHEE—VDLBENELT D
i S0 100 150 200 250 300 350 400 >
weial tensile stress (MPa) TP/ L AREEEk 1ol . 0ok — 0% %° 1 | Contrac
) ) ~ ’ samo /K v e tion of
Successfully observed internal stresses of Nb3Sn in the TF cable oS Sn b 0.23%
. ~ EHVEELNbSn
* Cable contains only Nb,Sn of 6% 05 ] ,(745;‘5?;@?*) Zi‘jgf
= neutron transmitted length of 60mm - _ \ \. direct.
- good statistics of peaks in several hours at 120kW 0.0 nOEEE| -
* the observation can bring improvements on NbSn filaments 0214 0216 0218 0.220
W EERE (hm) 11

£ € _Thermo-Mechanical Processing in-situ measurement

35000

Importance of Event Recording

Finding Optimized Process in-situ
to manufacture durable steel

TOF / usec
:
b

= Accelerate developments

Sample : ZMn-0.2C-Steel
Specimen : p7mm, length 14mm

300

Diffraction pattern / 30sec = %

RT — 900C, 10C/s o

900T, 10min hold 500

900°C — 700°C, 10C/s g = 3

15% compression at 700T 5 80 £

700C, 10min hold, cooling o E
E 2

0 120 240 360 480 600 720 &40 960 1080

TOF / usec
:
o

120 240 380 480 600 720 840 960
Time/s
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iMATERIA(BL20) measures Rietveld-quality data
of 1cc YBCO with less than 10 minutes (1.5g) @120kW

YBa2Cu307 data @ KENS(3kW) in 1990

ICTEANRE TR T L I Ay

F - A pres i,
- i e At A d S e o hinigien o
" |

- L | o
e T

"
ul
o
o
pis

o/fnm™

YBa2Cu307 data @ J-PARC/IMATERIA @20kW

Intensity estimated gives
=>50 times Intense @ 120kW
=>400 times @1MW
(1min. for 1g sample)
with much better resolution
om the Poisoned Moderator

(08

(2 IBINIZH IS5 20 ¥0 BEEMRNT (SEIEREEFT)
e : YRR L F—HA

(@=30. 44, b=38. 64, c=53. 44, £=105.8° , P2, - FEI14kDa, 7 = / BB EH
124)

WZEREH T 120kW FEFR - 15 7H g %/m tjﬁ&aﬁw‘-&ﬁ’a’%

r74=
" TO @ﬁ/\ g : =
1 ; 2 .." "_ n\ - '. i A “
—— g ah
u J 95,13 e , ) ¢
.27 T [ =
6,5,10) e
1 £y
LB E P a7 A
s 80 i3 4 ; 2

o -4 A -

x
‘
: A

1

BARELAEDRLLmENRON: | L | A
——— JK%"/,%-F

HIEZFLT : I BEHES# . 3 0 B ICIEBRSTI-BE
BREY 1 XTm’ D 23 H B E THRIE AT E
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b

Inelastic Scattering Instruments
P rrRC

FFEMHFRZE (F1FIOXEES)

4SEASONS (792 ): Fermi chopper instrument
AMATERAS: Cold neutron disc chopper instru

\ Wt
AMATERAS
10ueV-100meV

4SEASONS
0.1-300 meV

4 : :
&% Construction of chopper instruments

Supermirrors

Vacuum system
(control, piping) '

~  B,Cabsorbers inside
the vacuum
scattering chamber

Fermi chopper
translation table

Detectors
installation
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~
.
\\J

<

A [nelastic Sacttering (chopper instrument)
FERRMERNEL (Fav/ \—R 3R

<
=2 Inelastic Scattering _
O b JEmEaE Scattering
c 3 Angle
2 BELA
o &,
Detector
R
L2
Sample
) B2 Detector
Rz
Chopper L1
L1 FIv/i—
l L
> 5
Time-of-Flight 178 3
Energy is analysed by TOF w
RATEERE S THEFDIRILF—E D O
Scattering angles scans momentum Source
BELAICL - TRHBZERTE TR
Gving 3D information of S(Q,E) Momentum Q
SRT-BEERFS(QE)EBS 417
o,‘ P Ei
‘pf,;pﬂ,,,_- ;%‘ﬁg_r f;%gﬁ;% Importance of Event Recording
800 t t t - Distance

150.7meV \ /J\ /J/\ A]\ /Jl\
Chopper frequency = 200 Hz Detector i al
600 + 1
>> frequency of the source (25Hz) W W W

1 I-frame (40msec)

Chopper /
My v i | 1177
12.6 meV s >

o //'/o. % I-frame

4 urce >
A Time of flight
]
4

Sample

Intensity [a.u.]

04 ek be Lo i =y

0 10000 20000 30000 40000
Time of Flight [us]

E =152 E, =45 mel/ E,

/

2 = 3
3 8 8

Energy Transfer (meV)

S 8
Energy Transfer

o

&
S

2 45 1 05 0 0.5 1 1.5 2 -1 0.5 0

-1 0 1 2 3 0.5 1
Momentum Transfer (r.l.u.) Momentum Transfer (r.l.u.) Momentum Transfer (r.l.u.)

0.5

0 05 1
Momentum Transfer (r.l.u.)

* Multi-E; data from one data set! o /3. 7hrs@]00kW = 80min@ MW/
[zoom-in-out in O-E)

[M. Nakamura et al, J. Phys. Soc. Jpn. 78, 093002 (2009)]
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v _
{ &
P _ rarc

T=6K - - Calculation
r0m~5138) Co?* - Co3* charge-spin ordering

(e) E=8-10 meV

k (rlu)

Kajimoto

=

0 02 04 06 08 1

13 10 03 o0

™ g ()

15

Nakamura

E=22meV
. 0.4<k<0.611u

T3 38

— 7l
E=12meV

-

Energy (meV)

. . . . .
e Magnetic Excitations in BaFe,(As,P),
©P jfrARC 25 25 . — M. Ishikado et al.
E, = 45.5 meV £ (b) 32K . | arXiv:1011.3191
20 20 :
> >
g g
= 45 el
2 2
2 2
m 10+ = 10
5 5k
05 10 15 2 ; 05 10 15 20
: T T Q (A
00 08 16 24 32 A0 48 56 64 Q (A ) 00 OB 16 24 32 40 48 56 64 Q (A )
o E =4 15 = 21.6 meV
R ‘ o
o 5K e Bl | AR
e~
R, B I} M (
g % "l'vr"o"‘“'“ E 2| B “’i 6’ i
&7t ‘ l4meV § m ] eV
< ey | = 15} 1 i
= = ki bagiy 4 by
Qo D — E=21.6meV " b
o 12meV, EJ/ 1k ke ’ oy
w5t ) Ylmev =H 05 it gﬂV
W T 1 hev ORI T o
4r 10mgV !
v 0 i ] i
N OmeV 0 _Y W SmeV
3 L L L 1 1
6 B 1 12 14 16 18 0 [15] 1 15 2
Q) Q) QA)
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4;65574 E > %(CuCl)LaA,O, (A = Nb, Ta) (I 4 EREL

L Crystal structure B J,-J> model
e WY A FRI TSR —5>

o o " Xf!_’ (CuCl)LaTa,O, === Efﬁwﬁfﬂﬁgfﬁﬁfﬂ,\Fn()
e (CUCLaNb,0, -+~ - - REA EIF

B4.5K AE ~ 2meV/I=H 173
BRI EDQIFIE

\ ey (CuCl)LaNb,0O,
m\r’\\’\'\

} (CuCI)LaTaZO7 \

106 / protons

Q(A 7

HEEREDEERBELT
ELdQkFIEZE T L=,

rrﬂmmvm-\\v\ i-nm«mv A
Q(A27) Q(A’)

/2 BTANGEFADFEME TR OBLT4

't_/-Pﬂﬂc

Run no.: 1157
Run o< 1146 Run no.: 1147 Ei (meV): 5.92
¥u 1228 0973 - 147S 41225 10975 - 1475) "

| 4126 - o A2k o | 1<E<1.5mev 5

_ Meutrora
s
\

of G20KDEBEMETERE A
WA FsanicEl LS
75 o

9 : d 2
o 05 10 L5 20 25 30
Q(1/Angstrom)

200kWHiAGICL Y, 1 BRIERE T RG24 U7 1
DHBEMHIARING PN ERFTESLSICEL o %,

GBRIETIED THN G BRENLE
HWETSCEICHY

ISISOMARITIRItE DFEERE 770 2RI, 1BERSZY. 106
BEEHELTOE,

Conductivity@45Hz (S/cm)

WERDIFEEFEFHELNEDBRHE IESHICEL SEZ
FHWEVERShE
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' . 1 Imaging technique developments

L oy L -27°C—Dips were sgen only for DZO ice
» A principle to Distinguish ice from water by Sy

Bragg-edge imaging was demonstrated. ﬂ’hr}rﬁt oy J

<
9
% L -q' ..-.
S l‘Vr - %, l!J"ll T‘a 1
5 1Br I I Tr.lansmilssion IimageI 7] % o & "‘" W‘*" ‘IR ‘I'HJ H'w =
D20 sample in Al cell . );@a- -\"rM,.HHMJ N’v’l',“ﬁ,w
"y il D'20 region : —lce: soljd
B0 - 1.10| H : ! . .
| Y # ‘ Water: _llqu:d
- 9 LL 11 . 1l atf |
i 3 oy Y,ﬁ Wl Mt
40} & (Lw ..
E o270 My e
Structure of ice ol ~3 5. - #ul, M&% lagll
(ice VII) No D20 region
0 L L L L 1 Il o m = = 2 % * »
o 20 40 60 80 100 120 TOF (ms)

» Succeeded in visualization of magnetic field with ~ electromagnet  electromagnet

polarized neutrons imaging. OFF ON Guide field
S r. '—**-—@ l Neutron beam

Solenoid

Vit

uuT
Current

MR l».-‘i‘;)

/ solenoid-coil

polarizer,

spin flipper

Polarization

Polarization

“ Lot 1 ¥y T ]
e e e T e e w e 23

Vertical position Vertical position

b
& Proposals from Users to MLF
- 2009A "
2008 Iarald KEK. 2009B ZHR,
ref. °
15% JAEA,
1%
KEK, :
SHE,
R 4%
B8, 3%
Nat'l
KEK ) Lab 6%,
o KRR, Foreign KR,
JAEA, O% s, e 2010A "% e 2010 o
10% 1% KEK KEK B, 2%
JAEA, 6% 6%
6%
s ] b5t
B8, 6% B8, 4%
Proposals 98 132 74 110 116
Accepted 61 124 70 90 -
Beam Time (day) 40 44 81 50 60
# Instruments (N) 4 7 8 9 10
# Instrumetns(M) 1 1 1 2 2
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o

e

L/ d
Ramping up scenario of the accelerator power

N S AN N S S —
The Goal is TMW
'\I
§ 0.8
~ 3 GeV RGCS /
& ForMF/ /!
2',;;.3 0.6 > /,
Linac Upgrade to 400MeV
{ 4
= g
8 s 300 kW 1 hour /7 '>(
< ' l_ =t
i 0.2 tests 30 GeV MR
For Neutrino
120kW & Hadron
0.0 lee==" L Useroperation | | | |
20084E& 2009 2010 2011 2012 2013 20144 25
]
‘lg(-Pﬂﬂc
ummary

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

2. 8outof 15 instruments in MLF are under operation for the

user programe.

Experimental outputs are coming out reasonably.

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)

N W

5. H232'5 X#7 (SANS), DNA(ueV FEZE L), FF (EfZdaElHT) . RE1TEFf
(lRtB L F)
6. H23 & Y2 fFLEEE % DA & AT EFE 45

26

7597




JAEA-Review 2011-020

b
't.’fpﬂﬂc

Home NASCES11

Registration / Call for The Intemational Worksh?gson Neutron Applications on Strongly
papers Correlated Electron Systerns 2011

i s February 23, 2011 (Wed) - February 25, 2011 (Frlg ) )
Program at Ibaraki Quantum Beam Research Center (IQBRC), Tokali, Ibaraki, Japan
Procesdings 2 2

T e R e
Important dates y
Conference venue
Accomodation
Organization

Contact

NEWS & TOPICS

The deadiine of abstracts has been extended to December 20.
On line registration site for NASCES11 was lsunched.

Scope

Neutron scattering is undoubtedly a powerful techni for study on strongly correlated slectron systems.
Recent development of new—genearstion neutron scattering faclities, such as ISIS, SNS and J-PARC, and
experimental tachnigues like neutron polarimetry in addition to saveral upgrades of existing facilities should
promise further sdvancements in this ressarch field. On thess circumstances, we hold s workshop where the
forefronts of neutron spplications on strongly correlated slectron systems are to be discuszed. The
workshop will include:

#27
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PrMg;®D 1SR ~ZIBF (MURF )18 S = DERI~

r, GEElE) BEERPr{EESYMTOUSR
o BEKIFKHEREE =
WPHZEESR E—X > b

= hyperfine-enhanced dipolar coupling = p*

WPHZHERTE—X > MES DA

o MBFOAVYA DAY TIVT

f BFF%Dquadrupoles = '4'Pri%quadrupoles

MSREER

AUGUS spectrometer RIKEN-RALMuon Facility
SHe S#H (AIEERE :0.28 K~ 78 K)

Sample : single crystal [001]E ®3mmH 7 DRIR ¥9201E
Pu(t=0)// [001] // H,,,

PrMg;®D 1SR ~ZIBF (MUBRF )18 S E DERI~

o SmAg,In (A UK X5 —#&i&E) TF-uSR (by lto )
L = (1/4,1/4, 0) & FMR T

Pu(t = 0) // [001] D& 25 k
(1/4,0, 1/4) (0, 1/4, 1/4) & (1/4,1/4,0) — 2 :1

cf. TmAg,InTH AR HER
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PrMg;® 1SR ~ZIBF (TR F )18 S = DERI~

dynamical KT model

o, = 1.1 psec’

u,= 9.1 psec’

LF 200 Oe
LF 100 Oe i
LF 50 Oe el TITLE site 2

LF 20 Oe M st LU 0,=0.71 psec”’

< U, = 0.47 usec!

Time (usec)

o 0,10, ~ 15:1 & FHETKOHShSdipole filedDLEFTEEZEL LY
o Enhancement factor 41K =9
& WK, =8.5 A, =187.7 mole/lemu, Xy (=C/(Acge/kg)) = 0.45 emu/mole
cf Mg#&®Ddipole field 0.056 ysec

PrMg;® 1SR ~ZIBF (MUBRF )18 S S DERI~

“dressed”,
or hyperfine-enhanced

S -

ERTOfEFROBIBBFIESE FERKM D EHF=7 . Van VieckIRD#IZH
BROWK[IBF (2L 5 BHATHEEE . BMMABEEERZREL TVan VleckIRICKYIBEIN D,
‘2a—F Y ANTORAES L. YPrigh b DF S5 A XA (PrLT, T, HEHICRIE)
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[ sEEPrMgs D Pt FIEEEALEL ~ fEEBMEDNE ~

PrMg, (cf.6,=-36K) PrAg,In (cf 6,=-16K)

T

)
T T

0.003

3
S
2
7}
14
2
£

Intensity (a.u.)
T § T

g

e 6meV CEF peak (I';-I",)
Szl ® Ma-Ts ] 9% 8meV CEF peak (I',-I'y)
: S
] ©
E [ 0% i ¢ E Wf
1.0+ 1 = "
% - o 2 2] g 0.7} § -
< T L] é
T03- de00p & . - ¢ i
r ] ® % ¢
0.6;— gl —rud 0.5 g
10 100 1 10 100
T (K) L&

[ E2EPrMg; D94 FIE M4 aLEL ~ fEERIZMEEDDEL ~
r,—rEETn275 > FiEgE

00 02 04 06 08 1.0 0.8 06 04 0.2 0.0 0102030405
' poq X Kigqo ' [qqq L

- QIKFHEDRWNED LN E—Y
- QIRFMEDIE WEDAWE—D

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

BRI 7 7O—F (O. Sakai JPSJ 77(2008) 24714)
- EERREBICE TS (EE) @B (& xsingletEK)
- inter-siteSBFRIMEEMER | para-orbiton
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Summary

Summary

[EEPrMg; DER TD BT DdynamicsDifi3EE LT
B uaa%ﬁﬁ L7z uSRDEE

R T,

LEEPrMg; 8ig&iz R\ i Rnai D5 O

'(IE

78) *EE%F&(&HEJE+§@?$E§1’EFH (para-orbiton)

7657




JAEA-Review 2011-020

8.YbREWEFWEDND=FER
RICHITHMEEE) D ER A

YE - MRS
EHEA

PEVEFROEFEARICONT
> FIEXERFENL D FICDONT
>YbCug Al YoPd,Si,/ZEZHTDHFER

>EE
EHRDYbIE B DB
Celb BEMED LR
“EDELV DFEIR
It

H B SR

\

HEMEE-MMHAITE (W HEEE)

T— 7/ﬁﬂ¢1£ 77J9X/2:\ I—l”;&"b; %
RXEREIHT . SEM, EPMASD T
\SQUID(EK’H:) PPMS (B, LB, BEEEH)

e LEAS
P BILLHRA BEFRA
0o BIXGTFSX2HTRE SETEA

SPring..8

=D

Ignace Jarrige

AR AR T A e i
@@ A =3 LpAmnmm

N BEYMHRI-—v BIRE

Ku-Ding Tsuei, EREE . AHEX (BL12XU :BEE—LTAY)
Hideki Yoshikawa (BL15XU: NIMSE —L 54 >)

A. Chainani, S. Shin (RIKEN)

H. Oohashi (nims)

K. Handa, J. Ide, Y. Ito (Kyoto Univ.)

T. Tochio (Kobe Univ.)
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Introduction

Temperature

quantum
Tinag ~ 7/ critical point

Fermi liquid

.. magnetism

|ch|D(£F) -
* Superconductivity
* Non Fermi liquid

\ 4

Magnetic instability
Spin fluctuation

7 (10" emu/mol)

10 100
Temperature (K)

Properties at Valence Instability

Mixed
AFO QCP FL valence
300 | » I & T ¥ I/
100[ o E
. CeCu,Ge;
X 10 B E
ol ':_'__ 1
Tm“}’ ]
N ﬁ"’"ﬂ :
& (a)
02— -
— - — 40
(b)
P 18——" ..r\qﬂ-w - 30 .
X /\ 4 E
g 01 | L 20 §
e — s
<omf  _- i \"’ i
ooot 1 1 . 0
0 5 10 15 25

P(GPa)
D. Jaccard et al, Physica B 259-261 (1999) 1.

05
T

CeCug_Au,

magnetic order
N

/ heavy
fermion
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Valence fluctuation at QCP?

252 2p5L>
3s2 3p§ 3d10
452 4p6¥d10 4F "
552 5p6 5d2

6s2

1)

1

1s2 ﬁ L
252 2p6'9)

352 3p6 3d9

452 4p6 4d10 4f "

5s2 5p6 5d2
6s2

Lal: 2p3/2'3d5/2

Valence state of Yb
(4f electron number)

Mixed o, Stable
valence b
* Quantum Critical Point (QCP) offers
2 anomalous physical properties
g (superconductivity, non Fermi-liquid).
o . . . .
E *  Spin fluctuation is considered to be
= responsible.
* Charge fluctuation ? (valence
fluctuation?)
@
S
§
@
(=%
§
=
152 R i
2s2 2p6 4 Mirror K-B mirror  Targ
BL12XU
3s2 3p6 3d10 undulator A
452 4p6 4d10 4f " : -
562 sgs 5d1 Probing depth ~ 1 um RIS
6s2
152 Incident x-ray

YbInCu,
T=15K J

La emission intensity

o9 B94 95 E96 897  ESE
Incident energy (keV)

Incident energy dependence of L
emission (Partial Fluorescence Yield
=PFY) gives higher resolution than
conventional x-ray absorption spectra
(Total Fluorescence Yield =TFY)

Tuning the incident energy
allows to selectively enhance
the Yb2+ or Yb3+ related
emission.
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Valence evolution in YbCu. Al

aEr e
s ®1a (Yb) ()5 > ¥bous ,al P ==
s ® 2c (Cu) i O VI300K) .
281 © v(10K) . § s LaCug Al T=12K 1
v YbCugAl, T=300K
=10 O 3g (Cu, Al % s ol Ta 2K
g 26 . ]
) [ 5 /_/' E100 ’_.a-"—f’
%04l E . .
YbCus Al 7 i2 W=
22t so|
Lo L yh3 (af) 10 [E 20
X 2-Yb- J=0 >0 T 00 08 12 Ix1le 20
x £ 1 : mixed-valence ' ' C ' '

E. Bauer et al., PRB 56 (1997) 711.

Physical properties of YbCu. Al

0.010
® YbCu;; H
YbCug Al 3
¢ x=0.5 10
» x=0.6 3
0.008 B =07 o~ | x=05
- + x=08 g b
mx=10 = §
L E osf
x g 055 T
o i
E 0.008+ 2 :\/‘
= = H
[+]
5 g YbCu, 5
S 0.0 4
D g . 1 1
L L]
< o0004f % 0 500 1000
| \T(K}
t

KL
E. Bauer et al., PRB 56 (1997) 711. . . . . .
PRB 60 (1999) 1238. 0 200 400 600 800 1000
T(K)

K. Yoshimura et al., JJAP Series 11 (1999) 242.
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Resonant XES of YbCu,_ Al

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

0.002 T T T
: ~__ PFY :
Yb2t | yb3t .
. - B A e 0.001E /5, YbCu_ Al -
L ] E y !2-"' 34 5Xx X 3
X 8935 eV (a) ] : x=0 ]
- ] 0 b_a 7
i h{-X+] 1 0.002 T 7T F;FYII‘
0.12 —____/u \M_M__ é_ /,’ -~ \‘—\__7__7_7___5
. Ll A YbCu_ Al -
L E /2t 3+ 5x x I
= - - x=0.6 E
% ;_.J L/“H a 0 s N R
s r E 0002 T T T
£ 008 |- 5 : 7~ PFY E
s 10 ] g 2 3
r X=1. L o F J,
g | 1 S 0001 aa 3+ YbCu Al
= E Ve 5-x x
g [ , \ ] 2 E— x<1.0
T oeal I : £ 5o0st -
G604 L X=0.6 h E oo prrTTITREII I T
L i E / PFY E
2| N
= hexagonal - 0.001 F /| a3+ ‘-Y't-)Cu AI‘
r x=0 chus.s 4 é » 55—: x 3
0 L i A T B 'ﬁh—l i1 E ° .X: "
088
1.5 1.54 1.58
Transfer energy (keV) 0.002

Yb2* component exists even for x=1.5 (QCP) 0.001

Valence fluctuation? impurities/defects?
8930 8940 8950 8960 8970

Temperature dependent measurements Incident photon energy (eV)
needed!

1u||wm|n‘uhu|lm|

H. Yamaoka et al., PRB 80 (2009) 035120.
Resonant X-ray Emission Spectra of YbCu,_ Al

—8K —18K "
----- 20 K SRR AR LARI LS A ~===26 K
1=--—-40 K T 2 3 ===+ 45K T 0.08
[ w60 K : 3 i E|-—64K
Z. . f—--80K 04E iZ2 [|--83K
g b f 43508 -
’ - Oeflitltad g "
£ | 8932 89408 [ L
204 (a) : B04f (o) :
g PFY-XAS ] s PFY-XAS ]
E o x=15 ": £ :'_ x=2.0 ":
oL AFH PP SPRTH Ty PReey 1 (4 R R e Y S FEEEE FEETE S PR
8930 8940 8950 8960 8930 8940 8950 8960
Incident photon energy (eV) Incident photon energy (eV)
BEEZ A RRL ESLET EEEE EEE :
s ® s L@
S08F N So8f
g F 517 1521 § b
204L E 204
g | RXES 3 g
D r e @
5 E x=1.5 | = -
0 il FWITH PUTUE FTETE PSS ST P bvevs | (0]~ — . o W PRI PR WRTRS FERTE P P
1510 1520 1530 1540 1550 1510 1520 1580 1540 1550
Transfer energy (eV) Transfer energy (eV)

*  PFY spectra confirm the existence of Yb?* component for x=1.5 (QCP) and even for x=2 (AFO).
e Resonant XES demonstrate Yb2* component increases with decreasing temperature.
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Temperature dependence of the " valence (PEYXAS)
. e valence (RXES)
valence in YbCu,_Al, around QCP -
X X - iIM-‘I
2'98_IIIIIIIII%?I'IIII[IIIIlIIIJ_‘_
l.O[-' E T 44 —
206f o ] E
0.8 2 F ¥
3 R T e mo—— "2 2
S os S 2940l !f (a)vbcu3 ALY S
= T=31K 1 %
= 04r . 292 TS U P PR E 1y
g
o2t 4 : é
] 9298 | PR
ool oi i 6100 & 2
T/ T, g 2.97 & 18
FIG. 14. Scaling of the temperature-dependent contribution 'T-c
to the low-temperature f valence, Any(T)/Ans(0). 296 Fiuiliii ittt 30 )
Bickers, Cox & Wilkins, PRB 36 (1987) 2036 =
2.96 T 22
@
g D=1.84eV | %
¢ YbCussAl; 5 (QCP) and even YbCusAl, (AFO) 2004} D=0.865 eV 1E
show valence fluctuation. > g (¢) YbCus(x=0 cubic) 1 =
*  Temperature dependence of the valence is T=56K =
qualitatively described by the Anderson 2928 bl b 1000, 30
Impurity Model. 0 50 100 150 200 250 300
Temperature (K)
YbNi,Ge, under pressure
— m— 90 e T o T v . T ]
H. Yamaoka et al., PRB 82 (2010) 035111. ol . YbNi,Ge, ]
. T
L — L T T T =T T T 304 » M & I 1
g ] < \
o 2.98 | 135 = I
< r . %) )
X ] T
> 2~
o r 105 T
o 294 i 177 8
g | 4]
I 1 2 o4
« i 1
g p YbNiGe, - 15
2_9 Lo 0oy TR AT TV T TN OO T O W 1
0 5 10 15 20
Pressure (GPa) £
8
* Valence fluctuation remains at QCP and even o
at AFO region.

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

T(K)

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

LI B T T T T T T T T T T

2

- YbRh,Si
L Lo RIXS
excited at Yb**
I~ resonance

z
g | T=30K
£
w
= L _
e ——25GPa

~——3.1GPa
—6.5GPa

10 GPa
—— 18 GPa

B(T)

P. Gegenwart et al., P . \ , . .
Phys. Rev. Lett. 89 (2002) 056402. 1.510 1515 1,520 1525 1,530 1535

Transferred energy (keV)

C. Dallera et al., ESRF Report 2006

* Valence fluctuation (~Yb?9*) has been observed for YbRh,Si, at
ambient pressure

Superconductivity and valence fluctuation in 3-YbAIB,

Nakatsuji et al., Nature Phys. 4 (2008) 603.

Kuga et al., PRL 101 (2008) 137004. e Non Fermi Liquid behaviorp~ TL5
Okawa et al, PRL 104 (2010) 247201. ..
* Superconductivity at T = 80 mK
T T T T ° Yb"2.7+
a sampleC
(RRR ~ 70) (a]rr-\‘!bNBa I Yb\ralelncs: 2_7310.0;
T=20K
2 T T T el ——— M
L sample C 1
1.5+ .
= T o
L A B
o 0 TR T W T I [ @‘
= 0 50 100 5
= 1F T (mK) - § '
B (RRR ~ 150 E |oa
( ) '/
0.5 ;// -
A (RRR ~ 300)
B-YbAIB,
ol T R R . 1 \ 1 \ 1 ) 1
0 05 1 1540 1530 1520 1510
T1 5 (K1 5) Binding energy (eV)
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CeNi, _Co_Sn Comparison with Ce systems
! .
ol & A | e CeNi,_Co,Sn system
0010 | XS 08 -
e * x=0.38: Very low TK (near QCP)
i s b  x=0.33: Valence transition

= ool x = 0.34
—E o " (annealed) -‘ 800 T T T T T T T T T T T
~ F J
2 " CeNi,_Co,Sn g
£ L |
Q
oo 600 | Al
> '“a i --:_;_‘-_1._:__“:: — L 3|
Pressed and ] X r b
annealed pellet E = i
. t t | | t S 400 =
| i e T ]
N P e anneale I ]
S eenn 200 - + 0.36 (sintered) i
Wity L & 0.24 (sintered) |
7~ 0.33 (as-cast powder)
i -8 0.32 (ingot) ]
0o ——— e — =
(as—cast) 1 10 100
0002 1 1 1 1 1 T(K)
o 50 100 150 200 250 300
T (K)
PFY-XAS and RXES of CeNi,_,Co,Sn
Yamaoka, Tsujii, et al., PRB 76 (2007) 075130.
L LI ELURE BLRRL RN LR RARRE RERRL
i_17K . (a)E IR B B B UL B B
148K CeNi;4Co,Sn 3 @ 0.65 . ]
0.8FH 300 K x=0.33 E - ]
. 40.08 - x=0.33 — K
3 - 08 [ 0.55 TooTK
0.4F . s 300 K
- __'Differenge " o C 0.45 s ]
: L W e el ever v L i 876 878 880 882
’U’T 0““"""\""I"‘ ""l“"\""l""{ ‘a "_‘04_— ‘_
2 I CeNiCosn ()3 = 2 ; CelLC ]
5 i 3 5 £ - at 5717 eV .
508F x=0.38 ] 8 5 . p
‘_‘3, i EO‘OBE, £ [0 e TPUPIPIN IIPIFIPY PESPIN FUPPIPN IPIPITEL INUPIIRS BRI
> F b 8 g LR Tl VP K S (AR IH EEON =) ELLOR
Foap 5 2z - (b) 0.65§ ]
g p— 2 g | x=038 _ —
0 S N T T T T T | e E 0‘8 :'— 055 e —97 K
b CeNi;xCo,Sn (c) : F - ——300 K
3 — 0.45E/u 0 unianloed ]
08¢ T=17K a3 10.08 N 876 878 880 882
i b JceLo ]
" L/ at5717eV ]
2 . W0 L "I L T T 0 E
0 | 1 i | V] ot PR NPT PP PPN PP PN P
5710 5720 5730 5740 5750 870 880 890 900 910
Incident photon energy (eV) Transfer energy (eV)

* 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)
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Difference between Ce and Yb

* A4f orbitals spread more
widely in Ce thanin Yb

Gunnarsson & Schonhammer (PRB 28 4315)

1—n T ne: 4f occupation number
S K .

= N;: degeneracy of f-orbital

A : hybridization

Te/NpA=(1-n;)in;

0.1
0.01 i
0.001 T | T T 1 ]
0.5 0.6 0.7 0.8 0.9 1.0
@ © T g -
Ce4+, Yb2+ Ce3+, Yb3+ :
A(Ce) > A(Yb) n¢(Ce) > ns(Yb) 8

r (‘atomic unit )

(for similar order of T,) Calculated by O. Sakai-Yanagimachi

Difference between Ce and Yb

Ce [2
4f1 4f0 4f 2

o AfINSA0 or AR FHFEIKREAS AT RE

c YbRKIYVILZLDEEFYRILLHS
© MEBFOEEORYESTLARE? o
o MEB#EnEROIFX.BETES? 0 s10 5740

Incident Energy (eV)

Yb O%duc'tion Electrons

©) & o GERICHIRATEDE
‘ ‘ ‘ FRIRER (T D H

o ABEEEE) (4f2-4f4)

ZWLARIICHES ?

PFY Intensity

4f 13 4f 14 4]1-13
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Conclusion

e 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 4f° and 4f2
excited states for Ce contrasting to the 4f!4 state as the
only excited state for Yb.

? Superconductivity
Non Fermi Liquid

Valence fluctuation in Yb systems
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2010.12.20 4th Three Organization Joint Meeting @ Ueno

9.
Crystal Structure and Physical Properties of

Itinerant 4d5dPyrochlores, A2B>0¢0O'

RIKEN Ayako YAMAMOTO

Focus on trigonal distortion of BO
(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

Hg,oRu,0; High T phase T15Ru,0; High T phase
no distortion slight trigonal distortion

ty ty MR T
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Outline

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

(2) Material summary of itinerant 4d5d pyrochlores
A-site effect : structure & properties for
3+/4+, 2+/5+ having partially filled t24 orbital

(3) Structure of low T phase of Hg2Ru>07

(4) 4dversus 5d': TI;Rh207and Tl2Ir,07

(5) Summary

Composition of Pyrochlore

(Ca, Na) 2Nb206F @ A2B2060" m
(1)A-B, 07 (3+ /4+ X. Dy>TioO7, TIoRus07
(2)AsB,07 (2+ /5 ~CdoRe»07, CdoNb,0O+
(3)AsB-,0g (1+/5+, 3+/3+) ex. TIoNb,Og, BioSc-o0¢
(4

AB50g (1+/5+,6+) ex. KNbWOg, KOs,0¢
(CIB206A)

Dielec
trics
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Structure of Pyrochlore and related

YA ?‘_

.

Pyrochlore lattice Weberite, A,B,0;
CN(A))= 4+4, CN(A,)= 2+4+2

Pyrochlore
AyB,0;

Conduction / octahedron _
Pyrochlore, CN(A)= 2+6 Hexagonal, AxBO,

LOCQ' S'l'r‘UC‘l'Llr‘e Of > A (1/2,1/2,1/2)

B (0,0,0)

pyrochlore >hpy FESUEN

@ B(16c)
@ A16d)
O o
CN=2+6 @ o'taw)

x=03125

Defected fluorite: 4 x (AX,) — X -> Pyrochlore: A,B,X,
x(0)=0.375 original cubic ->  x(0O) = 0.3125 regular octahedra

B-O-B angle 110 ° -> B-O-B angle 135
M.A. Subramanian et.al., Prog. Solid St. Chem. 15 (1983) 55-143.
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0.250

Large Gap

0.200

1
No distortion 0320
x {Eo)

itinerant 4d5d pyrochlores with spin &
A2B207 A: nonmag, B:4d5d t24 partially filled

A2+/B%> [Ru?*, 48 Re%*, 5P

Ca?* M, Cal 9 Metal, Calb
Para-SG
0.320
Cdléx I-M(90K) M-M(200K)- _‘ v
Para-AF M SC@12K|Par ‘=>=
0.319 0.317 0.319 |

Hgz |MIT@107K |Hexa. SC M50
Para-AF Tc=8.0K Pa °% oif
0.317 z 06

Pbz  |M, 065 M. Pb1.83 o

0.2+

0.0
0

Underlined High pressure
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Character of coordination in simple oxides

Hg-O 2.028 x 1
2.042 x1
(2.821x2,2.825x 1, 2.896 x 1)

In pyrochlore lattice
Hg-O 2.21x2,2.59%x6

TI(1)-O 2.424x 6
Ti(2)-O 2.177x2

2224 x2 S C ALY
2.529x2 LA Ca-O 2.408x6

Cd-O 2.348x6

Summary of bond distances & angles of A2Ru>07

In simple oxide |In pyrochlore 0-B-O B-O-B
(AO, A203) (A2Ru207)

gt 2.03x2,2.83x4 221x2,2.59x6 0317 88.2,91.8 138.5

CN=2+4

Cd?* 235x6 2.19x2,256x6 0319 87.3,92.7 137.1
CN=6

Caz® 241x6 220x2,257x6 0320 87,1,92.9 136.9
CN=6

TP 2.20x2,247x4 220x2,2.53x6 0.325 85.2,94.8 134.2
CN=2+4 Metal

Nd3* 230x3,240x1 2.24x2,2.54x6 0329 83.3,96.7 131.3
2.66x3 Ins.
CN=3+1+3

Y3t 229x6 220x2,246x6 0.335 81.5,98.5 128.5

CN=6

_80_




JAEA-Review 2011-020

A site preference

Divalent A Trivalent A

Hg: very comfort T*~100Kk VI very comfort T*~100K

Cd: comfort T*~200K  Bit lone pair, .
Bi6p near Fermi level conductive

Ca: possible but deficiency, SG
Ln (Nd, Sm, &d, Dy, Ho, Y)
(size effect on distortion )

Pb2+: lone pair, _
Ferro, spin glass

Induce oxygen deficiency

Distorted F43m ,
No phase with La !l

Pb2+/Pb4+? complex

Some factors related to x

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?
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Structural analysis of Hg2Ru>07

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 (iIMATERTIA better), resolution (SHPD)

Magneftic structure

(1) NMR magnetic order at the T_MIT, Hg, isotope Ru 99
(2) uSR 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 Trigonal

HFOHEBEERAE<GY . BRNOHEEFEANRE SHIER
2RI A ML—2aunN (ZAEHTA)
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Structure : Distortion

| 52Ru207
,A TI2RU207

? Kagome Takeda et al. J. Mat. Chem. 9(1999) 215.

y l}\

Hg2Ru207 TI2Ru207
Low temp phase trigonal ortho
Direction of distortion [111] [110]

Summary
(1) Positional parameter of oxygen is a key of structural distortion.
Conductivity: bonding angle of BO¢-BOs
Magnetism: orbital sprit -> release spin frustration

(2) Preference of A ion is important.
Hg> Tl>Cd>Nd> Ca>» 6d>» Y

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

(4) Example: analysis of Low T phase of HgzRu.07

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

- Introduction of spin driven electric polarization
- Weak magnetic field control of polarization
in Y-type hexaferrite Ba,Mg,Fe;,0,,

- Polarized neutron diffraction study on
Ba,Mg.Fe;,0,, 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

—— P~ ex(5x5)
Spin current model
Inverse Dzialoshinski-Moriya interaction

TbMnO;, Ni;V,05, MnNWO,, CuO, Hexaferrites

Symmetric exchange striction

C03(C0Mn)206, GdFeO3 ¢ O-RMHO3

—— P~ (e S - (e s
Spin dependent orbital hybridization

Cu(FeGa)0?2

Introduction

Polarization, P (uC rr?)

Magnetically induced ferroelectricity in TbMnO;

b __Transverse spiral d
p Colv ot edglntols)

o2

- ——

]

c

Polarized neutron ..

T T

E>0

— i oo
€. . bcspiral collinear | i “C soof —
800 ' ! 5] 5
1 1 =
1 1 o
o0 : : g
| 1 =
I 1 S
g 0 0
400 : : E ;
| 1 E !
200 ' e~ &L
L) =
! & Ocoodd 1s
ok ' - % 500} —=~" T Ty
0 10 20 30 40 50 l L N
Temperature (K} 0 10 20 30 40 50
Temperature (K)

T. Kimura et al. Nautre 426, 55(2003)

Y. Yamasaki et al. Phys. Rev. Lett. 98,

147204 (2007)

I~y (arbs. units)
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polarization generation due to anti-symmetric exchange striction

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

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

P " . 3 "
v sotits Inverse DM interaction
s e /—. €, Sergienko and Dagotto, PRB (2006)
i S. Mostovoy, PRL (2006).

P=Aeg;x(5xS)

Transverse spiral structure gives rise to P

Direction of £depends on the sense of spiral

Ferroelectricity in helimagnets under magnetic field

KIS xS, k :
A transverse conical
(; longitudinal conical P=0,M=0
P=0,M=0 E_
g; P=2Ae;*X (S xS) =
Q; Katsura et al., PRL (2005) =
Mostovoy, PRL (2006).
g? Sergienko et al., PRB (2006)
-
<; =S, xS, || B
spin helicity

Weak planar anisotropy

control of screw axis by low mag. field
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Outline

- Weak magnetic field control of polarization

in Y-type hexaferrite Ba,Mg,Fe,,0,,

Electric Polarization

Blic
Pock,xB
“ ; ' , 3
sk © N BLP £ 200 6
i —— 10K © Collinear
C —— 30K @ ferrimagnetic
< [ —— 50K 2 A 1
£ 100 —— 70K £
S 90K ©
< | ——110K 100 _
« s0F
C Intermediate-Ill "
of Unique phase ?
0 1 2 3 L : I

Field-induced rotatable polarization in helimagnetic
hexaferrite Ba, ;Sr, :Zn,Fe,,0,,

T Kinura et al. PRL (2005) YO

: L i s i

“P & L23§ 52 X
rotatable llllllllllllllll

® < >' B
k, ||c axi

Magnetic Field (T) 0 o 2
P Magnetic Field (T)
working at high T = i
Relation between helical structure

working at high B and field-induced polarization is not clear
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Y-type hexagonal ferrite Ba,Mg,Fe,,0,,

Long and Short "spin bunch”
. c
L2 .
Loopin (~12.5 ) —"SPIN w4
(~12.5 1g)
Hge S-spin
S-spin(~4.5 ug)  (~4.5 pg) Hs3
Hip
-~ L-spin -
L-Spin(~12.5 ug) S_Spln S.2¢u "
Frustration _ ”L-'T R
e = L-spin 0= Jss
S-spin(~4.5 pg) Jis J

S-Spin S‘hié’é __|
Momozawa et al. JPSJ 62, 1292 (1993)

Helimagnetic order in Ba,Mg,Fe;,0,,

. . ) -
Conical | Proper : Collinear Ako . 1Ky || c
. screw :ferrimag. <> 4 s
' -~ L3
20— :
. H=100 Oe =S i
~1.5F ;
3 L2
21.0f
s =
0.5t I
H ” c r{‘? L1 Spanas
0.0 =3 IE ! . E 1 +
0 © 100 200 300 i g
i Temperature; (K) P B=0
! B=0
T<50 K T<195 K
Conical Proper screw

Magnetically easy surface seems to be conical.
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Magnetoelectric phase diagram of Ba,Mg,Fe;,0,,
with transverse magnetic field

_ 12pm : . o 200 T

2 1ol collinear |

™| ferrimagnetic

z 8 150 § =

s < ®—>[100]

2 6 = [001]

St g

3 4 2

c m

5 of E100

= ol 3 FE2

.80 @

NE - 50

g 60 > noncclllnear

g 40 0 lransverse conical fernmagnetlc

® B TS NS .

N - 0

S 20t

& Indication for spin current mechanism
1]

107 0
Magnetic Field (T)

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

Polarization reversal by magnetic fields of +30 mT

B 1k, _ BaoMgoFe,,0,, T=5K
c .k giJUUUUUUU\
il SITTTTTTTT

B8 e N NN ANAN
ENTAVAVAVAVAVAVAVA:

A NAANAANF

< o0

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

compound magnetic structure Tee Hee ref.
TbMnO, cycloidal 26K | ~5T Kimura, Nature 2003
TbMn,Osg cycloidal 40K | ~2T Hur, Nature 2004
LiCu,0, cycloidal 2K | ~2T Park, PRL 2007
NigV;0g cycloidal 7K |0~6T Lawes, PRL 2005
CuFeO, cycloid like 10K | ~10T Kimura, PRB 2006
MnWO, cycloidal 13K [0~10T| Taniguchi, PRL 2006
CoCr;04 transverse conical 26K | ~02T Yamasaki, PRL 2006
CuO cycloidal 230 K - Kimura, Nature Mat. 2008
BagsSrysZn;Fe 202, | noncollinear ferrimag.| 320K |~ 1T Kimura, PRL 2005

Working at H.e~1 T and T <40 K

Outline

- Polarized neutron diffraction study on
Ba,Mg,Fe,,0,, in transverse magnetic field
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Ferroelectricity in helimagnets under magnetic field

k||=S xS, k )
\ transverse conical

C; longitudinal conical P=0,M=0

P=0,M=0 E_
g; P =%Ae;X(S X S) =
Q? Katsura et al., PRL (2005) =

Mostovoy, PRL (2006).
<> Sergienko et al., PRB (2006)
&
<;‘ £S,x S || B
spin helicity

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

Helimagnetic structure under magnetic fields

B B T. Nagamiya, J. Appl. Phys. 33 1029 (1962)
I Ferromagnetic Arrangement
P_@ k o Hll} L
() Hc Sine Oscilliation
ic — Elliptic
ferroelectric »— 1 o M
2
2 it
> ¢ _/ i H
C
tran_svclerse / - Cycloidal Structure @
conica .
. 0.25 bropr sren AANISOLropy
(VL '
" H My ~/XTT-x1 for Smallx = KiuH, energy

Transverse conical spin structure becomes stable
at low H when the anisotropic energy is small
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Magnetic phase diagram of Ba,Mg,Fe;,0,,

Temperature (K)

TAS-1, JRR3

Complex phase diagram

200~ ~ "7 T i
BaMg,Fe ,0,, H//b
L T T T
VN 5 Collinear Ferri 7
150"' -3 - -1 < .
| — —
| — )
— e
100 N
£ [N
= RN
50§ R
v 3,0 OII 02 03 04
. H[T
0 2 4 S 8 1 2 'allg?llllzlllld'lllv PlD [ ]
10° 10° 10°

Magnetic Field (T)

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

H. Sagayama et al. PRB (2009)

Intensity (cps)

Intensity (c:ps

Polarized neutron diffraction on FE3

0.5T,35K | TAs-1, JRR3 |

---------------------------------
. '.
S

1200-
1aua-
goo}
doof
400}
200}

§zsu-

{i =200}
éﬁiso-

| & joof

go

3 18.0
R LirlH).......
transverse ferro.

component (|| B)

17.8 18.2

----------------------------------
s

{33:.]

Intensity (cps}
o = N W A f..ll

300F

~ is0f

o
A\
-------------

cycloidal
component (L B)

Polarized
i neutron
[0o1] | ko .....................

FE3 phase has
transverse conical
spin structure
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Magnetic field dependence of satellite peaks

mm l.-lltle;;ﬁi;{léls}l EEEEEN

ko 11 [001]

N

increase B y
P || [110] : C\

B || [110] v
*spin spiral is squeezed along (001)

S. Ishiwata et al. Phys. Rev. B 81,174418 (2010) | upon application of magnetic field

Possible Magnetic structure model for FE3

[001] [ k,
L L S B S

_ 80H Obs. (5 K) S2 (v{ g=(003/2)
£ | DS

O& 60 X e;#(5 % Sg) SL L2
s (M-H curve, 5 K)

:g 40H 03 = 0’_

5 /

20| s B =)
S 201 X ex(S5xSs) e 3

& | (thisjwort. 3.5K) S$1 as\y

0 i | i |

0 1 2 3 4 5 i

Magnetic field (T)

Pac =ASgS, sindgsing, transverse conical

(double fan )

*Calculated P reproduce the [001] || k,
experimental Pqualitatively, but

calc

not quantitatively.

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

Frequency (THz) (d) &% A S

0 05 1 15 2 FelMg—~= L

[ T T I ] — g S

- 20 ] e —~Ba =F E:::eg
- 1 20 ~=> L

. (@) [100) <= S

AR 16
Magnon excitation ————————

Q=
1 Py LI | ]
driven by electric 6-(b) {1245, 225, 1.6) 310 E
field of light r o EYI001] £°[100] 1
NS AA100] oo £
E°|[(00] 1 S
4 H°||[120] 1 g
ST E°|[120] 1 & 4L
3 H?|l[100]1 7 >
e w
2 8
=

P | R S Y s s .
00 2 4 6 8 10 00 2 4 6 8 10

Photon Energy (meV) Energy Transfer (meV)

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

Outline

ntrodu clriven electric polorization
NMeak m I comtral of polorization
in Y-t S T P T CR

E e o . .
e TR (Y TN T | nli "

Polarize PR tion sty o
e b by 1 RS 1 Hw‘ o ]

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

Hexaferrites as promising multiferroics

- —F—tp
sof © .  BLP ]
A —— 10K
- —— 30K
E100k i
ot 90K
=u X ——110K
< sob ]
Magnetic Field (T)
Y-type, B-induced polarization
T. Kimura et a/. PRL (2005)
§ o
U —_—100 K
2 ——00 K
§ ——1300 K
E 10
¢
3
] | 1

Magnetic field (T)

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

transvarss
_ conical ( #11 [T2a))

4
n BT oy -y él"" P FAN

) |

sl
|

"L J'l\ Jll-

AN
iy

Y ‘f'( YV T |fr £
NALANNAAN
Vv

B & A

S

:»'I U U U

8 o B

Magnetic fiold (mT) Polarization (uCim?)  Gurrent {pA)

g
sl
g
g

Y-type, weak field (300 Oe) control

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

M-type hexaferrite BaFe,, ,Sc, 0O,

BaFe;,0¢9

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

BaFelz_xSCxolg (X=12-18)
longitudinal conical (4| |[001])

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

M-type:

ferrimagnetic (uniaxial)
= longitudinal conical

14

KolI[001]1

¢=150° , a=30°
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Ferrimagnetic to conical transition in M-type hexaferrite

Room-temperature conical magnet!!

~370 K@x=1.75

/
/
T é T
e 1
\m
Z 08"
5
= 0.6
©
N
T 04
c
& 0.2
=
0 | | | | | | | 260 1 1 1 I 1
0 50 100 150200 250 300 350400 15 16 17 18 19 2 21
Temperature (K) Sc doping (x)

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

Neutron diffraction study of conical transition

BaFe,,. ;Sc,Mg;0,4(6=0.05, x=1.75)

5 004+3 006-3
4+ kyll[001] G O e s L LB B H N
) b 0 F /
» 3_ 3
o - j 3K
_,\9 2 4 K closed
c cycle cryostat
8 E
(@] 1'_ 300K
1000 K
P I S — T {1 400K furnace

Counts/10s.

0:|I|...I....I....I....I.

4.0 4.5 5.0 5.5 6.0

L (r.Lu.
Y. Tokunaga et al. Phys. Rev. Lett. 105, 257201((20f0)

_97_




JAEA-Review 2011-020

Neutron diffraction study of conical transition

Magnetization (g / f. u.)
N

100

zed ME output Integrated Intensity (arb.unit)

T

cone

7;0ne

" HI[100]

H||[001]____

"\

OOe

\

0 100

200
T, Tw (K)

300

400

BaFe,,..s5¢,Mg;044(6=0.05)

Y. Tokunaga et al. Phys. Rev. Lett.

105, 257201 (2010)

Polarization induced by transverse magnetic field

transverse H

Koll[001]

kolI[001]

f% H=0 ‘ Eb H [|[100]
P=0 ®

P||[120]

*Tilting of cone induces P

*Metamagnetic transition~5 kOe
=virreversible disappearance of P
=transverse conical state is not stable

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

BaFe12x8$c Mg,O 19(x =1.6,56=0.05)

Magnetization (u/f.u.)

Polarization (uC/m?)

L x=1 6

/initial i
T=10K |

H || [100]

Fén-like

k, kK

®©H H—
5 10 15 20

Magnetic Field (kOe)

— E)Eg —
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T-H phase diagram in transverse magnetic field

transverse H BaFe,,. sSc,Mg;0,,(x=1.6, 5=0.05)

k|I[001] [ PPy — | 500
__8F/ 100K o
5
« 250 kO{)i"] -
o
® H{[100] =2 H||[100]
P||[120] = %200
3
© 150
(0]
o
£
|q_)100

P (uC/m?)

50 f=-f

0 4 8 12
H (kOe)

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

Polarization in tilted magnetic field

T I I I I I
BaFe,,, sSc,Mg;044(x=1.6, 5=0.05

g

ko|I[001] ko|I[001]
QH
H=0 ‘ [100]
P=0 ®
P||[120]

= Conical structure is stable
against tilted magnetic field

Y. Tokunaga et al. Phys. Rev. Lett.
105, 257201 (2010)
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Robust spin helicity against thermal agitation

Tcone Tcone

10 T T T
e S .
kon[og;l ER T
H e = '
E 4k xz1.6
ME cooling © o
from 270 K [100] g 2[Hilroo)
l Pl|[120] o . . :
. -3100
E field off < 80
at10 K 2 o
Cooling d Warming up = 40
ooling down ; - =
010 K «— toT,inH 2
250 Oe 3
£ 0
T 3 1.0
Measure displacement current E 08
while sweeping H=+3 kOe at 10 K Z 08
=04
Measurement is always done at 10 K g 02
o .
0.0
Y. Tokunaga et al. Phys. Rev. Lett. 0 100 200 300 400
105, 257201 (2010) T, Ty (K)
Summary

*Polarization is induced by transverse magnetic field.

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

as weak as 3000e.

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

+ In Y-type hexaferrite Ba,Mg,Fe;,0,,

*Transverse conical structure was confirmed

by polarized neutron diffraction.

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

*Gigantic magneto-chromism was observed via electro-magnon excitation.
N. Kida et a/. Phys. Rev. B 80, 220406 ® (2009); N. Kida et al. submitted.

+ In M-type hexaferrite BaFe;, ,Sc,O,q,

* Conical spin state above room-temperature with robust spin helicity

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

Y. Tokunaga et al. Phys. Rev. Lett. 105, 257201 (2010)
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11. PHEFERS FXIRIZLD
T ILFIOA 9 ACuFeO,DHZE

T HEG
ME - M HEFREE PEFHREIIL—T

HEIRE mEME. PEZH. KR 2. BXiE—. BR R,
ISHEREE. MEHMA, RESE, ZAHKE. INFEA, EAMNSE

Introduction
Multiferroic triangular lattice antiferromagnet CufFeO,

Spin-lattice coupling CuFeOZ

- Lattice distortion (synchrotron x-ray)
* Spin-wave excitation (neutron)
* High-pressure study (neutron)

Multiferroicity in CuFeO,
- Spin chirality (neutron)
* Orbital modulation (synchrotron x-ray)

Summary
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Crystal Structure and Ground state of CuFeO,
Delafossite CuFeO,
m— Magnetic Fe3* (S=5/2, L=0)

Nonmagnetic Cu*, 0%

120° structure

e

collinear 4-sublattice ground state of CuFeOZ

Mitsuda et al. JPSJ 60 1885 (1991)
Y
— B /+ P -

o= 20>

H-T magnetic phase diagram of CuFeO,
Magnetization process

H-T magnetic phase diagram

emperature

Electric Polarization
R (4C/m?)
= N3
S

8

Magnetic field [T]

Kimura et al. PRB 73 220401(R) (2006)
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Field and substitution induced ferroelectric state

Field-induced Ferroeleciticit =
CuFeOz2 CuFe1x xO2 ( =Alor Ga)

CuFe,.Ga0,

A, (uCrm?)

Elactric Polarization

5 10
Magnetic Field (T)

Kanetsuki JPCM 14 145216 (2007)

: Seki et al, PRB 75 100403(R) (2007)
K t al. PRB 73 220401 (R) (2
IMUraEs 73 22O Terada et al. PRB 78 014101 (2008)

Terada et al. JPCS 145 012071 (2009)

* Why is the ground state collinear ground
state ?

<110>

* Why does the ferroelectricity appear in the
noncollinear phase?

£ 3

s 8
@.
=
=
o]

Electric Polarization
B, (4C/m?)
- N
S 8

5 10
Magnetic Field (T)
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Outline

Introduction
Multiferroic triangular lattice antiferromagnet CuFeO,

Spin-lattice coupling CuFeO,

* Lattice distortion (synchrotron x-ray)
* Spin-wave excitation (neutron)
* High-pressure study (neutron)

Multiferroicity in CuFeO,
- 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

Expected lattice distortion: scalene triangle

RS _, VAVAVAVAVA_
;- hrIrttionI ye brkig ‘v‘v‘v‘v"
(0.5 0.5 0) superlattice reflection "‘VA""'A.

- . . AV‘NAVAVAV

The geometric frustration in this system is released
by the spontaneous lattice distortion.

| asubatice g ro | e MR

T T
5 e This 20

Tern erature

Doubling the lattice period along [110]
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X-ray diffraction under pulsed magnetic fields

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

Experiment at BL19LXU at SPring-8 )
: = Narumi et al. J. Syn. Rad. 13 120 (2006)

Highest field: 38 T
Pulse width: 26 msec

Magnetic field (T)

10 20 30 40
Time (msec)

2D pixel detector
Developed by PSI

Relationship between calculation and observation

Terada et al. Phys. Rev. B 75 224411 (2007)
Relative fractional change in lattice constant b Relationship between calculation
in magnetic phases and observation

Magnetic structure dm

Yy e
> X{ 6 > X{ <] dsg=d+(3/5)5
Py am=aruns

drerro=d-0

1 @ a2k
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Magnetic excitation spectrum: Previous Works

b7 IEsE M RRELICKY . REY

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

(9.2.0) ()
_0.08 012 0.16 0.20,,040 044 048 052
%-20m CTH

o pH=0
® |1 Hs Tesla

T=37K  2q, ]

TILFRA DB RIE3E
H (A CRITA R

=ARF+HEIAEIREEER

Fishman JAP 103 078109 (2008)

=ARFETILCIE, EEFER
ZERBA CETLV G A T,

C1-1 HER JRR-3

LYY N
hEZH

UG IWRAL AEIZH TS

_?i.‘-ﬂﬂl_l i ¥ U_‘

—EEHEILD
10MPa

o] &' S HVBA

V110 = 0873
Vizg) = 0012
Vigyy = 0.016
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Spin-wave dispersion in CuFeO,

Nakajima et al. JPSJ in press arXiv 1011.2859v1
7)L5°|~“x»r> VT IIRALY

(c) (HH,1.5)

AVAVAVAVAV _
v‘ ;’7"""‘ Hir.l.u]

A‘ ’A'A'A-A-

Motivation: Pressure effect on CuFeO,

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

Expected lattice distortion: scalene triangle

If the anisotropic distortion is suppressed
'A"'A"'A by isotropic hydrostatic pressure, the
""""" magnetic ordering should be suppressed
v‘ ‘7"""‘ under the pressure.

VAVAYAYAVAVA
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Our Recent Works: Neutron diffraction CuFeO, under 7.9 GPa

N. Terada, etal. PRB in press: arXiv:1012.1091v1
Hybrid anvil type cell Sample size
developed by Dr. Osakabe in JAEA 0.50*0.60%0.25, 7.7 mg

JPSJ 79 034711 (2010)

Sapphire

[

Resin

Stainless
steel

Intensity (Counts/ 18 min.

Our Recent Works: Neutron diffraction CuFeO, under 7.9 GPa

LLattice distortion!
) P=1

Wave numb

pressure |

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

Introduction
Multiferroic triangular lattice antiferromagnet CuFeO,

Spin-lattice coupling CuFeOz

* Lattice distortion (synchrotron x-ray)
* Spin-wave excitation (neutron)
* High-pressure study (neutron)

Multiferroicity in CuFeO,
= Spin chirality (neutron)
* Orbital modulation (synchrotron x-ray)

Summary

NiMSl

Ferroelectric Phase of CuFeO,,

Cu(FeAl)O, and Cu(FeGa)O, systems

Proper helical ordering
. Nakajima et al. JPSJ 76 043709 (2007)

ield-induced ferroeletrics Impurity-induced ferroeletrics

CuFe1xAlxO LA~
CU FeOZ C F L XGX 02 |? |"-. - | _{
oA h NN g_’ﬂ €|l SiXS§
CuFe, 68,0, AN
PM — -
= _ 1§ = 2t
E L —OTTOmTi——
E| g PD
g G i or
: Pl OTemy P ocej X (SiXS)
a s £ N\~ Katsura et al. PRL 95 157205 (2005)
4sL I \ TbMnOs, MnWOu, ‘etc
&b (L] [T [ b6

Ga concentration: y

(") o hybricaaton mechanism

g wob@)p) . P cc(ej+S)Si - (ej+S§)) S
E-E-auu— - Jia et al. PRB 76 144424 (2007)
& G200
8 o] M S | CuFeO2
8 g - " 6 =
Magnetic Field (T) - -
Tamparatas (K} Z

Kanetsuki JPCM 14 145216 (2007)
: Seki et al. PRB 75 100403(R) (2007)
Kimura et al. PRB 73 220401 (R) (2006) Terada et al. PRB 78 014101 (2008)

Terada et al. JPCS 145 012071 (2009)

OC p(0) + P(2Q) + P(4Q)
Arima JPSJ 76 073702 (2007)
Nakajima et al. PRB 78 024106 (2008)
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Mechanism3: d-p hybridization

Arima JPSJ 76 073702 (2007)

Experimental Prove predicted by the theory

C)P oc (ej*S)Si - (ej+S) S 1, Spin chirality should be
Jia et al. PRB 76 144424 (2007) reversed when P is reversed.

M _S L lari - alectric fiel
0 - Polarized neutron in electric fields

Z
OC p(0) + P(2Q) + P4Q) 2, Spatial modulation with 2Q

NS APRp  SVINEOPI (and 4Q) of d-p hybridization.

Nakajima et al. PRB 78 024106 (2008)

Resonant X-ray Scattering

Polarized Neutron Diffraction in Cu(FeGa)O,

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

Neutron scattering cross section

(d—gJ o S(K) {1+ (C- DV + V1) m2(p, RC- RV~ V)

C  Spin chirality Py Neutron spin
Very (V;;) Volume fraction of right-hand (left-hand) chirality

Polarized neutron diffraction in electric fields Ferroelectric polarization
[110]: Vertical

Point

When the ferroelectric polariztion
is reversed by electric fields, is
spin chirality changed or not?
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Polarized Neutron Diffraction in Cu(FeGa)O,

PRB 79 214423 (2009)

E-dependence of neutron profiles Relation between chirality

uFeq_xGayO» (x=0.035 and polarization
(112-q,172-9.312)

(d-1) Ep=+412k\l'fm L (d-2) Ep=+41 2kVim 1 1800
# Flipper OFF { 1
® FlipperoN | 11800

5 g
11400 3 a2 of
] B r T
11200 1 ‘j’ﬁg,u/ﬂ
1000
’ 800

a‘l [ o \ ol '
Pl [110] s " 1 ‘,' jPMsau ! o 8o m,.-‘“"‘-""
- sptrtnne b fagraghadees’ 1400 ol “

(g) RH-Helical 'I o i )
- (e-1) Ep= -412kVim (e-2) Ep= -412kVim 11800 B S S .
1 {112-q,1/2-9,3/2)

11600

| %
Pt

g

41200

g

counts/10k mon

; PU110]

g

=]

0.19 0.2 0.21 0.22 028 029 03 031 0.32
Hir L u]

Spin Chirality and Polarization are simultaneously reversed by electric fields !

Resonant Soft X-ray Scattering in Cu(FeGa)O,

HiF HPRME
S | (b)

; PM
. SPring-8 BL17SU

)_0‘00'0.'- \ TNI(” ‘o_——U———U——_____;
PDi
|

i £ . Temp down to 4 K

V)

OPD

Thaly)

Temperature (K)

FE-ICM

0.04 0.06
Ga concentration: y
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0,1-2q, ORSTD T RILF—, RIKRFMHE
Fe LI IRim 2p

3
R

=
u

o'-o 0,1-2q,0
::.?ll:
L35

R D LR UN i D IR IR BhfR

Kt
z
£
E

0 = N W & ;o>

1 1 1
700 705 710 718
Enengy &Vl

=
Y

Intensity [courte/30sed]

N

-

Integrated Irtensity Larb. units] @

Tanaka et al. arXiv. 1012.3586

(=]

710 fal
Enorgy M

T T T T L=

=
o&
T

i L

Integrated intensity Lard, units] ¥

QO = N W & ;>
T T T T

_—
1 1 1 1 1
700 705 710 Fatl 720 725 730
Energy eVl

3,104-| . T T T T T L=

g T -0 0,1-2q,0

5 ¥

g o Ly%

% 3 L %

E L *! %

E 1 %

T e S
Tanaka et al. arXiv. 1012.3586 700 708 "gm;‘.:w 720 T8 T
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0, 1-2q, O ST DR EKFE

x

Ty o—— 4

T ) OPD

b ! FE-ICM
) B spmessssasas :.:’l‘" i ERE et :

4 6 a 1 0 . U.ﬁ? 0.04 0.66

Temperature [K] Ga concentration: y

Temperature (K)

Integrated Intensity [arb. units)]

Tanaka et al. arXiv. 1012.3586

Mechanism3: d-p hybridization

Arima JPSJ 76 073702 (2007)

Experimental Prove predicted by the theory

Q, oc (ej*S)Si - (€j+S) S 1, Spin chirality should be
Jia et al. PRB 76 144424 (2007) reversed when P is reversed.

Polarized neutron in electric fields

OC p(0) + P(2Q) + P4Q) 2, Spatial modulation with 2Q
Arima JPSJ 76 073702 (2007)CUFeO2 (and 4Q) of d-p hybridization.

Nakajima et al. PRB 78 024106 (2008)
Resonant X-ray Scattering

- 113 -




JAEA-Review 2011-020

Summary

= AEF BB IARCUFe0, VR . EBRMICEHBATIEI RV E R EEIK
BB [TILFITINAVARIBR IDAN= X LEZERAT -0, PEFEREL.
RETEXER BT REREF B o1,

(1) CuFeO,DEJEIRRE , FIEEIRREZEREAT H1=HIZ(X. BFEM
BARFD=ARFEHEEZRI DENBETHHENBALD
[Z75ot=, (RS AEXEREIHT, PiEFIREMEREL. SETHEF
[E1#7)

(2)CuFeO,MTO/NRY) 1 — R RBEFEARFZEMICRAL T,
Fe 3d-0 2pEVERAN=—RA Lo FBEIND, BIEREGAEY
D45 T4—. BLUFe 3dENED2QZE B ERDE AR IILT=,
(BIE P {mAB T 4EFE . BxERLSEHT)

Previous Works: Pressure effect on CuFeO,

Magnetic susceptibility Moessbauer spectroscopy

Up to 0.7 Gpa Up to 19 Gpa
Takahashi et al. J. MMM 272 213 (2004) Xu et al. PRB 69 052401 (2004)

Intensigy

1 A 1 N L N , 0.01 GPa
0 5 0 5 10
Velocity (mm/s)
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12. GalR#RL7=YMn4t (Mn,_,Ga,)3'0,
ORBRNI I T1ERRPE

RFO#EEY . RAAKZ T
BAFT—V AN RZ?  REEF?
18K MEHMAY, FFHFEFY

Quss

Magnetoelectric (ME) effects in RMn,O;4

Switching of P by magnetic field Flopping of P by magnetic field
Tbl\/ln205IH//G | IHuretall. TmMn,0g H//c Fukunaga et al.
¢ T T T T T
403; YASR R s B T H 2 a_s_t;
LT :
§ ol %g%ﬁ%‘f%ﬁiﬁ § :§_§L =
¢ RTINS
20 gf-é §° R E"% & "5; &% u_',.‘%,s 58 5]
0 1000 2000 3000 4000 N
e e e
P is reversal.

HoMn,O H//b

L(a) Hlib ﬁOands 5; '
T

Change of P by magnetic field

Ferroelectricity is

< magnetically driven.
2os Rich variety of

ME effect.

120 30 40 30 60 0 20 30 40 50 6
Temperature (K} Temperature {K)

- 115 -




JAEA-Review 2011-020

Crystal structure

Crystal structure
(orthorhombic Pbam)

Mn4*Og
octahedra

/
R3* ion

(R = rare earth, Bi, Y)

Mn3*Os
pyramids

a

uBS

JAEA

Q

Magnetic & dielectric phases

XA b | PE Lonic Redi
(R=TLu) m:;ml '
e [
I I
I
X, Plla XP ik WiE | PE = 30 i i
: (R=Yb) = b t |
EEmT [ : : |
L I
Tes Te T Ts 0 \ 1N
Dieleciric | X', Py ffa | K. B0k | FELP B | WFE | PE & + —
- 1DICM 7 (R = Tm) E ‘ : }
Magnetic [rapieseiranies] o e M 2 100 Lo
Ty Tw Tow  Tp T ¥ sof | I
X P iih FELP b | WFE | PE - ( |
' (R=E) s % : T
LI-1DICM oY o o . f t e
~ 0350 o000 00 mmm |, ]
X, P b FEL P, /I b WFE? FE =‘ i I‘ 1
(R=Ho) — 049 | |
e | o [ 3 | \
=
. = 048f YYYvwey qx=0.5 P
X, P b FEL, P, i b WFE | PE 0.30 \ I " :: j
7 (R=Y) i - P
LT-2DICM oM 'Dclf:‘ ; 028 vy "‘\ qz = 0.25 L 4,
A = 1 1 I 4
- 1 1 I
T - i o
-X,P.f."b FELPIb | WFE | PE = 026k ;Tm TCM: }T,‘-l
(R=Tb) < |
-Immm oM e M = looo T o ™™
= 0.24 1 L 1 il L
| — po. 0 10 20 30 40 50
(R =B e Temperafure (K)
| oM PM

TK)

LT-ICM

CM

Q

uBS

JAEA
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Three issues(?) in Mn125 system

(1) Rare earth moment.

(2) Mn#* or Mn3* ?

(3) At least, two different FE phases.

Large ME effect in LT-ICM phase

ITN[M“) HoMn0s fTN(M“) ErMny0s Higashiyama et al.
L@  Pamelecic  Hio] @ 4h@)  Parclecirc” ]
T — y 3 AL A e 2
: Femoclectric (PJ5) | & U Femoclectric (P)b) :
T S— ) S 1
4 E 10
18 T
o @ up  HoMn: 0 ri et
o g 40re) araclectric  H
e 4 #3
t t + N‘ i L %
A ‘ <4 E 20
: - J ¥ NS Ferroelectric (75)
g g g - - E10 @ EMn0g
E05p o |2 Hle
< {ulBs UL RN IR & 0 Ry NIRRT L
b M———d G40Hc)  Pamclectric  Hleq G 40-(H) araelectric  Hlje{ | =
10 20 30 40 30 60 $ = %0 t t hoks
Temperature (K) 2 30_ ) 2 3
2 Ferroelectric (P)h) g g .
£ ond £
£ 10 3 1
& X e -40;‘7_;-' o
] PRI S SR ) I S E B B R N VR (R (R
0 5 . 10 0 5 . 10 Temperature (K)
Magnetic field (T) Magnetic field (T)
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RE moment & ME effect

HoMn,Os . EMn,O;
iy A% kil gl niated A TN e g
Ho spin // b -?-’-!.tﬁ'-ﬂoﬁ*’- 4 B¢ | 2B Y Erspindlc

3 K] B3 ¥ K “o_“i-..=o:i.o"'\_o-‘-‘_\
S e LA A BU S PR SR SRR S N

*r R . . Iy % . Tn
- _HT-ICM ] o HT-ICM - —
= - - - T(. t;r C
H//b % 0 CM FE phase g £ CM FE phase 1 H/lb
g 20«: 5 20
10 L3RI > i 107, o
. T LT-1DICM h
% 5 10 15 % 1 P 3 3 5 3
50 T b
o P HT-ICM -~
1 O o RF TL'
2
RE moments also play £ CM FE phase Hilc
a role in ferroelectricity. &~ S
10}:. . LT Aanke™
oY >
0 1 2

Three issues(?) in Mn125 system

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

(2) Mn#* or Mn3* ?

(3) At least, two different FE phases.
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Two possible mechanism

TbMnO,

Katsura et al.

Mo fo oonef| WPlofoiolo

Inverse DM mechanism Exchange striction

Chapon et al.

P, <ce; X (§; x §) P, o< (S, * S)(phase term)
. 2 : . ' . : . ¢ . N . b f 1 .
PP PPV o P
M M R & x|
| P 'Mn3*Y3':' : Y |
4 .o.’.o.‘.o. - O"" S |
Mp*: { O { ©
od® DA R .3 i 2 * T‘N\.
Mn#* chain Mn% Mn3* spins
cycloid structure zigzag AF chain
N% N2

P// b byS+*S mods
P // b by SxS model

Ga’** doping

Kimura et al.

50

Mn3* : 3¢4, S = 2. PM YMn*' (Mn1+Gax)* Os]
_ (PE) ]
r=0.645 A il IDICM o=~ ;
Gast:3d19, S =0, [ (WFE?) | g7, j
r=0.620 A : i sl b
30 —te= Ticv=Tcz |l

Ga3* doping dilute <
Mn3* spins. 20 \ :
! . \ i

. . . \
Dilute interchain j0 L LT-2DICM N h
interaction, & ! (WFE) . A
dilute S-S contribution. o I e |
0 0.1 0.2 0.3 0.4

Xobs

Ga concentration
QuBs
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Three issues(?) in Mn125 system

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

(2) Mn#* 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

YMn,O;

T T T
low-T ICM 1 CM 1ICMi1 PM
| I |

T (K) T(K)

Figure 1. Polarization when poling  Figure 2. Polarization when poling in

+ 200V at 5 K. 200 V at 18.7 K.
QuBs
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Three issues(?) in Mn125 system

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

(2) Mn#* or Mn3* ?
Ga3* doping dilute Mn3* spins.
(Dilute S -S contribution.)

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

Sample :
YMn#*(Mn,_,Ga,)3*O4
x=0.047 (HTICM-CM-LTICM)

50

Kimura et al.

-----------------------------

x=0.12 (HTICM-LTICM) IDICM , ]
1Y " (WFE?) :;ﬂ ;
Experiment : : - -To=Te |
Polarization measurements 30 k —t— Tiev=Tc2 | ]
Spin chirality by polarized neutro@ | ]
=~ ] 9 !
Poling condition : 20 | \ -
x=0.047 - N -
Poling @CM phase I \ |
FC 55K 24K, ZFC 24K — 4K 10 f I Riie A ]
Poling@LTICM phase : \ A |
ZFC 55K — 18K, FC 18K — 4K  , N ) |
x=0.12 0 0.1 0.2 0.3 0.4
i Xobs
Poling @LTICM phase «=0.047 x=0.12

FC 55K — 4K
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Incident PG(002)
monochromator.
(Unpolarized beam)

Ei=14.7 meV
40’-80’-80"-80’

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

Pro — {—Pi+2(P;i- M) - M} - 0 +i(M x M)

M = ) 8 e
J

Detecting spin chirality

_ 17 i

TAS-1 spectfémeter atJRR-3M

= ZSJLCOSQ-rJ--Q—iZSJLsinQ-rj
J 7

In this set-up, P=0. Thus P;c = (0-0_) is the direct
measure of the magnetic chirality (M X M*)//Q.

o.: Hg // Q (Horizontal field, HF), non-spin-flip (NSF)
o_: Hg // Q (Horizontal field, HF), spin-flip (SF)

Unpolarized
Neutron

Current definition

Unpolarized
Neutron

Scattered
Heusler (111)
double-focus
analyzer.

x=0.12 sample

Intensity

T PM

1DICM

YMo* (MnraGa)* Os

z
=
0
10 g
9 n'| g 1‘1..2 03 \0.4 E
Xabw ?vb
1000k T=3-7K HF SF o,
+1 kV
500+ HF NSF o_
D i
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L(r.l.u)
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-10 |
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T T
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®e

o,

HT-ICM
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50
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x=0.12 Poling @ LTICM

o
o=
o 5 0 -1 kV ® Measured with ZFH after
_7 FC from 55 K to 4 K.
—— ® Positive P gives positive
10 . -
g ¢ chirality.
= \_. kv ® MxM* and P follows almost
é‘ T oree ey 1KV same T-dependence.
® @ﬂ”’p eNormalized chirality
10F © 00 _
x saturates quickly.
s 1
0.5 e &
= P e kv
- B3 go------
X .05 [ o -1kV
= o ooaxp®
1o 10 20 30 40 50

Temperature (K)

JuBS

JAEA

5-

- e o
-
-

P (nC)
l\ (j

T | ® Measured upon ZFH after FC
5% 90 00 v 1 from 55 K to 24 K.

s | ¢ 000000,40 ¢ - - (CM phase data)
= ‘;'kv ® Measured upon ZFH after FC
Sl e oo ®® 1  from 55K to 24 K, then ZFC from
Lo ; 4 = kV: : : 24 Kto 4 K.
= 0 © © 0 of 00000 ] (LTICM phase data)
= L P8e o . ® CM phase :
s ce®e Positive P gives negative chirality.
g OSE L . em %1kv 1 ® Upon CM-LTICM transition,
1 . . . . . > P flips, but chirality does not
0 10 20 30 40 50 fllp
Temperature (K) »Normalized chirality

changes little.

i uBS

JAEA
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x=0.047 Poling @ LTICM

5 , ) . ) . ® Measured upon ZFH after ZFC
S $Tee,,, from 55 K to 18 K, then FC from
. " ¢ 18 Kto 4 K.
s 0 Q,,....-.f]_k_\/_, ® LT-ICM phase :
é‘ 1KV Positive P gives positive chirality.
*l o o 000® ® Upon LTICM-CM transition,
L 1 ~ “.« »Both P and chirality vanish.
s 0.5
- ot1kV
* Op===-~~=~= 8803“”& """"
=
X 0.5 o -1 kV
s o0 o 000
1o 10 20 30 40 50

Temperature (K)

Quss

Poling @ CM (x=0.047)

ZFC FC
<€ <€
- LTICM phase CM phase
P - negative + positive
MxM* - negative - negative

Poling @ LTICM(x=0.047, x=0.12)

FC ZFC
<€ <€
- LTICM phase CM phase
P + positive ~0
MxM* + positive 0

i uBS

JAEA

- 124 -




JAEA-Review 2011-020

* Spin chirality & electric polarization were measured for Ga-doped

YMn,O., where Mn3* spins are diluted.
* When pole at each phase :

- CM phase LT-ICM phase

P + positive + positive
MxM* - negative + positive
*  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.

1.25

1.00
0.75

0.50

P (mC/m?)

0.25

0.00

-0.25
0 10 20 30 40 50

i uBS

JAEA
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13. RiEMME S 714 ~—WH Eﬂa
SrMn,P,0,,D Y

MRS & ERURE

W'E - MR E#EE (NIMS)
BErE—hbr¥— FHTERILIN—T
BA IEF

1. OB L&
2. EBFE
3. MERLELE
3-1 ERERAL
3-2 W FERRMEECEL
3-3 HHETFET
4. L

1. AFEDERE L TR =)
X CBHIC 9 F

AH12H208 13 4H

20065F12H20H  ZEEE#HOMEH HHEDEL N
1965451220 H EADOFAH
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A AR va b MESEE
« 77 AR —var? MOEE?
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1. AFROENEEE f“,"’)ﬂ
BetEA v DOELE -—

- 2 Nil
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1. FEOENME L poys

ANi P O (4= Ca, Sr, Pb, Ba)
B e
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S
TFL T T T

M/H (emu/Ni mol)

H=0.01T |

P I I NI L
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- HiF - FEREMHEREEIREE & B3 : canted AF order
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MH, PRB 74, 024430 (2006)
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@

;llﬁﬁ.
1. AR OB éf g
@
Nims RIKEN
20— 20
(d)15 i lys @ —— BaCo-ZFC
c o] / 3 —e—BaCo-FC
§ 10452 10 %
%os-‘?% ' 05 ;
§oo : 00 '32‘
‘10105- {05 <
= g1
19 : X T. Yang et al.,
gy ] Inorg. Chem.
IR T T TR T ) 47,2562 (2008).
/ kOe 2

6 8
Temperature / K

 Mn2+, 3d5, RAE5/2,

Co2+, 3d7. AEL32 (BIEDEBRND)
“138ft7F F— MnTIIE S, CoTITE,
+ canted AF order MnTiI#EW?, CoTIIAE 5,

2. EBRITIE f“;’)ﬁ

SrMn,P,0, M RRAEL KEEGEIE 200C

ERERMLEIE (58T) ISSPEIEHF
va— b VR T Ry b Yy T o7 (FELE)

=> R UROFE
HRpE - R BGELIIE  JRR-3, LTASAZ Y%

=> 13EFBILT T b —B2ED BN ZEDHER
FRMEFEIFFHIE PSI. DMC & HRPTETE

=> K@*ﬁfﬁ{/ﬁ}ﬁ@ﬁﬁ@%wu

=> AfraRXrvalbA b EoTz,

- 128 -




JAEA-Review 2011-020

3. MRLEEBE
3-1 SrMn,P,0,, DR

§EETTIT T g ] 80_- T — T ]
4.05 —E E ) o Exp. b
—~ a ] E E—’ 60_ --------- Cal. i
Nq C :. L
3.0F Exp. 18 L -
%f“ E /e Cal. 3 E E 40 ]
E 2.0¢ E ] é [ ]
1.0 3 1521 B
“E 13K (a) ] 1T [ 0.1T (d) ]
NEEEESEENI NS RN Nl SR RN FEEE . RN ENI EEE NS EEE N FREEE FEE . A B
00010 20 30 40 50 60 % 10 20 30 40 50 60 0 100 200 300
H (T) H (T) T (K)
— EHOH =
. el
EREME B 7 A < J;=40K 2X 10+ emu/mol Mn2*
Mnl
Jir
——— —
S, S, S,

3. MERLBE

3-2  SrMn,P,0,, DREBIE otk FHE®1)

@

o f

g 600 0=07A"

o T ARORET R X —E o
€\ 2FEFH Db,

[ s B (EIFAE, =>
I SIS,

T * FIAT =D EEXT
T o FJEITE,

;; 200

’é 600 |

g

- 129 -




JAEA-Review 2011-020

3. FEREELR ok

3-2  SrMn,P,0, DRI ofKFHEQ) SE
N7 S T R < Peck | FWHM
ElJ, = 115 ——p b £ owor (meV) | (meV)
St=72 L gy =125 7 w0 0 0.16
St=32 $ o 0.68 | 0.28
- - 2 o 102 | 055
S T 50K
: s | : 2 Gaussians + 1 Lorentzian (0 meV)
Fol ~ 0.68 meV =2.5J1 (GS => 1ES)
PN =>J1=0.27 meV=3.2K
P e " T 1,02 meV = 3.5J1 (GS => 2ES)
L] S a1=029mev=34K
FO7_1 CES) 113 it =J1=40K
o e 0 0 meVEhEE R B IZEHAE DRTERELS ?

3. RERLER *ﬁﬁ!
3-2 P IFAw—DTR)VF—UENT TS

ST E/J1 Spin'5/2 AF trimer H = J1(S1Sz + 8283)

1512 | 12.5
E15_1

1312 5 10
E13_1|E13_2

12 | 15 | 35 | 7.5
E11.1|E1_2 |E11_3
9/2 -7 -2 2 5

E09 1| E09_2 | E09_3 | E09 4
72 | 115 | 65 | 25 | 05 | 25
E07_1 | E07_2 | E07_3 | E07_4 | E07_5
52 | 15 | -10 -6 -3 -1 0

E05_1 | E05_2 | E05_3 | E05_4 | E05_5 | E05_6
32 | 125 | -85 | -55 | -3.5
E03_1 | E03_2 | E03_3 | E03_4
172 | -10 7

E01_1 | E01_2

- 130 -




JAEA-Review 2011-020

3.

ok & B 5%

3-2 SrMn3P4ol4@ﬁ§§mJﬁJﬂi_ mﬁkr@@)

@

o f

ElJ, =-10 ElJ,=-10 - ‘
ST=172 st=s2 oo 010kt - Peak | FWHM
E/J,=-115 3 | 2K (meV) | (meV)
ekl ElJ,=-12.5 2. 0 0.43
ST=3/2 ! 046 | 025
g olw
Ely=-15 ’ 0.68 | 0.8
ST=5/2 GS
1.02 0.55
g8 ] 3 Gaussians + 1 Lorentzian (0 meV)
S 061 B
£ oar - 0.68 meV =2.5J1 (GS => 1ES)
2F = =>J1=0.27 meV=3.2K
0%""T0 20 30 40 50

T (K)

E05 1 (GS) -

15] J=40K

E03_1 (IES) -12.5]
E07 1 (2ES)-11.5]
E01_1 3ES)-10]
E05_2 (3ES) -10]

1.02 meV = 3.5J1 (GS => 2ES)
=>J1=0.29 meV =34 K
0.46 meV =1.5J1 (2ES => 3ES)

=>J1=0.30 meV=35K

3.

ik & B 5%

3-2 SrMn3P40140)ﬁ§§?\WJE Qﬁkﬁ

o.sf—
S o6
~ - N
0.4f ) 23
r [L-sin(ROYRO)*IRO)T -
0.2~ R=3270r6.54 A
0:‘.‘””\‘.‘\.‘.‘:
0 0.5 1 1.5 2
0 (A
Nil Ni2

\(F—o—o\o_

o

KA ~—FTFT )
& FIEITE,

400
300
200

100

Intensity (counts/2.4M mon.)

Intensity (counts/2.4M mon.)

Intensity (counts/2.4M mon.)

@»

- 131 -




JAEA-Review 2011-020

3. MRLBE
3-3  SrMn,P,0,, DREKHELE)

SrMn,P,0,,, DMC, & =2.458 A

SrMn_P,0
T

DMC, 1 =2.458 A
S

4x10* e = SR j | —— 15K
_ F _ 14x10'H 4| —— 16k
2 z — 17K
B 4 =
£ 3x10'- 15K - g 1.2x10* ——— 173K
40K :
s = o ——— 1.745K
< ax10't ] & Ixl07) —— 176K
2z r ] e 1.78 K
§ 110 ] : M ok
= b ] Z 6000 Yok
E. il o lnnnnllnnnng Lot v vt v vy S| —— 21K
% 10 20 30 40 == 55 6 65 | — 22K
20 (degrees) 20 (degrees)
StMnP,O,,, DMC, 1 =2.458 A
M et —— 15K
_ 16x10* - | —— 16K
‘ z — 17K
> F 6 ‘ ‘ v 2 1.4x10° -
26000  © 3 te-1 g 5 140 —— 1Bk
g = K=1/3 Z £ 1.2x10 ek
X 3 2 T6K
§4000- o . & 2 1x10* —— 178K
& 159 = z —— 18K
g - g R —_ ;(9”12
22000~ o 1 & 6000 —— ‘ = Sk
8 g R B e G W .
Z K j0-3j17 i ° (b)75‘8 = 225 23 23.5 24 24. 22K
oL . 1 .12 4 :mi 20 (degrees)
1.6 1.8 2 22
Temperature (K)
Ty =227+0.1 (K)
T = 1.75%0.05 (K)

3. fERLBE
3-3 SrMn,P,0,,DRESKAEE )

F72FNA
 Ji I <= HRPT pattern@4.0K (A =1.886A)
- 1.5£20 K®Dpatternz£  (1ZIFEWERFLST) 12DV Trefinement (FullProf),
« R OpatternZ 240 (ffn & 450 Trefinemeént,
Rietveld refinement{Z 33T T
- UMIEIELE D,
Propagation vector KiZb(y)> £ ¥ chainlZ 47 T1-D DA,
[0, Ky, 0]
E—A Y FNOyRSITEGTX 5,
« LT 2 RE,
Mnl DA OMn2 &ML 5 (Mn21 & Mn22) .
Mnl & DOFE%S 4 FE | drefined™ %
3ODE—A L MORE IIIMST,
E— AV PORE ZFRE Z|Zanisotropy | FEV,

=721, 32O K& Z&[FE UIZ LT Hrefine Al RE,
MOFBERLELEDLET, bolbHLWETAZIRDIZL,

Mnl., Mn2l., Mn22

- 132 -




JAEA-Review 2011-020

3.
3-3  SrMn,P,0, DREEHEER3)

ik & B 2%

)
5> 1.5&20 KODMC patternd 3
£ Js00 ZNHES GRS
E 2000 2EL nﬂ‘ﬁfﬂ: S
5 1500 % Eﬁ?é‘?\}i%ﬁ@ﬁlﬁ
8 1000 H o EREFEOE
< 500
0 | | Lo LIEEEIE AUIEE OO COEOUUA VUV | OTRN O OO TR
500

10 20 30

40

50

60

70
2thatg

10

20 30

4ftheta

60

70 80

1.5 KODMC pattern

R R
B bR
& (DE(PRES
T EBR L EHE DS

B DALTE

3.

ik & B 2%

3-3 SrMn3P4ol4®E§§mﬁﬁ(4)

’E $ I
2 4F ¢ 8
2 % R Mn21 -
g 3} $ ¢ [ -
g i 3 % 9 §
B, Mm22 iz Mol
2 T g ;
5 L
& ! . ! . |
s 1.6 1.8 2
Temperature (K)
0332 " T T
0.328 o .
Zos4- IC i C 1
0.32}- -
P oy ot |
i 1.6 1.8 2
— Tempere‘lture ‘(K) ‘
20000
2
— 1000~
L1 | " |
0 1.6 1.8 2

Temperature (K)

L= 180/2n*\/Y
A=2.459 A

@

Y : Lorentzian isotropic size parameter

L: X KAA L DRE X

D

- 133 -




JAEA-Review 2011-020

3. RERLEE g
3-3  SrMn,P,0,,DRESHEIE(S) o

|

1.5K D g 15
Ky =0.317
Mnl : 3.24 pg. Mn2l : 4.28 ug, Mn22 : 2.82 pg
Mnl &Mn21 (Mn22) IHISIER AT, & JUZAF
Mn21 & Mn22 DS AT RHMEREIZ120° ©

AT THLRFEITTHROVD T, RIIFBPVEA9H,

3. MERLEE f‘;’)ﬂ
3-3  SrCo,P,0,, & SrNi3P4014DRERfE -—

ARV a b A MESAESE,
K =1[0,0,0], canted AF order C, ySFMII~7 = 23 035% 5,
RTHEIENTZ22oDCo2E— A > FDORLTAIZ0° => J21FF
NI THEITNT-Col L Co2FE— A > N DS T A1T129°

JUZAFBITEDS . BGMEICAT TROFTIZ 222, THEZEARITERL 720,

fHE AN KE VO TDMAAEIERZ T TIEEiBH TE 220,

JITHEIZILZNIL EN2E— A ¥ N DS T A1330°

JUIFRI7E, EFMEICE T THETIC ez, THIZEAZRIZHERLS 720,
JIF5V = 35 E IS TIiT i =

138477 b —MRR X2 THWWY,

CoPNIEMnTIZA Y VRN R D,

- 134 -




JAEA-Review 2011-020

3. RRLEBE S
3-3 AvaRrrval A MNESBEOREFEQ)

JEAE R TIE, MR TZTA ML —2a Y UANATHEAL L aARBNAIEERNH 5,
Uniform DMFHAAEA (D vectorlZ ATRE D 38 HIEE)
CsCuCl3. CuB204. Ba2CuGe207 WEHITAD 720,

SrMn3P4014(21%. Uniform DMAE AAEH IZHE >, M
L = o nl Mn2
Mnl@'fﬂ.%&i}iiﬁqj’l—“ == T @
ARy ROBKE 5 2oDD vector|L 5 AT, P P S

HRHIT, 1278 RITIZDMIT Y,

BFMERTRN K D ITIT R X220,
faFnfg ta.95 uy => g =1.98
30 KEL EDy(T)=>g=1.95
A2y - BUBMAAERIXIZIFE0=>g~2

3. RRLES =a
33 ArvaAvvalf MERHEOERER) B

WR77A R —ya dboTHBHNIEASD o
BCRBENE & T A ~— THEL L INSORE RITHATE 2,
30 KLLEDy(T) ==V A4 RiEE0=223K

Tic = 1.75 KO 10f5 7, s, S 8
J,=40K=>0=2S(S+1)J,/3=233K P

ArartEoThH, Ky=0317@1.5KT, 1/31ZiT\ >, 80 [
_ ’é 60:— Exp. N
FIWT 7 A ML —33 T, 2 Op Cal.
AZPEBL o TR TR? Z b E
2 [
S 20fF ]
T [ 01T (d) ]
0'....|....|....'
0 100 200 300
T (K)

- 135 -



JAEA-Review 2011-020

- 136 -




JAEA-Review 2011-020

ﬁjﬂ [ &2 }/

20104128208
F4b —HEAEEIEFERERIRRE
RFh#E DATLRERFEV2— B =

@

-9 ﬂ. (BN S

F—2I
ZNETOED)

HAR it FEbsERse & -E—AI0 e

W - MR R ZE L = o b

Hk H-
_ (TH TS % %—A}/
@

M HtE. B RUVOEFABEO=Z#ET
2006%F12H20H
[EFE—LTH/00—DEENAERFRRIZET S
MEBHABEIDREKEEEM IR TT-2F&
HMIRZR DAEBAZ B 9IS

- 137 -




JAEA-Review 2011-020

| REREEHRERICA - R TERRSORY |
EREDHEREL. BREFEBHISEHEL T WE-HHEFML. EREILERET

RF NHE
WE-#H: MIRNE, F/WE
BB RE GG
BH: chIET AL, UK.

EFE—LT

QP 5510815,

BFE— LD
MFIAIZLSETF
BHBER DR

(7#89)
BATESRMEL

I
ME-HE: BORBEME.
HIAEETFRHE. SHEE

EHB: Bsk. RIE—L, 324>,
— STM, A EF 5k

ME-#E: RIS EE, /M.
IXVFVIBGER, ERTEFHIER.
FLEARDE. ETRME
RHl: W5, RS
EERE. NMR

ME - DEHERE

| F1E=HEEE S FEHBERIMRES

2007E6 A14H  nam v hoisesisetbs 27 ARl 4—

F2R=HEAEHI s FEMRERER IMER

2008TF2 A12H  mvisiBak ABMEEHRS0 sonclish s

FIE=HEEEEFEMIRRT —LHER

20087 H 228 vk sk 2mems ok
ZFHi10:00~12:30

BEFE—LTY/O0—SHEEEF1RESRMRE
2008F10A7H  mu-shumrscrm a1 40%

- 138 -




JAEA-Review 2011-020

/

ﬂ

=

BRI B 2 R SR A B |

2009F1H25H  mvnmts oxrratiipleey —(L)

SR EREEACETAENTRES DR

2009F 118288 mynmi v 27ritmateey y—(159)

(EIRI=ZHEEE ETEMRRIMRR)
F4b0 =HEEE S FEHBER MRS

20105F12H208  mynimes v 257 23k Epgw — (L3P

@
E' N > —
| mrmgsigs— s Azt |0 aF
v gk (25) BFHEEQD  (WwekS—
il i sk St A BE CWe o)
B i) i BB sihA 2
TR HERN *IJJI"-J‘E\%M e |
o HR T JEN ikt
W Bt Prih B Bih vEwl
WA Pz R Sk Fifa gtk
LN LS et A
s A WA BCH 4k
Em st [l Wik %
S et Bk d P
P W Sl A
= A FERAE PaAN PR
FeFrRTZ, a6k SR R
SRRy HIET R wWm Rk
NGk S g AR HIE fIA
WF g% & Hih Jarrige Ignace
Sy S Yl Nl HBg A
T w A &7 Prnl
JIS ¥t Ky Bt g ik I
Alexei A. Belik ;Jg,@ i iy B
BJE b ik 4 Yoksi—
W 13 B BisE Wk T
W HHELT T=T
Alfred Q.R. Baron B #E
HE #i £ i

- 139 -




JAEA-Review 2011-020

@

gt e M oy P

ISTATEE AR FHE AR BEEARE (JST) HkIE RO 8IS IT HEE 5524
FgerEis DM RN X 5 SRR G R H T

a4 B+ B — A X D82 EIRBEE YA SE
JRFIsE T Vv — 7 RFE  EARE—

B 7 v— 713 : BARON Alfred

35O T EREE - 5540 HH

v

5915 75 H

P TORR : FIRK—Gr, SFZHEGr. =BTERACr.
(EFFTOHERN) : HFER (FEWLX) Gr.

@

A e e S .y

Strategic Japanese-EU Coordinated Research Program

BRI ) (| BB R B A i 70 3 GERIAFZERY)
HZ (JST) —EU (EC DG RTD) L [FIAfF58 22 R

“Superconductivity” FAZSEARY 2011/10/03~2015/03/31

Advanced Spectroscopic Investigations on Novel
High-T, Superconductors

H AR KRS (R BE—
EUMIBFE/Ze3E . SCHMITT Thorsten (Paul Scherrer Institut)

- 140 -




JAEA-Review 2011-020

EFE—LTIL—T [ INRIXSY )L—T REMIIN—T
//
HA BH— INE IR BARON Alfred AT
KR ff—ER E=H BER 2@ T|XE HE EX
JARRIGE Fi% RA gk fE—
Ignace E?EE B
R B Fie *
s fx AN B2F - -
Bk E— EE Ik wilTIL—2
B 5EH AE —H WE A
A
i EB fTH &2 AR
BA =— A 154
hE f@x K RS
HA BE | ERRSIL—T
wWH
F BIE
NGRS 4
o e
//—\ /7
S PSI Gr. USTAN Gr. A A T 2 (1)
: BT (FRR234F ) 7 4A - 38,5001
SCHMWITT Thorsten  BAUMBERGER Felix | gsar (24fk 1) 841: 38,500 /1
el TAMAI Anna 34 CERR254E ) $A%A: 38,300
MONNEY Claude KING Phil AR (TR 264F 1) 4% 1 38,3001
STROCOV Vladimir
PATTHEY Luc H A F— 248 %8: 153,600 T
EUMI P R (2—n)
S TAR S (R34 ) #a%H 1 0 k€
IFW-IFF Gr. IFW-ITF Gr. 5 QAP (R4 ) R 4H 1 563.303 k€
5 S (SF-RR254F ) #a8H 1 563.302 k€
GECK Jochen VAN DEN BRINK Jeroen | 5544 (SR 264- %) #2845 : 563.302 k€
KNUPFER Martin WOHLFELD Krzysztof

BISOGNI Valentina
KRAUS Roberto

DAGHOFER Maria
KOURTIS Stefanos

EUMF— R %H: 1689.907 k€

- 141 -




JAEA-Review 2011-020

e e =

P ((BramnslF—»

@

R

AREIEFE—A
ﬁﬁ&‘@#ﬁﬁﬂfﬂ

Pk 7R A (JAEA)

RN 9 (6)
Y —)V AR 9 ()
3

:t——)I/MM' F

SRR RS EORTE

N
s XY FALDGEDOEN, WEZKDEA=> 1 H B S5 n] e

- 142 -




JAEA-Review 2011-020

The SPring-8 Facility

Super Photon ring-8GeV

= Construction started: 1991

* Open to public: October, 1997
* Constructed by: RIKEN and JAERI
* Owned by: RIKEN
. Operated bv JASRI

+r BLO4B1 M~ Tompara E f
Jr BLOSB2 g Enargy Xt ,l fon ~ . Sige Coystel Sinx
= BLOSSS Acceloralor Beam Diagnosis

5 BLO1B1 *
EMCT_BLATXU o

Beamlines

1 [
) - =
BTk 4 \

* Insertion Device (8 m) 4
* Insertion Devion 130 m) al
* Bending Magnet 231

* BL19B2 ¢

* BL25SU_Soi
# BL26B1_FIXEN Sty

. S | \FA7'0Y M
J-PARC R L 7= BF 2o

=

N [ D T RRBEEF IBARAKI Biological Crystal
3 L0 o, Diffractometer

t: o o, = Ibaraki Prefecture

] .
“E =P My

- o

g o,

& T g : / Diffractometer for

# ,/J' 3 v 7@3 B T RIIERITY Biological X’ tallography
- - ) i oy

w 7 % 3 %ﬁﬂ?ﬁ)&m%zoosiﬁ~zoogﬂa (BIX-PN) - JAEA

Ri)%ﬁ#m@t JE Tk [

High-intensity Versatile
Neutron Total Diffractometer

o - KEK —
——

IBARAKI Materials \\
Design Diffrac*tomete’

1Ly - : : - Ibaraki Prefecturs /
5 ‘ < - ¢ 2
High-intensity SANS (HI- 1M ATE RIA

SANS) - JAEA
Neutron Reflectometer with
Horizontal-Sample Geometry

TAER sy of Dr. M. Arai (J-PARC) 14

- 143 -




JAEA-Review 2011-020

[ FEMEIR T — A

@
JRR-3 20094ERs FilfH EiEETE - f&@

B i SRR B 3R

¥ A K 1 BT Iml 9 38 (HRPD)

B RV F—IE P REL BEE (TAS-2)
BV XF—IEHpEEEL R (LTAS)
% B iyR—b (MUSASD

BV F—ER kLR E (TAS-2) X6

SPring-8 20094F B Fi Ff 27
RIKEN BL35XU(IXS) xX17

BTk RIKEN BL44B2 X4

RIKEN BL35XU(IXS) x4
LD i RIKEN BL27SU X6

(B MR T —A

@
JRR-3 20104EREEFHERE =& SR ﬁ?ﬁ

B it CHIOR B R TR

¥ A 1 b A By 218 (HRPD)
FEPE RELEE A (TAS- 1)

B RV F—IE P RS 3 E (TAS-2)
B RV F—IEBPE R EL 2EE (LTAS)
% By —h (MUSASI—L&H)

JETIA: BEL 348 (TAS-1)
/EEELSEE (SANS-J)

SPring-8 20104 | H ik

T il

W kg RIKEN BL27SU X9

- 144 -



JAEA-Review 2011-020

[ FEMEIR T — A

@
JRR-3 20114EEE IS : - ﬁ@.

XFERHE i3RI e

¥ A 1 AT Il 28 (HRPD) X3
BRIV F—IE P RELSEE (TAS- 1D X 4
BV F—IERpE iRl 2w (TAS-2) X 10

- 145 -




JAEA-Review 2011-020

o

ZOWREIE, SRR (B FEMESG) V- —7 (@B T —2) DA
PN ZHOIC B TIRIERA U TR S, TR H DL T 304D £ ITS
ML TR0 e, BICLWHREINT 124007 2 1ZEHT 5 & L bic, —HEEEER
EDORERE I SNTeE < OF 2T B L B2, £72 2 Ot oBEIc Y- -
T, D=, 7Y, BESOBHO TR, BHESOBATTETCITHEZERE 2D
N—T DA R—Th5HF R, KHERROEKERICKERBMEE IS/ o72, Eoalte s
LT, BRBIEA, WA, LRES, AfcEORRICBIEEICR-7To, s T AE
B, SHEN, RFEN, 2R E LTERER 1S AL BT S AICBIHERI R o 72,
ZOXEIRF 2D TH OB TERIIHESZEEL., 2 OWESE LRI ERRO
FerDOZTHHLHY, BHIRICELDD I LN TE T, ZOHE2EY THEREICBILE L E
T,

- 146 -



SR RFOHEE DATLHERZEEV Y — REE

JAEA-Review 2011-020

181 F 4@ =HEEE [EFEHER RS

(X4 B&E#& 5 TEL: 03-5246-2503)

(#tE  http://cese jaeca.go.jp/ja/map.html)

BEF:12H208 (A)

€3
(BHRE)

10 : 00~17 : 40
18 : 00~19 : 30

YikiE. BB, [RFOHIED SKEDEEDT T, RIEKEEEMMFAREICR -EFEHRROMAZEEL=F4
EHFREEREVN-LET, TRTNOEETORBMLIHTOIRMNOEE. SLUVBN-HROBNEE, ChET
DO SHETORRMTHEREICOVNT, BELEZEEHT I D THEEL L ZEET, FEEOAIZ/ —FPCETH
BTIABW=Z<M, 2565 T/ —KPC Windows XP) ZABELM=LETDT, AEV—RAT 1 vIETHSLLEL,
%A, WEEBLLTEEDFEIDT, RRENS T 7 AIUIARELGIRD ZHEBBEITHEL <FZELN,

10:00—10:10
Session 1

10:10—10:40
10:40—11:10
11:10—11:40
11:40—12:10

Session 2

13:10—13:40
13:40—14:10
14:10—14:40
14:40—15:10

Session 3

15:30—16:00

16:00—16:30

16:30—17:00

17:00—17:30

17:30—17:40

18:00—19:30

J0554L —

MEL&Iz] R 5t (RFIHE)
= E# (EHEX)

B #58 (RFHHE)

EEE -
[E—RyIPBERAEE—RY IR
[5d B ERBRICMDETFHEED X RS AELRAZR B M (EM&EILX)
Mg kgt X #RERELIC & B Srlr0, DEFRIFE] aH B (RFHHE)
(31 8907 I BBIEMICE 1T 2 EEBASRTE. Wit 2, RV U() bRA O—0HER)
INEYE B (ERD

~~~ BB (12:10—13:10) ~~~

ER : EH A (RFHHEE

I BB (RFIHE)
BR Ez ()
TH BEA (DR
WA X7 (D

[-PARC 4F « S 24 URZOER

M ASRFETECAYICEIT 5B BFES TOHZE

Yb REVEFYEOETFERARICHE T HMEIEEI O
NERER 4d5d 784 O O 7 OEE LYt )

~~~ KB (15:10—15:30) ~~~

EER : dLiZE XA (UMEEE)

[RARTZ 54 MIBITHHEFREIMBLEHSEE] O BEZER GERF)
FehEF & ST X #RIC &K B RILF 7 = 04 9 R CuFeO, DA |

FH A e
[HEB]
AR F— (RFIHHE)
A ER (OHHgE)
#HAR E— (RFOHH#E)

[Ga & L 1= YMn" (Mn,,Ga) ' Os DR HA S T4 L&
[ RE&REE bS5 4 <—%E StMn;P,O,, DTS E & RSN
MEx&I(Z]
~~~ BB (17:40—18:00) ~~~
OE—ICT #BFEE (RE3,000M)

- 147 -



JAEA-Review 2011-020

&2  BIEETORKT

- 148 -



JAEA-Review 2011-020

6% 3 ZMEY X -

O - e (NIMS)
A 22 bl WwEOZD)
b wmH (F 728 0 ThE)
WA Wy (T9% 0A¥X)
HH EBEA (DU RBOL)
FH M (THE on )
B4 ER (38 £30)

BrE—LbF—PHEFREL S L— T
BrE—Lb A —PHEFHEL S L— T
BrE—LbF—PHEFHEL S L —T
BrE—LbF—PHEFHEL S L —T
BrE—LbF—PHTFHEL S L—T
BrE—LbrF—PHETFHEL S L — T

@i AW JEFT (RIKEN)

A FH BV X 2200) BB O & HRAER
N B (BT LITE) PR IR I B AR AT e
AR Bl (72hE OTon) BB LA & UK

HE R (<6 3L 59) BRI AR B MR 2 IE S —
A H—E (FH5I& ThnbA95) B RUINEGIFEE v 7 —
ik Bl (PESE OAHX) BRI i ARRAMERE e
A X (REBE HPID) BRI o ARRAMERE e

@ H AT e BR S HEASE (JAEA)
i HAN (bSBh OTOL)
Bt B (BHV» FE L)
FHOER LWy FAL)

s Tl (WLE L)
MEH A (< By »TFOX)

B e — A e
J-PARC & % —

B v — A e
B v — A e
B v — A e R

BA 72— UbeE Vxronh) J-PARC &> % —
A By (b b Bn2) J-PARC B &% —

iR 5l (Z72F odb )
HA H— (Lebl LAWVD)

B v — A ISR
B v — A RS

K AR e 9 X) VAT NEERE 2 —
R R (ot OAX) AT NEERE 2 —
M FHi Al 0TX) BB — A AR
Al il (Ex0b SEAD) Setm AEHET e v 2 —
fTH BZ (Fb72 £202) VAT LEHERSE R X —

IRA

fi—ES (B9°& LwAinbsb))

A iz (RFELE OADPE)
A H— (b&Ebl Lwornb)

B v — A RS
B v — A IR SR
B v — A ISR

- 149 -



This is a blank page.




EBREAL R (SI)

F 1. ST HEAHL # 2. FARWALZ VTR SN S ST HALOF] # 5. SI H:0HGE
e ST HAHAL S SI EAH AL _ B BEUHRE | i | B BRUERE | 5
P am [es — e e w* [ 2 ¥ [0t [F ] d
= s[x—r 4 m L ! o w0 e x| oz | 102 |y A e
" 1% BSzig A — b m i s
H ¥ T4 kg WX, | A— bR - 10" [= 7 ¥| E 107 |3 Ul m
53 m ow s n b | A — SRR m/s’ 10° [~ ¥ P 10° [vA7m| p
& w7 v <7l A i3 HlmA— v m’ 1027 7 T | 10° |5 /| =n
BmAERE S v E ] K WL, WREEXRST ARG A— M| kgm® 100 | # o |12l = p
BB = | mol HoOB E EFe/IAETlA— | kem® 108 |2 # M | 10 |7=sk f
bia il v 7 5| ed e % B3y A= brf®a s b | mike 100 [ = k | w0®[r K a
B W B ETATEPEA-MV Am 102 |~2 K h | 107 |8 7 K 2
W R oo B I|TUXTHEA— MV A/m 0 |= S 0% |2 ¢
B EY, B EleAmA— by mol/m? 2 il
"R ¥ ExarsmsiEi— i | kgm®
i | F IR A= | edim? .
o o o i #6. SICEEZRVA, SIE RSB HifE
oE B ok Y GrFo) 1 1 45 ) ST Hifiziz L % i
(a) 2 (amount concentration) (TERIAAL D7 EF Tl ETR L Gy min |1 min=60s
(substance concentration) & & LiFh 5, - P
®) nb Tekin B UVEKIE 1 & bORTHHMN, TOTE & b [1h =60 min=3600 s
B FT WA T B FO 1 IRiEE 3R L7, ] d |1d=24h=86400s
i > |1°=(/180) rad
3. [T D4 B & LT SN D STHL I - ©|i=wis0ra
SIHLS 53 1'=(1/60)°=(11/10800) rad
$ANT B e g MOSIEALIC L 5 | STEARALC L 5 » ” |17=(1/60)=(n/648000) rad
i #L) #LH ~7 B = ha |1ha=1hm?®=10'm?
e ?; 2 So7 P o ™4 EZ) m/m Uy b L, 1 [1L=11=1dm’=10%m*=10"*m?
ST AT TIT ¢ 1 53 —10"
Al W oy (9 He g b t [16=10"kg
7 Sa=|p¥ N mkg s?
E 5 , S| A Y2 Pa N/m?* m’ kg s?
T RAX—, ftH, ARV J Nm m’kg s KT, SICE SRV, SIEOFA S B BALT, SIHALT
HEE, TE. BNk W e kg o FEN D HIEA TR B OND O
B B & Er—nv C sA B %2 SI {7 TR I N5 5E
AL E (BIE) , K E AL v WIA m?’kg s?A? B T A A b eV [1eV=1.602 176 53(14)x107°J
%% & P ®B77o K F (A% m2kg!s A % v kb | Da |1Da=1.660 538 86(28)x10*'kg
& £ FiiS A —2 Q VIA m’kg s?A? R EREEAM u |1u=1Da
ERIN S A S DA 7S S ANV mZkg' s A? KX H ] ua [1ua=1.495 978 706 91(6)x10"'m
I3 H 7= — Wb Vs m’kg s?A?
23 R # i1 raba T Wh/m? kg s?A?
A4 v Xy F v X~ U— H Wh/A m?kg s2A?
L v oy 2 R EerswzEe| C K #8. SUTE 7w A3, STE P S22 Offhod Hifir
b/ F— R Im cd sr© cd Ei) A ST HfZ CH S 25 Hifil
i o fl)ﬁ /371 o Ix 1m/m* nfcd 2 — V| bar |1bar=0.1MPa=100kPa=10"Pa
TS R 0D J A RE 7L Bq s KEUEI U A — FblmmHg 1mmHg=133.322Pa
TR, b= x ¥ —0 5. |, . .
— Az Gy Jikg m?s? Arv 7 A brv—24 A [1A=0.1nm=100pm=10""m
AL RS 7| | g " ) i gl M |1M=1852m
My, mARRYR | v g e ~ = > b |1b=100fm’=(10"%cm)2=10"m?
i3 # i e[ & — kat s mol J 2 M kn |1kn=(1852/3600)m/s
() SIS A [EA D4 Pl & 5 % B M B L M A E T IR 5, L LBSHAES LI AT b 1550 * = 4 Np o
aE—L hTRAN, . STHANL & OBAEHI 22 BALR 1T,
®)F VT > ERT T VT VHEMED 1K B B ORRIZRAFT, ROV T oA S 2 B DI, ~ 2 SR D E IR
FEBRIE, AT SRHCITRE Srad X CsrV AV 5523, B L L THIZE(L L L TORES THHHFT0 1138 = v =< | daB
RERL,
@FHFETIIAT FTVT v VI AL i Fsr2 PLOE LT OHIC, TOEEHREL TS,
DY BEBEHRIC SN T DR, 7 LT HH ORI BRI SV T O A S5,
(/N T ABEI T N E Y DRRIZRATIT, AV AREEZRTOICERSND, BT REL S LEYD - g g
HROKE SR~ Thd, LEs->T, BIEECRENIEZTRIGEE S 5 OHA R LT bR L Th s, £9. Wif ”jﬁmm‘?ﬁ}ﬁfﬁﬂﬁ“ —_
ORSFHERZREDHUAHE (activity referred to a radionuclide) (%, LiE LiEif - 7= 7k Tradioactivity” & it S5, GEL AL SI HAL TR S %l
(QHAL S —~L b (PV,2002,70,205) (22 TiXCIPMAIE2 (CI-2002) %# &M, e v 7| erg |1 erg:10'7J
4 A | dyn |1 dyn=10°N
=X (VA Z LEEETe IRYA: XA ° ] 5
L £ S (St L # 7 x| P |1Pe1dynsem®0.1Pas
i — _ 2 A_qn4. 2 1
HELNL AR . e ST EABRIC L 5 Ak 7 A St |1St=lem®s'=10"m"s
. il #1LJ 2 F A 7| sb |1sb=lcdcm?=10%d m?
i A A I % Pas m'kgs’ 7 *+ M ph |1 ph=lcd srem™ 10%x
oo — A v KMMea—trx—tn Nm m?kg s 7 /U Gal |1 Gal =lcm s°=10%ms?
# i) i Sl=a2—hrmA—FL  |Nm kg s> ~ 7/ A U z )| Mx |1Mx=1Gcm?=10°Wb
1 W BT T R rad/s mm'sl=s? B 7 A G |1G=1Mxcem?=10"T
£ n i |7 T v mibEl rad/s? mm’s?=g? zazFy R | Oe |10es (10¥4m)A m™
gz +BR S 72 — 2 -3 =
it 5 B B BEL 9T ists= b i lger © 3 EADCGSIR & STCHIIK CE A, 55 [ & |
ARE, = he v —|Ya—rmrrEey JIK m?kg s2K! FEHISBIRE TS b O ThH B,
EK R, Ty ho B —|va—nmxonssamrrey [JikeK)  [m2s?K!
K = % A ¥ —|Ya—AEEFusIAa Jikg m®s?
#h & i H| o MEA— EZAEY (W/(mK)  |mkgs?K?! #10. SR S 72\ Z Ofth o> BAL OB
B T % L X —|Va—nmiHA— L |Jm® m’kgs? EAa Eviea SI HLAZLTH S5 HiE
E R 0 B S[EAMEA—bA Vim mkgs?® AT * = U —| Ci |1Ci=8.7x10"Bq
G i # BE| 7 —wa S A— RV |C/m® m”® sA L v + % | R |1R=258x10"C/kg
# i} B |7 —a L A— RV |Cm? m” sA S F| rad |1 rad=1cGy=102Gy
R EE, BRAEMI—urmEmEFA—Y (C/m? m?sA v 2 _ 102
i & |7 7T REgEA— LV F/m m™® kg’l st A2 . e ||il meml @10y
% [ #~Y—mA—bAr  |Hm  |mkgs?A? 77] TN 1;:1}222_110;9:0_15
£ L T X U F —|TVa—iEEL J/mol m*kg s mol _ }\1]/ BS A B \7_ ,m_ _ o _
E)VT Y b a B VAR Y 2= BEAES A E Y (I mol K) |m?kg s2K ! mol® 4 ART b v I‘il/;ﬁjj 7 ¢~ 200 me =20k
AR (XEE Oy 8) |7—ndrnssa Clkg kel oA k \ Jv| Torr |1 Torr = (101 325/760) Pa
7 I @ B |7 LA 155D Gyls m2s? Bo# K & JE[ atm |1 atm =101 325 Pa
T 5f 5 E\D Y MEATTVT Y |Wisr m*m*kg s’=m’kg s 2 om oy | cal [leal=41858) (T5C;H=Y ), 41868
b 7e it i JE|7 s M A= b2 7797 |Wim? st) |m?m? ke s=ke s (MM e Y —) 4.184d (MBE IR Y —)
B # Om M B EIZ—AEHA— L |kat/m® m® s mol I 7 = S 1p=1pm=10"m

(358, 20064E8ET)



ZOERIIESBEREERLTVEY





