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研究炉（JRR-3 及び JRR-4）利用における研究成果集（平成２１年度） 

日本原子力研究開発機構 東海研究開発センター 原子力科学研究所 

研究炉加速器管理部 

（編）研究炉利用課 

（2013 年 9 月 24 日受理） 

JRR-3 は、中性子散乱、即発ガンマ線分析、中性子ラジオグラフィなどの実験利用、

及び、放射化分析、原子炉燃料材料、ラジオアイソトープ製造、フィッショントラック

年代測定の照射利用など、様々な目的に利用されている。 

JRR-4 については、医療照射（Boron Neutron Capture Therapy：BNCT）、即発ガンマ

線分析、放射線測定器の感度試験、原子炉研修運転実習等の実験利用、及び、放射化分

析、ラジオアイソトープ製造、フィッショントラック年代測定のための照射利用など、

様々な目的に利用されている。 

平成 21 年度、研究炉 JRR-3 は 7 サイクルの運転（1 サイクル：26 日連続運転）、JRR-4

については、6 サイクルの施設共用運転（24 日）を行なった。 

 本報告書は、平成２１年度に実施した施設利用成果の提出を研究炉の利用者（原子力

機構外を含む）から受け、中性子散乱 11 分野（構造、磁性、超伝導など）、中性子ラジ

オグラフィ、即発ガンマ線分析、放射化分析、ラジオアイソトープ製造、その他の分野

別についてその研究成果を取りまとめたものである。 

原子力科学研究所：〒319-1195 茨城県那珂郡東海村白方白根 2-4 
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JRR-3 is used for the purposes below;   

- Experimental studies such as neutron scattering, prompt gamma-ray analyses, 
  neutron radiography 
- Irradiation for activation analyses, radioisotope (RI) productions, fission tracks 
- Irradiation test of reactor materials 

etc. 
JRR-4 is used for the purposes below; 

- Medical irradiation (Boron Neutron Capture Therapy : BNCT) 
- Prompt gamma-ray analyses 
- Sensitivity measurement of radiation detectors 
- Experiment in the nuclear reactor training 
- Practice of Reactor operation  
- Irradiation for activation analyses, RI productions, fission tracks 
 etc. 

In the fiscal year 2009, The research reactor JRR-3 was operated 7 cycles (cycle operation : 
26days/cycle) for utilization sharing of the facility. And JRR-4 was operated 6 cycles (daily 
operation : 24 days). 

The volume contains 138 activity reports, which are categorized into the fields of neutron 
scattering (11 subcategories), neutron radiography, prompt gamma-ray analyses, neutron 
activation analyses, RI productions, and others submitted by the users in JAEA and from other 
organizations. 
 
Keywords: JRR-3, JRR-4, Research Reactor, Neutron Scattering, Neutron Radiography,  

Neutron Activation Analysis, Neutron Beam, Irradiation 
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は じ め に 

 

 

 平成２１年度には、ＪＲＲ－３において７サイクルの共同利用運転、ＪＲＲ－４におい

て６サイクルの共同利用運転が行われ、これに伴いさまざまな利用が行われた。 

本報告書は、利用者（原子力機構外利用者を含む）から当該利用の成果の提出を受け、

取りまとめたものである。 

  提出して頂いた成果の件数は、中性子散乱１１２件、中性子ラジオグラフィ５件、即発

ガンマ線分析９件、放射化分析１０件、ラジオアイソトープ製造１件、その他１件で合計

１３８件であった。なお、本報告書の一部は、貴重な研究成果を公開する機会を広げるた

め、下記報告書の中から転載させて頂いたものである。 

 最後に、原稿を提出して頂いた利用者の皆様のご協力に感謝するとともに、今後も研究

炉が有効に利用され、種々の研究がさらに進展されることを期待します。 

 

                                                          研究炉利用課長 

                                                                   笹島 文雄 
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Diffuse Scattering from Lithium Ion Conductors Li1+xGe2−xAlx(PO4)3

Y. Fujita, H. Takahashi, T. Sakuma1 and N. Igawa2

Graduate School of Science and Engineering, Ibaraki University, Hitachi, Ibaraki 316-8511
1Graduate School of Science and Engineering, Ibaraki University, Mito, Ibaraki 310-8512

2Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

LiGe2(PO4)3 is a inorganic compound that
has a so-called NASICON-type structure and
indicates high Li+ ion conduction. The sub-
stitution of Ge4+ ions by Al3+ ion makes the
conductivity enhancement 1). The chemical
formula for Al-substituted compound is ex-
pressed such as Li1.5Ge1.5Al0.5(PO4)3, which
is abbreviate as LGA5. The crystal structures
of Al-free LGA0 and LGA5 are identical and
the space group is R-3c. The purpose of the
present study is to elucidate the structural
feature of LGA5 having enhanced ionic con-
duction. In the present study, neutron diffrac-
tion experiments were performed for LGA0
and LGA5 at 10 and 300K by HRPD installed
at JRR-3M. Diffuse scattering patterns from
LGA0 at 10 and 295K are shown in Fig. 1
(A). The profile and temperature dependence
of diffuse scattering is well described by ther-
mal diffuse scattering of Li-O, P-O and Ge-O
correlations as shown by the solid curves 2).
On the other hand, the diffuse scattering in-
tensity from LGA5 is rather strong and less
temperature dependent compared to that of

LGA0 as shown in Fig. 1 (B). Moreover the
diffuse scattering profile could not be fully re-
produced only by the thermal diffuse scatter-
ing terms. Some disagreements between the
experimental diffuse scattering and the calcu-
lated one would arise from the static disor-
der of Li+ ions. Main part of the disagree-
ments correspond to the diffuse oscillation
having correlation length of 2.7Å. Rietveld
and MEM analyses for LGA5 indicate that
the Li+ ions distribute the stable 6b site, 36f
site and around 18e site, although the Li+

ions exclusively occupy 6b site in LGA0. It
is considered that the statistical distribution
of Li+ ions in several sites is responsible to
the temperature-insensitive diffuse scattering
in LGA5.

References

1) S. Li, J. Cai and Z. Lin :“Solid State Ionics”,
28-30, 1265 (1988).

2) T. Sakuma, Y. Nakamura, A. Murakami, H. Taka-
hashi and Y. Ishii :“High Temp. Mater. Proc.”,
18, 41 (1999).

Figure 1: Diffuse scattering profiles from neutron diffraction at 10 and 295K. Solid lines are fitting curves by
the thermal diffuse scattering terms from Li-O, P-O and Ge-O correlations. (A) and (B) are LGA0 and LGA5,
respectively.

原子炉：JRR-3 装置：HRPD(1G) 分野：中性子散乱（構造）
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Structure and Properties of Ferroelectric Water Ice

H. Fukazawa1, M. Arakawa1,2 and H. Kagi1,2

1Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
2Graduate School of Science, The University of Tokyo, Tokyo 113-0033

Whether or not ice exists as ice XI any-
where in the universe is a question that has
attracted interest in astrophysics and physical
chemistry because of its ferroelectric nature.
Long-range electrostatic forces caused by this
ferroelectricity might be an important factor
in planet formation [1-11]. The existence of
ice XI on Pluto and Charon and the forma-
tion of ice XI in space have been predicted.
Our neutron diffraction study provides firm
evidence that hydrogen with a positive charge
is aligned along the c-axis and ice XI becomes
ferroelectric (Fig. 1(a)). However, clear evi-
dence of the existence of ferroelectric ice in
the universe has not been obtained.

From neutron diffraction and scattering
measurements, we have studied ice with im-
purities, such as potassium, sodium and
lithium, that acted as a catalyst. We found
that the doped ice that has once been con-
verted to ice XI is a stronger ferroelectric ice
than that has never been converted. We also
observed the existence of the ferroelectric ice
under high-pressure and its formation from
compressed amorphous ice. The results sug-
gest that a cool icy body in space has a thick
layer of ferroelectric ice (Fig. 2(b)). Further-
more, we investigated spectral and vibrational
properties of ferroelectric ice investigated by
inelastic neutron scattering and infrared ab-
sorption measurements. Because the spectral
properties of ferroelectric ice are clearly dif-
ferent from those of ordinary ice, the distinct
ferroelectric ice in the universe is detectable
using infrared telescopes.
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Figure 1: (a)Structure of ferroelectric ice XI. Scat-
tering length density map of ice XI with hydrogen-
ordered arrangement; obtained from the maximum
entropy analysis for neutron powder diffraction.
(b)Existence of thick ferroelectric ice in cool icy body.

原子炉：JRR-3 装置：TAS-2(T2-4) 分野：中性子散乱（構造）
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Investigation of coupling between pseudo-spin and phonon in relaxor PMN34%PT

M. Matsuura and K. Hirota
Department of Earth and Space Science, Faculty of Science, Osaka University, Toyonaka,

560-0043.

Relaxor ferroelectrics gain much atten-
tion due to their extreme piezoelectric re-
sponses over a wide temperature range. It
is widely believed that polar nanoregion
(PNR), a local nanometer-sized region with
ferroelectric polarization and atomic shift,
plays an important role in the relaxor be-
havior. PMN-xPT system is a solid solu-
tion of typical relaxor Pb(Mg1/3Nb2/3)O3
(PMN) and normal ferroelectric PbTiO3
(PT). With increasing x, PMN-xPT sys-
tem change its dielectric response from re-
laxor to normal ferroelectric. Last year,
we have found the dipole motions in PNR
couple with phonon modes in the re-
laxor PMN-30%PT, which is explained by
pseudospin-phonon coupled model.[1] To
study the change of pseudo-spin phonon
coupling towards normal ferroelectric, we
explored the phonon spectrum in PMN-
34%PT. Neutron scattering experiments
were performed on the triple-axis spec-
trometer HER and PONTA installed at the
JRR-3 of JAEA.

Figures 1 show the contour map of the
phonon scattering intensity at (1 + q, 1 −
q, 0) measured at T = 400 K. For (a)
PMN-30%PT, the transverse acoustic (TA)
mode below 2 meV is heavily overdamped,
while the TA mode above 2 meV is under-
damped. For (b) PMN-34%PT, the upper
energy of the damped TA mode increases
to 4 meV. From the pseudospin-phonon
coupled model, a damping of phonon
modes is associated with a coupling be-
tween phonon modes and pseudospin flip-
ping motion. The increase of the damping
energy region with increasing PT-ratio sug-
gests that the pseudospin flipping becomes
fast towards normal ferroelectric.
References
[1] Y. Yamada et al., J. Phys. Soc. Jpn, 36 641

(1974).

Fig. 1. Intensity contour map of the phonon scatter-
ing intensity at (1 + q, 1− q, 0) as a function of q and
energy measured at T = 400 K.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1026
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Phase Transition Mechanism of KDP Investigated by Structure Refinement

H. MashiyamaA, T. MiyoshiA, T. AsahiA, H. KimuraB, Y. NodaB

AFac. Sci., Yamaguchi Univ., BIMRAM, Tohoku Univ.

In the room temperature phase of KDP
(KH2PO4), a proton occupies two sites dis-
orderly. Below Tc = 123 K, the proton
is localized near one of the oxygen atoms,
and a spontaneous polarization appears
along the c-axis; perpendicular to the pro-
ton ordering. If protons are replaced by
deuterons, the transition temperature ele-
vates about 90 K, which is a well known
isotope effect of this crystal. In order to
understand the relation between the pro-
ton ordering and ferroelectricity, we have
refined the crystal structure by the use of
neutron diffraction intensity from the sin-
gle crystal mounted on FONDER (T2-2).
Figure (a) displays the atomic displacement
through the phase transition. Correlated
with the proton ordering below Tc, P and
K ions shift along the c-axis, while O atoms
remain almost the same positions. This
means that the O-P bond length and the
O-P-O bond angle of a PO4 tetrahedron
change about 0.03 Å and 5 ◦, respectively,
below Tc, with accompanying the transla-
tion of K. Such displacements of P and K
induce the spontaneous polarization along
the c-axis.
Although the atomic displacements are
rather large at Tc, the thermal vibration am-
plitudes change continuously through Tc
as shown in Fig.(b). Here the split atom
method is applied for H atoms above Tc.
The broken lines are refereed to Nelmes et
al [J. Phys. C: 15 (1982) 59].
We note that the atomic displacements
of K and P are smaller than the ther-
mal parameters,

√
U33, which suggests that

all the heavy atoms vibrate within sin-
gle minimum potentials except for protons
(deuterons). On the other hand, hydrogen
atoms are successfully represented by the
double peaked distribution (split atoms) in
accordance with the disordered picture of
hydrogen.

It is well known that the crystal is piezo-
electric and the elastic constant softens
completely, while the dielectric constant
becomes large but remain finite at Tc. Con-
sidering all the above facts together, we
consider that proton ordering distorts the
PO4 tetrahedron, i.e. stabilizes a H2PO4
molecular; which induces the elastic defor-
mation of the unit cell, as well as the ap-
pearance of the spontaneous polarization.
This picture of structural transitions is nei-
ther a pure order-disorder nor a displacive
type, but so to say a chemical instability
type.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1029
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Oxygen defect structure of oxygen ionic and electronic mixed conductive oxides at
high temperatures

Kagomiya I, Kinoshita T., Kakimoto K. and Ohsato H.
Nagoya Institute of Technology

Single crystals of SrFeO3-d were prepared
to use for neutron diffraction analysis. The
crystal structure parameter was refined as
Cmmm. It was found that the isotropic
temperature factors Uiso of Sr(1) and the
O(2) were relatively larger compared to the
general case, suggesting that ion vibration
of the Sr(1) and the O(2) ions is much ac-
tive. It is considerable that a facile trans-
portation path for O2- ions are on the a-c
plane, because both Sr(1) and O(2) ions are
located in the a-c plane.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1036
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Oxygen defect structure of oxygen ionic and electronic mixed conductive oxides at
high temperatures

Kagomiya I, Kinoshita T., Kakimoto K. and Ohsato H.
Nagoya Institute of Technology

Single crystals of SrFeO3-d were prepared
to use for neutron diffraction analysis. The
crystal structure parameter was refined as
Cmmm. It was found that the isotropic
temperature factors Uiso of Sr(1) and the
O(2) were relatively larger compared to the
general case, suggesting that ion vibration
of the Sr(1) and the O(2) ions is much ac-
tive. It is considerable that a facile trans-
portation path for O2- ions are on the a-c
plane, because both Sr(1) and O(2) ions are
located in the a-c plane.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1038
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Oxygen defect structure of oxygen ionic and electronic mixed conductive oxides at
high temperatures

Kagomiya I, Kinoshita T., Kakimoto K. and Ohsato H.
Nagoya Institute of Technology

Single crystals of SrFeO3-d were prepared
to use for neutron diffraction analysis. The
crystal structure parameter was refined as
Cmmm. It was found that the isotropic
temperature factors Uiso of Sr(1) and the
O(2) were relatively larger compared to the
general case, suggesting that ion vibration
of the Sr(1) and the O(2) ions is much ac-
tive. It is considerable that a facile trans-
portation path for O2- ions are on the a-c
plane, because both Sr(1) and O(2) ions are
located in the a-c plane.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1039
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Oxygen defect structure of oxygen ionic and electronic mixed conductive oxides at
high temperatures

Kagomiya I, Kinoshita T., Kakimoto K. and Ohsato H.
Nagoya Institute of Technology

Single crystals of SrFeO3-d were prepared
to use for neutron diffraction analysis. The
crystal structure parameter was refined as
Cmmm. It was found that the isotropic
temperature factors Uiso of Sr(1) and the
O(2) were relatively larger compared to the
general case, suggesting that ion vibration
of the Sr(1) and the O(2) ions is much ac-
tive. It is considerable that a facile trans-
portation path for O2- ions are on the a-c
plane, because both Sr(1) and O(2) ions are
located in the a-c plane.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1040
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Oxygen defect structure of oxygen ionic and electronic mixed conductive oxides at
high temperatures

Kagomiya I, Kinoshita T., Kakimoto K. and Ohsato H.
Nagoya Institute of Technology

This study tries to investigate the facile
transportation paths for O2- ions. We pro-
pose that the information leads to a pre-
cept to improve oxygen permeation by con-
trolling the O2- transportation path. With
a first step of this study, we prepared sin-
gle crystal of SrFeO3-d and then investi-
gated the crystal structure as well as oxy-
gen vacancies structure at　500　K. Based
on the analyzed structures, we discussed
facile transportation paths for O2- ions in
SrFeO3-d.
The crystal structure parameter at 500 K
was refined as Cmmm, which is same as
the structure at r.t.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1041
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Neutron Diffraction Study of KH3(SeO3)2

E. Magome1, M. Machida2, R. Kiyanagi3, H. Kimura3 and Y. Noda3

1 Kyushu Synchrotron Light Research Center, Tosu, Saga, 841-0005
2 Department of Physics, Kyushu University, Higashi-ku, Fukuoka, 812-8581

3 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai,
980-8577

Potassium trihydrogen selenite,
KH3(SeO3)2 (abbreviated to KTS) un-
dergoes a second-order phase transition
from a paraelastic phase with space group
Pbcn to a ferroelastic phase with space
group P21/b at TC = 212 K.[1] The fer-
roelastic phase transition at TC shows a
relatively large isotope effect by deuter-
ation with ΔTC � 75 K.[2] In order to
elucidate the isotope effect appeared in
the structure of hydrogen bonds, we have
performed detailed structure analyses of
KTS in paraelastic phase.

Neutron diffraction measurements
were made on a four-circle diffractometer
FONDER at JRR3M reactor in JARERI,
Tokai. Neutrons monochromized by a
Ge(311) monochromater were used, where
wavelength is 1.239 Å. Diffraction data up
to 2θ ≤ 156◦ were collected at T = 227 K
in paraelastic phase. Independent 654
reflections with |FO| ≥ 3σ(|FO|) were
used for the structure refinements. Atomic
parameters were refined by least-squared
calculations assuming an anisotropic
secondary extinction effect. Nuclear den-
sity was estimated by PRIMA.[3] The
lattice parameters are a = 16.129(5) Å,
b = 6.230(5) Å, c = 6.292(2) Å at
T = 227 K.

Figure 1(a) shows the crystal structure
determined in paraelastic phase. The hy-
drogen bond chains are formed along the
c-axis by mutually linking SeO3 tetrahe-
dra through the hydrogen bonds with H1.
Moreover, the chains are interconnected by
the hydrogen bonds with H2 disordered
over two sites. The O-H1-O and O-H2-
O hydrogen bond distances are 2.601(2) Å
and 2.550(2) Å, respectively. Figure 1(b)
shows the nuclear density distribution for

H2 derived by the MEM analysis. Nu-
clear density map clearly indicates doubly
peaked distributions elongated along the
hydrogen bond direction. The isotope ef-
fect is discussed in the two-dimensional
potential model on the basis of the nuclear
density distribution for the proton.
References
[1] L. A. Shuvalov et al.:Sov. Phys. Crystallogr.

12 (1967) 315.
[2] Y. Makita et al.:J. Phys. Soc. Jpn. 44 (1978)

225.
[3] F. Izumi and R. A. Dilanian:Transworld Re-

search Network, Trivandrum 3 (2002) 699.

Fig. 1. (a) Crystal structure of KH3(SeO3)2 in parae-
lastic phase. (b) Nuclear density distribution for
H2+ derived by the MEM analysis.
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Oxide and nitride ion distribution effect in crystal structure of new oxynitride
superconductor

S. Kikkawa(1), Y. Masubuchi(1), T. Motohashi(1), M. Wakeshima(2), and Y. Oohashi(1)
(1) Graduate School of Engineering, Hokkaido University, Sapporo, 060-8628, Japan and (2)

Graduate School of Science, Hokkaido University, Sapporo, 060-0810, Japan

Oxynitrides are new materials having in-
teresting chemical and physical proper-
ties, because they have characteristic be-
tween oxides and nitrides. Unexpected
electronic/optical properties are appearing
due to a variation in cation-anion cova-
lency in coexistence of oxide and nitride
ions. Recently, our research group have re-
ported that Nb-Al oxynitride having the
rock salt type crystal lattice showed su-
perconductivity with Tc = 15 K [1]. After
annealing at 1100 oC in evacuated sealed
tube, its rock salt crystal improved the crys-
tallinity and its superconducting volume
fraction increased above 30%. In this study,
we investigated the crystal structure and
oxide/nitride ionic distribution in the Nb-
Al oxynitrides before and after thermal an-
nealing.
Nb-Al oxynitride was prepared by a gel ni-
tridation method [1]. As nitrided powder
was post annealed at 1500 oC for 3 h in
0.5 MPa of nitrogen atmosphere. Neutron
diffraction measurements at room temper-
ature were carried out with the diffrac-
tometer HERMES installed at the JRR-3M
reactor in Japan Atomic Energy Agency,
Tokai, Japan. Program RIETAN-2000 [2]
was used for the structure refinement.
The observed, calculated and difference
neutron diffraction profiles for the post an-
nealed Nb-Al oxynitride having the start-
ing composition of Nb:Al = 0.75:0.25 are
shown in Fig. 1. Small amount of impurities
was observed in the diffraction profile. The
structure refinement and oxygen/nitrogen
analysis showed the composition of the
rock salt type Nb-Al oxynitride in the
post- annealed products was refined to be
(Nb0.89(1)Al0.11(1))(O0.16(1)N0.84(1)) in-
dependent of their starting compositions.
Cation sites were randomly occupied by

both Nb and Al. Both oxide and nitride ions
were also randomly distributed on anion
sites in the oxynitride. Recently we have
obtained single phase of Nb-Al oxynitride
at Nb:Al = 0.89:0.11 and its showed Tc =
17 K and 91% of superconducting volume
fraction after its thermal annealing.

References
[1] S. Yamamoto, et al., J. Alloys Compd.,
482 (2009) 160-163.
[2] F. Izumi and T. Ikeda, Mater. Sci., Fo-
rum, 198 (2000) 321-324.

Fig. 1. Neutron diffraction profiles for the post an-
nealed Nb-Al oxynitride at Nb:Al = 0.75:0.25.
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Structure and phase transitions in a lead-based inorganic-organic perovskites
C5H10NH2PbI3

Miwako Takahashi(A), Takurou Kawasaki(A), Munehiko Nakatsuma(A) and Yukio
Noda(B)

(A)IMS., Univ. of Tsukuba, (B)IMRAM, Tohoku Univ.

Structural phase transitions have been
studied for a lead-based inorganic-organic
perovskites C5H10NH2PbI3. The struc-
ture undergoes temperature-induced suc-
cessive phase transitions: phase I at room
temperature, phase II for 255.5K to 284.5K,
phase III for 250K to 255.5K and phase
IV below 250K. From the single crys-
tal diffraction measurements at FONDER,
Bragg peak splitting was observed at phase
II. The angle of splitting increases grad-
ually with decreasing temperature, while
the integrated intensity being almost con-
stant (Fig. 1(a) ).The result indicates that
the structure changes from orthorhombic at
phase I to monoclinic at phase II. Super-
lattice reflections appear below the transi-
tion temperature from phase I to II. The in-
tensity increases with decreasing temper-
ature (fig. 1(b), red circles). At phase III,
peaks appear at which reflections are for-
bidden for C2221 (fig.1(b), blue circles). The
results are interpreted as that the struc-
ture changes from C2221 (Phase I) to P21
with keeping the same volume of unit cell
(phase II) , and to P21 with enlarging the
volume twice (phase III) .

Fig. 1. Temperature dependences of intensity and
angle splitting for (400) fundamental peak (a) and
for (1/2 -7/2 4) and (2 -11 0) superlattice peaks (b).
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Atomic and magnetic structures in Pt-3.6 at.% Mn alloy

M. Takahashi(A), K. Ohshima(A), H. Kato(A) and Y. Noda(B)
(A)IMS., Univ. of Tsukuba, (B)IMRAM, Tohoku Univ.

Atomic and magnetic structures are stud-
ied for Pt-13.6 at.%Mn alloy. Pt-rich Pt-
Mn alloys have two atomic ordered phases
of Cu3Au-type (high temperature phase)
and ABC6-type (low-temperature phase)
below order-disorder transition temperatre
from fcc disordered phase. Analyzing ra-
tios of Bragg intensities at Gamma points,
X-points and L-points of fcc fundamen-
tal lattice, it is found that the ABC6- type
ordered structure is formed in the alloy
with the order parameters S1 and S2 be-
ing 0.99 and 0.68, respectively (Fig. 1(a)).
Incommensurate magnetic peaks are ob-
served at around (x 1+x 1/2) and its equiv-
alent points of fcc fundamental lattice with
x=0.7. The magnetic intensities increases
gradually below 30K (Fig.1(b)) which is
higher than spin-glass transition tempera-
ture TG= 17K determined by magnetic sus-
ceptibility for the alloy. The wave vector of
the incommensurate magnetic structure x
increases with increasing Mn concentration
(Fig.1(c)), indicating that its origin is Fermi-
surface nesting effect .

Fig. 1. (a)Integrated Bragg intensities at fundamen-
tal, X- and L-points. (b)Temperature dependence of
the integrated intensities of incommensurate mag-
netic scattering. (c)Concentration dependence of in-
commensurate wave vector of the magnetic struc-
ture.
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Nuclear diffuse scattering in triangular lattice system LuFeCoO4 with relaxor-like
behavior
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In relaxor systems, temperature depen-
dence of the dielectric permittivity shows
a broad maximum and a frequency-
dependence. [1] Since the relaxors have a
high dielectric constant around room tem-
perature, they are industrially important.
To explain physical behaviors of relaxors,
Burns proposed the ideas that randomly
oriented, very local polar regions start to
appear from high temperature. [2] This
“Polar Nano Region” (PNR) is said to be
the most important concept to understand
the origin of the relaxor properties.
As a new example of such relaxor systems,
we have studied the triangular lattice sys-
tem LuFeMO4 (M=Cu, Mg, and Co). For
LuFe2O4, a ferroelectricity induced by a
charge order has been observed. LuFeMO4,
in which M is randomly substituted at the
Fe site, shows the relaxor-like behavior in
the dielectric constant. [3] Relaxor-like di-
electric property has hardly ever been re-
ported in a triangular lattice system. In this
study, we use a neutron scattering tech-
nique to examine the origins of the relaxor-
like behavior in LuFeCoO4.
At T=300 K, we have observed the
anisotropic nuclear diffuse scattering
around the Bragg reflection. Figure 1
shows a contour plot of the intensity
distribution around the Q-point (1,1,0) for
the scattering plane (hhl). Here, we use the
hexagonal unit cell. This diffuse scattering
is similar to the well-known butterfly
pattern reported in PbMg1/3Nb2/3O3
(PMN), where the diffuse scattering in-
tensity extends along the [110] and [1-10]
directions of the cubic symmetry. [4] How-
ever, the direction of the diffuse scattering
in LuFeCoO4 is not easy. Furthermore,
the T-dependence of the intensity of the

anisotropic diffuse scattering along [110] is
different from that along [001] although the
intensities along both directions decrease
with increasing T. Since the T-dependence
of the dielectric constant along c-axis is
also different from that along c-plane, it is
expected that the anisotropic diffuse scat-
tering has the relation with the relaxor-like
behavior.

[1] A. A. Bokov, and Z.-G. Ye, J. Mater. Sci.
41 (2006) 31.
[2] G. Burns, and F. H. Dacol, Phys. Rev. B
28 (1983) 2527.
[3] Y. Matsuo et al., Jpn. J. Appl. Phys. 47
(2008) 8464.
[4] M. Matsuura et al., Phys. Rev. B 74
(2006) 144107.
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.l.
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)

Fig. 1. Fig. 1 Contour plot measured around the Q-
point (1,1,0) at 300 K for the scattering plane (hhl).
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Crystal Structure Analysis of Ruddlesden-Popper Type Sr3Ti1.8Co0.2O7

Kazuki Omoto†, Hiroki Yamada†, Nuansaeng Sirikanda‡, Tatsumi Ishihara‡,
Masatomo Yashima†

†Department of Material Science and Engineering, Interdisciplinary Graduate School of
Science and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259,

Midori-ku,Yokohama, Kanagawa 226-8502, Japan and‡Department of Applied Chemistry，
Faculty of Engineering, Kyushu University, Motooka 744, Nishi-ku, Fukuoka 819-0395, Japan.

Ruddlesden-Popper type oxide Sr3Ti2O7
series have been investigated due to their
high oxygen permeation rates. In particu-
lar, the doping of Co atoms into Sr3Ti2O7
was highly effective for increasing the oxy-
gen permeation rate of Sr3Ti2O7 [1]. In
the present work, we have investigated the
crystal structure of Sr3Ti1.8Co0.2O7 with
neutron powder diffractometry.
Sr3Ti1.8Co0.2O7 material was prepared by
solid-state reactions. Sr3Ti1.8Co0.2O7 was
prepared with stoichiometric mixtures of
the SrCO3, TiO2, CoO, which were mixed
with ethanol in an agate pot and calcined at
1273 K for 6 h in air. The calcined powder
was then milled again. After a cold isostatic
pressing at 160 kPa, the disk was sintered
in air at 1573-1873 K for 6 h. The phase pu-
rity of Sr3Ti1.8Co0.2O7 was confirmed by
X-ray diffraction measurements.
We performed neutron powder diffrac-
tion experiments at 25.5 degrees C on
the Kinken powder diffractometer for high
efficiency and high resolution measure-
ments, HERMES, of Institute for Materials
Research, Tohoku University, installed at
the JRR-3M reactor in Japan Atomic Energy
Agency (JAEA), Tokai [2].
Neutrons with a wavelength of 1.8204 　
angstrom were obtained by the 331 re-
flection of the Ge monochromator and 12-
blank-sample-22 collimation.
Figure 1 shows the Rietveld pattern
of Sr3Ti1.8Co0.2O7 at 25.5 degrees C.
The reliability factors were Rwp=7.72%，
RB=5.10%，and RF=1.60%. 　 Lattice pa-
rameter were a=3.89345(2), b=3.8935(2),
and c=20.329(1) angstrom.

Reference

[1] N. Sirikanda, H. Matsumoto, T. Ishi-
hara, Solid State Ionics in press (2010).
[2] K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani and Y. Yamaguchi,
Jpn. J. Appl. Phys. 37(1998) 3319.

Fig. 1. Neutron diffraction profiles at room temper-
ature for Sr3Ti1.8Co0.2O7
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Crystal Structure of Exhaust Gas Catalyst Ceria-Zirconia Nanoparticles
CexZr1-xO2

Daisuke Sato, Masatomo Yashima , Takahiro Wakita
Department of Materials Science and Engineering, Interdisciplinary Graduate School of Science

and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-Ku, Yokohama,
Kanagawa 226-8502, Japan;Daiichi Kigenso Kagaku Kogyo Co., Ltd., Hirabayashi-Minami

1-6-38, Suminoe-ku, Osaka 559-0025, Japan

Ceria-zirconia (CexZr1-xO2) catalysts are
widely used in the cleaning of exhaust
gases from automobiles. The development
of improved catalysts requires a better
understanding of crystal structure and
oxygen-ion diffusion in ceria-zirconia ma-
terials. The crystal structures of CexZr1-
xO2 have extensively been investigated
by some techniques. For bulk Ce1-xZrxO2
solid solutions the structural disorder was
reported to be an important factor of
their high catalytic activity. [1] Neverthe-
less, the structural disorder in CexZr1-
xO2 nanoparticles remain poorly under-
stood. The purpose of this work is to
study the structural disorder of Ce1-
xZrxO2 nanoparticles by the Rietveld anal-
ysis of neutron powder diffraction data.
Neutron powder diffraction measurements
of CexZr1-xO2 nanoparticles (0?x?1) were
performed in air with a 150-detector sys-
tem, HERMES, installed at the JRR-3M
reactor in Japan Atomic Energy Agency,
Tokai, Japan. Neutron with wavelength
1.8204 angstrom was obtained by the 331
reflection of a Ge monochromator. Diffrac-
tion data were collected in air at 298 K.
The powder diffraction data were analyzed
by the Rietveld method with RIETAN-
FP [2]. Unit-cell parameters of tetragonal
CexZr1-xO2 increased with x. The oxy-
gen displacement from the regular 8c po-
sition of the cubic fluorite-type structure
in tetragonal CexZr1-xO2 decreased con-
tinuously with x. The isotropic atomic dis-
placement parameter of the oxygen atoms
U(O) in CexZr1-xO2 increased with an in-
crease of CeO2 content x in 0.2?x?0.5, while
the U(O) decreased with x in 0.5?x?1.0.
Thus, the Ce0.5Zr0.5O2 composition has

the highest U(O) value in the CexZr1-
xO2 solid solutions (0.2?x?1.0), suggesting
higher bulk diffusivity of the oxygen ions
in Ce0.5Zr0.5O2 compared with those at
other compositions. The greater U(O) in
Ce0.5Zr0.5O2 is a possible factor of its
higher catalytic activity.

References
[1] Yashima & Wakita, Appl. Phys. Lett., 94
(2009) 171902
[2] F. Izumi and K. Momma, Solid State
Phenomena. 15-20 (2007) 130.

Fig. 1. (1) (2)

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1077

1-1-16

- 32 -

JAEA-Review 2013-040



Crystal structure analysis of the cubic perovskite-type La0.4Ba0.6CoO3-d

Yi-Ching Chen (A), Masatomo Yashima (A), Takashi Ohta (A), Kenji Ohoyama(B)
(A) Department of Materials Science and Engineering, Interdisciplinary Graduate School of

Science and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259-J2-61, Midori-ku,
Yokohama-shi, 226-8502, Japan; (B) Institute for Materials Research, Tohoku University, Aoba,

Sendai, 980-8577, Japan

The lanthanum barium cobalite,
La0.4Ba0.6CoO3-x is one of mixed oxide-
ionic and electronic conducting ceramics
and also a candidate of cathode material
in solid oxide fuel cells (SOFCs) [1]. Our
present study is to investigate the crys-
tal structure and oxygen ions diffusion
path of the cubic Pm-3m perovskite-type
La0.4Ba0.6CoO3-x by in situ neutron pow-
der diffraction measurements from 27 to
1250 oC.

La0.4Ba0.6CoO3-x pellets were prepared
by Mitsubishi Materials Co., Tokyo, Japan.
All the neutron powder diffraction data
of La0.4Ba0.6CoO3-x were collected in the
temperature range from 27 to 1250 oC and
in 2θ range from 7°to 157°in air by a fur-
nace [2] and 150-detector system HERMES
[3] with a neutron wavelength of 1.8265(1)
angstrom.
Neutron diffraction profiles indicated that

La0.4Ba0.6CoO3-x has a cubic perovskite-
type structure in the whole temperature
range. The diffraction data were analyzed
by a computer program RIETAN-FP [4]
based on Rietveld analysis. The refined
unit-cell parameters and atomic displace-
ment parameters of La0.4Ba0.6CoO3-x in-
creased with increasing temperature. The
reliability factors and goodness of fit at
1010 oC (Figure) in the Rietveld analy-
sis were Rwp = 5.14 %, RI = 8.77 %,
RF= 4.95 % and S = 2.43. The unit-cell
parameters were a = b = c = 4.0182(3)
angstrom at this temperature. The oxy-
gen atoms showed larger atomic displace-
ment parameters perpendicular to the Co-
O bond with larger U22(O) =U33(O) =
0.0073(1) nm?2 > U11(O) = 0.0042(1) nm?2.
This reveals that the oxygen diffusion path
of La0.4Ba0.6CoO3-x is similar with that for

La0.6Sr0.4CoO3-x [5].

[1] T. Ishihara, S. Fukui, H. Nishiguchi,
Y. Takita, Solid State Ionics, 2002, 152-153,
609-613.
[2] M. Yashima, J. Am. Ceram. Soc., 2002,
85, 2925-2930.
[3] K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani, Y. Yamaguchi, Jpn.
J. Appl. Phys., Part 1, 1998, 37, 3319-3326.
[4] F. Izumi, K. Momma, Solid State Phe-
nom, 2007, 130, 15-20.
[5] M. Yashima, T. Tsuji, J. App. Cryst.,
2007, 40, 1166-1168.

Fig. 1. Rietveld pattern for neutron diffraction data
of La0.4Ba0.6CoO3-x at 1010 oC

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1080

1-1-17

- 33 -

JAEA-Review 2013-040



Structure analysis of Imma perovskite-type oxynitride LaTiO2N
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LaTiO2N exhibits interesting photocat-
alytic,[1] optical[1,2] and 　 dielectric[3]
properties. The purpose of this work is
to examine crystal structure of highly
crystalline LaTiO2N prepared by a flux
method. We report here the first example
of Imma perovskite-type oxynitride.
A high-purity and highly-crystalline La-
TiO2N　 sample with deep red colour was
prepared using a NaCl flux. Neutron pow-
der diffraction data of LaTiO2N were mea-
sured by the diffractometer HERMES with
a 1.84885 angstrom neutron beam. Neu-
tron diffraction data were 　 analyzed by
Rietveld analysis. A computer　 program
RIETAN-FP was utilized for the　Rietveld
analysis.
Rietveld refinements of the neutron diffrac-
tion　 data of LaTiO2N at 2.56 oC　were
performed on the basis of the perovskite-
type structure with Imma space-group 　
symmetry. Reliability factors and goodness
　 of fit at 25.6 oC were Rwp = 5.08%, RI
=　 4.01%, RF = 2.49% and GOF = 1.6994.
Lattice 　 parameters were a = 5.5730(2)
angstrom, b = 7.8708(3) 　 angstrom, c=
5.6072 (2) angstrom.
The crystal structure of LaTiO2N consisted
of Ti(O,N)6 octahedra and La cations. The
tilt system of Imma LaTiO2N was a0b-b-.
The antiphase tilt angle was estimated to be
10.404(5) degree.

[References]
1 (a) A. Kasahara, K. Nukumizu, G. Hi-
toki, T. Takata, J. N. Kondo, M. Hara, H.
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K. Nukumizu, T. Takata, J. N. Kondo, M.
Hara, H. Kobayashi and K. Domen, J. Phys.
Chem. B, 2003, 107, 791-797.
2 T. Moriga, K. Ikeuchi, R. Mashima, D.
Aoki and K.-I. Murai, J. Ceram. Soc. Jpn.,
2007, 115, 637-639.
3 F. Tessier and R. Marchand, J. Solid State
Chem., 2003, 171, 143-151.

Fig. 1. Rietveld patterns of neutron data of LaTiO2N
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Structure Analysis of Hydroxyapatite by Neutron Powder Diffraction
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Hydroxyapatite (Ca10(PO4)6(OH)2) is one
of the most interesting materials in current
technologies due to its wide possible ap-
plications as biomaterials and electrical de-
vices. Its physical and chemical properties
relating to such uses strongly depend on
the crystal structure. In particular the sta-
bility of OH ion in the structure of hydrox-
yapatite has been suggested to be closely
related to decomposition and ionic con-
ductivity of hydroxyapatite. The OH lat-
tice sites have been reported to be the con-
duction path of hydroxyapatite and to play
an important role in the proton conduc-
tion. Thus, it is important to study the po-
sition of H atoms in the hydroxyapatite.
However, information of hydrogen is dif-
ficult to be detected by the powder X-ray
diffraction (XRD) technique. Here, we re-
port the structure analysis of hydroxyap-
atite, through a neutron powder diffraction
study.
A stoichiometric hydroxyapatite sample
with Ca/P=5/3 was prepared with a cit-
ric acid method. The powders were put
into vanadium holder and neutron powder
diffraction measurement was performed in
air with a 150 detector system, HERMES,
installed at the JRR-3M reactor in Japan
Atomic Energy Agency, Tokai, Japan. Neu-
tron with wavelength 1.84491 angstrom
was obtained by the 331 reflection of a Ge
monochromator. Diffraction data were col-
lected in air at 298.5 K. The experimental
data were analyzed by Rietveld method.
A computer program RIETAN-FP was uti-
lized for the Rietveld analysis.
Rietveld analysis of hydroxyapatite at 298.5
K was carried out assuming the P21/c
space group. As shown in Fig. 1, the cal-
culated intensities agreed well with the
observed ones. The reliability factors and

goodness of fit were Rwp = 5.19 %, RI =
1.16%, RF = 0.57% and S = 4.31. Lattice pa-
rameters were a = 9.4162(7) angstrom, b
= 6.8789(2) angstrom, and c= 18.8685(12)
angstrom. These values are consistent with
the literature.

Fig. 1. Neutron powder diffraction patterns of hy-
droxyapatite at 298.5 K.
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Crystal Structure, Diffusion Path and Oxygen Permeability of a Pr2NiO4-Based
Mixed Conductor (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+delta
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We have investigated in situ the crystal
structure, oxygen diffusion path, oxygen
permeation rate and electrical conduc-
tivity of a doped praseodymium nickel
oxide, Pr2NiO4-based mixed conductor,
(Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+delta
(PLNCG) in air between 27 and 1015.6 oC.
The PLNCG has a tetragonal I4/mmm
K2NiF4-type structure which consists
of (Pr0.9La0.1)(Ni0.74Cu0.21Ga0.05)O3
perovskite unit and (Pr0.9La0.1)O rock-salt
one in the whole temperature range. Both
experimental and theoretical electron
density maps indicated two-dimensional
networks of (Ni0.74Cu0.21Ga0.05)-O cova-
lent bonds in PLNCG. Highest Occupancy
Molecular Orbitals (HOMO) in PLNCG
demonstrate that the electron-hole con-
duction occurs via Ni and Cu atoms in
the (Ni0.74Cu0.21Ga0.05)-O layer. Bulk
oxygen permeation rate was large (137
micro mol cm-2 min-1 at 1000 oC) and its
activation energy was low (51 kJ mol-1
at 950 oC). Rietveld, maximum-entropy
method (MEM) and MEM-based pattern
fitting analyses of neutron and synchrotron
diffraction data indicate a large anisotropic
thermal motions of the apical O2 oxygen at
the 4e site (0, 0, z; z is nearly equaled to 0.2)
in the (Pr0.9La0.1)(Ni0.74Cu0.21Ga0.05)O3
perovskite unit. Neutron and synchrotron
diffraction data and theoretical structural
optimization show the interstitial oxygen
(O3) atom at (x, 0, z) (x is nearly equaled
to 0.6 and z is nearly equaled to 0.2). The
nuclear density analysis indicates that the
bulk oxide-ion diffusion occurs through
the interstitial O3 and anisotropic apical
O2 sites, which is responsible for the
high oxygen permeation rate. The nuclear

density at the bottleneck on the oxygen
diffusion path increases with temperature
as well as the oxygen permeation rate.
The activation energy from the nuclear
density at the bottleneck decreases with
temperature, which is consistent with the
decrease of the activation energy from
oxygen permeation rate. Extremely low
activation energy (12 kJ mol-1 at 900 oC)
from the nuclear density at the bottleneck
indicates possible higher bulk oxygen
permeation rates in quality single crystals
and epitaxial thin films.

Fig. 1.
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Study on the electric field-induced lattice deformation in nanocrystalline CuO
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Recently we found that giant thermal
expansion was realized in magnetic
nanocrystals of CuO(1). CuO, the cupric
oxide, is a unique transition metal mono
oxide that was previously clarified by us
to show strong spin-charge-lattice cou-
pling and ferroelectric properties below
its magnetic (antiferromagnetic) transition
(2). We had demonstrated that the spin-
charge-coupling induced giant dielectric
constant and ferroelectric-like spontaneous
polarization. Recently, this strong charge-
spin-lattice coupling receives intense
attention and CuO is grouped to the new
category of multiferroic materials (3). As
for the reason of the reversed thermal ex-
pansion, we suspect that the spontaneous
polarization in the dielectric phase causes
displacement of the ions on the lattice and
therefore the expanding of the lattice. In a
number of so-called multiferroic materials
electric polarization and magnetic order
are coupled, providing a possible direct
link between magnetism and NTE for
magnetic nanoparticles with low crystal
symmetry. With the small number of atoms
in the nanoparticles the displacement of
ions may substantially influence the lattice
equilibrium and hence increase the unit
cell volume.

Therefore a neutron diffraction experiment
was designed to explore possible electric-
magnetic correlation in the nanocrystalline
CuO. For this study a thin disc-like pellet
(30 mm in diamter and 3 mm thick) was
made using nanoparticles of CuO. Gold
electric contacts were formed on the two
sides of the pellet by cold sputtering. The
pellet was then set into a specially designed
crystat for the neutron diffraction measure-
ment. The experiment was carried using
beamline 4G at JRR-3. In order to investi-
gate the effect of electric field on the lattice

a high voltage of 1.4 kV was applied to the
pellet sample during the experiment.

A small electric-field-induced lattice
change was observed as shown in Fig. 1.
As compared with the zero field data, the
diffraction peak (111) shifted to slightly
higher angles, implying lattice contraction
under an electric field.

However, as is seen from this plot, the reso-
lution of the present equipment for neutron
diffraction is not sufficient. Further studies
may be performed using the synchrotron x-
ray facilities.

1. X. G. Zheng et al., Nature Nanotechnol-
ogy 3, 724 (2008).
2. X.G. Zheng et al., J. Phys. Soc. Jpn. 70,
1054 -1063 (2001); Phys. Rev. Lett. 85, 5170
(2000); J. Appl. Phys. 92, 2703-2708 (2002);
Yamada, H. et al., Phy. Rev. B 69, 104104
(2004).
3. Kimura, T. et al, Nature Materials 7, 291-
294 (2008).

Fig. 1. Fig. 1 Filed-induced change of the (111) peak
for nanocrystalline CuO.
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A structure study of the double perovskite oxide Ba2NdSn0.3Sb0.7O5.85

Hiroki Kato*, Masatomo Yashima*, Paul J. Saines**, Brendan J. Kennedy**
*Department of Materials Science and Engineering, Interdisciplinary Graduate School of
Science and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-Ku,

Yokohama, Kanagawa 226-8502, Japan;　**School of Chemistry, The University of Sydney,
Sydney, NSW 2006, Australia

Metal oxides with the double perovskite-
type structure continue to attract atten-
tion due to the diverse range of proper-
ties including colossal magneto-resistance,
ionic conduction, ferro- and piezoelectric-
ity and ferromagnetism. Such properties
are known to be strongly influenced by
the crystal structure of the oxides. There-
fore the structural studies of such per-
ovskites are important in understanding
these physical properties. The purpose
of this work is to investigate the crys-
tal structure of double perovskite oxide
Ba2NdSn0.3Sb0.7O5.85.
The Ba2NdSn0.3Sb0.7O5.85 pellets were
put in a home-made furnace [1]. The neu-
tron powder diffraction measurements of
Ba2NdSn0.3Sb0.7O5.85 were performed in
air from 297 to 1676 K with a 150- detec-
tor system, HERMES [2], installed at the
JRR-3M reactor in Japan Atomic Energy
Agency, Tokai, Japan. Neutron with wave-
length 1.81386 angstrom was obtained by
the 331 reflection of a Ge monochroma-
tor. The experimental data were analyzed
by Rietveld method. A computer program
RIETAN-FP [3] was utilized for the Ri-
etveld analysis.
Rietveld analysis of neutron powder
diffraction data of Ba2NdSn0.3Sb0.7O5.85
at 297 K was carried out assuming the
I2/m space group. Figure 1 shows the Ri-
etveld pattern of Ba2NdSn0.3Sb0.7O5.85 at
297 K. The reliability factors and goodness
of fit were Rwp = 5.00%, RI = 4.64%, RF =
2.35% and S =1.49. The unit-cell parameters
of Ba2NdSn0.3Sb0.7O5.85 increased with
an increase of temperature.
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Fig. 1. Rietveld pattern of Ba2NdSn0.3Sb0.7O5.85 at
297 K.
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Crystal structure analysis of the perovskite-type silver niobate AgNbO3
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Silver niobate- (AgNbO3-) based com-
pounds are candidates for high fre-
quency/microwave materials. AgNbO3
has a perovskite-type structure. AgNbO3
is a lead-free material. The purpose of this
work is to investigate the crystal structure
of the perovskite-type AgNbO3 from room
temperature to high temperatures.
Neutron diffraction data of AgNbO3 were

collected in air using the HERMES [1], a
diffractometer with a 150 multi-detector
system, at 296, 442 and 587 K. The HER-
MES is installed at the JRR-3M reactor
in Japan Atomic Energy Agency, Tokai,
Japan. Neutrons with wavelength 1.82646
angstrom were obtained by the 331 reflec-
tion of a Ge monochromator. A furnace
with MoSi2 heaters [2] was placed on the
sample table, and used for neutron diffrac-
tion measurements at high temperatures.

The experimental data were analyzed
assuming the orthorhombic (space group
Pbcm) perovskite-type structure by Ri-
etveld method with a computer program
RIETAN-FP [3]. Figure 1 shows the Ri-
etveld fitting result for the neutron diffrac-
tion data of AgNbO3 measured at 442 K
(Rwp = 13.97%, a =5.5466(4) angstrom,
b =5.5927(4) angstrom, c =15.680(11)
angstrom). The lattice parameters of
AgNbO3 increased with increasing tem-
perature.
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Fig. 1. Rietveld fitting result for the neutron diffrac-
tion data of AgNbO3 at 442 K.
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Neutron diffraction study of SnO2-CeO2-SbOx system
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Recently, SnO2-based materials have been
investigated as transparent conductive ox-
ides, oxidation catalysts, and the sens-
ing materials of semiconductor gas sen-
sors [1]. Of these, as the sensing ma-
terials of sensors, SnO2-MOx (M = Al,
Ce, etc.) systems have been mainly used.
However, the detailed crystal structures
of these systems are not clear yet. So
far, we measured the neutron diffraction
data of SnO2-MOx (M = Al, Ce) [2,3]
and (SnO2)100(CeO2)a(SbOx)b (a = 1.0-
3.0, b = 1.0-3.0)[4] systems, and investi-
gated the crystal structure and the nu-
clear density distributions. In this study,
we have investigated the crystal structure
and the nuclear density distributions of
(SnO2)100(CeO2)a(SbOx)b (a = 0.6-0.8, b =
0.6-0.8) system.
Neutron diffraction measurements of high

purity (SnO2)100(CeO2)a(SbOx)b samples
were performed with HERMES installed
at JRR-3M in JAEA (Tokai) [5]. Neutron
wavelength was 1.8204(5)A. Diffraction
data were collected in the 2 theta range
from 20 to 157 deg in the step interval of
0.1 deg. The diffraction data obtained were
analyzed by the combination technique of
Rietveld analysis using a computer pro-
gram RIETAN-FP [6] and a maximum-
entropy method (MEM)-based pattern fit-
ting. MEM calculation was carried out us-
ing a computer program PRIMA [7].
The neutron diffraction patterns of
(SnO2)100(CeO2)a(SbOx)b (a = 0.6-0.8,
b = 0.6-0.8) samples showed larger peak
widths compared to that of pure SnO2.
All the reflection peaks of these samples
were indexed by a tetragonal symmetry
(P42/mnm, No.136). The assumed struc-
ture model was as follows: Sn, Ce, and
Sb atoms occupy 2a sites (0, 0, 0) and O

atoms occupy 4f sites (x, y, 0) (x = y ˜ 0.306)
[1] with isotropic atomic displacement
parameters. The lattice parameters and
unit cell volume increased with increas-
ing Ce and Sb contents, suggesting the
introduction of larger Ce4+(0.97A) and
Sb3+(0.76A) ions [8] into Sn4+ (0.69A)
sites. Figure. 1 shows the equicontour sur-
faces (0.05fm/Aˆ3) of scattering amplitude
of (SnO2)100(CeO2)0.8(SbOx)0.8. Not only
2a (Sn, Ce, Sb) sites but also 4f (O) sites
showed nonspherical equicontour surfaces
with larger distributions (compared to
pure SnO2), suggesting the disturbed
atomic arrangements on the 2a and 4f sites
by introducing Ce and Sb atoms into Sn
sites.

References
[1] M. Batzill and U. Diebold, Progress in
Surface Science, 79, 47 (2005).
[2] T. Maekawa, C. Minagoshi, S. Naka-
mura, K. Nomura, and H. Kageyama,
Chemical Sensors, 24, 19 (2008).
[3] K. Nomura, H. Kageyama, T. Maekawa,
C. Minagoshi, S. Nakamura, and T. Ito,
ISSP-NSL activity report, NO.483.
[4] K. Nomura, H. Kageyama, T. Maekawa,
C. Minagoshi, H. Miyazaki, and Y. Kawa-
bata, ISSP-NSL activity report NO.865.
[5] K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani, and Y. Yamaguchi,
Jpn. J. Appl. Phys., 37, 3319 (1998).
[6] F. Izumi and K. Momma, Solid State
Phenom., 130, 15 (2007).
[7] F. Izumi and R.A. Dilanian, in: Recent
Research Developments in Physics, vol.3,
Transworld Research Network, Trivan-
drum, 2002, p.699.
[8] R.D. Shannon, Acta Cryst., B51, 751
(1976).

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1098

1-1-24

- 40 -

JAEA-Review 2013-040



Fig. 1. Equicontour surfaces (0.05fm/Aˆ3) of scatter-
ing amplitude of (SnO2)100(CeO2)0.8(SbOx)0.8
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Effect of Transition-Metal Substitution on Crystal Structure and Ferroelectric
Property of Bi4Ti3O12-Based Oxide

Yasushi Idemoto, Naoto Kitamura and Takashi Iiyama
Department of Pure and Applied Chemistry, Faculty of Science and Technology, Tokyo

University of Science

As a ferroelectric for non-volatile Fer-
roelectric Random Access Memory, Bi4-
xLnxTi3O12-based materials (Ln: rare earth
element) have drawn much attention be-
cause of the high remanent polarization,
low coercive field and good fatigue char-
acteristics. Recently, we have focused on
these ferroelectric oxides, and have inves-
tigated the crystal structures by using neu-
tron diffractions. As a result, it was demon-
strated that TiO6 octahedra in the crys-
tals distorted considerably and the spon-
taneous polarization calculated from the
atomic positions corresponded to the rema-
nent polarization measured by using a fer-
roelectric test system. In addition, we also
reported that ferroelectric properties of the
Bi4-xLnxTi3O12 were much improved by
a partial substitution of a transition metal,
such as Mo, for the Ti site. However, an in-
fluence of the transition metal doping on
the crystal structure is still obscure.

From such background, we
measured neutron diffraction pat-
terns of (Bi,La)4(Ti,Mo)3O12 and
(Bi,Nd)4(Ti,Mo)3O12, and then analyzed
their crystal structures by the Rietveld
method.

We synthesized (Bi,La)4(Ti,Mo)3O12 and
(Bi,Nd)4(Ti,Mo)3O12 by means of a con-
ventional solid-state reaction. Preliminary
phase identifications were carried out by
powder X-ray diffraction measurements.
The metal compositions and valences were
evaluated by ICP and XAFS(KEK PF), re-
spectively. We also evaluated the ferroelec-
tric properties by P-E hysteresis loops and
dielectric measurements. Neutron diffrac-
tion patterns of the products were mea-
sured at room temperature in air by HER-
MES installed at JRR-3.

X-ray diffraction patterns confirmed
that all the Mo-substituted samples had a
single phase of the layered perovskite-type
structure, which was the same structure as
the (Bi,Ln)4Ti3O12. Their analytical metal
compositions were essentially equal to the
nominal ones, and Mo at the Ti site was
supposed to be hexavalent based on the re-
sults of XANES measurements. From the
P-E hysteresis loops, it was demonstrated
that Mo substitution enhanced the rema-
nent polarization regardless of the rare
earth element. It was also found that a
phase-transition temperature from the fer-
roelectric state to the paraelectric one (i.e.,
Curie temperature) became lower by the
partial substitution. Such a change in the
ferroelectric properties suggests that the
crystal structures were varied significantly
by substituting Mo for Ti.

In order to clarify how the Mo
substitution affected the crystal structure,
we performed the Rietveld analysis us-
ing the neutron diffraction patterns. As for
all the prepared (Bi,Nd)4(Ti,Mo)3O12, the
structural parameters were well refined by
assuming a single phase of the layered
peroveskite-type structure (S. G.; B11n).
From the parameters, we calculated distor-
tions (quadratic elongations and bond an-
gle variances) in the crystals, and then clar-
ified that the distortions around the (Ti,Mo)
sites increased slightly by the partial sub-
stitution of Mo. Based on the results, it can
be considered that a higher distortion in the
Mo-substituted samples is one of the rea-
sons for the improvement of the ferroelec-
tric properties.
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Acoustic phonon softening in tetragonal BiVO4
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Bismuth vanadate BiVO4 undergoes a
second-order ferroelastic phase transition
at Tc=525 K.1 The high-temperature parae-
lastic phase has a body-centered tetragonal
scheelite structure with a centrosymmetric
space group I41/a (C6

4h).
We studied the TA phonon propagating

on the (001) plane polarized on this plane
in BiVO4 above Tc=525 K. The energies
of the TA phonon dispersion curve along
[0.7ξ, ξ, 0] are slightly lower than those
along [ξ, ξ, 0], indicating that the acoustic
symmetry direction deviates from the high-
symmetry [ξ, ξ, 0] direction. The deviation
is related to the fact that the oxygen site
at the tetrahedral VO4 has the lowest site
symmetry C1 above Tc.

The present study shows the consider-
able softening of the TA phonon mode
along [0.7ξ, ξ, 0] in the range ξ < 0.2.
Figure 1 shows the temperature depen-
dence of the TA phonon mode along
the [0.7ξ, ξ, 0] direction. The TA phonon
branch along [0.7ξ, ξ, 0] is almost temper-
ature independent between 673 and 873
K. Below 673 K, the TA phonon curve in
the range 0 < ξ < 0.2 shifts down-
ward with decreasing temperature. In Fig.1
the dashed lines around ξ = 0 repre-
sent the extrapolations of the sound ve-
locities determined by Brillouin scattering
experiments.2 The sound velocity vmin ≈
8.2 × 10 m/s at Tc indicates an extreme
flat TA dispersion in the vicinity of the
zone center. The extrapolated intercept
of the observed TA branch at 538 K with
the horizontal axis gives a upper bound
of the wave vector q = [0.013, 0.019, 0] for
the extreme flat dispersion region. The
TA phonon branch along [0.7ξ, ξ, 0] at 538
K should have a significant upward cur-
vature at the small q range. On the
other hand, the TA phonon mode along
[ξ, 0.176ξ, 0] exhibits a hardening with de-

creasing temperature toward Tc. This ten-
dency is the normal behavior in an anhar-
monic lattice.

An elastic central peak emerges at
[0.7ξ, ξ, 0] in addition to the soft TA mode.
The width of the central peak is compa-
rable to the instrumental resolution. We
found out that the central-peak intensity
for q = [ξ, ξ, 0] is significantly higher than
that for q = [0.7ξ, ξ, 0]. The elastic diffuse
scattering distributed along [1,1̄,0] suggests
that the narrow central-peak at [0.7ξ, ξ, 0]
has no direct connection the softening of
the TA mode. A possible interpretation
is that static or quasi-static defects appear
along [ξ, ξ̄, 0] with decreasing temperature
toward Tc.

1 J.D. Bierlein and A. W. Sleight, Solid
State Commun. 16, 69 (1975).

2 H. Tokumoto and H. Unoki, Phys.
Rev.B27, 3748 (1981).
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Fig. 1. Temperature dependence of TA mode along
[0.7ξ, ξ, 0]
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Dependence of Crystal Structure and Protonic Conduction on Compositions in
Gallate-Based High Temperature Protonic Conductors with Layered Structures

Yasushi Idemoto and Naoto Kitamurra
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University of Science

Solid oxide fuel cell, which is so-
called SOFC, can be regard as a new and
clean energy source, and has been widely
investigated in recent decades. As an elec-
trolyte of the SOFC, LaBaGaO4-based high-
temperature protonic conductors with a
layered structure have drawn much atten-
tion, because of the high conductivity, high
ionic transport number and high chemical
stability against ambient acid gases, like
CO2. In the proton conductors, a partial
substitution of an aliovalent cation for the
host cation introduces some defects, such
as an oxygen vacancy and an interstitial
proton. Diffusions of these defects through
the crystals dominate the proton-uptake
and conduction processes at elevated tem-
perature. Thus, in order to understand the
protonic conduction mechanism, it is im-
portant to investigate the crystal structures,
especially the sites and the occupancies of
the oxygen and proton. At this moment,
however, there is not sufficient knowledge
on the crystal structures of the LaBaGaO4
system.

In this study, neutron diffraction patterns
of La1-xBa1+xGa1-yMgyO4-d with a lay-
ered structure were measured with HER-
MES installed at JRR-3, and then the crystal
structures were analyzed based on the Ri-
etveld method by using the Rietan-FP pro-
gram.

La1-xBa1+xGa1-yMgyO4-d(x=0˜0.1,
y=0˜0.05) were synthesized by a conven-
tional solid-state reaction using each metal
oxide or carbonate as a starting material.
Phase identifications of the samples were
carried out with powder X-ray diffrac-
tion measurements. We also investigated
the electrical conductivities at the temper-
ature range from 573 to 1173 K under var-

ious PO2 and PH2O, and then discussed
the protonic-conduction properties at the
elevated temperature. Neutron diffraction
measurements of the samples were per-
formed in order to investigate the crystal
structure in detail.

From X-ray diffraction patterns, it was indi-
cated that La1-xBa1+xGa1-yMgyO4-d syn-
thesized in this work had a single phase of
a layered structure regardless of the com-
position, and a change of the lattice con-
stants reflected a difference of the ionic
radii of the constituent cations. Conductiv-
ity measurements revealed that LaBaGaO4
began to exhibit protonic conduction un-
der moisturized conditions at high temper-
ature by substituting Ba and Mg for La and
Ga, respectively.

Rietveld analyses using neutron diffrac-
tions indicated that all the La1-xBa1+xGa1-
yMgyO4-d had an orthorhombic layered
structure (S. G.; P212121) in air. From the
refined structure parameters, it was found
that atomic displacement parameters of
the oxygens were larger than those of the
other constituent elements. This suggests
that oxygen vibrations play an important
role for the protonic conduction, because
the proton can be considered to diffuse via
a hydrogen bond in the case of the high-
temperature protonic conductors. It was
also clarified that the oxygen amounts of
La1-xBa1+xGa1-yMgyO4-d which were es-
timated from the refined occupancies, were
larger than those predicted from the elec-
troneutrality condition; that is, 4-d=4-x/2-
y/2. This may be due to a progress of a hy-
dration reaction, which can be described as
below with the Kr　 ger-Vink notation;
(1/2)Vo..+(1/2)H2O(g) + (1/2)Oox -> <-
　OHo.
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where Vo.. , Oox and OHo. represent
oxygen vacancies, O2- at the O2- sites and
an interstitial proton coordinating an oxide
ion, respectively.
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Direct Observation of Adsorbed Layer on Metal Surface Using Neutron
Reflectometry
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Lubricants are generally used to achieve
low friction on sliding surfaces in many
kinds of machine components. It is re-
ported that additives in lubricant form
some adsorbed layers on sliding surface.
Though several researches on relationship
between the adsorbed layers and frictional
properties have been conducted, there are
no reports on nano structure at solid-liquid
interface through direct observation in tri-
bology field.
In this paper, nano structures at solid-
liquid interfaces were analyzed by neutron
reflectometry. The neutron can penetrate
into almost all metals, and the reflectome-
try is currently used to analyze the vertical
structure, such as density and thickness at
the target surface or interface. The instru-
ments we used were neutron reflectome-
ters‘ MINE ’and‘ SUIREN ’in Japan
Atomic Energy Agency (JAEA).
We prepared three kinds of metal surfaces,
iron, copper and aluminium, on ultra-flat
silicon blocks by physical deposition. We
analyzed each target surface using neutron
reflectometry in air, in base oil (poli-alpha-
olefin) and in base oil with an additive
(acetic acid). For the case that the metal sur-
faces were soaked in base oil with the ad-
ditive, the interferential fringes in reflectiv-
ity profiles became narrower than the both
cases that the surfaces were in air and in
base oil only. It means that the adsorbed
layers of additive formed on metal sur-
faces. Fitting operation along Parratt’s the-
ory showed that the thickness of adsorbed
layer was about 2 or 3 nm. Friction coef-
ficients of the metal surfaces considerably
decreased when the additive was added in
the base oil. We conclude that nano struc-
ture of interface between metal surface and
lubricant considerably affects friction prop-

erty under boundary lubricated condition
and then neutron reflectometry is a very
helpful method for tribology work.

Fig. 1. Reflectivity profiles from copper surface
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Neutron Powder Diffraction Study of Lithium Battery Electrode Materials with
Tunnel Structure
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α-MnO2 has a hollandite type structure
comprising double chains of MnO6 octa-
hedra forming (2× 2) tunnels. At present,
only α-MnO2 is known to have a tun-
nel structure without any large stabilizing
cations in its tunnel cavity, whereas the
other porous manganese oxides, e.g., ro-
manechite (2× 3) and todorokite (3× 3),
contain some large stabilizing cations in
their tunnels. The open-tunnel structure of
α-MnO2 makes it attractive for an appli-
cation as an electrode material for lithium-
ion secondary batteries [1-3]. To clarify the
structural properties of a Li inserted α-
MnO2 specimen, neutron diffraction inves-
tigations have been made in this work.

An α-MnO2 specimen was prepared by
the precipitation method using ozone oxi-
dation [1,2]. A Li inserted α-MnO2 spec-
imen was obtained by soaking the parent
α-MnO2 powder in a mixed solution of
LiOH and LiNO3 [2].

Neutron powder diffraction data were
collected at room temperature on the HER-
MES powder diffractometer installed at
the JRR-3M research reactor of the Japan
Atomic Energy Agency. The specimens
were contained in a cylindrical vanadium
cell with an inner diameter of 10 mm. In-
cident neutrons with a fixed wavelength
of 1.8204(5) angstroms were obtained by a
vertically focusing (331) Ge monochroma-
tor. The powder diffraction data were mea-
sured over a 2 theta range of 7-157 degrees
with a step interval of 0.1.

The diffraction data were analyzed by
the Rietveld method with RIETAN-2000,
and the nuclear scattering density distribu-
tion of specimens were visualized by the
Maximum-entropy-method based Pattern
Fitting (MPF).

Figure 1 depicts the Rietveld refinement

patterns and the nuclear scattering density
distribution images of Li insertedα-MnO2
specimen. These images clearly show the Li
and O atoms in the tunnel space.

The Li inserted α-MnO2 specimen
showed a good charge-discharge property
as the cathode material, although the par-
entα-MnO2 specimen showed a poor dis-
charge property [2]. These facts suggest
that the presence of stabilizing atoms or
molecules within the (2 × 2) tunnel of a
hollandite-type structure is necessary to fa-
cilitate the diffusion of Li ions during cy-
cling.
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Fig. 1. Neutron powder diffraction patterns and nu-
clear scattering density distribution images of Li in-
sertedα-MnO2 specimen.
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Fractal geometry of porous silica studied by SANS experiment

Hiroyuki Mayama
Hokkaido University

Very recently, it has been understood that
fractal is a promising approach to design
functional materials because fractal geome-
tries theoretically poses infinity length and
surface area, and zero net volume. In re-
lation, fractal geometry of porous silica
samples, which were prepared under de-
signed conditions, were investigated by
SANS experiments. We have already cre-
ated Menger sponge-like fractal bodies
(fractal porous silica) and established the
experimental strategy how fractal dimen-
sion D can be modified. We found that
the Menger sponge-like fractal geometries
were created in porous silica with D = 2.5-
2.7 in the scale range between 50 nm and 5
um in which connected network structures
of pore exist. In this experimental strategy,
wax particles of alkylketene dimer (AKD)
with flower-like surface structure (particle
diameter ca. 10 um, thickness of a petal ca.
100 nm) were utilized as template parti-
cles and tetramethyl orthosilicate (TMOS)
was used to fill the space between the par-
ticles and polymerized by a sol-gel synthe-
sis of TMOS. After calcination of the re-
action products, fractal porous silica sam-
ples were obtained. However, the distribu-
tion of the porous network structure, i.e.,
scale range of fractal geometry, was lim-
ited in the scale range of 50 nm ˜ 5 um. To
develop the network structure in smaller
scale range less than 50 nm, we utilized
polymer chains such as polyethylene glycol
(PEG) and calf thymus DNA as other type
of templates to make smaller pores. We sys-
tematically prepared fractal porous sam-
ples at different concentrations of PEG and
DNA, and also different molecular weight
of PEG. As a result, we found an exper-
imental strategy to develop the pore net-
work structure in smaller scale (less than
50 nm). Fig. 1 is a typical example how
SANS profile depends on sample prepa-

ration. The profiles in the range of 0.01 ˜
0.1 1/A are almost same, but, the profiles
in lower Q range less than 0.01 1/A re-
flect the condition of templates. With an in-
crease of the concentration of PEG20000, it
was observed that the profile in lower Q
range goes up. We thus found a possibil-
ity that the profiles may obey a power law
of scattering intensity I (Q) ˜ Iˆ(-D) under a
suitable condition. Along this strategy, we
would like to create fractal porous silica in
which D is maintained in several nanome-
ter to several micrometer.

Fig. 1. SANS profiles of fractal porous silica using
wax particles, calf thymus DNA and PEG20000 as
templates
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Analysis of Hydrogen Molecules Chemisorbed on Cu Ions Confined in Solid
Nanospace

T. Ohkubo(A), K. Takahara(A), A. Itadani(A), O. Yamamuro(B), and Y. Kuroda(A)
(A) Fac. Sci., Okayama Univ., (B) ISSP-NSL, Univ. Tokyo

We have reported specific adsorption
properties of gas molecules on copper-
ion-exchanged MFI-type zeolite (CuMFI).
Specifically, monovalent Cu ions ex-
changed in MFI zeolite can strongly
interact with an adsorbed molecule even
at room temperature. In our previous
report, we showed the possibility from
the IR measurements which indicated the
existence of the specific adsorption sites
on CuMFI treated at 873 K [1]. However, it
is quite difficult to investigate the adsorp-
tion phenomena with ordinary methods
and, herein, we performed the inelastic
neutron scattering (INS) measurements for
CuMFI adsorbed by hydrogen and tried
to elucidate the adsorption sites to interact
strongly with hydrogen.

INS experiments were carried out on
hydrogen-chemisorbed CuMFI by using
AGNES spectrometer. At first, we mea-
sured the spectra of original CuMFI which
was evacuated at 873 K in a quartz tube and
then transferred into an aluminum holder
in a helium-exchanged globe box. Hydro-
gen molecules were directly installed into
the holder at 0.1 MPa and 77 K through
the center stick. To obtain the INS spectrum
of chemisorbed species, we cooled down
to 8 K and evacuated physically adsorbed
molecules and the molecules in the bulk
phase.

Fig. 1 shows the difference INS spectrum
of adsorbed hydrogen molecules at 8 K.
We could observe two kinds of INS bands
at 1.08 and 1.72 cm-1, respectively. Eckert
et al. assigned the INS band of hydrogen-
coordinated tungsten complex observed
at 0.95 cm-1 as the rotational tunneling
of side-on-type coordinated hydrogen [2].
Therefore, these two bands strongly indi-
cate the existence of two kinds of strong
or chemical adsorption sites on the CuMFI

surface. However, our results did not agree
with the band positions observed at 0.80
and 1.37 cm-1 reported by Georgiev et al.
by using CuMFI [3]. These differences may
be due to the differences of surface com-
position such as Si/Al ratio or the varia-
tion of local structure around a monovalent
Cu ion. The present results revealed that
the two kinds of adsorption sites can act
as specific sites for hydrogen whose inter-
action strength is similar to that observed
for side-on-type coordinated hydrogen of a
complex.

Fig. 1. Difference INS spectrum of adsorbed hydro-
gen on CuMFI.
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Neutron Single-Crystal Diffraction Studies on HoB2C2 under High-Pressure

H. Yamauchi, T. Osakabe, E. Matsuoka† and H. Onodera†

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195, Japan
†Department of Physics, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

The tetragonal HoB2C2 shows two suc-
cessive transitions. Firstly, the sinusoidally
modulated antiferromagnetic (AFM) order
characterized by kL=(1+δ, δ, δ′) (δ=0.11,
δ′=0.04) develops at TN=5.9K with de-
creasing temperature, and then the antiferro-
quadrupolar (AFQ) order occurs at lower
temperature of TQ=4.5K1). This fact indi-
cates that the AFQ interactions are compa-
rable with the AFM interactions in HoB2C2.
Below TQ, the unmodulated AFM structure
competitively coexists with the AFQ ordered
structure and shows the 90◦ alignment along
the c-axis characterized by the wave vectors of
k1=(1, 0, 0) and k2=(0, 1, 1/2). This com-
petitive condition of interactions in HoB2C2

arouses our interests in pressure-induced phe-
nomena. We therefore performed the first
high pressure experiments to investigate pres-
sure effects on HoB2C2 using neutron single-
crystal diffraction technique. We succeed
in all experiments using an opposed pair of
large anvils, named “ hybrid-anvil cell ”2) and
a McWhan-type pressure cell. The neutron
diffraction measurements were carried out on
TAS-1 in the JRR-3 reactor hall.

Figure 1 shows the magnetic P -T phase di-
agram of HoB2C2 up to 10GPa. The phase
boundaries are estimated from the pressure
dependence of the TN, TQ and the magnetic
structure at 1.4K. In the figure, T1 0 0 and
T0 1 1/2 are the growth temperatures of mag-
netic Bragg peaks of (1, 0, 0) and (0, 1, 1/2),
respectively. Since the k1 component in the
AFM structure below TQ, which is observed in
most of the RB2C2 system including GdB2C2

of L=0, reflects the fundamental magnetic
interactions in HoB2C2, the appearance of the
k2 component strongly indicates the existence
of the competitive AFQ structure. Thus, we
can assume that T0 1 1/2 is closely related to
TQ. The TN is enhanced monotonically with
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Figure 1: Magnetic pressure-temperature phase dia-
gram of HoB2C2 up to 10 GPa.

increasing pressure up to 10GPa. The TQ is
also enhanced up to ∼ 2.1GPa by pressure.
But above 2.1GPa, no magnetic (0, 1, 1/2)
peak could be observed at 1.4K. Therefore,
we suppose that the TQ is suppressed gradu-
ally above 2.1GPa, and the AFQ order dis-
appears in the range of 3GPa<P < 5GPa.
Above 4.9GPa at 1.4K, we observed charac-
teristic appearance of magnetic peaks which
were completely different from those in the
sine-wave phase and AFM+AFQ coexistent
phase. At around 5GPa, magnetic peaks
characterized not only by kL (or (1+δ, δ, 0))
but also by k1 were observed. On the other
hand, above 7.9GPa, magnetic peaks for kL

disappeared, and intense magnetic reflections
only for k1 were observed. Consequently, we
conclude that new magnetic phases induced
by pressure exist as shown by PI 1 and PI 2 in
Fig. 1. Magnetic structure models in the new
phases are now under consideration.
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Influence of Al Substitution on Magnetic Correlation of the Two-Dimensional
Triangular Lattice Antiferromagnet CuCrO2

R. Kajimoto, M. Matsuda1, K. Uto2 and T. Okuda2

J-PARC Center, JAEA, Tokai, Ibaraki 319-1195
1Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

2Department of Nano-Structures and Advanced Materials, Kagoshima University, Kagoshima 890-0065

CuCrO2 has triangular lattice layers of
magnetic Cr3+ ions separated from each
other by non-magnetic layers of Cu+ ions,
which makes this compound a quasi two-
dimensional (2D) triangular lattice antiferro-
magnet with S = 3/2. The Cr spins form
a proper screw structure below TN = 26 K,
whose wave vector is (q, q, 0) with q ≈ 1/3.1)

Recently, it was found that substitution of the
inter-layer Cu+ ions with Ag+ ions enhances
the two-dimensionality in the magnetic cor-
relation, and may induce some unusual mag-
netic excitations.2) In contrast, substitution
of Cr3+ ions with non-magnetic Al3+ ions di-
rectly should affects the intra-layer magnetic
interactions. In the present study, we per-
formed neutron diffraction study on powder
samples of CuCr1−xAlxO2 to investigate the
Al substitution effect on the magnetic correla-
tion. The measurements were performed us-
ing TAS-2 and LTAS with neutron energies of
14.7 meV and 3.5 meV, respectively.

Figure 1(a) shows x dependence of the
diffraction profile measured at 6 K on TAS-
2. The magnetic Bragg reflections are drasti-
cally suppressed by the Al substitution, and
they almost disappear at x = 0.15. In
stead, there remains a broad skewed profile.
The skewed profile should reflect the devel-
opment of a 2D correlation, which is simi-
lar to (Cu,Ag)CrO2.

2) In (Cu,Ag)CrO2, the
2D magnetic correlation was dynamical and
develop well above TN. This was proved by
the difference between temperature (T ) de-
pendence of a magnetic peak intensity mea-
sured on TAS-2 with a coarse energy resolu-
tion (ΔE = 1.2 meV) and that measured on
LTAS with a high energy resolution (ΔE =
0.2 meV).2) In order to examine this point
on CuCr1−xAlxO2, we performed similar mea-

surements. Figure 1(b) compares T depen-
dences of a magnetic peak measured on TAS-
2 and LTAS. The difference between the two
data is quite small. These facts indicate that
the two-dimensionality in the magnetic cor-
relation is enhanced by the Al substitution
similar to the Ag substitution, but its energy
scale is smaller than that in (Cu,Ag)CrO2.
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Figure 1: (a) Neutron powder diffraction profiles of
CuCr1−xAlxO2 at T = 6 K on TAS-2. Indices with
a subscript N and a subscript M indicate nuclear and
magnetic reflections, respectively. (b) Temperature
dependences of the peak intensity of the qq0M peak in
the x = 0.10 sample measured on TAS-2 and LTAS.
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Pressure-Temperature Phase Diagram of Filled Skutterudite PrFe4P12
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Filled skutterudite compound PrFe4P12

shows a Γ1-type electronic mulitipolar order
below TA = 6.5 K at ambient pressure 1). The
propagation vector of this ordered phase (A-
phase, hereafter) is q = (1, 0, 0), which is
closely related with the nesting property of
the Fermi surface 2). Applied pressure sup-
presses the A-phase and induces an insulating
phase above 2.4 GPa at low temperature 3).

In the previous neutron diffraction exper-
iments below 4.3 GPa, we directly observed
the pressure-induced antiferro magnetic or-
dered phase (M-phase, hereafter) and found
that the M-phase corresponds to the insu-
lating phase. The propagation vector of the
M-phase is identical with that of the A-
phase. The magnetic moment at 1.5 K is ap-
proximately 2.0 μB, which is consistent with
the dipole moment in the crystal-field (CF)

ground state of the Γ1-Γ
(1)
4 with d ∼ 1 quasi-

quartet 4,5).

Recently, we have performed neutron
diffraction experiments up to 10.5 GPa us-
ing the TAS-1 spectrometer in JRR-3 to in-
vestigate the stability of the M-phase against
applied pressure. The experimental results
are summarized in fig. 1 as a pressure-
temperature phase diagram together with the
data in ref. 3). As clearly shown in fig. 1,
the M-phase is highly stabilized by applied
pressure especially above 4 GPa. The Néel
temperature at 10.3 GPa reaches to about 50
K, which is the highest magnetic transition
temperature in the Pr compound reported so
far. The mechanism of the stabilization of
the M-phase by appliend pressure is an open
question. On the other hand, the magnetic
moment above 4 GPa also increases gradu-
ally and reaches about 2.3 μB at 10.3 GPa.
The dipole moment at 10.3 GPa is well repro-

duced when the Γ23 state is located in the low-
lying CF state in addition to the Γ1-Γ

(1)
4 with

d ∼ 1 quasi-quartet state. This CF struc-
ture is agree with the theoretical calculation
by considering the strong p-f hybridization ef-
fect and the point charge effect 5). The highly-
degenerated CF state in the low energy region
is supposed to be responsible for the heavy
electron state in this compound.

Figure 1: Pressure-temperature phase diagram of
PrFe4P12.
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Spin Waves in MnP
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Manganese phosphide MnP is a ferromag-
netic intermetallic compound below TC =
291K, and it transforms into a proper screw
state at T* = 47K.
The crystal structure is a slightly distorted
NiAs structure with the lattice parameters
of a = 5.916 　, b = 5.260 　, c = 3.173 　
at room temperature. In the ferromagnetic
state, the easy-axis of the magnetization is
the c-axis. In the proper screw state, the
spin rotates in the b-c plane with a propa-
gation vectorδ = 0.117a* along the a-axis.
One of our interests of MnP is the mech-
anism of transition from ferromagnetism
to helimagnetism which had not been ex-
plained by theoretical viewpoint. In order
to elucidate the mechanism, the informa-
tion of spin wave in the whole Brillouin
zone is crucially important.
The ferromagnetic spin-waves along the
three principal axes had been measured by
Todate et al[1]. They reported that the dis-
persion relation along the a-axis exhibits
anomalous wave vector and temperature
dependence, and also the quadratic q de-
pendence was observed both along the b-
and c-axes. In the proper screw state, spin-
waves along the a- and b-axes had been
measured by Tajima et al[2]. They reported
the anomalous jump around T* along the
a-axis which may be related to 3δ.
In order to obtain the spin wave disper-
sion relations, we performed the neutron
inelastic scattering experiments at triple-
axis spectrometer PONTA (5G), JRR-3M re-
actor in JAERI (Tokai).

The single crystal of MnP, whose size
is 9mmφ× 40mm,　 was grown by the
Bridgman method.
The spin wave dispersions have been mear-
sured along the a-axis at 12 K　and 50K, as

shown in Fig1. We could observe the spin
wave dispersions along the a-axis, how-
ever, anomalous jump around T* which
Tajima et al reported was not found. It is
probably broadened dispersion due to itin-
erant magnetism.
In order to obtain the spin waves in the
whole Brillouin zone, further measure-
ments of spin waves at higher energy (˜
100meV) and lower energy (0 ˜ 2 meV) are
now in progress.
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Fig. 1. Spin wave relations along the a-axis
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Antiferromagnetic fluctuations in Fe(Se1−xTex)0.92(x = 0.75, 1)
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Since the discovery of superconductiv-
ity in the FeAs systems, intensive stud-
ies on related superconductors including
iron group have been reported. Al-
though the related system shows the AF
ordering in the parent materials, recent
neutron diffraction measurements reported
that the ordered magnetic structure of
Fe(Se1−xTex)y is quite different from that
of other FeAs materials[1]. Therefore, the
dynamical magnetic properties of the par-
ent material FeTe0.92 and superconductor
Fe(Se0.25Te0.75)0.92 have been investigated
by inelastic neutron scattering.

Figure 1 (a) shows constant energy scans
with ω = 2 (89 K), 6 (89 K and 65 K) and
8 meV (65 K) for FeTe0.92, which shows
the AF ordering and a structural transition
from a high-temperature tetragonal phase
to a low-temperature monoclinic phase at
∼ 70 K . We were able to observe the mag-
netic fluctuations as a broad peak around
0.9 Å−1. The scattering intensities become
weak as energy increases, especially below
TN. The peak centers are almost constant
as the function of ω, which is consistent
with what has been reported for other FeAs
based materials.

Next, we will focus on the peak center for
Fe(Se0.25Te0.75)0.92, which shows an appear-
ance of bulk superconductivity below Tc ≈
8 K. The energy evolution of the magnetic
excitation spectra at 3.5 K is shown in Fig.
1 (b). For low energies (ω ≤ 4 meV), the
magnetic excitations are located at |Q| ≈
0.9 Å−1, which is close to the one for pure
FeTe0.92. However, as ω increases, the peak
centers increase substantially up to |Q| ≈
1.2 Å−1 at ω ≈10 meV. The measurements
reported here show conclusively that a sig-
nificant evolution occurs in the magnetic
excitation spectra when Se is substituted

for Te. We would like to note that the re-
ciprocal lattice point |Q| ≈ 1.2 Å−1 is close
to the wave vectors Q = (0.5,0.5,0) (|Q| =
1.17 Å−1) and Q = (0.5,0.5,0.5) (|Q| = 1.28
Å−1), which match with the 2D nesting
vector between the cylinder-like electron
and hole Fermi surfaces like FeAs system.
We speculate that the peak shift is related
with the appearance of itinerant character
of Fe magnetic moment which could be in-
troduced by Se doping in the parent ma-
terial FeTe0.92. Our results show that sub-
stituting Se for Te may cause the system
to possess possible magnetic fluctuations
with the 2D nesting vector Q = (0.5,0.5).
[1]W. Bao et al. Phys. Rev. Lett. 102 (2009)
247001.
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Fig. 1. (a) Inelastic scattering intensity for
FeTe0.92. (b) Inelastic scattering intensity for
Fe(Se0.25Te0.75)0.92 at 3.5 K.
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Magnetic structure in FeTe0.92
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The discovery of Fe-based supercon-
ductor has led to intensive studies on
related superconductors including iron
group. They possess a FeX (X=As, Se,Te)
layer in their structure and their non-doped
counterparts commonly exhibit an antifer-
romagnetic (AF) ordering with an adjacent
structural phase transition from tetrago-
nal to orthorhombic structure. A precise
understanding of the magnetic properties
among the related compounds would pro-
vide a useful guideline for understanding
the superconductivity.

FeTe0.92 shows the AF ordering at ∼ 70
K with a structural transition from a high-
temperature tetragonal phase to a low-
temperature monoclinic phase. Figure 1 (a)
displays observed, calculated, and differ-
ence neutron diffraction patterns at 160 K.
All the reflections of FeTe0.92 at 160 K could
be indexed in the P4/nmm symmetry and
structure parameters were successfully re-
fined from the powder diffraction. Inset
of Fig, 1 (a) shows Fermi surface of FeTe
from non-spin-polarized calculation with
crystal parameters determined by our Ri-
etveld analysis. This result is consistent to
previous study[1] proposed that the Fermi
surface structure of FeSe and FeTe, which
causes AF magnetic ordering characterized
by the 2D nesting vector Q = (0.5,0.5) be-
tween the cylinder-like electron and hole
Fermi surfaces.

At T = 8 K, we observed several super-
lattice reflection shown in Fig. 1(b). This
observation corresponds to the AF order-
ing with the ordering vector Q = (0.5,0,0.5),
indicating that the magnetic unit cell is ∼
2a× a× 2c, where a and c are the lattice pa-
rameters of the chemical unit cell.

Although the end compounds in
Fe(Se1−xTex)y and other FeAs based

system show quite different magnetic
orderings from each other, the supercon-
ducting materials have the surprising
common character of the proximity to an
AF fluctuation with a 2D Q = (0.5,0.5)[2].
This suggests that the mechanism of su-
perconductivity in two systems may share
some common features and especially that
the AF correlation with 2D Q = (0.5,0.5)
may play an important role in the mech-
anism of superconductivity in Fe-based
superconductors.

[1] A. Subedi, L. Zhang, D. J. Singh, and
M. H. Du, Phys. Rev. B 78 (2008) 134514.
[2] S. Iikubo, M. Fujita, S. Niitaka, and H.
Takagi, J. Phys. Soc. Jpn. 78 (2009) 103704.
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Fig. 1. The result of the Rietvelt analysis at (a) 160 K
and (b) 8 K. inset: Fermi surface of FeTe from non-
spin-polarized calculation.
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Component dependence of magnetic moment in MnRh alloy

Matsuoka Y., Takasaki A.
Nara Women’s University

The magnetic states and the transformation
temperatures of MnRh have large compo-
nent dependence, and shows large hystere-
sis.
In the case of MnRh alloy with
60at.%Mn, the transformation from
hard-ferromagnetic-like state with CsCl
structure to soft-ferromagnetic-like state
with CuAu-I structure begins around 250
K and finish around 70 K, and inverse
transformation begin around 250 K and
finish over 400 K.
MnRh alloy with 50at.%Mn shows trans-
formation from antiferromagnetic state to
paramagnetic or antiferromagnetic state.
But detailed analysis of magnetic structure
has not been performed except a few theo-
retical calculations.

We performed neutron powder diffrac-
tion measurements of Mn-Rh alloy with
60at.%Mn at 300 K and 15 K. The mag-
netic structure models of this alloy were es-
timated by the Rietveld analysis of neutron
powder diffraction spectra.
As a result, MnRh alloy with 60at.%Mn
is estimated to have ferromagnetic or anti-
ferromagnetic structure at 300 K, and anti-
ferromagnetic structure at 15 K. The direc-
tions of magnetic moments of Mn and Rh
in CuAu-I phase are [110]. The moments of
Mn and Rh are estimated to be 3.3μB and
1.0μ B, respectively.
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Origin of Ferroelectricity induced by Proper-screw Magnetic Structure in
Multiferroic Material CuCrO2

Minoru Soda1, Kenta Kimura2, Tsuyoshi Kimura2, Masato Matsuura1 and Kazuma
Hirota1

1 Department of Earth and Space Science, Graduate School of Science, Osaka University,
Toyonaka, Osaka 560-0043, 2 Division of Material Physics, Graduate School of Engineering

Science, Osaka University, Toyonaka, Osaka 560-8531

Ferroelectricity induced by a noncollinear
spin arrangement in TbMnO3 has been
investigated experimentally and theoret-
ically.[1] The microscopic origin of such
a ferroelectricity can be successfully ex-
plained by the spin-current and the inverse
Dzyaloshinskii-Moriya mechanisms.[2]
Very recently, however, spiral-magnetism-
induced multiferroics where the above-
mentioned mechanisms are not applicable
have been found in some triangular lattice
antiferromagnets (TLAs). Among them,
CuFeO2 and CuCrO2 with a delafossite
structure show ferroelectricity induced by
proper-screw spiral magnetic structures.[3]
A microscopic theory which relates the
variation in the metal-ligand (d-p) hy-
bridization with the spin-orbit coupling to
the electric polarization has been applied
by Arima to explain the proper-screw-
spiral-induced ferroelectricity.[4] In the
present work, the spin-polarized-neutron
studies have been carried out on the
multiferroic material CuCrO2 to clarify
the origin of the ferroelectricity in the
multiferroic TLA.
CuCrO2 undergoes an antiferromagnetic
transition at TN˜24 K. The ferroelectricity
with P//q has been observed at temepra-
ture T below TN˜24 K. A powder neu-
tron diffraction study reported by H. Kad-
owaki et al. has indicated that CuCrO2 has
an out-of-plane 120 deg. magnetic struc-
ture below TN.[5] However, our neutron
results demonstrate that an incommensu-
rate proper-screw magnetic structure of
CuCrO2 induces an electric polarization.
Furthermore, we have carried out spin-
polarized-neutron studies with applying
the electric field to clarify the relationship

between the spin helicity and the electric
polarization. By measuring the spin helic-
ity of the magnetic reflection not only par-
allel to P but also not parallel to P, as shown
in Fig. 1, we have clarified that the electric
polarization of CuCrO2 can be explained
not by a conventional spin-current model
but by a theoretical prediction proposed
by Arima. This d-p hybridization model
means that the spin helicity of the proper-
screw magnetic structure as well as the
oxygen location contribute to the ferroelec-
tricity of CuCrO2. We have also found that
the spin helicities of CuCrO2 can be re-
versed by the reversal of an electric field in
the multiferroic phase.

[1] T. Kimura et al., Nature 426 (2003) 55.
[2] H. Katsura, N. Nagaosa and A. V. Bal-
atsky, Phys. Rev. Lett. 95 (2005) 057205.
[3] T. Kimura, J. C. Lashley and A. P.
Ramirez, Phys. Rev. B 73 (2006) 220401(R)
[4] T. Arima, J. Phys. Soc. Jpn. 76 (2007)
073702.
[5] H. Kadowaki, H. Kikuchi and Y. Ajiro,
J.Phys.: Condens.Matter 2 4485 (1990)
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Spiral-plane Flop and Rearrangement of Magnetic Domain in Multiferroic Material
CuCrO2

Minoru Soda1, Kenta Kimura2, Tsuyoshi Kimura2, and Kazuma Hirota1
1 Department of Earth and Space Science, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, 2 Division of Material Physics, Graduate School of Engineering
Science, Osaka University, Toyonaka, Osaka 560-8531

Recently, a ferroelectricity induced by a
noncollinear spin arrangement has been
extensively investigated both experimen-
tally and theoretically. Materials exhibit-
ing such a ferroelectricity are known
for “multiferroics,” in which a cycloidal
magnetic ordering and a proper-screw
magnetic ordering have been reported.
In the cycloidal magnetic ordering type
such as TbMnO3, the microscopic origin
of the ferroelectricity can be explained
by a spin-current model or the inverse
Dzyaloshinskii-Moriya (DM) mechanism.
As to the proper-screw magnetic ordering
type such as CuCrO2, on the other hand,
Arima proposed an idea that a d-p hy-
bridization due to the spin-orbit coupling
induces the electric polarization P for such
a noncollinear magnetic ordering in a low-
symmetry crystal.[1]
The compound chosen in this study is one
of the multiferroic TLAs, CuCrO2, whose
Cr3+ ions (S=3/2) form a triangular lat-
tice. In CuCrO2, ferroelectricity with P//q
has been observed at temeprature T be-
low TN˜24 K, where an incommensurate
proper-screw spiral magnetic order. As in
other spiral-magnetism-induced multifer-
roics such as TbMnO3, a first-order mag-
netoelectric (ME) phase transition occurs
in CuCrO2, where the direction of P is
flopped from the [110] to the [1-10] direc-
tion by applying H˜5.3 T along [1-10].[2] In
this study, we use a neutron scattering tech-
nique to examine the origins of the ME ef-
fects observed in CuCrO2.
We revealed that the application of mag-
netic fields causes a transition from the
proper-screw magnetic ordered state into a
cycloidal one, as shown in Fig. 1. The tran-
sition is associated with a ferroelectric po-

larization flop, i.e., gigantic magnetoelec-
tric effects. Such a transition between two
ferroelectric phases with different-types of
spiral structures has never been observed
in known multiferroics. In addition, we
found that the ferroelectric character of
the cycloidal phase in magnetic fields can-
not be explained by the above well estab-
lished mechanisms. This means that the
cycloidal-induced ferroelectricity of Cu-
CrO2 is distinct from that in known spiral-
magnetism-induced multiferroics. Further-
more, we have found that the distribu-
tion of the magnetic domains is strongly
affected by a magnetic-field-cooling pro-
cedure below a characteristic temperature
T*˜16 K, which contributes to the ferroelec-
tric polarization. The direct experimental
evidence that the ferroelectric polarization
is controlled with the magnetic domains
has never been reported.
[1] T. Arima, J. Phys. Soc. Jpn. 76, 073702
(2007).
[2] K. Kimura et al., Phys. Rev. Lett. 103,
107201 (2009).
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Neutron diffraction study on antiferromagnetism of alkali-metal clusters in sodalite

T. Nakano1, A. Hanazawa1, M. Matsuura2, K. Hirota2, and Y. Nozue1

1Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
2Department of Earth and Space Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

Ordered magnetic states have been
found in alkali-metal clusters generated
in regularly arrayed nano-cages of zeolite
crystals. These magnetisms are fascinat-
ing because no magnetic element is con-
tained. The magnetic moments arise from
s-electrons confined in the clusters, and
the ordered magnetic states are realized by
their mutual interaction. Sodalite is one of
the aluminosilicate zeolites, where β-cages
with the inside diameter of � 7 Å are ar-
rayed in a bcc structure. Na3+

4 and K3+
4

clusters can be incorporated in β-cages. It
is known that these clusters show antiferro-
magnetism below respective Néel temper-
atures TN = 48 and � 70 K [1]. We per-
formed neutron powder diffraction study
with temperature varying between 4 and
300 K by utilizing 5G-PONTA installed at
the JRR-3 Reactor of JAEA.

Figure 1 shows the 001 Bragg peak of Na
clusters in sodalite measured at 4 K and 56
K. Although this Bragg peak is forbidden
from the crystal structure, the peak clearly
appears below the TN of about 50 K. There-
fore, this peak is assigned to a magnetic
Bragg peak. The temperature dependence
of the integrated intensity of this peak was
well explained by phenomenological equa-
tion of an order parameter in a three di-
mensional Heisenberg model. We suc-
ceeded in observing also the 111 magnetic
Bragg peak at 4 K. The width of these Bragg
peaks are almost same as that given by the
resolution of the diffract meter. Hence, the
antiferromagnetism of alkali-metal clusters
in sodalite can be regarded as a long-range
order (LRO). This is the first direct obser-
vation of magnetic LRO by neutron diffrac-
tion in s-electron systems as far as we
know. The magnetic structure is deter-
mined as a simple one where the electron
spin of the body center cluster and that of

the corner cluster are aligned with antipar-
allel. We are, however, not sure about the
easy axis. We evaluated the magnetic form
factor from the obtained magnetic and nu-
clear Bragg peaks. Recently, Nakamura et
al. have performed ab initio calculations
and derived maximally localized Wannier
orbitals which correspond to the s-like elec-
tron confined in the β-cage. We calcu-
lated the form factor of their Wannier or-
bital and compared with our experimental
results. The agreement between them was
fairy good indicating that we succeeded for
detecting the magnetic diffraction from the
s-like cluster orbital of nanoclusters.

References
[1] V. I. Srdanov et al., PRL 80 (1998) 2449.
[2] K. Nakamura et al., PRB 80 (2009) 174420.
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Fig. 1. 001 Bragg peak of Na clusters in sodalite
measured by neutron powder diffraction at 4 K and
56 K
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Non-magnetic-ion substitution in geometrically frustrated systems
M2(OD)3X[M=Co,Fe,Ni,Mn; X=Cl,Br]

X. G. Zheng, M. Hagihala, M. Fujihala
Department of Physics, Saga University

Geometrically frustrated magnetic mate-
rials show novel magnetic properties be-
cause of their lattice geometry. The lattice
geometries responsible for frustration are
generally triangular lattice, kagome lattice,
and pyrochlore lattice. Of particular recent
interest are the rare-earth pyrochlore com-
pound materials, in which the magnetic
ions form networks of corner-shared tetra-
hedrons and the frustration of spin?spin in-
teractions engenders spin ice states, uncon-
ventional spin glass states, and exotic spin
liquid states.

In recent years, we identified uncon-
ventional magnetic transitions in a tran-
sition metal hydroxyhalogenide series
of deformed pyrochlore compounds
M2(OH)3X, where M represents a d-
electron transition metal magnetic ion
such as Cu+2, Ni+2, Co+2, Fe+2, and
Mnˆ+2ˆ, and X represents halogen ions
of Cl-1, Br-1, or I-1. Much of these metal
hydroxyhalogenides were found originally
in natural minerals. This material category
presents a complete series for spins S=1/2
to S=5/2. In particular, clinoatacamite,
Cu2(OH)3Cl, showed unconventional
magnetic transitions at TN1 = 18.1 K with
a very small entropy release, TN2 = 6.4 K
and TN3 = 6.2 K, with co-existing order
and spin fluctuation. The nature of the TN1
= 18.1 K phase remains largely unknown
and attracts much interest. Furthermore,
it is the first example of the S = 1/2
Heisenberg quantum spin on a pyrochlore
lattice and the parent compound for the
substituted“ perfect kagome lattice” of
herbertsmithite ZnCu3Cl2(OH)6, which
exhibits spin liquid behavior.

The pyrochlore compounds M2(OH)3X can
be viewed as alternatively stacked layers

of As kagome lattice planes and triangu-
lar lattice planes consisted by the magnetic
ions. As is demonstrated in herbertsmithite
ZnCu3Cl2(OH)6, substitution of the mag-
netic ions on the triangular lattice planes by
nbonmagnetic Zn etc. can artificially pro-
duce a new kagome lattice for the mag-
netic ions. We have thus tried such non-
magnetic substitution in the Co2Cl(OH)3
system. We observed by magnetic suscep-
tibility measurements that partial substi-
tution of magnetic Co by nonmagnetic Zn
drastically reduced the magnetic transition
temperature. With a substitution ratio near
25% in Co3ZnCl2(OH)6 no sharp transition
was seen from the magnetization data.

Therefore, we performed neutron powder
diffraction experiments using samples of
(Co1-xZnx)2Cl(OH)3 with x ranging from
0 to 0.4. The experiments were performed,
respectively, with a wavelength of 1.8264
A using a Kinken powder diffractometer,
HERMES, of the Institute for Materials Re-
search (IMR), Tohoku University, installed
at the JRR-3M reactor at the Japan Atomic
Energy Research Institute (JAERI), Tokai.
The collected neutron data were refined us-
ing the program Fullprof suite based on
Rietveld refinement. We found that selec-
tive substitution of the Co ions on the
triangular lattice planes was realized in
the (Co1-xZnx)2Cl(OH)3. For x near 0.25,
a kagome lattice of S=3/2 Co was real-
ized. No magnetic transition was seen un-
til the experimentally reachable 1.5 K, sug-
gesting the enhanced frustration and pos-
sible spin liquid state in kagome lattice
Co3ZnCl2(OH)6.
Data analysis is still in progress and the de-
tailed results will appear in a submitted pa-
per to a physics journal.
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Low temperature magnetism and spin fluctuation in atacamite-type Ni2(OD)3Cl

M. Hagihala1, M. Fujihala1, X. G. Zheng1, Y. Oohara2
1 Department of Physics, Saga University; 2 ISSP, Univ. of Tokyo

A long-range order in magnets must re-
portedly be fully frozen to become static.
Nevertheless, we recently obsered an ex-
otic dynamic antiferromagnetic state in
atacamite-type Ni2(OH)3Cl with a muSR
study although magnetic susceptibility and
specific heat measurements clearly sug-
gested a long-range order occuring below
TN=4K (1). Therefore, we further investi-
gated this exotic state using neutron scat-
tering.

Ni2(OH)3Cl belongs to the material cat-
egory of the hydroxyhalide M2(OH)3X
(M: 3d magnetic ions Cu, Ni, Co, Fe or
Mn, X: Cl, Br, I), which are discovered
by us to be a new geometrically frus-
trated materials series (2-4). Atacamite-
type Ni2(OH)3Cl is the S=1 spin system on
the deformed pyrochlore lattice. We per-
formed neutron diffraction measurements
using Ni2(OD)3Cl with the High Energy
Resolution and High Q Resolution Triple-
Axis Spectrometers HER and HQR, re-
spectively, of the Institute for Solid State
Physics, Tokyo University, installed at the
experimental port of JRR-3 (JAEA).

The neutron diffraction pattern unambigu-
ously demonstrates the development of a
long-range antiferromagnetic order. Shown
in Fig. 1 are the neutron diffraction pat-
terns for Ni2(OD)3Cl powder sample at 10
K and 1.5 K, respectively, in which the anti-
ferromagnetic reflection peaks are marked
by the circles and triangles. The two kinds
of magnetic peaks appeared at slightly dif-
ferent temperatures below TN=4 K, as il-
lustrated by the inset plot. The ordering of
Ni2+ spins is clearly of a long range order,
judged from the peak width as compared
with the lattice diffraction peaks.

Therefore, we clearly demonstrated a dy-

namic magnetic order in a new magnetic
material Ni2(OH)3Cl. The short character-
istic fluctuation time of 10-7 s witnessed
by muSR and the long range order nature
evidenced by neutron diffraction present
a challenge to the current understanding
of magnetic ordering. We believe further
studies of Ni2(OH)3Cl engender innova-
tion of our knowledge related to mag-
netism.

References
(1) X. G. Zheng, M. Hagihala, K.
Nishiyama, T. Kawae: Physica B 404,
677-679 (2009).
(2) X. G. Zheng et al. Phy. Rev. B 71, 174404
(2005); ibid. 71, 052409 (2005); X.G. Zheng,
M. Hagihala, T. Kawae, and C.N. Xu, ibid.
77, 024418 (2008).
(3) X.G. Zheng et al., Phys. Rev. Lett. 95,
057201 (2005); X.G. Zheng, T. Kawae, H. Ya-
mada, K. Nishiyama, and C.N. Xu, ibid. 97,
247204 (2006).
(4) M. Hagihala, X.G. Zheng, T. Toriyi, and
T. Kawae, J. Phys. Condens. Matter. 19,
145281 (2007).

Fig. 1. Fig. 1 Neutron diffraction patterns for
Ni2(OD)3Cl powder sample at 10 K and 1.5 K, re-
spectively.
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Inelastic neutron scattering study on crednerite CuMnO2

K. Hayashi, R. Fukatsu, T. Nozaki, and T. Kajitani
Department of Applied Physics, Graduate School of Engineering, Tohoku University, Sendai,

980-8579

Triangular lattice antiferromagnets have
received considerable attention in recent
years due to the presence of extraordi-
nary magnetic properties. In more than a
decade, the crystal structure and the mag-
netic properties of delafossite-type oxide
CuFeO2 have been extensively studied. At
room temperature, the crystal structure of
the CuFeO2 belongs to the rhombohedral
space group (R3̄m), and Fe3+ ions form
the equilateral triangular lattice parallel to
the ab-plane. Recently we performed the
inelastic neutron scattering measurements
for the CuFeO2, and found the quasielas-
tic neutron scattering (QNS) peak due to
the spin-liquid phase between Néel tem-
perature (10.5 K) and 100 K [1]. In con-
trast to the CuFeO2, the CuMnO2 has a
crednerite structure belonging to the mono-
clinic space group (C2/m) at room temper-
ature. The Jahn-Teller effect causes the dis-
tortion of MnO6 octahedra, and Mn3+ ions
form anisotropic triangular lattice. In the
CuMnO2 system, antiferromagnetic order-
ing is realized below 65 K [2]. In this study,
we performed the inelastic neutron scatter-
ing measurements for the CuMnO2 to in-
vestigate whether the spin-liquid phase ap-
pears in the anisotropic triangular lattice.

Inelastic neutron scattering measure-
ments were carried out by the use of a cold
neutron spectrometer, AGNES. A wave
length of the incident neutron was 4.22
Å. The energy value of the scattered neu-
tron was determined by the time-of-flight
method. The energy resolution was about
0.1 meV in the present experimental condi-
tion. The data acquisition time was about
20 h. Powder CuMnO2 sample was synthe-
sized by the solid state reaction method as
described elsewhere.

Figure 1 shows the contour map of
the inelastic neutron scattering intensity,

S(|Q|, E), on the CuMnO2 powder at 70
K. The vertical axis is the energy trans-
fer values E and the horizontal axis is the
wave number |Q|. Although the QNS
peak is found on both the CuMnO2 and
CuFeO2 at around Néel temperature, the
|Q|-dependence of the QNS peaks is quite
different. The QNS peak of the CuFeO2
appears in the whole |Q| range, and the
intensity and the half-width oscillate as a
function of |Q| [1]. On the other hand,
the QNS peak of the CuMnO2 appears
only at the specific |Q0| (|Q0| ∼ 1.4 Å−1).
The magnetic structure of the CuMnO2
is characterized by the propagation vec-
tor q = {−1/2, 1/2, 1/2} [2] and the ab-
solute value of the propagation vector |q|
is about 1.41 Å−1, which is equal to |Q0|.
Thus we conclude that the origin of the
QNS peak of the CuMnO2 should be the
antiferromagnetic spin fluctuation and the
spin-liquid phase would not appear on the
anisotropic triangular lattice antiferromag-
net CuMnO2.

References
[1] K. Hayashi et al.: Phys. Rev. B 80 (2009)

144413.
[2] F. Damay et al.: Phys. Rev. B 80 (2009)

094410.

Fig. 1. Intensity contour map of inelastic neutron
scattering on the CuMnO2 powder at 70 K.
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Long-Time Variation of Magnetic Structure in PrCo2Si2

(A) K. Motoya, (A) T. Moyoshi and (B) T. Shigeoka
(A) Tokyo University of Science, (B) Yamaguchi University

Recently, long-time variation of magnetic
structure has been observed in a non-
diluted uniform magnet CeIr3Si2.(1) This
material shows successive magnetic transi-
tions in zero magnetic field and multi-step
metamagnetic transitions at relatively low
magneic field. These observations suggest
that the frustrating magnetic interactions
cause the long-time variation of magnetic
structure in a material without random
magnetic interactions. We have searched
for other materials which show similar
long-time variation of magnetic structure.
We have found two intermetallic com-
pounds PrCo2Si2 and TbNi2Si2. In this re-
port, we present a preliminary result on
PrCo2Si2.

Previous neutron diffraction study (2)
found three different magnetic phases be-
low TN=30K. For all these phases, the mag-
netic moments of Pr atoms on the same
(001) plane align ferromagnetically paral-
lel or antiparallel to the c-axis. Therefore,
the magnetic propagation vector is given
as k=(0,0,k)[2pi/c]. For T<T1=9 K, the se-
quence of ferromagnetic planes is +-+-
which corresponds to the propagation vec-
tor of k=1 (C-phase). It transforms to the
incommensurate structure with k=0.926 at
T1(IC1-phase). Above T2=17 K, another in-
commensurate structure with k=0.777 de-
velops and persists up to TN (IC2-phase).

Time-resolved neutron scattering mea-
surements were conducted using the 4G
triple-axis spectrometer. Figure 1 shows
the time evolutions of neutron scattering
patterns from (a) the C-phase and (b) the
IC1-phase at T=10 K after cooled from 11
K. The amplitude of the C-phase signal in-
creases with time whereas the amplitude of
the IC1-phase signal decreases. Neither the
center position nor the width of each signal
changes with time.
Time variation measurements of these sig-

nals were made at various temperatures.
Clear time variations of magnetic scatter-
ing intensity exist in the narrow tempera-
ture range around T1.

We have shown that magnetic Bragg
peaks corresponding to different types of
magnetic structures coexist near the tran-
sition temperatures and the amplitudes of
these peaks vary with time after the change
of sample temperature.

We note that only the amplitude of Bragg
peaks vary with time. Neither the posi-
tion nor the line width showed apprecia-
ble time variation. These results indicate
that we have observed the change of the
volume fractions of two different magnetic
phases same as the case of previously stud-
ied material CeIr3Si2. It should be noted
that in the present materials time varia-
tions have been observed only in narrow
temperature range around the commensu-
rate to incommensurate transition temper-
atures.

(1) K. Motoya et al. J. Phys. Conf. Series:100
(2010) 032048.
(2) T. Shigeoka et al.: J. Mag. Mag. Mater. 70
(1987) 239.
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Fig. 1. Time evolutions of neutron scattering pat-
terns from (a) the C-phase and (b) the IC1-phase of
PrCo2Si2 measured at 10 K after cooled from 11 K.
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High energy-resolution inelastic neutron scattering study of the Cu3 molecular
magnet

Kazuki Iida and Taku J Sato
Neutron Scattering Laboratory, Institute for Solid State Physics, University of Tokyo

Molecular namomagnets have shown a
lot of macroscopic quantum phenomena.
One of that phenomena was the half-step
magnetization change with hysteresis, ob-
served in the Cu3 triangular spin cluster
[1]. The origin of the half-step change is
thought to be a Dzyaloshinsky-Moriya in-
teraction, whereas the hysteresis is to be a
long life-time of the spin state. To confirm
the theoretical model, we performed in-
elastic neutron scattering experiments [2].

We used the cold neutron triple axis
spectrometer, HER. A powder sample was
cooled in the closed-cycle 3He refrigerator.

Figure 1 shows that the inelastic inten-
sities of magnetic excitations in Cu3 at
|Q| = 0.95 Å−1 and various tempera-
tures. From the theoretical model, we in-
troduce the spin Hamiltonian containing
the exchange and Dzyaloshinsky-Moriya
interaction. Using this model Hamiltonian,
observed inelastic spectra can be well re-
produced at very wide temperature-range.
From this result, we successfully deter-
mined the energy levels of the Cu3 spin
cluster.

Additionally, the inelastic peaks were ob-
served even at very high temperatures as
50 K. This suggests extraordinary weak
coupling between phonons, and spin states
in the Cu3 cluster, compared to the other
known molecular nanomagnets.

In summary, we have determined the en-
ergy levels of the Cu3 cluster, and observed
the ’rigid’ magnetic peaks.
[1] K. Y. Choi, Y. H. Matsuda, H. Nojiri, U.
Kortz, F. Hussain, A. C. Stowe, C. Ramsey,
and N. S. Dalal, Phys. Rev. Lett. 96, 107202
(2006).
[2] K. Iida and T. J Sato, arXive 1005.3975.
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Fig. 1. Comparison with magnetic inelastic intensi-
ties of |Q| = 0.95 Å−1 at various temperatures and
calculation results.
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Substitutioin Effect of Ga for Mn on Magnetic and Dielectric Properties of
Multiferroic YMn2O5

H. Kimura1, Y. Sakamoto1, M. Fukunaga1, Y. Noda1, N. Abe1, T. Arima1 and H. Hiraka2

1IMRAM, Tohoku University
2IMR, Tohoku University

YMn2O5 is famous for showing a colos-
sal magnetoelectric effects. Since ferro-
electric phase in this material arises con-
comitantly at the magnetic phase transi-
tion, it was believed that the electric po-
larization is driven by Mn4+ and Mn3+

spins. YMn2O5 involves edge-shared
Mn4+O6 octahedral chain running along c-
axis, and a pair of Mn3+O5 pyramids bridg-
ing Mn4+O6 chains. In this configuration,
the cycloidal Mn4+ spin structure in bc-
plane can give the electric polarization due
to antisymmetric exchange expressed by
Si × Sj. On the other hand, zig-zag antifer-
romagnetic (AF) chain in ab-plane may also
produce the electric polarization by sym-
metric exchange striction with Si · Sj inter-
action.

To clarify which exchange interaction
(Si × SjandSi · Sj) is essential for the fer-
roelectricity, we substituted non-magnetic
Ga ion for magnetic Mn ion in YMn2O5.
Substitution by Ga3+ dilutes Mn3+ spins,
which makes the magnetic interaction in
zig-zag AF chain weakened.

Temperature dependence of magnetic
propagation wave vector was measured
at triple-axis spectrometer AKANE. Simul-
taneous measurements of dielectric con-
stant and microscopic magnetism were
performed at FONDER diffractometer.

Figure shows the dielectric and mag-
netic phase diagram as a function of Ga3+

substitution, determined by neutron mag-
netic diffraction and dielectric measure-
ments. The phase diagram shows that the
dilution of Mn3+ spins suppresses the in-
termediate commensurate magnetic (CM)
phase where the large electric polarization
arises. On the contrary, the incommensu-
rate magnetic phase at the lowest temper-

ature (LT-2DICM phase) survives in higher
Ga3+ concentration, where the weak elec-
tric polarization arises. These results indi-
cate that the ferroelectricity in this system
comes from both and interactions, the for-
mer is given by zig-zag AF chain involv-
ing Mn3+ spins and the latter is given by
the cycloidal Mn4+ spin structure which
is hardly affected by the dilution of Mn3+

spins.
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Fig. 1. Dielectric and Magnetic phase diagram of
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Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1110

1-2-16

- 70 -

JAEA-Review 2013-040



Reinvestigation of the magnetic structure in L10-type MnPt powder samples

Keiichi Ogita, Izumi Tomeno and Yorihiko Tsunoda
School of Science and Engineering, Waseda University, 3-4-1 Ohkubo Shinjuku Tokyo 169-8555

The magnetic structure of MnPt pow-
der samples at room temperature reported
by previous authors does not coincide in
the spin direction. The early works1-3）re-
ported that the Mn spins are parallel to the
c-axis (Type-A). Severin et al, however, re-
ported that the Mn spins are within a c-
plane at the room temperature. (Type-B).4)
Since the MnPt thin films are applied to
the pinning of the ferromagnetic sheet in
the GMR device, the direction of the mag-
netic moment around room temperature in
MnPt fine particles which have large sur-
face fraction would be significant for both
fundamental physics and practical applica-
tions.

The MnPt powdered samples were pre-
pared and separated in order of sizes using
several sieves into the sample 1 ( the diame-
ter R1 < 20μm ), sample 2 ( 20μm < R2 <
38μm ), sample 3 ( 38μm < R3 < 56μm
), sample 4 ( 56μm < R4 < 106μm ) and
sample 5 ( R5 > 106μm ). Since Severin et
al used the maximum particle sizes of ap-
proximately 50μm, the sample 3 is com-
parable size with their samples. Neutron
scattering measurements were performed
at the T1-1 triple axis spectrometer.

What we are concerned here is only the
direction of Mn magnetic moments in the c-
plane, the type-A or the type-B structures,
at room temperature. We can easily dis-
tinguish these two types of structures us-
ing the intensity ratio of the pure magnetic
peaks I (100) / I (101) because of the large
tetragonality of the lattice c/a = 0.915. After
the corrections of the Lorentz factor and the
magnetic form factor, the expected inten-
sity ratios for the type-A and type-B struc-
tures are 3.10 and 1.04, respectively.

The experimental data obtained for the
sample 1 ( R1 < 20 μm ) and the sample
5 ( R5 > 106 μ m ) are given in Fig.1-a)
and Fig.1-b). The ratios of the observed in-

tegrated intensities for the sample 1 and the
sample 5 are 3.03 and 3.04, respectively. The
ratios for other samples also show the sim-
ilar values. Thus, all our data support the
type-A structure independent of the parti-
cle sizes. Since the sample 1 is already far
smaller than that of Severin et. al, it is hard
to ascribe the causes of the difference to be
the size effect or the surface effect.
1) A.F.Andresen et al: Philos. Mag. 11
(1965) 1245
2) L.Pal et al: J. Appl. Phys. 39 (1968) 538.
3) E.Kren et al: Phys. Rev. 171 (1968) 574.
4) C.S.Severin et al: J. Appl. Phys. 50 (1979)
4259.

Fig. 1.
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High Temperature Multiferroic State in RBaCuFeO5(R=Y, Lu and Tm)

Y. Yasui, Y. Kawamura, , S. Tatematsu, M. Sato and K. Kakurai*
Dept of Phys., Nagoya Univ., *JAEA

Materials with magnetic and ferroelectric
coexisting orders are called multiferroics,
and have been actively studied with in-
terest in both fields of basic and ap-
plied sciences. In particular, systems with
a strong magnetoelectric coupling and/or
with large magnetic and ferroelectric mo-
ments attract much interest from the view
point of technical application, because their
electric polarizations (magnetic-ordering
patterns) can be controlled by the exter-
nal magnetic field (electric field), and it is
quite desirable to find multiferroic systems
above room temperature. Such a system is
not known, at least, in zero magnetic field.
The ferroelectricity induced by an incom-
mensurate magnetic order at about 230K
have been reported by Kundys et al. for
YBaCuFeO5 with an oxygen-deficiency or-
dered perovskite structure [1]. Stimulated
by this work, we have measured magnetic
and ferroelectric properties of RBaCuFeO5
(R=Y, Lu and Tm), and also carried out
neutron powder diffraction studies of Tm-
BaCuFeO5 using the triple axis spectrome-
ter T1-1 installed at JRR-3 [2].
From the temperature (T) dependences
of the magnetic susceptibility, two mag-
netic transitions were found at TN1 and
TN2 for each system of YBaCuFeO5 and
LuBaCuFeO5. TN1˜455K and 475 K and
TN2˜180K and 178 K, respectively. Mea-
surements of the dielectric susceptibility
and/or pyroelectric current (electric polar-
ization) have shown that the ferroelectric
transition occurs at ˜TN2. From the analy-
ses of the reflection angles of the powder
neutron diffractions, magnetic superlattice
reflections were found to appear at the re-
ciprocal points of (h/2. k/2. l/2) with odd
values of h k l at TN1 with decreasing T,
and at TN2, additional reflections appear
at the reciprocal points of (h/2. k/2. l/2?
δ) with odd values of h k l andδ˜0.1. Al-

though details of this modulated structure
have not been identified, we can find that
magnetic moments couple with the electric
polarization, and that ferroelectricity is in-
duced by the magnetic transition to the in-
commensurate magnetic structure at TN2.
Figure 1 shows the T dependence of the

electric polarization P obtained for Tm-
BaCuFeO5 by measuring the pyroelectric
current. We have confirmed the sign rever-
sal of electric polarization, when the sam-
ple was cooled under the reversed elec-
tric field. In Fig. 2, the integrated inten-
sities of 1/2 1/2 1/2 and 1/2 1/2 1/2+
δ (δ˜0.1) reflections obtained by neutron
diffraction studies are shown against T,
where we can find that the magnetic transi-
tion to the modulated structure takes place
at TN2=260 K, indicating again that the
ferroelectric polarization appears simulta-
neously with this magnetic transition. We
also add that in the dielectric susceptibility-
temperature curve, a rather broad peak
centered at about 260 K is superposed, in-
dicating the gradual nature of the ferroelec-
tric transition of TmBaCuFeO5. This char-
acteristics is consistent with the behavior
of the T-dependence of the integrated in-
tensity of the 1/2 1/2 1/2+δ (δ˜0.1) re-
flection in Fig. 2. Interesting points is that
the finite polarization of TmBaCuFeO5 ap-
pears, with decreasing T, at a temperature
as high as the melting point of ice.

References
[1] B. Kundys et al.: Appl. Phys. Lett. 94
(2009) 072506.
[2] Y. Kawamura et al. : J. Phys. Soc. Jpn. 79
(2010) in press.
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Fig. 1. Fig. 1. T dependence of the electric polar-
ization obtained for TmBaCuFeO5 is shown. Fig.2.
Integrated intensities of the 1/2 1/2 1/2 and 1/2
1/2 1/2+δ magnetic reflections of TmBaCuFeO5
are plotted.

1-2-18

- 73 -

JAEA-Review 2013-040



Neutron diffraction study in triangular spin tube CsCrF4

T. Masuda and H. Manaka
ISSP, the university of Tokyo, Kagoshima University.

Theoretical study in 1D chain of antiferro-
magnetic triangular spins,“spin tube”, pre-
dicts RVB-like spin liquid state with res-
onating spin dimers [1]. Spin correlation
decays exponentially and finite spin gap
opens at q=pi in the magnetic excitation
[2]. Further theoretical study suggests an
exotic phase such as Tomonaga Lattinger
Liquid with chiral order by applying mag-
netic field or by introducing lattice distor-
tion [3]. Very recently an ideal candidate
of the triangle spin tube CsCrF4 [4] was
discovered. Cr3+ ions with localized S=3/2
spins forms equilateral triangles in the a-b
plane and they form 1D chain in the c direc-
tion. The measured bulk properties includ-
ing magnetic susceptibility and heat capac-
ity were consistent with typical behaviors
of the spin tube [4]. Hence we study the
neutron diffraction study in CsCrF4 to re-
veal the ground state of triangular spin
tube.
In April 2009 we performed the initial
neutron diffraction experiment on powder
crystalline sample with reasonable qual-
ity. We used 5G beamline with collimation
setup open-80’-sample-PG-80’-open. Neu-
tron energy is fixed at 14.7meV and saphire
filter is installed to eliminate high energy
neutrons. ORANGE type cryostat was used
to achieve low temperature.
We measured diffraction pattern at T = 1.5
K and 10 K. To our surprise unidentified
peaks were observed at 1.5K at 2theta ˜
19°, 22°, and 25° as indicated by red
solid curves in the Figure. Then we mea-
sured the temperature dependence and we
found that the peaks seemed to behave as
order parameter with the critical tempera-
ture of 4K. The results indicated the mag-
netic order, which is totally contradicts pre-
vious scenario discussed in Ref.[4]. Hence
we prepared new powder sample with spe-
cial care and performed the second neutron

experiment in March 2010. The black curve
is the new data. Obviously all the peaks
were safely indexed and no magnetic peaks
were found. This means no magnetic order
down to 1.5K and we conclude that spin
liquid is realized in triangular spin tube
CsCrF4.
[1]K. Kawano, et al., J. Phys. Soc. Jpn. 66,
4001 (1997).
[2] S. Nishimoto, et al., Phys. Rev. B 78,
054421 (2008).
[3] M. Sato, et al., Phys. Rev. B 75, 014411
(2007).
[4] H. Manaka, et al., J. Phys. Soc. Jpn. 78,
093701 (2009).

Fig. 1. Neutron diffraction in CsCrF4.
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Spin excitations in pyrochlore lattice

K. Tomiyasu(A), M. Matsuda(B), H. Ueda(C), A. Yamamoto(D)
(A)Tohoku Univ., (B)JAEA, (C)ISSP Univ. Tokyo, (D)RIKEN

We measured spin excitations in geomet-
rically frustrated magnets HgCr2O4 and
Tl2Rh2O7 on HER and PONTA, respec-
tively. We did not use HQR in this year be-
cause of the unplanned shutdown of reac-
tor.

The 4 g of HgCr2O4 powder sample and
1 g of Tl2Rh2O7 one were used. Both the
materials include nuclei with high absorp-
tion coefficients (Hg 372 barn and Rh 145
barn). The experiments aimed not only to
study frustration effect but also to try to ob-
tain significant signals from such a kind of
powder samples. Magnetic ions are Crˆ3+
(S=3/2) and Rhˆ4+ (S=1/2).

As the results, we succeeded in obtain-
ing the clear S(Q,E) pattern for HgCr2O4,
as shown in Figure. Double peaks are ob-
served along the horizontal axis above and
below TN, which is interestingly differ-
ent from the hexamer with single peak
emerging in isomorphic materials ACr2O4
(A=Mg,Zn,Cd). Since the ratio of |J1/J3| is
theoretically expected to become small in
HgCr2O4 among the chromites, we think
that HgCr2O4 exhibits another type of spin
molecule that satisfies all the exchange in-
teractions.

No appreciable peak was observed for
Tl2Rh2O7. The boundary of feasibility will
be around here.

Fig. 1.
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Observations of dynamical spin molecules in geometrically frustrated spinel
magnets

K. Tomiyasu(A), Y. Kousaka(B), T. Yokobori(B), A. Tominaga(C), S. Hara(C), S. Ikeda(D)
(A)Tohoku Univ., (B)Aoyama-Gakuin Univ., (C) Chuo Univ., (D) AIST

We measured spin excitations in spinel
GeCo2O4 on TOPAN, and prepared a six-
crystal assembly of spinel MgCr2O4 (˜ 4 cc)
on AKANE to do experiments on a new
chopper spectrometer MERLIN at ISIS, UK.
We did not use HERMES that our proposal
was not accepted for.

This report introduces parts of data
on GeCo2O4. Please see Kotai Butsuri (in
Japanese) for MERLIN data. GeCo2O4 has
frustration with orbital degree of free-
dom (Coˆ2+, S=3/2, dˆ7). Compared to
the representative spin-frustrated system
MgCr2O4 with no orbital degree of free-
dom, it is interesting what kind of frustra-
tion effect is generated by the orbital sector.

Figure shows the data measured at E =
4 meV in paramagnetic phase. The inten-
sity focuses in the 000, 400, 004, 222, and
440 zones (all even), and remains at the
zone centers also. This fact means that the
ferromagnetic spin correlation is dominant
in the spin molecule fluctuation in spite of
spin frustration. Meanwhile, the ferromag-
netic spin correlation favors antiferromag-
netic orbital correlation in Kugel-Khomskii
mechanism like in K2CuF4, therefore the
ferromagnetism in the spin molecule could
be interpreted as the orbital effect in frus-
tration.

Fig. 1. Intensity distribution in Q-space at E=4 meV
in paramagnetic phase in GeCo2O4.
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Magnetic excitation in triangular spin tube CsCrF4

Takatsugu Masuda and Hirotaka Manaka
ISSP the univ. of Tokyo and Kagoshima university

Theoretical study in 1D chain of antiferro-
magnetic triangular spins,“spin tube”, pre-
dicts RVB-like spin liquid state with res-
onating spin dimers [1]. Spin correlation
decays exponentially and finite spin gap
opens at q=pi in the magnetic excitation
[2]. Further theoretical study suggests an
exotic phase such as Tomonaga Lattinger
Liquid with chiral order by applying mag-
netic field or by introducing lattice distor-
tion [3]. Very recently an ideal candidate of
the triangle spin tube CsCrF4 [4] was dis-
covered. As shown in the Figure Cr3+ ions
with localized S=3/2 spins forms equilat-
eral triangles in the a-b plane and they form
1D chain in the c direction. The measured
bulk properties including magnetic suscep-
tibility and heat capacity were consistent
with typical behaviors of the spin tube [4].
Hence we performed the inelastic neutron
scattering in CsCrF4 to reveal the magnetic
excitation of triangular spin tube.
High quality powder sample was prepared
by solid state reaction method. Special care
was taken to eliminate magnetic impuri-
ties. ORANGE type cryostat was used to
achieve T = 1.5 K. We used 5G beamline
with collimation setup open-80 ’-sample-
PG-80 ’-open. Saphire filter is installed
to eliminate high energy neutrons. Main
scans were collected with neutron final en-
ergy (Ef) fixed at 14.7meV. Suspiciou exci-
tation was observed at 17meV that is coin-
cident with a famous supurious due to 2ki
- elastic incoherent - 3kf. We performed a
test scan with Ef=30.5meV and confirmed
the peak was supurious.
We collected S(q,E) in wide q-E space, i.e.,
0.9A-1 < q < 4A-1 with delta q=0.2A-1 and
-3 < E < 14meV with deltaE = 0.5meV.
Continuous excitation upto 9meV was ob-
served and its intensity decreases at higher
q. This means that the excitation is dis-
persive and its origin is magnetic. Spin

gap was not observed in our energy range,
i.e., E > 2meV. Assuming 1D system we
make data transformation from powder av-
eraged S(q,E) to pure 1D S {1D}(q,E)[5].
Though the transformed data is rather
noisy, we clearly observed high intensity
at q˜0.5c* and 1.5c*. The result is consistent
with 1D AF system with lattice unit of c.
In combination with diffraction study we
found that the ground state is disordered
and the spin system is 1D AF. So far the
results are consistent with typical behavior
of triangular spin tube. Further experiment
by high resolution cold neutron is required
to reveal more detailed spin dynamics, e.g.,
existence of spin gap, correlation in trian-
gular ring, etc.

[1]K. Kawano, et al., J. Phys. Soc. Jpn. 66,
4001 (1997).
[2] S. Nishimoto, et al., Phys. Rev. B 78,
054421 (2008).
[3] M. Sato, et al., Phys. Rev. B 75, 014411
(2007).
[4] H. Manaka, et al., J. Phys. Soc. Jpn. 78,
093701 (2009).
[5] K. Tomiyasu et al., Appl. Phys. Lett. 94,
092502 (2009).

Fig. 1. Crystal structure of CsCrF4.
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Anisotropic magnetic correlations and a magnetic field annealing effect in a helical
magnet ErNi2Ge2

Y. Tabata, M. Okue, T. Yamazaki, T. Waki, H. Nakamura
Graduate School of Engineering, Kyoto University

A rare earth intermetallic compound
ErNi2Ge2 with a tetragonal ThCr2Si2-type
structure is a proper-helical magnet with
TN =3.0K and magnetic wave vector
km=(0,0,0.75). From the recent neutron
scattering experiments by using single
crystalline samples, we found that an
anomalous anisotropic magnetic diffuse
scattering coexists with the magnetic Bragg
scattering in the magnetic ordered phase
[1]. Anomalously, a strong widespread
diffuse-scattering is found along the
[100]- and the [110]-directions, whereas,
no diffuse scattering is found along the
[001]-direction. The results indicates that
the long-range and the short-range orders
coexist in the antiferromagnetic region
and the short-range order consists of
1-dimensional long-range helices along
the c-axis. A helix has a degree of freedom
of its phase, being the same as a XY-spin,
and the correlations between helices in
ErNi2Ge2 is ferromagnetic. Consequently,
we speculate that ErNi2Ge2 is a mimic sys-
tem of the ferromagnetic XY spin system
and the coexistence of the short-range and
the long-range orders is an emergence of
the Kosterlitz-Thouless (KT) like phase.

In 2009, we performed a neutron scatter-
ing experiment under magnetic field on
the triple-axis spectrometer T11 installed
at JRR-3M reactor to investigate magnetic
field effects to the anisotropic short-range
order in ErNi2Ge2. The magnetic field is
applied along the [110]-direction, being the
magnetic easy axis. The magnetic Bragg
scattering disappears at Hc = 0.6 T, be-
ing consistent with the result of macro-
scopic magnetization measurements, how-
ever, the diffuse scattering remains up to
1.2 T. Surprisingly, when decreasing mag-
netic field from the field above Hc, the mag-

netic Bragg scattering appears no longer
and only the diffuse scattering was ob-
served down to zero field. And also, in
the H-decreasing process, the correlation
length shows divergent behavior as shown
in Fig. 1. The magnetic state after the ”mag-
netic field annealing” is more similar to the
KT phase and the coexistent-state of the
short-range and the long-range orders in
zero-field-cooling may be a failure of the
KT phase.

[1] Y. Tabata et al., J. Phys. Conf. Series 145,
012078 (2009).

Fig. 1. Field-dependence of the correlation length of
the short-range order.
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Modulated Magnetic Structure in the Rare-earth Clathrate Eu8Ga16Ge30

T. Onimaru1, C. H. Lee2 and T. Takabatake1,3

1AdSM, Hiroshima University, Higashi-Hiroshima 739-8530, 2National Institute of Advanced
Industrial Science and Technology, Tsukuba 305-8568, 3IAMR, Hiroshima University,

Higashi-Hiroshima 739-8530

In the clathrate compound Eu8Ga16Ge30,
the guest magnetic ions of Eu2+ within
the tetrakaidecahedral cages are rattling
among off-center positions even within
the ferromagnetically ordered state below
TC=36 K.[?, ?] The resistivity and low-
field magnetization for y=0 show broad
humps at 24 K and 20 K, respectively.[?]
These anomalies rapidly disappear upon
substituting Si for Ge in Eu8Ga16Ge30,
implying the existence of multiple fer-
romagnetic structures only in the pure
ternary compound. Furthermore, the
Curie temperature TC decreases from
36.2 K for Eu8Ga16Ge30 to 32.6 K for
Eu8Ga16Ge22.3Si7.3, and in conjunction with
this decrease, the jump of the specific heat
at TC is doubled. These observations sug-
gest that a delicate modulated magnetic
structure in pure Eu8Ga16Ge30 is unsta-
ble against Si substitution and changes to
a more robust and uniform ferromagnetic
state with Si substitution.

In the present work, we performed neu-
tron diffraction measurements on a single-
crystalline sample Eu8Ga16Ge30 prepared
with 153Eu isotope for avoiding strong ab-
sorption of neutrons. Figure ?? shows
the temperature dependence of the inte-
grated intensity (left-hand scale) and the
peak width (right-hand scale) of the 022
peak. Above TC, the 022 peak was ob-
served because of the nuclear contribution.
Below TC, the intensity start increasing,
and the peak width increases at around
TC and slowly decreases. These are at-
tributed to development of ordered mag-
netic moments below TC, being consistent
with the results of the magnetization mea-
surements. At around T∗∼20 K, the in-
tensity shows hump, and the peak width
reaches a minimum value. Further cooling

below T∗, the intensity steeply increases,
and the peak width first increases, and
then decreases. These complex behaviors
at around T∗ can not be explained by a sim-
ple ferromangetic structure. We now anal-
yses the q-dependence of the intensity of
the magnetic contribution in order to con-
firm magnetic structures at the intermedi-
ate range of T∗<T<TC and at the ground
state of T<T∗.
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Fig. 1. Temperature dependence of the integrated
intensity and the peak width of the peak at Q=(022).
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Multipolar Transition in a Trigonal Pr4Ni3Pb4 with Non-Kramers Ground State

T. Onimaru1, A. Ishida1, T. J. Sato2 and T. Takabatake1,3

1AdSM, Hiroshima University, Higashi-Hiroshima 739-8530
2ISSP, University of Tokyo, Tokai 319-1106

3IAMR, Hiroshima University, Higashi-Hiroshima 739-8530

Multipolar degrees of freedom often play
an important role in 4 f electron systems.
Non-Kramers ions such as Pr3+ and Tm3+

possess multipolar degrees of freedom
other than magnetic dipoles even in a trig-
onal symmetry. In the present work, we
have focussed on a Pr-based intermetallic
compound Pr4Ni3Pb4, where Pr ions oc-
cupy the 3a site with the C3 point sym-
metry and the 9b site with the C1 point
symmetry. In the C3 point symmetry, a
nine-fold multiplet 3H4 splits into three
Γ1 singlets and three Γ23 doublets with
quadrupolar degrees of freedom, although,
in the C1 point symmetry, nine Γ1 sin-
glets. The isothermal magnetization shows
a shoulder-like anomaly at 4 T only for
B||c, suggesting that an excited Γ23 doublet
exists at a small energy of 4 K above the
Γ1 singlet ground state of the Pr at the 3a
site. The specific heat has cusp-type double
anomalies at TN1=2.7 K and TN2=2.1 K.

In neutron diffraction measurements on
a single crystalline sample, a magnetic
peak appears at Q=(1,0,1

4) and its equiv-
alent positions below TN2=2.1 K. At the
temperature range between TN2 and TN1,
the peak at (1,0,1

4) splits into two peaks
at (1,0,1

4±δ) (δ∼0.1) where the peak posi-
tions shift on cooling. These behaviors in-
dicate an incommensurate magnetic struc-
ture. We observed both peaks at 2.14
K close to TN2, suggesting that the IC-C
transition at TN2 should be of first order.
Comparing the intensities of the equivalent
magnetic peaks, they tend to be strongly
suppressed as the peak positions approach
to the [001]∗ direction. It means that the
magnetic moments have a trend to align
along the c-axis in the ordered structures.

Figure 1 shows the inelastic neutron scat-

tering spectra of Pr4Ni3Pb4 at T=4 K and
30 K, and that of the reference La4Ni3Pb4
at T=4 K. At 2.5 meV and 6.7 meV, peaks
were observed. The intensities of the
peaks decrease with increasing tempera-
ture, therefore, they result from crystalline
electric field (CEF) excitations. These are
also confirmed because no peak was ob-
served at the energies in the reference
La4Ni3Pb4. From the CEF analysis on the
magnetization, the peak at 2.5 meV is prob-
ably ascribed to a CEF excitation at the Pr
at the 9b site with the C1 point group, how-
ever, the peak at 6.7 meV the Pr at the 3a
site with the C3 point group. We now anal-
yses the temperature dependence of the in-
tensities of the CEF excitation peaks to con-
firm the CEF level scheme of both the Pr
sites in Pr4Ni3Pb4.
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Fig. 1. Inelastic neutron scattering spectra of
Pr4Ni3Pb4 at T=4 K and 30 K, and that of the ref-
erence La4Ni3Pb4 at T=4 K.
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Investigation of spin molecule in geometrically frustarted spin system NiS2

M. Matsuura
Institute for Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980-8577

Nearest-neighbor antiferromagnetic
(AF) interaction on a spin loop that in-
cludes an odd number of spins gives rise
to an inherent geometrical frustration
effect in magnetic systems. This frustration
causes high degeneracy of ground states,
resulting in intriguing phenomena that
have attracted intense interest for many
years. Ni2+ (S = 1) atoms in NiS2 forms
fcc structure, in which a geometrical spin
frustration causes a strong suppression of
AF long range ordering and a complicated
spin structure at low temperatures.[1]
Matsuura et al has perfomed inelastic
neutron scattering and found spin fluc-
tuation showing characteristic Q-pattern
extending along the boundary of the Bril-
louin zone boundary of fcc lattice in the
paramagnetic phase, which is universally
observed in geometrically frustrated spin
systems.[2] Not only in the paramagnetic
phase, but in AF long range ordered
phase, recent inelastic neutron scattering
studies on one of the typical frustrated
spin systems spinels have revealed a novel
spin excitations confined in a narrow
energy range at discrete levels, which was
associated with localized spin molecules,
such as AF spin hexamer and heptamer.[3]
The purpose of the present report is to
investigate localized spin molecules in
the AF ordered phase of NiS2. Neutron
scattering experiments were performed
on the triple-axis spectrometers PONTA
installed at the JRR-3 Reactor hall of JAEA.

We confirmed that a spin wave from
a AF Bragg point reaches zone boundary
around ω = 33 meV. Therefore, we per-
fomed mesh scan at ω = 35 meV in (hhl)
plane at T = 10 K (T < TN = 39.6 K), as
shown in Fig.1. Around AF Bragg points
(open circles), ridges extend along [011] di-
rection, which connects to another ridges
on the Brillouin zone boundaries (dotted

lines). Apparently, the Q-pattern of the
scattering intensity has a larger periodic-
ity than chemical (fcc) unit cell. Origin of
these modes should be studied by temper-
ature and Q-dependences in near future to
check universality of spin molecules in the
geometrically frustrated spin systems.
References
[1] T. Miyadai et al., J. Phys. Soc. Jpn. 38 115

(1975).
[2] M. Matsuura et al., Phys. Rev. B 68 94409

(2003).
[3] K. Tomiyasu et al., Phys. Rev. Lett. 101

177401 (2008).

Fig. 1. Contour map of scattering intensity at fixed
energy transfer of 35 meV in a (hhl) plane. The dot-
ted line shows Brillouin zone boundaries of fcc lat-
tice. The solid rectangles and open circles show nu-
clear and magnetic Bragg points, respectively.
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Spin dynamics in novel Rare-earth based single-molecule magnets

Takashi Kajiwara1, Motohiro Nakano2, Maiko Kofu3, Osamu Yamamuro3

1Nara Women’s Univ., 2Osaka Univ., 3ISSP, Univ. of Tokyo

Single-molecule magnets (SMMs) are a
class of metalorganic compounds, which
exhibit hysteresis of magnetization upon
external magnetic field even though they
have no long-range cooperative interac-
tions. This behavior originates in a large
magnetic moment and uniaxial magnetic
anisotropy (D < 0), which gives rise to
a double-well potential of the spin-up and
the spin-down states and relaxation phe-
nomenon between them. In recent years,
not only thermal activation processes but
also quantum tunneling ones are reported
in SMMs. However, the mechanism of
quantum tunneling process has not been
fully understood yet.

To date, SMMs containing multiple tran-
sition metal atoms such as Mn, Fe, and
Ni, have been intensively studied. Most
recently, a new series of rare-earth based
SMMs was discovered and attracts much
attention. Because of large contribution
of angular momenta, lanthanide complexes
can become SMMs containing only one
or two magnetic ions, being simpler than
the transition metal SMMs and suitable for
fundamental studies. Recently, we have
succeeded to synthesize SMMs consisting
of Tb (J = 6) and Cu (S = 1/2) ions (see
Fig. 1(a)) and found that the system switch
from SMMs (complex 1, 2, 4) to non-SMMs
(complex 3, 5) by slight structural modifi-
cation around the Tb ions. From dc mag-
netic susceptibility data, we suppose that
non-SMM complexes do not have easy-axis
anisotropy but easy-plane one. Our pur-
poses are (i) to determine the parameters
of Hamiltonian by inelastic neutron scat-
tering (INS) measurements and (ii) to in-
vestigate the magnetic relaxation by quasi-
elastic neutron scattering (QENS) measure-
ments.

We have performed INS measurements
for complex 1 on AGMES in the standard

mode (FWHM = 0.12 meV). As seen in
Fig. 1(b), a clear excitation peak was ob-
served at 1.7 meV. We expect that this
peak corresponds to the excitation between
|6, 1/2〉 and |6,−1/2〉 states. Assuming
an exchange coupling between Tb and Cu
spins, the exchange coupling is estimated
to be 0.28 meV. The INS experiments for
non-SMM complex are now in progress.

We have also carried out QENS measure-
ments for complex 1 in the high-resolution
mode (FWHM = 0.049 meV). Above 50K,
we observed a QENS component. In or-
der to confirm whether the QENS results
from the magnetic relaxation, further ex-
periments will be performed.

[1] T. Kajiwara, et. al.: Inorg. Chem., 47
(2008) 8604.

Fig. 1. (a) Molecular structure of Tb-Cu based com-
pounds. (b) S(Q,ω) of complex 1 taken on AGNES.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1195

1-2-27

- 82 -

JAEA-Review 2013-040



Spin dynamics in multiferroics Ba2Mg2Fe12O22

D. Okuyama(A), N. Kida(B,C), S. Ishiwata(D), Y. Taguchi(A), K. Iwasa(E), T. Arima(F),
and Y. Tokura(A,B,D)

(A)RIKEN-CMRG, (B)ERATO-MF, (C)Univ. of Tokyo-GSFS, (D) Univ. of Tokyo, (E)Tohoku
Univ., (F)Tohoku Univ.-IMRAM

Multiferroics with both the ferromag-
netic and ferroelectric order have recently
been attracting an intense interest. Since
Pimenove and coworkers proposed that
magnetic excitation induced by an elec-
tric field component of light, termed elec-
tromagnon[1], extensive studies were per-
formed by using terahertz spectroscopy for
many multiferroic materials[2]. In this
work, with use of inelastic neutron scatter-
ing technique, we observed magnetic exci-
tation at the frequency where the electric-
dipole-active magnetic resonance (on elec-
tromagnon) was found by terahertz spec-
troscopy in a multiferroic Ba2Mg2Fe12O22.
The space group of Ba2Mg2Fe12O22 is R3̄m.
The crystal structure is illustrated in Fig.
1 (d). The lattice constants are a=5.8798
and c=43.589 Å. The proper screw mag-
netic order below 195 K and conical mag-
netic order (see Fig. 1 (d)) below 50 K
were observed[3]. The conical phase ex-
hibits large magneto-electric effects. The
direction of the ferroelectric polarization
can be controlled by a magnetic field of tens
mili tesla[4,5]. Inelastic neutron scatter-
ing experiment was performed at the 3-axis
spectrometer TOPAN (6G). Twin-free sin-
gle crystals of Ba2Mg2Fe12O22 were grown
by a flux method. Two single crystals were
aligned with the [1 1 0] axis normal to the
scattering plane. We chose the E f -fixed
(13.5meV) mode and measured the inelas-
tic spectrum up to an energy transfer of 10
meV.

Figure 1 shows the dielectric constant
and inelastic neutron scattering spectrum,
measured at 10 K, at which the conical spin
structure is founded (Fig. 1 (d)). The ter-
ahertz light spectroscopy could identify a
peak structure in ε2 of Fig. 1 (b) and a dis-
persive structure in ε1 at around 2.8 meV

as shown in Fig. 1 (a). It is noted that the
resonance takes place only with the elec-
tric field of terahertz-light parallel to the
[001]-axis. This result indicates that the ob-
served resonance originates from the elec-
tric field of light. The intensity of the res-
onance decrease above the conical transi-
tion temperature 50 K. This implies that
the observed resonance is strongly coupled
with the conical spin structure[6]. To eluci-
date the origin of the observed resonance,
we measured the magnon spectra by us-
ing neutron inelastic scattering. Figure 1
(c) shows inelastic neutron scattering spec-
trum at the momentum transfer of (2+δ -
2-δ 1.6), near the magnetic Γ point (2 -
2 1.6). At δ=0, a clear peak is observed
around 2.8 meV below the conical transi-
tion temperature 50 K, similar to the reso-
nance spectrum measured by the terahertz-
light. With increasing temperature, the in-
tensity of the peak becomes weaker and
the position of the peak shifts to lower
energies. Above the transition tempera-
ture 50 K, the peak merges to the elas-
tic peak. The disappearance of the peak
above the conical transition temperature
indicates that the observed peak has the
magnetic origin. These results clearly in-
dicate that the resonance observed by ter-
ahertz spectroscopy is nothing but a mag-
netic excitation induced by electric-filed of
light, namely, electromagnon. We also ob-
served the parabolic dispersion relation of
the magnon along the (1 -1 0).

In summary, by using the neutron in-
elastic scattering technique, we assigned
the origin of a resonance observed by ter-
ahertz spectroscopy to an electromagnon.
Detailed results are reported in Ref. [6].

[1] A. Pimenov et. al.: Nat. Phys. 2,
97 (2006). [2] N. Kida et. al.: J. Opt. Soc.
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Am. B 26, A35 (2009). [3] S. Ishiwata et. al.:
Phys. Rev. B 81, 174418 (2010). [4] S. Ishi-
wata et. al.: Science 319, 1643 (2008). [5] K.
Taniguchi et. al.: Appl. Phys. Express 1,
031301 (2008). [6] N. Kida et. al.: Phys. Rev.
B 80, 220406 (2009).

Fig. 1. (a,b) The dielectric function deduced by
terahertz-light spectroscopy. (c) Inelastic neutron
scattering spectra. (d) Schematic views of crystal
structure and magnetic structure below 50 K.


����


- 84 -

JAEA-Review 2013-040



High-energy excitations in BaFe2As2

K. Matan and T. J. Sato
ISSP, University of Tokyo and TRIP, JST

In 2008, a group in Japan reported high-
Tc superconductivity in the Fe-based lay-
ered material LaFeFAsO [1]. Since then,
a boom of the superconductivity research
has been continuing all over the world to
date. An intriguing system of this class
may be BaFe2As2, since it becomes super-
conducting in various ways, such as chem-
ical doping or applying pressure. In 2009,
we performed inelastic neutron scattering
experiments for the first time on the sin-
gle crystalline BaFe2As2, and showed that
there is a gapped spin-wave-like excitation
in the low energy regions (hw < 40 meV) in
this system [2]. To extend the energy range,
we have performed neutron inelastic scat-
tering study of BaFe2As2 at the PONTA
spectrometer.

Shown in Fig. 1 is the typical inelastic scat-
tering spectrum obtained at PONTA us-
ing the single crystal of Ba(Fe,Co)2As2 (ap-
proximately 1 gram). As can be seen in
the figure, a strong background hinders
the gapped behavior. The spectrum was
also checked using exactly the same par-
ent sample BaFe2As2 used in the GPTAS
experiment, but the background level was
unacceptable to observe small signal from
the BaFe2As2 and/or Ba(Fe,Co)2As2 sin-
gle crystals. We have tried various ways
to reduce the background, and at the end
we have succeeded in reducing the back-
ground by roughly a factor of 2. However,
this was not sufficient for our purpose, i.e.,
observation of the higher energy excita-
tions, which is definitely weaker, and thus
we have terminated this project at PONTA,
and decided to continue at either spalla-
tion source or overseas facilities where Cu
monochromator is available.

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130
(2008) 3296.

[2] K. Matan et al., Phys. Rev. B 79 (2009)
054526.
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Magnetic Correlations in the Pseudogap Phase of Optimally Doped Bi2212

M. Matsuura1, Y. Yoshida2, H. Eisaki2, N. Kaneko2, C.-H. Lee2 and K. Hirota1

1 Department of Earth and Space Science, Faculty of Science, Osaka University, Toyonaka,
560-0043.

2 AIST, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568

In the underdoped region of high-Tc sys-
tem, a partial gap structure in the charge or
spin excitation spectra has been observed
universally though its origin is still con-
troversial. Recent inelastic neutron scatter-
ing study of underdoped YBa2Cu3O6.6 has
shown that the dispersion relations of spin
excitations in the superconducting and
pseudogap states are qualitatively differ-
ent; unusual vertical dispersion is observed
in the pseudogap state instead of the hour
glass shape of the magnetic dispersions in
the superconducting state[1]. This impor-
tant difference in the magnetic excitation
between the pseudogap and superconduct-
ing state should be studied in other high-
Tc system. Therefore, we explored the
magnetic spectrum in the pseudogap state
of optimally doped Bi2.1Sr1.9CaCu2O8+δ

(Bi2212).
Neutron scattering experiments were

performed on the triple-axis spectrome-
ter PONTA with horizontal collimations of
48′-80′-80′-120′ and Ef of 30.5 meV. The sin-
gle crystals were grown by floating zone
method and Tc is determined to be 86 K
from a shielding signal. We have aligned 9
single crystals on Al plates. The total mass
of aligned crystals is 4.6g (0.71cc). The mo-
mentum transfer (Qx, Qy, Qz) is denoted in
units of reciprocal lattice vectors a∗ ∼ b∗ =
1.64 Å−1 and c∗ = 0.20 Å−1.

Figure 1 shows the contour map of the
scattering intensity near (π, π) measured
in the pseudogap state (T = 100 K). The
single commensurate peak at center, that
is (π, π), and ω = 26 meV splits and
disperses outwards with increasing ener-
gies, which is similar to the dispersion ob-
served in the pseudogap state of under-
doped YBCO[1]. Note that the scatter-
ing intensity is especially large at ω =

34 meV, where the resonance peak at (π, π)
(q = 0) appears in the superdonducting
state. This suggests coupling between spin-
wave mode and the other excitation at ω =
34 meV. Interestingly, the same value of the
superconducting gap Δ has been reported
from an STS study of optimum Bi2212[2],
indicating pre-formed singlet pairs in the
pseudogap phase could be the origin of
such enhancement of the spin-wave inten-
sity.
References
[1] V. Hinkov et al., Science 319, 597 (2008).
[2] T. Nakano et al., J. Phys. Soc. Jpn. 67, 2622

(1998).

Fig. 1. Intensity contours of the inelastic scattering
near (π, π) measured at T = 100 K (> Tc). The thick
black line shows spin-wave dispersion of two-leg
spin ladder with gap of 24 meV and zone boundary
energy of 80 meV.
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Study of spin fluctuations in electron-doped antiferromagnetic phase of
Pr1.4−xLa0.6CexCeO4
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High transition temperature (high-TC)
superconductivity arises when a sufficient
density of carriers is doped in a par-
ent Mott insulator. Upon doping, long-
range magnetic order disappears but dy-
namic antiferromagnetic (AF) spin corre-
lations survive and coexist with the in-
duced superconducitity[1]. Thus, AF spin
fluctuations in a doped CuO2 plane are
widely believed to have a fundamental
connection with underlaying mechanism
of high-TC superconductivity[2]. Indeed,
extensive neutron scattering experiments
on hole-doped (p-type) system have shown
a close connection between the magnetism
and the superconductivity[3]. On the other
hand the study of spin fluctuations in the
electron-doped (n-type) system is rather
limited. Although the existence of com-
mensurate spin fluctuations in the n-type
SC phase was clarified by a comprehensive
neutron-scattering measurements[4], less is
known about the spin correlations in the
AF ordered phase, which is robust against
electron-doping.

In order to clarify the nature of spin cor-
relations in an electron-doped Mott insula-
tor, we have performed neutron-scattering
experiments on the Pr1.4−xLa0.6CexCuO4
system with several electron concentra-
tions. Figure 1 is the inelastic neutron-
scattering spectrum measured at ω=6 meV
and T=10 K for (a) x=0 (TN∼180 K) and (b)
x=0.08 (TN∼100 K). Existence of spin fluc-
tuations around (1,0,0) position in the or-
thorhombic notation corresponding to (π,
π) were confirmed below 12 meV. No obvi-
ous effect of doping on the low energy spin
fluctuations was observed and the spin-

wave velocity obtained by a energy depen-
dence of peak-width is almost constant in
the AF ordered phase for x≤0.10. This dop-
ing effect in the AF ordered phase is quite
different from the peak-broadening of ob-
served inelastic signal and the reduction
of spin stiffness against doping in the SC
phase. These results suggest that the dy-
namical spin correlation start to degrade on
crossing the AF-SC phase boundary upon
electron doping.
References
[1] B. Keimer et al.: Phys. Rev. B 46 (1992)14034.
[2] M. A. Kastner et al.: Rev. Mod. Phys. 70

(1998)897.
[3] K. Yamada et al.: Phys. Rev. B 57 (1998)6165.
[4] M. Fujita et al.: Phys. Rev. Lett 101

(2008)107003.
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Fig. 1. Constant-energy spectra with ω=6meV in
Pr1.4−xLa0.6CexCuO4 measured at 10K for x=(a) 0
(TN∼180 K) and (b) 0.08 (TN∼100 K).
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Uniaxial pressure induced magnetic phase of CuFe1−xGaxO2 (x = 0.018)
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1Tokyo Univ. of Sci., 2IMRAM of Tohoku Univ., 3Univ. of the Ryukyus, 4ISSP Univ. of Tokyo.

A triangular lattice antiferromagnet
CuFeO2 is known as a spin-lattice cou-
pled system, in which magnetic phase
transitions are often accompanied by dis-
continuous changes in lattice constants[1].
This implies the possibility that the mag-
netic phase transitions can be controlled
by an application of pressure, which
might result in ‘artificial’ changes in lattice
constants. In previous study, we have per-
formed neutron diffraction measurements
on CuFe1−xGaxO2 (CFGO) with x = 0.018
under applied uniaxial pressure[2]. As
a result, we found that, at T = 2.5 K,
two small peaks assigned as (q, q, 3

2) and
(1

2 − q, 1
2 − q, 3

2) with q ∼ 0.205 coexists
with a large peak at (1

4 , 1
4 , 3

2) corresponding
to the 4-sublattice (4SL) magnetic ordering,
which is the magnetic ground state of this
system (see Fig. 1(b)). Temperature depen-
dence of these incommensurate reflections
implies that a small fraction of screw-type
magnetic ordering, which originally shows
up only in the temperature range of 7
K < T < 9 K under zero pressure, was
retained by the application of the pressure,
down to 2.5 K[2]. In the present study,
we have performed magnetic structure
analysis for the small incommensurate
magnetic reflections.

A single crystal CuFe1−xGaxO2 with x =
0.018 was cut into thin plate with dimen-
sions of ∼ 3×3×1 mm3. We developed a
uniaxial pressure cell along the pioneering
work by Aso et al.[3]. Uniaxial pressure of
60 MPa was applied on the widest surface
normal to the [11̄0] direction, as shown in
Fig. 1(a), at room temperature. The neutron
diffraction measurements were performed
using the four-circle neutron diffractome-
ter FONDER installed at JRR-3 in JAEA.
The incident neutron beam with wave-

length 1.240 Å was obtained by a Ge(311)
monochromator. The sample in the pres-
sure cell was mounted on a closed-cycle
He-gas refrigerator.

In Fig. 1(c), we show hkl-dependence
of the spin orientation factor (SOF) defined
as |Fhkl|2/ f (q)2, where Fhkl and f (q) are
magnetic structure factor and Fe3+ mag-
netic form factor, respectively. Compar-
isons between the calculated and the ob-
served SOFs show that the magnetic struc-
ture corresponding to the small incommen-
surate magnetic reflections is a screw-type
structure, confirming that the intermediate
phase is retained by the application of the
pressure, down to low temperatures. The
present result also suggests that the ‘ellip-
ticity’ of the screw-type magnetic structure
is affected by the application of the uniax-
ial pressure. In order to elucidate more de-
tails of the magnetic orderings in this sys-
tem under applied pressure, further inves-
tigation is required.
References
[1] N. Terada et al.: PRB 75 224411(2007).
[2] K. Yoshitomi et al.: ISSP-NSL report.
[3] N. Aso et al.: JPCM 17 S3025 (2005).

Fig. 1. (a) Schematic drawing of the experimental
configuration. (b) Diffraction profile of (h, h, 3

2 ) re-
ciprocal lattice scan at 2.5 K. (c) The hkl-dependence
of the observed SOFs.
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Hole-doping dependence of spin excitation in Bi2201 high-Tc cuprate system
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Intensive neutron-scattering studies of
high-Tc superconductor reveal a close cor-
relation between the magnetism and the
superconductivity. For instance, the hour-
glass shaped dispersion of spin excitation
is commonly observed in the supercon-
ducting phase of La2−xSrxCuO4 (LSCO),
YBa2Cu3O6+δ and Bi2Sr2CaCu2O8+δ sys-
tems [1-3], suggesting an existence of uni-
versal nature of spin correlation in high-Tc
cuprate. However, due to a limited system
for the comprehensive study of the mag-
netism against hole-doping, the direct re-
lation between the two is still less under-
stood. Hence, we have started a system-
atical study of the spin excitations in the
one-layer Bi2Sr2CuO6+δ (Bi2201) system, in
which the hole concentration can be widely
controlled by substituting Bi and/or Sr site
by other elements as well as LSCO system.

Figure 1 shows the spin excitation spec-
tra measured at the constant-energy of ω=4
meV for Bi2+xSr2−xCuO6+δ x=0.4, 0.2 and
Bi1.8Pb0.2Sr1.8La0.2CuO6+δ samples. As is
seen in Fig.1, we succeeded in observing
obvious development of the low-energy
excitation spectra in Bi2201 upon hole-
doping. In the lightly hole-doped x=0.4
(non-superconducting sample), a broad
single peak was observed at Q=(π, π).
On the other hand, the superconduct-
ing x=0.2 sample exhibits incommensu-
rate peaks split into [100]/[010] direction
in the tetragonal notation. The incom-
mensurability is 0.12 r.l.u., roughly corre-
sponding to the hole concentration (∼0.11).
These results are similar to the LSCO in
qualitatively. The spectral intensity, how-
ever, in the superconducting sample is
quite weak compared with that in LSCO
at comparable hole concentration. Fur-

thermore, in the nearly optimal doped
Bi1.8Pb0.2Sr1.8La0.2CuO6+δ (Tc∼34 K), on
well-defined low-energy spin excitations
were detected. These results suggest the
low-energy spin excitation in Bi2201 dras-
tically lose the spectral weight upon dop-
ing. This tendency is great different from
the LSCO. The origin of the difference be-
tween the two systems is important to be
clarified for the unified understanding of
spin excitation in high-Tc cuprates.
References
[1] J.M. Tranquada et al.: Nature 429, (2004)
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Inelastic Magnetic Scattering of Fe oxypnictide superconductors

S. Tatematsu, T. Moyoshi, Y. Yasui, M. Sato and K. Kakurai*
Dept of Phys., Nagoya Univ., *JAEA

To identify the origin of the superconduc-
tivity of Fe based systems, whose high-
est transition temperature Tc is ˜56 K, the
determination of the symmetry of the su-
perconducting order parameter is essen-
tially important. On this issue, we have
been experimentally studying the rate of
the Tc suppression by nonmagnetic impu-
rities [1] and T dependence of the NMR
longitudinal relaxation rate [2], using so-
called Ln1111 system LnFe1-yMyAsO1-
xFx (Ln=La, Nd; M=Co, Mn, Ru).
Theoretically, it has been predicted on the
basis of spin-fluctuation mechanism of the
pair formation that the symmetry is S-like,
but unconventional in the sense that even
though it does not have nodes of the or-
der parameter, the two kinds of order pa-
rameter on the disconnected Fermi sur-
faces have opposite signs. We call it S?
symmetry. Although many experimental
data supporting this prediction were pub-
lished, almost all of them cannot distin-
guish whether the sign change really exists
between the disconnected Fermi surfaces.
Actually, to experimentally prove this pre-
diction, it is important to directly approach
this phase difference between the order pa-
rameters. One of the ways to do this is
to study the coherence factors, which usu-
ally reflects in various physical quantities
the relative phases of the order parame-
ters. The coherence peak, which can be ob-
served in the T dependence of the NMR
1/T1 of the ordinary S-symmetry super-
conductor is such an example. However,
we have to be careful, because if the damp-
ing of the quasi particles is large, the co-
herence peak cannot be seen, and because
this kind of large damping can be easily
expected for the present Fe based systems
with strong magnetic fluctuations. There-
fore, it is rather important to study the
magnetic excitation spectra of the systems

in detail, as another quantity which reflects
the coherence factor directly.
Truly speaking, our results on the rate of
the Tc suppression by nonmagnetic impuri-
ties indicate rather rigidly that the sign dif-
ference between the order parameters on
the two disconnected Fermi surface is quite
unlikely, and it seems at this moment the
most reliable experimental evidence on the
symmetry problem. Therefore, it seems to
be very urgent to see the magnetic excita-
tion spectra in detail to establish the sym-
metry of the order parameter without any
uncertainty.
We have carried out neutron inelastic
scattering measurements to see the mag-
netic excitation spectra for polycrystalline
samples of LaFeAsO0.89F0.11 [3] and
Ba(Fe,Co)2As2 (Tc˜22 K), at the scattering
vector corresponding to the so-called (?,?)
point in the reciprocal space, and the data
are shown in Figs. 1(a) and 1 (b) at two
temperatures below and above Tc. We have
also been trying to prepare single crystals
large enough for the measurements. How-
ever, the Bragg reflection intensity shown
in Fig 2 is not strong enough for the mea-
surements, and now, we are making much
effort to prepare large crystals and/or to
align crystals obtained up to now. Our crys-
tals were also used in the study of various
measurements. Figs. 3 and 4 show that the
magnetic field dependence of the specific
heat C(T) can be described in a unified way,
showing that the system has no nodes.
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Fig. 1. Fig. 1. I/(n+1) ?E curves at Q˜1.1 　;
(a) LaFeAsO0.89F0.11 and (b) Ba(Fe0.9Co0.1)2As2
(Tc˜22 K). Fig. 2.ω-scan profile of 002 nuclear reflec-
tion of a Ba(Fe0.9Co0.1)2As2 crystal. Fig. 3. C/T ?T2
curves. Fig. 4.Δ C(≡ C(T,H)-C(T,0)) ? TH curves.
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Investigation of 4 f electronic state and atomic vibration in rare-earth based
compounds by neutron scattering

K. Iwasa1, K. Saito1, R. Igarashi1, H. Kobayashi1

Tohoku Univ.1

Electronic and vibrational states of filled
atoms in cage-like structures have been at-
tractive. Such structure can enhance elec-
tronic hybridization between filled ions
and surrounding ligands, and the filled ion
motion with large amplitude may couple
with the electronic state. We have inves-
tigated such properties in the rare-earth
filled skutterudites. In addition to these
studies, we have studied following subjects
in FY2009.

(a) Crystal-field excitation and multipo-
lar ordering in Pr(Ru1−xRhx)4P12
Spontaneous ordering of higher-rank mul-
tipoles of 4 f electrons has been de-
tected in various rare-earth based materi-
als. PrRu4P12 is one of typical systems,
exhibiting the antiferro-type hexadecapo-
lar (rank-4 multipolar) ordering below the
metal-nonmetal transition at 63 K (T. Taki-
moto: J. Phys. Soc. Jpn. 75 (2006) 034714).
It should be notable that the ordering is
characterized by the crystal field excita-
tions exhibiting the strong temperature de-
pendence in accordance with the evolu-
tion of the multipolar order parameter (K.
Iwasa et al.: Phys. Rev. B 72 (2005) 024414).
The substitution of Rh to Ru gives rise to
suppress of metal-nonmetal transition (C.
Sekine et al.: Physica B 378-380 (2006) 211).
Thus, a study of the doping effect leads to
understand the ordered phase of PrRu4P12.
We have carried out inelastic scattering ex-
periments to measure crystal-field excita-
tion of Pr(Ru1−xRhx)4P12.

We have performed experiments using
the triple-axis spectrometers TOPAN
(6G) for polycrystalline sample of
Pr(Ru0.99Rh0.01)4P12. Previous studies
revealed that the Rh doping systems (x
= 0.03, 0.05, 0.10 and 0.15) shows the
crystal field excitations at 2.4 and 13 meV
whose peak positions do not show any

temperature dependence, in addition to
the strongly temperature dependent ones
as observed in PrRu4P12. The most recent
measurement for x = 0.01 performed at
HER also shows the same temperature-
independent excitation peak. The peak
appearing in the Rh doped systems indi-
cates that some Pr ions does not contribute
to the ordering. We carried out the inelastic
measurements in thermal neutron range.
The strong temperature-dependent peak
was observed around 9 meV, which is
identified as that in the pure PrRu4P12.
Thus, Rh 1% sample is consistent with the
aforementioned separation of ordered and
disordered regions in the sample crystals.

(b) Rare-earth atomic vibrations in hexa-
borides RB6
RB6 is composed of a hard frame of boron
atoms and rare-earth ions filled inside.
Among them, Gd ions in GdB6 exhibit
larger thermal vibration amplitude, so that
it can be categorized into the so-called rat-
tling systems. This material has been fa-
mous for the simultaneous magnetic and
structural phase transition with the distinct
two transition temperatures at TN = 16 K
and T∗ = 9 K (K. Kuwahara et al.: Phys-
ica B 359-361 (2005) 965, R. M. Galera et
al.: J. Appl. Phys. 63 (1988) 3580). At TN,
the magnetic ordering characterized by the
wave vector qM = (1/2, 1/4, 1/4) and the
structural superlattice by q1 = (1/2, 0, 0)
appear. The latter is expected to be given
by the displacement of Gd ions, due to
magnetoelastic-type interaction (M. Amara
et al.: Phys. Rev. B 72 (2005) 064447).
We performed inelastic x-ray (BL35XU at
SPring-8) and neutron (6G TOPAN at JRR-
3) scattering experiments for GdB6 and
YbB6, respectively. The latter compound is
nonmetallic and nonmagnetic, in contrast
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to the typical RKKY-type magnet GdB6, so
it was measured as a reference material.

The dispersion relation curve of the lon-
gitudinal acoustic mode propagating along
the simple cubic [100] axis shows the max-
imum energy around the wave vector q =
(0.25, 0, 0), and it bends down with ap-
proaching the Brillouin zone boundary.
The lower-energy zone-boundary mode at
q1 = (1/2, 0, 0) corresponds to the struc-
tural modulation in the ordered phase. The
energy of this mode is 75% of the maxi-
mum value on the branch at 300 K and fur-
ther decreases by 10% with decreasing tem-
perature down to TN, so that this phonon
mode softens considerably far above the
transition temperature. On the other hand,
the reference material YbB6 does not show
such softening. The observation indicates a
strong electron-phonon coupling in GdB6,
which is expected to be magnetoelastic-
type interaction between 4 f states and dis-
placement of Gd ions.

(c) Heavy-electron material with 4 f 2

state in PrCu4Au
Recently, the group of Univsersity of
Toyama reported the succeeding synthe-
sis of PrCu4Au and a characteristic heavy-
electron properties (S. Zhang et al.: J.
Phys.: Condens. Matter 21 (2009) 205601).
They also suggest antiferromagnetic order-
ing below 2 K from the magnetic suscepti-
bility and specific heat measurements. The
heavy fermion with f 2 electronic state pro-
vided by Pr or U ions have been discussed
in terms of quadrupolar Kondo effect, dual
nature of itinerant and localized f elec-
trons, and effect of quasi-degeneracy of a
crystal-field singlet-triplet scheme. Thus,
we started to investigate the microscopic
electronic state in PrCu4Au.

A polycrystalline sample was grown by
arc-melting method, and neutron scatter-
ing experiment was carried out at 6G
TOPAN using 1 K and 10 K refrigerators.

We succeeded in detecting the magnetic
ordering below about 2 K with a prop-
agation vector q = (1/2, 1/2, 1/2) in
MgCu4Sn-type cubic structure (F4̄3m). The

suggested antiferromagnetic ordering was
confirmed, and the ground state is thought
to be magnetic as proposed by previous pa-
per. In inelastic scattering measurement,
clear crystal-field excitation peaks are ob-
served. Considering the cubic point sym-
metry at Pr sites, four eigenstates are ex-
pected. The observed results of intensi-
ties as well as excitation energies imply that
all the states locate in the excitation energy
range less than 10 meV. Such small crystal-
field level split may support fluctuation
of electronic state mediated by hybridiza-
tion between 4 f and conduction electrons.
In addition, a broad response is also seen
in the spectrum. Although its origin has
not been clarified yet, PrCu4Au may take
double features of itinerant and localized f
electrons. 1-3-6
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Crystal structure and Magnetic Property of PrxFe4Sb12

K. Iwasa1, T. Orihara1, Y. Murkami1,K. Kuwahara2, H. Sugawara3

Tohoku Univ.1, Ibaraki Univ.2, Kobe Univ.3

Rare-earth filled skutterudite com-
pounds have been studied for various
phase transitions of 4 f electron states.
PrxFe4Sb12 has been considered to exhibit
magnetic ordering at around 4 K. It is
suggested that not only Pr 4 f but also
Fe 3d electrons give the ordered moment
(N. P. Butch et al.: Phys. Rev. B 71 (2005)
214417), since the magnitude of effective
magnetic moment estimated from the
high temperature magnetic susceptibility
is larger than that of Pr3+ free ion. The
ordered structure of the two kinds of mag-
netic moments depending on the Pr filling
has been unsolved yet. It is notable that the
magnetic phase transition is reported to
disappear in case of full occupation of the
Pr-ion sites (x = 1). The effect of Pr filling
to the magnetic ordering has also not been
explained.

We performed neutron scattering ex-
periment using the triple-axis spectrom-
eter TOPAN (6G) in order to reveal Pr-
ion crystal field levels by using powdered
simple and the four-circle diffractometer
FONDER (T2-2) to investigate the crystal
and magnetic ordered structures by us-
ing a single crystalline sample. In this
year, we measured crystal field levels in
the high-pressure synthesis sample, in or-
der to compare that in the unfilled sam-
ple by the so-called Sb-self method. The
sample for FONDER was synthesized by
the flux method, and the Pr concentra-
tion x is expected to be less than unity
(x = 0.7 − 0.9), as was reported in the
previous reports.

Figure shows inelastic spectra observed
at TOPAN. We succeeded in observing two
magnetic excitation peaks at 2.4 and 11
meV. The peak positions are almost equiv-
alent with those of the x 1 one synthe-
sized by K. Tanaka et al. using the high-
pressure method (J. Phys. Soc. Jpn. 76

(2007) 103704) but also of the x < 1 sam-
ple reported by E. Bauer et al. (J. Magn.
Magn. Mater. 310 (2007) 286) . Therefore,
it is still under controversial that the mag-
netic nature of 4 f electrons localized at Pr
ions does not strongly depend on the Pr
ion concentration or not. We are now try-
ing to analyze the intensity to discuss the
crystal field level schemes and their role
on the magnetic ordering. In the Experi-
ment at FONDER, we succeeded in observ-
ing many reflections that is expected to al-
low the crystal structure determination (Pr
concentration). In addition, the increase of
fundamental reflection intensities with de-
creasing temperature thorough the transi-
tion temperature. This results is consistent
with the previous study, and the magnetic
ordering pattern is composed of ferromag-
netic component. However, the magnetic
ordering signal depends on samples. We
will carry out a subsequent measurement
with longer wave length setup of FONDER
to focus the low-Q magnetic intensities.
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Magnetic Excitations of CeRh1-xCoxIn5

M. Yokoyama(A), Y. Ikeda(B), D. Nishikawa(B), H. Amitsuka(B), K. Tenya(C)
(A)Faculty of Science, Ibaraki University, (B)Graduate School of Science, Hokkaido University,

(C)Faculty of Education, Shinshu University

The relationship between antiferromag-
netic (AF) and superconducting (SC) orders
in CeRh1-xCoxIn5 (HoCoGa5-type tetrag-
onal structure) has been intensively inves-
tigated in recent years [1-5]. It is found
that the transition temperature TN of the
incommensurate-AF order (the propaga-
tion vector: qh=(1/2, 1/2, 0.297)) seen in
pure CeRhIn5 is weakly reduced by dop-
ing Co, and then approaches zero at the
quantum critical point: xc ˜ 0.8. At the
same time, the SC phase develops above
x ˜ 0.4. The neutron scattering experiments
revealed that a commensurate AF order
with a modulation of qc1=(1/2, 1/2, 1/2)
appears in the intermediate x range [2-4].
These results suggest that the nature of the
AF correlation varies by doping Co, and
it may significantly affects the evolution of
the SC order. To clarify the magnetic insta-
bility involved in small and rich Co concen-
trations, we have investigated the charac-
teristics of magnetic excitations for CeRh1-
xCoxIn5 by performing the inelastic neu-
tron scattering experiments.

Single crystals of CeRh1-xCoxIn5 were
grown by the In-flux technique. In accor-
dance with the previous investigations [4],
the Rh/Co concentrations x in the sam-
ples were checked by means of the elec-
tron probe microanalysis (EPMA) measure-
ments, and we adopt the x values esti-
mated from the EPMA measurements in
this study. The samples with x ˜ 0.3 were ar-
ranged so that the scattering plane becomes
(hhl), and cooled down 0.7 K in a 3He cryo-
stat. The inelastic neutron scattering (INS)
experiments were performed on the triple-
axis spectrometers ISSP-GPTAS (4G) and
ISSP-HER (C1-1) located at the research re-
actor JRR-3M of JAEA, Tokai.

We have observed that clear enhancements
of the inelastic neutron scattering signals
for the surveyed (1/2, 1/2, xi) line (0.5 <=
xi <= 1) in the reciprocal space at 0.7 K.
Both the magnitude and center (˜ 0.4 meV)
of inelastic peaks are roughly independent
of xi. The inelastic peaks are reduced with
increasing temperature, but still observed
above TN = 3.7 K. These features are con-
sistent with those reported for pure CeR-
hIn5 [6]. Our INS experiments for the sam-
ples with other Co concentrations are now
in progress.

[1] V.S. Zapf et al., Phys. Rev. B 65, 014506
(2001).
[2] M. Yokoyama et al., J. Phys. Soc. Jpn. 75,
103703 (2006).
[3] S. Ohira-Kawamura et al., Phys. Rev. B
76, 132507 (2007).
[4] M. Yokoyama et al., Phys. Rev. B 77,
224501 (2008).
[5] Swee K. Goh et al., Phys. Rev. Lett. 101,
056402 (2008).
[6] N. Aso, NSL-ISSP activity report, re-
port#227 (2007).
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Phonon dynamics of iron-based superconductors

C. H. Lee(A), K. Kihou(A), K. Horigane(B), H. Eisaki(A), A. Iyo(A), M. Braden(C) and
K. Yamada(B)

(A) AIST, (B) WPI Tohoku Univ., (C) Universitat zu Koln

Since the discovery of Fe-based super-
conductors with superconducting transi-
tion temperatures (Tc) of up to 55 K, in-
tensive studies have been conducted to
clarify the mechanism of Cooper pair for-
mation. For example, the possibility of
phonon-mediated superconductivity has
been studied intensively. Calculations us-
ing the density functional perturbation the-
ory, however, revealed very weak electron-
phonon coupling constants, suggesting
that, within those simplified models, con-
ventional phonon-mediated superconduc-
tivity is unlikely. Nevertheless, a mech-
anism involving phonons remains possi-
ble. Studies on phonon dynamics using
single crystals are essential for elucidating
the role of phonons in the appearance of su-
perconductivity in Fe-based superconduc-
tors.

We found that phonon softening occurs
under K doping in Ba1-xKxFe2As2 using
inelastic X-ray scattering technique [1]. To
clarify whether this softening is a univer-
sal phenomenon in Fe-based superconduc-
tors, it is essential to study in other sam-
ples. In this study, therefore, we measured
phonon dynamics of Ba(Fe1-xCox)2As2 us-
ing inelastic neutron scattering technique.

Neutron scattering measurements were
carried out using a triple-axis spectrome-
ter, TOPAN at the JRR-3 reactor of JAEA
at Tokai. The final neutron energy was
fixed at Ef=14.8 meV using a pyrolytic
graphite (PG) monochromator and ana-
lyzer. The sequences of horizontal collima-
tors were 40’-60’-S-60’-B where S denotes
the sample position. A single crystal of
Ba(Fe1-xCox)2As2 was grown by the self-
flux method using excess FeAs. All mea-
surements were conducted at room tem-
perature.

We measured phonon dispersion along

[100] and [110] directions. Phonon dis-
persion was analyzed using a Born-von
Karman force-constant model. The longi-
tudinal and transverse force constants of
11 atomic pairs were chosen as fitting pa-
rameters, and the calculated energies were
fitted to the measured data. As results
we could not find any difference between
non-doped BaFe2As2 and superconduct-
ing Ba(Fe1-xCox)2As2. The softening can
be observed only in K doping samples.
This suggests that the softening in Ba1-
xKxFe2As2 is due to reduction of inter-
atomic force constants around (Ba,K) sites
caused by substitution of divalent Ba by
monovalent K ions.
[1] C. H. Lee et al., J. Phys. Soc. Jpn. 79,

014714 (2010).
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Relationship between crystal structure and superconductivity in iron-based
superconductors

C. H. Lee(A), K. Kihou(A), H. Eisaki(A), A. Iyo(A), M. Braden(B) and K. Yamada(C)
(A) AIST, (C) Universitat zu Koln, (B) WPI Tohoku Univ.

Recent discovery of superconductivity in
LaFeAsO1-xFx at superconducting temper-
ature of Tc=26K has triggered the energetic
study of searching a new superconduc-
tor. Soon, it has been found that fluorine-
free LnFeAsO1-y (Ln=lanthanoid) samples
show superconductivity with maximum
Tc=55K. As the Tc is very high, their cooper
pairing mechanism could not be explained
by the conventional BCS theory. To eluci-
date the mechanism, their crystal structure
should be determined.

The crystal structure of LnFeAsO is char-
acterized by two kinds of stacking layers
LnO and FeAs. The Fe atom is surrounded
by four As atoms in the FeAs layer forming
a FeAs4 tetrahedron. Charges are trans-
ferred from LnO to FeAs layers by substi-
tution or introduction of defect of oxygen
atoms. We focus our attention on crystal
structure of FeAs layers, since supercon-
ductivity is induced in FeAs layers.

We conducted neutron diffraction mea-
surements at HERMES of the Institute for
Materials Research, Tohoku University, in-
stalled at the JRR-3 reactor of JAEA at
Tokai. The obtained spectra were analyzed
by the Rietveld method. Polycrystalline
samples of LnFeAsO1-y (Ln=La, Ce, Pr,
Nd, Tb and Dy) were used for the measure-
ments.

We have clarified the superconduct-
ing phase diagram of LaFeAsO1-y and
NdFeAsO1-y by estimating the oxygen
content. Both systems show superconduc-
tivity above y˜0.06. But, doping depen-
dence of Tc is different. In LaFeAsO1-y, Tc
attains maximum values at around y=0.12
and decreases with increasing y. Whereas
in NdFeAsO1-y, Tc increases till y=0.26. It
seems that there is no universal relation-
ship between Tc and carrier concentration.

Figure 1 shows As-Fe-As bond angle as

a function of Tc in various pnictide super-
conductors [1]. The parameters of the sam-
ples showing almost maximum Tc in each
system are selected to eliminate the effect
of carrier doping. The obtained lanthanoid
dependence of crystal structure parameters
in LnFeAsO1-y system shows that FeAs4-
tetrahedrons form a regular shape around
NdFeAsO1-y. Obviously, Tc becomes max-
imum when FeAs4-tetrahedrons form a
regular shape, indicating that there is a
strong correlation between crystal struc-
ture and superconductivity.
[1] C. H. Lee et al., J. Phys. Soc. Jpn. 77,
083704 (2008).
[2] C. H. Lee et al., J. Phys. Soc. Jpn. 77, 44
(2008) Suppl. C.

Fig. 1. Tc vs As-Fe-As bond angle α for various
pnictide superconductors. Crystal structure param-
eters of samples exhibiting maximum Tc in each
system are plotted. The vertical dashed line indi-
cates the bond angle of a regular tetrahedron (α =
109.47).
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Substituting dependence of the ordered moment in BaFe2(As,P)2

S. Ibuka, K. Matan and T. J. Sato
NSL, ISSP, University of Tokyo and JST-TRIP

One major difference between conven-
tional and high-Tc-cuprate superconduc-
tors is the proximity to a competing mag-
netically ordered state in the latter, and it
has long been believed that magnetic fluc-
tuations could replace the role of phonons
in mediating an electronpairing interac-
tion. This mechanism could give rise to
more tightly bound Cooper pairs, elevating
the transition temperature. The recent dis-
covery of iron pnictide superconductors [1]
with Tc exceeding 50 K [2] in close proxim-
ity to antiferromagnetic order reinvigorates
this idea.

BaFe2As2 is one of the parent com-
pounds of iron pnictide superconductors,
which shows antiferromagnetic transition
at TN = 140 K. In the early reports, it
was shown that the transition temperature
was suppressed by carrier doping and su-
perconductivity was induced in the prox-
imity to the vanishing point of the mag-
netic transition as the case of hole doping
in (Ba,K)Fe2As2 [3] and electron doping in
Ba(Fe,Co)2As2 [4]. After that, a novel re-
port [5] came in which showed the super-
conductivity at Tc = 30 K induced by iso-
valent substitution in BaFe2(As0.68P0.32)2.
The report has modified our common
knowledge that varing the electron den-
sity is one of the essential way to break the
magnetic stability. In this system, we may
obtain experimental information which is
kept away from the effect of carrier change
and the data will become a desirable source
to discuss the mechanism of the supercon-
ductivity theoretically in detail. Substitut-
ing dependency of the size of the ordered
moment and the temperature development
of it in the antiferromagnetic phase are ba-
sical physical quantities to study the role of
magnetism in the superconductivity.

Then we made three powder samples of
BaFe2(As1−xPx)2 (x = 0.06, 0.15, 0.35) and

have performed the magnetic elastic neu-
tron scattering study at ISSP-GPTAS the
triple-axis spectrometer. The samples were
made by solid phase reaction at 1323 K
for more than 72 h in an electric furnace.
The data shown in Fig. 1 is a temperature
dependence of the peak intensity at anti-
ferromagnetic position Q = (103)Orth taken
with Ei = 14.7 meV and the collimation
of 40’-PG-40’-S-40’-PG-Open in a double-
axis mode. For x = 0.06 and 0.15, anti-
ferromagnetic transition was observed at
T ∼ 125, 90 K respectively. On the other
hand, for x = 0.35, only which shows su-
perconductivity in the three samples, inten-
sity increase was not observed in the accu-
racy of this experiment. At lowest temper-
ature (T = 3 K), intensity increse was not
observed even in other Q positions, either.
From these results, we found that the or-
dered moment was certainly suppressed by
P substitution, and it was completely sup-
pressed and vanished at x = 0.35 supercon-
ductor at all.

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130, 3296 (2008).
[2] R. Zhi-An et al., Chinese Phys. Lett. 25, 2215 (2008).
[3] M. Rotter et al., Phys. Rev. Lett. 101, 107006 (2008).
[4] A. S. Sefat et al., Phys. Rev. Lett. 101, 117004 (2008).
[5] S. Jiang et al., J. Phys.: Cond. Mat. 21, 382203 (2009).

Fig. 1. Temperature dependence of magnetic inten-
sity at Q =(103).
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Competition or coexistence of multiple order parameters in the heavy fermion
antiferromagnet CeRh1−xIrxIn5

K. Deguchi1, N. Aso2, K. Wakishima1, Y. Ishikawa1, Y. Maeda1, N. K. Sato1, H.
Yoshizawa3

Nagoya Univ.1, Univ. of the Ryukyu2, NSL-ISSP, Univ. of Tokyo.3

The heavy-fermion family of CeMIn5,
where M represents Ir, Co, or Rh, has at-
tracted much interest on account of the re-
lationship between superconductivity and
magnetism. CeCoIn5 and CeIrIn5 are su-
perconductors with SC transition temper-
atures of Tc = 2.3 and 0.4 K, respec-
tively. CeRhIn5 orders in an incommen-
surate antiferromagnetic phase with the
modulation of q = (1/2, 1/2, 0.297) be-
low TN = 3.8 K [1]. Interestingly, a
new commensurate antiferromagnetic or-
der with q = (1/2, 1/2, 1/2) was found
in a x-range of 0.25-0.6 for CeRh1−xIrxIn5,
and these two commensurate and incom-
mensurate magnetic orders coexist with su-
perconductivity [2]. A similar coexistence
was also reported in CeRh0.6Co0.4In5 [3].
Such an unusual coexistence of three dif-
ferent types of cooperative ordered states is
quite unique among unconventional super-
conductors. However, for consideration of
results in the CeRh1−xCoxIn5 system, it is
under debate if there is a coexistence region
of the commensurate and incommensurate
orders in a phase diagram [3, 4]. To eluci-
date the mechanism of the unconventional
superconductivity in the CeMIn5 systems,
therefore, it is important to examine their
magnetic properties in more detail.

The key of this work is to reduce the in-
homogeneity arising from a distribution of
x because our preliminary results of ther-
modynamic experiments using single crys-
tals of CeRh1−xIrxIn5 showed that the inho-
mogeneity may mislead us to an incorrect
understanding of a phase diagram of the
system. To avoid this, we intentionally pre-
pared powdered polycrystalline samples of
CeRh0.6Ir0.4In5 by melting single crystals
of CeRhIn5 and CeIrIn5 with a tetra-arc
furnace under a high-purity argon atmo-

sphere. The sample was put in a vana-
dium can with double-cylinder structure,
and cooled down to 0.7 K using a 3He cryo-
stat [5]. Neutron diffraction experiments
were performed at ISSP/GPTAS installed
in the research reactor JRR-3.

Figure 1 shows powder pattern of
CeRh0.6Ir0.4In5 at T = 0.75 K (< TN)
and 10 K (> TN), obtained at GPTAS
with the incident energy Ei ∼ 13.7 meV.
We have found the Bragg reflection at
an commensurate reciprocal point q =
(1/2, 1/2, 1/2) below TN, which are truly
of magnetic origin since they disappear
above TN. It is noteworthy that an in-
commensurate magnetic order at recipro-
cal point q = (1/2, 1/2, 0.297) could not be
detected within experimental resolutions,
in contrast to previous studies with single
crystals [2]. To clarify coexistence of dif-
ferent types of cooperative ordered states
an mechanism of the unconventional su-
perconductivity in the CeMIn5 systems, We
now try to investigate other CeRh1−xIrxIn5
with polycrystalline samples. Figure 1
shows a powder pattern of CeRh0.6Ir0.4In5
at T = 0.75 and 10 K, obtained at GPTAS
with the incident energy Ei ∼ 13.7 meV.
According to a previous report [2], the
Néel temperature is about 3.6 and 2.6 K
for the incommensurate and commensu-
rate order, respectively. We have found the
Bragg reflection at the commensurate re-
ciprocal point q = (1/2, 1/2, 1/2), which
are truly of magnetic origin since it disap-
pears above TN ∼ 2.7 K. It is noteworthy
that the incommensurate magnetic order at
reciprocal point q = (1/2, 1/2, 0.297) was
not detected within experimental resolu-
tions. This result seems contrary to the pre-
vious neutron scattering experiments with
single crystals [2], but consistent with our
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thermodynamic experiments.
To clarify the coexistence of the differ-

ent types of cooperative ordered states and
to reveal the mechanism of the uncon-
ventional superconductivity in the CeMIn5
systems, a further experiment is in progress
for other compositions of CeRh1−xIrxIn5.
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Fig. 1. Powder pattern of CeRh0.6Ir0.4In5 obtained at
T = 0.75 and 10 K.
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Pressure-induced release of magnetic frustration in a quasi-kagome lattice YbAgGe

K. Umeo1, H. Kubo2, T. Onimaru2, K. Katoh3, N. Aso4 and T. Takabatake2

1 Cryogenics and Instrumental Analysis Division, N-BARD, Hiroshima Univ.,
1-3-1 Kagamiyama, Higashi-Hiroshima, 739-8526

2 Department of Quantum Matter, ADSM, Hiroshima Univ.,
1-3-1 Kagamiyama, Higashi-Hiroshima, 739-8530

3 Department of Applied Physics, National Defense Acadeny, Yokosuka, 239-8686
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The heavy-fermion antiferromagnet
YbAgGe with the ZrNiAl-type structure
undergoes two magnetic transitions at TM1

= 0.8 K with a propagation vector �k1 =
[0, 0, 0.324] and TM2 = 0.65 K with �k2 =
[1/3, 0, 1/3].[1, 2] A tail in the specific-heat
C(T) extended above TM1 was attributed
to effects of magnetic frustration inher-
ent to the quasi-Kagome lattice of the
Yb sublattice.[1] Recently, an anomalous
phase diagram of YbAgGe under pressures
has been constructed from the C(T) and
resistivity measurements.[3, 4] For P > 0.5
GPa, the two transitions at TM1 and TM2
merge to one transition at TM.[3] For 0.5
< P < P∗ = 1.6 GPa, TM remains constant,
while TM increases linearly above P∗. The
magnetic entropy at TM rises for P > P∗,
while the Kondo temperature does not
change.[4] These findings suggest that
the sudden rise of TM(P) for P > P∗ is a
consequence of the release of the magnetic
frustration.

In the present work, in order to deter-
mine magnetic structures at ambient pres-
sure, we performed neutron diffraction ex-
periments. Measurements were preformed
on a single crystalline sample prepared by
the Bridgman method. It was cooled down
to 35 mK with a 3He-4He dilution refriger-
ator.

Fig. 1 shows the temperature depen-
dence of the integrated intensity of the
magnetic peaks at Q = (2/3, 0, 1/3) and (1,
0, 0.327). The intensity of the peak at (1,
0, 0.327), which includes background con-
tribution, appears at 0.82 K (> TM1) and
shows a maximum at 0.65 K (= TM2). Below

the temperature, the intensity of the peak
at (1, 0, 0.327) rapidly decreases, while the
intensity of the peak at (2/3, 0, 1/3) starts
increasing at 0.65 K (= TM2) and saturates
below 0.6 K. Between 0.6 K and 0.65 K both
the peaks were observed, indicating that
the transition at TM2 is of first order.

In TM2 < T < TM1, the magnetic structure
was determined by the model proposed
by the group theory. This structure has a
distorted 120◦ one on the c plane, where
the moments are modulated along the c-
axis. This magnetic structure is characteris-
tic feature of the magnetic frustrated com-
pounds. We are now in progress to analyse
the data to determine the magnetic struc-
ture below TM2.
References
[1] K. Umeo et al.: J. Phys. Soc. Jpn, 73

(2004)537.
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Fig. 1. T dependence of the integrated intensity of
the magnetic peaks at Q=(2/3, 0, 1/3) and (1, 0,
0.327). The dotted lines are guides to the eye.
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Magnetic structure of Nd1/3Sr5/3MnO4

Y. Oohara, M. Kubota and H. Kuwahara
ISSP, Univ. of Tokyo, PF KEK and Fac. of Sci. & Tech, Sophia Univ.

Orbital order brings about com-
plex magnetic order in manganite com-
pounds. In Nd1/4Mn7/4MnO4, the linear
orbital order exhibits, which is responsi-
ble for the linear ferromagnetic chain or-
der. There are Bragg intensities at (1/2 0
1/2) and identical points to that. On the
other hand, the zig-zag orbital order ex-
hibits in Nd1/3Mn5/3MnO4. Thus, we ex-
pect the different-type of magnetic order of
Nd1/4Mn7/4MnO4.

Neutron Diffraction measurements were
performed with ISSP triple-axis spectrome-
ters, HQR at T11 and HER at C11.

Figure shows powder diffraction pat-
terns ofd1/3Mn5/3MnO4. The magnetic
signal shows diffuse-like shape. There are
peaks near (1/2 0 0), (1/2 0 1), and (1/2 0 2).
It demonstrates that the magnetic order is
two dimensional and the similar magnetic
structure as Nd1/4Mn7/4MnO4 in the c-
plane, but becomes incommensurate order,
which the frustration originated from the
orbital zig-zag order may be responsible
for.

Fig. 1. Powder diffraction pattern of
Nd1/3Mn5/3MnO4 at 4K.
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Competition or coexistence of multiple order parameters in the heavy fermion
antiferromagnet CeRh1−xIrxIn5

K. Deguchi1, N. Aso2, K. Wakishima1, Y. Ishikawa1, Y. Maeda1, N. K. Sato1, H.
Yoshizawa3

Nagoya Univ.1, Univ. of the Ryukyu2, NSL-ISSP, Univ. of Tokyo.3

The heavy-fermion family of CeMIn5,
where M represents Ir, Co, or Rh, has at-
tracted much interest on account of the re-
lationship between superconductivity and
magnetism. CeCoIn5 and CeIrIn5 are su-
perconductors with SC transition temper-
atures of Tc = 2.3 and 0.4 K, respec-
tively. CeRhIn5 orders in an incommen-
surate antiferromagnetic phase with the
modulation of q = (1/2, 1/2, 0.297) be-
low TN = 3.8 K [1]. Interestingly, a
new commensurate antiferromagnetic or-
der with q = (1/2, 1/2, 1/2) was found
in a x-range of 0.25-0.6 for CeRh1−xIrxIn5,
and these two commensurate and incom-
mensurate magnetic orders coexist with su-
perconductivity [2]. A similar coexistence
was also reported in CeRh0.6Co0.4In5 [3].
Such an unusual coexistence of three dif-
ferent types of cooperative ordered states is
quite unique among unconventional super-
conductors. However, for consideration of
results in the CeRh1−xCoxIn5 system, it is
under debate if there is a coexistence region
of the commensurate and incommensurate
orders in a phase diagram [3, 4]. To eluci-
date the mechanism of the unconventional
superconductivity in the CeMIn5 systems,
therefore, it is important to examine their
magnetic properties in more detail.

The key of this work is to reduce the in-
homogeneity arising from a distribution of
x because our preliminary results of ther-
modynamic experiments using single crys-
tals of CeRh1−xIrxIn5 showed that the inho-
mogeneity may mislead us to an incorrect
understanding of a phase diagram of the
system. To avoid this, we intentionally pre-
pared powdered polycrystalline samples of
CeRh0.6Ir0.4In5 by melting single crystals
of CeRhIn5 and CeIrIn5 with a tetra-arc
furnace under a high-purity argon atmo-

sphere. The sample was put in a vana-
dium can with double-cylinder structure,
and cooled down to 0.7 K using a 3He cryo-
stat [5]. Neutron diffraction experiments
were performed at ISSP/GPTAS installed
in the research reactor JRR-3.

Figure 1 shows a powder pattern of
CeRh0.6Ir0.4In5 at T = 0.75 and 10 K, ob-
tained at GPTAS with the incident energy
Ei ∼ 13.7 meV. According to a previous
report [2], the Néel temperature is about
3.6 and 2.6 K for the incommensurate and
commensurate order, respectively. We have
found the Bragg reflection at the commen-
surate reciprocal point q = (1/2, 1/2, 1/2),
which are truly of magnetic origin since it
disappears above TN ∼ 2.7 K. It is notewor-
thy that the incommensurate magnetic or-
der at reciprocal point q = (1/2, 1/2, 0.297)
was not detected within experimental reso-
lutions. This result seems contrary to the
previous neutron scattering experiments
with single crystals [2], but consistent with
our thermodynamic experiments.

To clarify the coexistence of the differ-
ent types of cooperative ordered states and
to reveal the mechanism of the uncon-
ventional superconductivity in the CeMIn5
systems, a further experiment is in progress
for other compositions of CeRh1−xIrxIn5.
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Fig. 1. Powder pattern of CeRh0.6Ir0.4In5 obtained
at T = 0.75 and 10 K. Arrows show the expected
Bragg-peak positions of incommensurate and com-
mensurate antiferromagnetic orders.
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Pressure induced superconductivity in SrFe2As2

K. Munakata(A,C), S. Ibuka(B, C), H. Ishida(B,C), K. Matan(B, C), K. Ohgushi(A, C), M.
Nishi(B), Y. Uwatoko(A,C), T. J. Sato(B, C)

(A) ISSP, (B) ISSP-NSL, (C) TRIP-JST

In 2008, a group in Japan reported high-Tc
superconductivity in the Fe-based layered
material LaFeFAsO [1]. Since then, a boom
of the superconductivity research has been
continuing all over the world to date. Soon
after the discovery, it was found that the su-
perconducting phase is situated in vicinity
of the antiferromagnetically ordered phase,
which suggests a close relation between
the superconductivity and antiferromag-
netic fluctuation, as has been suggested in
the cuprate superconductors. For such a
case, it is crucial to know if the supercon-
ducting phase can coexist with the antifer-
romagnetic phase or not. To date, however,
this is not clear, since most of the phase
diagram studies have been carried out in
the carrier doped systems, where chemi-
cal inhomogeneity is inevitable. We there-
fore perform neutron diffraction study un-
der hydrostatic pressure, where such chem-
ical inhomogeneity is absent in principle.

The neutron diffraction experiment has
been performed using single crystals of
SrFe2As2 grown by the self-flux method
[2]. The diffraction experiment has been
performed using the triple-axis spectrom-
eter ISSP-GPTAS, operated in the double-
axis mode. The palm cubic anvil cell was
used to generate a hydrostatic pressure up
to 7 GPa; to maintain good hydrostaticity
and to reduce the background, we have
employed deuterated glycerol as a pressure
medium.

Shown in Fig. 1 is the resulting pressure de-
pendence of the ordered magnetic-moment
size. This has been obtained by using the
integrated intensity of the 103 reflections,
normalized to that of the nuclear Bragg in-
tensity at the 206 position. It can be clearly
seen that the long-range ordered moment

disappears around 5 GPa, where the co-
existence of the antiferromagnetic and su-
perconducting domains is suggested in the
NMR study [3]. Our result clearly excludes
the possibility of coexisting long-range an-
tiferromagnetic order of the stripe type and
the superconducting phase. By combining
the NMR result, it may be inferred that the
different type of the long-range antiferro-
magnetic order establishes at higher tem-
perature, or the antiferromagnetic order be-
comes short-ranged. Further study is in
progress to clarify this issue.

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130
(2008) 3296.
[2] R. Morinaga et al., Jpn. J. Appl. Phys. 48
(2009) 013004.
[3] K. Kitagawa et al., Phys. Rev. Lett. 103
(2009) 257002.

Fig. 1. Pressure dependence of the ordered moment
size determined using the integrated intensity of the
103 reflection.
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Mixing State of Benzene Solutions of Imidazolium-based Ionic Liquid,
C12mim+TFSA-

T. Shimomura, T. Takamuku
Saga University

Room-temperature ionic liquids (RT-
ILs) have unique properties, such as
extremely low vapor pressure, thermal
stability, nonflammability, high polarity,
and electroconductivity. However, their
high viscosity is a serious problem for
application of ionic liquids in many fields.
Thus, RT-ILs are frequently used by mixing
with conventional molecular liquids, such
as water, methanol, and acetonitrile. In the
present work, an effect of pi-pi interaction
on the mixing state of benzene solu-
tions of 1-dodecyl-3-methylimidazolium
bis(trifluoromethanesufonyl)amide
(C12mim+TFSA-) has been elucidated
using small-angle neutron scattering
(SANS) technique.

C12mim+TFSA- was synthesized by a
conventional method [1]. Sample solutions
were prepared by mixing C12mim+TFSA-
with deuterated benzene (C6D6) at various
benzene mole fractions XC6D6. SANS in-
tensities of the sample solutions at 298 K
were measured on the SANS-U spectrom-
eter with the camera lengths of 1, 4 and 8
m.

Figure 1 shows the Ornstein-Zernike
correlation lengths Xi of C12mim+TFSA–
C6D6 solutions estimated from the SANS
spectra as a function of XC6D6. The Xi
values of C12mim+TFSA–C6D6 solutions
gradually increase with increasing XC6D6
from 0.9 and reach a maximum at XC6D6
= 0.99. However, the Xi value of the so-
lution decreases at XC6D6 = 0.995. Thus,
C12mim+TFSA- is heterogeneously mixed
with C6D6 in the very narrow mole frac-
tion range of 0.9 < XC6D6 < 0.995 with
the maximum at XC6D6 = 0.99. The present
SANS results, together with the results
from ATR-IR, NMR, and LAXS measure-
ments, suggest that C12mim+TFSA- form
clusters in the solutions. The pi-pi inter-

action between the imidazolium ring and
C6D6 may stabilize C12mim+TFSA- clus-
ters in the solutions. However, the clusters
are disrupted above XC6D6 = 0.99 due to
the solvation of C12mim+ and TFSA- by
the large amount of C6D6.

Reference
[1] Nockemann, P.; Binnemans, K.; Driesen,
K. Chem. Phys. Lett., 415 (2005) 131.

Fig. 1. Figure 1. Ornstein-Zernike correlation
lengths Xi of C12mim+TFSA–C6D6 solutions as a
function of C6D6 mole fraction.
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Intermolecular Structure between Urea Molecule and Metal Ions in Concentrated
Aqueous Solutions

Kameda Y., Miyazaki T., Onodera S., Amo Y., Usuki T.
Department of Material and Biological Chemistry, Faculty of Science, Yamagata University

Neutron diffraction measurements were
carried out for 6Li/7Li, 35Cl/37Cl, and
14N/15N isotopically substituted concen-
trated aqueous urea solutions involving
*LiCl and Na*Cl salts in order to obtain in-
formation concerning intermolecular struc-
ture between the urea molecule and coex-
isting ions in concentrated aqueous solu-
tions.

Six sample solutions with dif-
ferent isotopic compositions, I.
(Na35Cl)0.05[(14ND2)2C=O]0.1(D2O)0.85,
II. (Na natCl)0.05[(14ND2)2C=O]0.1(D2O)0.85,
III. (Na natCl)0.05[(15ND2)2C=O]0.1(D2O)0.85,
IV. (6LiCl)0.1[(14ND2)2C=O]0.1(D2O)0.8,
V. (7LiCl)0.1[(14ND2)2C=O]0.1(D2O)0.8,
and VI. (7LiCl)0.1[(15ND2)2C=O]0.1(D2O)0.8,
were employed in the present study.

Diffraction measurements were made at
298 K using ISSP diffractometer, 4G (GP-
TAS) installed at the JRR-3M research re-
actor with an incident neutron wavelength
of 1.090 A. Scattered intensities were col-
lected over the angular range of 3 < 2theta
< 118 deg. After corrections for the back-
ground, absorption, multiple and incoher-
ent scatterings, observed scattering intensi-
ties were converted to the scattering cross
sectins.

The first-order-difference functions [1]
were evaluated by a numerical difference
between observed scattering cross sections
for sample solutions with different iso-
topic compositions. Fourier transform of
the difference function gives the distribu-
tion function around the substitited atom.
For NaCl-urea solutions, two distribution
functions, GCl(r) (around Cl-) and GN(r)
(around N atom of urea), were successfully
determined as indicated in Fig. 1a. Distri-
bution functions, GLi(r) (around Li+) and
GN(r) (around N aton of urea), were ob-
tained as shown in Fig. 1b.

Preliminary analysis of the observed
GCl(r) (Fig. 1a) indicates that there are ca.
6 nearest beighbor water molecules around
the chloride ion. The value agrees well
with that repoted for various aqueous so-
lutions, which implies that the first hydra-
tion shell of the chloride ion is well main-
tained in the presence of the urea molecule.
On the other hand, relatively small second
peak appearing in the distribution function
around the lithium ion, GLi(r) (Fig. 1b) may
suggest that the first hydration shell of Li+
is significantly affected by coexisting urea
molecule.

Reference
[1} J. E. Enderby, G. W. Neilson, ”Water,
A Comprehensive Treatise”, Plenum press,
New York (1979), Vol. 6, p. 1.

Fig. 1. Fig. 1. a) GCl(r) and GN inter(r) functions
observed for NaCl-urea-D2O solutions. b) Distribu-
tion functions, GLi(r) and GN inter(r) functions ob-
served for LiCl-urea-D2O solutions.
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Diffusional dynamics of water molecules in lower alcohol aqueous solutions at low
temperature.

K. Maruyama(A), M. Nakada(B), T. Kikuchi(C), and O. Yamamuro(C)
(A)Fac. Sci., Niigata Univ., (B) Grad. Sch., Niigata Univ., (C)ISSP-NSL Univ. Tokyo

We carried out the quasielastic neutron
scattering (QENS) measurements for n-
propyl alcohol aqueous solutions by us-
ing High Resolution Clod Neutron Scat-
tering Spectrometer AGNES. The sam-
ple were mixtures of deutelized propanol
(C3D7OH) and light water (H2O), and
the compositions of n-propyl alcohol xp
were 0.0 to 0.17. The self diffusion of wa-
ter molecules was mainly observed be-
cause of the vary large incoherent scatter-
ing cross section of H. The measurements
were carried out with the high resolution
mode of AGNES and over the temperature
range of 268 to 343 K. The obtained spec-
tra were well distinguishable from that of
vanadium used as the resolution function,
which means that they have enough reso-
lution to analyze.
In order to get an information of diffu-
sive dynamics of water molecules in n-
propyl alcohol aqueous solutions, we ana-
lyzed S(Q,E) ’s with relaxing cage model
(RCM)[1]. The agreement of fitting of ex-
perimental data with RCM analysis was
good in whole E range (see fig. 1). Then
we obtained diffusion coefficients D of wa-
ter molecules in every measured solutions.
The values of D obtained from the mea-
surements with high resolution mode show
good agreement with the values in ref.
2. This agreement is quantitatively better
than the values of previous measurement
with standard mode.
Figure 2 shows an Arrhenius plot of D for
the solutions of xp = 0.10 and 0.17. The plot
of D for pure water is also shown in this
figure. The plot for xp=0.17 seems to turn
down around 298 K, which suggests that
the diffusive dynamics of water molecules
in the solution of xp = 0.17 changes at this
temperature. This result is consistent with
previous result, i.e. the almost all water

molecules hydrophobically hydrate to al-
cohol molecules or clusters at the concen-
tration of xp = 0.17 and at the temper-
ature of 298 K. By using high resolution
mode of AGNES, we could obtain useful
data for analyzing the temperature depen-
dence of the diffusional dynamics of water
molecules.
[1] M. Nakada, K. Maruyama, O. Yama-
muro, and M. Misawa, J. Chem. Phys. 130
(2009) 074503.
[2] E. Hawlicka, and L. A. Woolf, J. Phys.
Chem. 96 (1992) 1554.
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Fig. 1. The fitting of S(Q,E) with the RCM. Fig.
2 The Arrenius plot of diffusion constant of water
molecules.
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In-situ neutron quasi-elastic scattering of meso-porous silica modified by sulfo
group

T. Otomo (1), S. Takata(2), K. Kamazawa(3), S. Fujita(3), M. Kofu(4), O. Yamamuro(4)
High Energy Accelerator Research Organization (KEK) (1), Japan Atomic Energy Agency

(JAEA) (2), Toyota Central R&D Labs. Inc. (3), The University of Tokyo (4)

Meso-porous silica (MCM-41), which
silanol groups on the surface were re-
placed with sulfo groups, shows high
proton conductivity with low density of
acid group. The purpose of this study was
to reveal its proton kinetics in angstrom
scale from diffusion constant, hopping
distance and residential time of pro-
tons measured by neutron quasi-elastic
scattering.

Quasi-elastic spectra of following samples
were measured by“High-resolution mode
“ of AGNES spectrometer of ISSP.
1) perfluorosulfonic acid (0%RH)
2) perfluorosulfonic acid (˜40%RH)
3) perfluorosulfonic acid (˜80%RH)
4) MCM-41 (0%RH)
“RH”means relative humidity. Each sam-
ple has pores of 2-3 nm diameter and intro-
duced proton was 1.4mmol/g. The sample
temperature was at 25 C. RH was realized
by adsorbing water vapor in the neutron
beam. It means sample 1) ˜ 3) are sample.

It was found out that even in the 0%
RH sample, quasi-elastic component was
observed. By increasing RH value, quasi-
elastic components were gradually in-
creased. On the contrast, MCM-41 (0%RH)
showed no quasi-elastic intensity as ex-
pected. These results suggest that there are
movable protons on the surface of perfluo-
rosulfonic acid. It is also expected that the
quasi-elastic components at high RH value
consist of two components. In our previous
quasi-elastic experiments of meso-porous
silica (FSM-16), two components model
was successful and each components rep-
resents slow diffusion water which was
strongly confined by surface silanol group
and first diffusion of bulk-like water.

To derive diffusion constant and other
parameters further analysis is on-going.
However, the statistics of spectra are poor
since water contents in perfluorosulfonic
acid were quite small (1/5 of FSM-16). This
is unsurprising effect of introducing hy-
drophobic group. And the adsorption rate
of water vapor in the in-situ environment
was quite slow: we had to consume our
beam time for water adsorption. Sample
environment or sample preparation should
be improved to obtain better statistics.
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Combined SANS, WANS, and Weighing Studies of Microbial Cellulose in
Drying Process

Y. Zhao, S. Koizumi and T. Hashimoto

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

　　 It is well known that the microbial cel-
lulose (MC) is exceptionally pure, contain-
ing no hemicellulose, lignin or other sub-
stances typical of plant cellulose. Features
that make MC useful for applications include
its high elasticity, which is especially impor-
tant in the case of medical dressings, highly
crystalline structure, and superior mechan-
ical strength. Additionally, MC has high
water holding capacity, and is composed of
trace amount of cellulose microfibrils and
large amount of water. Due to these advan-
tages, MC has been used as electronic pa-
per display, metal catalysts carrier, acoustic
membranes in speakers, artificial blood vessels
and wound dressing.　We studied the struc-
tural change of the microbial cellulose in the
drying process by means of combined time-
resolved measurements of small-angle neutron
scattering (SANS), wide-angle neutron scat-
tering (WANS), and weighing, as schemat-
ically illustrated in Fig.1. Combining the
three Tr-techniques, we are able to observe
the structural change of the cellulose network
in two different length scales on a rigorously
common time scale, e.g., the changes in mi-
croscopic structure (the concentration fluctu-
ations of cellulose fibrils and the air voids
generated upon drying), the geometry and
structure change in mesoscopic scale (the size
and total weight of the specimen, the wa-
ter concentration or hydrogen density in the
scattering volume), and interrelationships be-
tween the structural changes. We found the
drying process is divided into three time re-
gions, defined by Region I, II and III. In Re-
gion I, 3-dimensional shrinkage occurs and the
weight loss is fast. While in Region II, only
1-demensional shrinkage is observed, hence
the weight loss slows down. In Region III,
all changes stop, indicating the drying pro-
cess is over, however, still partial of water

remains, which is believed to be bound wa-
ter. We observe that the microscopic struc-
ture of cellulose fibrils itself, at q-range (q de-
notes magnitude of scattering vector) covered
in this study, does not change upon drying,
but the amount of air voids does. In addi-
tion, the drying ways are found to influence
the size of the air voids dramaticly. The faster
the drying process is, the larger the air voids
are.　 To date, there is no study so far that
uses such a combination of real-time meth-
ods as this study does on the same single
batch of cellulose system. Owning to this
unique experimental method, all the experi-
mental findings may be directly observed un-
equivocally. The results imply the followings.
Deuterium labeling medium makes the dry-
ing process completely visible. The layer-by-
layer structure of the cellulose network brings
about the change from 3-dimensional shrink-
age to 1-dimensional shrinkage upon drying.
Drying ways determine the size of air voids.
It is intriguing to note that this study of time-
change in hierarchical structure levels of a sys-
tem, offers a primitive example of information
transmittance among different structure lev-
els, which is important in living biological sys-
tems in general.

Figure 1: Schematics of experimental setup.
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Distribution and Accumulation of Water in the Polymer Electrolyte Fuel Cell
Performed by Small-Angle Neutron Scattering

A. Putra, D. Yamaguchi and S. Koizumi

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

Introduction. During an operation of poly-
mer electrolyte fuel cell (PEFC), water is gen-
erated in individual cell elements as a result of
electrochemical reaction, transportation and
exclusion of water. Distribution of the water
in the fuel cells directly affects an operation
performance of PEFC. Therefore, it is cru-
cial to determine simultaneously and insitu
the distribution and accumulation of the wa-
ter appeared in the individual cell elements
belonging to a given single fuel cell under op-
eration.

Method. In this study, insitu observation of
aging process of a membrane electrode assem-
bly (MEA) with an active area of 50 x 50 cm
was performed in the PEFC using SANS. The
MEA elements consist of a Nafion 212 sand-
wiched with carbon-supported catalyst of Pt
and Pt-Ru for cathode and anode 1). The
PEFC temperature and dew-points of the an-
ode and the cathode was controlled at 80o C.
The flow rates of hydrogen and air were set at
180 and 800 ml/min. The current density was
increased step-wisely from 0 to 920 mA/cm2

with duration of 60 s at each current density.
The SANS measurements was performed on
the operating PEFC using the focusing and
polarizing SANS spectrometer (SANS-J-II) at
research reactor JRR-3, Japan Atomic Energy
Agency, Tokai, Japan 2) 3).

Result. Figure 1 shows SANS profiles of
the 4th aging process of an operating PEFC
with increasing current densities from 0 to
920 mA/cm2. Scattering maximum, is so
called the“ ionomer peak”correspond to the
swelling of ion-cluster by water. By increas-
ing the current density, the peak height in-
creased and the peak position moved to the
lower scattering vector, q value. These ten-
dency indicated large amount of water was
distributed and accumulated in ion channels.
The q related to the magnitude of interdomain

distance,Lion between ion channels itself. The
Lion was determined from q by Lion=2π/q.
Shift of the peak to the lower q indicated in-
creasing in Lion, and as a consequence, the ac-
cumulation of water in ion channel increased.
In summary, the SANS method was capable
to detect, visualize and determine distribution
and accumulation of water microscopically in
a MEA of an operating PEFC.

Figure 1: SANS profiles obtained from the 4th aging
process of an operating PEFC with increasing a cur-
rent density from 0 to 920 mA/cm2.

References

1) S. Koizumi, et al :“Focusing and polarized neu-
tron small-angle scattering spectromeeter (SANS-
J-II). The challenge of observation over length
scales from angstrom to a micrometre”, J. Apply.
Cryst, 40, s474(2007).

2) H. Iwase, et al :“A combined method of small-
angle neutron scattering and neutron radiography
to visualize water in an operating fuel cell over a
wide length scale from nano to millimeter”, Nucl.
Ins. Meth. Phys. Res. A , A605, 95(2009).

3) A. Putra, et al :“In-situ observation of dynamic
water behavior in polymer electrolyte fuel cell by
combined method of Small-Angle Neutron Scat-
tering and Neutron Radiography”, J. Phys. Conf.
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Characterization of Swollen Structure of High-density Polyelectrolyte Brushes in
Salt Solution by Neutron Reflectivity

Y. Terayama1, M. Kobayashi2, A. Takahara*1,2,3
1Graduate School of Engineering, Kyushu University, 2Japan Science and Technology Agency,

ERATO, 3Institute for Materials Chemistry and Engineering, Kyushu University

The behavior of polyelectrolyte brushes
at salt solution interface is important
for applications in medical materials,
as these materials are in contact with
blood and other body fluids containing
salts. We investigated the dependence
of swelling brush conformation on the
ionic strength analyzed by neutron
reflectivity (NR) of zwitterionic type
polyelectrolyte and cationic polyelec-
trolyte brushes prepared by surface-
initiated atom transfer radical poly-
merization of 2-(methacryloyloxy)ethyl
phosphorylcho line (MPC) and 2-
(methacryloyloxy)ethyltri methyl am-
monium chloride (MTAC), respectively.
The polyelectrolyte brushes were prepared
on quartz surface. NR was measured by
a multilayer interferometer for neutrons
(MINE) in JRR-3 at TOKAI, using wave-
length λ = 0.88 nm with an accuracy of
2.7 %. A neutron beam was irradiated from
a quartz substrate to the interface between
heavy water (D2O) and the polymer brush
on quartz glass. The incident slit width
were adjusted to maintain a 55 mm foot-
print size on the sample surface. The scat-
tering vector, q, in specular reflectivity is
defined by q = (4π/λ) sinθ. The NR pro-
files were analyzed by fitting calculated re-
flectivity from model scattering length den-
sity profiles to the data using Parratt32 soft-
ware.
Fig. 1 shows the NR curves and scat-
tering length density (SLD) profiles of
poly(MTAC) brush in D2O and 1.0 - 5.6 M
NaCl/D2O. The SLD of poly(MTAC) brush
in pure D2O was increased from 5.20 ×
10-4 to 6.36 × 10-4 nm-2 along with the
distance from the substrate. The gradient
profile indicated that the polymer chains in
D2O were stretched up to ca. 80 nm. When

the poly(MTAC) brush was immersed in
the 5.6 M NaCl/D2O solution, the reduc-
tion in roughness and thickness of swelling
brush layer was observed, as shown in Fig.
1(f). The brush layer height was 69 nm.
The hydrated salt ions screened the repul-
sive interaction between quarternary am-
monium groups of the brush, forming a
more shrinked chain conformation.
On the other hand, no structural change
was observed in swollen poly(MPC) brush
even in a salt solution, although the NR
profiles were not shown here. Poly(MPC)
is a quite unique polyelectrolyte of which
chain structure in a aqueous solution
hardly changed by salt effect probably due
to a weak intermolecular interaction of
phosphorylcholine units[1].

References
(1) Matsuda Y, Kobayashi M, Annaka M,
Ishihara K and Takahara A 2008, Langmuir
24 8772.

Fig. 1. Fig 1. NR curves of poly(MTAC) brush in (a)
D2O, (b) 1.0 M NaCl, (c) 5.6 M NaCl in D2O, and (d)-
(f) their corresponding neutron SLD profiles along
with the distance from quartz surface, respectively.
Scattering vector q = 4π sinθ/λ atλ = 0.88 nm.
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Detailed analysis for shish-kebab structural formation process with small angle
neutron scattering

Go Matsuba, Kazuko Kawashima, Koji Nishida and Toshiji Kanaya
Yamagata University, Kyoto University

Crystallization of polymers under flows
have been extensively investigated because
during most polymers processing the poly-
mers are exposed to various flows such as
elongational, shear and mixed flows. Many
experimental evidences have established
that these flow processes can significantly
affect the crystallization kinetics and fi-
nal morphology. Imposed flow conditions
that are temperature, shear rate and so on,
are variables that affect the development
of flow-induced structure and have strong
impact on all processes of crystal growth
and morphology. For example, when poly-
mer crystallizes under flows, the so-called
shish-kebab structure could be observed.
The shish-kebab structure consists of long
central fiber core (shish) and lamellar crys-
tals (kebab) periodically attached along the
shish structure. It is believed that the shish
structure is a molecular basis of ultra-high
modulus and ultra-high strength fiber.

For more detailed analysis of shish ke-
bab structure, we carried out the neutron
and x-ray scattering measurements in elon-
gated PE sample of deuterated low molecu-
lar weight and ultra-high molecular weight
hydrogenated PE. The long oriented struc-
ture had radius of 1 micron and length
of ∼ 12 micron and included about three
extended chain crystals with radius of ∼
4.5 nm. The complemented analysis of
neutron and x-ray beam was one of most
powerful methods for clarification of com-
plicated structure like shish-kebab. In
this work, we have performed the time-
resolved SANS and SAXS measurements in
order to clarify the shish-kebab structure
formation process in more detail especially
focusing on shish formation process.

In this experiment we used two PEs
to prepare a blend. One is high molec-
ular weight hydrogenated polyethylene

(HMW-h-PE) with molecular weight Mw
= 2,000,000 and the other is low molecu-
lar weight deuterated PE (LMW-d-PE) with
Mw = 600000, where Mw is the weight-
average molecular weight. HMW-h-PE
and LMW-d-PE were dissolved in hot o-
dichlorobenzene with antioxidant regent
(2,6-t-butyl-p-cresole) to form a homoge-
neous solution at 145 ◦C under a nitrogen
atmosphere. After keeping the solution at
145 ◦C for 2 h, it was poured into methanol
to make precipitation. The blended sample
was filtered from o-dichlorobenzene and
rinsed with methanol. The precipitation
was vacuum-dried at room temperature
for several days and then hot-pressed at
170 ◦C for 3 min and quenched rapidly to
ice/water to obtain a film about 0.5 mm
thick.

Small-angle neutron scattering (SANS)
measurements were performed using
SANS-U spectrometer at JRR-3 reactor in
JAEA, Tokai. In the SANS-U spectrom-
eter, the scattering vector Q range was
from 0.007 to 0.06 Å−1. Small angle x-ray
scattering measurements were carried out
using apparatus installed at the beam-line
BL-15A in Photon Factory, KEK, Tsukuba,
Japan. The range of the length of scattering
vector Q was 0.008 and 0.15 Å−1.

At first we performed the structural
formation process of drawing polyethy-
lene blends with time-resolved SAXS and
SANS measurements at 125◦ C. The shish-
kebab structure formation process was ob-
served with both SAXS and SANS mea-
surements. From 2D analysis, it was found
that the isotropic spherulites become“ de-
pressed” along the elongation direction,
suggesting that inter-lamella distance was
expanded by the drawing process. Af-
ter that, lamella crystal stacking (or kebab
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formation) could be observed from SAXS
and SANS measurements, while streak-like
scattering profile from shish-structure was
observed only in the SANS pattern. For
more detailed analysis, we observed the
lamella thickening. Above drawing ra-
tio of 4, the kebab structure was disap-
peared, while the streak-like scattering pro-
files grew strongly. This suggests that poly-
mer chains in the kebab were gradually
merged into the extended chain crystals
(shish-structure) on further drawing. How-
ever, the number density of shish-structure
is not so high to be detected with x-ray
scattering measurement, but the shish scat-
tering was enhanced in the SANS scat-
tering profile due to the strong scatter-
ing contrast between deuterated and hy-
drogenated PEs. The number of shish-
structure was then evaluated from these
SANS profiles.
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Dynamics of nano-meter-sized domains on a vesicle

Masayuki Imai and Yuka Sakuma
Ochanomizu University

Using a contrast matching technique
of small angle neutron scattering (SANS)
we have investigated a phase separation
to liquid-disordered and liquid-ordered
phases on ternary small unilamellar
vesicles (SUVs) composed of deuterated-
saturated, hydrogenated-unsaturated
phosphatidylcholine lipids and choles-
terol, where the equilibrium size of these
domains is constrained to less than 10 nm
by the system size. Below a miscibility
temperature, we observed characteristic
scattering profiles with a maximum, in-
dicating formation of nano-meter-sized
domains on the SUVs. The observed pro-
files can be described by a multi-domain
model rather than a mono-domain model.
From the fitting we extracted the domain
size, number of domains on a vesicle, and
the scattering contrast between the do-
main and the surrounding solvent. Using
these parameters, we established a phase
diagram of the ternary vesicle.
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Vesicle structures below the Krafft temperature in a surfactant solution
-Hyperswollen lamellar phase coexisting with vesicles-

Youhei Kawabata, Tomoaki Shinoda and Tadashi Kato
Tokyo Metropolitan University

In a binary system consisting of surfac-
tant and water, a hydrated solid phase
is formed below the Kraft temperature,
where the hydrophobic tails extend to the
length with all trans. The hydrated solid
phase is a two-phase coexistence of ex-
cess water and lamellar structure Lβ of bi-
layers whose hydrophilic tails are inter-
digitated. We have ever investigated the
structural formation of the hydrated solid
phase in the C16E6/water and C16E7/water
system [C16H33(OC2H4)6,7OH] by means
of small angle X-ray and neutron scatter-
ing (SAXS, SANS) and optical microscope.
In the C16E7 system, hollow vesicles are
formed as shown in Fig.1 (upper), which
is obtained from our confocal microscope
measurements. It has been found that
the vesicle formation deeply depends on
quenched temperature. Especially, in the
last SANS proposal, we found the hyper-
swollen lamellar structure, whose repeat
distance is about 84 nm, at 4 ◦C.

In this report, we investigate the tem-
perature dependence of SANS profiles by
changing various quench conditions, and
inspect temperature range of the formation
of the hyper-swollen lamellar structure.

The SANS experiments were carried out
using the SANS-U spectrometer. The mo-
mentum transfer Q ranged over 0.003 ≤
Q ≤ 0.2 Å−1 The Krafft temperature is 15
◦C for the C16E7 system. Temperature was
jumped to 6 ∼ 14 ◦C. The concentration of
C16E77 is 10 wt%.

The lower figure of Fig.1 shows the tem-
perature dependence of the SANS profiles.
The profile at 4 ◦C was obtained in the
previous experiments, and the Bragg peak
can be clearly seen. On the other hand,
we can not observe any swollen lamellar
structures in the temperature range of 6 ∼
14 ◦C. Therefore, the hyper swollen lamel-

lar structure can be formed in the case of
deep quenched temperature, at least be-
low 4 ◦C. However, from 6 ∼ 14 ◦C, the
SANS profiles strongly depend on temper-
ature. In the higher temperature, the SANS
profiles do not depend on Q very much,
while the Q dependence increases with de-
creasing temperature. This means that the
larger structures of Lβ domains, which are
the shells of vesicles, are formed when tem-
perature is deeply quenched.

Fig. 1. 3-D Confocal microscope image of vesicles
in the C16E7/water system (upper) and the SANS
profiles obtained at various quenched temperature.
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Order-Order Transition of Block Copolymers Swollen with Supercritical Carbon
Dioxide

Hideaki Yokoyama, Masateru Ito, Koichi Mayumi, Kohzo Ito, Mitsuhiro Shibayama,
Hitoshi Endo, Takuya Suzuki

The University of Tokyo

In diblock copolymers (BCP), a variety
of microphase separated morphologies in
a scale of tens of nanometer have been
observed depending on the volume frac-
tion of blocks, degree of polymerization
and interaction parameter between blocks.
Similar morphologies have been found in
different class of softmatters: for exam-
ple, surfactant/solvent and BCP/solvent
systems form similar morphologies, which
resulted from its amphiphilicity and sol-
vent selectivity. By using additional de-
gree of freedom by using a solvent, the
morphologies becomes a function of con-
centration, which can be easily changed.
We have succeeded in inducing order-to-
order phase transitions (OOT) by swelling
selectively CO2-philic blocks of BCP by
changing the pressure of supercritical CO2,
which controls apparent volume fraction of
CO2-philic blocks.[1–4] The CO2 pressure
induced morphology changes were antic-
ipated by ex-situ analysis of the samples
that was frozen and removed from super-
critical CO2. However, the OOT mecha-
nism by selective swelling hasn ’t clearly
understood. Thus this time we performed
in-situ measurement of swollen BCP in
CO2 by neutron scattering analysis. We an-
alyzed the morphologies of Poly(styrene-
b-perfluorooctylethyl methacrylate)s (PS-
PFMAs), using small angle neutron scat-
tering, SANS-U at JRR-3, Tokai, Japan.
PFMA is CO2-philic and is expected to be
highly swollen in CO2. We prepared six
block copolymers differing in the ratio of
PS to PFMA and total degree of polymer-
ization, of which molecular weights are
in the range from 10,000 to 25,000 and
of which morphologies are Sphere, Cylin-
der and Lamellar. Then the samples were
placed into a high-pressure cell with pres-

sure and temperature controls. We ob-
served multiple OOT as a function of CO2
pressure on the pressure dependence of
SANS scattering patterns. Depending on
the initial morphology, which is the one at
atmospheric pressure, multiple phase tran-
sitions starting from the hexagonal packed
PFMA cylinders to the inversed body cen-
tered cubic lattice of PS were observed;
however, the sample with spherical PFMA
domains as the initial morphology main-
tains its spherical morphology irrespective
of pressure while the lattice constant in-
creases with pressure.

[1] H. Yokoyama, L. Li, C. Dutriez,
Y. Iwakura, K. Sugiyama, H. Masunaga,
S. Sasaki, H. Okuda, Macromolecules 41,
8626?8631, (2008). [2] H. Yokoyama, C.
Dutriez, L. Li, T. Nemoto, K. Sugiyama,
S. Sasaki, H. Masunaga, M. Takata, and
H. Okuda 　 J. Chem. Phys., Vol. 127,
014904-1 - 014904-9 (2007). [3] L. Li, H.
Yokoyama, Angew. Chem. Int. Ed. 45,
6338-6341 (2006). [4] H. Yokoyama, L. Li,
K. Sugiyama, T. Nemoto, Adv. Mater., 16,
1542-1546 (2004).
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Exclusive volume effect on uni-lamellar vesicles by addition of polymers

Norifumi L. Yamada
High Energy Accelerator Research Organization

It has been reported that the mixture
of long-chain phospholipids (14 car-
bons/chain or more) and short-chain
phospholipids (6-8 carbons/chain) spon-
taneously forms uni-lamellar vesicles
(ULVs). Since a membrane consisting
of phospholipid molecules is the main
component of biomembranes, such SUVs
have a potential to create biomimetic
system for studying bioactivities in cells.
Last year, the effect of polyethyleneglycol
(PEG) on the stability of ULVs consisting of
dimyristoylphosphatidylcholine (DMPC;
14 carbons/chain) and dihexanoylphos-
phatidylcholine (DHPC; 6 carbons/chain)
mixture has been investigated by small
angle neutron scattering (SANS). This
result clearly shows that reconstruction of
ULVs was induced by PEG. However, the
origin of the reconstruction has not been
understood yet.

In this study, we performed the SANS
experiment to clarify the effect of PEG on
ULV reconsruction. The SANS experiments
were performed using SANS-U at the C1-
2 port of JRR-3 at Japan Atomic Energy
Agency (JAEA), Tokai. The lipid mixture
of [DHPC]:[DMPC]=1:3.2 was dissolved in
a D2O solution of 3 mM CaCl2. The
lipid concentration of the solution was con-
trolled to be 0.9 vol%. The obtained solu-
tion was heated to 323 and 303 K to make
ULVs with different size, and mixed with
the twice amount of PEG solution to be 0,
20, 40, and 60 mg/mL.

Figure (a) shows the SANS profiles be-
fore the addition of PEG solution, in which
the period of fringes reflects the size of
ULVs. After mixing with PEG solution,
ULVs are reconstructed to be lamellae or
multi-lamellar vesicles (MLVs). Figure (b)
and (c) shows the phase diagram after the
addition of PEG at 323 and 303 K respec-
tively. These phase diagram clearly show

that large molecular weight PEG has a
strong effect on the reconstruction of ULVs,
and the effect is enhanced at 303 K. It
should be noted here that no structural
change was observed when ULV/PEG
mixture at 323 K was cooled down to 303K.
This indicates that the size of ULVs plays
an important role on the ULV reconstruc-
tion.

From these results, we conclude that ex-
clusive volume effect of PEG is the origin of
the ULV reconstruction because large PEGs
and ULVs have large exclusive volume.
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Fig. 1. (a) SANS profiles before the addition of PEG
solution. (b) phase diagram after the addition of
PEG at 323 K. (c) phase diagram after the addition
of PEG at 303 K.
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States of Poly(methyl methacrylate) Monolayers Supported on Substrates in
Non-solvents

Hironori Atarashi(1), Ko-ichiro Hori(1), Naoki Kai(2), Ayanobu Horinouchi(1),
Yoshihisa Fujii(1), Masahiro Hino(3), and Keiji Tanaka(1,2)

1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan
2. Department of Automotive Science, Kyushu University, Fukuoka 819-0395, Japan
3. Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan

Polymeric materials have been widely
used for medical diagnosis and treatment
in such applications as DNA arrays, tips
for micro-total-analysis and scaffolds for
artificial organs. When they are used
in a human body, the surface is contact
with liquid. In such cases, the interfa-
cial structure and properties strongly af-
fect the stability of the materials. We have
hitherto studied aggregation structure of
poly(methyl methacrylate) (PMMA) at the
interfaces with liquids such as water, hex-
ane and methanol by neutron reflectivity
(NR) measurement.[1] As a result, the
liquid/polymer interfaces were diffuse in
comparison with the air/polymer inter-
face, probably due to interfacial roughen-
ing and the partial dissolution of segments
at the outermost region of the film. In this
study, we focused on an ultrathin PMMA
film with a larger surface to volume ratio
so that the swollen structure at the out-
ermost region of the film could be easily
discussed. Deuterated PMMA (dPMMA)
with number-average molecular weight of
296 k was used. A film of dPMMA was
spin-coated onto a quartz block from a
toluene solution. The film thickness was
about 12 nm. The film was annealed for 24
h at 423 K under vacuum.

Figure 1 (a) shows NR curves for the dP-
MMA film under air and methanol. For
clarity, the data set under methanol is off-
set by a decade. The open symbols show
experimental data and solid lines are best-
fitting curves calculated on the basis of the
model scattering length density (b/V) pro-
files shown in the panel (b). The dPMMA
film was swollen under methanol by a fac-
tor of 1.65. Interestingly, it was higher than

that for the 70 nm-thick film, 1.39. [1] Also,
the overall content of methanol for the 12
nm-thick dPMMA film was larger than that
for the 70 nm-thick film.

[1] K. Tanaka, Y. Fujii, H. Atarashi, K. Ak-
abori, M. Hino, and T. Nagamura, Lang-
muir, 24, 296 (2008).

Fig. 1. Figure 1 (a) Neutron reflectivity for a dP-
MMA film under air and methanol. The scattering
length density profiles are shown in (b). For clarity,
the data under methanol is off-set by decade.
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Aggregation States and Dynamics of Poly(methyl methacrylate) at Interfaces with
Non-solvents

Hironori Atarashi(1), Hitoshi Endo(2), Mitsuhiro Shibayama(2), and Keiji Tanaka(1)
1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan
2. Institute for Solid State Physics, The University of Tokyo, Chiba 277-8581, Japan

Polymeric materials have been widely
used for medical diagnosis and treatment
in such applications as DNA arrays, tips
for micro-total-analysis and scaffolds for
artificial organs. When they are used
in a human body, the surface is contact
with liquid. In such cases, the interfa-
cial structure and properties strongly af-
fect the stability of the materials. We have
hitherto studied aggregation structure of
poly(methyl methacrylate) (PMMA) at the
interfaces with liquids such as water, hex-
ane and methanol by neutron reflectivity
(NR) measurement.[1] As a result, the
liquid/polymer interfaces were diffuse in
comparison with the air/polymer inter-
face, probably due to interfacial roughen-
ing and the partial dissolution of segments
at the outermost region of the film. This
means that mobility of chains in the in-
terfacial region is enhanced in compari-
son with that in the internal region, and
motivates us to examine interfacial mobil-
ity. PMMA with number-average molec-
ular weight of 300 k was used as a sam-
ple. Here, PMMA particles were used to
increase the ratio of interface to volume
rather than using a film. Deuterated water
(D2O) and methanol (CD3OD) were used
as liquids. PMMA particles were filled into
a quartz cell with 2 mm optical length.
Normalized intermediate scattering func-
tion (I(q,t)/I(q,0)) for PMMA being con-
tacted with D2O and CD3OD at 293 K were
evaluated by neutron spin echo (NSE) mea-
surement.

Panels (a) and (b) of Figure 1 show
(I(q,t)/I(q,0)) for PMMA in D2O and
CD3OD at q = 0.6 nm-1, respectively. The
open symbols show experimental data and
solid lines are drawn as a guide for eyes.
The I(q,t)/I(q,0) value decreased with in-

creasing time for the both cases. However,
the relaxation behavior was not the same
for each other. Although it is too early to
conclude that the relaxation reflects mobil-
ity of segments at the liquid/polymer inter-
face, the idea could well explain the result.
We will report more conclusive work in the
near future.

[1] K. Tanaka, Y. Fujii, H. Atarashi, K. Ak-
abori, M. Hino, and T. Nagamura, Lang-
muir, 24, 296 (2008).

Fig. 1. Normalized intermediate scattering func-
tions for PMMA (a) in D2O and (b) in CD3OD at
294 K. The Open symbols show experimental data
and solid lines are drawn as a guide for eyes.
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Nano-sized clusters in the mixture of D2O/H2O in the presence of
3-methylpyridine

Hideki Seto and Koichiro Sadakane
High Energy Research Organization

Mixtures of D2O and 3-methylpyridine
(3MP) exhibit a closed-loop type on the T-
φ (φ is a volume fraction of 3MP) phase
diagram and that H2O and 3MP mixtures
do not phase separate at any temperature.
It is also known that the deuteration of
water and pressure have opposite effects
on the phase equilibrium behavior (Z.P.
Visak, et al., J. Phys. Chem. B, 107, 9837
(2003)). These results suggest that the sol-
vation affinities of 3MP with D2O and H2O
are different. However, no definite expla-
nation for this problem exists so far.

Recently, we have performed the prelim-
inary experiment for the mixtures of 3MP
and D2O/H2O are measured by SANS at
CG-2, HFIR, Oak Ridge National Labora-
tory. Then, deuterated 3MP (3MP-d7) was
mixed with 95.9 vol% of D2O and 4.1 of
H2O in order to set the mean neutron scat-
tering length density of water being the
same as that of d-3MP. When the distribu-
tions of D2O and H2O are homogeneous,
no SANS scattering should be observed
even if the distribution of d-3MP is het-
erogeneous. However, the observed SANS
profile indicate the strong scattering cen-
tered at q=0. The profile could be explained
by a scattering function from spherical par-
ticles with Schultz size distribution. The ra-
dius of spherica clusters are about 400 Å.
This result indicates that the demixing of
H2O and D2O is induced by the effect of
d-3MP.

In order to confirm this result, we
again performed the SANS measurement
at SANS-U. Wavelength of indicent neu-
tron was 4.8 Å, the beam size was 5mm
and the distance between the sample po-
sition and the 2D detector was 2m/12m.
The sample was contained in a quartz cell
of 4mm-t. Unfortunately, no clear profiles
were observed in this case since the scatter-

ing intensity was too weak. Therefore, fur-
ther measurements should be done by us-
ing higher flux neutron beam.

Neutron Spin Echo experiments are per-
formed at iNSE in the mixture of wa-
ter, 3MP and NaBPh4. The intermedi-
ated correlation function can be interpreted
with the model proposed by Zilman and
Granek. This evidence verifies the for-
mation of the membrane-like structure by
adding NaBPh4.

Fig. 1. SANS profile of water(D2O+H2O)/3-
methylpyridine.
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Pressure induced disorder/lamellar phase transition in the mixture of
water/organic solvent/salt

Hideki Seto and Koichiro Sadakane
High Energy Research Organization

Binary mixtures of water and an or-
ganic solvent have been intensively inves-
tigated to clarify the universal features of
critical phenomena and phase separation
dynamics. The effect of salt in the bi-
nary mixtures have been widely studied
in terms of the phase behavior, in which
changes of the critical temperature and/or
the closed-loop type miscibilty gap were
observed. The binary mixture of D2O
and 3-methylpyridine (3MP) is one of well-
known systems to show critical phenom-
ena with various types of salt effect. This
binary mixture is completely miscible at
room temperature and becomes immisci-
ble with increasing temperature, and fi-
nally separates into two phases above the
critical temperature associated with critical
phenomena. The critical point of the mix-
ture, D2O and 3MP, lies at φ3MP = 0.3 and
T = 310.3 K, where φ3MP and T are the vol-
ume fraction of 3MP and temperature, re-
spectively. The small-angle X-ray scatter-
ing (SAXS) result by Jacob et al. was in-
terpreted as the nano-sized micro-clusters
exist in one-phase region (J.Jacob, et al.,
Chem Phys Lett., 304, 180 (1999)). The in-
vestigations of the critical phenomenon by
means of dynamic light scattering (DLS)
showed the crossover behavior from 3-
dimensional Ising to mean-field universal-
ity, and were concluded that an additional
length scale exists competing with the cor-
relation length of the concentration fluctu-
ations.

Recently, we have confirmed that the
self-assembling structures at an off-critical
concentration of the binary mixture with
an antagonistic salt, which is composed
of hydrophilic and hydrophobic ion pair
(K. Sadakane, et al., Phys. Rev. Lett.,
103 167803, (2009)) . The system was
the mixture of D2O, 3MP and sodium

tetraphenylborate (NaBPh4). Optical mi-
croscope images of the system showed
the characteristic feature of multi-lamellar
vesicles, whose size was about 10 μm. In-
side the multi-lamellar vesicles, a periodic
structure having a mean repeat distance
of about 100 Å was discovered by means
of SANS. The result clearly indicated a
microphase separation between water and
3MP domains, which is induced by the
presence of the salt. These phenomena
are comparable with the self-assembly in
ternary mixtures of water, oil and surfac-
tant, i.e., microemulsion.

In the system of microemulsion, pres-
sure induced disorder/lamellar phase tran-
sition is known (Y. Kawabata, et al., Phys.
Rev. Lett., 92 056103 (2004)), and it is ex-
pected that similar phenomena is observed
in the mixture of D2O/3MP/NaBPh4.
Threfore, we perforemed SANS measure-
ments by using pressure cell at SANS-
U. D2O and 3MP was mixed at φ3MP =
0.09, where φ3MP is the volume fraction
of 3MP against the whole mixture of D2O
and 3MP, and 85 mM of NaBPh4 were dis-
solved. Temperature was fixed at 321 K.
As a result, disorder/lamellar phase tran-
sition was observed; disordered-structure
changes to lamellar-structure above 100
MPa. We consider that the phenomenon
should be explained in terms of the change
of intermembrane interactions. Also, the
interaction between water and organic sol-
vent (in this case, 3MP) should play the im-
portant role for the phase transition.

Based on this idea, we examined
the pressure dependence of concen-
tration fluctuation in the mixture of
D2O/acetonitrile(AN). In this system,
the phase separation temperature is not
affected by the deuteration (so, contrast
variation experiments will be done in the

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1167

1-5-12

- 130 -

JAEA-Review 2013-040



mixture of water/AN/salt in the future).
D2O and AN was mixed at critical concen-
tration: the volume fraction of AN, φAN, is
0.69. Temperature was fixed at 298 K. As a
result, concentration fluctuation increased
with increasing pressure above 150 MPa.
The similar tendency was also observed
in the mixture of D2O/3MP. Therefore,
it is considered that the solubility of
organic solvent for the water decreases
with increasing pressure. Anyway, further
experiments should be performed for the
mixture of water and organic solvent.
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LCST Phase Behavior of Poly(benzyl methacrylate) in Room-temperature Ionic
Liquid studied by SANS

Shibayama M.(A), Fujii K.(A), Matsunaga T.(A), Ueki T.(B), Watanabe M.(B)
(A) Institute for Solid State Physics, The University of Tokyo. (B) Yokohama National

University

It is well known that a lower critical
solution temperature (LCST)-type phase
behavior in a polymer solution can be
often observed in aqueous medium. We
have recently reported that poly(benzyl
methacrylate), PBnMA shows an LCST
type phase behavior in a hydropho-
bic room-temperature ionic liquid (IL)
such as 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide,
[C2mIm][TFSA].[1,2] In this study, small-
angle neutron scattering (SANS) were
made on the PBnMA in [C2mIm][TFSA]
solution and the LCST phase behavior
was characterized from the structural
viewpoint.

SANS measurements were carried out us-
ing SANS-U spectrometer with the camera
length 2 and 8 m. SANS profiles corrected
for background using an empty cell were
normalized with respect to the scattering
of polyethylene as a secondary standard
material. The SANS profiles thus obtained
were further corrected for the incoherent
scattering to obtain the scattering intensity,
I(q).[3]

Figure 1 shows SANS profiles, I(q)s ob-
served for fully deuterated IL ([C2mim]-
d11[TFSA]) containing 3 wt% PBnMA
polymers in the temperature range of 298
- 373 K. As seen, the I(Q)s were kept practi-
cally unchanged in the temperature range
between 298 and 363 K, while they sud-
denly changed at 363 K. This indicates
that the LCST behavior of PBnMA-IL solu-
tion is a first order phase transition, which
is consistent with dynamic light scatter-
ing (DLS) results. The SANS profiles below
363 K were well represented by theoreti-
cal Debye scattering function (solid line),
and then the radius of gyration, Rg was
estimated to be almost constant, i.e., 40 -

45 　. With regard to T > 363 K, we tried
to reproduce the observed I(q)s by using a
sum of Debye and squared-Lorentz func-
tions. The SANS result obtained here was
compared with those in aqueous Poly(N-
isopropylacrylamide), PNIPAm solutions
as a typical LCST system. It was found that
the specific solvation of PBnMA by solvent
IL plays an essential role on the phase be-
havior.

[1] Ueki T., Karino T., Kobayashi Y.,
Shibayama M., Watanabe M., J. Phys.
Chem. B 2007, 111, 4750.
[2] Ueki T., Watanabe M., Macromolecules
2008, 41, 3739.
[3] Shibayama M., Matsunaga T., and Na-
gao M. J. App. Cryst. 2009, 42, 621.

Fig. 1. SANS profiles observed in the PBnMA-
[C2mim][TFSA] solution at various temperatures.
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Dynamic and Static Structure Analyses of Super-homogeneous Tetra-PEG gel

Sakai T.1, Matsunaga T.2, Shibayama M.2, and Chung U.1
1 Dep. of Bioeng., The University of Tokyo, 2 ISSP, The University of Tokyo, 106-1 Shirakata,

Tokai, 319-1106

A series of model networks consisting
of polyethylene glycol (PEG), Tetra-PEG
gels, have been prepared and their struc-
ture and dynamics have been investigated
by small-angle neutron scattering (SANS),
Static light scattering (SLS) and Neutron
Spin Echo (NSE). The Tetra-PEG gels were
prepared by cross-end coupling of two
types of tetra-arm PEG macromers with the
molecular weights, Mw, of 5 to 40 × 103

g/mol. In SANS regime, the structure fac-
tors of both as-prepared and swollen gels
can be represented by Ornstein-Zernike
type scattering functions and be superim-
posed to single master curves with the re-
duced variables, ξq and I(q)/φ0ξ2, irre-
spective of the molecular weight of tetra-
PEG, where q, ξ, I(q), and φ0 are the mag-
nitude of the scattering vector, the corre-
lation length, the scattering intensity, and
the polymer volume fraction at prepara-
tion, respectively. In SLS regime, how-
ever, a power-law type upturn was ob-
served, indicating the presence of PEG
chain clusters. Interestingly, these inhomo-
geneities disappear by swelling.// The fol-
lowing facts are disclosed: (1) The TAPEG
macromer solutions, consisting of tetra-
arm polymer chains, are not interpenetra-
ble due to the presence of end groups,
and the individual chains behave as hard
spheres. Hence, the radius of gyration,
Rg scales with φ−1/3

0 . (2) The structure
factors of both as-prepared and swollen
gels in SANS regime can be represented
by Ornstein-Zernike type scattering func-
tions and be superimposed to single mas-
ter curves, irrespective of the molecular
weight. (3) However, in SLS regime, a
steep upturn was observed in SANS curves
in as-prepared Tetra-PEG gels, indicating
the presence of PEG chain clusters or de-
fects. A master-curve relationship holds

also in SLS regime for a gel having the same
molecular weight, indicating a self-similar
network structure in Tetra-PEG gels. (4)
The upturn in scattering intensity is as-
signed to be a clustered structure as is of-
ten observed in PEG in water and/or net-
work defects. The upturn is suppressed by
increasing Mw due to a formation of more
regular network structures with less inho-
mogeneities. It is concluded that Tetra-PEG
gels have no noticeable entanglements, but
have self-similar structures with respect to
Mw, and form ideal tetrafunctional poly-
mer networks, provided that Mw is high
enough (≈ 40 × 103).
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Fig. 1. (a) SANS as well as SLS intensity functions
for Tetra-PEG gel-5k prepared at various concentra-
tions, φ0 s. The missing q region is indicated by the
vertical dashed line. (b) Scaled plots, I(q)/φ0ξ2 and
ξq.
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Chain conformation of highly-purified ring polymer in bulk and the blending effect
of linaer polymers

Atsushi takano, Yutaka Ohta and Yushu Matsushita
Nagoya University

A ring polymer has characteristic structure
with no chain ends and it is considered as
a model polymer to clarify the topological
effect on physical properties such as chain
conformations, viscoelastic properties and
so on. Recently the molecular weight (Mw)
dependence of radius of gyration (Rg) for
ring polymers in bulk is of much interest by
scientists theoretically and experimentally.
The Rg of polymer molecule can be scaled
with the Mw in the general form as
Rg ? Mwv
The v value for linear polymers in bulk
is 1/2, where the polymer chains can be
regarded as an ideal chain. On the other
hand, it is considered that the conforma-
tions for ring polymers in bulk do not
obey the ideal chain statistics because the
chain ends are connected. Arrighi et al. re-
ported that the v value for ring polymers
in melt is also 0.42 by SANS experiment,
though the molecular weights of the ring
polymers are fairly low as M<10k, and
moreover the amount of linear contami-
nation was not clarified [1]. In this study
we have synthesized a series of highly-
purified ring polystyrenes with molecu-
lar weights ranging 16k<Mw<380k, the
radii of gyration were measured in bulk by
small-angle neutron scattering (SANS) and
molecular weight dependence of Rgs of the
ring polymers were investigated.

Synthesis of ring polystyrenes was
carried out by the same procedures re-
ported previously [2]. Purified ring poly-
mers were obtained firstly by SEC frac-
tionation and secondly by fractionation us-
ing liquid chromatography at the criti-
cal condition (LCCC). Four pair of hydro-
genated/deutrated highly-purified rings
with molecular weights of 16k, 40k, 110k
and 380k were prepared. The purities of
rings were checked by LCCC and it was

confirmed that all ring samples have high
purity over 95%. SANS measurements of
bulk film samples were performed by us-
ing SANS-U spectrometer (ramda=0.70nm)
at ISSP, Tokai.
Relationship between Rg and Mw forring

polymers are plotted in Figure 1. It was
found that Rg of ring polymer can be scaled
with Mw as Rg ∝ Mw0.38 in bulk, which
were relatively weaker molecular weight
dependence than linear ones. This scaling
exponent is slightly smaller than the exper-
imental result by Arrighi et al, and located
between the predicted value by Cates and
Deutsch (v =2/5) [3] and the other one by
Suzuki et al. (v =1/3) [4].
References
[1] V. Arrighi et al., Macromolecules 37,
8057-8065 (2004)
[2] D.Cho et al., Polym. J. 37, 506?511 (2005)
[3] E. Cates and J. M. Deutsch, J. Phys. 47,
2121 (1986)
[4] J.Suzuki et al. J. Chem. Phys. 129, 034903
(2008)

Fig. 1. Figure 1. Relationships between Rg and Mw
of ring polystyrenes in bulk.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1202

1-5-15

- 134 -

JAEA-Review 2013-040



1. 6

1. Neutron Scattering  6 Biology

- 135 -

JAEA-Review 2013-040



 

This is a blank page. 



Neutron Diffraction Study of Porcine Pancreatic Elastase under Active
Conditions

T. Tamada, T. Kinoshita1, T. Ohhara, K. Kurihara, T. Tada1 and R. Kuroki

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Graduate School of Science, Osaka Prefecture University, Sakai, Osaka 599-8531

Porcine pancreatic elastase (PPE) is a ser-
ine protease classified in the chymotrypsin
family that is possibly the most destructive
enzymes having the ability to degrade virtu-
ally all of the connective components in the
body. Uncontrolled proteolytic degradation
by pancreatic elastase (EC 3.4.21.36) causes
the fatal disease pancreatitis. We have al-
ready determined the complex structure be-
tween PPE and its peptidic inhibitor at JRR-
3 in JAEA by neutron crystallography.1),2)

This neutron structure elucidated the tetrahe-
dral intermediate state of catalysis by serine
protease. For further clarification of catalytic
mechanism of serine protease, we carried out
the neutron diffraction analysis of PPE only
at active conditions (pD8.0).Last fiscal year,
we collected the 2.3 Å neutron data using a
crystal with a size of 1.3 mm3. Here we report
the collection of higher resolution data using
a larger crystal of PPE.
A macro-seeding procedure was repeatedly

performed during three months by adding mix
solution of protein and precipitant in deuter-
ated buffer (pD8.0) to a seed crystal pre-
pared under acidic condition (pH5.0). Fi-
nally, a seed crystal was grown to the size of
3.3 mm3. Diffraction data were collected at
room temperature using monochromatic neu-
tron beam (λ = 2.9 Å) and recorded on a
neutron imaging plate on BIX-3 diffractome-
ter at JRR-3 in JAEA. The total rotation
range of 86.4̊ was covered by 288 oscillation
images with exposure time of 4 h./image by
step scanning method with an interval angle
of 0.3̊ . Data were processed with the pro-
grams DENZO and SCALEPACK. Full data
set was integrated and scaled to 1.9 Å resolu-
tion. The number of observed reflections was
31,974 which were merged into 16,094 unique
reflections with an Rmerge of 0.093 and a

completeness of 87.1 %. Crystallographic re-
finement of the 1.9 Åneutron structure was
perfomed by the program PHENIX in a joint
refinement with 1.3 ÅX-ray diffraction data
collected at room temperature from the same
crystal. The final model, including a total of
4,241 atoms (H and D atoms: 2,195, non-H
and D atoms: 2,046) was refined to a crystal-
lographic R-factor of 17.2 % (free R-factor =
22.3 %) to 1.9 Å resolution. Hydrogen posi-
tions at active site was clearly confirmed on
nuclear densities (Figure 1).

　

Figure 1: Nuclear densities at active sites. The FoFc
omit map were caculated without H/D atoms. Deep:
+3σ, Light: -2.5σ.

　

References
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Dynamic of Water Molecule in a Crowding Environment Studied by Neutron
Quasi-Elastic Scattering

H. Nakagawa

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

The cytoplasm of a living cell is crowded
with small molecules and macromolecules
[1]. The molecular crowding affects protein-
protein interactions and diffusion, which are
relevant to the biologically important phe-
nomena in the cells. The dynamics of wa-
ter molecule is affected by a confined envi-
ronment. Thus, hydration water dynamics in
biological cells should be affected by molec-
ular crowding. The hydration water should
be closely related to protein-protein associa-
tion. Here, I studied the water dynamics in
the crowding condition by inelastic neutron
scattering experiment. I examined effects of
molecular crowding on water molecule by us-
ing glycerol, which is concentrated solution of
a model“crowding agent”. I studied the dif-
fusive character of water by quasi-elastic neu-
tron scattering with various concentrations of
glycerol solution. The scattering from water
in glycerol solution was estimated by the sub-
traction of the scattering profile of D2O so-
lution with deutrated glycerol from the H2O
solution with deutrated glycerol. The quasi-
elastic scattering experiments were performed
with the triple axis spectrometer, LTAS, in
the JRR-3M reactor in Tokai with an en-
ergy resolution of about 90 μ eV. The width
of quasi-elastic scattering (Γ) was estimated
fitted with single Lorentzian model function
convoluted with the resolution function of
spectrometer, which was obtained from vana-
dium measurements. Figure shows the Γ at
various mass fractions of water. Γ gradually
increases as a function of a mass fraction of
water. This suggests that the dynamics of
water molecule at higher glycerol concentra-
tion would be restricted by the more crowded
environment. The protein function needs mo-
bility of hydration water around protein sur-
face. Some organisms can survive at drought
environment by a strategy of anhydrobiosis,

in which an organism loses virtually all of its
free intracellular water and ceases metabolism
but remains capable of revival after rehydra-
tion [2]. This study indicates that neutron
scattering experiment is useful for studying
water dynamics in the cell with crowding con-
dition. Therefore, the dynamics of cell water
should be examined in more detail not only
in vitro but also in vivo.
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Figure 1: The width of quasi-elastic scattering as a
function of mass fraction of water.
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Determination of Lipid Transfer Activity of Phospholipid Transfer Proteins by
Time-Resolved SANS

M. Nakano(A), M. Fukuda(A), Y. Wada(A), M. Kaihara(A), H. Endo(B)
(A)Graduate School of Pharmaceutical Sciences, Kyoto Univ., (B)ISSP-NSL, Univ. of Tokyo

Biological membrane traffic is im-
portant for cell growth, development
and survival [1]. Quantitative com-
prehension of membrane lipid dynam-
ics is therefore a key challenge in bio-
physics and cell biology. Phosphatidyl-
choline/phosphatidylinositol transfer pro-
teins (PITPs) play crucial roles in intra-
cellular vesicular transport and in regula-
tion of phospholipid synthesis. PITPs have
shown to transport phosphatidylcholine
and phosphatidylinositol between vesicles
in vitro. However, the relevance of the
lipid transfer activity to its cellular func-
tions remains unclear.

We have established the method deter-
mining the rates of interbilayer exchange
and flip-flop of phospholipids in large
unilamellar vesicles (LUVs) by time-
resolved small-angle neutron scattering
(TR-SANS) technique [2]. This method
has demonstrated that 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC) repre-
sents very slow dynamics: The half time
of the intervesicular transfer of POPC is
ca. 90 h and that this lipid do not flip-flop
spontaneously [3]. In this study, lipid
transfer was monitored by TR-SANS in the
presence of PITP to determine the lipid
transfer activity of the protein.

LUVs (diameter of ca. 100 nm) con-
sisting of deuterated (D-LUV) or hydro-
genated POPC (H-LUV) were prepared by
extrusion method. Sec14, a PITP from Sac-
charomyces cerevisiae was provided from
Prof. V. Bankaitis (Univ. North Carolina at
Chapel Hill). TR-SANS measurement was
started immediately after mixing equiva-
lent volume of D- and H-LUVs (35 mM
POPC) in Tris buffered saline with 30%
D2O in the presence and absence of Sec14.
Time-course of the normalized contrast
was calculated from the scattering inten-

sity.
Contrast decay profiles for POPC LUVs

are shown in Fig. 1. The decay became
faster as the concentration of Sec14 in-
creased, suggesting that Sec14 transports
POPC between particles. The decay pro-
files could be fitted by double-exponential
function but not by single-exponential
function. This implies that the membrane
affinity of the protein is different between
lipid-bound and lipid-free states.

References
[1] J. C. M. Holthuis and T. P. Levine, Nat.
Rev. Mol. Cell Biol. 6 (2005) 209.
[2] M. Nakano, M. Fukuda, T. Kudo, H.
Endo, T. Handa, Phys. Rev. Lett. 98 (2007)
238101.
[3] M. Nakano, M. Fukuda, T. Kudo, N.
Matsuzaki, T. Azuma, K. Sekine, H. Endo,
T. Handa, J. Phys. Chem. B 113 (2009) 6745.

Fig. 1. Contrast decays of POPC LUVs after mixing
D- and H-LUV at 37°C in the absence and presence
of Sec14 with different concentrations. Solid curves
are fitting curves of double-exponential function.
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Structual Investigation on Proteasome α7 ring in solution

Masaaki Sugiyama, Eiji Kurimot*, Toshiharu Fukunaga, Koichi Kato*
Research Reactor Institute Kyoto University, Nagoya City University*

The 20S proteasome is known as a de-
grading factory for an unnecessary pro-
tein and then plays a very important role
in protein-metabolic and immune systems.
This huge complex protein has a hollow
cylindrical shape consisting of four rings,
α, β, β, α-rings. Both α and β rings are hep-
tamers with α1-α7 subunits and β1-β7 ones,
respectively. It has been reported that α7
subunits in the solution also make a (homo)
heptamer ring similar to a true (hetero) α-
ring and then two rings make one dimer[1],
which we call ”double ring”. But the de-
tailed structure of this double ring is not
clarified. Therefore, we perfomed SANS
experiment of proteasome α7 ring solution
in order to solve the packing structure in
detail.

The SANS experiment was carried out
with SANS-U spectrometer of ISSP of Uni-
versity of Tokyo installed at JRR-3 of JAEA.
The sample was proteasome α7 solution
with the concentration of 5mg/ml. The ob-
served SANS intensity was corrected for
background, cell, buffer scattering, and
transmission factor.

Fihure 1(a) shows structural parameters
of packing structure of double ring: L is a
radius of a ring and D is a distance between
two rings. Figure 1(b) shows the observed
SANS profile and some simulated SANS
curves of which L is 42 Å and D is varied
from 35 to 45 Å. As you can see from Fig. 2,
the best compromised values are D of 35 Å
in L of 42 Å: With the other value of L, the
SANS curves show the larger divation in
all D values. With this structure model,
analysis of a subunit exchange kinetics are
now in progress.

Reference
81) M.Sugiyama, K.Hamada, K.Kato,
E.Kurimoto, K.Okamoto, Y.Morimoto,
S.Ikeda, S.Naito, M.Furusaka, K.Itoh,

K.Mori, and T.Fukunaga, Nucl. Inst.
Method A, 600 (2009) 272-274.

Fig. 1. Figure 1. (a)Structure parameters of a double
ring.(b) Experimental and simulated SANS profiles
of proteasome α ring.
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Development of Jamin-Type Cold Neutron Interferometer
with Complete Path Separation

Y. Seki(A), M, Kitaguchi(B), M. Hino(B), H. Funahashi(C),
Y. Otake(D), K. Taketani(E), H. M. Shimizu(E)

(A)Kyoto Univ., (B)KURRI, (C)Osaka Electro-Communication Univ., (D)RIKEN, (E)KEK

We have succeeded in developing a new
large-dimensional multilayer interferome-
ter for cold neutrons, in which the two
paths are completely separate for the first
time.

Our Jamin-type interferometer (Fig. 1
(Top)) consists of two “beam splitting
etalons” (BSEs) [1], which contains two
multilayer mirrors parallel to each other
with a set of spacers. The BSEs enable us to
align the four independent mirrors with re-
quired accuracy. The thickness of the spac-
ers of previous BSEs were, however, only
9.75 μm, a distance much narrower than
the incident beam width, so that the two
paths of the interferometer almost over-
lapped. This disadvantage limited range
of the application of multilayer interferom-
eter.

To solve this problem, we have fab-
ricated new BSEs with 189 μm spac-
ers. A demonstration of the interferom-
eter with these BSEs was performed at
the monochromatic cold neutron beamline
MINE2 on the JRR-3 reactor in JAEA. The
mean wavelength of the beam was 0.88
nm with a bandwidth of 2.7% in FWHM.
As shown in Fig. 1 (Middle), the beam
profile confirms that the two paths of
the interferometer are completely separate.
We have also observed clear interference
fringes with a contrast of 67 ± 4% at maxi-
mum (Fig. 1 (Bottom)). The interferograms
were obtained by scanning the phase of the
oscillating magnetic field in π flipper.

With complete path separation, we can
perform various experiment in some con-
figurations: the insertion of phase objects
into the one-side path, the enclosure of de-
vices between the two paths, and phase dif-
ferences depending on the area enclosed
by the two paths. One of such exper-

iments is the precision measurement of
the Aharonov-Casher (AC) effect, in which
electrodes to induce the phase difference
are inserted between the two path. Our in-
terferometer with long paths is more sen-
sitive to the AC phase than silicon neutron
interferometers. We are also trying to apply
BSEs to white neutron beam with super-
mirrors fot high intensity measurements of
the AC effect at J-PARC.
References [1] M. Kitaguchi et al.: Phys.
Rev. A 67 (2003) 033609.

Fig. 1. (Top) Jamin-type interferometer with two
BSEs, (Middle) Beam profile of the two separated
paths between the two BSEs, (Bottom) Intererence
fringes with a contrast of 67%.
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Development of cold neutron interferometer for pulsed source

M. Kitaguchi(A), M. Hino(A), H. Funahashi(B), Y. Seki(C), K. Taketani(D), and
H.M.Shimizu(D)

(A)KURRI, (B)Kyoto Univ., (C)RIKEN, (D)KEK

Neutron interferometry is a powerful tech-
nique for studying fundamental physics. A
large dimensional interferometer for long
wavelength neutrons has the advantage to
increase the sensitivity to small interac-
tions. Such a kind of interferometer was re-
alized by using multilayer mirrors. Multi-
layer mirror is suitable for Bragg reflection
of cold neutrons. We demonstrated Jamin-
type interferometer for cold neutrons using
beam splitting etalons (BSEs), which en-
ables us to align the four independent mir-
rors within required precision [1]. The BSE
contains two parallel mirrors. A couple
of the BSEs in the Jamin-type interferome-
ter separates and recombines the two paths
spatially. A neutron supermirror is one of
the multilayer with continuous lattice con-
stants, which reflects the wide range of
the wavelength of neutrons. The BSEs with
neutron supermirrors enable us to arrange
Jamin-type geometry of the interferome-
ter for white neutrons. The interferometer
can be applied to pulsed neutrons by us-
ing the BSEs with supermirrors. Such inter-
ferometer increase the neutron counts for
high precision measurements, for example,
Aharonov-Casher effect. Wevelength de-
pendence of the interaction in the interfer-
ometer also can be measured by the time of
flight detection for pulsed neutrons.
We have already performed test experi-
ments using polychromatic mirrors with
two different lattice constants. We fabri-
cated two polychromatic mirrors with in-
termediate gap layer on the top of Si sub-
strate continuously. This device enabled
us to provide two separated paths of the
Jamin-type interferometer for two wave-
length of neutrons. We observed clear in-
terference fringes at the two different inci-
dent angles, which were corresponding to
the two multilayers in the polychromatic

mirror, at cold neutron beam line MINE2 at
the JRR-3 reactor in JAEA.
Polarization interferometer was used for
the performed experiments. One of the two
mirrors on the BSE is a polarizing mirror
and each path corresponds to a spin com-
ponent. We have installed the polarization
devices into cold neutron beam line BL05
low divergence branch in MLF at J-PARC.
We have observed TOF interference fringes
for pulsed neutrons by using the devices
which synchronized with neutron produc-
tion, without BSEs. The experiments using
BSEs with supermirrors are started now.
We are also planning the experiments us-
ing the interferometer as one of fundamen-
tal physics investigations at J-PARC.

[1] M. Kitaguchi, et. al., Phys. Rev A 67
(2003) 033609.

Fig. 1. TOF interference fringes at BL05 in MLF at
J-PARC
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Influence of Interfacial Roughness Correlation on Reflectivity
of Neutron Multilayer Mirrors

R. Maruyama, D. Yamazaki, T. Ebisawa, and K. Soyama

J-PARC Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195

Multilayer structures consisting of alternat-
ing Ni and Ti layers are widely used for neu-
tron optical elements such as supermirrors.
Deposition techniques such as adding various
materials to the Ni and Ti layers using mag-
netron and ion-beam sputtering have been
employed and demonstrated to be effective
in the realization of higher reflectivity, larger
critical angle, and lower diffuse intensity.

We have tested the technique of adding car-
bon atoms to the nickel layer and demon-
strated that the reflectivities at critical an-
gles for NiC/Ti supermirrors with m = 3, 4,
and 6 are improved up to 0.90, 0.80, and 0.40,
respectively1). The diffuse intensity form a
NiC/Ti supermirror was found out to be lower
than that from a Ni/Ti supermirror by more
than one order of magnitude. In order to
obtain insight into the mechanism that con-
trols the diffuse intensity from a supermir-
ror, we have investigated the crystal and in-
terface structure of Ni/Ti and NiC/Ti mul-
tilayers and demonstrated that a multilayer
with a large vertical correlation length and
a small lateral correlation length effectively
suppresses the diffuse intensity from a su-
permirror. This result implies that the lat-
eral and vertical correlations and the degree
of jaggedness as well as the interface rough-
ness need to be taken into account in the
reflectivity analysis of a neutron multilayer
mirror2). Figure 1 shows the reflectivity pro-
files of Ni/Ti and NiC/Ti multilayers consist-
ing of 350 layers with a distribution of bi-
layer thickness of 10 ≤ d ≤ 17 nm. The re-
flectivity of the NiC/Ti multilayer is slightly
higher than that of the Ni/Ti multilayer by
0.02 ∼ 0.03. This tendency is also seen in
the reflectivity profiles of the supermirrors.
If this results from the difference in the in-
terface roughness of the Ni/Ti and NiC/Ti
multilayers, a larger difference in the reflec-
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Figure 1: Neutron reflectivity profiles of the Ni/Ti
(•) and NiC/Ti (◦) multilayers consisting of 350 lay-
ers with a bilayer structure in which thickness is dis-
tributed in the range 10 ≤ d ≤ 17 nm. The solid line
indicates the calculated reflectivity profile. The inset
shows the reflectivity profiles at the Bragg peak on an
enlarged scale.

tivity should be found at a higher momentum
transfer range. Since the reflectivity differ-
ence between the multilayers is very small at
the higher momentum transfer range up to
1.2 nm−1, reflectivity difference should be at-
tributed to other factors such as the difference
in the lateral and vertical correlation length,
not to the difference in the interface rough-
ness.
In order to investigate the effect of inter-

facial roughness correlation to neutron re-
flectivity, formulas have been derived accord-
ing to the perturbation theory using the
second-order distorted wave Born approxima-
tion (DWBA)3,4). In this study, the effect of
interfacial roughness correlation on neutron
reflectivity in a neutron multilayer mirror is
investigated using the reflectivity calculation
based on the distorted wave Born approxima-
tion.
The derivation of formulas for specular re-

flection is shown in our previous publication5).
Neutron reflectivity calculation was per-

原子炉：JRR-3 装置：SUIREN(C2-2) 分野：中性子散乱（装置）

1-8-1

- 147 -

JAEA-Review 2013-040



formed for different parameters of the inter-
face where the sample was assumed to be a
Ni/Ti multilayer consisting of 30 layers with
a bilayer thickness of 10 nm. The effect of
interfacial roughness is shown in Fig. 2(a).
The solid and broken lines, respectively, indi-
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Figure 2: Calculated reflectivity profiles for a Ni/Ti
multilayer consisting of 30 layers with a bilayer thick-
ness of 10 nm. (a) solid line, σ = 0; broken line, the
NC factor with σ = 0.60 nm; dotted line, the pertur-
bation up to l = 1 with σ = 0.60 nm. (b) solid line, the
perturbations up to l = 1 with σ = 0.60 nm; broken
line, the perturbations up to l = 2 with σ = 0.60 nm,
ξ‖ = ∞, and c⊥ji = 0; dotted line, the perturbations
up to l = 2 with σ = 0.60 nm, ξ‖ = ∞, and c⊥ji = 1.
The insets show the reflectivity profiles at the Bragg
peak on an enlarged scale.

cate the reflectivity profiles for the interface
roughness σ = 0 and 0.60 nm, which are ob-
tained by the recursive formalism6). The in-
terface roughness is included in the Fresnel
coefficients proposed by Névot and Croce7).
These are compared with the perturbation up
to l = 1 (very small value of the lateral corre-
lation length ξ‖) with σ = 0.60 nm (the dotted
line). The reflectivity profile of the first per-

turbation is in good agreement with that of
the recursive formalism with the NC factor.
This may be reasonable since the roughness
of the individual interfaces is independently
taken into account in the perturbation up to
l = 1, which can be regarded as the same
treatment as the multiplication of the NC fac-
tor.
The effect of roughness correlation is shown

in Fig. 2(b). The reflectivity profile obtained
by the perturbation up to l = 1 (the solid
line) is compared with those up to l = 2
with ξ‖ = ∞, c⊥ji = 0 (the broken line) and

ξ‖ = ∞, c⊥ji = 1 (the dotted line), where c⊥ji
is the replica factor between interfaces j and
i (j �= i). As expected in the above deriva-
tion, the difference in reflectivity is seen for
ξ‖ = ∞ where the perturbation with l = 2
cannot be neglected. The decrease in reflec-
tivity by 0.05 in the Bragg peak at q = 0.65
nm−1 is observed for the perfectly correlated
interfaces (c⊥ji = 1), whereas the effect of the
roughness correlations within the same inter-
face on reflectivity is very small (c⊥ji = 0).
Neutron reflectivity calculation based on

the second-order DWBA has been performed
for a Ni/Ti multilayer. The effect of the
roughness correlation on reflectivity was ob-
tained for the extreme conditions of the lat-
eral and vertical correlations. The reflectivity
decreases only in the Bragg peak for perfectly
correlated interfaces, whereas the decrease in
reflectivity is very small for interfaces with
no vertical correlation. The calculations need
to be performed for different sample param-
eters to test the applicability of the formulas
to measured reflectivity data.
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Development of a High-Spatial-Resolution Neutron Detector with
Wavelength-Shifting Fibre Read Out

T. Nakamura, M. Katagiri, K. Toh, K. Sakasai and S. Soyama

Neutron Instrumentation Section, Materials and Life Science Division, J-PARC Center, Tokai
319-1195

The neutron image detector for energy-
selective neutron radiography at a pulsed
source is one of the challenging subjects be-
cause a high spatial resolution and temporal
resolution are required for time-of-flight mea-
surements. The specifications required for
such detectors are generally a spatial resolu-
tion of better than 50 μm, a temporal resolu-
tion of several μs, a gamma sensitivity of less
than 10−5 and a detector efficiency of 50 %
for thermal neutrons. The goal of our devel-
opment is to develop a detector that fulfills
such specifications.
To achieve a spatial resolution less than 1

mm we introduced a fibre-optic taper(FOT)
into the iBIX detector 1). The neutron-
detection head of the iBIX detector consisted
of the scintillator and the wavelength-shifting
(WLS) fibres for light collection. The FOT
was implemented in between the scintillator
and WLS fibres to magnify the light image,
thus improving the spatial resolution.
To increase the neutron-sensitive area we

implemented a largersized FOT and a in-
creased number of read-out fibers. A num-
ber of fibers in the x and y direction were
increased from 16 to 128 whilst the types of
WLS fibers, BCF99MC and BCF92AMC, re-
mained the same as before 2). The neutron-
sensitive area bacame 314 mm2. This detec-
tive area would fulfill most of the require-
ments in our experiments. The size of the
effective pixel on a scintillator screen became
0.167 × 0.167 mm2 with the aid of the FOT
whilst the physical size of the pixel was deter-
mined by the side length of the fibre, which
was 0.5 × 0.5 mm2.

The measurement of the beam edge profile
revealed that the prototype detector exhib-
ited a spatial resolution of 0.26 ± 0.07 mm.
This result was consistent with that with the

demonstrator detector 2). On the other hand
the detector efficiency decreaed to 60% rel-
ative to that with the demonstrator detector
for a neutron wavelength of 4 A. This decrease
was understood by the larger light loss for the
longer FOT, i.e. less light collection efficiency
for larger FOT.

Figure 1 shows the measured neutron beam
profile when the detector was covered with the
cadmium mask with several holes. The detec-
tor clearly measured the beam profiles with
a resonable spatial resolution, demonstrating
the detector with a sperior imaging capability.

Figure 1: Neutron beam profile measured with the
Cadmium mask with holes.
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Visualization of Electric Current by Neutron Spin Phase Contrast Imaging

S. Tasaki, Y. Iwata, T. Tanaka, Y. Abe, M.Hino(A)
Department of Nuclear Engineering, Kyoto University, (A)Research Reactor Institute, Kyoto

University

Neutron spin phase contrast (NSPC)
imaging is a method to visualize the mag-
netic field integral along the trajectory of
neutron. The principle of NSPC is to mea-
sure additional phase difference between
spin eigenstates of Larmor precessing neu-
tron, by means of neutron spin interfer-
ometry. In NSPC imaging, neutron inten-
sity changes sinusoidally,via the phase dif-
ference of incident neutron. When mag-
netic field exist on the way of neutron, the
sinusoidal curve is shifted, and the shift
is proportional to the magnetic field inte-
gral. Moreover, the contrast (visibility) of
the sinusoidal curve may change depend-
ing on the homogeneity and direction of
the magnetic field. In the present study, we
apply NSPC method to measure magnetic
field induced by electric current, to develop
NSPC imaging to visualize electric current
distribution.

As a sample, an Al-cylinder with 10mm-
diameter and 20mm-length sandwiched by
Cu plate is adopted. The electric current
flows along with the cylinder. Such cur-
rent produces the magnetic field propor-
tional and inversely proportional to the dis-
tance from the center of the cylinder, inside
and outside of the Al-cylinder, respectively.
Neutron experiments were performed at
C3-1-2-2(MINE-2) beam port of JRR-3M in
JAEA. Wavelength of the neutron beam is
0.88nm (λ/δλ =2.7%), available beam size
is 10mm in width and 30mm in height. In-
cident neutron is polarized vertically with
5Q-supermirror polarizer fabricated with
Ion Beam Sputtering system in KUR. Then
the spin of the neutron is half flipped with
resonance neutron flipper. In the middle
of the set-up, PI-flipper is installed in order
to cancel outer magnetic field and to intro-
duce phase difference φ between two spin
states of neutron. The sample is located

after the PI-flipper and then PI/2-flipper
and spin analyzer is set for analyzing the
phase of neutron spin wave. Neutron spin
analyzer is a V-shape polarizer with 5Q-
polarizing supermirror and the transmitted
neutron is measured with 2D-RPMT with
Li-glass scintillator. Interference fringe is
obtained from the change of neutron in-
tensity via the phase between neutron spin
states.

An example of measured results is
shown in Fig.1. The electric current
through Al-rod is 7.5A. The measurements
were performed for other values of φ, and
the phase induced by the magnetic field
caused by the electric current is to be an-
alyzed.

Fig. 1. An example of measured result. Neutron dis-
tribution changes as the phase difference between
two spin eigenstates of neutron, introduced via res-
onance spin flippers.
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Development of MIEZE spectrometer for pulsed neutrons

M. Kitaguchi(A), M. Hino(A), Y. Kawabata(A), S. Tasaki (B), R. Maruyama(C), T.
Ebisawa(C)

(A)KURRI, (B)Kyoto Univ., (C)JAEA

Neutron spin echo (NSE) is one of the
techniques with the highest energy resolu-
tion for quasi-elastic scattering by measur-
ing rotation of the neutron spin[1]. In neu-
tron resonance spin echo (NRSE), two reso-
nance spin flippers (RSFs) replace a homo-
geneous static magnetic field for spin pre-
cession in the conventional NSE[2]. MIEZE
spectrometer is a kind of resonance spin
echo, which has the advantage to investi-
gate the dynamics of magnetic samples, be-
cause of selectivity of the magnetic scatter-
ing. We have already demonstrated MIEZE
spectrometer with high frequency RSFs.
Clear MIEZE signals was observed at cold
neutron beam line MINE1 in JRR-3 at
JAEA. The effective frequency was 600 kHz
and the contrast of the MIEZE signal was
0.58[3].
Now we have applied the MIEZE to pulsed
source. The RSFs and the devices for
MIEZE spectrometer was set on a beam
branch of BL05 NOP beam line in MLF at
J-PARC. At the branch pulsed cold neutron
beam with the wavelength from 0.3nm to
1.0nm is provided with fine beam diver-
gence. The RSF can be applied pulsed neu-
trons by using the dumping amplitude of
RF magnetic field synchronized with the
time of flight of the neutrons[4]. In the case
of pulsed neutrons, the contrast of MIEZE
signal is always high for all time channel
of detector because the beam in each wave-
length region is monochromatic due to the
pulsed source. We observed clear MIEZE
signals with the effective frequency from
0.5 kHz to 600 kHz.
We demonstrated MIEZE spectrometer for
pulsed neutrons. We are continuing to
develop MIEZE spectrometer for pulsed
source for practical uses. We are now dis-
cussing to build a neutron spin echo spec-
trometer at J-PARC[5].

REFERENCES:
[1] F.Mezei, Z. Phys. 255 (1972) 146.
[2] R.Gaehler, R. Golub, Z. Phys. B65 (1987)
43.
[3] M.Kitaguchi, et. al., Physica B, 404
(2009) 404.
[4] H.Hayashida, et. al., Nucl. Instr. and
Meth. A 574, (2007) 292.
[5] Y.Kawabata, et. al., Nucl. Instr. And
Meth. A574 (2006) 1122.

Fig. 1. MIEZE spectrometer at BL05 and MIEZE sig-
nal with the frequency of 0.5kHz
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Structural Analysis on Iron-Based Superconductor Pr1111 System with Oxygen
Deficiency and Flourine Substitution

K. Kodama1,2, M. Ishikado1,2, F. Esaka3, A. Iyo2,4, H. Eisaki2,4 and S. Shamoto1,2

1Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195
2JST, Transformative Research-Project on Iron Pnictides (TRIP), Tokyo 102-0075

3Nuclear Science and Engineering Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195
4Nanoelectronics Research Institute, National Institute of Advanced Industrial Science and Technology,

Tsukuba, Ibaraki 305-8562

In iron-based high-Tc superconductor, so-
called 1111 systems, the superconductivity is
induced by the partial substitution of flourine
for oxygen and the oxygen deficiency which
dope electrons to conducting bands formed
by Fe 3d orbitals.1) However, several studies
may indicate that the doping level of electrons
is not solitary parameter to control the elec-
tronic state and the superconducing transi-
tion temperature Tc, and the structural pa-
rameters are also important. We have per-
formed sturctural analyses on PrFeAsO1−y

and PrFeAsO1−xFx in order to obtain infor-
mation on the role of structural parameters
to the electronic state and superconductivity
in the iron-based superconductors.2)

In Fig. 1, Tc of both systems are plot-
ted as functions of electron-doping level, δ,
which are determined accurately from the oc-
cupancies of O or O1−xFx sites. Tc-δ curve

0.0 0.1 0.2 0.3 0.4
δ

T 
  (

K
)

60

50

40

30
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0

PrFeAsO     Fx1-x

PrFeAsO     1-y

c

Figure 1: Tc of PrFeAsO1−y and PrFeAsO1−xFx de-
termined by measurements of superconducting shield-
ing diamagnetism, are shown by open circles and
squares, respectively.

of PrFeAsO1−y obviously deviates from the
curve of PrFeAsO1−xFx, indicating that the
Tc value is not determined only by δ-value, at
least, in so-called 1111 system even if the sys-

8.62

8.60
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c 
(Å

)

3.985

3.980
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3.970

3.975

a (
Å

)
0.0 0.1 0.2 0.3

δ

PrFeAsO    F1-x x

PrFeAsO1-y

Figure 2: Lattice parameters of a (bottom panel) and
c (top panel) of PrFeAsO1−y and PrFeAsO1−xFx are
shown by the cirlces and squares, respectively. The su-
perconducitng and non-superconducting samples are
shown by the closed and open symbols.

tem consists of identical lanthanide element.
In Fig. 2, the lattice parameters a and c

of both systems are plotted as functions of
δ. At similar δ-values, the values of a (c) of
PrFeAsO1−y are larger (smaller) than the val-
ues of PrFeAsO1−xFx. We note that even the
parent compounds in both systems have dif-
ferent lattice parameters although they has
very similar composition of PrFeAsO0.989 and
PrFeAsO0.988. The structural parameters of
FeAs layer are also different between both sys-
tems with similar δ. These results suggest
that the difference of structural parameters of
FeAs layer is the origin of the discrepancy of
Tc-δ curves of both systems and the Tc-value
in the 1111 system is sensitive to the struc-
tural parameters.

References

1) for example, Y. Kamihara et al. : J. Am. Chem.
Soc. 130, 3296 (2008).

2) Kodama et al. : submitted to J. Phys. Soc. Jpn.

原子炉：JRR-3 装置：HRPD(1G) 分野：中性子散乱（超伝導）

1-9-1

- 155 -

JAEA-Review 2013-040



Doping Dependence of Magnetic Excitation in Fe-based Superconductor
LaFeAsO1−xFx

S. Wakimoto1,2, K. Kodama1,2, M. Ishikado1,2, M. Matsuda1,2, R. Kajimoto2,3, M. Arai2,3,
K. Kakurai1,2, F. Esaka4, A. Iyo2,5, H. Kito2,5, H. Eisaki2,5, and S. Shamoto1,2

1Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
2JST, Transforamtive Research-Project on Iron Pnictides (TRIP), Tokyo 102-0075

3J-PARC Center, JAEA, Tokai, Ibaraki 319-1195
4Nuclear Science and Engineering Directorate, JAEA, Tokai, Ibaraki 319-1195

5Nanoelectronics Research Institute, AIST, Tsukuba, Ibaraki 305-8562

A new Fe-based high-Tc superconductor
LaFeAsO1−xFx was discovered in 2008 1).
One of the most important characteristics of
this system, is the existence of two separated
cylindrical Fermi surfaces (FSs) 2): one is a
hole FS at the Γ-point and the other is an elec-
tron FS at the M-point. It has been pointed
out that the magnetic fluctuation arising from
the nesting between the two FSs plays an
important role in the superconductivity. In
order to test this scenario, we have carried
out neutron scattering experiments using the
LaFeAsO1−xFx powder samples with x=0.057
(Tc = 25 K), 0.082 (Tc = 29 K), and 0.158
(Tc = 7 K) to study F-doping dependence of
the magnetic fluctuation.
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Figure 1: (a) χ”(ω) spectra. (b) Doping dependence
of χ”(ω) at ω = 11 meV and T = 4 K. The data at
x = 0 is measured at just above the Néel temperature
where the spin fluctuation becomes maximum.

Figure 1 summarizes the imaginary part of
the dynamical susceptibility χ′′(ω) in abso-
lute units. Figure 1(a) shows that the χ′′(ω)
for x = 0.057 and 0.082 have maximum at
∼ 11 meV and 4 K, whereas the this max-
imum does not appear at 37 K, above Tc,
for = 0.057. This behavior is consistent with
the resonance behavior observed in other Fe-
based superconductors 3). It is remarkable
that the χ′′(ω) almost vanishes in the over-
doped x = 0.158 sample in which the super-
conductivity is highly suppressed. Figure 1(b)
shows the x-dependence of χ(ω = 11 meV),
where the data for x = 0 at 140 K is also
plotted for comparison. Magnetic fluctua-
tions in the superconducting x = 0.057 and
0.082 samples are comparable to the x = 0.
However, those are vanished in = 0.158.
In the present system, F-doping provides

electron to the system. Thus the hole FS at
the Γ-point should shrink by doping. This af-
fects the nesting condition between the two
FSs at the Γ- and M-points. Thus the sup-
pression of magnetic fluctuation in the over-
doped x = 0.158 sample is owing to the
poor nesting condition by the shrinkage of the
hole FS. Our result supports the scenario that
magnetic fluctuation by the FS nesting plays
an important role in the superconductivity in
this system.

References

1) Y. Kamihara, T. Watanabe, M. Hirano, and H.
Hosono: J. Am. Chem. Soc. 130, 3296 (2008).

2) D. J. Singh and M.-H. Du: Phys. Rev. Lett. 100,
237003 (2008).

3) A. D. Christianson, et al., Nature 456, 930 (2008).
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Evaluation of Compressive Deformation Behavior of Zr-Al-Ni-Cu Balk
Metallic Glass Containing ZrC Particles by Neutron Diffraction

H. Suzuki, J. Saida1, J. Katsuyama2, M. Imafuku3, H. Kato4 and S. Sato4

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Center for Interdisciplinary Research, Tohoku University, Sendai, Miyagi 980-8578

2Nuclear Safety Research Center, JAEA, Tokai, Ibaraki 319-1195
3Department of Mechanical Systems Engineering, Tokyo City University, Setagaya, Tokyo 158-8557

4Institute for Materials Research, Tohoku University, Sendai, Miyagi 980-8577

It has been developed that bulk metal-
lic glasses containing hard particles or fibers
exhibit higher strength and higher com-
pressive plasticity as compared with mono-
lithic bulk metallic glasses. In this study,
residual stresses of deformed specimens of
Zr55Al10Ni5Cu30 bulk metallic glass con-
taining 10vol%ZrC particles (10%ZrC-BMG)
were measured using neutron diffraction tech-
nique to clarify relation between plastic de-
formation and residual stress, and role of ZrC
particle on deformation mechanism was dis-
cussed.

Cylindrical specimens, 3mm diameter and
6mm length, of 10%ZrC-BMG compressed
with 1.15% (Sample-2), 1.82% (Sample-3),
1.85% (Sample-4), 4.62% (Sample-5), 5.79%
(Sample-6) and 7.79% (Sample-7) in ax-
ial direction were prepared including unde-
formed specimen (Sample-1), as shown in
Fig. 1. Residual stress of only ZrC phase
in the 10%ZrC-BMG was derived from lattice
strains of ZrC(220) in axial and radial direc-
tions of each sample measured using RESA
engineering diffractometer.

Figure 2 shows change in residual stresses
of ZrC phase relative to residual stress of
sample-1. Tensile residual stress in the or-
der of 300MPa was generated in loading di-
rection of sample-3 just before yielding. Ac-
cording to FEM analysis local plastic defor-
mation occurs around ZrC particles before
macroscopic yielding. It is, therefore, consid-
ered that this local plastic deformation caused
generation of tensile residual stresses in ZrC
phase. In further deformation, tensile resid-
ual stresses more than 400MPa was gener-
ated in Sample-4 and Sample-5, and then the

residual stress was released in Sample-6 ow-
ing to plastic deformation with multiple shear
bands across the sample. The plastic defor-
mation proceeded without fracture until de-
formation level of Sample-7 due to probably
bond-effect of ZrC particles. After reaching
strain at Sample-7, shear fracture occurred
in the sample as a result of probably trans-
granalar fracture in ZrC particles.

Figure 1: Stress-strain relation of 10%ZrC-BMG.
Each sample was deformed up to each engineering
strain indicated by the sample number.

Figure 2: Changes in residual stress of ZrC phase in
axial and radial directions.

原子炉：JRR-3 装置：RESA(T2-1) 分野：中性子散乱（残留応力）

1-10-1

- 159 -

JAEA-Review 2013-040



X

40mm

Webster 2

sin2 cos

cos
(NIP)

d0

Webster
sin2

cos
d0

40mm

Fig.1.  Photograph of experimental set-up 
for neutron stress analysis using neutron 
image plate. 

3 RESA2  

1-10-2

- 160 -

JAEA-Review 2013-040



cos

13  

Table  1.  Experimental conditions. 
Diffraction Fe211, 2 =126

Wave  length of neutron 

beam 

0.20888 nm 

Distance from NIP to 

specimen 

56 mm  (20 mm) 

Insident angle of neutron 

beam 

27   (0 )

Irradiated time 4.5 hr 

Irradiated area 3mm 

Thickness of specimen 15 mm 

Thickness of s.m. 1.0 mm 

NIP used Fuji Film, 

BAS-ND2025 

NIP reader Fuji Film, BAS-1800 

(note: figures in parenthesis indicate for 
standard material (s.m.))  

cos 13

(a) measured with slit

(b) measured without slit 

Fig.2  Debye rings obtained from the used rail. 
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JRR3 RESA  

RESA Cu

RESA

RESA

5mm × 5mm

5mm

2 =101

1 5mm

RESA

XYZ 3

Fig.3 

Table 1

RESA 1.6

Cu 311 

Fig.3 Photograph of Cu single crystal sample and 

neutron measurement. 

Fig.4

Cu

Table 2

1 20

20 1000

Table 1 Conditions of neutron measurement. 

Wave length Ni powder Diffraction planes: 
111, 200, 220, 311 

= 1.592930 Å 
Reactor power 20MW 
Measurement 

material Cu single crystal 

Crystal system FCC 
hkl plane 

Diffraction angle 
Cu  311 

2 = 101.1° 

Slit system Incident slit : 5 × 5 mm 
Receiving slit : 5 mm 

radial collimator 
Detector PSD, one dimensional detector

Fig. 4 Schematic diagram of the relation between the 

copper scanning area and volume gage. 

Table 2 Measurement positions of Cu single crystal. 
X-direction -5, -3, -2, -1, 0, 1, 2, 3 mm,  8 points 
Y-direction -3, -2, -1, 0, 1, 2, 3 mm,  7 points 

Z-direction -7, - 5, -3, -2, -1, 0, 1, 2, 3, 5, 7mm, 
11 points  

5

x

y
z

Copper single crystal

Gage volume 
Scanning area

Incident neutron beam

1-10-3
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Fig.7 Distribution of 2  diffraction angle; (a) x-y plane, 
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JRR3 RESA  
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Renovation of Ge-crystal monochromator for triple-axis neutron spectrometer
AKANE

H. Hiraka, Y. Miyake, K. Ohoyama, Y. Yamaguchi, K. Yamada
Institute for Materials Research, Tohoku University

Neutron scattering spectroscopy is a pow-
erful probe to study phonon and magnon
excitations in condensed matter physics.
Renovation of neutron monochromator,
which properly branches monochromatic
neutrons from a white beam, is therefore
one of the instrumental key issues in neu-
tron science; especially, due to the lack of
neutron beam flux. Ge and Si single cry-
tals have been one of the typical compo-
nents for neutron monochromator, because
high-quality and large-size crystals are eas-
ily available. However, because of a mis-
match between the incident-beam diver-
gence and the small mosaicity coming from
perfect crystals, the neutron reflectivity of
Ge and Si is severly low and much efforts
have been devoted so far to overcome it.
We have tried to introduce mosaic crys-
tals into Ge crystals appropriately by press-
ing at high temperatures. Eventually, an
optimal hot-pressing condition was deter-
mined [1,2], so that Ge crystals with a mo-
saic width of ˜0.3° and a peak reflectiv-
ity of ˜40% are well reproduced [Fig.1(a)].
A vertically focusing-type Ge monochro-
mator, which was renewed for a KINKEN
triple-axis spectrometer AKANE, is shown
in Fig.1(b).
We substituted this renewed monochro-
mator for the previous one on AKANE,
and first characterized the beam size of
24w*32h mm2 at the sample position. This
area is about 1.5 times as large as the pre-
vious one, and the neutron density per
area is confirmed to be unchanged. Sec-
ond, we radiated the monochromatic neu-
tron beam (λ=2.0 A) onto relatively large
samples and measured scattered-neutron
intensity. Figure 1(c) shows a comparison
of reflected intensity with previous one by
using a large sample. The magnetic Bragg
reflections are enhanced in intensity by

˜60%, as expected from the beam size. Fur-
ther, a newly supplied second-wavelength
mode (λ=1.3 A) works well for high-
energy excitation measurements, as seen in
Fig. 1(d). Present renovation not only vital-
izes the scientific research on AKANE, but
also opens new fundamental techniques on
neutron scattering.

References
[1] Y. Miyake, H. Hiraka, K. Ohoyama,
Y. Yamaguchi, K. Yamada; J. Phys. (Conf.
Ser.), accepted on Sep. 04 in 2009.
[2] Y. Miyake, Master Thesis of Science (To-
hoku University, Feb. in 2010).

Fig. 1. (a) Rocking curves of Ge piece before and
after hot-press. (b) Renovated Ge(113) monochro-
mator. (c) Magnetic Bragg peaks before and after
monochromator renovation. (d) Phonon peak under
the newly equipped second-wavelength mode.

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1071
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Activity in 2009 of Kinken Powder Diffractometer HERMES

K. Ohoyama
Institute for Materials Research, Tohoku Univ.

In 2009, 42 days were used as IRT exper-
iments: experiments for substitute pro-
posal: 16 days, experiments for IRT mem-
bers; 18days , and 8day for maintenance.
A noteworthy result is that polarized neu-
tron diffraction experiments are succeeded
on HERMES with a 3He spin filter method.
We succeeded in observing flipping ratio of
single crystal of Cu2MnAl and Ni powder.
In Fig.1, Flipping ration of the 111 reflec-
tion of Cu2MnAl single crystals obtained
on HERMES. The effective polarization
was about 15%; though this effective po-
larization was quite poor because of prob-
lems of connection of magnetic fields, this
experiment was the first diffraction experi-
ment with a 3He spin filter in Japan. Since
HERMES has wide observable Q range, po-
larised HERMES is quite suitable for inves-
tigations of magnetic diffuse scattering, in
particular, ferromagnetic metallic glasses.
Note that the He spin filter method is
important for spectrometers in J-PARC as
well as HERMES. In 2010, IRT has be-
gan polarized neutron diffraction experi-
ments to observe magnetic diffuse scatter-
ing of magnetic metal alloys. This project is
based on collaboration among KEK-JAEA-
Tohoku Univ.
Another important development is prac-
tical application of high energy mode on
HERMES. Rotating Ge 331 monochrome-
ter by just about 5°, user can user 1.1A neu-
tron, which make it possible to observe up
to 11A-1. By the high energy mode, IRT
group has succeeded in observing mag-
netic reflections of ErB2C2 up to 9A-1,
which gave whole information of magnetic
form factor of Er3+. This mode is quite
useful for magnetic metallic glasses as well
as observation of magnetic form factor.

In 2010, HERMES has a plan of upgrades;
1) installation of 3He filter with laser

pumping system, which make it possible to
obtain stable and high polarization beam,
2) installation of 20cm Ge monochrometer,
which gives about 1.7 times stronger beam
flux, 3) installation of a slave machine for
educational purpose.

Fig. 1. Flipping ratio of 111 reflection of Cu2MnAl
single crystals obtained on Polirised HERMES

Activity Report on Neutron Scattering Research: Experimental Reports 17 (2010)
Report Number: 1203
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Development of the Imaging System Using a Neutron Color Image Intensifier

R. Yasuda, T. Nojima, H. Iikura, T. Sakai and M. Matsubayashi

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

We continued a project to develop a high-
resolution neutron-imaging system with ap-
proximately 10 μm spatial resolution to visu-
alize regions of ≤0.2 mm thickness such as a
membrane-electrode assembly including a gas
diffusion layer in a fuel cell using the ther-
mal neutron radiography facility (TNRF). To
improve the spatial resolution of the neutron-
imaging system, we developed the imaging
system using a neutron color image intensi-
fier (NCII)1).

An NCII is an electron tube used for real-
time neutron imaging by converting a neutron
profile to a visible image. We chose B4C as
a neutron converter material because it has
large neutron capture cross-section and is less
sensitive to gamma-ray than Gd2O3. B4C
is deposited on the aluminum substrate and
a CsI acicular scintillator is deposited onto
the B4C layer as an input phosphor layer.
10B4C emits α particle after capturing neu-
tron, α particles from 10B4C are incident in
a CsI acicular scintillator and emit photons.
2) Comparing with the range in a CsI acic-
ular scintillator, that one of internal conver-
sion electrons from Gd2O3 is about 20 μm,
and 4 μm for α particles from 10B4C. There-
fore, higher spatially resolved neutron image
is obtainable. The diameter of the NCII sen-
sitive area can be selected among 2 and 4 inch
simply by changing the electric lens configu-
ration on demand. By combining this image
intensifier with a suitably tuned high-sensitive
color CMOS (Complementary Metal Oxide
Semiconductor Image Sensor) camera with
5,614 x 3,744 pixels through a large macro
lens and a mirror system, higher sensitivity
and wider dynamic range are simultaneously
attained.(see Fig. 1) The results of exper-
iments using a sensitivity indicator (SI) 3),
at the MUSASI-L port (flux:1.0×106n/cm2·s)
showed that the B4C-type NCII system can
clearly resolve the narrowest gap of 12.7 μm

prepared in the SI as shown in Fig. 2. It
was confirmed that the B4C-type NCII sys-
tem meet the requirement for fuel cell imag-
ing.

Figure 1: Schematic diagram of the B4C-type neutron
color image intensifier imaging system.

Figure 2: Captured image of the sensitivity indicator
by the system. The 12.7 μm wide gap was clearly
observed.
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Upgrading of Experimental Circumstances in TNRF

T. Nojima, H. Iikura, R. Yasuda, T. Sakai, H. Hayashida1 and M. Matsubayashi

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1J-PARC Center, Tokai, Ibaraki 319-1195

JRR-3 thermal neutron radiography facil-
ity (TNRF) has two radiography rooms. The
room closest to the reactor core is named
TNRF-1 and the other named TNRF-2. The
original TNRF-2 was 700 mm wide, 2000 mm
long and 1790 mm tall. The entrances to this
room are a biological shielding door and a
1000 mm x 860 mm roof hatch. The biological
shield of TNRF-2 consisted of 300 mm thick
steel, 220 mm thick polyethylene (PE) and 30
mm thick boron contained PE (BPE) for the
main part of the roof and the side walls. In
order to meet users’requirements and to im-
prove experimental circumstances, we decided
to expand the inner space of TNRF-2. As the
result of shielding calculation using ANISN
code, it was confirmed that the shielding con-
sisting of 300 mm thick steel, 85 mm thick
PE and 25 mm thick BPE meet the require-
ment from the radiation protection guideline
in JRR-3 (≤25μSv/h). The inner space of
TNRF-2 was expanded to 980 mm wide, 2000
mm long and 1930 mm tall as shown in Fig. 1.
After the expansion work, the shielding mea-
surement was conducted and the highest dose
equivalent rate of 14 μSv/h was obtained.
We introduced a state of the art fuel cell

control and testing infrastructure to TNRF.
Figure 2 shows the schematic diagram of
TNRF fuel cell infrastructure. Available for
general use are a fuel cell test stand, an elec-
tronic load device, a humidification system, a
hydrogen supply system, as well as supplies
of other gases, hydrogen detectors and alarm,
interlock system and so on. The fuel cell test
stand is the most important component and
allows users to control the humidity, pressure,
flow rate, temperature and gas composition of
the fuel gases entering the fuel cell. 　We se-
lected a storage-alloy-type hydrogen tank for
safety reason. 　

Figure 1: Inside view of TNRF-2 from the shielding
door opening. Left side photograph was taken before
the expansion work and right one after the work.

Figure 2: Schematic diagram of TNRF fuel cell infras-
tructure.
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Three-Dimensional Observation of Water Distribution in PEFC by Neutron CT

N. Takenaka, H. Asano, H. Murakawa, K. Sugimoto, R. Yasuda1 and M. Matsubayashi1

Department of Mechanical Engineering, Kobe University, Rokkodai, Kobe 657-8501
1Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

A polymer electrolyte fuel cell (PEFC)
consists of a membrane electrode assembly
(MEA), gas diffusion layers (GDL), hydrogen
and oxygen supply channels. At the anode,
protons and electrons are generated, while at
the cathode the protons and electrons com-
bine to form water. The condensed water may
affect on the fuel cell performances. In or-
der to clarify the water effects on the PEFC,
neutron radiography is a powerful tool for vi-
sualizing the in-situ PEFC, and we have tried
for measuring the water transport phenomena
by using neutron radiography systems.1−3) In
this study, three-dimensional observation of
water distribution in the PEFC by neutron
computed tomography (CT) was carried out.

In order to observe the detail water dis-
tributions around the MEA and the GDL, a
micro-CT PEFC had been developed. Fig-
ure 1 shows the visualized PEFC. The MEA
and the GDL are sandwiched between air and
hydrogen gas channels. Size of the gas chan-
nel is 1 mm-width and 0.5 mm-depth. Un-
der the operation, the PEFC was kept at
room temperature, hydrogen was supplied at
20 cc/min, air was supplied at 30 cc/min
and current density was set at 245 mA/cm2.
Pictures were taken by a cooled CCD cam-
era (PIXIS 1024, Princeton Instruments) with
resolution of 1024×1024 pixels and grey scale
of 16 bit. A picture was taken every 2.25 de-
gree. The exposure time was set at 15 sec.
A CT was carried out using the 80 pictures
which correspond to 180 degree.

Figure 2 shows the CT reconstructed im-
ages at middle height of the PEFC. The exis-
tence of the O-ring is clearly seen before the
PEFC operation. After the operation, water
was generated in the PEFC. As a result, wa-
ter is observed in the channel. Furthermore,
image processing for obtaining the water dis-
tribution was carried out. It can be seen that

the water exist around both in the channel
and O-ring. Existence of water in the PEFC
could be confirmed three-dimensionally by us-
ing the neutron CT. In this study, the spatial
resolution of 50 μm was achieved.
Three-dimensional water distribution was

obtained by using neutron radiography, and
existence of water in the PEFC could be con-
firmed. Although water existed around O-
ring, it was possible to detect the water po-
sition in the PEFC. The spatial resolution of
50 μm was achieved.
Acknowledgement
This research acknowledges NEDO to fi-

nancial support.

Figure 1: Visualized Small-sized PEFC for CT.

Figure 2: CT reconstructed images.
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JRR-3
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Fig.6 Two-dimensional void fraction distribution of 
boiling flow measured by neutron radiography 

(Mass flow rate; Gf = 0.026kg/s). 

Fig.7 Flow direction distribution of cross-sectional 
average void fraction. 
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A Study on Improving the Linearity of Flash ADCs Using Neutron-capture
Prompt Gamma Rays

K. Furutaka, A. Kimura

Nuclear Science and Engeneering Directorate, JAEA, Tokai, Ibaraki 319-1195

In neutron-capture reactions, a lot of
gamma rays are emitted; in the capture re-
action by a medium-heavy nuclide, literally
thousands of gamma-ray peaks are observed
in the obtained spectra. Therefore, to ob-
serve each of the gamma-ray peaks with good
statistical acuracy, one needs to use a high-
performance data acquisition (DAQ) system
to process and store the data.

With the recent advances in Flash-ADC
technology, one can build a high-speed DAQ
system in which analog as well as digital sig-
nal processing components are integrated in a
relatively small volume, and we are also devel-
oping one for multiple gamma-ray detection
in neutron capture reactions1–3).

There is a wellknown drawback in Flash-
ADC; its poor linearity4). To determine en-
ergies of the gamma rays with sufficient ac-
curacy and reliability, one has to improve
the linearity; otherwise, one can not identify
gamma ray peaks with confidence.

As the first step of the improvement, the
authors have measured widths of each code in
their DAQ system by digitizing signals which
were produced with a digital pulse genera-
tor and which has a monotonically decreas-
ing shape, and recording the number of ap-
pearances of all the codes (histograms). From
the observed histograms of the codes, rela-
tive widths of the codes were deduced. In
the histograms, many periodical spikes were
observed differential nonlinearity (DNL) of
which amounted to as large as -0.3 and widths
are ∼ 1 least significant bit (LSB). Moreover,
large dips were also observed; their DNL is
smaller (∼ 0.1) but the widths are as large as
30 codes.

Integrated values of the observed code
widths, which we call ‘fractional codes’, are
thought to represent heights of the digi-
tized signals more accurately than the origi-

nal codes, and we can use them to deduce the
heights of the input pulses. To see whether
the pulse-height spectra obtained with the
‘fractional codes’ are imporved in linearity,
we have measured gamma rays emitted in
14N(n,γ) reactions and compared to those ob-
tained with the original codes. Detailed data
analysis is now underway.
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Development of a New Method to Identify Nuclear Levels
on Neutron Capture Reactions

T. Kin, K. Hara, M. Oshima

Japan Atomic Energy Agency, Nuclear Science and Engineering Directorate,
2-4 Shirane,Shirakata,Tokai-mura,Naka-gun,Ibaraki 311-1195, Japan

Sum of partial cross sections of ground-
state transitions (gamma rays emitted from
excited states to a ground state) is consid-
ered to be an effective method for measure-
ments of thermal neutron capture cross sec-
tions of minor actinides and long-lived fission
products1,2) and we have a plan to adopt it
also to the measurements in the resonance
region2). To apply this method, identifica-
tion of ground state transitions is important.
However, information of ground-state transi-
tions is insufficient in many cases. We are,
therefore, developing a new method to iden-
tify nuclear levels on neutron capture reac-
tions with “STELLA,” the spectrometer at a
cold neutron beam line (C2-3-2).
There have been several methods for iden-

tifying nuclear levels after neutron capture
reactions including the “two-step analysis”3).
We are also developing a method to analyze
data which can find candidates of levels in a

short analysis time without complicated hu-
man manipulations. It is named “TELLA-
2(Total Energy Leading nuclear Level Analy-
sis in 2-dimensional matrix)”. We measured
prompt gamma rays from 35Cl(n,γ)36Cl and
the data was used to develop and test the
method, TELLA-2.
The data obtained were now analyzing for

the development of the method. Figure 1
shows one of the spectra obtained.
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Figure 1: An example of the gamma-ray spectrum obtained through the experiment. Almost all peaks on this
figure were emitted after neutron capture of 35Cl.
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Neutron Flux Correction for Standard Rice Sample Measurement
in MPGA

Y. Toh, Y. Murakami1, M. Oshima and M. Koizumi

Nuclear Science and Energy Directorate, Japan Atomic Energy Agency, Ibaraki 319-1195
1Research Institute of Nuclear Engineering, Fukui University, Fukui, Fukui 910-8507

It has been well known that cadmium ex-
posure produces negative health effects on hu-
man beings. Since Japan is located in the vol-
cano zone, the Cd concentration in soil tends
to be high, and the area of high Cd concen-
tration agricultural products is unevenly dis-
tributed. The issue of Cd level in all foods
is of concerns, especially in rice, since rice
is the most important food in Japan as well
as the major crop in Japanese agriculture. 1)

The maximum level for Cd in rice is spec-
ified by Japanese law to be 1.0 ppm. The
Codex adopted new standards on the maxi-
mum allowable levels of a number of food ad-
ditives in order to protect the health of con-
sumers(rice:0.4ppm).
Prompt gamma-ray analysis (PGA) is a

high-sensitive, high-precision, multi-element,
and non-destructive method. However,
a quantification difficulty arises when the
gamma-ray intensity from the trace element
of interest is not sufficiently strong as com-
pared with the intensities of background
gamma rays from large amounts of other el-
ements in a sample. By applying the multi-
ple gamma-ray detection method to prompt
gamma-ray analysis (PGA), the influence of
background, hydrogen in particular, can be

reduced. 2–5)

A neutron flux correction has a major in-
fluence on quantification quality and precision
of trace elements. We want to study here the
influence of a neutron flux correction in rice
sample measurements with MPGA.
A standard rice sample which contains

0.548 ppm cadmium was separated into six
aliquots. Table 1 shows quantification results
for the aliquots. The result which do not take
into account neutron flux is higher than the
recommended value of standard rice sample.
In contrast, the result obtained by neutron
flux correction agrees well with the recom-
mended value.
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Table 1: Results for ∼290mg aliquots of the standard rice sample

No. weight Non neutron flux corrected Neutron flux corrected
(mg) (ppm) (ppm)

1 289.9 0.80(20) 0.55(12)
2 262.1 0.74(18) 0.48(11)
3 244.3 0.83(19) 0.60(13)
4 102.0 0.92(28) 0.45(19)
5 116.3 0.63(27) 0.53(18)
6 103.0 0.71(28) 0.78(22)

Average 0.77(9) 0.55(6)
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Multiple prompt γ-ray measurements of the 74Ge(n,γ)75Ge reaction
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We studied a decay scheme of 75Ge in the
74Ge(n,γ)75Ge reaction. The information of
level structures and γ-ray transitions are im-
portant for accurate determination of the neu-
tron capture cross section of 74Ge with the
prompt γ-ray detection method, when the
cross section is derived by summing all the
intensities of ground-state or primary tran-
sitions 1,2). However, the γ-ray transition
from/to excited state of 75Ge above 2 MeV
is unknown. The γ-ray transitions in the en-
ergy of 3-4 MeV have not been assigned to
the decay scheme, although these transitions
were previously reported 3).

The experiments were performed at the C2-
3-2 beam line for Multiple Prompt Gamma
rays Analysis (MPGA). A target was irradi-
ated by the cold neutron beam with a typical
intensity of ∼107 n/s/cm2. For the 74Ge tar-
get, a germanium oxide powder enriched in
74Ge to 99% was used. The multiple prompt
γ-rays emitted from the 74Ge(n,γ)75Ge re-
action were measured by using a gamma-
ray spectrometer (STELLA) which consists
of eight clover-type Ge detectors and BGO
Compton-suppressors 4). The coincident
event data from these detectors were acquired
with a data acquisition system based on the
advanced digital processing technique.

All energy spectra for a crystal were

summed into an energy spectrum. In addi-
tion, the energies of all γ rays which coinci-
dentally detected with the Ge detectors were
summed to derive the total energy (Etot). The
Etot should be nearly equal to the neutron
separation energy of 75Ge (Sn=6505 keV),
if all prompt γ-rays in a cascade from the
compound state of 75Ge were detected. To
discriminate the background, the event data
adapted to this condition were used in the
present analysis, where the gate region for
Etot was from 6505-15 keV to 6505+15 keV.
The gated gamma energy spectrum is shown
in Fig. 1. Many unknown γ-ray transitions, in
addition to the known one, were seen in the
energy spectrum.
The γ-γ coincidence analysis was applied to

the present data to identify the γ-ray transi-
tions and the levels of 75Ge. As a results, the
candidates of new γ-ray transitions and new
levels were found in the 74Ge(n,γ)75Ge reac-
tion.
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Neutron-induced prompt gamma-ray analysis of 
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JRR-3M, 

Compositions of Southwestern Japan arc magmas and  
characterization of subduction components 
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JRR-3 PN-1 PN-3 JRR-4 HR S T  

Y-790122 A/B polymict
Y-790260 A/B polymict
Y-790266 A polymict
Y-791186 A/B monomict
Y-74159 B polymict
Y-74450 B polymict
Y-75011 A/B polymict
Y-75015 A/B polymict
Y-790007 B polymict
Y-790020 B polymict
Y-793548 B polymict
Y-792510 A/B
Y-792769 A/B polymict
Y-793164 B
Y-791826 A/B
Y-791960 B
Y-82091 B
Y-793591 A/B
Y-794002 B
Y-82066 B
Y-82082 A/B
Y-793547 B polymict
Y-794043 A/B monomict
Y-791195 B cumulate
*1 This work.  *2 Takeda (1991).  *3 Miura et al. (1993).  *4 NIPR (1995)

meteorite
name

26Al, Ca,
Mg content*1

Mineral
Chemistry*2

81Kr age*3 Lithology*4

Y-791194 A
Y-791199 A/B a*2,3 A
Y-791000 A/B a*2,3 A
Y-791422 B a*2,3 A
Y-791200 B a*2,3 A
Y-75032 B a*2,3 A
Y-74037 C b*2 B
Y-74097 C b*2 B
Y-74013 C b*2 B
Y-74136 C b*2 B

Y-692 C a*2,3

Y-74125 C a*2,3

Y-74010 C a*2,3

Y-74011 C a*2,3

Y-74648 C a*2,3

Meteorite
name

26Al, Ca,
Mg content*1

Mineral
Chemistry Lithology*4

*1 This work.  *2 Takeda (1991). *3 Delaney et al. (1983).
*4 NIPR (1995), A : characteristic granoblastic texture; B :
characteristic intermediate composition between diogenites and
eucrites.
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 (TAKEDA Masaki)1)  (TANAKA Tsuyoshi) 1) (MINAMI Masayo) 1)

(ASAHARA Yoshihiro) 1) (SUZUKI Kazuhiro) 1)  (HAYASHI Kazuki) 
1) (TANAKA Hiroshi) 1) 

1) , 464-8601  
Graduate School of Environmental Studies, Nagoya University, Chikusa, Nagoya 464-8601, Japan 

Abstract 
Iridium and osmium in several rock reference materials (peridotite (JP-1), basalt (JB-1b, 

JB-2 and JB-3), andesite (JA-1 and JA-2), granite (JG-1a, JG-2 and JG-3)) and in some igneous 
rocks were analyzed with newly developed isotope diluted neutron activation analysis 
(ID-NAA). The ID-NAA was combined with isotope dilution method, NiS-fire assay procedure 
and traditional NAA. A total procedural blank for iridium was 0.0150±0.0005 ng and for 
osmium was less than 1.0 ng. Various amounts of enriched 193Ir and 184Os isotopes were spiked 
in a peridotite JP-1. The obtained results agreed well with each other and with the values of 
previous works (Ir: 2.97±0.28ppb, 1 , n=4, Os: 4.07±0.45ppb, 1 , n=4). In the NiS-fire assay step 
it was concluded that natural Ir and Os had been experienced isotopic equilibrium with spiked 
enriched isotope. Then the ID-NAA was useful for determination of trace iridium and osmium 
in crustal rocks. 19 crustal rocks including 5 intermediate to felsic rock reference samples were 
determined for their iridium and osmium abundances. 

JRR-3, JRR-4, S T
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A'

B'

(Wnat/Wsp) (Atwsp /Atwnat) AbA.nat AbA.sp

(Wnat/Wsp) (Atwsp /Atwnat) AbB.nat AbB.sp

C

C E IR.

E IR.

A B '

B A '

(1 e A ' t )
(1 e B ' t )
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JRR-3 PN-1, PN-3  

A.  

a

b 

B.  
B-1  

JAMSTEC

B-1-1.  
Cruise No.KT-06-31, S1 ( 33º06 N, 
138º05 E, 4060m), 2006.12.7, Depth: 300, 1000, 
3000m 
S2 ( 33º51 N, 138º17 E, 3780m), 
2006.12.8, Depth: 300, 1000, 3000m 
Cruise No.KT-07-16, S0 ( 30º00 N, 
138º00 E, 4000m), 2007.7.13, Depth: 200, 1000, 
3000m 
Cruise No.KT-09-11, S1 ( 30º40 N, 
138º00 E, 3750m), 2009.7.3, Depth: 200, 1000, 
3000m 
S2 ( 33º56 N, 138º09 E, 3300m), 
2009.7.4, Depth: 200, 1000, 3000m 
P ( 35º00 N, 139º22 E, 1400m), 2009.7.5, 
Depth: 200, 1000, 1386m 
B-1-2.  
Cruise No.KT-07-16, T5 ( 35º02 N, 
139º50 E, 76m), 2007.7.10 76m  
T6 ( 34º35 N, 140º00 E, 800m), 2007.7.10, 

800m  
P1 ( 35º00 N, 139º20 E, 1500m), 
2007.7.11, 1500m  
S0 ( 30º00 N, 138º00 E, 4000m), 
2007.7.13, 4000m  

B-2  
B-2-1.  

1L 0.2
m, Isopore, Millipore
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JRR-3 PN-1, PN-3  

100ml 0.02%
 (Fe, Mn, Co, Cu, Cr)

B-2-2.  
0.5g

3% 6%NaCl 0.1%
0.02M-HEPES
S HDTMA  (Fe, Mn, Co, Cu, 

Cr, Mg, Ni, K, Ca) 18  

B-3  
B-3-1.  
a.

25% 5 ml

 

b.
0.2 m, 

Isopore, Millipore

c.
25% 5 

ml 2 3

d.

B-3-2.  
a.

Mg, V, Cu, Mn JRR-3, 
PN-3 10 200 8000

100 300
JRR-3

Ge   
b.

Fe, As, Cd, Cr, Sc, Co
JRR-3, PN-1 10 8
40 12000 30000

 Ge
ASC-20 ASC-40  

B-3-3.  
10 (Fe, Mg, V, Cu, Mn, As, Cd, Cr, Sc, 

Co)  
a. 10 100

100cps  
(1mgMg) (0.01mgV)

(0.1mgCu) (0.01mgMn) 
b. 10 7

100cps  
(0.1gFe) (0.01mgAs)

(0.1mgCd) (0.1mgCr)
(0.01mgSc) (0.01mgCo) 

B-4  

ISOIL for Beads Beading
DNA 16S-rDNA

BigDye Terminator 
v3.1 Cycle Sequencing Kit Applied 
Biosystems PCR
16S-rDNA ABI PRISM DNA

Applied Biosystems DNA
BLAST

16S-rDNA
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JRR-3 PN-1, PN-3  

Primer F (forward): AGA 
GTT TGA TCA TGG CTC AG; Primer R 
(reverse): ACG GTT ACC TTG TTA CGA CTT 
 
C.  
C-1  

Mg
Mg 0.2 0.4g

Mg 200
300m 3000m

Fe, 
Co, Mn, Cr, Sc, V 
Cu, As, Cd  
 
C-2  
C-2-1.  

Mg, Fe, Co, Cr, Mn

Fe

Mg, Co, Mn Cr No. KT-06-31. 
S1

 No. KT-06-31. S2  

 
C-2-2.  

16S-rDNA Bacillus 
Subtilis  
 
C-3  
C-3-1.  

Cruise No.KT-07-16, S0

 
C-3-2.  

20 Cr
 

C-3-3.  

16S-rDNA
Roseobacter

 
 

 

 
  

  m g g g

KT-09-11 S1
200 50 25±3 n.d. 

1000 50 26±3 n.d. 
3000 50 23±2 0.21±0.03

KT-09-11 S2
200 50 24±2 0.12±0.03

1000 50 25±2 n.d. 
3000 50 14±1 n.d. 

KT-09-11 S1
200 250 108±4 0.22±0.03

1000 250 117±4 0.24±0.03
3000 250 135±4 0.28±0.03

KT-09-11 S2
200 250 135±4 0.27±0.04

1000 250 96±5 0.24±0.03
3000 250 113±4 n.d. 

0.3 g n.d.  
 
D.  
D-1.  

75 90%
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JRR-3 PN-1, PN-3  

D-2.  
200m 300m
3000m

D-3.  

Roseobacter

2006

J. Gao et al., 2006

E.  

16S-rDNA
Roseobacter

TGGE

F.  
  28

2008  
p.274-5 2010. 
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JRR-3  

(Phalacrocorax carbo) (EOX)

PCBs EOX

PCBs

(HRGC/HRMS)

PCBs HRGC/HRMS Agilent

6890 JMS-800D GC

HT-8 PCB(

60m, 0.25mm)

PCBs 13C

EOX

70 1

1
38Cl, 80Br, 128I
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JRR-3  

 

 

 
Fig.1 -Spectrum of Extractable Organo-            
halogens (EOX) Determined in Fat Tissue 
of great cormorant. 

 
 

 

(DDTs, PCBs)

EOX TOCl, TOBr, TOI

TOCl TOCl

TOBr TOCl TOI

( 4)  

( 5)

 

 

 

 

 
 
 
 
 

 
 
 
 

Specimen 1(Adult Male) 

Fat Heart

Lung

128I
80Br 38Cl

0
5

10
15
20
25
30
35

Muscle
Testis 

Kidney Brain
Heart

Blood
Liver

Fat
Lung

Tissue and Organ 

Channel Number 

Fig.2  EOX concentration in tissue and
organ.

Muscle Blood
Liver

Kidney 

Brain 

Testis 

Fig.3  Distribution of EOX in tissue 
and organ of Great Cormorant. 

EO
X C

oncentrations
(

g/g w
et w

eight)

Liver
Blood

Tissue and Organ 

EO
X C

oncentrations 
(
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et w
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Specimen 2(Adult Male) 
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JRR-3  

 
 

, , 

(EOX) , 

2008 52 , 103, 

, 9  (2008) 

, Falandysz, J., , 

(INAA)

, 45

, 153, , 7  (2008) 

Kawano, M., Falandysz, J., Morita, M., Instrumental 

neutron activation analysis of extractable 

organohalogens in marine mammal, harbour porpoise 

(Phocoena phocoena) and its feed, Atlantic herring 

(Clupea harengus), from the Baltic Sea, Journal of 

Radioanalytical and Nuclear Chemistry, 278, 263-266 

(2008) 

, , 

(EOX) -

(Phalacrocorax carbo) , 21

,

, , , , 

(Phalacrocorax carbo) 

PCBs(HO-PCBs) , , 19, 

77-86 (2009) 

, , , , ,

, (EOX) (Phalacrocorax 

carbo) 2009

53 , , 75 , 9  (2009) 

, , , , , 

, 

(EOX) (PCBs), 47

, 154, , 7  (2010) 

0

0.2
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EOCl Concentration 

EOCl-EOBr 

EOCl-EOI

Brain 
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14
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Fig.4  Relationships between EOCl and 
EOBr/EOI in Organ and Tissue of Great 
Cormorant. 

PC
B

 C
oncentration 

(C
l ng/g w

et w
eight) 

Fig.5 Relationships between PCBs 
and EOCl Concentrations (ng/g wet 
weight) 

C
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B
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I 
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JRR-3  

,  

- -,

, 11, 27 (2010) 
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JRR-3 PN-1&2  

QTL  
Analysis of QTL related to trace elements accumulation 

in seeds of Lotus japonicus 

100
400

Lotus 
japonicus

Miyakojima MG-20 Gifu B-129 1

QTL
QTL

QTL
QTL

Miyakojima MG-20 Gifu B- 
 
 
 
 
 

http://www.shigen.nig.ac.jp/bean/lotusjaponicus/top/top.jsp 

1  
Miyakojima MG-20 Gifu B-129 
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JRR-3 PN-1&2  

129 Recombinant 
Inbred Lines; RILs 205

Miyakojima 
MG-20 Gifu B-129

Miyakojima 
MG-20 Gifu B-129

 

20 mg 10
17

JRR-3 : 5.2 × 1013 
neutron·cm-2·sec-1

Ge

 

 
K-40, Fe-59, Co-60, Zn-65, 

Sn-177m, Tl-208, Bi-214 7
Miyakojima MG-20 Gifu 

B-129 Co, Zn, 
Sn Co Miyakojima MG-20 

Gifu B-129 2.9 Zn
Sn Gifu B-129 Miyakojima 
MG-20 1.5 1.4

2  
 
 
 

2 Miyakojima 
MG-20 Gifu 
B-129

Miyakojima MG-20
1  

 
3 RILs Zn

43 Co, Sn 29

QTL
3 j/qtl v1.2.1

Zn
2 23.6-29.1 cM Co Sn

3
55.1-70.4 cM 82.4-89.9 cM

4
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JRR-3 PN-1&2  

HMA2 2 24.1 cM MTP1
3 58.2 cM CHX19 3 87.5 cM
CHX28 3 88.2 cM

Zn QTL HMA2

Zn
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  
Zn, Co, Sn  

Miyakojima 
MG-20 1  

 
 

 

65Zn
Zn

4

65Zn
2

65Zn

Miyakojima MG-20 Gifu 
B-129 2.3 Zn
RILs 20 QTL

2 11 cM Zn

4 Zn
QTL 

Zn Zn

Zn Sn Gifu B-129
QTL

QTL
QTL

 
QTL

 

chr.1      chr.2        chr.3       chr.4       chr.5        chr.6 

4 QTL 
1 6  

   : Zn QTL 
   : Zn QTL 
   : Co QTL 
   : Sn QTL 
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JRR-3 PN-1&2  

QTL
QTL

Zn, Co, Sn
QTL

QTL
QTL

QTL Zn, Co, Sn

QTL

QTL
Ge

Ge

205
QTL
QTL

QTL

QTL

Miyakojima MG-20 Gifu B-129

1 2 1

1 , 2  

21 10 31  

Quantitative trait locus analysis for seed 
zinc accumulation in model legume, Lotus 
japonicus 

1 2 1

1 , 2  
Asia-Pacific Symposium on Radiochemistry '09 

Napa 21 12 1  
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(Co)
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Ge
SEIKO EG&G

Table 3 DEP

Table 4 DEP
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JRR-3  

n + 75As 76As  ( )
76As 76Se* + e + ( )
76Se* 76Se+  ( )
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Observation of boron in various steel materials by �-particle track etching method 
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�K�j��½�H	
�È&�K	\h�-�

��+�� !|"#��&�KZ��Òij

k& 1)l���t BN	M3(CB)ï%� Fe23(CB)6
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�H�H#� 
, Table 1$a�h¦�o�|�kjATE�+"
#|<�hlõq�Ç�3�t WT780C	
SCM415	SPCC�� SUS420J2�È&l�rY
8´Ç�3�tSUS304��SUS304N2�È&l
�i�+¦�o�$�kjõ�Ç����r|

�kjã 5mm�10mm $/]Ý�h0	900�
1100��5min��0	�i�i���WQ�	�
��AC���h��FC�+�ÄÅ|��hl�
+0	�%9r8$j71000 \���4;�h
0	�²4;|<�hlVWX;�rYõZ;ô

|T]Uö	f�g�ìcd9R+��¢�

JRR-3$j 40sec+-b���|<�hl��0	
õZ;ô+�|� �	2.5N+ NaOH�]-�
�����ÄÅ|<k	¡¢0	�0����õ

Z;ôS²+ ATE �|£©�hl½ï	¤k¥
���Y�t�Lj���¦§+¥���Y�

�È&l

Table 1 ¦�o�+¿0�Á�mass � 

¨H�H©j 
, 'tu��ÄÅ�h0+ ATE �| Fig.2�
Fig.19 $a�l{|	(1)�(6)$'¦�o�$�
kj+©j|ªL&l 
�O�,WT780C 
, WT780C$t���Z 80ppm«¬Òijk&l
900�¬��t Fig.2$a�h%�$���WQ�

�h��FC�+�ÄÅtu�t�­½���+e
�t®¹�i½��hl1000�¬��t	Fig.3
$a�h%�$��(AC)ÄÅ$ïkjõq�Ç
�d±W+���+�­½e�Z®¹�ihZ	

õq�Ç�d¯$/�½°�±©²dK³±©²

d+´d�Z®¹�i&l"#	WQÄÅ$ïk
jt�rY8´Ç��{|	µ�d±$w¶�&

C Si Mn P S Cu Ni Cr Mo V B N

WT780C 0.13 0.25 0.92 0.012 0.001 0.18 0.02 0.83 0.32 0.02 0.0080 N 

SCM415 0.13 0.22 0.66 0.009 0.003 0.02 0.02 0.95 0.16 N <0.0001 N 

SPCC 0.03 0.01 0.16 0.009 0.010 N N N N N <0.0001 N 

SUS420J2 0.32 0.79 0.60 0.025 0.002 N N 13.52 N N  0.0002 N 

SUS304 0.06 0.43 1.06 0.023 0.003 N 8.04 18.18 N N  0.0011 N 

SUS304N2 0.05 0.76 1.91 0.029 0.000 N 7.75 18.52 N N 0.0005 0.21
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, 1100�¬��t	Fig.4$a�h%�$ 1000�
KN¼%�$ ACÄÅ�tõq�Ç�d±W+�
��+�­½e�ï%�d±�Ý	d¬�ÝTZ

®¹�i	½d¿�h¾¿õq�Ç�dZÀ§®

¹�i&lFCÄÅ�tõq�Ç�d±W+e�	
½k�td¬$���+�ÝT�È& M23(CB)6	

Mo2(CB)	V(CN)½ÎZ®¹�i&Z	(Á$�
kjtÂÃ�jk½klWQÄÅ�trKÃÎ+
���t7�9��Y-$���jï]	���

e�gºº ¹���®¹�i½��hl 

���,SCM415 
, SCM415+���xt 1ppm�È]	WT780C
$ÄLjã 1/80K�kl900�¬�t Fig.5$a
�%�$õq�Ç�d±W+���e�t»½

kl1000�¬�NWQ	AC ÄÅ�t Fig.6 $a
�%�$���xZ»½k¡k�7�9��Y

tÅ\Æ��Ç$ÈÉ&Zõq�Ç�d±$��

�e�Z®¹�i&lKº$ AC	FCÄÅ�t³
��+�ÝT�r�¿T�ZÀ§®¹�ihl

1100�¬�NWQ	AC ÄÅ$ïkjt Fig.7 $
a�%�$	õq�Ç�d±`d¬W+���+

�­½e�K�ÝZ®¹�ihlFC ÄÅ�tõ
q�Ç�d±W+���e�t®¹�i¹	d¬

$M3(CB)½k�t Fe23(CB)6Z®¹�ihl

 (a)WQ                         (b) AC       (c) FC 
Fig.2, WT780C$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

,

(a)WQ                         (b) AC      (c) FC 
Fig.3, WT780C$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC                       (c) FC 
Fig.4, WT780C$ïö& 1100�-5min¬�É�ÄÅ0+ ATE�

100>?

100>?

100>?

6-1

- 285 -

JAEA-Review 2013-040



JRR-3�������	JRR-4�
�����	ATE�
������������	����	����� !"# 

   
  (a)WQ                         (b) AC                       (c) FC 

Fig.5, SCM415$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

,    
(a)WQ                         (b) AC                       (c) FC 

Fig.6,  SCM415$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

     
(a)WQ                         (b) AC                       (c) FC 

Fig.7,  SCM415$ïö& 1100�-5min¬�É�ÄÅ0+ ATE� 
 

 
�¨�,SPCC 
���xt<1ppm {|K�klSPCC tÊ¾
xZ 0.03mass Kº¹j�kh¹ Fe3C +�Ý
g»½klFe-C 36Ë��Ì�õq�Ç�+ C
��x| 0.0218mass K�h���uj�+g
Å��Ír�Ç�+RÁx|�Î�&K ¹�$

1.1 !_�	õq�Ç�xZ 98.9 �È�hl
r�¿TK�jt Fe3(CB)+�ÝZÏÉ�i&l 

900�¬�NWQ	ACÄÅt Fig.8$a�%�
$º ¹�+d±�Ý�³���ÝT�Z®¹�

ihZ	FC ÄÅ�tõq�Ç�d±UPZÐ�
$Aº"#Òihl�itd±PÑ$���Z�

����ÒÓe��jk&KÏÉ�i&ZÔ�

$�kjt ��½kl 
1000�¬�NWQ	AC	FCÄÅÕ$ Fig.9$

a�%�$	r�¿T�+d¬�ÝZ�­$®¹

�ihZ	d±�ÝTg®¹�ihl 
1100�¬��t Fig.10 $a�%�$r�¿T
Z7�9��Y$���h¡k�	õq�Ç�d

¬$È�ihd¬�ÝZß�jï]	900�KÖ
×�h�­$½�jkhl�+h¹d±�ÝZØ

Ñ$ÈÉ&%�$½�hlSPCCVÙ$�kjÚ
Û��&�Kt	�­½d±e�Z®¹�i½�

�h�K�È&l 

100>?

100>?

100>?
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 (a)WQ                         (b) AC       (c) FC 
Fig.8, SPCC$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ     (b) AC      (c) FC 
Fig.9,  SPCC$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC      (c) FC 
Fig.10,  SPCC$ïö& 1100�-5min¬�É�ÄÅ0+ ATE� 

�Ü�,SUS420J2 
, SUS420J2+¿0�Át 0.3C-13Cr�È]	Ý
ÞJ½7;8�2Ç��­|ß�jk&l���

xt 2ppm�È�hl 
900�¬��t FCÄÅ|1kj Fig.11$a�
%�$	�a#E$à�h���|MÃÆáÀÐ

Z®¹�i&l�+áÀÐ$â�%�$���+
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tãSý$dR�hY8�äY�+Á e�Z

R¼hg+	È&ktµw-$åæ�h �õq�
Ç�w+}~bgÈ&ZÔ�tçÑ�È&l\h	

%º"#�&K���Ze��hõq�Ç�d

±g"#��&l 

1000�¬�NWQ	AC	FC ÄÅ$ïkjt
Fig.12 $a�%�$	900��"#Òih%�½
áÀÐZ"#��&l\h�rY8´Ç�©²

�è300>?�d±$e��h���e�g"#
��&l1100�¬�NWQ ÄÅ�t Fig.13 $a
�%�$áÀÐW+���e�tß»�	d±e

�Kd¬�ÝZ"#��&lAC ÄÅ�tãSý
$dR�hKÏÉ�i&áÀÐW+���e�

Z�­�È�hl�hZ�jáÀÐW+���e

�t	900�1100�-WQ	ACÄÅ�®¹�ihl
FCÄÅ�t 1000�ÄÅ+��	áÀÐW+��
�e�Z®¹�ihl�+Å¦$�kjt%º 

��½kl 

100>?

100>?

100>?
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 (a)WQ                         (b) AC       (c) FC 
Fig.11, SUS420J2$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

,

(a)WQ                         (b) AC                       (c) FC 
Fig.12,  SUS420J2$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC                       (c) FC 
Fig.13,  SUS420J2$ïö& 1100�-5min¬�É�ÄÅ0+ ATE� 

�i�+©j	SUS420-J2 |1kjd±e�
$�Â���iê_+©ªt�­�È�hl�i

�+�t 1000�-5min¬�+ ACÄÅ�	���
+d±e�Z^��hZ	WQÄÅï%� FCÄ
Å�td±e�té��hl�it Fig.14(a)ï%
�(b)$a�h%�$	6Ëe�+}~bZÏÉ�
i&lFig.14(a)+ê�t ACÄÅ��­½d±e
�ZÈ�i	Fig14(b)+ê��t[k��iê_
rÎd±e�Z^º½&l�hZ�j6Ëe�+

}~bZ[kl"#	Williams � 3)t Fig.14(c)
$a�h%�$��icëê_+�|$ìk�

��+d±e�+!_Zß»�h�K$%�j	

µwä
w$í �¹�ÄÅ-$î6Ëe�$

%�jR¼&K���jk&l 

100>?

100>?

100>?

(a) 

(b) 

(c) 

Fig.14, B+d±e�Zî6Ëe� 3) 

�(WQ) ï(AC) �(FC)
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jk&Z	�ÄÅtu|áÉj"#�h©j	

WT780C ä SCM415 ½Î+�t6Ëe�+}~
bZ[kl 

�ö�,SUS304 
���xt 11ppmKÄ÷J[kl900�¬��

t Fig.15 $a�%�$ WQ	AC	FC ÄÅ$ï
kj	¾¿d+À�|ß�hµd±$�­½��

�e�K�ÝZ®¹�ihl�\] 900��t�
��t 100 ±���jk½k�K|a�jk&l
Ò�$µd¬$g M23(CB)6KÏÉ�i&�ÝT

ZÀºÈ�i&l©²d¯t 30�80>?�´d
�jk&lFC ÄÅ�tÅ\Æ��Ç�È&Zd
¬e�ZÈ�ihl 

1000�¬�NWQ ÄÅ�t Fig.16 $a�%�
$µd±$º ¹�$���e�Z®¹�i&l

AC ÄÅ�t 900��ÄÅ$ÄLjµd¯Z/�

º½�jï]	µd±W+���e�K�Ýg®

¹�i&lFC ÄÅ�tµd±W+e�Kd¬�
Ý|®¹hl�#	1100�NWQ	AC ÄÅ�t
Fig.17 $a�%�$���+µ7�9��YW
+��ZR¼	d±e�	d¬�ÝKg$ß»�

&l��� FCÄÅ�t	µd+½d¿Kd±W
+���e�Kd¬�Ý|®¹hl 

�ø�,SUS304N2 
SUS304KÄL&K NxZ 0.2mass K[º	

���xg 5ppm �È�hl900�-WQ	AC	
FCÄÅKg$ Fig.18$a�%�$	���e�
tºº ¹��È&l1000�-WQ	ACÄÅ�g
Fig.19 $a�%�$���e�t ¹��È&l
FC ÄÅ�t	�a#E$à�h³±©²d+À
�|ù�jï]	µd±W+���e�ZÈ�i

&l1100�NWQ ÄÅ�t Fig.20 a�%�$�
­½µd±W+e�t®¹�i½��hZ	AC
ÄÅ$ïkj���+d±e�Z ¹�$®¹

�i&lFCÄÅ$½&K 1000��È�ih�a
#E$à�hàüd±t	¾¿µd$á ]	d

¬�Ýg ¹�$®¹�i&%�$½&l 

 (a)WQ                         (b) AC       (c) FC 
Fig.15, SUS304$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC                       (c) FC 
Fig.16,  SUS304$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

100>?

100>?

6-1

- 289 -

JAEA-Review 2013-040



JRR-3�������	JRR-4�
�����	ATE�
������������	����	����� !"# 

(a)WQ                         (b) AC                       (c) FC 
Fig.17,  SUS304$ïö& 1100�-5min¬�É�ÄÅ0+ ATE� 

 (a)WQ                         (b) AC       (c) FC 
Fig.18,  SUS304N2$ïö& 900�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC                       (c) FC 
Fig.19,  SUS304N2$ïö& 1000�-5min¬�É�ÄÅ0+ ATE� 

(a)WQ                         (b) AC                       (c) FC 
Fig.20,  SUS304N2$ïö& 1100�-5min¬�É�ÄÅ0+ ATE� 

100>?

100>?

100>?

100>?
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,  
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, , , , , , , , , , , , , , , , , , , , , , ïkstrong, þkweak, �kvery weak, , , , ,
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� � ��������� �� $� �� $�
� � � � �� $� �� $�
� � � � �� $� �� ��
%)%,�'� #��������� �� $� �� $�
� � � � �� $� $� $�
� � � � �� �� �� ��
� � ##�������� �� �� �� ��
� � � � �� $� �� $�
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Fig. 23 Fig.19+µd±�	��� 

Fig.22, SUS304xWT780C-7Lk900�-2minÉWQ 

-��

Fig.24  SUS304xWT780C-7Lk1000�-2minÉWQ 

%)%,�'�

�����
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Fig.26, 1013k1000�- 30minÉWQ 
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Fig.27, 1013k1000�- 60minÉWQ 
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  付 録 

原科研研究炉の利用設備一覧 

      １．ＪＲＲ－３ 

       １）実験設備 

 

実 験 孔     E 
 

A実 験 装 置                    E 
 １Ｇ    

１Ｇ－Ａ   

１Ｇ－Ｂ 

 ２Ｇ    

 ３Ｇ    

 ４Ｇ    

 ５Ｇ    

 ６Ｇ    

 ７Ｒ    

Ｔ１－１   

Ｔ１－２   

Ｔ１－３   

Ｔ１－４－１ 

Ｔ１－４－２ 

Ｔ１－４－３ 

Ｔ１－４－４ 

Ｔ１－４－５ 

Ｔ２－１   

Ｔ２－２   

Ｔ２－３   

Ｔ２－４ 

Ｃ１－１   

Ｃ１－２   

Ｃ１－３   

Ｃ２－１   

Ｃ２－２   

Ｃ２－３－１ 

Ｃ２－３－２－１ 

Ｃ２－３－２－２ 

Ｃ２－３－３－１ 

Ｃ２－３－３－２ 

Ｃ２－３－３－３ 

Ｃ２－３－３－４ 

Ｃ３－１－１ 

Ｃ３－１－２－１ 

Ｃ３－１－２－２

Ｃ３－２   

高分解能粉末中性子回折装置（ＨＲＰＤ）         

生体高分子用中性子解析装置（ＢＩＸ－Ⅲ） 

生体高分子用中性子解析装置（ＢＩＸ―Ⅳ） 

三軸型中性子分光器（ＴＡＳ－１） 

中性子トポグラフィ及び精密光学実験装置（ＰＮＯ） 

汎用三軸型中性子分光器（ＧＰＴＡＳ） 

偏極中性子散乱装置（ＰＯＮＴＡ） 

東北大学中性子散乱分光器（ＴＯＰＡＮ） 

中性子ラジオグラフィ装置（ＴＮＲＦ） 

中性子偏極回折装置（ＨＱＲ） 

単結晶中性子回折装置（ＫＳＤ） 

粉末中性子回折装置（ＫＰＤ） 

即発ガンマ線分析装置（ＰＧＡ） 

多重即発ガンマ線分析装置（ＭＰＧＡ） 

ＴＯＦ型中性子反射率計（ＴＯＦ） 

中性子ラウエ回折装置（ＬＡＵＥ） 

中性子ベータ崩壊基礎測定装置 

残留応力測定中性子回折装置（ＲＥＳＡ） 

中性子４軸回折装置（ＦＯＮＤＥＲ） 

多目的単色熱中性子ビームポート（ＭＵＳＡＳＨＩ） 

高分解能三軸型中性子分光器（ＴＡＳ－２）        

高エネルギー分解能三軸型中性子分光器（ＨＥＲ） 

二次元位置測定小角散乱装置（ＳＡＮＳ－Ｕ） 

超高分解能後方散乱装置（ＵＬＳ） 

冷中性子散乱実験デバイス開発装置（ＬＴＡＳ） 

高Ｑ領域対応中性子反射率計（ＳＵＩＲＥＮ） 

中性子スピンエコー分光器（ＮＳＥ） 

多重即発ガンマ線分析装置（ＭＰＧＡ） 

即発ガンマ線分析装置（ＰＧＡ） 

冷中性子ラジオグラフィ（ＣＮＲＦ） 

パルス中性子機器開発装置（ＣＨＯＰ） 

ＴＯＦ型中性子反射率計（ＴＯＦ） 

中性子ラウエ回折装置(ＬＡＵＥ) 

高分解能パルス冷中性子分光器（ＡＧＮＥＳ） 

中性子光学システム評価装置（ＮＯＰ） 

多層膜中性子干渉計／反射率計（ＭＩＮＥ） 

中性子小角散乱装置（ＳＡＮＳ－Ｊ）           
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２）照射設備 

A水 力 照 射 設 備          E ＨＲ－１,２

A気 送 照 射 設 備          E ＰＮ－１,２

放射化分析用照射設備 ＰＮ－３

A均 一 照 射 設 備          E ＳＩ－１

A回 転 照 射 設 備          E ＤＲ－１

A垂 直 照 射 設 備          E 
ＶＴ－１,ＲＧ－１～４ 

ＢＲ－１～４,ＳＨ－１ 

２．ＪＲＲ－４ 

１）実験設備 

Aプ ー ル  E

中性子ビーム設備 

A散 乱 実 験 設 備        E 

冷却水循環ループ 

医療照射設備（ＢＮＣＴ） 

即発ガンマ線分析装置 

２）照射設備 

A簡 易 照 射 筒       E 

  Ｔパイプ（水力） 

Ｓパイプ

Ｄパイプ

Ｎパイプ

気送管照射設備 ＰＮ
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

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

表５．SI 接頭語

名称 記号 SI 単位による値

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

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

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

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

名称 記号 SI 単位で表される数値

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

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

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

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

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

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

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

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

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

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

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

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

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

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

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

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

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

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

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

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

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

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

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

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

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

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

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

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

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

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

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

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

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

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

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

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

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

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

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

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

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

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

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

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

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

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

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

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

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

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

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

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

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

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

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

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

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

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（第8版，2006年改訂）
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