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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 20 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）の施

設共用運転を行なった。研究炉 JRR-4 は反射体要素の吊り手溶接部に割れが発見され、

取り替え用反射体要素の製作及び交換が必要となったため、運転は行われなかった。 

 本報告書は、平成２０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、放射化分析、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。 
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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 and practice in the nuclear reactor training 
- Irradiation for activation analyses, RI productions, fission tracks 
 etc. 

In the fiscal year 2008, the research reactor JRR-3 was operated for 7 cycles (cycle operation : 
26days/cycle) for utilization sharing of facility. 

The research reactor JRR-4 was not operated in 2008. Because a crack was found on the weld of 
the aluminum cladding of a graphite reflector element. JRR-4 has remained shutdown until the 
reflector elements were replaced. 

The volume contains 250activity reports, which are categorized into the fields of neutron 
scattering (11 subcategories), neutron radiography, neutron activation analyses, and others 
submitted by the users in JAEA and 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２０年度には、ＪＲＲ－３において７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。ＪＲＲ－４については取り替え用反射体要素の製作及び交

換が必要となったため、運転は行われなかった。 

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２２３件、中性子ラジオグラフィ５件、放射

化分析２１件、その他１件で合計２５０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 

1)標   題  ：ACTIVITY REPORT ON NEUTRON SCATTERING 

 RESEARCH issued by ISSP-NSL,University of Tokyo,Vol.16 

    （東京大学物性研究所発行） 

 編   者  ：東京大学物性研究所 

 発 行 年  ：２００９年 

2)標   題  ：原子力機構施設利用総合共同研究成果報告集（平成２０年度） 

編   者  ：東京大学大学院工学系研究科原子力専攻共同利用管理本部 

発 行 年  ：２００９年
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Phonon Dispersion Relations of LaAlO3-SrTiO3

H. Yamauchi, T. Shimada1, K. Ichikawa1, J. Breeze2 and N. McN Alford2

Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195
1Advanced Electronics Research Laboratory, Hitachi Metals, Ltd., Kumagaya, Saitama 360-0843

2London South Bank University, London SE1 0AA, UK

The SrTiO3 doped LaAlO3 (LAO-STO)
has the pseudo-cubic perovskite structure. It
has been expected to apply single crystal
LAO-STO in dielectric resonators and elec-
tromagnetic filters because of extremely low
dielectric loss at microwave communications
frequencies1). However, it is known that its
loss is strongly depend on whether the in-
cident direction of electromagnetic wave is
along [1 0 0] or [1 1 0]2). Predicting the di-
electric loss in applicative materials at mi-
crowave frequency band has generally turned
out to be highly problematic, though it is
valuable for material developers to possess the
means of the preliminary prediction. Spark
et al. proposed that two-phonon absorption
process between transverse acoustic (TA) and
optic (TO) modes at the Brillouin zone (BZ)
boundary is mainly important for dielectric
loss in the microwave region3,4).

In order to collect the fundamental phonon
dispersion data, we therefore carried out
inelastic neutron scattering experiments at
room temperature using the triple-axis spec-
trometer TAS-1. The single crystal sample of
1.5 mol% SrTiO3 doped LaAlO3 was used for
experiments. Measurements were performed
in the constant-Q mode with incident neutron
energies of 14.7 – 41.0 meV. The scattering
was carried out in a net plane of (h k k).

Figure 1 shows the dispersion curves for
phonons with wave vectors along [1 0 0] and
[1 1 0] directions. The markers denote the ex-
perimental data. The calculated dispersion
curves of LaAlO3 with cubic symmetry are
also shown as reference by the dashed lines.
The open circles and triangles correspond to
TA and TO phonon modes, respectively. The
closed circles stand for longitudinal acoustic
modes. The experimental results are largely
consistent with the calculated dispersion ex-

cept for the TO mode and a part of the TA
modes in q ‖ [1 1 0]. The energy gap between
the TA and TO modes at the BZ bound-
ary is 18.3 meV in q ‖ [1 0 0] and 13.7meV
in q ‖ [1 1 0]. Comparing theoretical predic-
tion of losses with direct measurements is not
straightforward because theories assume per-
fect (defect- and impurity-free) single crys-
tals. Theories, however, have prospects of
providing a lower limit for the intrinsic dielec-
tric loss. In the future, we will examine the
availability of the theoretical method for pre-
dicting dielectric loss in LAO-STO as a can-
didate of the applicative materials.

Figure 1: Phonon dispersion curves for 0.985 LaAlO3 -
0.015 SrTiO3. The dashed lines represent the calcula-
tion of phonon dispersion relation in LaAlO3.
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Crystal Structure and Nuclear Density Distribution of LiCo1/3Ni1/3Mn1/3O2

Analyzed by Applying Rietveld/Maximum Entropy Method

N. Igawa, T. Taguchi, H. Fukazawa, H. Yamauchi, and W. Utsumi
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

LiCo1/3Ni1/3Mn1/3O2 is one of the candi-
date materials for cathode of next generation
Li ion batteries. In general, the crystal struc-
ture and Li diffusion pathway are the keys to
increase efficiency for the battery. Recently
maximum entropy method (MEM) combined
with neutron powder diffraction has been ex-
tensively used to investigate the crystal struc-
tures of ionic conductors, because MEM is ef-
fective for revealing static and dynamic dis-
order in crystals. In this study, we analyzed
the nuclear density (scattering length density)
distribution of LiCo1/3Ni1/3Mn1/3O2 by Ri-
etveld and MEM analysis of neutron powder
diffraction data to estimate the Li diffusing
pathway.

The sample was prepared by a solid state
reaction method. We used 7Li enriched LiOH
as a starting material to suppress the ad-
sorption of neutron beam. Neutron powder
diffraction measurements were carried out at
room temperature using the HRPD. A neu-
tron wavelength of 0.1823 nm was used. Crys-
tal structure was determined from the diffrac-
tion pattern by the Rietveld method using the
program“RIETAN-FP”.1) After the Rietveld
analysis, the scattering density distribution
map was estimated by applying the maximum
entropy method analysis using the program
“ PRIMA”.2)

Figure 1 shows a result of Rietveld refine-
ment. All peaks were from the sample and no
reflections of impurities were observed. The
Rwp, RB and S are 4.28 %, 1.66 % and 1.19.
LiCo1/3Ni1/3Mn1/3O2 has a hexagonal struc-
ture with the space group R-3m. Lattice pa-
rameters were refined to be a = 2.8643(2) Å,
c = 14.2460(6) Å. Though Li mainly occupies
3a site, Co, Ni and Mn occupy 3b site, and
O 6c site, approximately 4 % of Li and Ni
atoms substitute from their original sites (3a
and 3b) to 3b and 3a sites.

Figure 2 shows the scattering length density
distribution maps of LiCo1/3Ni1/3Mn1/3O2

drawn with the absolute values of isosurface
level, a)1.0 fm/Å3 and b)0.05 fm/Å3. While
the scattering length density distributions of
Co, Mn, Ni, and O atoms were localized at
their sites, those of Li atoms at z=0, 1/3 and
2/3 widely spread on the planes parallel to
(0001) plane.
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Figure 1: The result of the Rietveld analysis of
LiCo1/3Ni1/3Mn1/3O2.

Figure 2: Scattering length density distribution maps.
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Neutron Powder Diffraction Study of Water-Dissolved Ba2In2O5

T. Nagasaki1, S. Shiotani2, M. Yoshino2, K. Iwasaki2,
N. Igawa3, H. Fukazawa3, H. Yamauchi3 and W. Utsumi3

1EcoTopia Science Institute, Nagoya University, Nagoya 464-8603
2Department of Materials, Physics and Energy Engineering, Graduate School of Engineering,

Nagoya University, Nagoya 464-8603
3Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

In our previous studies 1,2), we carried out
neutron powder diffraction experiments on
BaSn0.5In0.5O2.75, a proton conducting oxide
with perovskite structure, with and without
dissolved H2O/D2O. Analyzing the data by
the Rietveld method and the maximum en-
tropy method (MEM), we found that the deu-
terium atoms in BaSn0.5In0.5O2.75+αwere lo-
cated at the 48n site close to the 12h site of
the cubic perovskite structure (space group
Pm3m).

In the present study, we have carried
out similar experiments on another pro-
ton conducting oxide Ba2In2O5, which has
perovskite-derivative (brownmillerite) struc-
ture. Because of its lower symmetry,
Ba2In2O5 has various interstitial sites, some
of which must be more stable than others for
hydrogen.

Figure 1(a) shows the diffraction pattern of
(dry) Ba2In2O5 at 8 K. Although it was well
fitted by the orthorhombic (Imma) structure
model 3), there remained a few small peaks
that could not be assigned. In fact, these
extra peaks were also seen in the reported
diffraction patterns 3,4). Because they disap-
peared after water uptake 4), they are unlikely
to be caused by impurities.

Figure 1(b) and (c) show the diffraction
patterns for Ba2In2O6H2 and Ba2In2O6D2 at
8 K, respectively. While the Rietveld fitting
based on the tetragonal (P4/mbm) structure
model 5,6) gives a reasonable fit for the pro-
tonated material, it gives a poor fit for the
deuterated material. Provided that the iso-
tope effect in the crystal structure is negligi-
ble, this result suggests that the actual atomic
arrangement especially of hydrogen is differ-
ent from that in the structure model. Ac-

cordingly we have tested larger unit cells with
lower symmetry, but not yet obtained satis-
factory fits to the observed patterns. Further
study is needed.

Figure 1: Neutron powder diffraction patterns at 8 K
of (a)Ba2In2O5, (b)Ba2In2O6H2, and (c)Ba2In2O6D2,
together with the results of Rietveld fitting (difference
plots) using RIETAN-FP.
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Structure of Ice XI and a New Form, Ice XV

H. Fukazawa
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

Ice is the major solid component in the uni-
verse. By infrared space observatory (ISO),
ice has been founded in many locations from
interstellar clouds to planets, their satellites
and Kuiper belt objects. The infrared spec-
tra have a strong peak at around 3.08 micro
meter, which assigned to OH stretching vi-
bration in crystal ice. The observed crystal
ice in space is generally cooled below 80 K.
According to the third low of thermodynam-
ics and Pauling’s ice rules, the hydrogen in
crystal ice should be ordered at very low tem-
perature. Thus frigid ice in space may be not
ice Ih but hydrogen-ordered ice. The ordered
ice is named ice XI (eleven). A hypothesis
that ice XI exists in the Universe is reported
[1-7].

We measured neutron powder diffraction
(NPD) and infrared (IR) absorption spectra
of doped ice samples with impurities, in order
to understand the properties of ice in space.
NPD shows that the hydrogen is ordered in
ice and the resulting solid becomes ferroelec-
tric ice XI (eleven). The ferroelectric ice is
stable in wide range of temperature and pres-
sure. IR spectra of ice XI have sharp peaks in
librational and OH stretching modes.

Ferroelectric high-pressure ice, named ice
XV, has long been predicted to exist above
0.7 GPa and below 160 K. We made ice XV at
1 GPa and 70 K on the HRPD using a high-
pressure cell (McWhan type cell of alumina
powder developed by Prof. Onodera) and top
loading cryostat. In this march we have ob-
tained the diffraction profile of ice XV at 1
GPa, which has a new peak (2.37 angstrom)
from hydrogen-ordered structure. The profile
is consistent with a ferroelectric structure.

Our preliminary study suggests that a new
ice XV is also ferroelectric. Thus large quan-
tities of ferroelectric ice should exist on icy
bodies in outer solar system. The properties
of ferroelectric ice are of interest in space be-

cause of long-range electrostatic force. The
ferroelectricity becomes very important fea-
ture for planetary formation and material
(including life origin material) evolution in
space. A plan (ISO by a space telescope) to
prove this hypothesis is proposed [8].
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Correlation Effects among Thermal Displacements of Atoms in KBr

T. Sakuma, Xianglian, N. Shimizu, J. Yokokawa, H. Takahashi1 and N. Igawa2

Institute of Applied Beam Science, Ibaraki University, Mito 310-8512
1Institute of Applied Beam Science, Ibaraki University, Hitachi 316-8511

2Japan Atomic Energy Agency, Tokai 319-1195

Correlation effects among thermal displace-
ments of atoms are important to realize the
thermal properties of materials1). The oscil-
latory diffuse scattering intensities were ob-
served from ordered crystals at room tem-
perature due to the correlation effects among
thermal displacements of atoms2). The values
of correlation effects decrease rapidly with the
increase of inter-atomic distance.

The correlation effects among thermal dis-
placements of atoms are also obtained by EX-
AFS analysis. The value of the correlation ef-
fects of 1st nearest neighboring atoms in KBr
was very small compared to other ionic crys-
tals. We discuss the inter-atomic distance and
temperature dependence of correlation effects
in KBr by neutron diffraction method.

Neutron diffraction measurements were
performed on powder KBr at 7 and 295 K by
HRPD. Powder samples were set in a vana-
dium container of 10 mm in diameter. In-
cident neutron wavelength was 1.823 Å. The
scattering data were collected in the range of
scattering angle from 10◦ to 160◦ with step
angle 0.05◦. The observed diffuse neutron
scattering intensities of KBr are shown by
solid lines (295K) and broken lines (7K) in
Fig. 1.

The diffuse neutron scattering profile of
KBr at room temperature was explained by
the correlation effects among thermal dis-
placements of atoms up to third neighboring
atoms. The value of correlation effects among
1st nearest neighboring atoms in KBr (0.68)
by diffuse neutron scattering measurement is
greater than that (0.4) by EXAFS measure-
ment. When we calculate the diffuse scatter-
ing intensity with the value 0.4, the oscillatory
feature of the calculated intensity is very weak
compared with that of the observed neutron
diffuse scattering intensity.

The force constant is related to correlation
effects and Debye-Waller temperature param-
eters. The phonon dispersion relation is cal-
culated by the force constants among atoms.
The force constant of first nearest neighbor-
ing atoms is obtained by EXAFS measure-
ment, whereas the force constants of first, sec-
ond and third nearest neighboring atoms are
obtained by the analysis of diffuse scatter-
ing. Therefore we would estimate the phonon
dispersion relation from the analysis of dif-
fuse scattering intensity by X-ray and neu-
tron diffraction measurements with a high
accuracy than the method of EXAFS mea-
surement. The derivation of phonon disper-
sion relation from the correlation effects is in
progress.

Figure 1: Neutron scattering intensities of powder
KBr.
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Nano-structure analysis of high Cr steel for long life FBR structural material

S. Obara1, J. Suzuki2, T. Wakai1, S. Ohtsuka1, M. Inoue1 and T. Asayama1

1Core and Structural Materials Group, Advanced Nuclear System RD Directorate
2Materials and Life Science Division, J-Parc Center

For the commercialization of fast breeder reac-
tor (FBR), it is essential to reduce construction
cost by employing high chromium (Cr) steels as
main structural materials. The conventional high
Cr steels which have been developed as the ma-
terials for thermal power boilers have both ex-
cellent high temperature strength and thermal
properties, such as thermal conductivity and ther-
mal expansion rate. Generally, high tempera-
ture strength of the high Cr steels is achieved by
several strengthening mechanisms. Precipitation
strengthening mechanism by fine precipitations,
such as V(C,N), Nb(C,N) and Cr23C6, is the most
important one. In this study, in order to estimate
the precipitation strengthening effect in high Cr
steel, the size distribution and number density of
fine precipitations were estimated using transmis-
sion electron microscope (TEM) and small angle
neutron scattering (SANS) analyzer. In addition,
the relationship between high temperature proper-
ties and number density of fine precipitations was
evaluated based on the mechanical test results and
microstructural observations.

In order to estimate the size distribution and
number density of fine precipitations, V and Nb
added high Cr steel was prepared. Chemical com-
positions of the steel are 0.1C-10Cr-1.2Mo-0.12V-
0.03Nb-0.05N-Fe (mass%). The steel were nor-
malized at three different temperatures, namely
1060̊ C, 1100̊ C and 1150̊ C for 1 hour, and then
tempered at 760̊ C for 1 hour. The TEM observa-
tion was performed using extracted replicas speci-
men. The SANS analyses were performed in the q
range of 0.01～1 (nm−1) using SANS-J-II in JRR-
3, and the nuclear scattering information was ob-
tained by applying one-directional magnetic field
of 1 (Tesla) to the specimens.

The shape, distribution and chemical compo-
sitions of fine precipitations were investigated us-
ing TEM observations. Then, the size distribution
and number density of fine precipitations were ob-
tained from the measured SANS profiles and TEM
observations. The influence of normalizing tem-
perature on the size distribution of fine precipi-
tations obtained from SANS analyses is shown in
Figure 1. The mean diameter of fine precipita-
tions decreased with increase of normalizing tem-
perature, and the number density became lager

with increase of normalizing temperature. Figure
2 shows the relationship between high tempera-
ture strength and normalizing temperature. Both
0.2% proof stress and ultimate tensile strength
increased with increase of normalizing tempera-
ture. Number density of fine precipitations also
described in Figure 2, there is a good correlation
between high temperature strength and number
density of fine precipitations. These results show
that SANS analyses and TEM observations can
evaluate size distribution and number density of
fine precipitations which correlated with high tem-
perature strength of high Cr steel.

Figure 1: Influence of normalizing temperature on size
distribution of fine precipitations in high Cr steel.

Figure 2: High temperature strength and number den-
sity of fine precipitations versus normalizing temper-
ature.

原子炉：JRR-3 装置：SANS-J(C3-2) 分野：中性子散乱（構造）
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Development of High Pressure Device for Neutron Powder Diffraction
－ Feasibility Test using Lanthanum Hydride－

W. Utsumi, T. Hattori, A. Machida1 and N. Igawa
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Quantum Beam Science Directorate, JAEA, Sayo, Hyogo 679-5148

In situ powder diffraction with x-rays or
neutrons is an indispensable technique to in-
vestigate the structure of materials under
high pressure. For neutron diffraction, var-
ious high-pressure experiments have previ-
ously been conducted at nuclear reactors and
with pulsed neutron sources. Further rapid
progress is expected owing to the opening of
J-PARC. Development of high pressure device
suitable for neutron diffraction has been made
using the High Resolution Powder Diffrac-
tometer (HRPD) at JRR-3.

A Paris-Edinburgh press was mounted on
the rotation stage of HRPD. A pair of toroidal
anvils made of tungsten carbide (WC) was
used for the pressure generation. Diffraction
profiles of Lanthanum hydride (LaHx) pow-
der (initial size: 5mm in diameter and 2.5mm
in height) placed in the high pressure cell
were observed at 3.5 GPa (applied load: 37
ton). Lanthanum hydride has been studied
intensively because it exhibits metal-insulator
transition upon hydrogenation and various
phase transition occurs under high pressure.

Incident and diffracted neutron beams (wave-
lengh:1.823°A) pass through the anvil gap
which is perpendicular to the compression
axis. The exposure time was 37 hours.

Figure 1 shows the diffraction profiles at 3.5
GPa. Nine peaks of LaHx were clearly ob-
served together with those from WC anvils.
Although there are still many problems to be
solved such as reduction of background and
precise intensity measurements, feasibility of
neutron powder diffraction under high pres-
sure was confirmed. Using this high pressure
device, the first high experiment was carried
out at J-PARC (BL19), and the diffraction
profiles of standard sample (Pb) were success-
fully obtained.

References
1) W.Utsumi, H.Kagi, K.Komatsu, H.Arima, T.Nagai,

T.Okuchi, T.Kamiyama, Y.Uwatoko, M.Matsubayashi
and T.Yagi, Nucl.Instr.Meth.Phys.Res.A 600, 50
(2009).

Figure 1: Diffraction profiles of LaHx at 3.5 GPa.
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Study of Mesoscale Spatial Distribution of Electron Spins in High Crystallinity
Polyethylene Doped with TEMPO Using Time-Resolved Dynamic Nuclear

Polarization and Small-Angle Neutron Scattering Methods

T. Kumada, Y. Noda, S. Koizumi, T. Hashimoto
Advanced Science Research Center, JAEA, Tokai, Ibaraki 319-1195

We studied the mesoscale spatial distri-
bution of the electron spins in the high-
crystalline polyethylene (PE) doped with
TEMPO radicals by means of combined time-
resolved dynamic nuclear polarization (DNP)
and small-angle neutron scattering (SANS).
DNP results from transferring spin polariza-
tion from electrons to nuclei, thereby aligning
the nuclear spins to the extent that the elec-
tron spins are aligned. Proton spins at the
neighbor of the electron spins are dynamically
polarized by DNP. Since scattering length of
a polarized neutron against a proton remark-
ably depends on relative direction of their
spins, the scattered pattern of the polarized
neutron reflects the spatial distribution of the
proton polarization. The idea is that the spa-
tial distribution of the electron spins can be
determined by the SANS measurement of the
distribution of the polarization generated by
DNP.

We implemented the technique of double
microwave-frequency DNP system and time-
resolved SANS system. The DNP system en-
ables to generate positive and negative pro-
ton polarization by switching the microwave
(MW) frequency. The time-resolved SANS
measures the spatial distribution of the polar-
ization as a function of time after the switch-
ing of MW.

Figure 1 shows SANS profiles of the dynam-
ically polarized PE. The scattering intensity
at q ≤ 0.02 Å measured 1 min after the stwich-
ing of MW is larger than that measured ≥ 10
min after the switching and that of the unpo-
larized sample, whereas intensity of the peak
at q = 0.02 Å−1 was much less changed.

High crystallinity PE has lamellar structure
composed of crystalline (C) and amorphous
(LA) phases, which generates the peak at q =
0.02 Å−1, whereas the regions other than the

lamellar are amorphous (AA). It was found by
electron spin resonance study that TEMPO is
localized in the LA and AA regions but not
in the C region. We speculate that the po-
larization at the AA region grew faster than
that at the C and LA regions. The remark-
able increase in the scattered intensity mea-
sured 1 min after the switching is expected
to be due to the difference in polarization be-
tween the lamellar and the other regions. The
small change in the peak intensity at q = 0.02
Å−1 suggests that the spin diffusion between
C and LA is too fast to observe their differ-
ence in polarization within the time-scale of
measurement.

Figure 1: SANS profiles of dynamically polarized high
crystallinity PE doped with TEMPO measured at 3.3
T and 1 K.

原子炉：JRR-3 装置：SANS-J(C3-2) 分野：中性子散乱（構造）
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High Temperature Neutron Diffraction Study of (La0.5Sr0.5)CoO3-d Perovskite

K. Nomura (A), H. Kageyama (A), K. Kakinuma (B), T. Maekawa (C), S. Nakamura
(C),H. Miyazaki (C), H. Imabayashi (C), T. Ito (C), and M. Yashima (D)

(A) AIST, (B) Yamanashi University, (C) New Cosmos Electric Co., Ltd., (D) Tokyo Institute of
Technology

Recently, strontium-doped lanthanum
cobaltate perovskites, (La1-xSrx)CoO3-d
have been investigated as the cathode ma-
terials of solid oxide fuel cells, because of
the high electronic and high oxide-ion con-
ductivity [1]. However, the detailed crystal
structures under cell operation conditions,
i.e., at elevated temperatures under oxygen
partial pressures, P(O2)<=0.21atm, have
not been reported yet. In this study, we
have measured high temperature neutron
diffraction data of 50 mol% Sr-doped
LaCoO3, (La0.5Sr0.5)CoO3-d (LSC), at
elevated temperatures, 298<=T<=1273K,
under 0.0002<=P(O2)<=0.21atm, to inves-
tigate the detailed crystal structures.
Neutron diffraction measurements were
performed with a 150-detector system,
HERMES [2], installed at the JRR-3M re-
actor in JAEA (Tokai). The neutron wave
length was 1.8265(1)A and the diffraction
data were collected in the 2θ range from
20 to 153 deg. in step interval of 2 θ =
0.1 deg. A furnace with Pt-Rh heaters in-
stalled in a vacuum chamber was placed
on the sample stage, and used for neutron-
diffraction measurements at high tempera-
tures under different P(O2) conditions. The
diffraction data obtained were analyzed us-
ing the Rietveld program RIETAN-2000 [3].
The diffraction data of LSC could be in-
dexed assuming a trigonal symmetry (R-
3c, No.167) between 298 and 608K, or a
cubic one (Pm-3m, No.221) between 723
and 1273K under P(O2) = 0.21atm. Al-
most all the diffraction peaks could be in-
dexed as a tetragonal system (P4/mmm,
No.123) at 1073K in P(O2) = 0.0002atm.
Figure 1 shows the Rietveld refinement re-
sult of LSC measured at 1273K in P(O2) =
0.0004atm. Under this condition, almost all
the diffraction peaks could be indexed as

a cubic perovskite phase (Pm-3m, No.221)
(In addition, trace amount of CoO phase
was detected). The refined cell parameters
of perovskite phase were as follows: Z = 1, a
= 3.9395(3)A,α = 90 deg., V = 61.138(8)Aˆ3.
The reliability factors were Rwp = 5.81%,
RI = 3.93%, RF = 2.14%, and Re = 2.12%.
Goodness of fit (S = Rwp/Re) was 2.73.

References
[1] N. Minh, J. Am. Ceram. Soc., 76, 563
(1993).
[2] K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani, and Y. Yamaguchi,
Jpn. J. Appl. Phys., 37, 3319 (1998).
[3] F. Izumi and T. Ikeda, Mater. Sci. Forum,
321-324, 198 (2000).

Fig. 1. Rietveld refinement result of
(La0.5Sr0.5)CoO3-d at 1273K in P(O2) = 0.0004 atm.
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Structural Disorder and Diffusional Pathway of Oxide Ions in a Doped
Pr2NiO4-Based Mixed Conductor
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Yoshitaka Matsushita,¶ Fujio Izumi,¶ Tatsumi Ishihara‡

†Department of Materials Science and Engineering, Interdisciplinary Graduate School of
Science and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-Ku,
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Mixed oxide-ionic and electronic conduct-
ing ceramics (MIECs) are attracting much
interest as materials for oxygen separa-
tion membranes. Oxygen can permeate
through MIECs membranes when a gra-
dient of oxygen chemical potential exists.
A2BO4-based oxides with K2NiF4-type
structure have extensively been studied
as new mixed ionic-electronic conductors,
where A and B are cations. The develop-
ment of improved MIECs requires a better
understanding of the mechanism of ionic
conduction, and crucial to this is a compre-
hensive knowledge of the crystal structure.
It was speculated that the oxide ion con-
duction in the A2BO4-based oxides occurs
by diffusion of excess oxide ions along the
rock-salt-type AO layers. However, the
diffusion path of oxide ion has not been
determined yet. Pr2NiO4-based oxides
have high oxygen permeability and high
diffusivity of oxide ions. Here, we report
for the first time the diffusion path of oxide
ions in a K2NiF4-type mixed conductor
(Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+d
(PLNCG), through a high-temperature
neutron powder diffraction study (M.
Yashima, M. Enoki, T. Wakita, R. Ali,
Y. Matsushita, F. Izumi and T. Ishihara,
“ Structural Disorder and Diffusional
Pathway of Oxide Ions in a Doped
Pr2NiO4-Based Mixed Conductor”, J. Am.
Chem. Soc. (Communications), 139, [9]
2762-2763 (2008).). We chose this chemical
composition, because it exhibits high oxy-
gen permeability. The present result would
give hints for the design of K2NiF4-type

conductors.
A PLNCG sample was prepared by a
solid-state reaction method at 1300 oC for
6 h in air. Neutron powder diffraction
data of PLNCG were in situ measured
at 606.6 oC and 1015.6 oC using a fur-
nace and a 150 detector system HERMES
at a neutron wavelength of 1.82646 　.
Neutron diffraction patterns at both tem-
peratures indicated a K2NiF4-type struc-
ture with I4/mmm space group. Neutron-
diffraction data were analyzed by a combi-
nation of Rietveld analysis, the maximum-
entropy method (MEM), and MEM-based
pattern fitting (MPF). A computer pro-
gram RIETAN-2000 was utilized for the Ri-
etveld analysis and MEM-based whole pat-
tern fitting, and VESTA for visualization of
nuclear density (scattering-length density)
distribution. It is known that MPF makes it
possible to determine nuclear densities in
compounds containing disordered chemi-
cal species from neutron diffraction data.
Rietveld refinements of the neutron diffrac-
tion data of PLNCG at 606.6 oC and 1015.6
oC were successfully performed on the
basis of the K2NiF4-type structure with
I4/mmm space-group symmetry. It was
found that PLNCG has a crystal structure
consisting of (Ni,Cu,Ga)O6 octahedron and
(Pr,La)-O layers. Refined occupancy factors
indicated the excess oxygen of d = 0.0154(3)
in (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+
d, which is ascribed to the interstitial O3
atom. The O3 atom is located at a 16n
site, i.e., (x, 0, z) where x = 0.666(19)
and z = 0.223(9) at 1015.6 oC. The oxy-

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
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gen atom at the O2 site (4e; (0, 0, z); z
= 0.1752(4) at 1015.6 oC) exhibits highly
anisotropic thermal motion (U11 = U22 =
0.115(3)　 2 and U33 = 0.021(3)　 2), which
leads to the migration of oxide ions to the
nearest-neighbor interstitial O3 positions.
The striking feature in the nuclear den-
sity distribution is the curved O2-O3 dif-
fusion path. This feature is ascribed to the
repulsion between (Pr,La) and O atoms.
In fact, the distance between the (Pr,La)
and O atoms are kept approximately con-
stant along the diffusion paths. This fact
suggests that the large-sized cations such
as Pr and La ions at the A site in the
A2BO4-type conductor are effective in im-
proving the oxide-ionic conduction on the
A-O layer. The conduction path is along
the <100> directions near the O2 site
and roughly along the <301> directions
around the center of the paths. The nuclear-
density distribution also shows the two-
dimensional (2D) network of the O2-O3-
O2 diffusion paths of oxide ions. The 2D
feature is consistent with the anisotropic
transport of oxide ions in La2NiO4+d. The
nuclear density on the diffusion path at
1015.6 oC is larger than that at 606.6 oC,
which is consistent with the improved oxy-
gen permeability at higher temperatures.
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Neutron diffraction study of Yb compounds
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Japan Advanced Institute of Science and Technology, Ishikawa 923-1292, Japan

(1)Graduate School of Education, Hiroshima University, Hiroshima 739-8524, Japan
(2)Faculty of Regional Sciences, Tottori University, Tottori 680-8551, Japan

The interesting phenomenon of zero ther-
mal expansion has been recently reported
to occur in a wide temperature range from
100 to 300 K in YbGaGe compound [1]. The
anomalous thermal expansion is caused by
the decrease of Yb ion radius associated
with valence fluctuation with increasing
temperature. Because the temperature de-
pendence of the effective magnetic moment
calculated from the result of susceptibil-
ity measurement indicated that the valence
of the Yb ion varies from 2+ to 3+. How-
ever, the experimental result was shown to
suggest that the YbGaGe compound is dia-
magnetic [2]. Therefore, a correlation be-
tween valence fluctuation and zero thermal
expansion has been doubted.

Furthermore, as for the thermal expan-
sion anomaly that this compound showed,
its sample dependence was large. A lot of
questions do not yet reach solution about
presence and cause of zero thermal expan-
sion in the YbGaGe compound.　

The purpose of this study is to examine
the zero thermal expansion in the YbGaGe
compound experimentally.

The single phase polycrystalline sam-
ples of YbGaGe compound was prepared
by melting the constituent elements in a
tetra-arc furnace under a Ti-gettered high-
purity argon atmosphere. The measure-
ment of thermal expansion of bulk sam-
ples was performed with differential trans-
former and strain gage methods. The pow-
der neutron diffraction was carried out in
the temperature range from 10 to 300 K
at neutron beam-line T1-3 of JRR-3M at
Tokai. Rietveld method was employed for
the analysis. Heat capacity was measured
with a PPMS.

The powder neutron diffraction pattern at
300 K is shown in Figure 1. The anisotropic
thermal expansion was observed. The anal-
ysis is in progress.
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Fig. 1. The powder neutron diffraction pattern of
YbGaGe at 300 K
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Measurement of over dumped phonon on protonic conductor K3H(SeO4)2

F. Shikanai1, S. Itoh2, K. Tomiyasu3, N. Aso4, T. J. Sato4, S. Ikeda2 and T. Kamiyama2

1 Univ. Tsukuba, 2 IMSS-NSL KEK, 3IMR, Tohoku University, 4ISSP-NSL Univ. Tokyo

Protonic conductor K3H(SeO4)2 under-
goes first order phase transition at 390 K
(TC, 385 K on the cooling process), and
shows high electric conductivity above TC.
We have measured the inelastic neutron
scattering (INS) of the material, and ob-
served a broad spectrum around 0 meV at
zone boundary L-point above TC. Intensity
of the spectrum increases with decreasing
the temperature, and the spectrum is con-
sidered to be caused by an over dumped
phonon. However, quantitative nature of
the spectrum was unclear because of the
narrow shape of the spectrum less than the
resolution. We, therefore, performed an en-
ergy scan from −0.2 meV to 0.2 meV under
a possible high resolution within the scat-
tering condition. The final momentum vec-
tor kf was fixed at 1.39 Å−1. The energy
resolution was estimated as 88(3) μeV from
the FWHM of incoherent scattering of hy-
drogen under a collimation of G-Be-20′-S-
40′-Be-40′.

Figure 1 shows the temperature depen-
dence of INS spectrum at L-point sub-
tracted incoherent scattering which ob-
tained at 0.7 2 0. The broad peak was ob-
served only at L-point, therefore, the spec-
tra are caused by an coherent scattering
having the same symmetry of rotational
SeO4 tetrahedra. To analyze the data in
Fig. 1, a equation formulated for neutron
scattering cross section by over dumped
phonon [1] was used. The equation was
simplified as ATγ{(T − T0 + BΔq2)(E2 +
γ2)}−1 with the four parameters A, B, T0
and γ. The results of fitting substituted
Δq = 0 for the fitting function are illus-
trated as the plane in Fig 1. As shown
in the figure, the data are good agreement
with the calculated plane. The extrapo-
lated Curie temperature T0 was obtained
as 368(2) K. The parameter γ was assumed
as a linear function of T obtained from fit-

ting at each temperature using a normal
Lorentz function, as shown in the inset of
Fig 1. The FWHM of the spectrum, 2γ,
slightly depends on the temperature, and
is obtained as 60(4) μeV and 70(6) μeV at
386 K and 435 K, respectively. This energy
range corresponds to 14(1) GHz and 17(1)
GHz, and gives the lifetime from 7.1(4) ×
10−11 s to 5.9(4) × 10−11 s. Although it is
expected that the lifetimes are little longer
then this result because of the resolution,
this time scale agrees with the stationary
time of conduction proton, 9.0(8) × 10−11

s at 388 K and 4.9(3)× 10−11 s at 433 K, ob-
tained from quasi elastic neutron scattering
(QENS) [2]. It shows that proton conduc-
tion is simultaneous with the motion of ro-
tational mode in phase I.
References
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Fig. 1. Temperature dependence of INS spectra at
L-point (subtracted incoherent scattering).
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Phonon dispersion of off-stoichiometric Ni2MnGa sigle crystal

K. InoueA, Y. YamaguchiB, H. HirakaB

AAdvanced Research Institute for Science and Engineering, Waseda University, BIMR, Tohoku
University

Inelastic neutron scattering experiments
were used to study an off-stoichiometric
Heusler-type Ni2.16Mn0.78Ga1.06 single
crystal. A triple-axis neutron spectrometer,
AKANE, was used. The alloy has a marten-
sitic transformation temperature around
room temperature (293 K) coincident with
a Curie temperature. It is ferromagnetic
in the martensitic phase and paramagnetic
in the mother phase and is expected as
a magnetic-field-induced shape memory
alloy. With decreasing temperature the
alloy transforms from a cubic structure to
a metastable orthorhombic structure and
finally to a stable tetragonal structure.1)

Diffraction patterns of the cubic struc-
ture and of the orthorhombic structure
projected on the reciprocal cubic c*-plane
are shown in Figs. 1(a) and (b). At 400
K the alloy shows a cubic structure and
at 279K it shows an orthorhombic one.
In the orthorhombic structure at 279 K,
we see several elastic diffuse scatterings
along the〈110〉and〈100〉directions of
the orthorhombic c*-plane and many weak
satellite peaks on these diffuse scatterings.
These diffuse scatterings and the satellite
peaks appear to show that the lattice is
modulated to various extent along〈110〉
and〈100〉directions.
TA2-phonon dispersions with〈110〉and
〈100〉propagations in the cubic phase
were measured at several temperatures.
As shown in Figs. 1(c) or (d), the softening
of the phonon is observed at q=0.3 or at
q=0.23, respectively. The softening of the
phonon with〈110〉propagation is explic-
itly temperature dependent. However, the
temperature dependence of the softening
of the phonon with〈100〉propagation is
not clear. Near the position in the q-space
corresponding to the softening of the
TA2-phonon dispersion, the elastic satellite

peaks in the metastable orthorhombic
structure appear. Thus, the softening of the
TA2-phonon in the mother phase appears
to be a precursory phenomenon to the
metastable martensitic structure.
1) K. Inoue, Y. Yamaguchi, H. Hiraka, et.
al.: J. Phys. Soc. Jpn. 78 (2009) 034602.

Fig. 1. (a), (b) Elastic q-mesh scans on the recip-
rocal lattice cubic c*-plane at 400 and 279 K, (c),
(d) TA2-phonon dispersions with cubic〈110〉and
〈100〉propagations.
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Structure and Magnetism of Infinite Layer Iron Oxide with a Square-Planar
Coordination

Tassel C., Tsujimoto Y., Kageyama H., Yoshimura K., Takano M., Nishi M., Ohoyama K.
Kyoto University, University of Tokyo, Tohoku University

The coordination geometries more usually
exhibited by iron in oxides are octahedral
and tetrahedral.1 However the use of cal-
cium hydride as a low-temperature reduc-
tant, a technique recently introduced by
Hayward, Rosseinsky and coworkers, has
provided a way to circumvent this struc-
tural choice. For instance, Tsujimoto et al.
have recently reported a new material, Sr-
FeO2, in which a high-spin Fe2+ exhibits
a square-planar coordination. This mate-
rial is build from unprecedented FeO2 in-
finite layers in between which the Sr2+
cations reside (see Fig. 1(left)) and ex-
hibits a number of surprising structural
and physical properties. The study of the
electronic structure of SrFeO2 has provided
important clues to understand this situa-
tion. Later, this material was shown to be
remarkably robust towards cation substitu-
tion and temperature6 opening the way to-
wards possible applications. More recently
the same technique was used to prepare
a new spin-ladder iron oxide, Sr3Fe2O5,
which again exhibits high-spin Fe2+ ions in
a square-planar coordination.

The neutron diffraction study and the syn-
chrotron X-ray diffraction revealed that
CaFeO2 exhibit an unprecedented layered
structure [1]. The new phase was ob-
tained through a low-temperature reduc-
tion procedure using calcium hydride. The
XAS spectra near the Fe-K edge for the
whole solid solution (Sr1-xCax)FeO2 sup-
ports that iron is in a square-planar co-
ordination for 0 < x < 0.8 but clearly
suggests a change of coordination for x
= 1. The new structure contains infinite
FeO2 layers in which the FeO4 units un-
precedentedly distort from square-planar
toward tetrahedra and rotate along the c
axis (see Fig. 1(right)), in marked contrast

to well-studied and accepted concept that
octahedral rotation in perovskite oxides oc-
curs but the octahedral shape is kept al-
most regular.

[1] T. Cedric et al., J. Am. Chem. Soc. 131,
221-229 (2008).

Fig. 1. Crystal structures of the ideal infinite struc-
ture SrFeO2 (left) and the distorted one CaFeO2
(right).
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Observation of the spin gap in a two-dimensional quantum spin system
(CuCl)Ca2Nb3O10

Tsujimoto Y., Kageyama H., Yoshimura K., Ajiro Y., Nishi M.
Department of Chemistry, Graduate School of Science, Kyoto University; Institute for Solid

Staet Physics, University of Tokyo

Low-temperature syntheses may of-
fer promising routes to innovate low-
dimensional magnetic compounds,
as metastable solids. Indeed, reacting
a double-layered nonmagnetic Dion-
Jacobson phase RbLaNb2O7 with CuX2
yields a perovskite/metal halide inter-
growth structure (CuX)LaNb2O7 (X = Cl,
Br), where the interlayer Rb+ ions are re-
placed by the [CuX]+ layer with an S = 1/2
square lattice. We have recently reported
that the ground state of (CuCl)LaNb2O7
is described by the quantum spin liquid,
where no long-range order exists down to
20 mK and the spin-singlet ground state
is separated from the triplet excited states
by a gap of 2.3 meV. On the other hand,
(CuBr)LaNb2O7 has a spin order at 32
K, with a spin structure of the so-called
collinear (pi, 0) type. We then explored
the triple-layered system (CuX)A2B3O10
which is expected to have an enhanced
two-dimensionality as the magnetic CuX
layer in the triple-layered system is sep-
areted by the perovskite slab as long as
16 angstrom, 1.5 times longer than the
double-layered case. (CuBr)Sr2Nb3O10
showed a quantized magnetization plateau
corresponding to the 1/3 of the fully satu-
rated magnetization for Cu. The stability
of the 1/3 plateau can be controlled by
substituting A and B site with Ca, Ba, Pb,
and with Ta, respectively.

In this study, we investigate a series of
(CuCl)A2B3O10 compouds. From the mag-
netic susceptiblity and magnetization mea-
surements, the spin singlet nature with a
finite gap to the first excited triplet state
is suggested in (CuCl)Ca2Nb3O10. It fol-
lows that this compound provides the
good comparison to (CuCl)LaNb2O7. In

order to directly probe the existence of
the singlet-triplet excitations and to un-
derstand the spin-singlet formation mech-
anism, we performed the inelastic neutron
scattering study using two spectrometers at
JRR-3, 5G and C1-1.

As shown in Fig. 1, we successfully ob-
served the singlet-triplet excitations at
around 1.5 meV, obtained at C1-1. The ob-
tained spin-gap value agrees well with the
gap estimated from the magnetic suscepti-
bility and specific heat measurements. The
Q-dependence of this excitation shows a
fast oscillation behavior, as in the case of
(CuCl)LaNb2O7, and a simple dimer pic-
ture gives the dimer distance as long as 8
angstrom, which is physically unlikely.

Fig. 1. Singlet-triplet excitations in
(CuCl)Ca2Nb3O10
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Behavior of Thermal Parameters and the Phase Transition in DKDP

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

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

It has been considered that the tunnel-
ing character of proton is coupled with
other heavy atoms to induce ferroelectric-
ity below 123 K in KDP (KH2PO4). If pro-
tons are replaced by deuterons, the tran-
sition temperature elevates up to Tc =
213 K in DKDP. There remains a ques-
tion whether heavy atoms are in disordered
or displacive within anharmonic potentials
above Tc. In order to elucidate this point,
we have performed detailed structure anal-
yses of DKDP above and below Tc.

Single crystals were grown by evapo-
ration method from a heavy water solu-
tion of DKDP powder provided commer-
cially. A rectangular prism of 2.8× 2.6× 2.5
mm3 was cut from a transparent block of
the crystal. Aluminum electrodes were at-
tached on the c-planes to apply an electric
field so that the crystal was single domain
below Tc. Neutron diffractmeter FONDER
was employed to collect diffracted inten-
sity data. Measured temperatures were
10, 70, 120, 160, 190, 210, 223, 250 and
303 K. Every profiles of the reflection peaks
were checked and programs DABEX and
RADIEL were used to correct absorption
and extinction effects. Crystal structures
were refined by using the least squared-
calculation program, SHELXL-97. Split
atom method was employed to represent
disordered character of deuteron above
Tc. All data sets were successfully ana-
lyzed; the R factors were about 4 % with
anisotropic thermal parameters.

The positional parameters are almost
steady below Tc. Figure 1 (a) displays the
temperature dependence of the dipole mo-
ment of the unit cell estimated by assigning
simple ionic point charges to each atom.
The values are almost in good agreement
with the reported spontaneous polariza-
tion (Samara 1973). All the Debye-Waller
factors (mean-squared displacement) U33

decrease monotonically with decreasing
temperature as shown in Fig. 1 (b). They
do not vanish even at 0 K, representing
quantum zero-point vibration, whose mag-
nitude is lower than the expected value
from the room temperature phase (Nelmes
et al. 1982).

Below Tc, the ordering of deuteron in-
duces a distortion of PO3−

4 tetrahedron and
a displacement of K+ ion. The magni-
tudes of the thermal vibration of K and P
changes little at Tc. If they are disordered
units in the paraelectric phase, they should
have greater thermal parameters. So it is
hard to image a disordered P or K above
Tc. The thermal parameter indicates that D
is almost in the ground state below 100K.
A comparison with KDP will be presented
elsewhere.

Fig. 1. Temperature dependence of (a) the estimated
polarization with K+, D+, P5+ and O2−, and (b) the
Debye-Waller factor U33.
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Correlation between crystal defects and the diffuse scattering in relaxor
ferroelectric (Na0.5Bi0.5)TiO3

M. Matsuura1, K. Hirota1, Y. Noguchi2, and M. Miyayama2

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

2 Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo
153-8505

Relaxor ferroelectrics have attracted con-
siderable attention since the discovery of
giant piezoelectricity in relaxor-based sin-
gle crystals. (Na0.5Bi0.5)TiO3 (NBT) forms
perovskite structure with two different ions
Na+ and Bi3+ at the A-site of ABO3. A
key-concept to understand the relaxor be-
havior is polar nanoregion (PNR), a lo-
cal nanometer-sized region with ferroelec-
tric polarization and atomic shift. Such an
atomic shift in PNR was observed for a typ-
ical relaxor such as PMN and PZN as char-
acteristic diffuse scattering. In NBT, we
have revealed anisotropic diffuse scatter-
ing which extends along 〈110〉-directions.
Recently, Noguchi et al. succeeded in sup-
pressing Bi-defects in NBT single crystal by
high O2-pressure, and found larger polar-
izations than those in the crystal grown in
air.[1] The purpose of the present work is
to compare the diffuse scattering in crystals
grown in different O2 pressure to clarify the
correlation between the diffuse scattering
and ferroelectric properties. Neutron scat-
tering experiments were performed on the
triple-axis spectrometers HQR installed at
the JRR-3 Guidehall of JAEA.

Figure 1 shows profiles of (h, 1, 0) scan
measured at room temperature. At T ∼
300 K, large diffuse scattering appears
around (110) and extends along 〈110〉-
directions. In order to compare diffuse
scattering quantitatively, scattering intensi-
ties are normalized by sample mass. Pro-
files consist of sharp peak of (110) Bragg
reflection and broad peak of diffuse scat-
tering. Apparently, the diffuse scattering
for O2-10 atm crystal is smaller than that
for O2-0.2 atm crystal. From previous mea-
surement, we found that this anisotropic

diffuse scattering shows large temperature
dependence and appears strongly along
transverse direction, which suggests close
correlation between the diffuse scattering
and ferroelectric fluctuations. Since num-
ber of Bi-defects is expected to be smaller in
O2-10 atm crystal than O2-0.2 atm crystal,
the current results indicate that the diffuse
scattering, in other words, PNR are pinned
ferroelectric fluctuations at crystal defects.
References
[1] Y. Noguchi et al., Jpn. J. Appl. Phys. 47(9B),

7623 (2008).

Fig. 1. Profiles of (h, 1, 0) scan for NBT single crystals
grown in air (black circles: O2 0.2 atm) and high O2
pressure (red circles: O2 10 atm).
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Temperature dependence of waterfall feature of phonons in (Na0.5Bi0.5)TiO3

M. Matsuura1, K. Hirota1, Y. Noguchi2, and M. Miyayama2

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

2 Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo
153-8505

Relaxor ferroelectrics have attracted con-
siderable attention since the discovery of
giant piezoelectricity in relaxor-based sin-
gle crystals. (Na0.5Bi0.5)TiO3 (NBT) forms
perovskite structure with two different ions
Na+ and Bi3+ at the A site of ABO3. Re-
cently, NBT regains attention as promising
applications to piezoelectric devices con-
taining no toxic lead. Last year, we stud-
ied the lattice dynamics in NBT and clari-
fied so-called waterfall feature, anomalous
damping of transverse optic (TO) phonons
for reduced wave vector less than qw f =
0.2Å−1, which was commonly observed in
typical lead-containing relaxors as PMN[1]
and PZN-8%PT[2]. For PMN, it has been
shown that the recovery of TO mode oc-
curs in ferroelectric phase and at very
high temperatures[3]. The purpose of the
present work is to study temperature de-
pendence of waterfall feature in detail and
to confirm recovery of TO mode. Neutron
scattering experiments were performed on
the triple-axis spectrometers PONTA in-
stalled at the JRR-3 Reactor hall of JAEA.

Figure 1 shows profiles of constant-E
scan along transverse direction from (220).
Inset shows the TA and TO dispersions at
T = 670 K, where no propagating mode
was observed for q < 0.10 rlu, and the
TO branch drops like waterfall to the TA
branch. Constant-E scan at E = 11 meV,
represented as the red arrow in inset,
crosses the waterfall TO branch and shows
peak at q = 0.16 rlu at T = 700 K. With
decreasing temperature, the peak shifts to-
wards Γ-point, and eventually disappears
at T = 300 K, which indicates disappear-
ance of waterfall feature and recovery of
TO mode at T = 300 K. Actually, we ob-
served TO mode at ω = 15 meV at Γ-

point for T = 300 K (not shown). Hlinka
et al. proposed that the waterfall feature
is explained by coupled damped TA and
TO modes[4]. The current result indicates
that such coupling is universal in relaxors
and plays an important role in formation of
PNR.
References
[1] P. M. Gehring et al., Phys. Rev. Lett. 87

277601 (2000).
[2] P. M. Gehring et al., Phys. Rev. Lett. 84 5216

(2000).
[3] S. Wakimoto et al., Phys. Rev. B., 65 172105

(2002).
[4] J. Hlinka et al., Phys. Rev. Lett., 91 107602

(2003).

Fig. 1. Profiles of constant-E scan of (2 − q, 2 + q, 0)
with fixed energy transfer of 11 meV. The data at
different temperatures are plotted with offsets.
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Study of slow lattice dynamics in relaxor PMN-30%PT by neutron spin echo
technique

M. Matsuura1, H. Endo2, and K. Hirota1

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

2Institute for Solid State Physics, The University of Tokyo, 106-1 Shirakata, Tokai, 319-1106

Relaxor ferroelectrics are characterized
by a giant piezoelectricity associated with
significant frequency dispersion. The vari-
ation of the diffuse maximum of the dielec-
tric constant in wide frequency range gives
evidence for an important role of slow dy-
namics. A key-concept to understand the
relaxor behavior is slowly relaxing polar
nanoregion (PNR), a local nanometer-sized
region with ferroelectric polarization and
atomic shift. Such an atomic shift in PNR
was observed for a typical relaxor such
as PMN and PZN as characteristic diffuse
scattering. However, there is no decisive
understanding of the microscopic mecha-
nism of the PNR formation at present. In
addition, recent neutron spin-echo mea-
surement concluded that the diffuse scat-
tering is purely elastic and is not related to
polarization fluctuations[1]. The purpose
of the present work is to reinvestigate the
intrinsic energy width of the diffuse scat-
tering and clarify its mechanism. Neutron
spin-echo experiments were performed on
the iNSE installed at the JRR-3 Guide-hall
of the JAEA. The sample was a high-quality
PMN-30%PT single crystal with a volume
of 1cc grown at JFE Mineral. The data
were taken with incident neutron energies
of 3.38 meV which enables access to diffuse
scattering near Q =(100) at 2θ = 74.5 de-
gree.

Figure 1 shows the normalized inter-
mediate scattering functions of the dif-
fuse scattering at Q =(0.98, 0.02, 0) mea-
sured at various temperatures. Below
T = 400 K, the normalized intermedi-
ate scattering functions I(Q, t)/I(Q, 0) do
not decay, which is associated with the
long-range ordered ferroelectric phase for
T < TC = 400 K. Note that the aver-

aged I(Q, t)/I(Q, 0) are less than 1, indi-
cating fast relaxations even in the ordered
phase. At T = 450 K, I(Q, t)/I(Q, 0) is
flat as T ≤ 400 K, but it drops from 0.9
to 0.6, suggesting enhancement of fast re-
laxations above TC. This is consistent with
enhancement of meV-range broad quasi-
elastic scattering at high temperatures[2].
Above T = 500 K, the I(Q, t)/I(Q, 0) has
maximum at 0.5 ns. Assuming this peak is
the first peak of oscillation, it corresponds
to excitation of 4 μeV. This ultra-low en-
ergy mode may be related to the ferroelec-
tric fluctuations in PNR. Further study is
highly required to clarify the nature of this
mode.
References
[1] S. Vakhrushev, A. Ivanov, and J. Kulda,

Phys. Chem. Chem. Phys. 7 2340 (2005).
[2] H. Hiraka et al., Phys. Rev. B, 70 184105

(2004).

Fig. 1. Normalized intermediate scattering func-
tions I(Q,t)/I(Q,0) of the diffuse scattering at (0.98,
0.02, 0).
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Pseudospin-phonon coupling in Relaxor Ferroelectrics PMN-x%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. Despite intense investigations, the
microscopic mechanism of the formation of
PNR remains unclear. The structural phase
transition are usually divided in displace-
ment or of order-disorder type. From neu-
tron scattering, soft mode was reported,
suggesting displacement behavior[1]. On
the other hand, quasi-elastic scattering has
also been reported, which indicates order-
disorder mechanism. This coexistence re-
minds pseudospin-phonon coupled system
which was studied thoretically by Y. Ya-
mada et al.[2] and confirmed experimen-
tally by Y. Noda[3]. The purpose of the
present work is to clarify the nature of
pseudospin-phonon coupling in relaxors.
Neutron scattering experiments on typical
relaxor ferroelectrics PMN-30%PT single
crystal were performed on the triple-axis
spectrometers HER installed at the JRR-3
Guide-hall of the JAEA.

Figure 1 shows the contour map of
the phonon scattering intensity at (1 +
q, 1 − q, 0) measured at T = 400 K. At
T = 400 K(∼ TC), the transverse acous-
tic (TA) mode below 2.5 meV is heavily
overdamped, while the TA mode above
2.5 meV is underdamped. This over-
damping starts from T ∼ 500 K on cool-
ing. In the pseudospin-phonon coupled
system, phonon becomes overdamped on
cooling to TC when phonon frequency is
comparable to the relaxation rate of spin-
flipping. On the other hand, underdamped
spectrum is expected for higher frequency
phonon modes than the relaxation mode.

Current result indicate that relaxors is the
intermediate case between displacive and
order-disorder type due to strong coupling
between relaxations (Γ ∼ 2.5 meV) of po-
larization in PNR and phonon modes.
References
[1] P. M. Gehring et al., Phys. Rev. Lett., 87,

277601 (2001).
[2] Y. Yamada et al., J. Phys. Soc. Jpn, 36 641

(1974).
[3] Y. Noda et al., J. Phys. Soc. Jpn, 48 1576

(1980).

Fig. 1. The contour map of the phonon scattering
intensity at (1 + q, 1 − q, 0) as a function of q and en-
ergy measured at T = 400 K. The line of color shows
intensity from 5 counts (blue) to 1000 counts (red).
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Crystal structure analysis in pressure-induced commensurate magnetic phase of
multiferroic HoMn2O5

H. Kimura1, Y. Sakamoto1, T. Yamazaki1, Y. Noda1, N. Aso2, T. Fujiwara3, K.
Matsubayashi4 and Y. Uwatoko4

1IMRAM, Tohoku University, 2Ryukyu University, 3Department of Physics, Yamaguchi
University, 4ISSP, The university of Tokyo

HoMn2O5 is well known as multi-
ferroics showing colossal magnetoelec-
tric effect. We have reported recently
that hydrostatic pressure induces the
incommensurate–commensurate magnetic
phase transition[1], which leads to the
induction of large electric polarization[2].
This indicates the strong relevance between
the magnetic structure and ferroelectricity.
It was thought that the minute change
of bond lengths (or angles) between the
magnetic manganese ions by applying
pressure has much effect on the competing
magnetic ground states in this magnet-
ically frustrated system. In the present
study we thus performed crystal structure
analysis under pressure to elucidate what
kind of magnetic interactions between
manganese ions is essential for stabilizing
the pressure induced magnetic phase.

Crystal structure analysis was carried
out at FONDER. Hydrostatic pressure was
applied up to p = 1.39 GPa, at which the
magnetic structure is almost commensu-
rate. Temperature was fixed at T = 8 K.
Crystal structure was well solved with
R = 0.035. Figure 1 shows two different
bond lengths between Mn4+ and Mn4+

ions linked by oxygens as function of ionic
radii of rare-earth ion. The interatomic
bonds shown in Fig. 1(a) and in Fig. 1(b)
contribute to the magnetic interactions of
J1 and J2, respectively, of which paths are
schematically shown in Fig. 1(c). This
figure indicates that the length associated
with J1 decreases with decreasing the
ionic radii. On the contrary, the length
associated with J2 is hardly affected by
the size of the ionic radii. Furthermore
in HoMn2O5, the bond length associated

with J1 significantly shortens with apply-
ing pressure while that associated with
J2 doesn’t change at all, indicating that
magnetic interaction J1 highly contributes
to stabilizing the commensurate magnetic
phase.
References
[1] H. Kimura et al.: JPSJ 77 (2008) 063704.
[2] C. R. Cruz et al.: PRB 76 (2007) 174106.

Fig. 1. (a), (b) Two different bond distances between
Mn4+ ions as functions of ionic radii of R3+ ions. (c)
Schematics of magnetic structure and two different
Mn4+–Mn4+ bonds.
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Hypothetical Phase Transitions and soft modes in A2BX4-type Dielectrics

H. Shigematsu(A) and K. Nomura(A)
(A)Department of Physics, Faculty of Education, Shimane University

Rubidium selenate, Rb2SeO4, and Cesium
selenate, Cs2SeO4, belong to a family of
A2BX4-type (X = O, Cl, Br) crystals with
the Beta-K2SO4 type structure. As the tem-
perature decrease, the crystals transform
from a high-temperature phase I to an
orthorhombic phase II (Beta-K2SO4-type
structure) at T1. At lower temperature,
many of the A2BX4-type crystals, for ex-
ample K2SeO4, Rb2ZnCl4 and Rb2ZnBr4,
transform into an incommensurate phase
with the modulation wavevector along the
a-axis at T2. However, the phase transi-
tion could not be found for many A2BO4-
type (X=O) crystals below T1, although
the calculated dispersion curves contain an
unstable Sigma-2 phonon branch whose
qualitative and quantitative features are
similar to those obtained for the proto-
type incommensurate crystal K2SeO4. In-
deed, a softening tendency of the Sigma-2
phonon branch around 0.7a* was observed
in Rb2SeO4 and Cs2SeO4. The estimated
hypothetical temperature is below -150 K.

In A2BX4-type (X = Cl, Br) crystals, fur-
ther phase transitions take place at T3 and
T4. Soft phonon mode which make con-
tribution to the phase transition at T4 has
been observes around T-point (0,1/2,1/2).
In order to clarify the mechanism of low-
temperature phase transition and the hy-
pothetical one in A2BO4-type crystals,
we have to obtain additional information
about the behavior of the low-energy op-
tical branches around T-point in various
A2BO4-type crystals. Therefore, we per-
formed inelastic neutron scattering exper-
iments by use of the triple-axis spectrome-
ters (4G and T1-1) at JRR-3M of JAERI.
Figure 1 shows the phonon dispersion
curves in an extended-zone scheme along
the (0 x x) direction for K2SeO4. The low-
frequency mode softens slightly in the
vicinity of x = 1/2 as the temperature

approaches T2 = 131 K from above, and
does not vanish, but hardens with further
decreasing temperature. In Rb2SeO4, the
hollow was not observed around T-point.
The phonon dispersion frequency was es-
sentially unchanged below room tempera-
ture. The inelastic neutron scattering study
on other A2BO4-type crystals is now in
progress.

Present address: Department of Physics,
Faculty of Education, Yamaguchi Univer-
sity

Fig. 1. Phonon dispersion curves in an extended-
zone scheme on the (0 x x) for K2SeO4.
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Crystal and magnetic structure of multiferroic material BiFeO3-BaTiO3
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Institute of Multidisciplinary Research for Advanced Materials, Tohoku university, Institute for

Materials Research, Tohoku university

A perovskite compound BiFeO3 is
known as a multiferroic material with
ferroelectricity (TC ∼ 1100 K) and antifer-
romagnetism (TN ∼ 650 K). In the course of
exploration of an enhanced multiferroicity
of BiFeO3, solid solutions of BiFeO3 and
other perovskite compounds have been
investigated. It has been reported that
the solid solution of BiFeO3 and BaTiO3,
(1-x)BiFeO3-xBaTiO3, exhibits weak ferro-
magnetism as well as the ferroelectricity in
the range of 0 ≤ x ≤ 0.5 [1]. Meanwhile,
structural studies by X-ray powder diffrac-
tion suggested that the crystal structure
of (1-x)BiFeO3-xBaTiO3 is hexagonal in
x ≤ 0.33 and cubic in 0.33 ≤ x ≤ 0.92
[2]. These results are contradictory since
neither ferromagnetism nor ferroelec-
tricity can be realized in a cubic system.
In oder to clarify the structure of (1-
x)BiFeO3-xBaTiO3, (1-x)BiFeO3-xBaTiO3
with various x were studied by means of
neutron powder diffraction.

The samples were synthesized by solid
state reaction from powders of Bi2O3,
Fe2O3 and BaTiO3 with various molar ra-
tios, corresponding to x = 0, 0.1, 0.2, 0.25,
0.33, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 1.0. The neu-
tron powder diffraction experiments were
carried out on the neutron powder diffrac-
tometer, HERMES, installed at T1-3 beam
port in JRR-3M. Each sample was mea-
sured at several temperatures between 13
K and 650 K. The obtained powder diffrac-
tion patterns were analyzed by the Rietveld
method with the General Structure Analy-
sis System (GSAS) with EXPGUI [3, 4].

With the results of the structural analyses
on various compositions and temperatures,
the phase diagram of (1-x)BiFeO3-xBaTiO3
with respect to x and temperature was ob-
tained as shown in Fig. 1. Coexistence of
the hexagonal phase and the cubic phase

in a wide range of x was observed. The
hexagonal phase persists up to x = 0.8, and
the cubic phase was recognized in 0.2 ≤
x ≤ 0.6 at room temperature. This coexist-
ing hexagonal phase is considered to be the
origin of the observed ferroelectricity in (1-
x)BiFeO3-xBaTiO3. Note that the hexago-
nal phase is rich in Bi and Fe, and the cubic
phase is rich in Ba and Ti. TN and TS, the ex-
pected structural phase transition tempera-
ture, were estimated from the magnetic re-
flection, (1 0 1), and the hexagonal-phase-
specific reflection, (2 1 5̄), respectively. De-
creases of TN and TS were found as x in-
creased. These changes are apparently at-
tributed to internal structural deformation,
namely the decrease of hexagonality in the
hexagonal phase surrounded by the cubic
phase.
References
[1] T. Ozaki, et al.: Ferroelectrics (2009) in

press.
[2] M. M. Kumar, A. Shrinivas, S. V. Surya-

narayana: J. Appl. Phys. 87 (2000)855.
[3] A. C. Larson, R. B. von Dreel: Los

Alamos National Laboratory Report LAUR
(2004)86-748.

[4] B. H. Toby: J. Appl. Crystallogr. 34
(2001)210.

Fig. 1. Obtained phase diagram of (1-x)BiFeO3-
xBaTiO3 with respect to x and temperature
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Phase transition in a lead-based inorganic-organic perovskites C5H10NH2PbI3

Miwako Takahashi(A), Munehiko Nakatsuma(A), Kunimitsu Kataoka(A), Takurou
Kawasaki(A), Ken-ichi Ohshima(A), Yukio Noda(B)
(A)IMS., Univ. of Tsukuba, (B)IMRAM, Tohoku Univ.

C5H10NH2PbI3 has a lead-based
inorganic-organic perovskites structure
consisting of semiconducting parts which
are composed of one-dimensional chains
of face-sharing lead-iodide octahedra and
barrier parts composed of C5H10NH2+
molecules. The lead-iodide chain is iso-
lated by the organic molecules to be a
quantum wire, so this material can be
regarded as a naturally self-organized
one-dimensional system. The crystal struc-
ture at room temperature is orthorhombic
with space group of C2221. It has been
shown by Raman scattering, DSC and
optical absorption measurements that the
structure undergoes temperature-induced
successive 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, which involve
rotational/orientational ordering of the
organic C5H10NH2+ parts. However, its
precise structure has not been determined
yet. We have been studying structures and
phase transitions in this material by com-
bining the data obtained by neutron and
x-ray diffraction techniques, and found
interesting structural changes take place in
the successive phase transitions. The lattice
parameters show step-like changes at the
transition temperatures with considerable
large contraction along direction vertical to
lead-iodide chain while it expands along
the chain. Below 285K in phase II, 400
peak is found to separates in two indicat-
ing that the crystal lattice changes from
orthorhombic to monoclinic. The angle
between the splitting peaks increases lin-
early with decreasing temperature down
to 255K and decreasing again up to room
temperature without any hysteresis. Below
255K, diffuse peaks appear at the recipro-
cal points at which reflection is forbidden

in the C-centered lattice. These results
show that the large structural changes are
accompanied with the successive phase
transitions. Structural analysis measure-
ment for the phase II has been performed
by using a single crystal diffractometer
T2-2, FONDER. Since creation of twined
crystals in the process of phase transitions
is inevitable, Bragg peak intensities were
measured at 280K just below the transition
temperature where monoclinic angle is
close to 90 degree and intensities from
twined crystals were integrated together.
The intensity data at phase II has been
analyzed with the model of monoclinic
P21/n which has been suggested by X-ray
measurement. The refinement was not suc-
cessful and structure at phase I gives better
R value. Powder diffraction measurement
was also performed by using HERMES.
The obtained data shows quite high back-
ground due to the incoherent scattering
from H atoms. Figure 1 shows diffraction
pattern at room temperature analyzed by
the Rietveld method ”RIETAN-2000” [1].
The Rietveld analysis for the data at low
temperatures is now going on.
[1] F. Izumi and T. Ikeda, Mater. Sci. Forum,
321-324 (2000) 198-203.

Fig. 1. Diffraction pattern at phase I analyzed by
Rietveld method.
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Magnetic Fluctuations in a Ternary Alloy CuFePt6

M. Takahashi(A), T. Shishido(A), K. Ohshima(A), M. Matsuura(B)
(A)IMS., Univ. of Tsukuba, (B)ESS., Ohsaka Univ.

CuFePt6 has fcc fundamental structure
and forms Cu3Au-type ordered structure
below 1313 K[1]. In the ordered structure,
Cu and Fe occupy corner sites with equal
occupation probabilities while Pt occupies
face centered sites. In spite of the simple
atomic arrangement in the ordered struc-
ture, its magnetic behavior is complicated.
In the process of zero-filed cooling (ZFC)
it undergoes successive transitions of ferro-
magnetic at Tc1=200K and ferrimangetic at
Tc2=100K. In the process of field cooling, on
the other hand, only a ferromagnetic phase
appears below Tc. The behaviors indicate
existence of competitive interactions of fer-
romagnetic and antiferromagnetic which
are sensitively dependent on the magnetic
field. To investigate field dependence of
the magnetic structure, elastic and inelas-
tic neutron scattering measurements were
performed at the triple-axis-spectrometer
PONTA. In the measurements, intensity
of magnetic scattering at around Gamma
and M points of the ordered structure have
been investigated under FC and ZFC pro-
cesses. Magnetic field was applied up to
70 Oe with using Helmholtz coil. In order
to compare the behavior of elastic and in-
elastic components of magnetic scattering,
elastic intensities have been measured un-
der triple axis mode.
Figure 1(a) shows X point magnetic Bragg

scattering for FC and ZFC process. Inten-
sities of the ferrimagnetic component does
not change under FC and ZFC processes,
though ferrimagnetic phase does not ap-
pear in the magnetization measurement. It
has been confirmed in the measurements
at FONDER that ferrimagnetic component
remains under the magnetic field of up to
1.5kOe. Ferromagnetic Bragg scattering at
Gamma point also shows no dependence of
magnetic field. Figure 1(b) shows inelastic
intensities of dE=2 meV along 0kk with and

without magnetic field below Tc2. Without
magnetic field, inelastic peaks have been
observed at k=0.45 and 0.65. When apply-
ing field of only 70 Oe, peaks disappear
and intensities of higher back ground were
observed. The results show that there ex-
ists dynamical fluctuation in the magnetic
structure which is easily suppressed by
weak magnetic field. Further experiments
should be necessary to clarify the origin of
the magnetic fluctuation.
[1]M. Takahashi, E. Ahmed, A. K. Das, Y.
Fujii, H. Iwasaki, and K. Ohshima; Jour-
nal of Alloys and Compounds 453, 75-78
(2008).
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Fig. 1. (a)Magnetic Bragg scattering at X point un-
der FC and ZFC processes. (b)Inelastic intensities
around X point with and without magnetic field be-
low Tc2.
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Kinetics of crystalline-noncrystalline phase transition of sucrose crystal

M. Takahashi(A), K. Kawasaki(A) and K. Ohshima(A)
(A)Institute of Materials Science, University of Tsukuba

Sugar, in which sucrose (C12H22O11) is
the main ingredients, attracts a great deal
of attention in the field of food, medicines,
preservative and battery material adjusting
to surroundings. However, melting points
among sucrose crystals with high purity
are occasionally different from each other
and are given as in the range from 433 to
459K. It has been thought that the impu-
rity, the water content or the manufactur-
ing method would contribute such differ-
ent melting points. There are few diffrac-
tion studies for understanding of the melt-
ing phenomena, though the macroscopic
observation has been carried out by an
optical microscope and a calorimeter. We
have, therefore, performed in-situ diffrac-
tion study for the kinetics of crystalline-
noncrystalline phase transition in sucrose.
Since information on the hydrogen atom
positions is indispensable, neutron diffrac-
tion measurement was performed by us-
ing a single crystal diffractometer T2-2,
FONDER. In the diffraction measurement,
a sucrose single crystal with a volume
of 24mm3 was mounted in a aluminium
cell with a heater coil. Intensities of Bragg
peaks were measured at room temperature
for a structural analysis, and then the sam-
ple was heated to 366 K which is far below
the melting points. Time dependence of the
Bragg peak intensities was measured with
keeping the sample at the fixed tempera-
ture.
Crystal structure at room temperature is

determined by combination of X-ray and
neutron data. Figure 1(a) shows nuclear
density distribution on a-c plane calcu-
lated by MEM using PRIMA[1]. It clearly
shows negative peaks (blue part) which
indicate hydrogen atom positions. Figure
1(b) shows temperature dependence of 401
and 442 Bragg peaks. The Bragg intensi-
ties decrease monotonically indicating that

the sample gradually changed to noncrys-
talline state. In the x-ray measurements,
the incubation time, which was defined as
waiting time until the noncrystalline phase
transition starts at a fixed temperature, has
been observed in a range between 422K
and 443K[2]. Time dependence of the Bragg
intensities in the present neutron measure-
ment did not show any incubation time.
Structure analysis for the data in the suc-
cessive time spans is now going on to study
microscopic change of crystalline to non-
crystalline phase.
[1]F. Izumi and R. A. Dilanian, ”Recent
Research Developments in Physics,” Vol.
3, Part II, Transworld Research Network,
Trivandrum (2002), pp. 699-726.
[2]T. Fujita, Doctor Thesis of Univ. of
Tsukuba (2006).

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 796

1-1-27

- 50 -

JAEA-Review 2013-039



Crystal structure of Pb-free silver niobate perovskite

Masatomo Yashima,†,* Takahiro Wakita,† Takafumi Komatsu,† Yong Phat,†
Hiroki Taniguchi,‡ Tomoyasu Taniyama,‡ and Mitsuru Itoh‡

†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,‡Materials and Structures Laboratory, Tokyo Institute
of Technology, 4259 Nagatsuta-cho, Yokohama 226-8503, Japan

Lead-free piezoelectrics with high perfor-
mance are important in material sciences.
Materials with a large internal polarization
that can be strongly coupled to an electric
field are required. But, the crystal structure
of AgNbO3 has not been studied satisfac-
torily　 [１]. In the present work, we have
investigated the crystal structure and phase
transition of AgNbO3 with neutron pow-
der diffractometry.
AgNbO3 materials were prepared by solid
state reactions. Appropriate amounts of
high purity Ag2O and Nb2O5 were mixed
with ethanol in an agate pot and calcined
at 980 °C for 6 h in O2 atmosphere. The
calcined powder was then milled again,
pressed in a 10 mm steel die with a pres-
sure of 1000 kgf/cm2 to make pellets, fol-
lowed by sintering at 1050 °C for 6 h in
O2 atmosphere. A phase purity of AgNbO3
was confirmed by x-ray diffraction mea-
surements.
We performed neutron powder diffrac-
tion experiments on the Kinken powder
diffractometer for high-efficiency and high-
resolution measurements, HERMES [2], of
Institute of Materials Research, Tohoku
University, installed at the Japan research
reactor, JRR-3M in Japan Atomic Energy
Association, Tokai, Japan. Incident neu-
trons with a fixed wavelength of 1.82646　
were obtained by a vertically focusing (331)
Ge monochromator and a 12 ’-∞-22 ’col-
limator. Diffraction data were collected at
step intervals of 0.1? over a 2? range from
20 to 152?, using 150 3He counters set at
1　 intervals. We have utilized a furnace
with MoSi2 heaters [3], which was devised
for neutron diffraction study by the HER-
MES, to heat the AgNbO3 rod in air un-

der atmospheric pressure at high tempera-
tures. There were two thermocouples in the
furnace. One thermocouple near the heater
was used to control the temperature and
the other near the rod sample monitored
the sample temperature.
Figure 1 shows the Rietveld pattern of
AgNbO3 at room temperature. The relia-
bility factors were Rwp=5.41%, RB=1.96%
and RF=0.98%. Unit-cell parameters
were a=5.5526(3) 　, b=5.6091(3) 　 and
c=15.6462(7) 　. Increasing temperature
phase transitions were observed.

References
1. D. Fu, M. Endo, H. Taniguchi, T.
Taniyama and M. Itoh, Appl. Phys. Lett.,
90, (2007) 252907.
2. K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani and Y. Yamaguchi, Y.
Jpn. J. Appl. Phys. Part 1, 37 (1998) 3319.
3. M. Yashima, J. Am. Ceram. Soc., 85 (2002)
2925.
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Structure Analysis of Oxide Ions in a Doped Pr2NiO4-based Mixed Conductor

Hiroki Yamada† , Masatomo Yashima† , Tomoya Takizawa† , Shinji Yamamoto† ,
Tatsumi Ishihara‡

† 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 and‡ Department of Applied Chemistry, Faculty of
Engineering, Kyushu University, Motooka 744, Nishi-ku, Fukuoka 819-0395, Japan

Mixed oxide-ionic and electronic conduct-
ing ceramics (MIECs) are attracting much
interest as materials for oxygen separa-
tion membranes. Oxygen can permeate
through MIECs membranes when a gra-
dient of oxygen chemical potential ex-
ists. A2BO4-based oxides with K2NiF4-
type structure have extensively been stud-
ied as a new mixed ionic-electronic con-
ductor, where A and B are cations. The
development of improved MIECs requires
a better understanding of the mechanism
of ionic conduction, and crucial to this
is a comprehensive knowledge of the ox-
ide ion conduction in the A2BO4-based
oxides occurs by diffusion of excess ox-
ide ions along the rock-salt-type AO lay-
ers. However, the diffusion of excess ox-
ide ion has not been determined yet.
Pr2NiO4-based oxides have high oxygen
permeability and high diffusivity of ox-
ide ions. Here, we report the structure
analysis of a K2NiF4-type mixed con-
ductor Pr2(Ni0.75Cu0.25)0.95Ga0.05O4+δ
(PNCG), through a high-temperature neu-
tron powder diffraction study. We chose
this chemical composition, because it
exhibits high oxygen permeability. The
present result would give hints for the de-
sign of K2NiF4-type conductors.
A PNCG sample was prepared by a solid-
state reaction at 1350 oC for 6 h in air. Neu-
tron powder diffraction data of PNCG were
in situ measured at 20.4-1011.2 oC using
a furnace and 150 detector system HER-
MES at a neutron wavelength of 1.8204(5)
angstrom. Neutron 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 PNCG at 20.4 oC and 1011.2 oC
were performed on the basis of the K2NiF4-
type structure with I4/mmm space-group
symmetry. Reliability factors and goodness
of fit at 20.4 oC were Rwp = 6.66%, RI =
3.06%, RF = 1.78% and GOF = 3.17. Lat-
tice parameters were a = b = 3.8364(2)
angstrom, c= 12.5374(7) angstrom. Relia-
bility factors and goodness of fit at 1011.2
oC were Rwp = 6.33%, RI = 2.06%, RF =
0.98% and GOF = 4.93 (Fig.1). Lattice pa-
rameters were a = b = 3.8793(4) angstrom,
c= 12.7326(13) angstrom.

Fig. 1. Neutron diffraction profiles at 1011.2 oC
for Pr2(Cu0.75Ni0.25)0.95Ga0.05O4+δ using a sin-
gle phase I4/mmm model.
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Structure analysis of automotive exhaust catalysts, Ce2Zr2O7.32 by neutron
powder diffraction measurement

Tomoya Takizawa, Masatomo Yashima, Takahiro Wakita
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and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-Ku, Yokohama,
Kanagawa 226-8502, Japan

CeO2-ZrO2 solid solutions have been in-
vestigated due to their high oxygen stor-
age capacity [1,2]. In particular, it is known
that Ce2Zr2O7+x (0<x<1) has higher oxy-
gen storage capacity in CexZr1-xO2-d solid
solutions. Sasaki et al reported Ce2Zr2O7
and Ce2Zr2O7.5 belong to the Fd-3m and
F-43m space groups, respectively [3]. How-
ever, structure analysis of Ce2Zr2O7+x
(0<x<1) has not been studied satisfacto-
rily. In this study, we report the structure
analysis of Ce2Zr2O7.32.
Ce2Zr2O7 powders were prepared by a co-
precipitation route. The amount of oxygen
atom was analyzed by thermogravimetric
measurement, and the composition of sam-
ple was determined as Ce2Zr2O7.32. The
powders were put into vanadium holder
and neutron powder diffraction measure-
ment was performed in air with a 150-
detector system, HERMES [4], 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. Diffraction data were collected in air at
299.7 K. The experimental data were ana-
lyzed by Rietveld method. Computer pro-
gram RIETAN-FP [5] was utilized for the
Rietveld analysis.
Rietveld analysis of Ce2Zr2O7.32 at 299.7

K was carried out assuming the F-43m
space group. The reliability factors and
goodness of fit were Rwp = 8.64%, RI =
1.63%, RF = 0.85% and S = 3.70. Unit-
cell parameter was 10.6404(3) angstrom.
Atomic displacement parameters of cation
and anion were 0.0043(5) and 0.0097(5)
angstromˆ2, respectively.

References
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Lattice dynamics of cubic NaNbO3

I. Tomeno(A), Y. Tsunoda(B), K. Oka(C), M. Matsuura(D), M.Nishi(E)
(A)Akita Univ., (B)Waseda Univ., (C)AIST, (D)Osaka Univ., (E) Univ. of Tokyo

Sodium niobate NaNbO3 has a simple
cubic perovskite structure above Tc1=913
K. NaNbO3 undergoes at least six phase
transitions. First, the cubic to a tetrag-
onal phase transition takes place at Tc1.
Next, three distinct orthorhombic phases
appear between Tc5=643 K and Tc2=848 K.
An AF monoclinic P phase exists in the
range between Tc6=193 K and Tc5. Fi-
nally, NaNbO3 exhibits a FE rhombohe-
dral N phase below Tc6. We studied
the phonon dispersion relations for cubic
NaNbO3. The inelastic-neutron-scattering
experiments were mainly performed using
the T1-1 triple-axis spectrometer. Most of
the measurements were performed at 970
K.

The important features of the phonon
dispersion are the simultaneous softening
of M3 and R25 phonon modes. Present re-
sults indicate the instabilities of in-phase
and out-of-phase rotations of the oxy-
gen octahedra about the [001] direction.
These zone-boundary modes exhibit an ex-
tremely gradual softening as the tempera-
ture is lowered toward Tc1=913 K. Figure
1 shows the phonon dispersion relations
along the [110] direction. The TO1 phonon
modes along the [110] direction polarized
with the [001] direction also soften around
q=[0.15,0.15,0] and merge into the lower-
energy TA phonon modes. This is basi-
cally similar to the waterfall phenomenon
observed for Pb-based perovskite relaxor
ferroelectrics. The coexistence of long-
wavelength and zone-boundary phonon
instabilities above Tc1=913 K is closely re-
lated to the complex sequence of phase
transitions in NaNbO3.
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Fig. 1. Phonon dispersion relations for cubic
NaNbO3 at 970K.
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Phonons in tetragonal BiVO4

I. Tomeno(A), N. Sato(A), K. Oka(B)
(A)Akita Univ., (B) AIST

Bismuth vanadate BiVO4 undergoes a
second-order ferroelastic phase transition
at TC=525 K. The high-temperature parae-
lastic phase has a tetragonal scheelite struc-
ture with space group I41/a (C6

4h). In
the sheelite structure, the isolated VO4
tetrahedra are separated by the Bi3+ ions.
The low-temperature ferroelastic phase has
a monoclinic distorted scheelite structure
with I2/a (C6

2h). Brillouin scattering studies
revealed a dramatic softening of transverse
acoustic (TA) modes polarized on the (001)
plane at TC.[1-2] We studied the lattice dy-
namics of BiVO4 in the paraelastic phase.
Inelastic neutron scattering measurements
were performed using the triple-axis spec-
trometer T-11 (HQR) at JRR-3M.

We performed transverse constant-Q
scans at q = [

√
2ξ cos θ,

√
2ξ sin θ, 0] polar-

ized in the (001) plane, where θ is an ab-
solute value of the angle from [100] in the
(001) plane. The angular dependence of
the TA phonon energy corresponds reason-
ably to the results of Brillouin-scattering
studies. Figure 1 shows that a differ-
ence in the TA phonon energy between
q = [

√
2ξ cos 35◦,

√
2ξ sin 35◦, 0] and

q = [ξ, ξ, 0] becomes large with increas-
ing ξ. These results demonstrate that
the acoustic symmetry axes in a tetrag-
onal scheelite structure deviate from the
crystallographic high-symmetry [ξ, ξ, 0] di-
rection. We measured the phonon dis-
persion relation along the [

√
2ξ cos 35◦,√

2ξ sin 35◦, 0] direction at T=533 and 773
K. The results plotted in Fig.1(b) indi-
cate that the softening of the TA mode
along [

√
2ξ cos 35◦,

√
2ξ sin 35◦, 0] occurs

in the small ξ region. Brillouin-scattering
measurements revealed that the frequency
of the TA phonon propagating along the
[
√

2ξ cos 35◦,
√

2ξ sin 35◦, 0] direction be-
comes small toward Tc. Thus we expect

that the TA phonon branch at T=533 K have
a relatively flat slope in the vicinity of zone
center. We also found a central peak as-
sociated with the softening of TA modes.
Further experiments are necessary to in-
vestigate the lattice dynamics of tetragonal
BiVO4 in a wide temperature range.

References [1]G. Benyuan, M. Copic and
H. Z. Commins, Phys. Rev. B24, 4098
(1981). [2]H. Tokumoto and H. Unoki,
Phys. Rev. B27, 3748 (1983).
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Inelastic neutron scattering in the impurity-induced ferroelectric phase of
CuFe1−yGayO2
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1 National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, 305-0047
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Since the discovery of the magnetic-field-
induced ferroelectric phase transition in
CuFeO2,[1] the magnetoelectric coupling
in this compound has attracted consider-
able attention. Although the static features,
such as magnetic structure and ferroelectric
polarization, in this system have been rela-
tively well understood, the magnetic exci-
tation has not been fully understood so far.

This time, in order to determine the
spin wave dispersion relation of the
nonmagnetic impurity induced ferro-
electric incommensurate (FEIC) phase in
CuFe1−yGayO2, we have performed the in-
elastic neutron scattering measurements on
CuFe0.965Ga0.035O2. Unlike the FEIC phase
of the Al-doped sample with spatially
distributed magnetic domains with two
different wave numbers, the FEIC phase of
the Ga-doped sample is characterized by a
single wave number.[2]

The experiment was carried out with the
cold neutron triple-axis spectrometer HER
installed at C1-1 beam port in the guide hall
of JRR-3. The single crystal sample is of the
mass 4.8 g. Constant Ef (= 3 meV) mode
was used. To cut off the higher order con-
tamination, the Be filter was put back of the
sample.

As shown in Fig. 1, we obtained
the contour map of the neutron scatter-
ing intensity corresponding to the dy-
namic structure factor S(Q, ω) along the
[H, H, 3/2] direction in the FEIC phase
of CuFe0.965Ga0.035O2. In the previous
neutron diffraction measurements[2], the
Bragg reflections at (q q 3

2) and (1
2 − q 1

2 −
q 3

2) with q = 0.203 were observed. The
lowest energy spin wave branch starts from
the two reflection points, where the energy
gap of the branch is smaller than 0.2 meV.

We confirmed that the spin wave with en-
ergy gap in the 4-sublattice (4SL) phase of
pure system of CuFeO2[3, 4] is soften and
the energy gap goes to zero by a small
amount of nonmagnetic impurity.

The relatively complex dispersion rela-
tion has not been solved completely at the
present stage. There are two types of model
for geometric pattern of the exchange inter-
action. One is a simple triangular lattice
model that is considered up to third near-
est neighbor exchange interactions, which
was applied to the pure CuFeO2 by the
other group.[4] However, the lattice distor-
tion occurs in both the 4SL and the FEIC
phases. We therefore expect that the sca-
lene triangular lattice model, where the
nearest neighbor interactions splits into the
three different interactions as the result of
the lattice distortion, could explain the dis-
persion relation.
References
[1] T. Kimura et al.: PRB 73, 220401 (2006).
[2] N. Terada et al.: PRB 78 014101 (2008).
[3] N. Terada et al.: JPCM 19 145241 (2007).
[4] F. Ye et al.: PRL 99 157201 (2007).

Fig. 1. The spin wave dispersion relation along the
[H, H, 3/2] direction in the ferroelectric incommen-
surate phase of CuFe0.965Ga0.035O2.
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Crystal structure analyses of layered thermoelectric manganites

Yuzuru Miyazaki, Fumiya Kawashima, Kei Hayashi and Tsuyoshi Kajitani
Department of Applied Physics, Graduate School of Engineering, Tohoku University

Perovskite based layered manganites have
recently attracted much interest owing to
their high n-type thermoelectric (TE) per-
formance at higher temperatures. We have
studied the effects of detailed structure, in
particular the Mn-O distances and Mn-O-
Mn angles, on the TE properties. Here,
we report the structure of Sr- and (Bi, Sr)-
substituted Ca2MnO4 at room tempera-
ture; the chemical formulas of the substi-
tuted samples are (Ca1.4Sr0.5Bi0.1)MnO4
and (Ca1.5Sr0.5)MnO4. Neutron powder
diffraction (ND) data were collected at sev-
eral temperatures by the use of HERMES
diffractometer. The ND data were ana-
lyzed using the Rietveld refinement pro-
gram RIETAN2000. In Fig.1(a), we show
the observed, calculated and difference
patterns of ND data for Ca2MnO4, based
on the I41/acd space group. All the sam-
ples were refined with the identical space
group and converged with reasonably low
R-factors. In Fig.1(b), we plot the relation-
ship between the effective ionic radii (Reff)
at the Ca site and the Mn-O2 distance as
well as the Mn-O2-Mn angles of the MnO6
octahedra. With increasing Reff, both the
dMn-O lengths and Mn-O2-Mn angles in-
crease. The increase in the Mn-O2 lengths
reduces the overlapping of the Mn3d-O2p
orbitals, while the increase in the Mn-O2-
Mn angles enhances such overlapping. In
fact, the latter effect plays a dominant role
to increase TE performance and a further
substitution by Sr would be effective to pre-
pare potential n-type TE materials in the
Mn-oxides.

Fig. 1. Rietveld refinement patterns of Ca2MnO4
(a) and the relationship between the effective ionic
radii (Reff) at the Ca site and the Mn-O2 distances
as well as the Mn-O2-Mn angles of the MnO6 octa-
hedra (b).
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Low-Energy Phonon Anomaly of CeRu4Sb12

K. Iwasa1, R. Igarashi1, L. Hao2, Y. Murakami1

Tohoku Univ.1, China Institute of Atomic Energy2

Anomalously anharmonic lattice prop-
erties of the rare-earth filled skutterudites
RT4X12 (R = rare earth, T = transition metal,
X = pnictogen) have been studied, in addi-
tion to the various strongly correlated elec-
tron phenomena originating from 4 f elec-
trons. The filled ions locating within the
icosahedral X cage vibrate with large am-
plitude, as evidenced by the large Debye-
Waller factors. One of the attractive lat-
tice properties is the dispersion of elastic
constants of PrOs4Sb12, interpreted as low-
energy Pr-ion motion within the Sb cage (T.
Goto et al.: Phys. Rev. B 69 (2004) 180511).
We have reported the anomalous soften-
ing of phonon due to Pr vibration with
decrease of temperature and the possible
electron-phonon interaction in PrOs4Sb12
and PrRu4Sb12 (K. Iwasa et al.: Physica B
378-380 (2006) 194, J. Phys. Conference
Series 92 (2007) 012122). In the present
study, we have investigated the low-energy
phonon spectra of CeRu4Sb12 using the
triple-axis spectrometer TOPAN (6G).

The figure shows temperature depen-
dence of the peak energy position corre-
sponding to the phonon excitation mea-
sured at the reciprocal lattice point Q =
(6 -0.4 -0.4) of CeRu4Sb12. It shows de-
creasing behavior of excitation energy with
decreasing temperature from 300 down to
13 K. This softening mode was confirmed
to be less dispersive like an optical mode
assigned to the Ce motion in the Sb cage
of CeRu4Sb12 (C. H. Lee et al.: J. Phys.
Soc. Jpn. 75 (2006) 123602). The presence
of such anharmonic low-energy phonon
is seen also in the previously investigated
three compounds of PrOs4Sb12, PrRu4Sb12,
CeOs4Sb12 which was reported in the Meet-
ing of Physical Society of Japan (Sep. 2007).
Therefore, the anharmonicity appearng in
the low-lying optical mode of rare earth
ions inside the Sb cages is a characteristic

property among the rare-earth filled skut-
terudite with the Sb cage.
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Fig. 1. Temperature dependence of the phonon
spectra and the peak energy at Q = (6 -0.4 -0.4) of
CeRu4Sb12.
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Neutron Diffraction Study on SnO2-MOx (M = Ce, Sb) System
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and Y. Kawabata (B)
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Electric Co., Ltd.

Recently, SnO2-based materials have been
investigated as transparent conductive ox-
ides, oxidation catalysts, and the sensing
materials of semiconductor gas sensors [1].
Of these, as the sensing materials of sen-
sors, SnO2-MOx (M = Al, Ce, etc.) systems
have been mainly used. However, the de-
tailed crystal structures of these systems
are not clear yet. In a previous study, we
measured the neutron diffraction data of
SnO2-MOx (M = Al, Ce) system [2], and in-
vestigated 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-MOx (M = Ce, Sb) system.
Neutron diffraction measurements of
high purity (SnO2)(CeO2)a(SbOx)b
(0.01<=a<=0.03, 0.01<=b<=0.03) samples
were performed with HERMES installed
at JRR-3M in JAEA (Tokai) [3]. Neutron
wavelength was 1.8204(5)A. Diffraction
data were collected in the 2 θ range
from 20 to 157 deg. in the step interval
of 0.1 deg. The diffraction data ob-
tained were analyzed by the combination
technique of Rietveld analysis using a
computer program RIETAN-2000 [4] and a
maximum-entropy method (MEM)-based
pattern fitting. MEM calculation was
carried out using a computer program
PRIMA [5].
The neutron diffraction patterns of
(SnO2)(CeO2)a(SbOx)b (0.01<=a<=0.03,
0.01<=b<=0.03) samples showed larger
peak widths and higher background in-
tensities 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 increasing
Ce and (or) Sb contents, suggesting the
introduction of larger Ce4+(0.97A) and
(or) Sb3+(0.76A) ions [6] into Sn4+ (0.69A)
sites. Figure. 1 shows the equicontour sur-
faces (0.5fm/Aˆ3) of scattering amplitude
of (SnO2)(CeO2)0.03(SbOx)0.03. Not only
2a (Sn, Ce, Sb) sites but also 4f (O) sites
showed nonspherical equicontour surfaces
with large distributions (compared to
SnO2), suggesting the disturbed atomic
arrangements on the 2a and 4f sites by
introducing Ce and Sb atoms into Sn sites.
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Observation of Hydrogen Tunneling in Pd nanoparticles by Low-temperature
Neutron Scattering Measurement

Miho Yamauchi(A), Hiroshi Kitagawa(B), Osamu Yamamuro(C)
(A)CRC, Hokkaido Univ., (B)Faculty of Sci. Kyushu Univ., (C)ISSP-NSL Univ. Tokyo

2H NMR spin-lattice relaxation times (T1)
for deuteron atoms in the Pd nanoparti-
cles showed a particular minimum below
30 K while T1 for the bulk sample in-
crease monotonously with decreasing tem-
perature. In order to clarify the origins of
the unusual T1 minima, neutron scattering
experiments were carried out for the bulk
and nanoparticle of Pd with AGNES spec-
trometer installed at JRR-3 (JAEA, Japan).
Pd nanoparticles, that are homogeneous in
size, were synthesized by a chemical re-
duction method with water-soluble poly-
mer, poly[N-vinyl-2-pyrrolidone] abbrevi-
ated as PVP. By TEM measurements, ho-
mogeneity in size of Pd nanoparticles was
confirmed and the mean diameter was es-
timated to be 6.3± 1.0 nm. 800 mg of Pd
nanoparticles were loaded into the sam-
ple tube that was connected to a vac-
uum line and a hydrogen gasbag. In this
system, pressure inside the sample tube
can be monitored and hydrogen gas pro-
vided. Measurements for bulk Pd and Pd
nanoparticles with and without hydrogen
gas were performed at 7, 14 and 28 K.
The data were accumulated for 32 hours.
Scattering intensity from absorbed hydro-
gen atoms was evaluated from the inten-
sity difference between the samples with
and without hydrogen atoms. Difference
scattering intensities for the Pd nanoparti-
cle are shown in Fig. 1. Although, in gen-
eral, scattering intensity is increased due
to thermal vibration, that is, the intensity
at high temperature is larger than that at
low temperature, the scattering intensity at
7 K of hydrogen absorbed in Pd nanoparti-
cles seems to be slightly larger than that at
28 K under magnification in the energy re-
gion below 3 meV. This unusual tendency
of the scattering intensity is attributed to
the same origin of the NMR T1 minima ob-

served below 30 K.

Fig. 1. Fig. 1. Scattering intesity of hydrogen ab-
sorbed Pd nanoparticles.
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Structural, magnetic and thermoelectric properties of half-Heusler compounds
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Recently, half-Heusler compounds have
attracted much attention because of the
high potential as a thermoelectric mate-
rial originating from the anomalous elec-
tronic band structure near the Fermi level
called a half-metallic state. It has been re-
ported firstly that the TiNiSn-based half-
Heusler compounds show the high ther-
moelectric performance with the dimen-
sionless figure of merit, ZT=1.5 at 700 K
[1]. Our group has investigated the ther-
moelectric property of the rare-earth based
half-Heusler compounds RPdSb (R: rare-
earth elements). The Seebeck coefficient,
electrical resistivity and thermal conduc-
tivity have been measured as a function
of temperature. It is found that the tem-
perature dependence and absolute values
of theses thermoelectric quantities depend
strongly on the sample-preparation condi-
tion. It is also expected that defects or insta-
bility of the lattice giving strong influence
on the electronic state are easily introduced
in the half-Heusler structure. However, the
effect of the structural property on the ther-
moelectric one has not been fully under-
stood yet in the half-Heusler system.

In the present study, in order to elu-
cidate the correlation between the struc-
tural and thermoelectric properties in the
half-Heusler compounds, the powder neu-
tron diffraction study have been performed
on the rare-earth based half-Heusler RPdSb
system to examine the existence of defects
and the degree of disorder. Furthermore,
the magnetic properties like the magnetic
transition temperature and magnetic mo-
ment have been also investigated.

The polycrystalline samples were pre-
pared by arc melting the constituent ele-
ments in purified Ar atmosphere. The ex-

cess amount of Sb was added to com-
pensate the weight loss due to evapora-
tion during melting. The ingot was melted
and flipped over several times to ensure
the complete mixing of the elements. The
single-phase formation was confirmed by
a powder X-ray diffraction measurement.
The thermoelectric and magnetic proper-
ties were studied below room tempera-
ture by a PPMS and a SQUID magnetome-
ter. The powder neutron diffraction exper-
iments were carried out by the T1-3, HER-
MES installed at JRR-3M in JAEA. The pre-
cise structural refinement of the powder
neutron diffraction data was performed by
the Rietveld analysis using the pattern pro-
file fitting program, RIETAN-2000 to deter-
mine the crystal parameters.

The detailed structural analysis is now
under way to have a definite conclusion
about the correlation between the struc-
tural and thermoelectric properties in the
half-Heusler compounds.

Reference
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Dependence of crystal structure and thermodynamic stability on different
synthetic method and Li content for Lix(Ni,M)O2 (M=Mn,Co) as a cathode

active material for Li ion battery

Yasushi Idemoto, Naoto Kitamura and Takuya Hasegawa
Department of Pure and Applied Chemistry, Faculty of Science and Technology, Tokyo

University of Science, 2641 Yamazaki, Noda-shi, Chiba 278-8510

As a cathode active material for lithium
ion battery, LiCoO2 with a layer struc-
ture is the most widely used. Due to
high cost and high toxicity of the Co,
however, nickelate-based materials have
drawn much attention. From such back-
ground, we have studied Lix(Ni,M)O2
(M=Mn,Co); especially LixMn0.5Ni0.5O2
and LixNi0.8Co0.2O2, which have lower
Co content. As a result, we found that their
cathode performance depended on the syn-
thetic process. However, less information
on their crystal structures make the syn-
thetic process effects ambiguous at this mo-
ment.

In this work, we investigated crys-
tal structures of LixMn0.5Ni0.5O2 and
LixNi0.8Co0.2O2 prepared by two differ-
ent methods. We investigated the crystal
structures by Rietveld analysis using neu-
tron diffraction and nuclear densities by
MEM. Based on the results, we discussed
relationship between thermodynamic sta-
bility, crystal structure and cathode perfor-
mance, and then tried to reveal how the
synthetic process affected them.

LixMn0.5Ni0.5O2 and LixNi0.8Co0.2O2
were prepared by two methods; that is,
conventional solid-state method and solu-
tion method using citric acid as an ad-
ditive. Their cathode performances were
studied by CV and charge-discharge cycle
tests. In order to clarify crystal structure at
the charged state, chemical delithiation us-
ing 0.5N-(NH4)2S2O8 was also performed.
Thermodynamic stabilities of the samples
were evaluated from their heats of disso-
lution which were measured by a twin-
type multi-calorimeter. The crystal struc-

tures were determined by neutron diffrac-
tion using HERMES[1] of IMR at JRR-3M
in JAERI. The data was refined using the
Rietan-FP[2]. The nuclear densities were
determined with PRIMA program[3].

From XRD patterns, it was found
that main phases of LixMn0.5Ni0.5O2
(x=0.98˜1.08) synthesized in this work had
the α-NaFeO2-type layer structure (S. G.:
R-3m) although Li2MnO3 was slightly ob-
served as a secondary phase depending
on preparation process. Cycle performance
tests revealed that the samples with the
same analytical composition exhibited dif-
ferent cathode performance depending on
synthetic method, that is, the samples syn-
thesized by solid state reaction exhibit
more stable cycle performance than those
prepared by solution method. From for-
mation enthalpies of the samples evalu-
ated by the calorimetry, it could be con-
cluded that higher thermodynamic stabil-
ity induced better cathode performance.

In order to discuss effects of the
synthetic processes on their crystal struc-
ture, the Rietveld analysis using the neu-
tron diffraction was carried out. As a re-
sult, it was found that cation mixing ―
that is, Ni content at Li site and Li con-
tent at Ni site ― was essentially inde-
pendent of the synthetic process. How-
ever, local distortion around the transition
metal site, which was evaluated from the
results of the Rietveld analysis, was larger
in the samples exhibiting worse cycle per-
formance. Such a distortion also became
larger by a chemical delithiation although
the crystal structure kept the layer struc-
ture even after the delithiation. In the case

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 902

1-1-39

- 62 -

JAEA-Review 2013-039



of LixNi0.8Co0.2O2[4], similar results to
LixMn0.5Ni0.5O2 were also obtained.
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Crystal structure and ionic conduction path of Ln2Ni1-xCuxO4+d for solid oxide
fuel cells
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Recently, solid oxide fuel cell (SOFC)
has drawn much attention, and many re-
searches on the device have been carried
out. Lanthanum nickelate-based materials
with the K2NiF4-type structure are con-
sidered as promising candidates for cath-
odes of SOFC. It is well-known that ex-
cess oxygens are incorporated at intersti-
tial sites in the rock-salt La2O2 layer and
the oxygens can be a conduction species
in the lanthanum nickelate-based materi-
als. Due to the difficulty in an analysis on
crystal structures at elevated temperature,
however, it is still ambiguous how the host
crystal structure affects excess oxygen sites
and their conduction path.

From such background, we investi-
gated Ln2Ni1-xCuxO4+d with the K2NiF4-
type structure in this work. By using neu-
tron diffraction patterns, crystal structures
of the materials at high temperature were
refined with the Rietveld method, and their
nuclear density distributions were also es-
timated by the maximum entropy method
(MEM).

We synthesized LaNi0.8Cu0.2O4+d with
a solution method using citric acid as an
additive. Phase identification of the sample
was carried out by XRD, and the composi-
tion was evaluated by ICP. Conductivity of
the sample was also measured at elevated
temperature. In order to study the crys-
tal structure in detail, we measured neu-
tron diffraction patterns at the temperature
range from 298 to 673 K using HERMES
of IMR at the JRR-3M[1], and analyzed the
patterns with the Rietan-FP[2]. We also es-
timated nuclear density of the sample by
MEM technique with PRIMA program[3].

It was confirmed with X-ray diffrac-

tions that LaNi0.8Cu0.2O4+d had a single
phase of the K2NiF4-type structure. From
ICP measurement, it was indicated that
metal composition of the sample was al-
most equal to the nominal one.

As for the lanthanum nickelate-based
sample, Rietveld analysis using neutron
diffractions was performed. In the analysis,
we assumed the space group as I4/mmm
and excess interstitial oxygens in the rock-
salt layer. As a result, it was found that
lattice constants of the material increased
as temperature increased. The content of
the excess oxygen, which was calculated
from the occupancy, became lower with in-
creasing temperature although their sites
were essentially independent of tempera-
ture. Because bond valence sum of (Ni,Cu)
site became lower at higher temperature,
it was considered that the effective nega-
tive charge of the excess oxygens was com-
pensated by an oxidation of Ni and/or Cu.
From the nuclear density distribution at el-
evated temperature, it was suggested that
oxygens at the interstitial site and an apex
site of the perovskite layer moved signifi-
cantly compared with the other oxygens.
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Structural Analysis of Interface between DLC films Having Various Wettabilities
and Lubricants Using Neutron Reflectometry
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Structures of interfaces between materials
and lubricants were analyzed using neu-
tron reflectometry and discussed in the se-
ries of studies. In this paper, three kinds
of DLC films having various wettabilities
(normal DLC, hydrophilic DLC and hy-
drophobic DLC) were prepared as base ma-
terials, and water and 2-propanol were se-
lected as lubricants. The instrument we
used was a neutron reflectometer ’MINE’
in Japan Atomic Energy Agency (JAEA).
The DLC films were soaked into the lu-
bricants in a specially-designed sample
holder, and the neutron reflectivity profiles
from the interface between DLC films and
lubricants were directly obtained. Through
an analytical fitting approach with Parratt’s
theory to the obtained profiles, authors pre-
sented the strict structure of the interface.
First, each DLC film was soaked into wa-
ter in a sample holder, and the neutron
reflectivity profiles from the interface be-
tween DLC films and water were obtained.
Then, deuterated water (D2O) was used for
clearer analysis because of its high sensi-
tivity for neutron. Fitting operation to the
obtained reflectivity profiles showed that
density of water at the interface between
normal DLC and water was same as den-
sity of bulk water and uniform along verti-
cal direction. On the other hand, at the in-
terface between hydrophilic DLC and wa-
ter, water was infiltrating from the top sur-
face of DLC to the 15 nm depth. In addi-
tion, we found that the ’dense water layer’
existed from the top surface of DLC to the
2 nm depth. At the interface between hy-
drophobic DLC and water, ’low density
water layer’ existed on the film surface. The
fitting approach confirmed that the thick-
ness of the layer on the hydrophobic sur-
face was 3nm, and its density was almost

half of bulk water.
Structures of interfaces between each
DLC film and deuterated 2-propanol
(CD3CD(OD)CD3) were also analyzed
using neutron reflectometry. We found that
the 2-propanol was also infiltrating from
the top surface of hydrophilic DLC to the
15 nm depth and was infiltrating from the
top surface of normal DLC to the 9 nm
depth.
The coefficients of friction of each DLC
film under boundary lubricated condition
were measured using a ball-on-disk fric-
tion tester. The ball material and size are
SUJ2 and 3/16 inch in diameter. The ap-
plied load to the ball was 0.2 N. The ob-
tained coefficient of friction of each DLC
film under water lubricated or 2-propanol
lubricated condition is shown in Fig. 1. This
figure shows that the friction coefficient of
hydrophilic DLC is lower and that of hy-
drophobic DLC is higher than that of nor-
mal DLC. It may be because that for the
hydrophilic surface, lubricants are enough
to reduce the friction, while that for the
hydrophobic surface, friction surface runs
short of lubricants under boundary lubri-
cated condition. We conclude that the nano
structure of interface between DLC and lu-
bricants are very influential to the lubri-
cated friction property.

Fig. 1. Coefficients of friction under lubricated con-
dition
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High Temperature Neutron Diffraction Study of (La0.6Sr0.4)(Co0.8Fe0.2)O3-d
Perovskite
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Maekawa (C), C. Minagoshi (C), H. Miyazaki (C), and Y. Kawabata (C)

(A) National Institute of Advanced Industrial Science and Technology (AIST), (B) University of
Yamanashi, (C) New Cosmos Electric Co., Ltd.

Recently, (La,Sr)(Co,Fe)O3-d perovskites
have been investigated as the cathode
materials of solid oxide fuel cells, because
of the high electronic and high oxide-ion
conductivity [1]. However, the detailed
crystal structures under cell operation
conditions, i.e., at elevated temperatures
under oxygen partial pressures, P(O2)
<= 0.21atm, have not been reported yet.
In this study, we have measured high
temperature neutron diffraction data of 40
mol% Sr- and 20 mol% Fe-doped LaCoO3,
(La0.6Sr0.4)(Co0.8Fe0.2)O3-d (LSCF), at
elevated temperatures, 299<=T<=1273K,
under 0.002<=P(O2)<=0.21atm, to investi-
gate the detailed crystal structures and the
oxide-ion conduction path.
Neutron diffraction measurements were
performed with a 150-detector system,
HERMES [2], installed at the JRR-3M re-
actor in JAEA (Tokai). The neutron wave
length was 1.8204(5)A and the diffraction
data were collected in the 2θ range from
20 to 153 deg. in step interval of 0.1 deg.
A furnace with Pt-Rh heaters installed in a
vacuum chamber was placed on the sam-
ple stage, and used for neutron-diffraction
measurements at high temperatures. The
diffraction data obtained were analyzed us-
ing the Rietveld program RIETAN-2000 [3].
The diffraction data of LSCF could be
indexed assuming a trigonal symmetry
(R-3c, No.167) at 299, 475, and 671K in
P(O2) = 0.21atm, or a cubic one (Pm-3m,
No.221) between 873 and 1273K under
0.002<=P(O2) <=0.21atm. The Rietveld re-
finement result of LSFC measured at 1273K
in P(O2) = 0.002atm was as follows: Z = 1, a
= 3.9333(2)A,α = 90 deg., V = 60.854(6)Aˆ3.
The reliability factors were as follows: Rwp
= 6.48%, Re = 3.43%, S = Rwp/Re = 1.89.

Figure 1 shows the refined crystal struc-
ture of LSFC at 1273K in P(O2) = 0.002atm.
Oxide ions showed larger atomic displace-
ment parameters than those of La, Sr, Co,
and Fe ions. Oxide ions also indicated
larger thermal motion perpendicular to
(Co, Fe)-O bonds. These results suggest the
oxide-ion conduction in LSCF with an arc
shape path [4].
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Fig. 1. Refined crystal structure of
(La0.6Sr0.4)(Co0.8Fe0.2)O3-d at 1273K under
P(O2) = 0.002 atm. The dotted curve with arrows
denotes possible conduction path of oxide ions.
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Phonons in FCC-Fe precipitates in Cu
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An fcc-Fe is stable only at temperature
between 1185K and 1667K. However, Fe
precipitates which are grown in supersatu-
rated Cu-Fe solid solution retain fcc struc-
ture even at room temperature. The lattices
of Fe precipitates are coherent with Cu ma-
trix. At low temperature (T<70 K), Fe pre-
cipitates undergo a structural phase transi-
tion. The lattice structure in the low tem-
perature phase is described by the shear
wave propagating along the [110] direc-
tion and the [1-10] polarization vector. In
related to the structural phase transition,
drastic softening of the elastic moduli C ’
and C11 is observed below 150 K.

The purpose of the present experiments
is two points. There are no experimental
data of phonon dispersion relation of fcc
Fe at the room temperature because of no
bulk specimen. Thus, the first purpose is
to observe the phonon peaks and to deter-
mine the dispersion relations of fcc Fe at
room temperature using the coherent pre-
cipitates. If observation of phonons is pos-
sible, the second purpose is to observe the
phonon softening towards the structural
phase transition.

A super-saturated Cu97Fe3 single crys-
tal was grown by Bridgmann method. The
sample was quenched into water from 1000
C, then precipitation anneal was performed
at 600 C for 53.5 hours. Averaged precipita-
tion particle size is estimated to be 50 nm.
Phonon measurements were performed at
the T1-1 triple axis spectrometer.

For small q regions, it was impossible
to separate the phonons of Cu matrix and
Fe precipitates. At high q regions, phonon
intensity is too weak to observe because
of small effective volume of fcc-Fe precip-
itates. However, we succeeded to observe
phonon peaks of the [1 1 0] T1-branch at
room temperature. Since the elastic modu-

lus C ’shows softening towards the struc-
tural phase transition, to study the phonon
dispersion relation of the [1 1 0] T1 branch
would be interesting. Temperature varia-
tion of phonon peaks for fcc-Fe precipi-
tates studied at q=0.3 is given in Fig. 1.
At low temperature, phonon peak intensity
is too weak and it is hard to discuss the
phonon softening. However, phonon peak
shift with temperature decreasing (harden-
ing) between RT and 150 K is very large.
The reason is considered to be increasing
of mis-fitting parameter of the lattices be-
tween Cu and Fe precipitates. We would
like to discuss this point thoroughly.

Fig. 1. Fig.1 temperature variation of phonon peaks
of fcc Fe precipitates studied at q=0.3.
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Crystal Structure Analysis of a Supramolecular Ferroelectric 55DMBP-H2ia at
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Ferroelectrics have been motivated not
only by basic science but also by applica-
tion because of those various utilizations
for electronics. Recently Horiuchi et al.
have reported a new ferroelectric realized
by proton dynamics in a hydrogen-bonded
chain with supramolecular structure, the
cocrystal of 5,5’-dimethyl-2,2’-bipyridine
(55DMBP, C12H12N2) and iodanilic acid
(H2ia, C6H2O4I2) [1], in which the cor-
rective proton motion should be playing
an important role for the development of
the ferroelectricity. Here, we report crys-
tal structure of 55DMBP-H2ia in a low-
temperature phase obtained by the neutron
diffraction in order to make clear the more
precise hydrogen atom position.
Large single crystals of 55DMBP-H2ia (3
x 1 x 10 mm3) were prepared by slow
evaporation from methanol solution. The
neutron diffraction experiments were per-
formed at the T2-2 guide-hall of JRR-3M in
JAEA, utilizing a four-circle diffractometer
“FONDER”with 1.23960　 neutron beam
monochromized by a Ge(311) monochro-
mater. We used the program SHELX-97 for
the least-square fitting in order to refine the
parameters. [2]
The crystal of 55DMBP-H2ia consists of
one-dimensional chain made from O…H…
N type hydrogen bond between acid and
base molecules. Figure 1a shows the hy-
drogen bonded chain structure of ferroelec-
tric phase of 55DMBP-H2ia (T = 50 K) ob-
tained by a neutron crystal structure anal-
ysis. Lattice parameters, space group (P1),
and atomic coordinates except for hydro-
gen atoms, consist with those obtained by
the X-ray diffraction experiments. It can be

clearly observed that there are two types
of hydrogen bonded site, a neutral O-H…
N site and a ionic O-…H-N+ site, in the
chain. From a comparison between ferro-
electric structure and paralectric structure
(Fig. 1b), which was determined by the pre-
vious neutron diffraction study, one can
find the corrective proton motion along the
one-dimensional hydrogen bonded chain.
The alternating O-H…N and O-…H-N+
constitute a polar chain and a polar three-
dimensional structure. That is to say, the
proton migration can be an origin of the po-
larization in this system.
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Crystal Structure of Lithium Battery Electrode Materials with Tunnel Structure
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A great deal of research into the ap-
plication of a-MnO2 as an electrode mate-
rial for lithium-ion batteries has been con-
ducted because a-MnO2 has large (2× 2)
tunnels presenting a privileged pathway
for Li ion diffusion [1-3]. The a-MnO2 elec-
trode can be intercalated in lithium cells
at about 3 V, and the initial discharge ca-
pacity exceeds 200 mAh/g. To clarify the
structural properties of a Li inserted a-
MnO2 specimen, neutron diffraction inves-
tigations have been made in this work.

A well-crystallized a-MnO2 specimen
was prepared by oxidation of MnSO4 with
ozone gas in H2SO4 solution at 353 K. A
Li inserted a-MnO2 specimen was obtained
by soaking the parent a-MnO2 powder in a
mixed solution of 0.1 mol/dm3 LiOH and
0.1 mol/dm3 LiNO3.

Neutron powder diffraction data were
taken at room temperature on the HERMES
powder diffractometer installed at the JRR-
3M research reactor of the Japan Atomic
Energy Agency. Incident neutrons with a
fixed wavelength of 1.8204(5) angstroms
were obtained by a vertically focusing (331)
Ge monochromator. The powder diffrac-
tion data were measured 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.

Figure 1 depicts the preliminary result of
the nuclear scattering density distribution
of Li inserted a-MnO2 specimen. This im-
age clearly shows the Li and O atoms in the
tunnel space.

The parent a-MnO2 specimen showed
a poor discharge property although

no cationic residues or residual H2O
molecules remained in the tunnel space. In
contrast, the Li inserted a-MnO2 specimen
showed a good charge-discharge property
as the cathode. These facts suggest that the
presence of stabilizing O atoms within the
(2× 2) tunnel is necessary to facilitate the
diffusion of Li ions during cycling.
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Fig. 1. Nuclear scattering density distribution image
of the Li inserted a-MnO2 specimen.
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Magnetic Bragg Peaks of Quasi-One-Dimensional Antiferromagnets
Cu6Ge6O18-xD2O (x = 0, 6)
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The spin systems of insulating cuprates
Cu6Ge6O18-xD2O (x = 0 − 6) are spin-
1/2 Heisenberg chains with first- and second-
nearest-neighbor antiferromagnetic (AF) ex-
change interactions.1) The space group is R3̄
(No. 148).2) Helical spin-1/2 chains of Cu
are formed parallel to the c axis. Each chain
has three Cu ions in the unit cell. Mag-
netic long-range order appears below TN. The
value of TN/Tmax decreases with decrease in
x from x = 6, while it is nearly constant
below x = 1.54. Here, Tmax is tempera-
ture where the magnetic susceptibility has
a broad maximum. At x = 1.54, TN/Tmax

jumps abruptly from 0.23 to 0.39, and two
magnetic transitions are seen. The jump in-
dicates that magnetic long-range orders at
x < 1.54 and x > 1.54 belong to essen-
tially different phases. The difference, how-
ever, has not been unveiled. Accordingly, we
performed neutron-diffraction measurements
of powders with x = 0 or 6 using the TAS-2
(the wave length λ = 2.444 Å) and MUSASI
(λ = 2.474 Å) spectrometers to investigate
magnetic structures.

Figure 1 shows diffraction patterns of
Cu6Ge6O18-6D2O.3) As indicated by arrows,
we can see a resolution-limited magnetic
Bragg peak in each figure below TN. We
could find two magnetic Bragg peaks in each
sample. The index (h, k, l) of the scattering
vector Q is (2, 1,−0.5)hex and (1, 2, 0.5)hex

for the low-angle peak and (3, 1, 0.5)hex and
(1, 3,−0.5)hex for the high-angle one. We
adopt the hexagonal unit cell. The l value is
half integer. Therefore, the spin arrangement
is collinear AF in each chain.

We calculated scattering cross sections
(SCSs) of magnetic Bragg peaks when the
nearest-neighbor interchain interaction (Ja) is

AF or ferromagnetic. Here, we assume that
the ordered spins are parallel to the c axis, be-
cause the spin is almost parallel to the c axis
in the AF long-range order in isostructural
Cu6Si6O18-xH2O (x = 0, 6).4,5) The calcu-
lated SCSs in the case that Ja is AF are con-
sistent with the experimental results.

����� ���	� 
�� 
 � ����� 


��� ��� � �

��� ��� � �

������ !�"�#�$�%����"&
' () *
(+
, ) -
. /0 1
() +
2 34
4 +
5

6 7 8

9�� 9�:

�"�;:

�	� ��� � �

�	� 9<� � �

�	� �<� � �

�" #���#�$�=���#����"&6 >�8

9�� 9;:

�"�;:' () *
(+
, ) -
. /0 1
() +
2 ?4
4 +
5

Figure 1: Diffraction patterns of Cu6Ge6O18-6D2O.
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Spherical Neutron Polarimetry Analysis in the Ferroelectric Phase of the
Magnetoelectric Multiferroic CuFe1−yGayO2
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Recently, as one of magnetoelectric multi-
ferroics, CuFeO2 has been intensively studied
for understanding the microscopic mechanism
regarding the magneto-ferroelecticity.1,2)

There has been several theories to explain
ferroelectricity in multiferroics. One of the
mechanisms was proposed for explaining the
ferrelectricity in CuFeO2, which originates
from Fe 3d-O 2q hybridization with the
spin-orbit coupling.3) For the verification of
the mechanism, the detail magnetic struc-
tural determination was strongly required.
Although the previous unpolarized neutron
diffraction experiments have determined the
magnetic structure to be proper helical one,4)

its ellipticity has not been clarified. Our
recent study demonstrated that nonmagnetic
Ga doping leads to the ferroelectric phase
with the single magnetic modulation wave
number.5)

This time, we have performed the spherical
neutron polarimetry analysis on the ferroelec-
tric phase of CuFe0.963Ga0.037O2 at the triple-
axis spectrometer TAS-1 with the CRYOPAD
option installed at JRR-3 in JAEA. In this
experiment, we can measure the neutron po-
larization matrix with three dimensional com-
ponents for incident and scattered neutrons.

Figure 1 shows scattering vector (of the
magnetic reflection) dependence of the neu-
tron polarization matrix term Pyy (= −Pzz).
The experimental data was refined by least
square analysis, where the refined parameter
is the ellipticity (μ11̄0/μc). μc and μ11̄0 mean
the momentum amplitude in the c and 11̄0
spin components, respectively. As clearly seen
in this figure, the refined ellipticity is not 1.0
but about 0.9.

For the verification of the theory above
mentioned,3) the understanding of the spa-
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Figure 1: Comparison of the calculated curves and
experimental data for the neutron polarization matrix
terms, Py,y and −Pzz. ω is the relative angle between
the hexagonal [110] axis and the scattering vector of
each magnetic reflection. The dashed and solid lines
denote the calculated curves for the ellipticity of 1.0
and 0.895, respectively.

cial modulation of the electric dipole moments
coupled with magnetic moments, which was
predicted to be with two times larger wave
number than the magnetic one, is strongly de-
sired. The presently determined elliptic mag-
netic structure will help understanding the
microscopic coupling between spin and elec-
tric dipole moment.
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Magnetic and Structural Phase Transitions of RbFeBr3
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Among magnetic compounds with the
ABX3 chemical formula, the CsNiCl3-type
antiferromagnets take the perovskite-like
structure with hexagonal close packed AX3

layers, in which face-sharing BX6 octahedra
run as forming a -BX3- chain along the c-axis.
Their nearest-neighbor magnetic B2+ ions
on the c-plane form a triangular lattice and
give rise to spin frustration. There are sev-
eral compounds, such as KNiCl3, RbMnBr3,
TlCoCl3 and RbCoBr3, crystal structures
of which are distorted from the prototype
CsNiCl3-structure through structural phase
transitions. The lattice distortions are char-
acterized by the shifts of the chains either up-
wards or downwards along the c-axis. The
spin frustration is released by the distortion.
In a certain case, breaking of inversion sym-
metry by the lattice distortion is accompanied
with and the crystal structure is polar. We
call these crystals members of the KNiCl3-
family. Most KNiCl3-family compounds ex-
hibit ferroelectricity at certain phases. We
have been interested in how these lattice dis-
tortions and electric polarization affect the
magnetism of those crystals and vice versa.
In past, we determined the magnetic and crys-
tal structures of RbMnBr31) (Heisenberg spin
with easy plane anisotropy), TlCoCl32) (Ising
spin), and RbCoBr33) (Ising spin) through
the neutron diffraction measurements. In the
present study, we performed the single-crystal
neutron diffraction measurements in RbFeBr3
which is one of the KNiCl3 compounds. The
magnetic phase transitions of RbFeBr3 are de-
scribed as the XY spin systems.

RbFeBr3 undergoes successive structural
phase transitions at Tst1 = 109 K and Tst2 =
TC = 39.5 K. Below TC, ferroelectricity ex-
hibits. In the present measurements, (1

3
1
3 2)

peak was observed below Tst1. The temper-

ature dependence of this peak height shows
an anomaly at TC. The antiferromagnetic
phase transitions occur at TN1 = 5.5 K and
TN2 = 2.0 K.4) Therefore, ferroelectricity and
spin order are coexisted below TN1. The tem-
perature dependence of the (1

3
1
3 1) and (1 1 1)

magnetic peak heights are shown in Fig. 1.
The (1

3
1
3 1) peak is observed below TN1 but

the (1 1 1) peak is observed only below TN2.
The spin structures at TN2 < T < TN1 and
T < TN2 are determined as the partial dis-
ordered and the triangular ones, respectively.
We observed the small spontaneous magneti-
zation perpendicular to the c-axis below TN1.
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Ni3V2O8 is an insulating system with Ni2+

spins (spin S=1) arranged in a kagomé stair-
case or in a buckled kagomé plane. The
system exhibits three magnetic transitions
at temperatures Tc1=9.1 K, Tc2=6.3 K and
Tc3=3.9 K. In the region Tc2 < T < Tc1,
the spins have a sinusoidally modulated in-
commensurate structure with the spin direc-
tion along a and the modulation vector along
a (HTI phase). In the region Tc3 < T <
Tc2, they have a helically modulated struc-
ture within the ab-plane with the modula-
tion vector along a (LTI phase). Below Tc3,
the weak spin canted ferromagnetic structure
is realized with a commensurate modulation
vector along a (C phase). The multiferroic
behavior or the coexistence of magnetic and
ferroelectric orders can be found in the region
Tc3 < T < Tc2.1) The helical magnetic struc-
ture originates from the competing nearest
neighbor(J1) and next nearest neighbor(J2)
interactions. For this system, impurity dop-
ing effects has been studied, because the Zn,
Co, Mn and Cu substitution for Ni may
change the magnetic and dielectric behaviors,
and present information on the mechanism
of the multiferroic phenomenon. Another
interesting view point of the system is the
existence of the successive magnetic transi-
tions, because the system has the geometrical
frustration inherent in the crystal structure.
First, we have carried out measurements of
the magnetization, specific-heat and dielectric
properties of Ni3(1−x)M3xV2O8 (M=Zn, Co,
Mn and Cu). For Ni3(1−x)M3xV2O8 (M=Zn,
Co and Mn), all the three transition temper-
atures (Tc1, Tc2 and Tc3) are found to mono-
tonically decrease with increasing x. In con-
trast, for Ni3(1−x)Cu3xV2O8, Tc3 was found
to increase and Tc1 and Tc2 were found to
decrease (The C phase is stabilized). In the
samples with x > 0.1, the LTI phase is not
found and the ferroelectricity does not exist.
The crystal system changes from orthorhom-
bic to monoclinic ones at around x=0.25 with
increasing x. Next, to obtain detailed infor-

mation on the crystal and magnetic struc-
tures of Ni1.5Cu1.5V2O8, the powder neutron
diffraction measurements have been carried
out at 50K and 3K by using the high resolu-
tion powder diffractometer (HRPD) installed
at JRR-3 of JAEA in Tokai. The horizon-
tal collimations were 12’-40’-6’ and the neu-
tron wavelength was 1.8231 Å. We have car-
ried out the Rietveld analysis on the data
at 50 K (paramagnetic phase), and the data
can be almost explained by using the space
group P21/c, where a=11.4369 Å, b=8.1350
Å, c=6.0880 Åand β = 89.01◦. A schematic of
the (Ni,Cu)O6 octahedron is shown in the up-
per part of the figure. The z’ axis of the local
coordinates expands by the Cu-doping, which
is considered to be due to the Jahn-Teller ef-
fect of the Cu2+ ions. The lower part of the
figure shows the view of the cut plane parallel
to the ab-plane of the one-dimensional chains
of edge-sharing (Ni,Cu)O6 octahedra. It indi-
cates that the doped Cu2+ ions disconnect the
some exchange interactions J1 and J2. The
results seem to be related to the stability of
the C phase at low temperature. We have de-
termined the magnetic structure at T=3 K of
Ni1.5Cu1.5V2O8; The characteristics of the or-
dering pattern are similar to those of C phase
of Ni3V2O8 except for the easy axis direction
of spins.
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By the combined work of neutron diffrac-
tion and 7Li-NMR, the three dimensional
magnetic structures of the multiferroic sys-
tem LiCu2O2, which has four chains (ribbon
chains) of edge-sharing CuO4 square planes
in a unit cell have been determined.1,2) In
the course of the studies, we have first real-
ized that for the complete determination of
its magnetic structures, it is insufficient to
reproduce, by choosing a set of parameters,
only one kind of experimental data, because
we have to use a number of parameters to
describe the modulated magnetic structures
of the four ribbon chains. We have therefore
applied experimental means of 7Li-NMR and
neutron magnetic scattering on single crys-
tal samples, trying to consistently explain the
data of these methods. The neutron experi-
ments have been carried out on a single crys-
tal of 7LiCu2O2 by using the triple axis spec-
trometer TAS-1 installed at JRR-3 of JAEA
in Tokai. To avoid the large neutron absorp-
tion of Li nuclei, we used the 7Li isotope in
the measurements. The horizontal collima-
tions were 40’-40’-80’-open, and the neutron
wave length was 2.359 Å. The 002 reflection
of Pyrolytic graphite (PG) was used as the
monochromator. A PG filter was placed after
the second collimator to suppress the higher-
order contamination. The crystal was ori-
ented with the [100] and [010] axes, in one
case, and the [102] and [010] ones, in another
case, in the scattering plane. The size of the
crystals was ∼ 18 × 16 × 1 mm3, and the in-
tegrated intensities of 20 nonequivalent mag-
netic Bragg reflections were measured. In the
analyses of the data, the anisotropic magnetic
form factor for Cu2+ ions deduced from the
x2 − y2 orbit was used, and the absorption
corrections considering the shape of the single
crystal were made. First, we have confirmed
that the system has two successive magnetic
transitions at TN1 ∼ 24.5 K and TN2 ∼ 22.8 K.
In the temperature region between TN1 and
TN2, the magnetic structure has been found
to be a sinusoidally modulated incommensu-

rate one. At T < TN2, an ellipsoidal helical
spin structure with the incommensurate mod-
ulation has been found (Fig. 1). As stated
above, by combining the NMR and neutron
data, we have succeeded in the determination
of detailed parameters related to the modula-
tion amplitudes, helical axis vectors and rela-
tive phases of the modulations of four ribbon
chains, which can reproduce both the NMR
and neutron results, in the two magnetically
ordered phases. This finding of the rather pre-
cise magnetic structures enables us to discuss
the relationship between the magnetic struc-
ture and the multiferroic nature of the present
system in zero magnetic field, and open a way
how to understand the reported electric polar-
ization under the finite magnetic field.

º

Figure 1: Magnetic structure of a CuO2 ribbon chain
in LiCu2O2 below TN2 is shown schematically. There
are four chains in a unit cell and the relative phases
of their modulations have also determined.
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The rare-earth clathrate compounds
Ce3Pd20X6 (X = Si, Ge) crystallize in the
C6Cr23- type structure belonging to the space
group symmetry Fm3̄m. In this structure, Ce
atoms occupy two different crystallographic
sites, 4a and 8c, both with a cubic point
symmetry Oh and Td, respectively. The
heavy fermion compounds Ce3Pd20Si6 1)

and Ce3Pd20Ge6
2) undergo successive

quadrupole ordering (below TQ = 0.5 K and
1.2 K, respectively) and antiferromagnetic
ordering (below TN = 0.31 K and 0.7 K,
respectively). The inelastic neutron scatter-
ing (INS) experiment 3) revealed that the
crystalline field (CEF) scheme of Ce ions for
both sites in Ce3Pd20Ge6 consists of a Γ8

quartet ground state and a excited Γ7 doublet
state, with a splitting energy of 4.0 meV
at the 8c-site and 5.2 meV at the 4a-site.
Very recently, however, we observed only one
well-defined excitation of 3.7 meV at 5 K in
Ce3Pd20Si6, In order to investigate the origin
of the single CEF excitation in Ce3Pd20Si6,
we have performed INS experiments in the
pseudo-ternary systems Ce3Pd20(Si1−xGex)6
using TAS2 spectrometer of JRR-3 in Tokai.

The INS spectrum of polycrystalline sam-
ples Ce3Pd20(Si1−xGex)6 (x = 0, 0.1 0.3, 0.5
1) are shown in Fig. 1. Our data for x
= 1 demonstrates a main peak at 4.0 meV
(peak A) and a shoulder peak at 5.3 meV
(peak B) which is consistent with the previous
data 3). With decreasing x value, the peak B
becomes unclear and the shape of the com-
bined peak (A and B) remains asymmetric.
In order to decompose the overlapping peaks
into two Gaussian peaks, we assumed that the
background forms a linear function and the
ratio of their integrated intensity is equal to

2 : 1, which corresponds to the ratio of the
number of Ce ions on the 8c- and 4a-site, re-
spectively. We could fit all the experimental
data by this simple model as shown by broken
lines in Fig. 1. The x dependence of peak A
is very weak. In contrast, with decreasing x
value, the amplitude of peak B strongly de-
creases and the peak width increases. The
CEF splitting at the 4a-site is affected by re-
placement of Si atoms for Ge atoms. It sug-
gests that the characteristic of 4f electrons at
4a-site changes from localized state to itiner-
ant or well-hybridized state.

Ce3Pd20(Si1-xGex)6 , 5K, EA = 13.7 meV
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Figure 1: INS spectrum of Ce3Pd20(Si1−xGex)6 (x =
0, 0.1 0.3, 0.5 1) at 5 K.
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Enhancement of the Two-Dimensional Spin Correlations in Ag doped CuCrO2
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CuCrO2 has a delafossite structure, where
edge-shared CrO6 octahedral layers and Cu
layers stack alternatively. Since Cr3+ ions
have S = 3/2 spins and they form a two-
dimensional (2D) triangular lattice, CuCrO2

attracted attention as one of the 2D antiferro-
magnet. In spite of the layered crystal struc-
ture, the spins of Cr ions have finite interpla-
nar coupling, which yields three-dimensional
(3D) magnetic ordering below TN = 26 K.
The magnetic structure is a 120◦ structure
with the spins lying on the ac plane.1) Re-
cently, however, it was revealed by a spe-
cific heat study that substitution of Cu+ ion
(3d10) with Ag+ ion (4d10) induces crossover
from 3D to 2D low-energy magnetic excita-
tions in addition to the decrease of TN.2) In
the present study, we studied Cu1−xAgxCrO2

by neutron diffraction to confirm the dimen-
sional crossover of magnetic correlations by
Ag doping. The sample was powders of x = 0
and 0.15 (TN = 14 K). The neutron diffrac-
tion measurements were performed using the
triple-axis spectrometer TAS-2 with an inci-
dent energy Ei = 14.7 meV.

Figure 1(a) shows powder diffraction pat-
terns of Cu0.85Ag0.15CrO2 at 6, 15, and 100 K.
At 6 K, 3D magnetic Bragg peaks are ob-
served at (q, q, 0), (q, q − 1, 0), (q − 1, q, 2),
(q, q, 3), etc. with q ∼ 1/3. By investigating
the peak positions in detail, we found that q
is slightly different form 1/3 and it was 0.328.
Interestingly, this incommensurability is al-
most same as that reported in the end com-
pound, AgCrO2 (0.327).3) At a temperature
just above TN (15 K), the Bragg peaks dis-
appear, but intense broad scattering remains
around (q, q, 0). The profile of this broad scat-
tering has a skewed structure, which is a typ-
ical profile of a 2D system. The 2D corre-
lations were also evidenced by the fact that

this scattering profile can be well fitted to
the Warren function4), as shown by a broad
solid line in Fig. 1(a). As a comparison, we
also performed similar measurements on the
non-doped (x = 0) sample [Fig. 1(b)]. The
non-doped sample also shows the 2D scatter-
ing just above TN, but the ratio of the 2D
scattering intensity to the 3D Bragg peaks is
much reduced compared with x = 0.15. These
results clearly indicate that 2D character in
the magnetic correlations is much enhanced
by the Ag doping.
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Figure 1: Powder neutron diffraction patterns of (a)
Cu0.85Ag0.15CrO2 and (b) CuCrO2.
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in Ag doped CuCrO2
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Delafossite oxide CuCrO2 is one of the
two-dimensional (2D) triangular antiferro-
magnets. In this compound, S = 3/2 spins of
Cr3+ ions form a 2D triangular lattice. The
Cr layers are separated from each other by Cu
layers. However, the coupling between the
Cr layers is strong enough to yield a three-
dimensional (3D) magnetic ordering with a
120◦ structure below TN = 26 K.1) Recently,
however, it was revealed by a specific heat
study that substitution of Cu+ ion (3d10) with
Ag+ ion (4d10) induces crossover from 3D
to 2D low-energy magnetic excitations.2) As
mentioned elsewhere, we have performed neu-
tron diffraction measurements on the powder
sample of Cu0.85Ag0.15CrO2 using the triple-
axis spectrometer TAS-2, and confirmed that
the 2D scattering at a temperature just above
TN is much enhanced compared with the
non-doped compound.3) In the present study,
we performed high-energy-resolution neutron
scattering measurements on a powder sample
of Cu0.85Ag0.15CrO2 to clarify the character of
the 2D magnetic correlations. The measure-
ments were performed using the triple-axis
spectrometer LTAS with a scattered neutron
energy Ef being fixed at 3.5 meV.

Figure 1 (a) shows temperature dependence
of elastic scattering profiles of the magnetic
scatterings. In contrast to the result at TAS-
2,3) the 2D scattering at 15 K is much re-
duced. The difference in the 2D scattering in-
tensity can be attributed to the difference in
the energy resolution (ΔE = 1.2 meV at TAS-
2 and 0.2 meV at LTAS). If the 2D scattering
is dominated by an inelastic component, the
elastic scattering intensity is apparently re-
duced in the high-energy-resolution measure-
ment at LTAS. The dynamical character was
more directly evidenced by an energy scan,

which is shown in Fig. 1(b). We observed
that the magnetic scattering spreads to the
energy of ∼0.8 meV. From the present study,
we confirmed that the 2D magnetic correla-
tions in Cu0.85Ag0.15CrO2 consists mostly of
dynamical component.
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Figure 1: (a) Powder neutron diffraction patterns of
Cu0.85Ag0.15CrO2 at 2.8, 15, and 50 K. (b) Energy
scan profiles of Cu0.85Ag0.15CrO2 at 15 K measured
at Q = 1.4 Å−1 and 1.9 Å−1. The latter profile rep-
resents the energy resolution.
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Geometrically frustrated antiferromagnets
show interesting phenomena originating from
the macroscopic ground state degeneracy.
The pyroclore lattice, in which corner-sharing
tetrahedra of the magnetic ions are linked
three-dimensionally, is known as highly frus-
trated magnetic system.

LiCrMnO4 has the spinel structure, in
which the Cr3+ and Mn4+ moments with
S=3/2 are randomly located at the corners
of the tetrahedron in pyrochlore lattice. 1) It
shows a spin-glass behavior below Tg ∼13 K
suggested from the magnetic susceptibility ex-
periments. In order to clarify the magnetic
properties from the microscopic point of view,
we performed neutron scattering experiments
on TAS-2. It was found that short-range
spin correlations with characteristic Q ∼0.6
and 1.6 Å−1 develop at low temperatures, as
shown in Fig.1. The spin correlation with
Q ∼1.6 Å−1 (phase I) is explained by the an-
tiferromagnetic fluctuations originating from
the hexagonal spin clusters, which is proposed
in ZnCr2O4 above TN. 2) Although the ori-
gin of the spin correlation with Q ∼0.6 Å−1

(phase II) is still unknown, the spin correla-
tion probably originates from a new magnetic
state in highly frustrated pyrochlore lattice.

LiCrMnO4 also shows an interesting be-
havior in magnetic field. Magnetization in
LiCrMnO4 gradually increases and saturates
at ∼1/2 of the full moment (3μB). This phe-
nomenon is similar to the half-magnetization
plateau observed in ACr2O4 (A: Cd and Hg),
which originates from a strong spin-lattice
coupling. 3) We performed neutron scattering
experiments in LiCrMnO4 in magnetic field
up to 10 T to clarify the origin of the plateau-
like state. It was found that the magnetic

peak at Q ∼0.6 Å−1 is suppressed with in-
creasing magnetic field although the magnetic
peak at Q ∼1.6 Å−1 is robust. This result
suggests that the saturation of the magne-
tization is not related with the spin-lattice
coupling as in ACr2O4 but spins in phase II
first align ferromagnetically in low magnetic
field. This indicates that the magnetic inter-
actions in phase II are relatively small, sug-
gesting that the phase II is formed by further-
neighbor interactions.

Figure 1: Neutron diffraction patterns at 4, 20 and 100
K in LiCrMnO4. The background intensity measured
at 200 K is subtracted.
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The spinel GeCo2O4 shows an antiferro-
magnetic ordering with a characteristic wave
vector of QM=(1/2, 1/2, 1/2) below TN ∼21
K accompanied with a structural phase tran-
sition from cubic to tetragonal symmetry. Re-
cently, magnetic properties of GeCo2O4 in
magnetic field were studied by magnetiza-
tion measurements. 1,2) It was reported that
magnetization in polycrystalline GeCo2O4 ex-
hibits an anomaly at H=4.25 and 9.70 T,
which correspond to magnetic transitions. 1)

The magnetization measurements using sin-
gle crystal also show magnetic phase transi-
tions at H ∼4.5 and 10 T, depending on the
magnetic field directions. 2) The anomaly at
H ∼4.5 T is observed only when the field is
applied along the (110) and (111) directions.
In order to understand the magnetic interac-
tions in GeCo2O4, it is important to deter-
mine the magnetic structure in the magnetic
field-induced phases.

In order to clarify the magnetic structure in
magnetic field, we performed neutron diffrac-
tion experiments on TAS-2 using polycrys-
talline sample of GeCo2O4. We first con-
firmed that the magnetic structure in zero
magnetic field is consistent with that reported
previously. 1) The magnetic structure is basi-
cally the same as that in GeNi2O4 below TN2,
in which the spin arrangement is ferromag-
netic in the kagomé and triangular planes and
antiferromagnetic between the kagomé and
triangular planes. 3) With applying magnetic
field, the magnetic Bragg intensities change
drastically, originating from both change in
magnetic structure and orientation of mag-
netic domains, as shown in Fig. 1. We found
that the effect of the domain orientation is
not so distinct at higher temperatures and
performed Rietveld refinement analysis. For-
tunately, an overall feature of the magnetic

structure in magnetic field could be deter-
mined even with powder sample. The spin ar-
rangement between the triangular planes be-
comes ferromagnetic around 4 T and the spin
arrangement between the kagomé planes also
becomes ferromagnetic gradually above ∼4 T.
Finally, all the spins align ferromagnetically
along the field direction at ∼10 T. These re-
sults suggest that the kagomé and triangu-
lar planes become more decoupled in mag-
netic field, which is similar to the behavior
of GeNi2O4 in zero magnetic field. 3)

Figure 1: Magnetic field dependence of the magnetic
Bragg intensities at (1/2, 1/2, 1/2), (1/2, 1/2, 3/2)
and (1, 1, 1).
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The tetragonal DyB2C2 shows an antiferro-
quadrupolar (AFQ) order below TQ = 24.7K
in zero magnetic field1). Below TN = 15.3K
the antiferromagnetic (AFM) order compet-
itively coexists with the AFQ order. The
magnetic structure in the coexistent phase is
described by k1 = (1, 0, 0) and k2 = (0, 1, 1/2)
to give the basic 90◦ structure along the c-
axis, plus k3 = (0, 0, 0) and k4 = (0, 0, 1/2) to
give the additional slight canting of magnetic
moments in the c-plane. The situation with
the variation of DyB2C2 magnetic properties
under pressure is not so clear as that with
ambient pressure properties. There is only
one published report where the electrical re-
sistivity studies were carried out on applica-
tion of hydrostatic pressure up to 3.1GPa2).
We performed the neutron diffraction experi-
ments under high pressures up to 8.8GPa on
a single crystal DyB2C2 in order to investi-
gate the P –T phase diagram and magnetic
structure under pressure.

The single crystal of Dy11B2C2 was pre-
pared by the Czochralski method with a tetra-
arc furnace. The sample was cut and shaped
in a rectangle of 0.7 × 0.7 × 0.2 mm3. We
succeed in experiments using an opposed pair
of large anvils, named “ hybrid-anvil cell ”3).
The measurements were carried out in the
a∗- a∗ reciprocal lattice plane with a neutron
wavelength of 2.444 Å. All the collimators and
PG filter were taken away to intensify the pos-
sible neutron beam flux.

Figure 1-(a) shows the pressure dependence
of TN in DyB2C2. The transition tempera-
tures are determined from the temperature
dependence of the peak intensity of AFM 1 0 0
reflection under pressure. The results of ref. 2)
are concurrently shown for comparison in the
figure. The TN increases linearly with pres-
sure up to ∼ 6 GPa and seems to decrease
above ∼ 7 GPa. On the other hand, the TQ

decreases with increasing pressure and seems
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Figure 1: The pressure dependence of (a) TN, TQ and
(b) k1, k3 components of magnetic structure at ∼ 9K
in DyB2C2. Lines are guide for eyes.

to merge with TN at ∼ 7GPa. Contrary to
the pressure dependence of TN, it is myste-
rious that the k1 components of magnetic
structure is suppressed by pressure as shown
in Fig. 1-(b), since the AFM order described
by the wave vector of (1, 0, 0), which is ob-
served in most of the RB2C2 system, are con-
sidered to reflect the basic magnetic interac-
tions in DyB2C2. It is, therefore, necessary
to measure k2 components which reflect the
existence of the competitive AFQ interactions
and to consider the effects of the frustration
between the AFQ and AFM interactions.

References
1) H. Yamauchi et al.: J. Phys. Soc. Jpn., 68, 2057

(1999).
2) M. Kosaka et al.: “ Spring Meeting of Phys. Soc.

Jpn.”, 22pZF-5 (March, 2000).
3) T. Osakabe et al.: J. Magn. Magn. Mater. 310,

2725 (2007).

原子炉：JRR-3 装置：TAS-1(2G) 分野：中性子散乱（磁性）

1-2-11

- 83 -

JAEA-Review 2013-039



Nematic-to-Smectic Transition of Magnetic Texture in Conical State
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Unconventional magnetic properties such
as the anomalous Hall effect1) and quan-
tum phase transition under high pressure2)

in the helimagnetic phase of the MnSi family
have currently attracted considerable inter-
est. The non-centrosymmetric crystal struc-
ture of a simple cubic lattice (P213, or B20
type) is inherent in the MnSi family including
Fe1−xCoxSi. This low symmetry of the crys-
tal structure hosts a long-range helimagnetic
spiral spin modulation via the Dzyalosinsky-
Moriya (DM) interaction.

The microscopic structure of spin moments,
particularly the complex structures of an an-
tiferromagnet with a long-range spin modula-
tion cannot be exclusively determined with-
out neutron magnetic scattering study3). In
this study, we found unique neutron diffrac-
tion patterns manifesting the existence of a
complex magnetic texture in the bulk mate-
rial of Fe0.7Co0.3Si.

Measurements of SANS have been per-
formed using SANS-J-II. A single crystal of
Fe0.7Co0.3Si (∼0.1 cm3) grown by the floating
zone method4). The helical spin modulation is
changed to the commensurate ferromagnetic
order through a conical spin state by apply-
ing external magnetic field. The external field
was applied up to 0.2 T where the spiral phase
disappears. Temperature was controlled be-
tween 4 and 60 K.

Figure 1 shows magnetic field dependence
of the color-coded scattering profiles on a
common logarithmic scale at 4.5 K. The rep-
resentative patterns show clear changes in
scattering profiles, i.e., circular → ellipsoidal
→ crescent → double dots, with field applica-
tion along the [100] axis. This indicates that

a phase transition of magnetic texture occurs.
Throughout this phase transition, the change
in the diffraction patterns is very similar to
that observed in the nematic and smectic
phase transitions of liquid crystals. The de-
tails of this study will be reported elsewhere5).
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Figure 1: Magnetic field dependence of the color-
coded scattering profiles. The external magnetic field
was increased from μ0H = 0 to 0.2 T at 4.5 K.
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Anisotropic Spin Freezing in Lightly-Doped La2−xSrxCuO4
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The interplay between magnetism and con-
ductivity is crucial to understand the mecha-
nism of superconductivity in high-Tc cuprate
superconductors. The mother compound
La2CuO4 shows a Néel ordering below ∼320
K. When hole carriers are doped, the mag-
netic ordering is quickly destroyed at x∼0.02.
The short-ranged magnetic correlations re-
main even above x∼0.02. Extensive neutron-
scattering studies have shown that the spin
correlations of the short-ranged magnetic
phase are incommensurate. Furthermore,
the static spin modulation in La2−xSrxCuO4

changes from being diagonal to parallel at
x∼0.055, coincident with the insulator-to-
superconductor transition 1,2). This shows
an intimate relation between magnetism and
conductivity. One possibility to explain the
diagonal incommensurate spin correlations is
the stripe model. On the other hand, the di-
agonal incommensurate spin correlations can
be explained using the spiral model, originat-
ing from magnetic frustration caused by the
localized hole spins. In order to understand
the nature of the incommensurate spin corre-
lations in this region, it is important to clarify
the magnetic anisotropy (Heisenberg, XY, or
Ising) and determine the spin Hamiltonian.

Inelastic neutron scattering experiments
were performed to observe the zone center gap
originating from the magnetic anisotropy in
the diagonal incommensurate phase 3). Since
the magnetic excitations become broadened,
it is not clear whether the gap disappears or
the magnetic excitations are just smeared out
so that the gap is difficult to be identified.

Polarized neutron scattering is an impor-
tant tool to clarify the magnetic anisotropy
in the magnetic materials. Using three-
dimensional (3D) polarization analysis 4),
we clarified the magnetic anisotropy in
La1.982Sr0.018CuO4 and determined that the

XY model is the most suitable model to de-
scribe the low energy spin fluctuations.

Unpolarized neutron scattering measure-
ments were performed on TAS-2. The fixed
initial neutron energy was 14.7 meV with an
instrumental energy resolution of ΔE ∼ 1.6
meV. Polarized neutron scattering measure-
ments were performed using CRYOgenic Po-
larization Analysis Device (CRYOPAD) in-
stalled on TAS-15). Heusler alloy (111) crys-
tals were used as monochromator and ana-
lyzer. A flipping ratio of ∼30 was measured
at the nuclear (200) reflection, corresponding
to 93% polarization of the beam. The in-
cident neutron energy was fixed at Ei=14.7
meV with an instrumental energy resolution
of ΔE ∼ 1.7 meV.

It was previously reported that
La1.982Sr0.018CuO4 exhibits a Néel ordering
and spin-glass behavior at low temperatures
6). The spin-glass phase shows short-ranged
antiferromagnetic ordering with diagonal
incommensurate correlations. Since the mag-
netic correlation perpendicular to the CuO2

plane is finite, a modulation of scattering
intensity along L direction is observed, as
shown in Fig. 1. The correlation length along
the c axis was estimated to be 11 Å6), which
almost corresponds to c. The signal contains
quasi-elastic component with finite energy
fluctuations (|E| < ΔE). It is noted that the
incommensurate magnetic peaks are not in
the scattering plane, as shown in Fig. 1. The
vertically elongated instrumental resolution
integrates the two peaks effectively. There
also exist magnetic Bragg peaks at the
commensurate positions (1, 0, even), which
originate from the Néel ordering. However,
since the peaks are very sharp, the broad
signal shown in Fig. 1 purely comes from the
spin-glass phase.

In the porlarization analysis we measured
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Figure 1: Magnetic elastic scattering in
La1.982Sr0.018CuO4 at (1, 0, L) at T=4.5 K,
measured with unpolarized neutrons. The back-
ground signal measured at 60 K was subtracted.
The arrows show the positions where the neutron
polarization analysis was performed. The inset shows
the configuration of incommensurate magnetic Bragg
peaks in the (H0L) scattering plane. The vertically
elongated instrumental resolution, shown by a shaded
ellipsoid, effectively integrates the two magnetic
peaks (open circles), which are located above and
below the scattering plane.

Table 1: Polarization matrix elements Pif observed at
(1, 0, 0.1).

i \ f x y z

x -0.9(1) 0.09(8) 0.03(7)
y 0.11(9) -0.7(1) 0.00(7)
z 0.04(8) -0.05(8) 0.7(1)

two diffuse magnetic peaks at (1, 0, 0.1) and
(1, 0, 3.9). The neutrons observe only the
spin component perpendicular to Q. There-
fore, at (1, 0, 0.1), where Q is almost along
the a axis, the magnetic anisotropy in the bc
plane can be observed. On the other hand,
at (1, 0, 3.9), where Q is ∼60◦ tilted from
the ab plane, the magnetic anisotropy mostly
in the ab plane can be observed. Combining
these two results, it is possible to estimate the
magnetic anisotropy in the spin-glass phase.

Table 1 shows the results of 3D polarization
analysis at (1, 0, 0.1) in the spin-glass phase
of La1.982Sr0.018CuO4. The polarization ma-
trix has nine elements Pif with i, f=x, y, and
z, where i and f represent ”initial” and ”fi-
nal”, respectively. Since the signal is purely
magnetic in origin, Pxx corresponds to initial
beam polarization. It was observed that all

Table 2: Polarization matrix elements Pif observed at
(1, 0, 3.9).

i \ f x y z

x -0.90(8) 0.00(4) 0.03(4)
y 0.04(4) -0.25(3) 0.05(4)
z 0.01(4) -0.01(4) 0.32(6)

the non-diagonal terms are negligibly small.
Pyx and Pzx are chiral terms that should be-
come finite in the presence of helicity in the
magnetic structure. In the present experi-
ment, the chiral terms should become zero in
principle even when the structure has helic-
ity, since two incommensurate peaks, which
are related with positive and negative helici-
ties, are integrated so that two contributions
are cancelled out. We plan to perform polar-
ized neutron scattering experiments to clarify
the helicity in the future. From the polar-
ization components Pyy, Pyz, Pzy and Pzz, it
was estimated that the ratio between the spin
components along the b axis (Sb) and along
the a axis (Sa) is Sb/Sa ∼1.2.

Table 2 shows the results of 3D polariza-
tion analysis at (1, 0, 3.9). The polarization
components are similar to those at (1, 0, 0.1)
except Pyy and Pzz. From these values, it
was estimated that the ratio between Sb and
the spin component along the c axis (Sc) is
Sc/Sb ∼0.15.

From the above two results, we conclude
that Sa : Sb : Sc∼0.8 : 1.0 : 0.15. It was
found that the low energy spin fluctuations
(|E|<1.7 meV) have the XY anisotropy in
La1.982Sr0.018CuO4 although there also exists
a small Ising anisotropy along the b axis in the
ab plane. This reminds us that pure La2CuO4

shows a Néel ordering with an easy axis along
the b axis.
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A read sensor head is one of key elements to
achieve higher recording density of hard disk
drives (HDDs). The read sensor head of HDD
consists of several ferromagnetic, antiferro-
magnetic, and noble metal layers. The char-
acterization of the magnetic interfacial struc-
ture in these magnetic multilayers is indis-
pensable for producing the high-performance
and high-reliability read sensor heads, be-
cause the device properties strongly depend
on the structure.

Neutron reflectometry is a powerful and
nondestructive technique to investigate the
internal layered structures, and gives us the
information on the depth profile of magneti-
zation vector of the magnetic multilayers in
the reflection plane. When polarized neutron
is used, the sensitivity to the magnetization is
much enhanced1). Therefore, polarized neu-
tron reflectometry is an unrivaled way to an-
alyze the internal magnetic structure in mag-
netic multilayers.

Figure 1 shows a typical example of
the investigation of the magnetic multi-
layers for the read sensor heads using a

new neutron reflectometer, SUIREN, in-
stalled at the C2-2 cold neutron beam port
of the beam hall in JRR-3, of JAEA2).
Structures of the samples are described
as Si(substrate)/Ta(5 nm)/Ru(5 nm)/MnIr(x
nm)/CoFe(2 nm)/Cu(1nm)/Ru(2 nm) (x =
3.0 (sample A) and 5.0 (sample B)). Exchange
bias between the CoFe and MnIr layers of
sample B is larger than that of sample A.

The reflectivity was measured under an ex-
ternal magnetic field of 1.8 kOe perpendicular
to the magnetized direction. An intermedi-
ate layer at the interface between the CoFe
and MnIr layers was found only in sample B.
This intermediate layer may be a key to elu-
cidate the mechanism of the exchange bias ef-
fect. The details of this experiment will be
reported elsewhere.
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Figure 1: Difference of the polarized neutron reflectivity curves with a change of thickness of the MnIr layer; (a)
3 nm and (b) 5 nm. An external magnetic field of 1.8 kOe was applied perpendicular to the magnetized axis.
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Nd-Fe-B magnets are useful permanent
magnets utilized in many applications such as
motors, HDD and mobile phones. Recently,
they are used in motors of hybrid electric vehi-
cles (HEV) which is one of the most promising
application of Nd-Fe-B magnets. As high heat
resistance and high coercivity are strongly re-
quired in HEVs, some amounts of Dy are
added to Nd-Fe-B magnets.

However, the natural abundance of Dy is
quite low and producing countries are limited.
Therefore, the development of Dy-free or Dy-
less Nd-Fe-B sintered magnets with high co-
ercivity is strongly demanded. In order to en-
hance the coercivity, grain refinement of mi-
crostructure in sintered magnets and the mi-
crostructural control at the interface between
Nd2Fe14B and Nd-rich phases are important.

We performed small-angle neutron scatter-
ing (SANS) measurements of the Nd-Fe-B sin-
tered magnets using unpolarized and polar-
ized neutrons to get information on the av-
eraged internal inhomogeneous structure of
Nd-Fe-B sintered magnets including the inter-
facial structures which is the key parameter
to achieve the high-coercivity Dy-free Nd-Fe-
B sintered magnet. The SANS experiments
were performed using PNO and SANS-J-II.

Intensity distributions of SANS from the
Nd-Fe-B sintered magnets on a 2-dimensional
position-sensitive detector of SANS-J-II (in-
tensity maps) were sensitive to the sinter-
ing and annealing condition of the samples,
as shown in FIg. 1. The patterns were also
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Figure 1: Color-coded intensity maps of Nd-Fe-B sin-
tered magnets with different sintering process; (a) 3
μm powders sintered at 1000 ◦C, and (b) 1.2 μm pow-
ders sintered at 960 ◦C.

drastically changed by changing the tempera-
ture and applying magnetic field during mea-
surements. These observations indicate that
the SANS measurement is a promising tool
to investigate the correlation between the co-
ercivity and the internal structure of Nd-Fe-
B sintered magnets. We are going to extend
this work to elucidate the high-magnetic-field
annealing phenomenon1), which improves the
coercivity, in the next fiscal year.

This work was supported by New Energy
and Industrial Technology Development Or-
ganization (NEDO), Grant-in-Aid for ”De-
velopment of technology for reducing dys-
prosium usage in a rare-earth magnet” in
”Rare Metal Substitute Materials Develop-
ment Project”.
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Multiferroic materials RMn2O5 show anti-
ferromagnetic order and ferroelectricity con-
comitantly at low temperatures with strong
coupling. To date, two models are suggested
as an origin of the magnetic driven ferro-
electricy in this system. One suggests P ∝
Si×Sj

2) while the other suggests P ∝ Si ·Sj. 3)

Previously we have shown that the magnetic
chirality is proportional to the FE polariza-
tion for materials with R =Ho and Er, con-
sistent with the S×S model. 4) Recenltly it is
found that TmMn2O5 shows polarization flop
transition at 4 K from P//b to P//a as tem-
perature decreases. 5) Since the S × S model
requires one to one correspondence between
the chiral plane and the polarization, a study
of the magnetic chirality at the flop transition
should give another test of the model.

Polarized neutron diffraction study was car-
ried out at TAS-1 spectrometer with PG
monochromator and Huesler analyzer. In this
case, diffracted neutron cross-sections with
different polarizations σ+ and σ−, i.e. spin up

and down, correspond to the different chiral-
ity. During the measurement, external elec-
tric field has been applied to the a-axis.

Figure 1 shows the cross-sections σ+ and
σ− measured near (1.5, 0, 0.25). At this Q,
one can observe the magnetic chirality in the
bc-plane which gives P//b on the basis of the
S × S model. As shown in Fig. 1, the mag-
netic chirality which can be characterized by
the difference in σ+ and σ− disappears in the
P//a phase. This proves that the polariza-
tion flop transition is indeed accompanied by
the change of the chiral plane consistent with
the S × S model.
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Figure 1: Polarized neutron diffraction data at 6 K and 3.8 K near (1.5, 0, 0.25). Cross-sections σ+ and σ−
correspond to the different chiralities as shown in the inset.
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Fe16N2 exhibits a large magnetic moment
and large crystalline anisotropy. Hence, the
industrial researchers have developed magnet-
ically stable spherical Fe16N2 nano-particles
for high density magnetic recording tape. The
surface of the particles is coated with a non-
magnetic layer to prevent oxidization and
sintering. The optimization of the surfac-
tant layer thickness is important to maximize
recording performance of the magnetic tape.
Then, in this study, we performed polarized
small-angle neutron scattering (SANS) exper-
iments to evaluate their non-magnetic surfac-
tant layer thickness quantitatively. According
to the previous study 1), it was suggested that
scattering intensity profiles which reflect the
information of surface layer thickness would
appear intensively in the range q ≥∼ 1 nm−1.
Thus, we performed SANS experiments in the
range of 0.15 nm−1 < q < 2 nm−1 about
2 samples (M2 and M6) of Fe16N2 nano-
particles with different surface layer thick-
nesses. We applied a magnetic field of 1 T
to the samples and measured SANS intensi-
ties of I+ and I− of the cases that the spin
polarity of incident neutrons is positive and
negative, respectively. Fig. 1 shows the scat-
tering intensities I+

⊥ and I−⊥ along the direc-
tion perpendicular to the applied magnetic
field direction. Here, we analyzed the data
with 2 core-shell models in which we made
assumptions as follows: 1) In model 1, the
thickness of the nonmagnetic surfactant layer
is independent of the particle diameter. 2) In
model 2, the ratio of the volumes of the mag-
netic core and nonmagnetic surfactant layer
regions is constant. The fitting results with
the models are shown in Fig. 1. It was found

that the experimental data were reproduced
better with model 2 than model 1 for the 2
samples. According to the sample prepara-
tion method 2), model 2 is considered more
appropriate for the samples. Therefore, we
evaluated the surface layer thicknesses of the
samples based on the analysis with model 2,
and the non-magnetic surfactant layer thick-
nesses were determined to be 3.4 nm and 3.6
nm for sample M2 and M6, respectively.
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Figure 1: I vs. q.
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Magnetic Structure in the Shastry-Sutherland Lattice TmB 4

Iga F.(a), Shigekawa A.(a), Michimura S.(a), Takabatake T.(a), Yoshii S.(b), Yamamoto
T.(b), Hagiwara M.(b), Kindo K. (c), Ohoyama K.(d)

(a) ADSM, Hiroshima Univ., (b) KYOKUGEN, Osaka Univ., (c) cInstitute for Solid State
Physics, Univ. of Tokyo, (d) IMR, Tohoku Univ.

Rare-earth tetraborides RB4 have a tetrag-
onal crystal structure with a space group
P4/mbm which is characterized by the 2-
dimensional orthogonal dimers in the c-
plane. Such dimer systems are equivalent
to the Shastry-Sutherland lattice (SSL) [1]
where nearest-neighboring dimers geomet-
rically frustrated.

The previous study of TmB4 indicates
an antiferromagnetic order at 11.7 K by
the measurements of temperature depen-
dences of electrical resistivity and mag-
netic susceptibility [2]. From our recent
experimental results, we have found that
TmB4 exhibits three phase transitions at
TN1=11.7K, T*=11K and TN2=10K [3]. The
phase transitions at TN1 and TN2 were al-
ready reported by Fisk et al [2]. In order to
clarify these ordering vectors in these mag-
netic phases, we have performed neutron
diffraction experiment on Tm11B4.

First, high-quality single crystal TmB4
was grown by floating zone method us-
ing a four-xenon lamps image furnace.
Next, these crystals were crushed to pow-
der. The neutron powder diffraction ex-
periment was performed on the pow-
der diffractometer for high efficiency and
high resolution measurements, HERMES.
Measured temperatures were set at 3K
(antiferro-magnetic phase, IV), 10.7K (un-
known phase, III), 11.7K (unknown phase,
II) and 20K (paramagnetic phase, I).
Figure 1 shows the powder pattern for

the four phases of TmB4. The pattern at
20 K was used for the nuclear scattering
standard. Phase IV shows a simple anti-
ferromagnetic pattern with a propagation
vector of k4=(1, 0, 0). This is consistent
with the previous report [2]. The Phase III
has been assigned with propagation vector
k4 and an additional long period modula-

tion vector k3=(0.13, 0, 0). Furthermore, the
phase II was also indexed with the k4 and
k2=(0.012, 0.012, 0) and k2=(0.036, 0.012, 0).
However, we have not yet succeeded in ob-
taining complete fitting parameter.
Magnetization process M(B//c) in TmB4

shows 1/8 and 1/2 plateaus at 1.7-1.4 T and
2-3 T, respectively. These characteristic be-
havior may be originated from geometric
frustration in not only magnetic dipole in-
teractions but also electric multipole inter-
actions.

References
[1] B. S. Shastry and B. Sutherland, Physica
B & C 108B (1981), p. 1069.
[2] Z. Fisk et al., Solid State Commun. 39
(1981), p. 1189.
[3] F. Iga et al., J. Magn. Magn. Mater. (2007)
in press.

Fig. 1. Fig. 1 Neutron powder diffraction patterns
for the four phases of TmB4. The bottom shows a
simulation in the paramagnetic state.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 225

1-2-18

- 91 -

JAEA-Review 2013-039



Successive metamagnetic behavior in an easy-plane type antiferromagnet
ErNi2Ge2

Y. Tabata(A), M. Okue(A), H. Nakamura(A), N. Matsuura(B)
(A) Graduate School of Engineering, Kyoto University, (B) ISSP, University of Tokyo

A rare earth intermetallic compound
ErNi2Ge2 with a tetragonal ThCr2Si2-type
structure is a long-period antiferromagnet
with TN =3.0K and magnetic wave vector
km=(0,0,0.75). Our recent magnetization
measurements by using single crystalline
samples and crystalline-electric-field (CEF)
analysis indicate that ErNi2Ge2 is an
easy-plane type magnetic anisotropy,
where the c-plane is a magnetic easy-plane.
Interestingly, a successive metamagnetic
behavior has been found in a magnetiza-
tion process along the magnetic hard-axis,
c-axis. Such a metamagnetism along a
magnetic hard-axis had also been found in
another easy-type anitferromagnet TbB4,
which has the Shastry-Surthreland lattice.
Recently, the multi-step metamagnetic
transition in TbB4 had been explained
based on a model with a XY-type ground
spin state and an Ising-type exited spin
state[1]. Now we are trying to understand
the metamagnetism in ErNi2Ge2 based on
a similar model.

On the othre hand, a colinear sinusoidal
modulated magnetic structure of ErNi2Ge2
was reported by Andre et al. [2], where
the Er magnetic moment forms an angle
64 degree with the c-axis. In their model,
the c-axis component of the Er magnetic
moment is about half the size of the c-
plane component, contradicting the results
of our magnetization measurements men-
tioned above. In order to determine the di-
rection of Er magnetic moment in the an-
tiferromagnetic state, we performed polar-
ized neutron scattering experiments by us-
ing a single crystalline sample on the triple-
axis spectrometer 5G installed at JRR-3M
reactor.

Figure 1 shows spin-flip (SF) and non-spin-

flip (NSF) magnetic scattering profiles with
a scattering vector K = (2,0,0.75) in the con-
dition of the polarization vector of neutron
P being perpendicular to the scattering vec-
tor. In this experimental condition, the di-
rection of P or K is almost parallel to the
c- or the a-axis respectively, and hence, the
b- or the c-axis component contributes the
SF or the NSF scattering respectively. As
shown in Fig. 1, the NSF scattering is al-
most absent, indicating the c-axis compo-
nent is almost 0. Hence, we have concluded
that ErNi2Ge2 is the easy-plane type anti-
ferromagnet, as expected from the magne-
tization measurements.

[1] T. Inami et al., cond-mat/0709.0977.
[2] G .Andre et al., J. Alloys and Comp. 224,
253 (1995).
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Anisotropic magnetic diffuse scattering in an easy-plane type antiferromagnet
ErNi2Ge2

Y. Tabata, H. Taguchi, K. Matsuda, H. Nakamura
Graduate School of Engineering, Kyoto University

A rare earth intermetallic compound
ErNi2Ge2 with a tetragonal ThCr2Si2-type
structure is a long-period antiferromagnet
with TN =3.0K and magnetic wave vector
km=(0,0,0.75). Our recent magnetization
measurements by using single crystalline
samples and crystalline-electric-field (CEF)
analysis indicate that ErNi2Ge2 is an easy-
plane type magnetic anisotropy, where the
c-plane is a magnetic easy-plane. Absence
of the third harmonic scattering and weak
anisotropy in the c-plane strongly suggest
a helical magnetic order in this compound.
We have found an anomalous anisotropic
magnetic diffuse scattering in the magnetic
ordered phase.

Figure 1 shows magnetic scattering pro-
files along the [1,0,0]-, the [1,1,0]- and the
[0,0,1]-direction with the scattering vec-
tor Km = (0,0,3.25). The profiles along the
[1,0,0]- and the [1,1,0]-directions contains a
widespread diffuse-scattering component,
while the profile along the [0,0,1]-direction
has only a sharp Gaussian component. This
result indicates that the long-range and
the short-range orders coexist in the anti-
ferromagnetic region and the short-range
order is quite anisotropic. The correlation
length of the short-range order along the c-
axis is enough long that the peak profile is
within the resolution limit, suggesting the
short-range order consists of 1-dimensional
long-range helices along the c-axis. The
diffuse-scattering component in the c-plane
is better fit by a modified Lorentzian with
an anomalous exponent theta = 1.34, the
form is written in Fig.1, than by a simple
Lorentzain. The physical meaning of the
shift of theta away from 1 is unclear.
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Fig. 1. Magnetic scattering profiles along (upper)
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[0,0,1]-direction with the scattering vector Km =
(0,0,3.25).
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Magnetic structure of RCoSn (R=Tb, Ho and Er)

M.Kurisu, G.Nakamoto, T.Tsutaoka(1) and Y.Andoh(2)
Japan Advanced Institute of Science and Technology, Ishikawa 923-1292, Japan

(1)Graduate School of Education, Hiroshima University, Hiroshima 739-8524, Japan
(2)Faculty of Regional Sciences, Tottori University, Tottori 680-8551, Japan

RTX (R: rare earths, T: transition met-
als, X: metalloids) compounds crystallize
in the epsilon-TiNiSi-type orthorhombic
structure. We have shown that the crys-
talline electric field effect plays an domi-
nant role in their anisotropic magnetic be-
haivior. The temperature dependence of
magnetic susceptibility is well explained
by the systematic variation of CEF parame-
ters in TbTX compounds, TbNiSn, TbPdSn
and TbRhGe[1]. The easy axis of magne-
tization is the b-axis in these three com-
pounds. Recently, we have found that it is
the a-axis in the isostructural compound
TbCoSn. The sign of second order CEF pa-
rameters of the compound have opposite
sign to other TbTX. In the present report,
we show preliminary experimental results
of single crystal neutron diffraction on Tb-
CoSn to examine its magnetic strucure.

Single-crystalline TbCoSn ingots were
grown by a Czochralski method using
a tetra-arc furnace in purified Ar atmo-
sphere. The neutron diffraction measure-
ments were performed at T1-1:HQR spec-
trometer installed at JRR-3M.

The SQUID magnetic susceptibil-
ity shows that antiferromagnetic ordering
takes place at TN = 20.2 K. Below TN,
an anomaly indicative of another mag-
netic transition is observed at 4 K for the
three principal axes. The specific heat mea-
surement also indicates the two magnetic
phases.

The magnetic reflection is observed in the
a*-b* reciprocal lattice plane below TN as
shown in Fig.1. The magnetic structure ap-
pears to be represented by the wave vector
(0 0.25 0). The analysis is in progress.

References
[1] Specific heat and high field mag-
netization of a TbPdSn single crystal,
Yoshikazu Andoh, Do Thi Kim Anh, Hi-
royuki Hoshino, Go Nakamoto, Makio
Kurisu, and Shinji Kawano, Physica B, 373
(2006) 150-153.

Fig. 1.  Magnetic and nuclear reflections in a*-b* 
plane of TbCoSn.
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Relationship between Magnetic Structure and Ferroelectricity of LiCu2O2

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

Materials with magnetic and ferroelectric
coexisting orders are called multiferroics
and attract much attention. The authors ’
group have found that LiVCuO4 is a mul-
tiferroic with quasi one-dimensional spin
S=1/2 chains of Cu2+ ions formed of
edge-sharing CuO4 square planes (called
CuO2 ribbon chains).1,2) For physical un-
derstandings of multiferroic nature, this
kind of spin 1/2 systems seem to be use-
ful, because they do not have any complica-
tions arising from the multi-orbital effects,
and because quantum effects may also in-
duce interesting phenomena.
LiCu2O2 with the CuO2 ribbon chains was
also reported to be multiferroic.3) How-
ever, because its correct magnetic structure
has not been reported, there are many un-
solved problems on the relationship be-
tween observed ferroelectiric behaviors3)
and the magnetic structure:4,5) Concern-
ing the magnetic structure, several groups
have reported their results obtained by just
one of experimental methods, such as neu-
tron scattering4) and 7Li-NMR,5) where we
can find that any of the reported structure
cannot explain the other reported struc-
tures. Actually, the existence of the four
CuO2 ribbon chains in the unit cell makes
it difficult to correctly determine the modu-
lated magnetic structure of the present sys-
tem. Here, we have determined the mag-
netic structure2, applying both the neutron
scattering and 7Li-NMR measurements for
single-crystal samples of LiCu2O2, and the
relationship between the magnetic struc-
ture and dielectric or ferroelectric proper-
ties also studied here, has been discussed.
From the temperature (T) dependences of
the specific heat and 7Li-NMR spectra, the
magnetic transitions has been found at 24.5
K (≡ TN1) and 22.8 K (≡ TN2), where the
ferroelectric transition has also been ob-
served at TN2. To determine the magnetic

structures of intermediate (TN2<T<TN1)
and low temperature (T <TN2) phases, the
neutron scattering intensities were mea-
sured in the (h k 0) and (h k 2h) planes in
the reciprocal space at 12 K (<TN2), 23.3 K
(TN2<T<TN1) and 50 K (>TN). To avoid
the large neutron absorption of Li, we used
7Li isotopes. At 12 K and 23.3 K, we ob-
served magnetic superlattice reflections at
Q = (h, k ±δ, 0) and (h, k ±δ, 2h) (h
= half-integer, k = integer and δ˜0.172).
The system has an incommensurate mag-
netic structure with the modulation vec-
tor Q=?b* (or the pitch angle ˜62　 along
the CuO2 ribbon chains). We have deter-
mined the magnetic structures of interme-
diate and low temperature phases to repro-
duce the neutron data and 7Li-NMR spec-
tra simultaneously. At 23.3 K(in the inter-
mediate phase), the system has been found
to have a collinear structure with the spins
along the c-axis and modulated in a sinu-
soidal way. It is consistent with the non-
appearance of ferroelectricity in this phase.
The magnetic structure of the low temper-
ature phase has also been determined. Ba-
sically, it is helical, and parameters to de-
scribe the detailed structure will be pub-
lished soon.
We have found that the relation P ? Q ?
e3 holds (e3 is the helical axis) in zero
magnetic field, which is consistent with
the existing theories. The existence of the
collinear phase above TN2, and the ob-
served anisotropy of the amplitudes of the
modulations, which form the helical struc-
ture may be related to a possible effect of
the quantum fluctuation.
References
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Magnetic Properties of Honeycomb System Na2Co2TeO6

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

Na2Co2TeO6, has Co2TeO6 layers, con-
sisting of edge-sharing CoO6- and SbO6-
octahedra with Na layers between them.
The Co2+ ions are considered to have high
spin state S=3/2. For this system, poly-
crystalline samples of Na2Co2TeO6 were
prepared, and their magnetic susceptibil-
ity and specific heat were first measured,
where clear anomalies due to the antifer-
romagnetic transition1) were found in the
temperature dependences of these quanti-
ties at TN=23.7 K. The magnetic suscepti-
bility data have been analyzed using the
high temperature expansion method, and
the first-, second- and third-neighbor inter-
actions J1, J2 and J3 among the spins are es-
timated to be 11.4± 0.5 K (Ferro), -4.1±
0.1 K (AF) and 0.3± 0.1 K (Ferro), respec-
tively. Based on the J1/J3-J2/J3 phase dia-
gram of Heisenberg spin system proposed
by Fouet et al.,2) the magnetic structure of
this system is expected to be screw type
one. To see if the structure is actually found
in this system, neutron scattering measure-
ments were carried out using the triple axis
spectrometer HQR (T1-1), where the dou-
ble axis condition was adopted. At T=4
K, we observed the magnetic reflections
at commensurate Q-points. Figure shows
the T-dependence of the integrated inten-
sity of 1 0 1 magnetic reflection. From the
figure, the magnetic ordering is found to
grow with decreasing T below TN. By the
preliminary analyses of the neutron scat-
tering data, the magnetic structure which
can reproduce the observed magnetic scat-
tering intensities at 4 K is obtained (shown
schematically in the inset of the figure). The
details of the obtained structure at 4 K can
be described as follows. The collinear or-
dering of the Co2+ moments can be found
with the moment direction parallel to the
c-axis. In the honeycomb layer, the one-
dimensional zig-zag ferromagnetic chains

exist and these ferromagnetic chains order
antiferromagnetically. The discrepancy be-
tween the predicted and actual magnetic
structure of Na2Co2TeO6 seems to be orig-
inated from the anisotropy of the Co2+
spins with strong Ising anisotropy.

References
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Magnetic structure of multiferroic DyMnO3 studied by polarized neutron
diffraction

D. Okuyama(A), H. Murakawa(B), K. Iwasa(C), H. Sagayama(D), Y. Kaneko(B), Y.
Taguchi(A), T. Arima(D), and Y. Tokura(A,B,E)

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

Recently, perovskite manganites have
been intensively studied from the view
points of multiferroics properties [1]. In
typical multiferroics material TbMnO3 and
DyMnO3, polarization flop phenomena are
observed under the magnetic field [1]. Re-
cent theoretical studies [2, 3] suggest that
the cycloidal magnetic structure of Mn
ion plays an important role to the ferro-
electric state. In Ref. [2], ferroelectric
polarization of multiferroics TbMnO3 and
DyMnO3 can be expressed by cross prod-
uct between the magnetic propagation vec-
tor and magnetic chirality from cycloidal
structure as P=α k × (Si × Sj). On the ba-
sis of this theory, the origin of polarization
flop phenomena from P//c to P//a can
be understood as being due to the mag-
netic structural phase transition from bc-
cycloidal magnetic structure to ab-cycloidal
magnetic structure. For ensuring this theo-
retical prediction, the magnetic structure of
P//c phase at zero filed and P//a phase
under hight magnetic fields should be clar-
ified. Therefore, we utilized polarized neu-
tron diffraction method and tried to decide
the precise magnetic structure in both zero
and high magnetic fields.

As the target material, we chose
DyMnO3, which shows the polariza-
tion flop phenomenon at low magnetic
filed (∼2 Tesla). Neutron diffraction ex-
periments were performed on TOPAN
triple-axis spectrometer. Neutron beam
with an energy 80 meV was used. A
single crystal of DyMnO3 was mounted in
longitudinal magnetic filed-type supercon-
ducting magnet (Endoh-magnet) so that
the [1 0 0]-[0 0 1] direction on Pbnm setting
were parallel to the scattering plane.

First, we tried to measure the eight mag-

netic reciprocal lattice points marked with
red circles in Fig. 1 with unpolarized neu-
tron diffraction mode for charactering the
magnetic properties at low temperature of
DyMnO3. In Fig. 1, the peak profiles of
magnetic reflections at (0 k 5), (0 k 6), (1 k
5), (1 k 6), (5 k 0), (6 k 0), (4 k 1), (5 k 1)
positions are shown. Black triangle, red tri-
angle, and blue circle indicate the peak pro-
files at T=15 K, 8 K, and 6.5 K near the ferro-
electric ordering temperature TC=18 K and
the magnetic ordering temperature of Dy
moment TN−Dy=6.5 K, respectively. In the
data at 8 K (6.5 K≤ T ≤18 K), only (0 0.38
5) and (4 0.38 1) reflections were observed,
in which the magnetic moment of Mn ion is
mainly involved. In contrast, in the data at
3 K (T ≤6.5 K), additional (0 1/2 5) and (5
1/2 0) were observed. These experimental
results are consistent with the data of Ref.
[4].

In order to decide the magnetic struc-
tures of Mn moment at both zero and high
magnetic fields, we utilized polarized neu-
tron diffraction method. For the limita-
tion of the experimental configuration, we
measured only (0 0.38 5) magnetic reflec-
tion. In this case, we can mainly observe
the magnetic reflection from a-axis (b-axis)
magnetic component at spin flip (non-filp)
process, respectively. In Fig. 1, at 0.5 Tesla
(near zero field P//c phase), only the mag-
netic reflection from non-spin flip process
was observed. This result strongly sug-
gests the bc-cycloidal magnetic structure of
Mn moment, which is consistent with the
data of Ref. [4]. On the other hand, at 3.5
Tesla (P//a phase), the small magnetic re-
flections from both non-spin flip and spin
flip processes were observed with slightly
poor statistics. From this result, we con-

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 737

1-2-24

- 98 -

JAEA-Review 2013-039



cluded that the ab-cycloidal magnetic struc-
ture of Mn moment is realized in P//a
phase at high magnetic fields.

In summary, we determined roughly the
magnetic structure of Mn moment of mul-
tiferroic DyMnO3 in both P//c phase at
low magnetic fields and P//a phase at high
magnetic fields. These magnetic structures
support the theoretical prediction that the
polarization flop phenomenon is due to the
change of the cycloidal spin plane from bc-
plane to ab-plane.

[1] T. Kimura et. al.: Nature 426, 55
(2003).; Phys. Rev. B 71, 224425 (2005). [2]
H. Katsura et. al.: Phys. Rev. Lett. 95,
057205 (2005). [3] M. Mochizuki et. al.: e-
print available at arXiv:0811.4015. [4] O.
Prokhnenko et. al.: Phys. Rev. Lett. 98,
057206 (2007).
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Neutron Diffraction Studies on Dy7Rh3Dx

T. Tsutaoka(A), A. Tanaka(A), G. Nakamoto(B), M. Kurisu(B), Y. Andoh(C), R. Sato(D),
S. M. Filipek(D)

(A)Graduate School of Education, Hiroshima University, (B)Japan Advanced Institute of
Science and Technology, (C)Faculty of Regional Sciences, Tottori University, (D) Institute of

Physical Chemistry, Polish Academy of Sciences

The rare earth intermetallic compounds
R7Rh3 based hydrides can have the hexag-
onal Th7Fe3 type structure with the space
group P63mc in the relatively high hy-
drogen content up to R7Rh3H30; mag-
netic property of the Tb7Rh3 and Dy7Rh3
changes from antiferromagnetic to ferro-
magnetic or ferrimagnetic and the electri-
cal property changes from semimetallic to
metallic by the hydrogenation[1]. In this
study, we have performed powder neu-
tron diffraction measurements on the mag-
netic deuteride Dy7Rh3D28 to investigate
the magnetic structure. Hydrogenation of
R7Rh3 samples were carried out in the
pressure up to 10 kbar at 25 and 100 de-
gree Celsius in the high pressure appara-
tus [2]. Neutron diffraction measurements
have been carried out by using the HER-
MES spectrometer of JRR-3M in the tem-
perature range from 10 to 100 K with a
wave length of 1.82645(6) A.

Figure 1(a) shows the powder neutron
diffraction profiles of Dy7Rh3 at 3.5 K, 40
K and 70 K. A large (000)+ magnetic re-
flection was observed in the magnetically
ordered states below TN = 59 K. Nuclear
peaks can be indexed by the Fe7Rh3 type
structure. Figure 1(b) shows the powder
neutron diffraction profiles of Dy7Rh3D28
at 4.5 K and 70 K. The (000)+ magnetic re-
flection was also observed in the duteride
Dy7Rh3D28. This result indicates that the
Dy7Rh3Dx also has the antiferromagnetic
interactions. From the past studies, since
R7Rh3 compounds tend to have helical or
conical magnetic structures, Dy7Rh3 can
have the helical magnetic structure. For the
R7Rh3 deuterides, the configuration of the
hydrogen has not been determined. Thus
the study for the magnetic structure as

well as the hydrogen structure investiga-
tion for Dy7Rh3 and its hydrides is now
in progress.
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Fig. 1. Fig.1 Neutron diffraction profiles for Dy7Rh3
(a) and Dy7Rh3D28 at several temperatures.
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Quantum Phase Transition in the Solid Solution

Kitada A., Tsujimoto Y., Kageyama H., Yoshimura K., Nishi M.
Department of Chemistry, Graduate School of Science, Kyoto University; Institute for Solid

Staet Physics, University of Tokyo

The structure of (CuCl)LaNb2O7, a
metastable phase prepared using an ion-
exchange reaction, consists of Cu2+Cl
layers sandwiched by non-magnetic
double-layered perovskite LaNb5+2O7
blocks. Thus it is regarded as an S =
1/2 quasi-2D system. Previous magnetic
studies of this compound revealed the
spin-singlet ground state with a zero-field
gap of 2.3 meV to the low-lying triplet
excited states. The Br-based counterpart
(CuBr)LaNb2O7 exhibits collinear anti-
ferromagnetic (CAF) order at TN = 32 K
characterized by the propagation vector q
= (pi, 0, pi). Apparently, the superexchange
interactions through Cu-X-Cl (X = Cl,
Br) substantially influence their magnetic
properties. The solid solution (CuCl1-
yBry)LaNb2O7 has been recently prepared
to investigate the correlation between the
two states.15, 16 However, it should be
noted that (CuCl1-yBry)LaNb2O7 is sub-
ject to random disorder due to the differing
ionic radii of Cl and Br anions and that the
CuCl layer inherent to the magnetism is
directly disrupted.

Thus we have decided to study the mag-
netism of (CuCl)LaTa2O7 and the solid
solution (CuCl)La(Nb1-xTax)2O7 [1. 2]. A
crucial advantage of studying the Nb-Ta
system (over the Cl-Br system) is that the
CuCl layers are unaffected by the substitu-
tion and that Nb and Ta ions have nearly
the same ionic radius (0.64 angstrom). We
observed persistence of the spin-singlet
state in (CuCl)LaNb2O7 up to x ˜ 0.4, ac-
companied by a slight reduction of the spin
gap with increasing x. (CuCl)LaTa2O7 ex-
hibits collinear antiferromagnetic (CAF) or-
der with TN ˜ 7 K, similar to what is ob-
served in (CuBr)LaNb2O7. In the interme-
diate region (0.4 < x < 1), we observed

CAF order with a significantly reduced
magnetic moment but with a nearly con-
stant TN, suggesting that the CAF state co-
exists with the spin-singlet state in agree-
ment with recent MuSR results.

References
[1] A. Kitada et al., submitted to Phys. Rev.
B.
[2] Y. J. Uemura et al., submitted to Phys.
Rev. B.

Fig. 1. Neutron diffraction of (CuCl)La(Nb1-
xTax)2O7 demonstrating the collinear (pi, 0, pi)
magnetic order at low temperatures.
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Electric polarization flop induced by magnetic phase transition in multiferroic
YbMn2O5

H. Kimura1, Y. Sakamoto1, M. Fukunaga1, Y. Noda1, and H. Hiraka2

1IMRAM, Tohoku University
2IMR, Tohoku University

A rare-earth (R) manganite of RMn2O5
is one of the typical multiferroic materi-
als, which has been extensively studied[1].
However the origin of ferroelectricity is not
yet fully understood. We have recently
found in TmMn2O5 the flop of electric
polarization from b-axis to a-axis around
5 K with decreasing temperature[2], which
is the first discovery of a-polar phase in
RMn2O5 system. It was reported previ-
ously that the polarization along b-axis dis-
appear below ∼ 6 K in YbMn2O5[3]. This
is a suggestive result being expected the
polarization flop from b- to a-axis below
∼ 6 K. We thus carried out neutron diffrac-
tion measurements and magnetic structure
analysis to clarify the microscopic mag-
netism in YbMn2O5.

Microscopic magnetic properties were
measured using AKANE spectrometer.
The results show that all the magnetic
phases which successively occur with de-
creasing temperature are incommensurate
and there is no commensurate magnetic
order at all in YbMn2O5 unlike the other
RMn2O5 families. Fig. 1(a) shows the
magnetic Bragg peak profiles around Q =
(2.55 4 0.265) taken at 2.5 K and 7 K,
showing the change of Bragg peak inten-
sity. This indicates that the magnetic phase
transition takes place between 2.5 K and
7 K. We measured the electric polarization
of this material and found that, as shown
in Fig. 1(b), the polarization flop from
b- to a-axis occurs below ∼ 6 K, indicat-
ing the strong relevance between the direc-
tion of electric polarization and the mag-
netic structure. To clarify the microscopic
origin of this polarization flop, we have
performed magnetic structure analysis in
both b-polar phase and a-polar phase using

FONDER diffractometer. A sufficient num-
ber of the integrated intensities of magnetic
Bragg peaks were successfully measured at
both the phases. The magnetic structure
analysis is now in progress.
References
[1] N. Hur et al.: Nature 429 (2004) 392.
[2] M. Fukunaga et al.: JPSJ 77 (2008) 094711.
[3] Y. Koyata et al.: JPSJ 65 (1996) 1383.

Fig. 1. (a) Peak profiles of magnetic Bragg reflection
around (2.55 4 0.265) of YbMn2O5 taken at 2.5 K and
7 K. (b) Spontaneous electric polarization measured
along a- and b-axes as a function of temperature.
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Relationship between Spin Helicity and Electric Polarization in Multiferroic
Material CuCrO2
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Hirota1
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2Division of Material Physics, Graduate School of Engineering Science, Osaka University

Ferroelectricity induced by a noncollinear
spin arrangement has been investigated ex-
perimentally and theoretically with respect
to delafossite CuCrO2. CuCrO2 undergoes
an antiferromagnetic transition at TN ˜25
K. A powder neutron diffraction study re-
ported by H. Kadowaki et al. has indicated
that CuCrO2 has an out-of-plane 120 deg.
magnetic structure below TN. [1] Within
the framework of the spin-current model,
an electric polarization P does not appear
macroscopically for this out-of-plane 120
deg. magnetic structure. However, the fer-
roelectricity has been recently reported in
the out-of-plane 120 deg. magnetic struc-
ture. [2,3] In the present work, the spin-
polarized-neutron studies have been car-
ried out on the multiferroic material Cu-
CrO2 to clarify the relationship between
the spin helicity and the electric polariza-
tion P.
Below TN, the magnetic reflections were
observed at Q-points (h ’/3,h ’’/3,l) (h ’
and h ’’= 3n+1 or 3n+2 where n is inte-
ger). To discuss the magnetic domains, the
crystal was oriented with the [001] axis ver-
tical, and the electric field E was applied
to the [110] direction. (The intensities of
the magnetic reflections with the neutron
spin parallel and antiparallel to the scat-
tering vector are defined as Ion and Ioff.)
After applying E=-73 kV/m, the difference
between Ion and Ioff was observed at all
the Q-points (1/3,1/3,0), (-1/3,2/3,0) and (-
2/3,1/3,0), although the relations between
Ion and Ioff at (-1/3,2/3,0) and (-2/3,1/3,0)
are opposite to that at (1/3,1/3,0). (The Q-
points (-1/3,2/3,0) and (-2/3,1/3,0) corre-
spond to those rotated by 60 and 120 de-
grees from (1/3,1/3,0).)
In the present CuCrO2 studies, the spin

helicities can be controlled by E without
the change of T. For E=-73 kV/m, Ioff
was larger than Ion at (1/3,1/3,0). The re-
lation between Ion and Ioff was reversed
at (2/3,2/3,0). These results are consistent
with the helical magnetic structure or the
out-of-plane 120 deg. magnetic structure.
At (-1/3,2/3,0) and (-2/3,1/3,0), Ioff was
smaller than Ion, which is opposite to that
at (1/3,1/3,0). For -73 kV/m < E < +73
kV/m, the sum of the spin helicities were
reversible by the reversal of the electric
field without changing T at all the Q-points
(1/3,1/3,0), (-1/3,2/3,0) and (-2/3,1/3,0).
These results can be explained qualitatively
by a theoretical prediction proposed by T.
Arima.[4] However, for E > +73 kV/m,
the relation between Ion and Ioff at the Q-
point (1/3,1/3,0) changes. A large differ-
ence between Ion and Ioff was observed
not at (1/3,1/3,0) but at (-1/3,2/3,0). These
results indicate a possibility that the mag-
netic domains and the magnetic structures
are controllable by the electric field.

[1] H. Kadowaki, H. Kikuchi and Y. Ajiro,
J.Phys.: Condens.Matter 2 4485 (1990)
[2] S. Seki, Y. Onose and Y. Tokura, Phys.
Rev. Lett. 101 067204 (2008)
[3] K. Kimura, H. Nakamura, K. Ohgushi
and T. Kimura, Phys. Rev. B 78 140401(R)
(2008)
[4] T. Arima, J. Phys. Soc. Jpn. 76 073702
(2007)

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 787

1-2-28

- 103 -

JAEA-Review 2013-039



Competition between Relaxor-like behavior and Magnetic Ordering in
(1-x)BiFeO3-xBaTiO3

Minoru Soda and Kazuma Hirota
Department of Earth and Space Science, Graduate School of Science, Osaka University

In relaxors, the temperature dependences
of the dielectric permittivity show a broad
maximum and a frequency-dependence.
Because the relaxors have the high di-
electric constant around room temperature,
they are industrially important. To explain
the T-dependences of the refraction indices
and the dielectric permittivity of the re-
laxor systems, Burns and Dacol proposed
the idea that randomly oriented, very local
polar regions start to appear below a char-
acteristic temperature Td (Burns tempera-
ture). This“ Polar Nano Region”(PNR) is
most important concept to consider the ori-
gin of the relaxor properties.
As a new example of such relaxor systems,
we have studied (1-x)BiFeO3-xBaTiO3.
Because (1-x)BiFeO3-xBaTiO3 with the
relaxor-like dielectric property has the
magnetic ions Fe3+, a question imme-
diately arises as regards what magnetic
behaviors appear in this relaxor sys-
tem. [1] In the present studies, the neu-
tron scattering studies have been car-
ried out on single crystalline samples
of 0.67BiFeO3-0.33BaTiO3(0.67BFO-BTO),
which is around Morphotropic Phase
Boundary(MPB), to clarify the relation-
ship between relaxor-like dielectric prop-
erty and magnetization.
Anisotropic nuclear diffuse scatterings,
which have disappeared at about 900 K,
have been observed around nuclear Bragg
reflections at T=550 K˜900 K. (The T-
dependence of the dielectric permittivity of
0.67BFO-BTO shows a broad maximum at
Tmax=500 K˜700 K.) Although these nu-
clear diffuse scatterings are expected to in-
dicate the existence of PNR, the change of
these nuclear diffuse scatterings has been
observed below the antiferromagnetic tran-
sition temperature TN. The intensities of
the magnetic Bragg reflections, which orig-

inate from G-type antiferromagnetic order,
begin to grow gradually at around TN˜500
K with decreasing T. Furthermore, the in-
tensities of the nuclear Bragg reflections in-
crease gradually below TN with decreasing
T. This increase of the intensities of the nu-
clear Bragg reflections corresponds to the
decrease of the nuclear diffuse scatterings
around them, indicating that the volume of
PNR decreases below TN. The simple G-
type antiferromagnetic order is expected to
compete with PNR and their domain walls.
We think that the crystal structure begins
to be formed regularly below TN with de-
creasing T. These results indicate the pos-
sibilities that the relaxor dielectric prop-
erty and the antiferromagnetic order can
be controlled by the magnetic field and the
electric field, respectively.
Neutron scattering studies have been also
carried out on single crystalline sample
of 0.75BiFeO3-0.25BaTiO3(0.75BFO-BTO)
with no relaxor behavior. The magnetic
behavior of 0.75BFO-BTO is different from
that of 0.67BFO-BTO. The magnetism of
0.67BFO-BTO is suppressed more than that
of 0.75BFO-BTO. For 0.75BFO-BTO with
no relaxor behavior, PNR which are related
to the relaxor behavior are expected to be
small or few. The magnetic behavior of
0.75BFO-BTO is consistent with the idea
that the antiferromagnetic order competes
with PNR and their domain walls.

[1] M. Mahesh Kumar, A. Srinivas and S.
V. Suryanarayana, J. Appl. Phys. 87 (2000)
855.
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Magnetic structure analysis of Crednerite CuMnO2

Noriki Terada
National Institute for Materials Science

Crednerite CuMnO2 has a distinct two
dimensional crystal structure instructed by
isosceles triangular lattice layers of the
magnetic Mn3+. Despite the large neg-
ative value of Weiss temperature θp =
−450 K, CuMnO2 exhibits the antiferro-
magnetic phase transition at relatively low
temperature TN = 64 K, which is reported
by the previous bulk measurements.[1, 2]
The further cooling produces the week-
ferromagnetic phase transition at 42 K.[1, 2]
Considering the two dimensional isosceles
triangular lattice crystal structure and the
relatively large ratio between θp and TN,
CuMnO2 is considered to be characterized
by the geometric frustration. Thus, a com-
plex magnetic structure could be expected
in the low temperature phase. However,
the magnetic structural determination has
not been performed so far.

This time, in order to investigate mag-
netic orderings of CuMnO2, we have per-
formed the neutron powder diffraction
measurements. The experiments were car-
ried out with the diffractometer HERMES
installed in the guide hall at JRR-3. The in-
cident neutron wave length was 1.8204 Å.
The powder sample was mounted on the
cold head of the closed cycle He refrigera-
tor.

We have performed the rietveld refine-
ments for the data measured at the several
temperature from 10 K to 300 K, using Full-
Prof refinement program.[3] We observed
the magnetic Bragg reflection below 70 K
at the reciprocal lattice positions indexed
as (h, k, l)±(0.5,0.5,0.5). The typical result
of the refinements for the data measured
at 60 K, where the system is in the anti-
ferromagnetic phase, is shown in Fig. 1.
The refined magnetic structure is collinear
magnetic structure with the magnetic mo-
ments aligned to the direction perpendicu-
lar to the b axis (monoclinic unique axis).

We also observed the magnetic diffuse
scattering above TN, suggesting the two di-
mensional character of CuMnO2. For fur-
ther investigation of the diffuse scattering,
the inelastic neutron scattering measure-
ments are desired.
References
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Fig. 1. Rietveld refinement of the neutron diffraction
data obtained at 60 K for CuMnO2.
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Long-time variation of magnetic structure in a multistep metamagnet CeIr3Si2

K. Motoya, Y. Muro and T. Takabatake (a)
Tokyo University of Science, (a) Hiroshima University

Time variation of magnetic property has
been extensively investigated in the spin-
glass study. In a system without random-
ness or imperfections we have not thought
to observe a time variation of magnetic
structures in an attainable time scale. We
report the first observation of a long-time
transformation of magnetic structures in a
non-diluted magnet CeIr3Si2.

A ternary compound CeIr3Si2 shows suc-
cessive magnetic transitions at TN1=4.1 K
and TN2=3.3 K. At T < TN2 it shows
three-step metamagnetic transitions below
H=1.43 T.[1,2] When a sample is rapidly
cooled below TN2, the magnetic Bragg
peaks corresponding to the medium tem-
perature (MT) phase ( TN2 < T < TN1 )
are observed. The amplitude of these Bragg
peaks gradually decreases as time goes on.
On the other hand, another group of Bragg
peaks corresponding to the low tempera-
ture (LT) phase ( T < TN2 ) gradually grow
with time. Figure 1 shows the time varia-
tions of the amplitudes of the MT and LT
phase signals measured at various temper-
atures. At T=0.7 K the MT-phase signal was
observed without detectable change up to
10 h and no LT phase signal was observed.

The time variations of the signal ampli-
tude are well expressed by simple expo-
nential functions with a characteristic time
t∗. The value of t∗ for each measure-
ment is posted in the figure. We analyzed
the temperature variation of t∗ in terms of
the Arrhenius model. The activation en-
ergy of the time variation was obtained as
Ea/kB =4 K.

Although the magnetic structure in each
phase has not been determined, we pre-
sume that the transition from the MT phase
to the LT phase is basically an incommen-
surate to commensurate phase transition.
We note that in the present measurements,
only the amplitude of Bragg peaks varied

with time. Neither the position nor the line
width of Bragg peaks showed appreciable
time variation. These results strongly sug-
gest that we have observed the change of
the volume fractions of two magnetic re-
gions with a commensurate and an incom-
mensurate structures.

We believe this is the first real-time ob-
servation of magnetic structural change in
a uniform magnetic system. In future ex-
periments with high intensity apparatus,
we will be able to observe the change of
domain size at very early stage of the time
evolution.
References
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Inelastic neutron scattering study in O2 adsorbed deuterated CPL-1

Takatsugu Masuda, Suguru Hondo an Masato Matsuuda
Yokohama City University, Osaka University

We have studied the spin dynamics of
oxygen molecules adsorbed in coordina-
tion polymers complex for a few years.
In the nano-scale porous O2 molecues
are aligned periodically and consequently
an articficially designed O2 crystal is
realized. In case of {[Cu2(pyrazine-2,3-
dicarboxylate)2(pyz) ]2H2O}n abbreviated
as CPL-1 the O2 forms ladder-like struc-
ture. Previously we studied the magnetic
excitation of the adsorbed O2 molecule in
the protonated CPL-1 by inelastic neutron
scattering. Though we succeeded in ex-
tracting the main excitation of O2 (singlet-
triplet excitation at hw = J) by elaborate
data analysis, the huge background from
protons smeared detailed information. Par-
ticularly we could not conclude the exis-
tence of the triplet-quintet excitation (pre-
sumed to be observed at hw = 2J) because
of the poor signal noise ratio (signal/noise
˜ 1/10). In addition the obtained temper-
ature dependence of the singlet-triplet ex-
citation was of poor quality. Hence we
prepared 2 g of deterated CPL-1 sample
and performed inelastic neutron scattering.
We used PONTA spectrometer with hor-
izontally focuse analyzer. The collimation
was open-80’-radial collimation-open and
Ef=14.7 meV. ORANGE type cryostat with
specially designed sample probe for O2 in-
duction experiment was used.
The energy scans on non O2 adsorbed
(filled circles) and O2 adsorbed (open cir-
cles) CPL-1 are shown in Fig. (a). A well de-
fined peak due to singlet-triplet excitation
is observed at 7.8meV. The energy is con-
sistent with previous study on protonated
sample. The signal noise ratio is remarlably
improved. In Fig. (b) we show the net con-
tribution of O2 molecule at T = 2 K and 60
K. No signal is observed at hw =2J ˜16meV.
This means that the O2 magnet realized in
the nanoporous is not a simple spin dimer

but probably a dimer magnet strongly cou-
pled to lattice. Detail study on the exotic
magnet will be published elsewhere.
The difficulity of this experiment is that
we must collect a pair of scans on O2 ad-
sorbed and O2 non-adsorbed samples for
background subtraaction. Since the O2 ad-
sorption process takes 12 hours, we per-
form all the presumably necessary scans
on O2 adsorbed sample first. Then we do
O2 de-adsorbtion process. After that we
do the scans on non O2 adsorbed sample.
The set of meaningful data can be obtained
after these steps, that is, the end of mas-
chine time. After the experiment we found
that temperature dependence data is not
enough for publication. We will continue
this study in fisical year of 2009.

Fig. 1. (a) Energy scans in O2 adsorbed and non-
adsorbed CPL1. (b) Energy scans at T = 2 K and 60
K after background subtraction
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Chiral Helimagnetic Order in T1/3NbS2 (T=Cr, Mn)

Y. Kousaka1, Y. Nakao1, H. Furukawa2 and J. Akimitsu1
1Department of Physics and Mathematics, Aoyama-Gakuin Univ., 5-10-1 Fuchinobe,
Sagamihara 229-8558; 2Department of Physics, Ochanomizu Univ., 2-1-1 Ohtsuka,

Bunkyo-ku, Tokyo 112-8610

Systematic understanding of the inter-
play between a crystallographic structure
and magnetic order is an important issue
in the field of magnetism. In particular,
the magnetic chirality triggered by crys-
tallographic chirality has been discussed
as a long-standing problem. An interca-
late system of 2H-NbS2 type chiral crys-
tal structure T1/3NbS2 (T = transition
metal) has been paid attention as a candi-
date of chiral helimagnetic compounds. It
shows a variety of magnetic order; para-
magnetic (T = Ti, V), ferromagnetic (T =
Mn) and antiferromagnetic (T = Fe and Co).
Cr1/3NbS2 shows an magnetic anomaly at
around Tc ˜ 130 K and small-angle neutron
scattering experiments show helimagnetic
ordering.[1] While neutron diffraction in
Mn1/3NbS2 shows ferromagnetic, magne-
tization shows a magnetic anomaly as ob-
served in Cr1/3NbS2.[2] Angle resolution
of thermal neutron diffraction experiments
is not high enough to separate fundamental
Bragg peaks and magnetic satellite peaks.
Therefore, Mn1/3NbS2 may be misinter-
preted as a ferromagnetic ordering.

To examine the helimagnetic ordering
in Cr1/3NbS2 and Mn1/3NbS2, we per-
formed small angle neutron scattering ex-
periments at SANS-U, a small-angle neu-
tron scattering instrument with a 64 cm-
wide position sensitive area detector, in-
stalled at JRR-3M, Tokai, Japan. The wave-
length of incident neutron beam was 11
A. The data was taken by using pow-
der samples. The magnetic satellite peak
was detected by subtracting the room tem-
perature data from the low temperature
data, though the intensity at lower q po-
sition is negative value due to failing to
subtracting paramagnetic scattering. Fig. 1
shows the observed magnetic peak posi-

tion q and magnetic peak intensities. We
succeed in observing the magnetic satellite
peak, which indicates helimagnetic order-
ing with the pitch of 420 A for Cr1/3NbS2
and 700 A for Mn1/3NbS2. Therefore, the
magnetic ordering in Mn1/3NbS2 is not
ferromagnetic, but helimagnetic.

[1] T. Miyadai et al.: J. Phys. Soc. Jpn. 52
(1983) 1394.
[2] Y. Kousaka et al.: Nucl. Instr. and Meth.
A 600 (2008) 250.

Fig. 1. Magnetic peak position q and the peak inten-
sity in (a) Cr1/3NbS2 and (b) Mn1/3NbS2
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Neutron powder diffraction of Tb1-xGdxB2C2(x=0.15,0.2)

E. Matsuoka(A), Y. Sasaki(A), K. Ohoyama(B), H. Onodera(A)
(A)Department of Physics, Tohoku University, (B)Institute for Materials Research, Tohoku

University

The compound TbB2C2 shows an anti-
ferromagnetic (AFM) ordering at TN = 21.7
K with a main [1 0 1/2] propagation vector
and field-induced antiferroquadrupolar　
transitions [1]. The AFM phase in TbB2C2
that has been called phase IV shows some
anomalous features in its magnetic behav-
ior. The [1 0 1/2] wave vector in phase
IV is peculiar to TbB2C2 since the other
RB2C2 exhibit [1 0 0]-type AFM struc-
ture. Furthermore, the magnetic suscep-
tibility anomalously increases below TN
without any spontaneous magnetization.
To obtain more precise information with
respect to the anomalous magnetic behav-
ior, effects of substitution of Tb3+ ions by
Gd3+ have been examined and the T-x
phase diagram of Tb1-xGdxB2C2 has been
constructed [2]. The Gd substitution with
a small content (x<0.075) induces drastic
change of magnetic properties, namely, an
intermediate magnetic phase named AFM1
appears at TO<T<TN. Here, TO is a tran-
sition temperature from AFM1 to phase
IV. The neutron diffraction experiments of
Tb0.94Gd0.06B2C2 have revealed that the
magnetic structure of AFM1 phase is a
long periodic one whose wave vector is
[1+delta delta 0] with delta˜0.114 [3]. The
magnetic structure below TO (phase IV) is
described by the main wave vector of [1 0
1/2] in addition to the long-periodic com-
ponent [3]. The results of neutron diffrac-
tion support the assumption proposed in
ref. [2] that the antiferro-octupolar (AFO)
order occurring at TO forces to align the
magnetic moments with their wave vec-
tor of [1 0 1/2]. This assumption explains
satisfactorily the anomalous properties of
TbB2C2 and the Gd-substitution effects [2].

TO decreases very rapidly and dis-
appears at x = 0.075, while TN increases
with x. For compounds with x > 0.075, a

new transition temperature T1 appears be-
low TN. Although the magnetic phase for
T1<T<TN is considered to be the same
to AFM1 phase described above, that for
T<T1 is not phase IV. The magnetic phase
below T1 is called as AFM2 [2]. In this
study, neutron powder diffraction experi-
ments of Tb0.85Gd0.15B2C2 (x = 0.15) have
been performed using HERMES installed
at the JRR-3M reactor in JAEA to determine
the magnetic structures for T1<T<TN and
T<T1. Neutrons with a wavelength of
1.8204(5) A were obtained by the 331 re-
flection of the Ge monochromator. Since the
natural boron is a strong neutron absorber,
the 11B-enriched boron was used for the
sample preparation.

Fig. 1 shows the neutron diffraction
patterns of Tb0.85Gd0.15B2C2 measured at
several temperatures. At paramagnetic re-
gion (T>TN), all of the Bragg peaks can be
indexed as a LaB2C2-type tetragonal struc-
ture as shown in Fig. 1(a). On the other
hand, weak satellite peaks around (101)
and (211) are observed at 17 K (T1<T<TN)
as shown in Fig. 1(b). The positions of these
satellite peaks can be explained by con-
sidering a long periodic one whose wave
vector is [1+delta delta 0] with delta˜0.11,
implying that the magnetic structure at
T1<T<TN is almost identical to AFM1 for
Tb0.94Gd0.06B2C2. These satellite peaks
disappears at 3.8 K and the other mag-
netic Bragg peaks appears as shown in Fig.
1(c). The magnetic Bragg peaks at 3.8 K
(T<T1) can be explained by considering
the wave vector of (100). Therefore, the
magnetic structure of AFM2 is identical to
that of GdB2C2.

[1] K. Kaneko et al., J. Phys. Soc. Jpn. 70
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[2] E. Matsuoka et al., J. Phys. Soc. Jpn. 75
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[3] Y. Sasaki et al., to be published in Phys-
ica B.
[4] Y. Yamaguchi et al., Appl. Phys. A 74
[Suppl.] (2002) S877.

Fig. 1. Neutron powder diffraction patterns of
Tb0.85Gd0.15B2C2 measured at several tempera-
tures.
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Elastic diffuse scattering of neutrons in Fe3Pt Invar alloys

M. Takasaka, Y. Tsunoda
School of Science and Engineering, Waseda University, 3-4-1 Ohkubo, Shinjuku-ku, Tokyo

169-8555

Very recently, we have found elastic dif-
fuse scattering of neutrons around vari-
ous Bragg peak positions for the typical In-
var alloys Fe1-XNiX (0.35<X<0.60) alloys.
The scattering intensities depend on tem-
perature and Ni concentration and increase
with decreasing temperature and decrease
with increasing Ni concentration. Since the
ranges of temperature and Ni concentra-
tion, for which diffuse scattering is ob-
served, coincide with those for which the
Invar anomalies are observable, the dif-
fuse scattering seems to have strong cor-
relations with the Invar effect. The exper-
imental data were well reproduced as dif-
fuse scattering due to the formation of clus-
ters with the local lattice deformation wave
propagating along the <1 1 0> direction
and the <1 -1 0> polarization vector. Since
an Fe65Ni35 Invar alloy is located close
to the phase boundary of fcc-bcc marten-
sitic transformation, the origin of the dif-
fuse scattering would be explained as a
pre-martensitic phenomenon of an fcc-bcc
phase transition of the alloy.
Another archetypical Invar alloys, ordered

and disordered Fe3Pt alloys are also lo-
cated close to the phase boundary of an
fcc-bcc martensitic transformation. Thus,
we can expect similar diffuse scattering for
these Invar alloys. We report observation
of similar elastic diffuse scattering of neu-
trons for ordered and disordered Fe3Pt In-
var alloys as those for the FeNi alloys. The
experimental data were analyzed using the
Huang diffuse scattering. In Fig 1, diffuse
scattering observed around (200) for or-
dered Fe72Pt28 alloy and calculated one
using the expression of Huang diffuse scat-
tering are given. This pattern is very sim-
ilar to that observed for the Fe65Ni35 al-
loy. Since the similar diffuse scattering is
observed for the disordered Fe72Pt28 al-

loy,　 appearance of elastic diffuse scatter-
ing is a common feature of typical Invar
alloys, ordered and disordered Fe3Pt and
Fe1-xNix (0.35<x<0.5). Various anomalous
magnetic behaviors have been reported by
previous authors as common properties for
the Invar alloys. The local lattice deforma-
tion observed here would give a strong
effect to the magnetism of the Invar al-
loys. Spin modulations coupled with the
local lattice deformation would be the fu-
ture problem.　

Fig. 1. Fig.-1 Observed and calculated diffuse scat-
tering around (2 0 0)
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Refinement of magnetic structure in the ferroelectric phase of Cu(Fe,Ga)O2

T. Nakajima1, S. Mitsuda1, K. Yoshitomi1, H. Kimura2, Y. Noda2

1 Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo 162-8601
2 Institute of Multidisciplinary Research for Advanced Materials, Tohoku Univ., Sendai

980-8577

Delafossite compounds CuFeO2 (CFO),
CuFe1−xAlxO2 (CFAO) and CuFe1−xGaxO2
have been the subjects of increasing re-
cent interest as a magneto-electric (ME)
multiferroics, because of the discovery of
the ferroelectricity in the field-induced or
impurity-induced phase from the ground
state.[1, 2] In the previous study, we have
reported that the magnetic structure in
the ferroelectric phase of these systems is
a ’proper-screw-type’ magnetic structure
shown in Fig.1(a),[2] suggesting that the
origin of the ferroelectricity is not the ‘spin-
current’ model but the d-p hybridization
model.[3] However, the previous measure-
ments was not so sensitive to the direction
of the helical axis and the ellipticity of the
magnetic structure. In order to confirm the
origin of the ferroelectricity in this system,
it is critical to refine the magnetic structural
parameters in detail. In the present mea-
surements, therefore, we have performed
precise refinement of the magnetic struc-
ture using 4-circle neutron diffraction and
a single-crystal CFGO (x = 0.035) sample,
which exhibits the ferroelectric phase un-
der zero magnetic field.

The neutron diffraction measurements
were performed using the four-circle neu-
tron diffractometer FONDER installed at
JRR-3 in JAEA. The incident neutron beam
with wavelength 1.239 Å was obtained by a
Ge(311) monochromator. The sample was
mounted on a closed-cycle He-gas refriger-
ator.

For the magnetic structure analysis, we
have measured integrated intensities of
more than 130 magnetic Bragg reflections
at T = 2.8 K and 6.5 K. The effect of
neutron absorption was corrected by the
DABEX software. Using a homemade
least-square fitting program, we have re-

fined the lengths of the magnetic moments
along x and z axes (μx and μz), the phase
shift in the magnetic modulation (δ), and
the direction of the helical axis. As a re-
sult, the direction of the helical axis was de-
termined to be parallel to the b-axis within
the experimental accuracy, and the elliptic-
ity and the phase shift were determined to
be μx/μz = 0.895 and δ = 73.4◦ at T = 2K,
respectively. These results strongly con-
firm that the origin of the ferroelectricity in
this system is not the ‘spin-current’ model
but the d-p hybridization model.[3] We also
found that the ellipticity and the phase shift
slightly decrease with increasing tempera-
ture. More comprehensive analysis includ-
ing results of spherical neutron polarimetry
will be published elsewhere.
References
[1] T. Kimura et al.: PRB 73 220401(2006).
[2] T. Nakajima et al.: JPSJ 76 043709 (2007).
[3] T. Arima: JPSJ 76 073702 (2007).

Fig. 1. (a) Magnetic structure in the ferroelec-
tric phase. [(b)-(c)] Comparison between |Fcal| and
|Fobs| obtained from the magnetic structure analysis
at (b) T = 2.8 K and (c) T = 6.5 K.
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Magnetic Structure in Ba2Mg2Fe12O22

H. Sagayama(A), K. Taniguchi(A), T. Arima(A), Y. Nishikawa(B), S. Yano(B), J.
Akimitsu(B), H. Kimura (A), Y. Noda(A)

(A)IMRAM, Tohoku Univ., (B)Dept. Phys., Aoyama-Gakuin University

It has been recently found that a Y-
type hexaferrite Ba2Mg2Fe12O22 (BMFO)
exhibits a nonlinear magnetoelectric effect
[1,2]. It is proposed that the conical mag-
netic structure at low temperatures is mod-
ified by the application of a weak magnetic
field perpendicular to the cone axis of the
c axis, which produces the electric polar-
ization. To reveal the correlation between
the magnetic structure and the electric po-
larization in the presence of magnetic field,
we carried out a magnetic structure analy-
sis of a single crystal of BMFO with H ‖ b∗.

Single crystals of BFMO were grown
from Na2O-Fe2O3 flux. Neutron diffraction
measurement was performed with a four-
circle neutron diffractometer FONDER at
JRR-3. A single crystal was set in a mag-
netic field of about 0.3 T between two per-
manent magnets. The direction of the mag-
netic field was parallel to the b*-axis. The
crystal was then cooled down to 4 K. Pro-
files of 397 fundamental reflections and 105
pure magnetic reflections with the mag-
netic modulation vector Q=(0 0 3/2) were
measured.

From the least-square fit of the intensi-
ties of the pure magnetic reflections, we de-
termine the antiferromagnetic component
with a period of 2/3 c. Figure 1 shows the
projection of the magnetic structure along
the magnetic field. It clearly shows the
noncollinear nature of the magnetic struc-
ture. In fact, the spin current model [3] or
the inverse Dzialoshinskii-Moriya interac-
tion [4], defined as

Δpij ∝ eij × (Si × Sj),

can explain the macroscopic electric polar-
ization along the a-axis. Here, Δpij is a lo-
cal electric polarization induced by a non-
linear pair of adjacent spin moments Si and
Sj, connected by a unit vector eij.
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Effective random-fied domain-state in Ga-substituted CuFeO2

T. Nakajima, S. Mitsuda, M. Yamano, H. Yamazaki, K. Kuribara
Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo 162-8601

The effects of random field on the stabil-
ity of a long-range magnetic ordering have
been extensively studied from 1980s. In
the early stage, the random-field effect was
experimentally investigated using diluted
antiferromagnets under applied magnetic
field.[1] The recent experimental studies on
CsCo1−xMgxBr3 have revealed that a com-
bination of a partially-disordered magnetic
structure, which often shows up in some
magnetically frustrated systems, and site-
random magnetic vacancies can generate
’effective-random-field’ without an appli-
cation of external magnetic field.[2]

In the previous works, we have found
that CuFe1−xAlxO2 (x > 0.10) exhibits
the effective random-field domain-state, in
which the local magnetic structure is a si-
nusoidally amplitude modulated incom-
mensurate structure.[3] We also found that
the scattering function S(q) broadens as
the Al-concentration increases. This indi-
cates that the magnetic correlation length
is shortened by the Al-substitution. How-
ever, the recent studies on CuFe1−xGaxO2
have pointed out that the Al-substitution
produces not only the magnetic vacancies
but also local lattice distortions due to
the difference between the ionic radii of
Fe3+ and Al3+.[4] Although this local dis-
tortion might disturb the long-range mag-
netic ordering, this should be distinguished
from the effective random-field effect. In
order to purely investigate the effective
random-field effect, in the present study,
we used Ga-substituted CuFeO2 samples,
in which the local lattice distortion is rela-
tively small.

We performed neutron diffraction mea-
surements on CuFe1−xGaxO2 samples with
x = 0.20 and 0.30, using the triple-axis neu-
tron spectrometer HQR(T1-1) installed at
JRR-3. The collimation open-’40-’40-’40
was employed. The wavelength of the in-

cident neutron is 2.44 Å. The single crystal
of CuFe1−xGaxO2 samples were mounted
in a 4He-pumped cryostat with a hexag-
onal (H, H, L)-scattering plane. In order
to evaluate the magnetic correlation length
quantitatively, we analyzed the scattering
profile, using Multi-Profile-Deconvolution
(MPD) method presented in Ref. [3].

Figures 1(a) and 1(b) show the
(H, H, 3/2) diffraction profiles at T = 2.0K
and results of the MPD-analysis. For both
samples, the functional form of S(q) are
well described by the sum of a Lorentzian
term and Lorentzian-Squared term shown
in Fig. 1(c). The Lorentzian-squared
component dominating at low tempera-
ture indicates the domain state as seen
in the prototypical random-field Ising
model.[1] While the ratio between the
amplitudes of Lorentzian and Lorentzian-
squared terms are comparable to each
other (B/A = 0.02 ∼ 0.09), the widths
of S(q) are rather different. The further
detailed analysis is now in progress.
References
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Fig. 1. [(a)-(b)] (H, H, 3/2) diffraction profiles of
(a) x = 0.20 sample and (b) x = 0.30 sample at
T = 2.0K, and results of the MPD-analysis.(c) The
definition of the functional form of the scattering
function S(q).
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Competing Interactions in Two Dimensional Square Lattice CuSb2-xTaxO6

M. Nishi, M. Kato(A) and K. Hirota(A)
ISSP Univ. of Tokyo, (A)Inorganic Chemistry Lab. Doshisya Univ.

CuSb2O6 compound has a tri-rutile type
structure in which Cu2+ ions form a square
lattice [1]. The magnetic susceptibility of
CuSb2O6 indicates a typical behavior for
S=1/2 one-dimensional Heisenberg anti-
ferromagnet above 20K and shows a anti-
ferromagnetic (AF) long-range order at 8.7
K in which Cu spins are aligned ferromag-
netically along b-axis (namely collinear or-
der) with a propagation vector (1/2, 0, 1/2)
[2, 3]. If nearest neighbor coupling J1 is
too stronger than next nearest coupling J2
along diagonal, Neel order will be stabi-
lized. Then J2 interaction through Cu-O-O-
Cu bond is dominant on the collinear order
of CuSb2O6. The substitution of Ta atom in-
stead of Sb atom causes the decreasing of
transition temperature of long-range order
which disappears above x=1 [4]. TaO6 octa-
hedron occupies inter CuO layers and the
inter layer coupling may be decreased with
the substitution of Ta atom; x. In this reason
we can study the J1 and J2 couplings about
CuO layer only at the compound with x=1.
When J2 coupling is AF, there are the spin
frustrations between J1 and J2 couplings
even if J1 coupling is ferromagnetic or AF
[5].
The results of first neutron inelastic scat-
tering measurements of CuSbTaO6 pow-
der samples were reported at last year
(#461, #464) that the magnetic spin gap
was observed at 0.8 meV with the use of
PONTA (5G) spectrometer. High energy
resolution experiments were done for the
confirmation of the spin gap by the cold
neutron triple-axis spectrometer HER (C11)
installed at the JRR-3M reactor at JAEA.
Magnetic excitation peak was observed at
Q=0.6A-1 for constant E=0.4 meV, 1.0 meV
and 1.4 meV scans at the temperature 5K
as shown in figure 1. The spin gap in mag-
netic scattering could not be observed with
the energy resolution 0.14 meV. This re-

sult indicates that CuSbTaO6 is typical one-
dimensional magnetic substance. The peak
position along Q is near 0.6 A-1 in devia-
tion from the expected value 0.4735 A-1 in
Cu-O-O-Cu chain.
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Fig. 1. The experimental results of CuSbTaO6 pow-
der sample by the cold neutron-scattering. Magnetic
spin gap was not observed and the peak by antifer-
romagnetic correlation was observed at several con-
stant E-scan.
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Spin-driven dielectric relaxation in a paraelectric phase of magneto-electric
multiferroic CuFeO2

S. Mitsuda , M. Yamano , K. Kuribara , T. Nakajima , K. Masuda, and K. Yoshitomi
Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo 162-8601

Magnetic oxide CuFeO2 is a rare
magneto-electric multiferroic where
magnetic field-induced or nonmagnetic
impurity-induced proper helical magnetic
ordering generates a spontaneous elec-
tric polarization. We have measured the
complex permittivity in various magnetic
phases under an applied magnetic field
up to 15 T, and found Debye-type-like
dielectric dispersion with low relaxation
frequency in only 4-sublattice(4SL) antifer-
romagnetic ground state. The relaxation
frequency of dielectric dispersion shows
interesting anisotropic magnetic field as
well as temperature dependences. Al-
though so-called Maxwell-Wagner effect
in a dielectric system with heterogeneous
nature can often explain this kind of mag-
netodielectric effect [1], we speculated that
4SL-specific magnetic domain wall motion
must be responsible for the dielectric
dispersion; As shown in Fig. 1(a), the
magnetic domain wall moving back and
forth, and corresponding displacement of
oxygen near magnetic domain wall can be
responsible for the dielectric dissipation.
Here, we consider the magnetic domain
wall is essentially the same as AD-type
domain wall discussed in domain growth
kinetics in the isosceles triangular Ising
antiferromagnet CoNb2O6 [2].

In order to check the existence of
the magnetic domain state in 4SL phase
of CuFeO2, we have performed neu-
tron diffraction experiments to deter-
mine the functional form of the scatter-
ing function, using the triple-axis neu-
tron spectrometers HQR(T1-1) installed
at JRR-3. The collimation open-’40-’40-
’40 was employed, and the wavelength
of the incident neutron was 2.44 Å. As
shown in Fig. 1(b), scattering profile of
4SL (1/4, 1/4, 3/2) magnetic reflection is

entirely different from resolution-limited
Gaussian and rather close to Lorentzian-
squared specific to the magnetic domain
state. The further detailed analysis using
Multi-Profile-Deconvolution method [3] is
now in progress.
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Fig. 1. a) Schematic drawings of magnetic domain
wall moving back and forth, (b) scattering pro?le of
4SL (1/4, 1/4,3/2) magnetic reflection.
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Inelastic Neutron Scattering Study on Triangular Lattice Antiferromagnet CuCrO2

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

980-8579

Delafossite-type oxide CuBO2 has re-
ceived much attention as a model material
of the magnetically frustrated triangular
lattice antiferromagnets. CuFeO2 reaches
Ising-like antiferromagnetic state thorough
2-step phase transitions at TN1 = 14 K and
TN2 = 10.5 K. On the other hand, CuCrO2
shows Heisenberg-type antiferromagnetic
state below TN = 24 K. Recently both sys-
tems have been intensively studied due to
the local ferroelectric polarization[1,2]. Pre-
viously we measured the inelastic neutron
scattering (INS) spectra of CuFeO2 powder.
Below 12.5 K the INS peaks corresponding
to the creation of localized magnon mode
were observed. Above 11 K, the quasi-
elastic neutron scattering (QNS) peak was
observed. In this study, we measure the
INS spectra of CuCrO2 powder using a
cold neutron spectrometer, AGNES (C3-1-
1), to compare the magnetic behavior with
CuFeO2.

Figure 1 shows neutron scattering in-
tensity, S(E), being the summation of
S(|Q|, E) in the Q-space of CuCrO2 pow-
der taken at 10, 20, 30, and 150 K. In the
CuCrO2 case, only the QNS peak is ob-
served. The maximum QNS intensity is ob-
served at 30 K, just above TN. Below 30 K,
the QNS intensity exists in the Q-space be-
low |Q| = 1.5 A−1. In comparison, the QNS
intensity at 150 K appears in the observed
Q-space, conceivably due to the Heisen-
berg paramagnetic scattering. For further
understanding of the corresponding spin
dynamics, INS measurements on CuFeO2
and CuCrO2 using the triple-axis spectrom-
eter HER (C1-1) is underway.
References
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Fig. 1. Inelastic neutron scattering spectra of
CuCrO2 powder at 10, 20, 30, and 150 K.
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Observation of magnetic fluctuation in Ni2(OD)3Cl by neutron scattering

Y. Oohara1, M. Hagihala2, X.G. Zheng2
1, ISSP, Univ. of Tokyo, 2, Faculty of Sci. and Engineer. Saga Univ.

As the temperature is decreased, conven-
tional magnetic materials exhibit a slow-
ing down of the magnetic fluctuations
as the temperature approaches the criti-
cal point, Tc (namely the critical slowing
down). Crossing Tc, the fluctuations dis-
appear rapidly and the magnetic moments
are frozen into static at T << Tc. All con-
ventional magnetic materials of ferromag-
nets, antiferromagnets or spin glasses are
featured by the freezing of magnetic mo-
ments into static. Recently there are re-
ported new dynamical magnetic states of
spin ice and spin liquid in rare earth py-
rochlores where magnetic fluctuation per-
sist down to 0 K. However, these states are
basically disordered and do not have an or-
der over a macroscopic range (long range
order). It is believed that a long range or-
der in magnet must be fully frozen (static).

However, recently we observed an ex-
otic dynamical antiferromagnetic order be-
low TN=4.5K in Ni2(OH)3Cl by muon spin
relaxation (1). The present neutron scatter-
ing study was designed to further inves-
tigate this magnetic order. Elastic and in-
elastic measurements were performed at
HQR and HER, respectively, at JAEA. The
elastic measurement showed a clear long
range order extending over a spacing of
approximately 56　 (Fig. 1). Inelastic mea-
surements suggested spin fluctuation of 0.5
meV at 0.8 K, which is less than 1/5 of its
transition temperature. The analysis to re-
veal its magnetic structure is in progress.

References:
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Nishiyama, T. Kawae,Physica B 404
(2009) 677-679.

Fig. 1. Elastic scattering data showing magnetic re-
flections in the ordered state. The inset plot shows
the evolution of two magnetic peaks below TN.
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Study of spin gap in two-dimensional frustrated triangular lattice: YbAl3C3

M. Kosaka(A), T. Kobiyama(A), A. Yamada(A), K. Ohoyama(B), N. Aso(C)
(A)Grad. School of Sci. and Engi., Saitama Univ., (B)IMR Tohoku Univ., (C) ISSP-NSL Univ.

Tokyo

YbAl3C3 shows the highly frustrated
phenomena with a spin gap. The in-
elastic neutron spectra of low-lying mag-
netic excitations at low temperatures are
quite similar to those of SrCu2(BO3)2
and (CuCl)LaNb2O7 that exhibit a dimer
ground state in a two-dimensional quan-
tum spin system. In order to investi-
gate low-lying magnetic excitations at low
temperature, we performed inelastic neu-
tron scattering (INS) measurements on the
triple-axis spectrometer C1-1 (HER) in-
stalled at the JRR-3M reactor. The collima-
tions after the monochromator were open-
(Sample)-radial collimator-open.

Figure 1 shows the spectra measured us-
ing Ef=2.4 meV with a high resolution of
0.06 meV at T=0.7 K. As a result, it became
clear that the first excited state consists of
three excitations and the second excited
state is composed of many excitations. The
solid line shows the least-squares fit to the
experimental data where the peaks are ap-
proximated by three Gaussian curves. The
excitation energies are estimated to be 1.22,
1.42, and 1.62 meV using the same full
widths at the half maximum of 0.18 meV.
In single crystalline SrCu2(BO3)2, the three
resolved branches of the triplet excitation,
which are attributed to the Dzyaloshinski-
Moriya interaction, were observed by high-
resolution INS experiments. The crystal
symmetry of YbAl3C3 lowers below the
phase transition at 80 K; this will satisfy the
condition of the Dzyaloshinski-Moriya in-
teraction. When we consider the analogy
between the results of the INS measure-
ments for these two compounds, the first
and the second excitations are expected to
be the single-triplet excitations and two-
triplet excitations, respectively. Moreover,
the energy gaps, Δ1 � 1.5 and Δ2 � 2.9
meV, satisfy the relation Δ2 ≈ 2Δ1.
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Fig. 1. Detailed inelastic neutron spectra of YbAl3C3
at 0.7 K with Ef=2.4 meV. The full curve represents
the least-squares fit where the peaks are approxi-
mated by three Gaussian curves.
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Spin Waves in MnP
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(1)Department of Physics and Mathematics, Aoyama-Gakuin Univ., 5-10-1 Fuchinobe,

Sagamihara(2) Institute for Solid State Physics, The Univ. of Tokyo 106-1 Shirakata, Tokai
319-1106(3)Department of Earth and Space Sceince, Graduate School of Science

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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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.
We performed the neutron inelastic scat-

tering experiments at triple-axis spectrom-
eter TOPAN (6G), JRR-3M reactor in JAERI
(Tokai).

The single crystal of MnP, whose size is
9mmφ× 40mm, was grown by the Bridg-
man method.
The spin wave dispersions have been mea-
sured along the a-axis at 14 K, 35K, 54K
and 81K, as shown in Fig1. The dispersion
curve below T*, there seems to be two lines.
However, the indicated lines by an arrow

are arised from another Brillouin zone.
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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Research for magnetic reflections on HoRh2Si2
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(C)Japan Advanced Institute of

The ternary compound HoRh2Si2 crys-
tallizes in the tetragonal ThCr2Si2-type
crystal structure (space group: I4/mmm).
It shows an antiferromagnetic order be-
low TN=29.5 K. Recent magnetic study
shows that HoRh2Si2 has three transitions:
T1=12.4 K, T2=27.5 K and TN=29.5 K. The
neutron diffraction study were performed
on a single crystal compound and fol-
lowing results have been reported [1]; at
low temperatures below T1, an appearance
of antiferromagnetic reflections associated
with the propagation vector k= (0, 0, 1) has
been confirmed. Both (001) and (100) re-
flections are observed, indicating that mag-
netic moments tilt from the c- and a-axis.
This result is consistent with the previous
report [2]. The (001) reflection disappears
above T1. The temperature dependency of
intensity of (100) peak changes at T1. In in-
termediate temperature region T1<T<T2,
only antiferromagnetic reflections associ-
ated with the AFI-type structure are ob-
served. All magnetic reflections disappear
above T2; for T2<T<TN, magnetic reflec-
tions could not detected at all. We believe
that new magnetic reflections should ap-
pear for T2<T<TN. Thus neutron study
has been carried out on a powdered sam-
ple for 4K-35K by using the HERMES spec-
trometer of JRR-3M with wave length of
1.82645 A.

For low temperatures, the previous re-
sults have been confirmed; the antiferro-
magnetic structure with the propagation
vector k= (0, 0, 1) appears below T2.
Neutron diffraction patterns above T2 are

shown in Fig. 1. New antiferromagnetic re-
flections (indicated by arrows) appear, in-
dicating a change of the magnetic struc-
ture at T2. The detail analysis is now in
progress.
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Fig. 1. Neutron diffraction patern at 28 K below TN.
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Neutron scattering study on the magnetic moleculars

K. IidaA, H. IshikawaB, T. YamamseB, T. J SatoB

AISSP, BDept. of Phys. Tokyo Inst. of Tech

Several triangular spin clusters showed
an attractive phenomenon, that is a half-
step magnetization change with hystersis.
The avoided level crossing between the
Stotal = 1/2 and Stotal = 3/2 states due
to the DM interaction is suggested to be
the origin of the half-step change [1]. One
of such molecular nanomagnets exhibiting
the half-step change is the V3 molecular
nanomagnet [2]. Although the DM interac-
tion is of particular importance in these sys-
tem, there are no report on the DM interac-
tion using the microscopic method. Hence,
we have performed an inelastic neutron
scattering (INS) to investigate the DM in-
teraction.

Approximately 0.7 grams of deuterated
powder sample were used in our INS ex-
periments on HER. We plotted INS spec-
tra in the range of 0.5 ≤ h̄ω ≤ 1.0 meV in
Fig. 1 (a). At lower temperature, the inten-
sity around h̄ω = 0.8 meV apparently grew
up. In contrast, the peak almost disappears
at 5.4 K, and there remains only the in-
coherent component in the INS spectrum.
Same results were obtained on Ef = 3.0
meV as shown in Fig. 1 (b). As a model
Hamiltonian, we here propose the follow-
ing form consisting of anisotropic exchange
and DM interactions and the Zeeman term;

H = −
3

∑
i=1

[
Jx (

sx
i sx

i+1 + sy
i sy

i+1

)
+ Jzsz

i sz
i+1

]

+
3

∑
i=1

Dz
i,i+1

(
sx

i sy
i+1 − sy

i sx
i+1

)
.

By fitting the calculated intensity to the
temperature difference obtained in the ex-
periment using the least-squares method,
we estimated the optimum exchange and
DM parameters. The obtained parameters
are bellow; Jx = Jy = −6.51 ± 0.04K,
Jz = −5.43 ± 0.05 K, Dz

1,2 = 0.257 ± 0.10
K, and Dz

2,1 = Dz
3,1 = 0.284 ± 0.12 K. The

calculated scattering intensitys are shown
in Figs. 1 (a) and 1 (b) using the solid lines:
a good coincidence with the observation
can be readily seen. This satisfactory corre-
spondence ensures the reliability of the es-
timated parameters.

By ascribing the 0.8 meV peak to a su-
perposition of four magnetic excitations be-
tween two Stotal = 1/2 and two Stotal =
3/2 doublets, we have successfully esti-
mated the anisotropic as well as the anti-
symmetric interactions. And this result is
the evidence that the DM interaction exsist
in V3.
[1] K. Y. Choi et al., Phys. Rev. Lett. 96,
107202 (2006)
[2] T. Yamase et al., Inorg. Chem. 43, 8150
(2004).
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Fig. 1. (a) INS results on Ef = 2.4 meV. (b) INS re-
sults on Ef = 3.0 meV.
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Crystal Field Softeing and Magnetic Phase Transition in HoB4

T. Matsumura and D. Okuyama(B)
AdSM, Hiroshima University, RIKEN CMRG (B)

A tetragonal rare-earth system of RB4
has attracted interest as a sytem where the
quadrupolar and magnetic degrees of free-
dom are active on the so-called Shastry-
Sutherland lattice. HoB4 exhibits two
phase transitions at TN1 = 7.5 K and at
TN2 = 5.9 K. The details of the mag-
netic structures and the anomalous nature
of the phase transitions have been reported
in Ref. 1. Below TN1 an incommensurate
magnetic order sets in with Q=(δ, δ, δ′) (δ =
0.022, δ′ = 0.07), followed by a first order
transition into a commensurate order with
Q=(1, 0, 0) at TN2. One of the anomalous re-
sults in the study was the very broad mag-
netic diffuse scattering around (0, 0, 0.5)
and (1, 0, 0). In order to clarify the origin of
this diffuse scattering and the anomalous
phase transitions, we have carried out an
inelastic neutron scattering experiment on
a triple-axis spectrometer HER, using cold
neutrons to achieve high energy resolution
at low energies. Horizontal focusing ana-
lyzer, radial collimator, Be and PG filters
were used at an final energy of 5.01 meV.

Fig. 1 shows the temperature depen-
dences of the CEF excitation energy at
Q=(1, 0, 1) and (2, 0, 0.43). The former and
the latter corresponds to the commensurate
and incommensurate magnetic structures,
respectively. As shown by the plot, the CEF
energies at these Q-vectors decrease with
decreasing temperature down to TN1. Si-
multaneously, in the paramagnetic phase
above TN1, quasi-elastic peaks gradually
develop at these Q-vectors. The temper-
ature dependences of the inverse inten-
sity are plotted in the bottom figure. This
clearly demonstrates that the commensu-
rate and incommensurate correlations co-
exist in the paramagnetic phase, and well
follow the Curie-Weiss behavior until they
diverge at the respective transition temper-
atures. This can be understood within the

mean-field approximation.
The softening of the CEF can also be un-

derstood within the mean-field approxima-
tion as reflecting χ(Q, ω) = χ0(ω)/(1 −
J(Q)χ0(ω)). The CEF softening shows that
the ground state of a Ho ion is a singlet
with no magnetic moment and that the
magnetic order of HoB4 is caused by the
mixing with higher CEF states. It was clar-
ified that the diffuse scattering reported in
Ref. 1 was these CEF excitations reflecting
J(Q).

Therefore, at zero magnetic field, there
seems no indication of a magnetic frus-
tration effect caused by the Shastry-
Sutherland type lattice.

(1) D. Okuyama et al., J. Phys. Soc. Jpn.,
77, 044709-1-14 (2008).

Fig. 1. (top) Temperature dependence of the 1st CEF
excitation energy of HoB4 at Q=(1, 0, 1) and (2, 0,
0.43). (Bottom) Temperature dependence of the in-
verse intensity of the elastic peak at Q=(1, 0, 1) and
(2, 0, 0.43).
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Phase Transitions of Non-Kramers Pr Ions in a Trigonal Symmetry in Pr4Ni3Pb4
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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 crystallizing in the
trigonal La4Ni3Pb4-type structure (space
group R3) without inversion symmetry.[1,
2] In the unit cell, Pr ions occupy the 3a and
9b sites with the C3 and C1 point symme-
tries. In the C3 point symmetry, a nine-fold
multiplet 3H4 splits into three Γ1 singlets
and three Γ23 doublets with quadrupolar
degrees of freedom. The isothermal mag-
netization shows a shoulder-like anomaly
at 4 T only for B||c, suggesting that an ex-
cited Γ23 doublet exists at a low energy of
4 K above the Γ1 singlet ground state. The
specific heat has cusp-type double anoma-
lies at TN1=2.7 K and TN2=2.1 K which
are probably attributed to the Γ1-Γ23 quasi-
triplet.

Neutron diffraction measurements on a
single crystalline sample were performed
using the ISSP High Q-resolution Triple-
Axis Spectrometer HQR(T1-1), in order to
detect magnetic peaks below the transition
temperatures. Figure 1 shows the Q-scan
along the (1,0,L) line. A magnetic peak ap-
pears at Q=(1,0,1

4) and its equivalent po-
sitions below TN2=2.1 K. At the tempera-
ture 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 positions shift on cooling.
These behaviors indicate an incommensu-
rate magnetic structure. 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 struc-
tures. Detailed analyses of the magnetic
structures are in progress.
References
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Fig. 1. Q-scan along the (1,0,L) line. The magnetic
10 1

4 peak appears below TN2=2.1 K.
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Giant Uniaxial Anisotropy in the Magnetic and Transport Properties of CePd5Al2
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CePd5Al2 crystallizing in the tetragonal
ZrNi2Al5-type structure shows successive
antiferromagnetic orderings at TN1=4.1 K
and TN2=2.9 K.[1] The temperature depen-
dence of resistivity ρ shows a Kondo metal
behavior with large anisotropy, ρc/ρa =3.2
at 20 K, and opening of a superzone gap
along the tetragonal c-direction below TN1.
The magnetic data of χ(T) and M(B) in
the paramagnetic state were analyzed us-
ing a crystalline electric field (CEF) model.
It led to a Kramers doublet ground state
with wave functions consisting primarily
of

∣∣±5
2

〉
,. The excited states are at 230 and

300 K. This CEF effect gives rise to the
large anisotropy in the paramagnetic state.
In the ordered state, the uniaxial magnetic
anisotropy is manifested as Mc/Ma=20 in
B=5 T and at 1.9 K, and χc/χa=25 in B=0.1
T and at 4 K.[2]

In the present work, we performed pow-
der neutron diffraction experiments us-
ing HERMES of IMR. Neutrons with a
λ=1.82646(6) Å were obtained by the 331
reflection of the Ge monochromator. Figure
?? shows the powder neutron diffraction
patterns of CePd5Al2 at various tempera-
tures 1.4, 3.3 and 5.5 K. The patterns at 1.4
K and 3.3 K are vertically offset by 1000 and
2000 counts, respectively, for clarity. At 5.5
K, all the peaks can be indexed as nuclear
Bragg peaks of the tetragonal ZrNi2Al5-
type structure. No secondary phase was
found in the patterns being consistent with
the X-ray diffraction analysis. Although
the intensities of the nuclear peaks do not
change between 5.5 K and 1.4 K, weak su-
perlattice peaks appear at 3.3 K and 1.4 K
at the scattering angles 2θ=8.1◦ and 21.7◦,
which are shown with the thick arrows. On
cooling, the intensity starts to increase at 4
K, which is in good agreement with TN1.

Thus the superlattice peaks originate in the
magnetic transition at TN1. The propaga-
tion vector of magnetic structures does not
change at TN2, which hints to a possible
magnetic structure. From the analysis of
χ(T), we propose canting of the magnetic
moments from the c-direction. Another
model is square-up of a modulated sine-
wave structure with appearance of higher
order reflections, because the magnetic en-
tropy changes largely at TN2 as is found in
the specific heat. However, no higher order
reflections was observed in the present ex-
periments. This is probably because the in-
tensity was too weak to detect by means of
the powder neutron diffraction technique.
These results have already been published
in ref. [2]. We plan to perform neutron
diffraction experiments on a single crystal
to determine the propagation vector.
References
[1] R. A. Ribeiro et al.: J. Phys. Soc. Jpn. 76

(2007) 123710.
[2] T. Onimaru et al.: J. Phys. Soc. Jpn. 77 (2008)

074708.

Fig. 1. Powder neutron diffraction patterns at T=1.4
K (T<TN2), 3.3 K (TN2<T<TN1) and 5.5 K (T>TN1).
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Magnetic structure of Nd0.33Sr1.66MnO4
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Order of orbital state plays an important
role in magnetic order of manganite com-
pounds. The magnetic order of mangan-
ite consists of linear or zigzag ferromag-
netic chain, which is influenced by orbital
order. In Nd1+xSr1-xMnO4 at x=3/4, the
linear ferromagnetic chain is established in
the magnetic ordered phase. On the other
hand, zigzag one is expected to exhibit at
x=2,/3. To see if it is appropriate or not, we
have performed neutron diffraction on the
crystal sample of x=2/3.

The neutron diffraction measurements
were performed with the ISSP triple-axis
spectrometer GPTAS and HQR installed at
the 4G and T11 experimental port JRR-3 in
JAEAI (Tokai).
Figure shows the (h 0 0) line scan at 13
K. The peak position is with
h=0.5, which is same position as the x=3/4
posi-
tion, h=0.5.
The observed data suggests that the mag-
netic order does not consists of zigzag fer-
romagnetic chain. However, the order is
short-ranged.
It explaines why the crystal structure at
x=2/3 is tetragonal.

Fig. 1. Line scans along (h 0 0) at 13 K.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 953

1-2-51

- 127 -

JAEA-Review 2013-039



Magnetic excitations in YbV4O8

Y. Oohara, M. Kubota, and Y. Kanke
ISSP, Univ. of Tokyo, PF, KEK and NIMS

YbV4O8 exhibits complex magnetic phase
transitions with charge order.
In the low temperature, we find that
the magnetic moments disappearfrom the
magnetic susceptibility measurements. To
explore the mechanism of this disappear-
ance, we have performed inelastic neutron
scattering measurements.

We prepared the 10cc powder sam-
ple.Neutron scattering measurements were
performed with ISSP
spectrometer HER and HQR installed at
C11 and T11 experimental ports at JRR3
(JAEA). The sample is cooled with closed
cycle refrigerator.

Figure shows the energy profile at Q=1 A-
1 at 10 K.There is a peak at 2.5 meV. It
suggests that a spin-singlet is formed in
the low temperature with the 2.5 meV cou-
pling, which disappear the magnetic mo-
ment observed in susceptibility measure-
ments.

Fig. 1. Energy profiles at 1 A-1 at 10 K.
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Multiple temperature and field induced phase transitions in new geometric
frustration material Co2(OH)3Br

M. Hagihalaˆ1, X.G. Zhengˆ1, Taku J Sato ˆ2
1. Saga Univ. 2. ISSP, Univ. of Tokyo

Co2(OH)3Br is a new geometrically frus-
trated compound in deformed pyrochlore
lattice. Previously we reported the co-
existence of ferromagnetic order and spin
fluctuation in Co2(OH)3Cl [1]. Later we
found its sister compound Co2(OH)3Br
is an antiferromagnetor with succssesive
transitions at TN1=6.2K and TN2=4.8K
[2,3]. Recently we further found field-
induced multiple transitions under applied
magnetic field. The present study was de-
signed to determine the zero-field as well
as the field-induced magnetic structures.

Elastic neutron scattering measurements
were performed at 4G:GPTAS using poly-
crystalline Co2(OD)3Br. Under zero field,
we observed the antiferromagnetic reflec-
tions of k1=(0 -1/2 1/2) below TN1, and
further another independent k2=(0 0 3/2)
below TN2. For the lower temperature
phase we have succeeded in determining
its magnetic structure, which is illustarted
in Fig. 1.

For the field-induced phases, we ob-
served a new antiferromagnetic order for
H > 6 kOe. At higher fields of H > 30
kOe a ferromagnetic order similar to that
in Co2(OH)3Cl appeared. Further work is
in progress to determine all of the magnetic
structures.

References
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Fig. 1. The magnetic structure for the low tempera-
ture antiferromagnetic order in Co2(OD)3Br
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Neutron powder diffraction of TbPd3S4 in magnetic fields
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The rare-earth (R) palladium bronzes
RPd3S4 crystallizes into a cubic NaPt3O4-
type crystal structure. The R atoms form a
body-centered cube and are subjected to a
cubic crystalline electric field (CEF) repre-
sented by the cubic point group of Th [1].
Systematic studies along the R series have
revealed that the CEF ground states of 4f
electrons in RPd3S4 retain orbital degener-
acy [1].

TbPd3S4 shows an antiferromagnetic
(AFM) transition at TN=2.5 K. The neu-
tron powder diffraction study of TbPd3S4
has revealed that the magnetic structure
below TN is described by a wave vector
of k = (100) [2]. TN shows an anomalous
magnetic-field dependence. By applying a
magnetic field below 0.5 T, TN decreases
with increasing magnetic field, while it
increases with increasing magnetic field
above 0.5 T. The increase of TN above 0.5
T implies that the field-induced antiferro-
quadrupolar (AFQ) ordering occurs above
0.5 T. To examine the possibility of field-
induced AFQ ordering, neutron powder
diffraction study of TbPd3S4 in magnetic
field has been performed using HERMES
installed at the JRR-3M reactor in JAEA.
Neutrons with a wavelength of 1.8204(5) A
were obtained by the 331 reflection of the
Ge monochromator.

Fig. 1 shows the magnetic-field depen-
dence of the integrated intensities of 100
and 110 Bragg peaks measured at 1 K (T
< TN). At zero magnetic field, 100 and 110
are magnetic and nuclear Bragg peaks, re-
spectively. The integrated intensity of 100
peak decreases gradually with increasing
magnetic field, while that of 110 increase
by applying magnetic field. Such field de-
pendence can be understood by consider-
ing the process that the AFM structure with
wave vector of (100) is destroyed gradu-

ally by magnetic field. At 0.5 T, the de-
crease rate of the integrated intensity of
100 and increase rate of that of 110 become
large abruptly, implying that the magnetic
structure changes from the (100)-type AFM
structure to a canted-AFM structure at 0.5
T. Similar canted-AFM structure has been
observed in DyPd3S4[3] and the appear-
ance of such a canted structure is the ev-
idence of a coexistence of AFM and AFQ
ordering in DyPd3S4 [3]. We therefore con-
clude that AFQ ordering is induced for
TbPd3S4 above 0.5 T.

[1] K. Abe et al., Phys. Rev. Lett. 83 (1999)
5366.
[2] E. Matsuoka et al., J. Magn. Magn.
Mater. 231 (2001) L23.
[3] L. Keller et al., Phys. Rev. B 70 (2004)
060407.

Fig. 1. Magnetic-field dependence of the integrated
intensities of 100 and 110 Bragg peaks for TbPd3S4.
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Inelastic neutron scattering study on 1/1 approximant Ag-In-Tb

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

Quasicrystals are characterized by sharp
Bragg reflections with a point symmetry
which is forbidden in a periodic lattice,
such as the five-fold symmetry. Qua-
sicrystal can include magnetic ions, called
as ”magnetic quasicrystals”. These mag-
netic quasicrystals provide us an intrigu-
ing playground to experimentally investi-
gate the magnetic ordering and dynamics
in the quasiperiodic spin systems.

Macroscopically, the magnetic quasicrys-
tals mostly show the spin-glass-type freez-
ing at low temperatures, as seen in the Zn-
Mg-RE (RE: rare-earth) quasicrystals. Nev-
ertheless, the spin dynamics, observed by
neutron scattering, is very different from
canonical spin-glasses; in several mag-
netic quasicrystals, highly localized inelas-
tic mode was observed as broad inelastic
peak [1]. The origin of the inelastic mode
is inferred to be spin-wave-like modes lo-
calized in the dodecahedoral spin clus-
ters, which are characteristic clusters in the
icosahedral quasicrystals. To confirm this
idea, we have performed neutron inelastic
scattering study in the Ag-In-Tb 1/1 ap-
proximant, which is made of icosahedral
clusters arranging periodically.

Polycrystalline samples of the
Ag47In39Tb14 1/1 approximant were
prepared in usual manner. The powdered
sample was loaded in the closed cycle 4He
refrigerator, and the inelastic spectrum was
observed using the ISSP-GPTAS and ISSP-
HER triple-axis spectrometers installed at
the JRR-3 research reactor.

Figure 1 shows the inelastic spectra at
several temperature in the range of 3.5 <
T < 150 K. In the high temperature range,
only the quasielastic response may be seen
in the spectrum, whereas as the tempera-
ture is decreased, evolution of the low en-
ergy peak around 4 meV is evident. We
note that this behavior is almost the same

as those observed in the Zn-Mg-Tb qua-
sicrystal (except for the characteristic en-
ergy scale), and thus conclude that the
inelastic mode is due to the local high-
symmetry clusters commonly found in the
quasicrystalline and crystalline phases.

[1] T. J. Sato et al., Phys. Rev. B 73 (2006)
054417.

Fig. 1. Inelastic scattering spectrum of Ag-In-Tb. A
broad peak at 4 meV appears below 60 K.
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Neutron scattering study on magnetic quasicrystal Zn-Mg-(Y,Gd)

S. Ibuka, K. Iida and T. J. Sato
NSL, ISSP, University of Tokyo

Quasicrystals are characterized by sharp
Bragg reflections with a point symmetry
which is forbidden in a periodic lattice,
such as the five-fold symmetry. Qua-
sicrystal can include magnetic ions, called
as ”magnetic quasicrystals”. These mag-
netic quasicrystals provide us an intrigu-
ing playground to experimentally investi-
gate the magnetic ordering and dynamics
in the quasiperiodic spin systems.

Macroscopically, the magnetic quasicrys-
tals mostly show the spin-glass-type freez-
ing at low temperatures, as seen in the Zn-
Mg-RE (RE: rare-earth) quasicrystals. Nev-
ertheless, the spin dynamics, observed by
neutron scattering, is very different from
canonical spin-glasses, and sometimes ex-
hibits temperature independent S(Q, h̄ω)
in the neutron scattering spectrum [1].

The temperature independent S(Q, h̄ω)
is very unusual. One intriguing mecha-
nism of the temperature independence is
the proximity to the quantum critical point
(QCP) [2]. On the other hand, the temper-
ature independence may be simply due to
distribution of the crystalline electric field
(CEF) levels. To conclusively judge which
is the case for the magnetic quasicrystal, we
have performed neutron inelastic scatter-
ing experiment in the Zn-Mg-(Y,Gd) qua-
sicrystal, where the half-filld 4f level of the
Gd3+ ions do not have CEF splitting in
principle.

The neutron inelastic scattering study
was performed using the ISSP-GPTAS(4G)
and ISSP-HER(C11) triple-axis spectrome-
ters installed at the JRR-3 research reac-
tor. A powdered icosahedral sample of
the composition Zn60Mg30Y8.5

160Gd1.5 was
prepared in the usual manner. It may be
noted that to avoid the huge neutron ab-
sorption of natural Gd, we used the stable
isotope.

Figure 1 shows the resulting inelastic

scattering spectra at several temperatures
spanning 1.4 K to 50 K, observed us-
ing the ISSP-HER spectrometer with the
outgoing neutron energy of 2.75 meV. It
is clearly seen that the spectrum for the
neutron-energy-loss side exhibits almost
temperature-independent behavior. This
behavior is indeed exactly the same as what
has been observed in the Zn-Mg-Ho qua-
sicrystal. Therefore, we can conclude that
the origin of the temperature independence
is not due to the accidental distribution of
the CEF levels. Instead, a closer relation to
the QCP mechanism is highly suggested.

[1] T. J. Sato et al., Philos. Mag 87 (2007)
2939.

[2] M. C. Aronson et al., Phys. Rev. Lett.
75 (1995) 725.

Fig. 1. Inelastic scattering spectrum of Zn-Mg-
(Y,Gd)
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Magnetic structures in magnetic fields of TmB4 with the Shastry-Sutherland
lattice

Iga F. (a) , Michimura S. (a), Matsumura T. (a), Takabatake T. (a), Ohoyama K. (b)
(a) ADSM, Hiroshima Univ., Higashi-Hiroshima, Hiroshimna 739-8530, Japan (b)IMR,

Tohoku University, Katahira, Sendai 980-8577, Japan

Rare-earth tetraborides RB4 have a tetrag-
onal crystal structure with a space group
P4/mbm which is characterized by the 2-
dimensional orthogonal dimers in the c-
plane. Such dimer systems are equivalent
to the Shastry-Sutherland lattice (SSL) [1]
where nearest-neighboring dimers geomet-
rically frustrated.

Our previous study of powder neu-
tron diffraction in TmB4 shows incom-
mensurate antiferromagnetic (IC AFM)
orderings at 11.7 K and 10.7K, 　 and
incommensurate-commensurate (IC-C)
transition at 10 K [2]. From the magnetic
phase diagram as shown in Fig.1, phase IV
shows a simple antiferromagnetic pattern
with a propagation vector of k4=(1, 0,
0). The Phase III has been assigned with
propagation vector k4 and an additional
long period modulation vector k3=(0.13,
0, 0). Furthermore, the phase II was also
indexed with the k4 and k2=(0.012, 0.012,
0) and k2’=(0.036, 0.012, 0). We have found
that TmB4 shows a multi-step magnetiza-
tion process. The magnetization for B//c
shows not only a 1/2 Ms plateau in phase
VI as in RB4 (R=Dy, Ho, Er, Tb) but also a
1/8 Ms plateau in phase V [3]. Here, Ms
means the saturation moment of Tm3+ ion.
In order to clarify these ordering vectors in
these magnetic phases, we have performed
neutron diffraction experiment on a single
crystal sample of Tm11B4.
High-quality single crystal sample of
TmB4 was grown by floating zone method
using a four-xenon lamps image furnace.
The neutron diffraction experiment in
fields up to 6 T was performed in the
triple axis spectrometer, TOPAN (6G).
The incident neutron energy Ei was tuned
to 30.5 meV (1.64 A). The sample was
placed with the (h k 0) plane in order to set

parallel to the neutron scattering plane in
field applied along [001] axis.

From the neutron diffraction in magnetic
fields, the incommensurate and commen-
surate magnetic structures based on the 8-
unit cell period were found in the Plateau
phase (V, VI). The magnetic structure or-
dered in the field accompanied by the mag-
netic plateau has a similar value as the pe-
riod determined in phase III with magnetic
fluctuation. Frustration on the SSL plays
an important role to form the magnetic
plateaus. The super-lattice reflections with-
out magnetic origin were found in the 4-
unit cell period for a-axis in the phase V.
This suggests that the periodic magnetic
structure with 8-unit cell period locks into
the period crystal lattice.
References
[1] B. S. Shastry and B. Sutherland, Physica
B & C 108B (1981), p. 1069.
[2] S. Michimura et al., J. Phys. Soc. Jpn. 78
(2009), 024707.
[3] F. Iga et al., J. Magn. Magn. Mater. 310
(2007) e45-47.

Fig. 1. Fig. 1 Magnetic phase diagram of TmB4.
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Magnetic State in the Tm-based Reentrant Superconductor Investigated by the
Powder Neutron Scattering

N. Kase1, Y. Tomiyasu2, T. Muranaka1, and J. Akimitsu1

1 Department of Physics and Mathematics, Aoyama-Gakuin Univ., 5-10-1 Fuchinobe, 2

Department of Physics, Tohoku Univ., 6-3 Aoba, Sendai, 980-8578

The Tm-based reentrant superconduc-
tor Tm5Rh6Sn18 exhibits superconductiv-
ity at Tc = 2.2 K[1] and reentrant behav-
ior between 1.0 and 1.45 kOe[2]. From the
muon-spin rotation/relaxation (μSR) mea-
surements, we reveal the coexistence be-
tween magnetism and superconductivity
under a zero magnetic field, and a devel-
opment of magnetic ordering is observed
below around 10 K[3]. However, the mag-
netic ordering cannot be described as a sim-
ple long-range magnetic ordering.

To understand magnetic state more pre-
cisely, magnetic structure of Tm5Rh6Sn18
has been investigated by a powder neutron
scattering as shown in Figure 1, which rep-
resents the neutron powder diffraction pat-
tern at 0.75 K and 10 K. We could not ob-
serve any Bragg peak due to a long-range
magnetic order in any temperature region
and also observe a magnetic diffuse scat-
tering attributed to a short-range order in
the low-angle region below 10 K. The dif-
fuse scattering intensity can be described
as a conventional Gaussian function. Fur-
thermore, the temperature dependence of
the integrated intensity is almost consis-
tent with the results of muon precession
frequency obtained from the ZF-μSR mea-
surement.

Therefore, we conclude that the mag-
netic order can be considered not to be long
range ordered but superparamagnetic; fer-
romagnetically ordered within a certain
cluster, but, paramagnetically fluctuating
between the cluster, and the superparam-
agnetic cluster gradually develops below
around 8 K. The size of the magnetic clus-
ter is so large that a spontaneous oscilla-
tion signal is clearly observed from ZF-μSR
measurement. This scenario makes it pos-

sible to explain the occurrence of the reen-
trant superconductivity; the field-induced
magnetic order obtained from the electrical
resistivity measurements under magnetic
fields is originated from an alignment of
each spin of magnetic clusters to the same
direction. Thus, superconductivity is not
destroyed under zero magnetic filed below
Tc.
References
[1] J. P. Remeika et al.: Solid. State. Commun.

34 (1980) 923.
[2] A. Rojek et al.: Phys C 223 (1994) 111.
[3] N. Kase et al.: to be submitted in J. Phys.

Soc. Jpn..

Fig. 1. The neutron powder diffraction pattern at
0.75 K and 10 K of Tm5Rh6Sn18. The inset shows
the expansion of the low-angle region.
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Neutron diffraction experiment under high pressure in YbMn2Ge2

T. FujiwaraA, N. AsoB, M. NishiC, Y. UwatokoD

AYamaguchi Univ., B Univ. Ryukyus, BISSP Univ. Tokyo, CISSP-NSL Univ. Tokyo

YbMn2Ge2 with ThCr2Si2 type body-
centered tetragonal structure is an inter-
mediate valence system and its magnetic
property is dominated by magnetic ex-
change interactions between Mn moments.
This system shows a quite unique mag-
netism in which two antiferromagnetic
states, AFM I at TN2 < T ≤ TN1 ≈ 405 K
and AFM II at T ≤ TN2 = 163 K, compete
with each other. With applying hydrostatic
pressure, the system indicates valence tran-
sition of Yb ions at Pc ∼ 1.25 GPa. Althogh,
magnetic behaviors of the system drasti-
cally change above Pc and new magnetic
phases, AFM III and IV, induced upon pres-
surization, the details of magnetic struc-
tures in AFM III and IV states are not clar-
ified yet. In this work, we have carried out
the neutron diffraction experiment within
the reciprocal lattice plane (HHL) of sin-
gle crystal YbMn2Ge2 under high pressure
using a clamping-type high pressure cell
made of hardened Cu-Be alloy.

Figure 1 is rocking curves at Q = (111) in
YbMn2Ge2 under P = 1.3 GPa at T = 8 K
and 300 K. As shown in the figure, mag-
netic bragg peak is clearly observed in both
AFM III (300 K) and AFM IV (8 K) states.
This indicates an existence of antiferroma-
gentic component consists of that a ferro-
magnetic (00�) Mn planes couples antifer-
romagentically along [001] direction. It is
recognizable that an increase of (111) peak
intensity occurs simultaneously when the
system undergoes a magnetic phase tran-
sition from AFM III to IV with decreas-
ing temperature under 1.3 GPa. Unfortu-
nately, we could not observe any magnetic
bragg reflection under P = 1.3 GPa except
(111) and (113). Therefore, it is necessary
to perform the similar neutron diffraction
experiments on (H0L) and (HK0) recipro-
cal lattice planes under high pressure to ob-
tain the detail information of the magnetic

structures in AFM III and IV states.

Fig. 1. Rocking curves at Q = (111) in YbMn2Ge2
under P = 1.3 GPa in AFM III (T = 300 K) and AFM
IV (T = 8 K) states.
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Magnetic excitation in Co4B6O13

Masuda T., Hondo S. and Matsuura M.
Yokohama City University, Osaka University

Recently spin liquid in triangular lat-
tice, Kagome lattice, Pyrochlore lattice,
etc has been attracted much attention.
Amongt them regular tetrahedron spin
system, Co4B6O13, was discovered re-
cently[1]. Co2+ (S=3/2) ions are on the cor-
ner of tetrahedron. Since the Co-Co intrate-
trahdron distance 3.25 A is shorter than
the intertetrahedron 4.26 A this compound
is expected to be an isolated tetrahedron
spin system. The magnetic susceptibility
shows broad maximum at T = 14 K and
it decreases drastically at low temperature.
No magnetic order is identified at T > 1.8
K. These are typical behaviors of spin gap
system with nonmagnetic ground state. In
the magnetization measurement an dras-
tic increase was identified at H = 10 T and
multistep anomalies were observed at 40
T and 60 T. These anomalies are supposed
to be transition between eigenstates of
Heisenberg antiferromagnetic tetrahedron
cluster, S=0 (quartet), S=1 (ninefold multi-
plet), S=2 (elevenfold multiplet). However,
in quantitative level, the data cannot be
reproduced and additional terms such as
Dzyaloshinskii-Moriya interaction and sin-
gle ion snisotropy would be required. Even
though rather complex, the isolated tetra-
hedron spin cluster is a rare experimen-
tal realization of exact solvable model with
spin frustration. Hence to reveal the spin
excitation of Co4B6O13 we performed in-
elastic neutron scattering experiments.
Powder sample was obtained by hy-
drothermal synthesis. As a starting mate-
rial we used 11B oxide to reduce the ab-
sorption of neutron. Orange type cryo-
stat was used to achieve low tempera-
ture. Inelastic neutron scattering experi-
ment was performed at C1-1 beamline. The
collimation setup is Guide-PG-40’-radial
collimation-Be filter-Horizontally focused
analyzer-open with Ef = 3 meV.

In Fig. 1 we show energy scan at q=1A-
1. Well dfined peaks are observed at hw
= 0.96, 1.18, 1.61, 2.44, 2.92, 4.15, and 4.66
meV. These peaks are identified dispersion-
less in similar scans at different q. With
the increase of temperature the intensity
decreases. These results measn that the
peaks are of a magnetic cluster. The fine
peak structure measn that the degenerated
eigenstate of a Heisenberg cluster is split-
ted by peturbative terms as magnetic sus-
ceptibility and heat capacity data indicated.
Q scans were also performed at several en-
ergies. The detailed data analysis is now
under progress. The summary of this study
will be published with additional nutron
scattering experiment somewhere.
[1] H. Hagiwara et al., fall meeting of Japan
Physical Socity, 20aQH (2008).

Fig. 1. Energy scan of Co4B6O13 at Q = 1A-1.
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Degree of frustration in geometrically frustrated magnets (Co1-xZnx)Cr2O4

Tomiyasu K.(A), Yokobori T.(B), Horigane K.(C), Akimitsu J.(B), Yamada K.(C)
(A)Dep. of Physics Tohoku Univ., (B) Dep. of Physics Aoyama Gakuin, (C)WPI-AIMR Tohoku

Univ.

Highly frustrated systems, spinel
antiferromagnets ACr2O4 (nonmagnetic
A=Mg,Zn,Cd and Hg) consisting of a
corner-sharing tetrahedron lattice as B (Cr)
sites, are well-known to exhibit the phe-
nomenon of spin hexamer on the kagome
plane. On the other hand, it was recently
reported that geometric frustration still
survives in spinel ferrimagnets ACr2O4
(magnetic A=Co and Mn) as explained be-
low. In these materials a spin forms a con-
ical structure resolved into an Ising-type
ferrimagnetic component and an incom-
mensurate spiral one. As the temperature
decreases, although the former component
forms long-range order at T C=93 and 51
K, the latter one mainly starts to grow at
T S=25 and 14 K and does not achieve long-
range order even in the lowest tempera-
ture phase. Therefore, it was proposed that
the geometric frustration among the B-site
spins can coexist with the A-site spins, and
is mainly reflected on the spiral compo-
nent.

However, the spiral type seems to be
too different from the hexamer. Here, in
order to validate the expanded concept of
geometric frustration, we report the spiral
spin correlations of solid solution materi-
als (Co1-xZnx)Cr2O4 by powder neutron
diffraction (x=0 to 1).

Figure shows the diffraction patterns
measured at elastic condition in the low-
est temperature phases. The intensity of
111 fundamental reflection decreases with
increasing x from 0 to 0.45, then is al-
most constant, meaning that the ferrimag-
netic component disappears. The magnetic
satellite reflections monotonically become
broad, most likely validating that the cor-
relation length of spiral order corresponds
to the degree of expanded frustration, and
the spiral short-range order comes from the

frustration. In addition, even at x=0.90 the
peak positions of diffuse scattering are dif-
ferent from those of magnetic Bragg reflec-
tions in ZnCr2O4, suggesting that the spi-
ral short-range order still survives.
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Fig. 1. Figure. Elastic scattering data of (Co1-
xZnx)Cr2O4 in lowest temperature phases.
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Competition of different antiferromagnetic correlations in a heavy fermion
Ce(Ru1-xRhx)2(Si1-yGey)2

Y. Tabata(A), S. Ohya(B), H. Taguchi(A), C. Kanadani(C), T. Taniguchi(B), H.
Nakamura(A)

(A) Graduate School of Engineering, Kyoto University, (B) Graduate School of Science, Osaka
University, (C) RCMI, Toho University

CeRu2Si2 is a paramagnetic heavy fermion
locating close to an antiferromagnetic
(AFM) quantum critical point (QCP).
Interestingly, in this compound three
AFM correlations with the magnetic wave
vector q1=(0.31,0,0), q2=(0.31,0.31,0) and
q3=(0,0,0.35) coexist [1], and may compete
each other. By substituting Rh for Ru, the
q3-AFM correlation develops the long-
range magnetic order, q3-phase, in the
Rh-concentraion x range of 0.03 < x < 0.35
[2]. On the other hand, appearance of the
q1-AFM order, q1-phase, was reported
by substituting Ge for Si or by substitut-
ing La for Ce [3]. It takes a great inter-
est in quantum phase transitions among
such a competing antiferromagnetic phases
and paramagnetic Fermi liquid (FL). As a
first step for studying such quantum phase
transitions, we have grown many single
crystalline samples of Ce(Ru1-xRhx)2(Si1-
yGey)2 and have tried to make up the xy
phase diagram.

Figure. 1 shows the xy phase diagram of
Ce(Ru1-xRhx)2(Si1-yGey)2 obtained from
neutron scatteing experiments and magne-
tization measurements. A 3rd AFM phase
where both the q1and the q3 magnetic
scattering are observed, q1+q3-phase, has
ben discovered between the q1- and the
q3-phases. No hysteretic behavior was ob-
served in the q1+q3-phase, and hence, we
conclude that the q1+q3-phase is a ther-
modynamic equilibrium state, may has a
double-q structure. And also, we have
found that the AFM phase appeared by
substituting Ge for Si in CeRu2Si2 is not a
simple q1-phase but the q1+q3-phase.

[1] H. Kadowaki et al., Phys. Rev. Lett. 92,

097204 (2004).
[2] S. Kawarazaki et al., J. Phys. Soc. Jpn. 66,
2473 (1997).
[3] S. Dakin et al., J. Magn. Magn. Mater.
108, 117 (1992)., S. Quezel et al., J. Magn.
Magn. Mater. 76&77, 403 (1988).
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Fig. 1. The xy phase diagram of Ce(Ru1-xRhx)2(Si1-
yGey)2 at T = 1.5K obtained from neutron scatteing
experiments. Asterisk, closed square, closed circle
and open circle denote the paramagnetic FL, the q1-,
the q3- and the q1+q3-phases respectively.
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Magnetic phase diagram under low temperature and high pressure in RVO3 II

D. Bizen(A), H. Nakao(A), K. Iwasa(A), Y. Murakami(A), T. Osakabe(B), S.
Miyasaka(C), Y. Tokura(D,E,F)

(A) Tohoku Univ., (B) JAEA, (C) Osaka Univ., (D) The Univ. of Tokyo, (E) ERATO-MF, (F)
RIKEN-CMRG

Perovskite vanadium oxide RVO3 (R: rear
earth or Y) shows various physical prop-
erties coupled with the spin and orbital
states. [1] The orbital ordering is strongly
coupled with the lattice distortion, i.e.
Jahn-Teller distortion. Hence the pressure
effect for the orbital state interests us, and
the pressure-temperature phase diagram
of the V 3d-orbital state was investigated
by x-ray diffraction under high-pressure
and low-temperature. [2] Under high pres-
sure (> 6 GPa), the orbital disorder (OD)
- C-type orbital ordering (C-OO) phase
transition was newly found in YVO3. At
this transition, the space group does not
change, although the symmetry is usually
broken at an orbital order-disorder transi-
tion. Such an orbital order-disorder phase
transition without the change of the space
group was actually reported in LaMnO3.
On the other hand, the magnetic symme-
try breaking upon this phase transition can
be also expected. To make clear the rela-
tion between the spin and orbital states, we
have investigated the magnetic phase di-
agram of YVO3 under high-pressure and
low-temperature using a hybrid anvil cell.

In order to determine the magnetic or-
dering phase, the magnetic scattering was
explored by using the triple-axis spec-
trometer TOPAN. The temperature de-
pendence of the magnetic peak intensi-
ties was measured at several pressures as
shown in the figure. At ambient pressure
(0GPa), the (0 1 0) magnetic peak reflect-
ing the C-type spin ordering (C-SO) was
observed below TSO1=118K. Moreover, the
second magnetic transition was observed
at TSO2=77K: there the magnetic peak at (0
1 0) disappears and that at (0 1 1) reflecting
the G-type spin ordering (G-SO) appears.

With increasing pressure, TSO2 remarkably
increases while TSO1 has few pressure de-
pendence. As a result, the C-SO phase com-
pletely disappears above 3GPa. Further-
more, TSO2 continues to increase even after
the disappearance of C-SO phase. Finally,
we could elucidate that the magnetic tran-
sition at TSO2 just corresponds to OD/C-
OO phase transition above 6GPa; such a
simultanious transition has never been re-
ported in perovskite-type transition metal
oxides. The result indicates that the mag-
netic ordering play an important role for
the OD/C-OO phase transition.

[1] S. Miyasaka et al., Phys. Rev. B 68 (2003)
100406.
[2] D. Bizen et al., Phys. Rev. B 78 (2008)
224104; D. Bizen et al., J. Magn. Magn.
Mater. 310 (2007) 785.
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Magnetic-Field Variations of Antiferromagnetic Structure in CeRh1-xCoxIn5

M. Yokoyama(A), Y. Ikeda(B), I. Kawasaki(B), D. Nishikawa(B), K. Tenya(C), H.
Amitsuka(B)

(A)Ibaraki University, (B)Hokkaido University, (C)Shinshu University

The Ce-based heavy-fermion compounds
CeMIn5 (M=Rh and Co: HoCoGa5-type
tetragonal structure) are intensively stud-
ied for a rich variety of low-temperature
properties ascribed to the interplay of anti-
ferromagnetism (AF) and superconductiv-
ity (SC). CeRhIn5 orders in an incommen-
surate AF phase with a modulation of qh =
(1/2, 1/2, 0.297)[1]. It is revealed in the Co-
doped alloys CeRh1－ xCoxIn5 [2] that the
AF phase is suppressed with increasing x,
and then disappears at x c ˜ 0.7. At the same
time, SC appears between x = 0.4 and x = 1.
Recent our elastic neutron scattering (ENS)
measurements revealed the emergence of
a new AF state with modulations of qc1 =
(1/2, 1/2, 1/2) in the intermediate x range,
followed by the suppression of the qh-AF
state[3-5]. To elucidate magnetic instabil-
ity involved in small and intermediate x
ranges, we have further performed the ENS
experiment under magnetic field for CeRh1
－ xCoxIn5.
Single crystals of CeRh1－ xCoxIn5 were

grown by the In-flux method. The samples
were shaped into bar (typical size: ˜3 mmˆ2
× 10 mm) in order to minimize the effects
of the neutron absorption caused by Rh and
In. The ENS experiments were carried out
using triple-axis spectrometers GPTAS and
PONTA at the JRR-3M research reactor of
JAEA. Magnetic field was applied along
the [110] direction, which are orthogonal
to the (hhl) scattering plane selected in the
present study.
Figure 1 shows the neutron scattering pat-

tern obtained from the (1/2, 1/2, L) scan at
1.6 K. It is found that applying field along
[110] switches the AF propagation vector
from qh to qc2 = (1/2, 1/2, 1/4) at x =
0.23, while it integrates the qc1- and q1-AF
components [q1=(1/2,1/2,0.42)] into a sin-
gle qc1 one at x = 0.7. This result suggests

that the properties of the Fermi surfaces
significantly vary by Co concentrations.

[1] W. Bao et al., Phys. Rev. B 62 (2000)
R14621.
[2] V.S. Zapf et al., Phys. Rev. B 65 (2001)
014508.
[3] M. Yokoyama et al., J. Phys. Soc. Jpn. 75
(2006) 103703.
[4] M. Yokoyama et al., Phys. Rev. B 77
(2008) 224501.
[5] S. Ohira-Kawamura et al., Phys. Rev. B
76 (2007) 132507.
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Magnetic Excitations of LaFeAsO0.89F0.11

Taketo Moyoshi, San Chul Lee, Ayaka Kawabata, Yoshiaki Kobayashi, Yukio Yasui,
Masatoshi Sato and Kazuhisa Kakurai1

Department of Physics, Nagoya University, Chikusa-ku, Nagoya 464-8602, 1 Quantum Beam
Science Directorate, JAEA, Tokai, Ibaraki 319-1195

This project was originally planned to
study the dynamical magnetic properties
of honeycomb systems of Na3Cu2SbO6and
Na2Co2TeO6 to investigate in detail the
unusual behavior such as the spin gap phe-
nomena found in the former one. However,
the machine time was used to measure the
magnetic excitation spectra of newly found
superconducting system LaFeAsO1-xFx1)
to quickly obtain information on its elec-
tronic state useful to investigate the super-
conducting mechanism.
In LaFeAsO1-xFx, the superconducting
phase is derived by the F-doping to the
magnetically ordered phase, and the high-
est transition temperature Tc is ˜ 28 K at
x˜0.11. Because the magnetic fluctuation is
considered to play a possible role in real-
izing the superconductivity, to study the
magnetic excitation spectra of the system
one of the most important things for the
study of the superconducting mechanism.
The measurements were carried out for a
powder sample of LaFeAsO1-xFx (x˜0.11)
with the incident (Ei) or scattered (Ef) neu-
tron energy being fixed at 30.5meV. In the
measurements, the horizontal collimations
were 40 ’-40 ’-80 ’-80 ’. Scanning the ab-
solute scattering vector Q at various fixed
transfer energies E, we found a peak at Q
˜1.1 　-1 corresponding to (?, 0) point in
the reciprocal space. Because the peak gets
sharper with decreasing T, they are consid-
ered to be magnetic. The integrated intensi-
ties Iint of the peaks have been estimated,
and in the figure, Iint/(n+1) (n: Bose fac-
tor) are shown against E at T = 3.5 K (<
Tc) and 40 K (> Tc).These results should
be compared with the so-called resonance
peak, the existence of which is discussed
by Maier and Scalapino for the s? symme-
try of the superconducting order param-

eter ?.2) Because the expected resonance
peak is expected to be very sharp, if it
exists, the widths of the peaks of the ?”
(Q,?)-? curve obtained with constant Ei,
for which the energy resolution widths are
?3.3 meV, should be sharper than those
obtained with constant Ef (the resolution
widths ?5.2 meV. As can be found in the
figure, we do not see appreciable change
of the curves with changing the experi-
mental resolution, which suggests that the
resonance peak does not exist. Recently,
the neutron scattering measurements on
aligned crystals of BaFe1.84Co0.14As23)
and BaFe1.9Ni0.1As24) were reported. The
present data seems to be very similar to
that of BaFe1.9Ni0.1As2. Here, we note that
our data are consistent with the fact that
the Co doping effect on Tc of LaFeAsO1-
xFx (x˜0.11) is much weaker than expected
for the s? symmetry first reported by us.5)

1)Y. Kamihara et al., J. Am. Chem. Soc. 130
(2008) 3296.
2)T. A. Maier and D. J. Scalapino, Phys. Rev.
B 78 (2008) 020514.
3)M. D. Lumsden et al., arXiv: 0811.4755.
4)S. Chi et al., arXiv:0812.1354
5)A. Kawabata et al., Proc. Int. Sympo-
sium on Fe-oxipnikutide Superconductors,
June28-29, 2009, Tokyo and also J Phys. Soc.
Jpn., 77 (2008) 103704.
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Magnetic excitations of NaxCoO2.yD2O

Taketo Moyoshi, Yukio Yasui, Masatoshi Sato and Kazuhisa Kakurai1
Nagoya Univ. 1JAEA

Na0.3CoO2.1.3H2O with the triangular lat-
tice of Co atoms exhibits the supercon-
ducting transition at Tc of 4.5 K.1) It at-
tracted much attention as the oxide super-
conductor with 3d-electrons found after the
high-Tc Cu-oxides, and various experimen-
tal and theoretical studies have been car-
ried out to identify the superconducting
mechanism.
We have carried out the neutron magnetic
inelastic scattering to investigate the rela-
tionship between the magnetism and the
superconductivity. We used aligned crys-
tals of NaxCoO2.yD2O, in which the vol-
ume fraction of the superconducting phase
or the one with y˜1.3 was about 75%.
The remaining non-superconducting phase
was found not to contain D2O. On this
aligned sample, we have carried out mea-
surements three times. During the peri-
ods (nine months) between these exper-
iments, the sample was kept in the He
gas with D2O vapor. The c-axis length
of the superconducting phase was deter-
mined to be 19.7038(7)　, 19.706(2) 　 and
19.653(2)　 just before the first, second and
third experiments, respectively. This indi-
cates that the deuterated parts of the crys-
tals are at the boundary between the lower-
nuQ3 superconducting and nonsupercon-
ducting regions in the Tc-nuQ3 phase dia-
gram shown in ref. 2 at the first and sec-
ond experiments and at middle point of
the lower-nuQ3 superconducting phase at
the third experiment. (nuQ3˜3nu,nuQ be-
ing the NMR quadrupolar frequency.)
Scans of the transfer momentum Q along
(h, 0, 2.8) in the reciprocal space with fixed
transfer energy (E) have been carried out
at E= 3 meV at several temperatures be-
tween 5 K and 100 K. In all experiments,
two magnetic scattering peaks have been
observed at h˜0 and h˜1/2. The peak at h˜0
corresponds to an in-plane ferromagnetic

fluctuation and the peak at h = 1/2　 cor-
responds to the in-plane antiferromagnetic
fluctuation.
We find that the Q-integrated intensity kai”
(omega= 3 meV) estimated for the peak ob-
served at h ˜ 0 decreases with decreasing T
and becomes inappreciable at low temper-
ature, while kai”(omega= 3 meV) at h = 1/2
exists at all temperatures studied here. The
disappearance of kai”(omega= 3 meV) at
h˜0 at low T excludes the existence of the
hole pockets near the K points in the recip-
rocal space. We do not show the detailed
reasons here, but just mention that the ex-
istence of the peak in a relatively high T re-
gion is due to the fact that the top of the
eg’band is slightly below the Fermi level.3)
Important point is that this result excludes
the basis of the predicted triplet supercon-
ductivity.4) The incommensurate magnetic
fluctuations with a small wave vector q (or
h˜0) suggested by Kuroki et al.5) as the ex-
citations among the electron levels of two
different Fermi surfaces around the gamma
point, are also excluded by the disappear-
ance of the scattering peak at h˜0. The result
on the Fermi surface topology is consistent
with the simple Fermi surface observed
by the angle-resolved photoemission spec-
troscopy (ARPES) reported by Shimojima
et al.6)

The two-dimensional antiferromagnetic
fluctuations have been observed in the Q
region around (1/2, 0, l). This result indi-
cates that, if spin fluctuations are important
for the occurrence of the superconductivity,
they should be antiferromagnetic, support-
ing singlet pairing.
The present results exclude the possibility
of the triplet-pairing of the superconduc-
tivity, and are consistent with the results
of the NMR Knight shift reported by the
present authors ’group.7)
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Fe-doping dependence of magnetic correlations in Bi2201

H. Hiraka and K. Yamada
IMR, Tohoku University, AIMR, Tohoku University

To explain the origin of high-Tc super-
conductivity, it is important to investi-
gate spin correlations in a wide carrier-
concentration range for high-Tc cuprates
systematically. Although no magnetic
cross section has been experimentally re-
ported yet in one of the most typical
cuprate superconductors Bi2201, we suc-
ceeded in finding magnetic incommensu-
rate peaks at quasi-elastic channel by us-
ing a Fe and Pb co-doped single crystal
on AKANE last year [1]. The most strik-
ing feature of the magnetic scattering is
the anomalously large incommensurabil-
ity δ = 0.20. Since δ in Sr-doped La214
system saturates in 0.13 ∼1/8, it should
be examined first whether the large δ in
Fe-doped Bi2201 come from the under-
lying Cu-spin modulation or merely the
Fe-Fe magnetic interaction between local-
ized spins. So, we searched the Fe-doping
dependence of the magnetic incommen-
surate peaks using as-grown single crys-
tals of Bi1.75Pb0.35Sr1.90Cu1−yFeyO6+δ with
y =0.03, 0.06, and 0.12. To compare
the scattering intensity each other, samples
with nearly the same sample volume were
prepared for current studies.

Neutron scattering experiments were
carried out on triple-axis spectrometers
AKANE and TOPAN. Figure 1 shows dif-
ference plots of Q spectra between 3 K
and 70 K about (1, 0, 0) antiferromagnetic
zone center. While the magnetic inten-
sity successively increases upon Fe dop-
ing, the incommensurate-peak structure is
unchanged within the statistics. In fact,
the spectra are well reproduced by us-
ing the same incommensurability and peak
width, already extracted from y = 0.09 [1].
This result could be explained by suppos-
ing small magnetized clusters around Fe,
which grow in number with increasing Fe
spins. Hence, the magnetic modulations

with large δ detected by Fe doping may
come from underlying modulations of Cu
spins. The large δ of the current sam-
ple in the ocerdoped phase follows a rela-
tion δ = p, where p is the effective hole
concentration and estimated to ∼0.22 from
ARPES measurements for y = 0.09 [2]. This
strongly suggests a different type of spin
correlations in Bi2201 from the dominant
spin-stripe correlations in Sr-doped La214.
References
[1] H. Hiraka and K. Yamada, Activity Report

on Neutron Scattering Research: Experi-
mental Reports 15 (2008), Report Number
398.

[2] T. Sato, private communications.
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Identification of an order parameter in a heavy fermion antiferromagnet CeTe3

K. Deguchi1, N. Aso2, 3, H. Iwase1, T. Okada1, G. F. Chen1, N. K. Sato1, H. Yoshizawa3

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

Rare-earth tri-telluride CeTe3, which be-
longs to the family of quasi-two dimen-
sional compounds RTe3 (where R = Y, La-
Sm, Gd-Tm), has highly two-dimensional
crystal structure; bi-layer RTe-sheets and
two square Te-sheets are stacked along
the b-axis (space group Cmcm, weakly
orthorhombic structure) [1]. Fermi sur-
faces consist of inner and outer square
sheets, large regions of which are nested
by a single incommensurate wave-vector
corresponding to the observed lattice-
modulation. Because of the characteris-
tic quasi-two-dimensional nature of the Te
sheet, the charge-density-wave (CDW) is
formed with an extremely large gap [2].
Despite the extensive studies on the CDW
in recent years, remarkably little is known
about magnetism and low-temperature
properties of CeTe3. Recently, it has been
reported that CeTe3 exhibits two (mag-
netic) ordering below TN1 = 3.1 K and
TN2 = 1.3 K by the specific heat and sus-
ceptibility measurements, shown in Fig.1
(a) [3, 4]. From these measurements, the
phase below at TN2 seems to be a spin-
density-wave (SDW).

The goal of this work is to determine the
order parameters of the low-temperature
two phases by neutron diffraction tech-
nique. A single crystal of m ∼ 0.3 gram
was prepared and put in an aluminum can
filled with a He gas. It was cooled down
to 0.7 K using a 3He cryostat [5]. Neutron
diffraction experiments were performed at
HQR and PONTA in the research reactor
JRR-3.

We have searched magnetic reflections of
CeTe3 below TN2 with mesh-scans in a scat-
tering plane of (H, 0, L). We have found
the Bragg reflection at an incommensurate
reciprocal point Q = (0.18, 0, 1.32) at 0.7
K (below TN2). Fig.1 (b) shows tempera-
ture dependence of the peak intensities at

Q = (0.18, 0, 1.32), which disappeared at
1.5 K (above TN2). The development of
the incommensurate magnetic Bragg peak
strongly supports that the order below TN2
are of itinerant magnetic origin. A series of
experiments indicate that the magnetic or-
der of CeTe3 develops from the paramag-
netic phase to the SDW phase through the
intermediate phase with the formation of
heavy quasi-particles.
References
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Thermal variations of magnetic excitation spectrum in slightly overdoped
Bi2.1Sr1.9CaCu2O8+δ
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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

Recently, similar magnetic spectra have
been reported on several high-Tc families,
La2−xBaxCuO4 (LBCO) [1], La2−xSrxCuO4
(LSCO) [2], and YBa2Cu3O6+x (YBCO) [3],
namely, a characteristic hourglass-like
magnetic excitation. There are, however,
important differences concerning their
thermal variations of spectra across Tc. In
particular, the magnetic resonance peak
in YBCO shows an order-parameter like
behavior in contrast to no clear enhance-
ment of the (π, π)-peak at Tc in the LBCO
and LSCO systems. This discrepancy rises
following question. Which part of mag-
netic excitation is essential and universal
for high-Tc superconductors? One way
to resolve this issue is to investigate an-
other high-Tc system Bi2.1Sr1.9CaCu2O8+δ

(Bi2212). We explored the magnetic
spectrum in slightly overdoped Bi2212
grown by travelling-solvent-floating zone
method. Neutron scattering experiments
were performed on the triple-axis spec-
trometer PONTA installed at the JRR-3
Reactor of the JAEA. We have aligned 9
single crystals on Al plates. The total mass
of aligned crystals is 4.6g (0.71cc), which is
12 times as large as the crystal used in the
previous report[4].

From our previous studies, we know
resonance peak appears at ω = 34 meV
and (1

2 , 1
2 ,−14) in our sample. Upon heat-

ing above Tc, the intensity at (1
2 , 1

2 ,−14)
(open circles) keeps on increasing except
a small drop at T = 200 K. This dip-
structure at T = 200 K is more clear for the
difference (closed circles) between back-
ground (BG: open rectangles) and the in-
tensity at (1

2 , 1
2 ,−14). Here, the background

at (1
2 , 1

2 ,−14) was estimated as an aver-

age of the intensities at (0.1, 0.1,−14) and
(0.9, 0.9,−14). Subtracting temperature-
dependent background, the (π, π)-peak
keeps on decreasing with increasing tem-
perature up to 200 K, which roughly agrees
with the onset of pseudogap T∗ = 150 ∼
200 K. This suggests that, in slightly over-
doped Bi2212, a large magnetic resonance
peak remains above Tc and disappears
around T∗, which could be associated with
pre-formed singlet pairs in the pseudogap
phase.
References
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[2] N. B. Christensen et al., Phys. Rev. Lett. 93
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Fig. 1. The temperature dependence of the scatter-
ing intensity at ω = 34 meV measured at ( 1

2 , 1
2 ,−14),

background, and the difference between them.
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Inelastic neutron scattering experiment on deuterated halogen-bridged nickel
complex

S. Itoh and T. Yokoo
High Energy Accelerator Research Organization, Tsukuba, 305-0801

The halogen-bridged nickel com-
plex, [Ni(chxn)2Br]Br2 (chxn=1R,2R-
cyclohexandiamine), has a 1D structure,
-Br-Ni(III)-Br-Ni(III)-Br-, along the b-axis
[1-2]. This spin structure implies the for-
mation of antiferromagnetically coupled
S=1/2 Heisenberg chains of Ni(III). Re-
cently, this system has been suggested to be
the second d-electron spin-Peiers system
following CuGeO3, and the first example
of organic d-electron spin-Peiers system
(TTF-CuBDT is a p-electron system). In
fact, a clear splitting of the spectrum below
40 K has been observed in the Br-81 NQR
study [3].

We have initiated inelastic neutron scat-
tering experiments in [Ni(chxn)2Br]Br2, in
order to detect magnetic excitations. In the
early stage of our investigations, we grew
single crystals and tried inelastic neutron
scattering experiments. However, since the
sample was not deuterated, local modes
originating from hydrogen were too strong
to detect magnetic excitations.

Very recently, we have successfully syn-
thesized 95%-deuterated polycrystals of
[Ni(chxn)2Br]Br2. We measured inelastic
neutron scattering spectra from the 95%-
deuterated polycrystalline sample on the
triple axis spectrometer PONTA (5G) at
JRR3M in JAEA (Tokai), with Ef = 14.7 meV,
by using the collimation, open-80 ’-80 ’-
open, at 10 K and 100 K (below and above
the transition temperature). Although we
used 95%-deuterated crystals, the back-
ground noise was still high as shown in
Fig. 1(a) (1Mmon roughly corresponds to
5 minutes). In order to reduce the back-
ground noise, fully-deuterated crystals are
required. The antiferromagnetic zone cen-
ter is located at Q = 0.6 A-1. Assuming
the signals at Q = 0.8 A-1 to be the back-
ground, the spectrum of S(E) = I(Q=0.6,E) -

I(Q=0.8,E) was deduced, and the difference
of S(E,T=10K) - S(E,T=100K) is plotted in
Fig. 1(b). The spectrum in Fig. 1(b) should
be magnetic signals at the magnetic zone
center if magnetic response is detected.

[1] K. Toriumi et al., J. Am. Chem. Soc. 111
(1989)2341.
[2] H. Okamoto et al., PRB 54 (1996) 8438.
[3] S. Takaishi et al., J. Am. Chem. Soc. 126
(2004) 1614.
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Electric Control of Helimagnetic Chirality in CoCr2O4
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Ferroelectricity driven by magnetic order
is paid a large attention in the recent study
of multiferroics. A cubic spinel CoCr2O4,
in which magnetic Co2+ ions occupy the
A site and Cr3+ ions occupy the B site,
shows ferrimagnetic ordering below TC =
93 K and conical-spiral magnetic ordering
below TS = 26 K. [1] As the spiral magnetic
ordering induces electric polarization,[2,
3] the right-handed or left-handed spiral
magnetic structure can be controlled by the
electric polarization.[4] To detect the chiral
helimagnetic structure, polarized neutron
diffraction is powerful method by compar-
ing magnetic satellite intensity of up-spin
and down-spin incident neutron beams.

To detect the helimagnetic chirality, we
performed polarized neutron diffraction
experiments on a triple-axis spectrometer
5G (PONTA), JRR-3M, Tokai, Japan. The
energy of incident neutron beam was 13.7
meV. To make single chiral helimagnetic
domains, we cooled the sample with apply-
ing a magnetic field of 0.5 T along <0, 0, 1>
and electric field of 0 to 0.9 kV/mm along
<-1, 1, 0>. After cooling, the magnetic and
electric field was turned off and the sample
was set on a goniometer. The data was col-
lected at 10 K. By observing nuclear Bragg
reflection of (2, 2, 0), the neutron polar-
ization of incident beam was determined
to be 95.4 %. As shown in Fig. 1, we ob-
served magnetic satellite peak at (2-q, 2-q,
0), where the magnetic propagation vector
kmag was (q, q, 0) (q = 0.616). To inves-
tigate the helimagnetic chirality, intensity
comparison at (±q,±q, 2) is necessary. As
the peaktop intensity of (± q, ± q, 2) was
too weak (0.1 cps), we estimated the inten-

sity by subtracting the background inten-
sity from the peaktop intensity. In any elec-
tric field amplitude, the obtained neutron
polarization in (q, q, 2) was nearly zero,
which indicates the right- and left-handed
magnetic screw domains coexist in equal
ratio. The magnetic domains might be de-
stroyed in the process of turning off the
magnetic field. Therefore, the additional
polarized neutron diffraction experiments
under an applied magnetic field are now in
progress.
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Fig. 1. Omega scan profile in (2-q, 2-q, 0)
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Mechanism of Spontaneous Electric Polarization Flop in TbMnO3

H. Sagayama (A), N. Abe (B), T. Arima (A), K. Iwasa (B)
(A)IMRAM, Tohoku univ., (B) Dept. Phys., Tohoku univ

Orthorhombic perovskite TbMnO3 is one
of the typical multiferroic systems. Sponta-
neous electric polarization (P) along the c-
axis appears below TC (˜27K) [1]. It origi-
nates from the spiral configuration of Mn3+
spins rotating in the bc-plane with prop-
agating vector (0 q 1) (q˜0.27) through an
inverse effect of the DM interaction [2,3].
Interestingly, the P//c is turned to the
a-axis direction by applying a magnetic
field along the a- or b-axis. Magnetic struc-
ture analysis and a spin-polarized neutron
diffraction study of 160Gd0.7Tb0.3MnO3
strongly suggest that P//a also originates
from helical spin structure rotating in the
ab-plane [4]. It has been pointed out that
anisotropic magnetic moments of Tb3+
play an important role for the complicated
electric polarization flop [5].

To clarify mechanism of the electric
polarization flop, we have performed
a spin-polarized-neutron 　 diffraction
measurement using the TOPAN installed
at JRR-3. Heusler(111)-Heusler(111)
monochromator-analyser configuration
was used. The incident neutron energy
Ei was 80 meV. Collimators were set as
open-80-100-open. A single crystal sample
was mounted in a superconducting mag-
net with the a- and c-axis in the scattering
plane. The magnetic field was applied
along the b-axis up to 5.5 T.

We observed magnetic field dependences
of spin-flip and non-spin-flip scattering at
(0, q, 7) and (4, q, 1) at 8 K. These results
indicate the basal plane change of spin he-
lix from the bc- to ab- plane. In addition,
we observed increasing of (1 0 6) reflec-
tion corresponding to the C-type antifer-
romagnetic structure with increasing mag-
netic field. It might be caused by the local
anisotropy of Tb magnetic moments lying
in the ab plane. Based on the experimental
results, we considered coupling between

Mn3+ spins and anisotropic Tb3+ magnetic
moments. We calculated magnetic field de-
pendence of the energy gain of the cou-
pling and succeeded in reproducing the
electromagnetic diagram of TbMnO3 [5].

Reference
[1] T. Kimura et al., Nature (London) 426,
55 (2003).
[2] M. Kenzelmann et al., Phys. Rev. Lett.
95, 087206 (2005).
[3] Y. Yamasaki et al., Phys. Rev. Lett. 98,
147204 (2007).
[4] Y. Yamasaki et al., Phys. Rev. Lett. 101,
097204 (2008).
[5] N. Abe et al., Phys. Rev. Lett. 99, 227206
(2007).

Fig. 1. Magnetic field dependences of integrated in-
tensities of (1 0 6) and (3 0 0) refrection. The inset
shows reflection profiles of spin frop and non-spin
flop scattering at (1 0 6).
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Thermoelectric properties and crystal structures in layered Co oxides

H. Nakatsugawa and K. Nagasawa
Yokohama National University 79-5 Tokiwadai Hodogaya-ku Yokohama 240-8501 Japan

Polycrystalline samples were prepared by
a conventional solid-state reaction method.
Appropriate amount of starting from a
mixture of CaCO3 (99.9%) and Co3O4
(99.9%) powders were mixed with an agate
mortar and pressed into pellets. The pel-
lets were calcined in air at 920 ℃ for
12h and sintered at 920 ℃ for 24h un-
der pure flowing oxygen gas. The sam-
ples were furnace cooled to room tempera-
ture, ground and pelletized again. This pro-
cess was repeated three times in order to
obtain well-crystallized single-phase sam-
ple. In addition, one of the obtained well-
crystallized single-phase samples were an-
nealed in pure flowing Ar gas at 740℃ for
48h and then quenched in distilled water to
control oxygen nonstoichiometryδ. In this
work, we prepare two samples: ”Sample
A” and ”Sample B”. The former is the ob-
tained well-crystallized single-phase sam-
ple, and the latter is the annealed sample to
control oxygen nonstoichiometry δ in re-
duction atmosphere.
Neutron powder diffraction (ND) data
were collected at room temperature using
a Kinken powder diffractometer for the
high-efficiency and high-resolution mea-
surements (HERMES) of Institute for Ma-
terials Research (IMR), Tohoku University,
installed at a JRR-3M reactor in Japan
Atomic Energy Research Institute (JAERI).
The ND data were collected on thor-
oughly ground powders in a multiscan-
ning mode in the 2 θ range from 3.0
to 153.9°with a step width of 0.1°.The
incident neutron beam was monochrom-
atized to a wavelength of 1.8205 Å.The
XRD and ND data were simultaneously
analyzed using a Rietveld refinement pro-
gram PREMOS 91 designed for modulated
structure analyses. We adopt a superspace
group of C2/m(1p0)s0 because the CdI2-
type [CoO2] subsystem has a C2/m sym-

metry, whereas the RS-type BL subsystem
has a C21/m symmetry. The crystal struc-
tures and interatomic distance plots were
obtained using the PRJMS and MODPLT
routines, respectively; both are included in
the PREMOS 91 package.
Figure 1(a) shows the observed, calculated
and difference intensities of the HERMES
data for Sample A. Short vertical lines be-
low the patterns indicate the peak positions
of the main (upper) and satellite (lower) re-
flections of the two subsystems. The final
Rwp factor is 5.37 % and the lattice param-
eters are refined to a = 4.83353(4)Å, bCoO2
= 2.82380(7) Å, c = 10.8455(3) Å and β
= 98.141(5)°for the [CoO2] subsystem and
bRS = 4.55757(8)Å for the RS-type BL sub-
system. The resulting p = bCoO2/bRS =
0.61958(5) ～0.62 corresponds to the struc-
tural formula [Ca2CoO3.08]0.62CoO2.
The crystal structure of Sample B was also

analyzed in a similar manner. Figure 1(b)
shows the observed, calculated and differ-
ence intensities of the HERMES data for
Sample B. Short vertical lines below the
patterns indicate the peak positions of the
main (upper) and satellite (lower) reflec-
tions of the two subsystems. The final Rwp
factor is 4.69 % and the lattice parameters
are refined to a = 4.83804(6) Å, bCoO2 =
2.82533(1) Å, c = 10.86027(2) Å and β =
98.135(8)°for the [CoO2] subsystem and
bRS = 4.55128(9)Å for the RS-type BL sub-
system. The resulting p = bCoO2/bRS =
0.62077(6) ～0.62 corresponds to the struc-
tural formula [Ca2CoO3.08－δ]0.62CoO2.
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Fig. 1. Fig.1 Observed, calculated and difference in-
tensities of powder ND data for (a) Sample A and
(b) Sample, respectively.The inset is the final crystal
structure.
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Thermoelectric properties and crystal structures in layered Co oxides

H. Nakatsugawa and K. Nagasawa
Yokohama National University 79-5 Tokiwadai Hodogaya-ku Yokohama 240-8501 Japan

Polycrystalline samples were prepared by
a conventional solid-state reaction method.
Appropriate amount of starting from a
mixture of CaCO3 (99.9%) and Co3O4
(99.9%) powders were mixed with an agate
mortar and pressed into pellets. The pel-
lets were calcined in air at 920 ℃ for
12h and sintered at 920 ℃ for 24h un-
der pure flowing oxygen gas. The sam-
ples were furnace cooled to room tempera-
ture, ground and pelletized again. This pro-
cess was repeated three times in order to
obtain well-crystallized single-phase sam-
ple. In addition, one of the obtained well-
crystallized single-phase samples were an-
nealed in pure flowing Ar gas at 740℃ for
48h and then quenched in distilled water to
control oxygen nonstoichiometryδ. In this
work, we prepare two samples: ”Sample
A” and ”Sample B”. The former is the ob-
tained well-crystallized single-phase sam-
ple, and the latter is the annealed sample to
control oxygen nonstoichiometry δ in re-
duction atmosphere.

Neutron powder diffraction (ND) data
were collected at room temperature using
a Kinken powder diffractometer for the
high-efficiency and high-resolution mea-
surements (HERMES) of Institute for Ma-
terials Research (IMR), Tohoku University,
installed at a JRR-3M reactor in Japan
Atomic Energy Research Institute (JAERI).
The ND data were collected on thor-
oughly ground powders in a multiscan-
ning mode in the 2 θ range from 3.0
to 153.9°with a step width of 0.1°.The
incident neutron beam was monochrom-
atized to a wavelength of 1.8205 Å.The
XRD and ND data were simultaneously
analyzed using a Rietveld refinement pro-
gram PREMOS 91designed for modulated
structure analyses. We adopt a superspace
group of C2/m(1p0)s0 because the CdI2-
type [CoO2] subsystem has a C2/m sym-

metry, whereas the RS-type BL subsystem
has a C21/m symmetry. The crystal struc-
tures and interatomic distance plots were
obtained using the PRJMS and MODPLT
routines, respectively; both are included in
the PREMOS 91 package.
Figure 1(a) shows the observed, calculated

and difference intensities of the HERMES
data for Sample A. Short vertical lines be-
low the patterns indicate the peak positions
of the main (upper) and satellite (lower) re-
flections of the two subsystems. The final
Rwp factor is 5.37 %. The crystal structure
of Sample B was also analyzed in a similar
manner. Figure 1(b) shows the observed,
calculated and difference intensities of the
HERMES data for Sample B. Short vertical
lines below the patterns indicate the peak
positions of the main (upper) and satellite
(lower) reflections of the two subsystems.

Fig. 1. Observed, calculated and difference inten-
sities of powder ND data for (a) Sample A and (b)
Sample B, respectively. The inset is the final crystal
structure.
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Nonmagnetic impurity effect in ferroelectric phase of CuFeO2

T. Nakajima1, S. Mitsuda1, M. Yamano1, H. Yamazaki1, M. Matsuura2, K. Hirota2

1 Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo 162-8601
2 Department of Earth and Space Sci., Osaka University, Toyonaka 560-0043

In the past several years, a magnetic ox-
ide CuFeO2 (CFO) has been intensively
investigated as a new class of magneto-
electric (ME) multiferroics, whose ferro-
electricity is originated from a proper-
screw type magnetic ordering. The recent
experimental studies have revealed that
the ferroelectric helimagnetic phase, which
originally shows up as a magnetic-field-
induced phase in pure CFO, also shows
up as a ground state in slightly diluted
CuFe1−xAlxO2 (CFAO) and CuFe1−xGaxO2
(CFGO). Although the origin of the ferro-
electricity must be common to CFO, CFAO
and CFGO, the reported values of the ob-
served macroscopic electric polarization, P,
are rather different from each other. In
particular, the previously reported value of
P in CFAO (∼ 50μC/m2) is remarkably
smaller than the values in CFO and CFGO
(200 ∼ 400μC/m2).

In the present study, we have thus
performed polarized neutron diffraction
and in-situ pyroelectric measurements on
CFAO, in order to answer the question:
”What determines the magnitude of P in
CFO, CFAO and CFGO systems?”. The po-
larized neutron diffraction measurements
on CFAO(x = 0.015) were carried out at the
triple-axis neutron spectrometer PONTA
installed by University of Tokyo at JRR-3
in the Japan Atomic Energy Agency(JAEA).
Incident polarized neutron beam with en-
ergy 34.06 meV was obtained by a Heusller
(111) monochromator. The flipping ratio
of the polarized neutron beam was ∼ 14.
The experimental settings and procedures
including pyroelectric measurement were
the same as those in the previous polarized
neutron diffraction measurement on CFAO
(x = 0.02).[3]

Since our previous work have revealed
a one-to-one correspondence between the

spin helicity and the polarity of the induced
ferroelectric polarization, in the present
work, we have deduced asymmetry in
the fractions of the left-handed and right-
handed helical magnetic ordering from the
results of the polarized neutron measure-
ments. We refer to this asymmetry of the
spin helicity as D.

Figures 1(a-1) and 1(a-2) show the mea-
sured values of D and P as functions of
Ep. We found that P and D in CFAO
were rather insensitive to Ep. However,
we also found that CFAO can achieve P of
∼ 250μC/m2, which is comparable to the
values of P in CFO and CFGO, as shown in
the inset of Fig. 1(b). This implies that the
magnitude of the local electric polarization
in CFO system does not reduced by the Al-
substitution, but the sensitivity of P to Ep is
reduced.
References
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[2] T. Nakajima et al.: JPSJ 76 (2007)043709.
[3] T. Nakajima et al. PRB 77 052401 (2007).

Fig. 1. [(a)-(b)] Ep dependences of (a)P and (b)D in
CFAO (x = 0.015) at T = 2.0K.
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Magnetic Phase Diagram in Ba2Mg2Fe12O22

H. Sagayama(A), K. Taniguchi(A), T. Arima(A), Y. Nishikawa(B), S. Yano(B), J.
Akimitsu(B), M. Matsuura(C), K. Hirota(C)

(A)IMRAM, Tohoku Univ., (B)Dept. Phys., Aoyama-Gakuin University, (C)Dept. Earth and
Space Science, Osaka Univ.

It has been recently found that a Y-
type hexaferrite Ba2Mg2Fe12O22 (BMFO)
exhibits a nonlinear magnetoelectric effect
[1,2]. It is proposed that the conical mag-
netic structure at low temperatures is mod-
ified by the application of a weak magnetic
field perpendicular to the cone axis of the
c axis, which produces the electric polar-
ization. However, the magnetic phase di-
agram of BMFO has not been clarified yet.
We performed a neutron diffraction mea-
surement to reveal the magnetic phase di-
agram with the H ‖ b∗ configuration.

Single crystals of BFMO were grown
from Na2O-Fe2O3 flux. Neutron diffraction
measurement was performed with a triple-
axis neutron spectrometer PONTA at JRR-
3. A single crystal was set in a 4He refriger-
ator. A magnetic field was applied parallel
to the b-axis using a 1T electromagnet. The
diffraction profile along (1 0 L) was mea-
sured for various temperatures and mag-
netic fields.

As cooling down the sample down to
10 K in zero magnetic field, clear mag-
netic satellite peaks are observed at L=-3.4
and -1.6, indicating a incommensurate con-
ical phase. Considering the M-H curve,
the cone axis is possibly parallel to the
c-axis. As increasing the magnetic field
along the b-axis to 0.2 T, the peak position
of the magnetic satellites suddenly moves
to L=-4.5. The compound clearly under-
goes incommensurate-commensurate mag-
netic phase transition. A magnetic struc-
ture analysis with using FONDER suggests
that the magnetic moments form a spiral
around the b axis and propagate along the
c axis with a period of two unit layers.
The magnetic structure does not change
at least up to 0.5 T. With decreasing the
magnetic field down to 0 T, the magnetic

structure does not show the incommenrate
alignment but changes to another commen-
surate phase. The period of the magnetic
alignment is six unit layers.

At higher temperatures, we also find the
four-fold magnetic phase for an interme-
diate region between the low-field six-fold
phase and high-field two-fold phase. We
summarize the magnetic phase diagram in
Fig. 1.

References
[1] K. Taniguchi et al., Appl. Phys. Ex-

press 1, 031301 (2008).
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(2008).

Fig. 1. Magnetic phase diagram of a Y-type hexa-
ferrite Ba2Mg2Fe12O22 for magnetic fields along the
b-axis.
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Magnetic Property of PrxFe4Sb12

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

Tohoku Univ.1, Ibaraki Univ.2, The Univ. of Tokushima3

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, that is
composed by not only Pr 4 f but also Fe
3d electrons (N. P. Butch et al.: Phys. Rev.
B 71 (2005) 214417), since the magnitude
of effective magnetic moment estimated
from the high temperature magnetic sus-
ceptibility is larger than that of Pr3+ free
ion. The ordered structure of the two
kinds of magnetic moments depending on
the Pr filling has been unsolved yet. It is
notable that the magnetic phse 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 exper-
iment using the triple-axis spectrometer
TOPAN (6G) in order to reveal Pr-ion crys-
tal field levels by using powdered simple
and the four-circle diffractometer FONDER
(T2-2) to investigate the magnetic ordered
structure by using a single crystalline sam-
ple. These samples were synthesized by the
so-called Sb-self flux method, and the Pr
concentration x is expected to be less than
unity (x = 0.7 − 0.9), as was reported
in the previous reports. Figure shows in-
elastic spectra observed at TOPAN. We suc-
ceeded in observing two magnetic excita-
tion peaks at 2.4 and 11 meV. The peak po-
sitions are almost equivalent with those of
the x < 1 sample reported by E. Bauer et
al. (J. Magn. Magn. Mater. 310 (2007)
286) but also for the x 1 one synthesized
by K. Tanaka et al. using the high-pressure
method (J. Phys. Soc. Jpn. 76 (2007)
103704). Therefore, one can expect that the
nature of 4 f electrons localized at Pr ions
does not strongly depend on the Pr ion con-
centration. In the Experiment at FONDER,

we succeeded in observing 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, because of the
small single crystalline sample, we have
not yet achieved to the conclusion of mag-
netic structure. We will carry out a subse-
quent measurement with a larger volume
sample.

The less dependence of the 4 f crystal
field levels and the apparent dependence
of the magnetic ordering on the Pr ion con-
centration may indicate that the magnetic
ordering is predominated by Fe magnetic
moments as discussed previously.
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Fig. 1. Magnetic excitation spectra of PrxFe4Sb12
and LaxFe4Sb12 at 3.3 K.
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Crystal-field excitation and multipolar ordering in Pr(Ru1−xRhx)4P12

K. Iwasa1, K. Saito1, L. Hao2, Y. Murakami1

Tohoku Univ.1, China Institute of Atomic Energy2

Spontaneous ordering of higher-rank
multipoles 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).
The phase transition is a new type of charge
density wave formation originating from
the coupling of the Fermi surface nesting
property to the modulated 4 f multipolar
arrangement. This coupling is due to p- f
hybridization between 4 f and conduction
electrons. It should be notable that the or-
dering is characterized by the crystal field
excitations exhibiting the strong tempera-
ture dependence in accordance with the
evolution of the multipolar order parame-
ter (K. Iwasa et al.: Phys. Rev. B 72 (2005)
024414). The substitution of Rh to Ru gives
rise to rapid suppress of metal-nonmetal
transition; the electrical resistivity at low
temperature in the Rh 10% system becomes
the same magnitude at around 60 K (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.
Then we have carried out inelastic scat-
tering experiments to measure crystal-field
excitation of Pr(Ru1−xRhx)4P12.

We have performed experiments using
the triple-axis spectrometers HER (C1-1)
and TOPAN (6G) for polycrystalline sam-
ple of Pr(Ru1−xRhx)4P12. These previous
studies revealed that the Rh doping sys-
tems (x = 0, 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 ad-
dition to the strongly temperature depen-
dent ones. The most recent measurement
for x = 0.01 performed at HER also shows
the same excitation spectrum. The peaks

appearing in the Rh doped systems indi-
cate appearance of Pr ions without contri-
bution to the ordering. In order to iden-
tify the level schemes produced by the Rh
doping, we carried out the inelastic mea-
surements under magnetic field for the x
= 0.05 system. Figure depicts the mag-
netic field dependence of the excitation at
2.4 meV measured at 1.6 K. The broaden-
ing and asymmetric shape of the peak un-
der finite magnetic field indicate that the
peak corresponds to excitation from singlet
ground state to triplet state. On the phase
transition to the antiferro-type hexadecap-
olar ordering in the pure system, the crystal
field level scheme at one of the Pr ion sites
switches from a singlet to a triplet state.
Thus, the Rh doping is thought to force the
Pr 4 f electron state to remain at the singlet
state, resulting into the suppression of the
transition.
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citations of Pr(Ru0.95Rh0.05)4P12 at 1.6 K.
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Electric Field Control of Magnetic Correlation in Multiferric Cu(Fe,Al)O2

K. Takahashi, Y. Kaneko, T. Ito, T. Nakajima, and S. Mitsuda
Department of Physics, Faculty of Science, Tokyo University of Science, Tokyo 162-8601

Recently, a magneto-electric multiferroic
CuFeO2, in which the ferroelectric phase
shows up as a magnetic-field- or impurity-
induced phase, has been extensively inves-
tigated. The recent experimental works
have revealed that the magnetic structure
in the ferroelectric phase is a ‘proper-screw-
type’ structure[1], whose spin-helicity cor-
responds to the polarity of the local fer-
roelectric polarization emerging along the
helical axis.[2] In the previous neutron
diffraction measurement on CuFe1−xAlxO2
at FONDER(T2-2),[3] we have discovered
that magnetic diffraction profiles in the fer-
roelectric phase were sharpened by apply-
ing electric field parallel to the helical axis.
This implies that the magnetic correlation
length in the ferroelectric phase can be con-
trolled by an applied electric field.

In order to investigate the electric field
dependence of the magnetic correlation
length in detail, in the present experi-
ment, we have performed neutron diffrac-
tion measurements on CuFe1−xAlxO2 (x =
0.02) under applied electric fields paral-
lel and perpendicular to the helical axis,
using the triple-axis neutron spectrome-
ters HQR(T1-1) and HER(C1-1) installed at
JRR-3. As shown in Figs. 1(a) and 1(b),
we found that a poling electric field ap-
plied parallel to the helical axis sharpens
the diffraction profile of (q, q, 3/2) mag-
netic reflection in the ferroelectric phase,
but that applied perpendicular to the heli-
cal axis does not. Figure 1(c) shows that the
variance of the diffraction profile, which
is relevant to the inverse magnetic correla-
tion length, decreases, with increasing pol-
ing electric field. This suggests that the av-
erage size of the magnetic domains is en-
larged by the poling electric field, owing
to the one-to-one correspondence between
the magnetic and ferroelectric domains, be-
cause the poling electric field should en-

larges the ferroelectric domains in which
the local electric polarization is parallel to
it. Note that this electric field dependence
of the magnetic correlation length might
not be observed not in the typical multi-
ferroics such as TbMnO3, but is clearly ob-
served in CuFe1−xAlxO2. This is because
the magnetic correlation in the ferroelec-
tric phase of CuFe1−xAlxO2 (x = 0.02) is
originally disturbed by site-random Al3+-
substitutions, and therefore the change in
the magnetic correlation length was easily
detected by neutron diffraction measure-
ments. For further research, we will inves-
tigate the helicity-dependent magnetic cor-
relation by polarized neutron diffraction
measurements.
References
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Fig. 1. (a)(b)Diffraction profiles in the ferroelectric
phase. Green bar stand for resolution limit. (c)E-
field dependence of the variance of diffraction pro-
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Rattling vibration of cage compounds
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A large vibration of an atom in an over-
sized atomic cage, so called rattling, has at-
tracted great interest since it can be the ori-
gin of exotic physical properties. For exam-
ple, rattling can be responsible for the ex-
tremely low thermal conductivity in cage
compounds. Electronic properties could
be also affected by rattling via electron-
phonon coupling. To clarify the effect of
rattling motion on these exotic physical
properties, it is very important to under-
stand the nature of rattling.

Type-I clathrate X8Ga16Ge30 (X=Ba, Sr
or Eu) is one of compounds that has large
Ga and Ge atomic cages filled with X guest
atoms. According to crystal structure anal-
ysis, the positions of Sr and Eu atoms
split into four sites. Phonon dynamics of
cage compounds with off-centered guest
atoms are a controversial issue. There-
foire, we studied the phonon dynamics of
Sr8Ga16Ge30 by inelastic neutron scatter-
ing [1,2].

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 analyzer. The se-
quences of horizontal collimators were 40’-
30’-S-30’-30’ where S denotes the sample
position. A single crystal of Sr8Ga16Ge30
was grown by a self-flux method using ex-
cess Ga. The volume of the single crystal
used for the measurements was about 2 cc.
All measurements were conducted at room
temperature.

Figure 1 shows the phonon dispersion
of Sr8Ga16Ge30 with propagation vector of
[100]. The optical phonon mode observed
at E = 4 meV corresponds to a guest mode,
in which Sr atoms vibrate largely. The
guest mode shows anti-crossing behavior

with the acoustic phonon mode, though the
gap energy is relatively small comparing
with that of Ba8Ga16Ge30. Analysis based
on a Born-von Karman force model has
clarified that the Sr atoms are bound very
weakly to surrounding atoms, with a force
constant of 0.007 ˜ 0.009 mdyn/A. The re-
sults suggest that hybridization between
the guest atoms and host lattice vibration
is weak in Sr8Ga16Ge30 compounds.
[1] C. H. Lee et al., J. Phys. Soc. Jpn. 77
(2008) 260, Suppl. A.
[2] C. H. Lee et al., J. Phys.: Conf. Ser. 92
(2007) 12169.

Fig. 1. Phonon dispersion curves of transverse
acoustic and optical phonon modes with propaga-
tion vector [100] in Sr8Ga16Ge30.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 882

1-3-19

- 161 -

JAEA-Review 2013-039



Spin fluctuations of single-layer in Bi2+xSr2-xCuO6+d superconductor
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Inelastic neutron-scattering measure-
ment is a powerful technique for the
study of spin dynamics and lattice vi-
brations (phonon) in condensed matters
such as high-Tc superconductors. Sys-
tematic neutron-scattering experiments on
the high-Tc superconducting systems of
La2−xSrxCuO4 (LSCO) and YBa2Cu3O6+δ

(YBCO) revealed an existence of similar
dispersion in the spin excitation spec-
trum [1, 2]. Therefore, the spin correlation
is considered to closely connect with the
superconductivity. On the other hand, an
interaction of the phonon and the electron
seems to be also important in the high-Tc
superconductor because anomalous soft-
ening in the bond-stretching phonons were
observed in the superconducting phase of
both LSCO and YBCO systems. Thus, the
origin of pairing force for the emergence
of high-Tc superconductivity, namely spin
fluctuations, phonon and others, is still
discussed. However, since the high-Tc
superconducting systems studied by
neutron-scattering experiments are quite
limited, other reference systems are highly
required for the clarification of universal
nature in spin excitations and phonons.
Motivated by the above reason, we have
started the study on Bi2+xSr2−xCuO6+δ

(Bi2201) system.
The crystal growth of Bi2201 supercon-

ductor is known to be much difficult than
that of LSCO and there is no report on the
spin dynamic and phonon investigated by
neutron-scattering measurement. We have,
however, found adequate growth condi-
tion of sizable single crystal, and succeeded
in observing inelastic magnetic signals in
Bi2201 system for the first time.

Figure 1. shows the low-energy spin fluc-

tuations below 11 meV in the x=0.2 sam-
ple (hole concentration is ∼0.17). Interest-
ingly, the magnetic signals were observed
at (0.5±δ, 0.5)/(0.5, 0.5±δ) with δ∼0.12
(r.l.u.) in the tetragonal notation, which
is consistent with those reported for LSCO
system with comparable carrier concentra-
tion [3]. This observation of incommen-
surate structure in the single-layer Bi2201
provides provides important opportunity
to explore the generic feature of spin exci-
tation spectra in high-Tc cuprates.
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Fig. 1. Inelastic neutron scattering spectra of
Bi2.2Sr1.8CuO6+δ with constant energy of 4 meV and
11meV measured at 70K.
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Dual structure in spin excitations of La2-xSrxCuO4 studied through impurity effect
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Antiferromagnetism in the doped
cuprate Mott-insulator has been exten-
sively investigated due to its rich physics
and close relation with the high transition
temperature (high-Tc) supercoductivity.
Recently, Vignolle and co-workers re-
vealed the existence of two energy scales
in the spin excitations of optimally doped
La1.64Sr0.16CuO4 exhibiting the sharp and
broad intensity-maximum at 18meV and
45meV, respectively [5]. Furthermore,
even in the optimally-doped region of
Y-123 existence of high-energy dispersive
magnon-like modes, which is not repro-
duced by the Fermi liquid theory was
reported [6], while the low-energy spin
dynamics including resonance feature is
well explained by fermiological way. Such
structure of spin excitation showing dual
nature suggests the different origins for
the hourglass-shape spectrum separated
by energy. Indeed, phenomenological the-
ory, which treats both itinerant fermions
and local spins have well reproduced the
overall spin susceptibility in Y-123 [7].
Therefore, two spin degrees of freedom
of the itinerant spins and local spins
would intrinsically exist in the high-Tc
compounds. To make progress on above
issue, we investigated the spin excitations
in Fe-doped La2−xSrxCuO4 system, in
which both spin and charge stripe order is
significantly stabilized by Fe-doping.

In Fig. 1, the local spin susceptibility (χ′′)
is plotted for La1.64Sr0.16Cu0.98Fe0.01O4.
With decreasing the energy transfer (ω), χ′′
below 6 meV decreases toward the mini-
mum intensity at ∼2 meV and turn to in-
crease, showing a gap-like structure. Com-
pared to the Fe-free LSCO with the compa-
rable hole concentration shown by dashed
line, the low-energy component below 2
meV is strongly enhanced while the high
energy component above 8 meV is sup-

pressed. This result suggests that the spec-
tral weight is shifted toward the low energy
side by Fe-doping, and therefore, the low
energy component is significantly affected
by Fe-doping. To conclude the existence
of dual nature of spin excitations, study of
Fe-doping effects on the high-energy is re-
quired, and the neutron-scattering experi-
ment is now under progress.
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Fig. 1. Local spin susceptibility for
La1.94Sr0.16Cu0.98Fe0.02O4 measured at 14K.
Dashed line represents the result for Fe-free LSCO
with the comparable hole concentration.
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Doping evolution of spin correlations in electron-doped Pr1-xLaCexCuO4
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Antiferromagnetic (AF) spin fluctuations
are widely believed to play a crucial role
for the appearance of high temperature su-
perconductivity in cuprates. Neutron scat-
tering experiments have revealed the exis-
tence of low-energy spin fluctuations in the
superconducting phase of electron-doped
Nd2−xCexCuO4 and Pr1−xLaCexCuO4 [1].
On the other hand, an evidence for the
transition or crossover of superconduct-
ing paring symmetry from being d-wave
to s-wave in nature upon doping was
reported for the electron-doped (n-type)
cuprate [2, 3]. This suggests that in the
n-type superconductors the d-wave super-
conductivity mediated by spin fluctuations
can change to the conventional s-wave su-
perconductivity mediated by lattice vibra-
tions with increasing doping concentration.
Since the observed spin correlation in the
electron-doped cuprate is limited to the
optimally-doped region, the doping evo-
lution of spin correlation in the supercon-
ducting phase is necessary to determine
whether the crossover of paring symme-
try occurs or not. We, therefore, investi-
gated the low-energy spin fluctuations in
Pr1−xLaCexCuO4+δ over a wide concentra-
tion range of 0.07≤ x ≤0.18, spanning from
the antiferromagnetic phase to the heavily
overdoped superconducting (SC) phase.

As seen in Fig. 1(a), the low energy ex-
citations exhibit commensurate peaks cen-
tered at the (π, π) position, unlike to the in-
commensurate one in the hole-doped sys-
tem. Figure 1(b) shows the imaginary part
of the dynamic susceptibility, χ′′(ω), as a
function of ω. In the SC phase with x ≥
0.11, the relaxation rate of the spin fluctua-
tions corresponding to the peak-energy is
linearly proportional to Tc. These results

suggest that the commensurate spin corre-
lations are closely related with the super-
conductivity in the n-type cuprates.
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Fig. 1. (Upper panels) Constant-ω scans with ω = 4
meV and 10-11 meV. (Lower panels) ω-dependence
of the local spin susceptibility and Tc as a function
of Γ.
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Crystal structure of the calcium-ferrite type 1-D chain compounds CaCo2O4
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The CaFe2O4 (calcium ferrite)-type struc-
ture can be described using a general for-
mula AB2O4 (A= alkali or alkali-earth ion;
B= transition-metal ion), which crystal-
lizes in an orthorhombic structure with lat-
tice constants a˜9 A, b˜3 A, and c˜10 A
(space group: Pnma), built of eight-fold-
coordinated A atoms and distorted BO6
octahedra. The BO6 octahedra form an
edge-sharing one-dimensional (1-D) dou-
ble chain network along the b-axis, in
which unique quantum behavior charac-
teristic of low-dimensional system may oc-
cur due to strong correlation between elec-
trons. Recently, we found a new member
of the calcium-ferrite-type structure family,
CaCo2O4 ± d, by utilizing high-pressure
synthesis technique, and found that the
compound can exhibit comparatively large
thermoelectric power (>150 microV/K),
even though it has finite density of states
at Fermi level [1]. This large thermoelectric
power may be attributed to residual spin
entropy due to orbital degeneration, or dis-
tinctive dispersion of the Co t2g bands
around Fermi level [2]. In this short paper,
we report structural parameters precisely
refined using Rietveld analysis with neu-
tron diffraction data, and evaluate bond va-
lences of the Co ions in order to find which
crystallographic site, Co1 or Co2, is prior to
another site for hole doping.

Polycrystalline sample of CaCo2O4 pre-
pared from a solid-state reaction under 7.7
GPa and 1,600 °C was used for the neutron
diffraction experiments. Diffraction data
were collected using the HERMES diffrac-
tometer (IMR, Tohoku Univ.) at room tem-
perature in a step size of 0.1 deg. over a
2theta range of 3-152.9 deg. using 150 3He
counters set at 1 deg. intervals. Incident
thermal neutron beams were monochrom-
atized to a wavelength of 1.8204 A with

the 331 reflection of a bent-crystalline Ge
monochromator. Structural refinement was
performed using the Rietveld analysis pro-
gram RIETAN-2000 [3]. Initial structure
models and parameters were constructed
using the results of the X-ray Rietveld anal-
ysis in ref. 1.

Figure 1 shows a powder neutron
diffraction pattern of CaCo2O4 for the
Rietveld analysis. Some of small extra
reflections were purposely excluded
from the observed data to improve the
reliability factors. The data elimination
between 77.0 and 77.9 deg. is due to ma-
chine trouble of a 3He counter amplifier.
The resultant reliability factors obtained
from the refinement were Rwp=3.32%,
Rp=2.55%, RI=1.66%, RF=0.94%, and
S=1.2787. The obtained positional param-
eters and isotropic thermal displacement
parameters are summarized as follows;
x=0.7609(2), z=0.6630(2), B=0.46(3) A2 for
Ca; x=0.4161(4), z=0.0975(3), B=0.16(4)
A2 for Co1; x=0.4434(4), z=0.6102(3) for
Co2; x=0.1974(1), z=0.1554(1), B=0.22(1)
A2 for O1; x=0.6141(1), z=0.0225(1) for
O2; x=0.5309(1), z=0.7886(1) for O3;
x=0.4187(1), z=0.4279(1) for O4. The
constraints are B(Co2)=B(Co1) and
B(O4)=B(O3)=B(O2)=B(O1). All the y-
values are fixed at 1/4, because all the sites
are 4c sites of the space group Pnma. Lat-
tice parameters refined were a=8.7911(1)
A, b=2.90398(5) A, c=10.2767(1) A, and
V=262.357(7) A3. Bondlengths were calcu-
lated using the structural parameters and
resulted as follows; 1.903(4) A for Co1-O2;
1.921(2) A for Co1-O3 (× 2); 1.924(2) A
for Co1-O2 (× 2); 2.013(4) A for Co1-O1;
1.886(3) A for Co2-O4; 1.931(2) A for
Co2-O4 (× 2); 1.963(2) A for Co2-O1 (× 2);
1.988(4) A for Co2-O3. The bond valences
were calculated from the Co-O distances.
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The values are +3.1 for the Co1 sites and
+3.0 for the Co2 sites. It suggests that
holes should be doped into the Co1 site
rather than the Co2 site at least in lightly
doped phases, for example, obtained by Na
substitution for the Ca site. The structural
parameters refined in this work would be
utilized for ab-initio band calculation to
determine electronic structure of CaCo2O4
in near future.
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Fig. 1. Powder neutron diffraction pattern of
CaCo2O4 for the Rietveld analysis.
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Magnetic structure study of the multi-step metamagnet CeIr3Si2
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CeIr3Si2 crystallizes in the orthorhom-
bic ErRh3Si2-type structure (Imma, No.
74), which is a derivative of the hexago-
nal CeCo3B2-type. The lattice parameters
are a=7.1765 A, b=9.7274 A and c=5.5971
A. The results of electrical resistivity, spe-
cific heat and magnetic susceptibility mea-
surements reveal that CeIr3Si2 is a Kondo-
lattice compound showing two successive
magnetic transitions at T N1=4.1 K and
T N2=3.3 K[1]. Below 3.3 K, the isother-
mal magnetization of polycrystalline sam-
ple displays mult-step metamagnetic tran-
sitions at 0.6 T, 0.9 T and 1.2 T. Recent
study of a single-crystal CeIr3Si2 has re-
vealed that the metamagnetic transitions
at 0.6 T and 1.2 T occurs when the mag-
netic field applyed along the b-axis while
that at 0.9 T occurs when the field ap-
plyed along c-axis[2]. We need to obtain
the magnetic structures between each tran-
sition field in order to study the origin
of multi-step metamagnetism of CeIr3Si2.
Thus we have been carrying out the elastic
neutron scattering of powder and single-
crystal samples.
Below T N2, we observed four magnetic

Bragg peaks at Q=(0 4/3 +-2/3) and Q=(0
5/3 +-1/3). The observed magnetic reflec-
tions agree with those observed in the pre-
vious measurement using a powder sam-
ple. These non-integer Q’s indicate that the
lattice parameters of b- and c-axis below
T N2 becomes three time as large as those
above T N1. The temperature dependence
of integrated intensity at Q=(0 4/3 -2/3)
and Q=(0 5/3 -1/3) display a maximum
at 2.7 K in spite of no further phase tran-
sition down to 0.5 K. At last year, we ob-
tained that this peak behavior results from
the long time relaxation of the magnetic
structure below T N2.

Figure 1 shows the time dependence of
the intensity for Q=(0 4/3 2/3) at 1.5 K.
We determined t=0 s when the temperature
reached 1.5 K from 10 K. The intensity in-
creases linearly with increasing time and
seems to saturate at 12 hour. This behav-
ior indicates that the transition at T N2 is
of first order and that the frustration exists
in the magnetic interaction between Ce 4f
moments.

[1]Y. Muro, Y. Ohno, T. Okada, K. Motoya,
J. Magn. Magn. Mater. 310 (2006), p. 389.
[2]K. Shigetoh, A. Ishida, Y. Ayabe, T. On-
imaru, K. Umeo, Y. Muro, K. Motoya, M.
Sera, T. Takabatake, Phys. Rev. B 76 (2007),
p. 184429.

Fig. 1. Time dependence of the integrated intensity
at (0 4/3 2/3) when the sample is cooled from 10 K
to 1.5 K.
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The heavy-fermion antiferromagnet
YbAgGe with the ZrNiAl-type structure
undergoes two magnetic transitions at
TM1=0.8 K with an incommensurate propa-
gation 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
inherent to the quasi-Kagome lattice of
the Yb sublattice.[1] Recently, an anoma-
lous phase diagram of YbAgGe under
pressures has been constructed from the
C(T) and resistivity measurements.[3, 4]
With applying pressure above 0.5 GPa, the
resistivity anomalies at TM1 and TM2 merge
into a sharp drop at TM=0.85 K.[3] In the
pressure range 0.5 < P < 1.5 GPa, TM(P)
remains constant, while above P∗ = 1.6
GPa, TM(P) increases linearly. Concomi-
tantly, the anomaly of C(T) at TM converts
from a first-order type sharp peak to a
second-order type jump of a conventional
magnetic compound without geometrical
frustration. The magnetic entropy at TM
rises for P > P∗, while the Kondo temper-
ature 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 de-
termine magnetic structures at ambient
pressure, we performed neutron diffrac-
tion experiments. Measurements were pre-
formed on a sample prepared by the Bridg-
man method. The powdered sample was
wrapped in an aluminum foil, and was

loaded in an aluminum can under 10 atm
pressure of purified helium gas. It was
cooled down to 35 mK with a 3He-4He di-
lution refrigerator.

Fig. 1 shows the 2θ scans at T=80 mK <
TM2 (red) and 1.5 K > TM1 (green). At T=80
mK, we found magnetic Bragg reflections
which are indexed with�k2, whereas we ob-
seved no magnetic reflection with�k1. Mea-
surements at TM2 < T < TM1 could not be
performed, because of temperature insta-
bility due to troubles of the dilution refrig-
erator. We are now in progress to analyse
the data to determine the magnetic struc-
ture below TM2 by using FullProf.[5]
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Competition between Hidden Order and Pressure-Induced Antiferromagnetism in
URu2Si2

H. AmitsukaA, Y. IkedaA, I. KawasakiA, S. TakayamaA, D. NishikawaA, and M.
YokoyamaB,

AGraduate School of Science, Hokkaido University, BFaculty of Science, Ibaraki University

Heavy fermion compound URu2Si2
shows an elusive phase transition at 17.5
K, whose order parameter and ordering
vector have not been found yet. Kiss et
al. proposed that the magnetic octupoles
could be the ‘hidden’ order parameter on
the basis of group theory and a crystal
field model. They also predicted that
the magnetic dipoles are coupled with
the octupoles via quadrupoles, and thus
can be induced by lowering the crystal
symmetry on U-site from tetragonal to
orthorhombic [1]. This lattice distortion
can be generated by applying uniaxial
stress (σ). In this project, we performed
the elastic-neutron-scattering experiments
of URu2Si2 under uniaxial stress to test
this prediction by seaching for the induced
dipole moments. Scattering planes (h0l)
and (hhl)were chosen for the uniaxial stress
σ ‖ [100] and [110], respectively. Spectrom-
eters GPTAS(4G) and PONTA(5G) in JAEA
were used. The uniaxial pressure devise
used were designed by Kawarazaki et al
[2]. As a consequence, in the present setup
with σ applied up to ∼2 kbar, the magnetic
dipole moments were not detected, except
the antiferromagnetic moments observed
at σ = 0 (Fig. 1).

[1] A. Kiss et al, Phys. Rev. B 71 (2005)
054415.

[2] S. Kawarazaki et al, Jpn. J. Appl. Phys.
41 (2002) 6252.

Fig. 1. Neutron scattering intensity observed by a
mesh scan in the (hhl) scattering plane for uniaxial
stress applied perpendicular to the plane.
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Quasi-elastic neutron scattering measurements on the kagome lattice
antiferromagnet KFe3(OH)6(SO4)2

K. Matan1, T. J. Sato1, D. Grohol2, D. G. Nocera2, and Y. S. Lee2

1ISSP, U. of Tokyo and 2MIT

Physics of geometrically frustrated spin
systems is unconventional due to the col-
lective behavior of interacting electron
spins that are influenced by the topology
of the underlying lattice. One of the most
frustrated lattices in 2 dimensions (2D) is a
kagome lattice, which is formed by corner-
sharing triangles. One ideal realization of
this type of lattice is jarosite. This class of
compounds is particular ideal for a study
of magnetic properties of the kagome lat-
tice because (1) it consists of single lay-
ers of undistorted kagome planes, (2) it
can be synthesized with compositions that
are stoichiometrically pure, and (3) large
crystals can be mode for inelastic neu-
tron scattering. Jarosite is composed of
kagome planes formed by magnetic Fe3+

ions with spin 5/2. These magnetic ions,
which are located inside tilted octahedral
cages formed by six oxygen atoms, sit at
each corner of the corner-sharing triangles
that form the perfect kagome planes. The
kagome planes are well separated by non-
magnetic ions, making an interlayer cou-
pling negligibly small. The system or-
ders magnetically at TN = 65 K due to
Dzyaloshinskii-Moriya interactions and in-
terlayer coupling. Our previous inelas-
tic neutron scattering measurements show
well-defined spin-wave excitations in the
ordered state with the first observation of
a lifted zero-energy mode [1]. Above TN,
we observe spin fluctuations with uniform
spin chirality [2]. In this study, we utilized
neutron scattering to investigate tempera-
ture dependence of correlation length of
spin fluctuations above TN. The measure-
ments were performed on a single crystal
sample at GPTAS (4G) with an incident en-
ergy of 14.7 meV and collimations 40-40-S-
40-open in a 2-axis mode, where final en-
ergy is integrated according to quasi-elastic

approximation. Pyrolytic graphite filters
were placed in the incident beam to reduce
higher-order contamination. The sample
was cooled using a closed cycle 4He cryo-
stat. The energy-integrated intensities of
the quasi-elastic neutron scattering above
TN were measured at Q=(1,0,0). Figure 1(a)
shows a typical Q-scan around (1,0,0) mea-
sured at 66 K, slightly above TN. The in-
trinsic widths (correlations lengths) were
extracted by fitting the data to Lorentzian
convolved with the experimental resolu-
tion functions. Temperature dependence
of correlation length is shown in Fig. 1(b),
which shows the results from our measure-
ments at HFIR, Oak Ridge National Lab-
oratory. A solid line shows a fit to the
Berezinskii-Kosterlitz-Thouless (BKT) the-
ory for 2D XY model. In summary, our pre-
liminary neutron scattering measurements
show a signature of the BKT transition
above TN, consistent with the 2D XY uni-
versality class.

[1] K. Matan, D. Grohol, D. G. Nocera, T.
Yildirim, A. B. Harris, S.-H. Lee, S. E. Na-
gler, and Y. S. Lee, Phys. Rev. Lett,. 96,
247201 (2006).

[2] D. Grohol, K. Matan, J.H. Cho, S.H.
Lee, J.W. Lynn, D.G. Nocera, and Y.S. Lee,
Nature Materials, 4: 323-328 (2005)

(a)
(b)

Fig. 1. (a) A representative scan of the quasi-elastic
scattering around (1,0,0) at 66 K. A line shows a fit
to a Lorentzian. (b) The log of correlation length is
plotted as a function of a reduced temperature. A
line shows a fit to the BKT theory.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 1004

1-3-27

- 170 -

JAEA-Review 2013-039



1. 4

1. Neutron Scattering  4 Amorphous Liquid

- 171 -

JAEA-Review 2013-039



 

This is a blank page. 



Analogy on the Self-assembled Fractal-like Structure between the Niobate
Nanosheet Colloidal Solution and Block Copolymer Lamellar Morphology

D. Yamaguchi, N. Miyamoto1, S. Koizumi, T. Nakato2, S. Akasaka3, M. I. Kim3,
H. Hasegawa3 and T. Hashimoto

Advanced Science Research Center, Japan Atomic Energy Agency (JAEA), Tokai, Ibaraki 319-1195
1Department of Life, Environment and Materials Science, Fukuoka Institute of Technology, 3-30-1

Wajiro-higashi Higashi-ku, Fukuoka 811-0295
2Division of Bio-Applications and Systems Engineering (BASE), Institute of Symbiotic Science and
Technology, Tokyo University of Agriculture and Technology, 2-24-16 Naka-cho, Koganei-shi, Tokyo

184-8588
3Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Katsura,

Nishikyo-ku, Kyoto 615-8510

Introduction
In the previous study, according to the

concept of fractal we investigated the struc-
ture of an aqueous dispersion of niobate
nanosheets by the scattering method within
the wide length scales from Åto tens of μm
and characterized a fractal-like structure hav-
ing a specific mass-fractal dimension of Dm

=2.9 1). We attributed this fractal-like struc-
ture to some concentration fluctuations of the
nanosheets, giving rise to water-rich regions,
which originate from undulation of stacks of
the nanosheets.

In this study, we further investigate this
specific fractal-like structure of Dm =2.9
along the concept of the structural analogy
between the aqueous dispersion of niobate
nanosheets and lamellar microdomains con-
sisting of block copolymers which are dis-
persed in the matrix of constituent homopoly-
mer (what is called ”dry brush” system 2)).

Experiment
The mixtures of block copolymer (BCP)

and constituent homopolymer (HP) were pre-
pared on three different compositions, that is,
BCP/HP= 70/30, 50/50 and 20/80 (w/w),
respectively. The scattering measurements
were performed on the Bonse-Hart type dou-
ble crystal ultra-small-angle neutron scatter-
ing diffractometer(PNO) and the focusing
small-angle neutron scattering spectrometer
(SANS-J-II) at the research reactor JRR-3.
From the scattering profiles shown in Fig.1,
we can discern that the different mass frac-
tal dimensions were observed at the differ-

ent blend composition and the specimen of
50/50 mixture shows a similar mass-fractal
dimension of Dm =2.9 to that of the niobate
nanosheet specimen.
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Figure 1: Power-law Behaviors of Niobate Nanosheet
Solution and Block Copolymer Lamellar Morphology.

References
1) D. Yamaguchi, et al. :“Hierarchical Structure of

Niobate nanosheets in Aqueous Solution”, J. Appl.
Cryst., 40, s101 (2007).

2) S. Koizumi, et al. :“Ordered Structure of Block
Polymer/Homopolymer Mixtures, 4. Vesicle For-
mation and Macrophase Separation”, Makromol.
Chem. Macromol Symp., 62, 75 (1992).
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Hydrophobic hydration and partial molar volume of alcohol aqueous solutions

K. Maruyama(1), M. Nakada(2) and M. Misawa(3)
(1)Fac. of science, Niigata University, (2) Graduate School of Sci. and Tec., Niigata Univ., (3)

J-Parc center, KEK

In a previous paper [1], we reported
that the characteristic behavior of the ex-
cess partial molar volume of 1-propanol-
water mixture was interpreted satisfacto-
rily in terms of the hydrophobic hydra-
tion of the fractal surface of alcohol clus-
ters. This results were also confirmed on t-
butyl alcohol-water mixtures. In this study
we investigated two other alcohol, i.e.
ethanol and 2-propanol, aqueous solutions.
By analysing the dynamic structure factors
with a relaxing cage model[2], the common
behavior of these samples were revealed.

The quasielastic neutron scattering
measurements on alcohol aqueous solu-
tions were performed by using AGNES
spectrometer and its standard accessery.
The samples, their alcohol composition x,
and messured temperature were ethanol
x=0.0-0.25, 298, 320 and 343K; 2-propanol
x=0.0-0.17, 298, 320, and 343K. The metyl
groups of alcohols were deuterized in or-
der to investigate the diffusive properties
of water molecules. The sample cell was an
aluminum double cylindrical cell with the
sample thickness of 0.3 and 0.5mm. The ac-
cumurate time was 4 hours for each condi-
tion.

The dynamic structure factor S(Q,E) was
obtained by a usual process with a program
AGDAS. The statistical accuracy of S(Q,E)
was good enough for the detailed analy-
sis. The number fraction of hydrating wa-
ter moleculesαwas derrived by using two
states approximation and some dynamic
properties, e.g. diffusion coefficient D and
relaxation timeτ, were also obtained with
a relaxing cage model. Fiugure 1 shows the
derrived D as a fuction of α. In this fig-
ure D has a good linear dependence onα,
which means theα is a good parameter de-
scriving the state of water molecules. Fig-
ure 1 also shows that D of all slcohol solu-

tions have nearly the same depenednce on
α, which means the dynamics of water in
both bulk and hydrating states is indepen-
dent on the species of alcohol.

References
[1] M. Misawa, Y. Inamura, D. Hosaka and
O. Yamamuro, J. Chem. Phys., 125 (2006)
074502.
[2] A. Cunsolo, A. Orecchini, C. Petrillo,
and F. Sacchetti, J. Chem. Phys. 124 (2006)
084503.

Fig. 1. Diffusion coeficient D of some alcohol aque-
ous solutions as a function of the number fraction of
hysrating water moleculesα.
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Hydration structure around the nitrogen atom of the pyridine molecule

Yasuo Kameda, Asami Maki, Yuko Amo, Takeshi Usuki
Dept. Material & Biological Chemistry, Faculty of Science, Yamagata Univ.

The coordination property of the pyridinyl
nitrogen atom plays an important role in
the wide fields of chemical and biological
sciences, however, the experimental deter-
mination of the hydration structure of the
pyridine molecule has not been reported.
In the present report, we describe results
of neutron diffraction measurements on
the aqueous 10 mol% pyridine solutions
in which 14N/15 and H/D isotopic ratios
were changed.
Neutron diffraction measurements were
carried out at 298 K using the ISSP diffrac-
tometer, 4G (GPTAS) installed at the JRR-
5M research reactor with an incident neu-
tron wavelength of 1.093(3) A. Scattered
neutrons were collected over the angular
range of 3 < 2 theta <118 deg. correspond-
ing to 0.3 < Q < 9.8 1/A. Preset time
was 180 s for each data point. After cor-
rection for the background, absorption and
multiple scattering, the observed scatter-
ing intensities were converted to the abso-
lute scattering cross section by the use of
corrected scattering cross section from the
vanadium rod.
The first-order difference function be-
tween [1] (14N-pyridine-D2O) and (15N-
pyridine-D2O) was determined from the
difference in the observed scattering cross
sections between sample solutions with
different 14N/15N compositions. The dis-
tribution function around the pyridinyl ni-
trogen atom was derived by the Fourier
transform of the observed first-order dif-
ference function (Fig. 1a). In the present
experimental condition, contributions from
the N-O(water) and N-D(water) partial
structure factors are dominant in the ob-
served difference function. The calcu-
lated intramolecular contribution within
the pyridine molecule was subtracted from
the observed total difference function to
obtain the intermolecular difference func-

tion. The intermolecular distribution func-
tion was evaluated by the Fourier trans-
form of the intermolecular difference func-
tion (Fig. 1b).
The first peak observed in the intermolecu-
lar distribution function is assigned to the
nearest neighbor N…D (water) interaction.
The least squares fitting analysis of the ob-
served intermolecular difference function
revealed that, on the average, 2.4 water
molecules are hydrogen-bonded in the N…
D-O-D type. The nearest neighbor N…D
distance is determined to be 1.93 A.

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) Total and b) intermolecular distribu-
tion functions around nitrogen atom of the pyridine
molecule.
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DMF-induced Phase Separation of HFIP-Water Mixtures

T. Takamuku, T. Shimomura, M. Tachikawa
Saga University

At an ambient condition, 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) is miscible
with water at any ratio. However, the
mixing state of HFIP-water solutions at
a nano-scale is not homogeneous [1]. We
have been found in the previous study
that phase separation of HFIP-water solu-
tions occurs by adding amide molecules,
such as N-methylformamide (NMF) [2].
The amide-induced phase separation of
HFIP-water mixtures occurs in a circu-
lar area of triangle phase diagram, and
the area becomes wider with increas-
ing hydrophobicity of amide in the se-
quence of N-methylpropionamide (NMP)
> N-methylacetamide (NMA) > NMF.
This may be due to the enhancement of
nano-heterogeneity of HFIP-water solu-
tions arising from solvation for hydropho-
bic parts of amide molecules by hydropho-
bic HFIP clusters formed in the solutions.
In the present study, phase separation of
HFIP-water solutions by addition of N,N-
dimethylformamide (DMF) has been clari-
fied by using small-angle neutron scatter-
ing (SANS) technique. A DMF molecule
cannot form N-H…O-H hydrogen bond
due to the methylation of both amino hy-
drogen atoms, although the carbonyl oxy-
gen can form C=O…H-O hydrogen bond as
well as the other amide molecules.

The phase diagram of amide-induced
phase separation of HFIP-water solutions
at 298 K indicated that the circular area of
DMF-induced phase separation of HFIP-
water solutions is wider than that of the
NMA system, but slightly narrower than
that of the NMP one. According to the
phase diagram, SANS experiments using
the SANS-U spectrometer have been made
on DMF-HFIP-D2O ternary solutions at
HFIP mole fraction of 0.14, which corre-
sponds to the volume ratio of HFIP to
water of 1:1, with varying DMF content.

The Ornstein-Zernike correlation lengths
Xi were estimated from SANS spectra for
the ternary solutions. Figure 1 (a) and (b)
show the Xi values for all the ternary so-
lutions below and above the circular area
of phase separation, respectively. As seen
in Figure 1 (a), the Xi values for all the
amide systems increase with increasing
amide content, suggesting that the nano-
heterogeneity of the solutions is enhanced
when the amide content increases. The in-
crease in the Xi with increasing amide con-
tent agrees with the fact that the amide-
induced phase separation toward the lower
critical line takes place at lower amide con-
tent in the sequence of NMP = DMF <
NMA < NMF. On the other hand, Figure
1(b) reveals that the nano-heterogeneity of
the solutions diminishes with lower amide
content in the sequence of NMF < NMA =
DMF < NMP. This is consistent with that
one-phase solution is recovered above the
upper critical line with lower amide con-
tent in the sequence. The present results
suggest that the hydrophobicity of DMF is
between those of NMA and NMP.

References
[1] K. Yoshida, T. Yamaguchi, T. Adachi, T.
Otomo, D. Matsuo, T. Takamuku, and N.
Nishi, J. Chem. Phys., 119, 6132-6142 (2003).
[2] T. Takamuku, H. Wada, and K. Fujii,
Activity Reports on Neutron Scattering Re-
search, #361, (2007).
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Fig. 1. Amide mole fraction dependence of Xi for
amide-HFIP-D2O ternary solutions (a) below and
(b) above two-phase area of phase diagram.
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Alkyl-chain Dependence of Mixing State for Methanol Solutions of
Imidazolium-based Ionic Liquids

T. Takamuku, T. Shimomura, K. Fujii
Saga University

Room temperature ionic liquids attract
much attention in various chemical fields,
such as organic synthesis, extraction, and
electric device, because of their properties
of novolatility, noflammability, and high
electroconductivity. However, their high
viscosity is a serious problem for applica-
tion of ionic liquids in such fields. Thus,
ionic liquids are often utilized by mixing
them with cosolvent like water, methanol,
and acetonitrile. The microscopic state for
mixtures of ionic liquid and molecular
liquid is essential to evolve the applica-
tion of ionic liquids. In the present work,
the mixing state of methanol solutions of
imidazolium-based ionic liquid has been
evaluated by using small-angel neutron
scattering (SANS) technique.
1-alkyl-3-methylimidazolium bis(trifluoro

methanesulfonyl) amides Cnmim+TFSA-
with the different length of alkyl chain of
n = 4, 6, 8, 10, and 12 were synthesized by
a conventional method. Sample solutions
were prepared by mixing Cnmim+TFSA-
with deuterated methanol at various
methanol mole fractions XCD3OD. SANS
spectra for the sample solutions at 298
K were measured by using the SANS-U
spectrometer with the camera lengths of 1
and 4 m.

Figure 1 shows the Ornstein-Zernike
correlation lengths Xi for Cnmim+TFSA–
CD3OD mixtures estimated from SANS
spectra as a function of XCD3OD. The de-
pendence of the length of alkyl chain is
clearly observed in the figure. The Xi value
for the methanol mixture of C4mim+TFSA-
reaches a maximum at XCD3OD = 0.95
when the mole fraction increases from 0.8
to 1, suggesting that the mixing of the ionic
liquid and methanol is the most inhomoge-
neous at XCD3OD = 0.95 among the mole
fractions examined. However, those for the

methanol mixtures of Cnmim+TFSA- with
n = 6-12 indicate a maximum at the higher
mole fraction of XCD3OD = 0.97. Fur-
thermore, the maximum of Xi increases
with increasing length of the alkyl group.
The present results thus suggest that the
longer the alkyl group of imidazolium, the
more the heterogeneity of the mixtures is
evolved. This is because the hydrophobic
field is easily formed by the longer alkyl
chain and methanol molecules aggregate
by hydrogen bonds in the field.

Fig. 1. Figure 1. Xi for Cnmim+TFSA–CD3OD mix-
tures as a function of methanol mole fraction.
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Nano-scale aggregation structure formed in room temperature ionic liquid and its
application to the new reaction field

K. Fujii (A), T. Shimomura (A), T. Takamuku (A), Y. Umebayashi (B), S. Ishiguro (B)
(A) Saga University, (B) Kyushu University

Small-angle neutron scattering
(SANS) experiments were made on
the 1-alkyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide,
[C(n)H(2n+1)mim+][TFSA-] (n: alkyl-
chain length of the imidazolium cation)
ionic liquids containing a hydrophobic
solute such as surfactant and alcohol, and
we discussed the aggregation structure
of hydrophobic solute in the ionic liq-
uids. SANS measurements were carried
out by using SANS-U spectrometer at
298 K and the scattering intensities for
the samples were accumulated on the
detector at the camera lengths of 1 and
4 m for 10 min and 1 h, respectively. In
this work, the deuterated ionic liquids,
[C(n)D(2n+1)mim+][TFSA-] where alkyl-
chain H atoms is substituted by D atoms
were synthesized and were used as the
solvents on SANS measurements.
(1) Dodecyl-trimethylammonium bromide
(DTAB) in [C(n)D(2n+1)mim+][TFSA-]
with n =2 and 4.

SANS profile observed for
DTAB/[C2D5mim+][TFSA-] solution
did not show a significant peak to obtain a
flat SANS pattern at all DTAB concentra-
tions (C = 0 - 0.04 mol kg-1). The same was
obtained for DTAB/[C4D9mim+][TFSA-]
system. These results indicate that nano
scale structure such as DTAB micelle is
not formed in the ionic liquids. Here, it
has revealed by our density measurement
that the apparent molar volume estimated
in DTAB/[C2D5mim+][TFSA-] system
markedly increases with DTAB concen-
tration up to ca. 0.01 mol kg-1 and is
kept a constant at C > 0.01 mol kg-1. We
concluded on the basis of SANS and molar
volume studies that DTAB molecules are
not form a nano scale micelle due to a
specific interaction between DTAB and

ionic liquid. It is need to elucidate the
intermolecular interaction at micro scale
level, and we are trying now large-angle
X-ray scattering and MD simulation.
(2) Alcohols, C(n)D(2n+1)OH (n = 2, 4 and
6) in [C12H25mim+][TFSA-].

According to our previous SANS study, it
is established that neat [C12mim+][TFSA-
] shows an intense SANS peak at around
Q = 0.2-0.3 A-1 and the peak is ascribed
to the long-range TFSA-TFSA correlation in
the ionic liquid. In this study, the peak posi-
tion was unchanged with adding C2D5OH
and C4D9OH, implying that liquid struc-
ture in neat [C12H25mim+][TFSA-] re-
mains in both alcohol/IL binary systems
and the solvation of alcohol molecule
by IL is weak. On the other hand,
in C6D13OH/[C12H25mim+][TFSA-] sys-
tem, the peak position slightly shifts to a
higher Q-range and the intensity decreases
with C6D13OH, implying that liquid struc-
ture of neat [C12H25mim+][TFSA-] is de-
stroyed due to hydrophobic interaction
between alkyl groups of [C12H25mim+]
cation and C6D13OH to give the shifted Q
and the decrease in the SANS intensity.
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Temperature variation of the diffusional motion of water molecules in n-propyl
alcohol aqueous solution

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

We carried out the quasielastic neu-
tron scattering (QENS) measurements for
n-propyl alcohol aqueous solutions, the
composition of n-propyl alcohol xp = 0.0 to
0.167, by using High Resolution Clod Neu-
tron Scattering Spectrometer AGNES. The
temperature range was 268 to 298 K. We
could obtain quasielastic spectra with good
resolution. Hence the experimental data for
samples are well distinguishable from the
S(Q,E) of vanadium, which was used as the
resolution function.

In order to get an information of dif-
fusive dynamics of water molecules in n-
propyl alcohol aqueous solutions, we anal-
ysed S(Q,E)’s with relaxing cage model
(RCM)[1]. The fitting by RCM analysis to
experimental data was good in whole E
range. Then, we obtained diffusion coeffi-
cients D of water molecules in every mea-
sured solution. The D obtained from high-
resolution mode measurement and RCM
analysis at 298 K shows good agreement
with the values in ref. 2. This agreement
is quantitatively better than the values for
standard mode measurement and RCM
analysis which we had carried out in pre-
vious study.

Furthermore, since we were interested
in temperature dependence of diffusive dy-
namics of water molecules in solutions, an
Arrhenius plot of D of water molecules is
shown in Fig. 1. As seen in Fig. 1, D for the
solution of xp = 0.167 turns down around
298 K, which suggests that the diffusive dy-
namics of water molecules in the solution
of xp = 0.167 seems to change at this condi-
tion, and is consistent with previous result,
in which we found that at the condition of
xp = 0.167 and at 298 K, the almost all water
molecules hydrophobically hydrate to alco-

hol molecules or clusters. Thus we believe
that this result relates to the behaviour of
hydrophobic hydration in alcohol aqueous
solution.

[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.

Fig. 1. The Arrhenius plot of diffusion coefficients
of water molecules in the n-propyl alcohol aqueous
solutions.
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Study on micro-solvent extraction mechanism using ionic liquid-water mixed
solvents by SANS

K. Fujii, S. Homi, T. Takamuku and M. Tabata
Saga Univevrsity

Aqueous mixed solvents of ionic
liquids (ILs) were measured by small-
angle neutron scattering (SANS) to
elucidate the liquid structure on nano-
meter scale. The aqueous IL samples
examined were prepared by weight-
ing imidazolium based ionic liquid
[Cnmim+X-, X = Cl, Br, CF3SO3,
bis(trifluoromethansulfonyl)amide
(TFSA)] with the alkyl-chain length n
= 4, 8 and 12. SANS measurements were
carried out by using SANS-U spectrometer
at 298 K and the scattering intensities for
the samples were accumulated on the
detector at the camera lengths of 1 and 4
m for 10 min and 1 h, respectively. Typical
results are given below.

With regard to 1-butyl-3-
methylimidazolium (C4mim+) ionic liquid
system (IL concentration, m = 0 - 1 mol kg-
1), aqueous mixed solvents of C4mim+Cl-
and C4mim+Br- show no scattering above
the background over the whole Q range
examined (0.01 < Q/A-1 < 0.35). On
the other hand, that of C4mim+CF3SO3-
shows a weak SANS profile based on a
general Ornstein-Zernike function. This
implies that a hydrophobic IL anion such
as CF3SO3- is not easily solvated with wa-
ter relative to Cl- and Br- anions, and then
the CF3SO3- aggregates with hydrophobic
C4mim+ cation to form IL cluster.

With aqueous C8mim+Br- system, No sig-
nificant SANS profile is observed for the
concentration m = 0.09 mol kg-1, which
is shown in Figure 1. The SANS intensity
increases with increasing IL concentration
up to 1 mol kg-1. Note that those for m =
0.46 and 0.97 mol kg-1 fall on the straight
line with a I(Q) = Qˆ-4 relationship on a
range of Q = 0.15 - 0.25 A-1, suggesting
that the ionic liquids aggregate with each
other to form the charged micelle in the so-

lutions. By assuming a spherical charged
micelle, we analyzed the obtained data by
using core-shell spherical model (form fac-
tor) with a Hyter-Penforld structure factor
for charged macroions. As seen in Figure 1,
the observed I(Q) is good agreement with
the theoretical one (solid line), as the result,
the core radius and shell thickness in the IL
micelle were estimated to be 14.8 and 3.3
A, respectively, for m = 0.97 mol kg-1 and
the same values were obtained for m = 0.46
mol kg-1.

Fig. 1. SANS profiles observed for aqueous
C8mimBr system. The solid lines correspond to the
model fit results.
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Structural investigation on super crtical CO2 and co-solvent system

Masaaki Sugiyama, Takashi Sato, Keiji Ito, Kazuhiro Mori and Toshiaru Fukunaga
Research Reactor Institute, Kyoto University

Supercritical carbon dioxide (sc-CO2) is
widely recognized as an environmentally
accepted solvent for reaction chemistry.
Unfortunately, this green solvent has lesser
solubility than the other major organic
solvents. To overcome this point, small
amount of the second chemical, entrainer
(co-solvent), is added to enhance the solu-
bility. Therefore, it is very important to un-
derstand this entrainer effect from the both
of fundamental and application chemistry.

The solvent property of sc-CO2 is deeply
related with its structure of density fluctu-
ation in nano-scale. It means that the clar-
ification of the nanostructure is very im-
portant to understand the solvent prop-
erty of sc-CO2 and that with co-solvent.
Small-angle neutron scattering (SANS) is
one of the most suitable technique to clar-
ify the nanostructure. Because neutron has
very high trasmission for many substances
comaped with X-ray: artificial sapphire
with the thickness of 10 mm can be used
for the window of a pressure cell. In this
study, we observe the SANS of sc-CO2 with
protonaed ethanol and deuterated-ethanol,
and pure sc-CO2 as a reference.

SANS experiments were performed with
SANS-U spectrometer. Samples were sc-
CO2, sc-CO2 with 1 mol% protonated
ethanol, sc-CO2 with 1 mol% deuterated
ethanol. Along the isothermal line at 39˚C,
we observed the nanostructure at 10 dif-
ferent density points from 0.275 g/cm3

to 0.609 g/cm3 (presuure: 7.89 MPa to
10.00 MPa, critical point of pur CO2:
31.1˚C, 0.468 g/cm3, 7.38 MPa).

The observed SANS data were analyzed
with Ornstein-Zernike formula. The re-
sults were shown in Fig. 1. As you can
see, the peak positions of correlation length
and density fluctuation are shifted to lower
density. In the peak position, several
characteristic values, for example dissolv-

ing power, show drastical change: in the
higher density, the dissolving power be-
comes enhanced. Therefore, from the view
point of nanostructure, the entrainer effect
has been confirmed in this study.

Fig. 1. Density dependece of observed correlation-
length (a) and density fluctuation (b). Open circles,
closed squares and closed circle shows those of sc-
CO2 and sc-CO2 with 1 mol% protonated ethanol,
respectively,
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QENS Studies of Fast Molecular Reorientation in Isotropic, Glass, Smectic, and
Crystalline Phases of 6O2OCB

H. Suzuki(A), A. Inaba(A), J. Krawczyk(B), M. Massalska-Arodz(B), T. Kikuchi(C), O.
Yamamuro(C)

(A)Osaka Univ., (B)Inst. Nuclear Physics, Krakow, Poland, (C)ISSP-NSL, Univ. Tokyo

Some of cyanobiphenyl compounds are
well known as liquid crystalline materials.
These molecules are rod-shaped consist-
ing of two parts (rigid cyanobiphenyl
part and flexible alkyl-chain part), which
is one of the keys of forming a liquid
crystalline phase. The phase behavior of
liquid crystalline material is quite sensitive
to a small change in molecular shape.
Branching modification of the alkyl-chain
for cyanobiphenyl compounds is one of
such changes, which varies not only the be-
havior of liquid crystalline phases but also
the crystalline polymorphisms. We have
been interested in the relation between the
phase behavior and alkyl-chain motion of
such compounds. In the past two years,
we reported the results of the quasi-elastic
neutron scattering (QENS) measurement
of (S)-4-(2-methylbutyl)-4-cyanobiphenyl
(5*CB) and (S)-4-(1-methylheptyloxy)-4-
cyanobiphenyl (8*OCB) both of which
are the structural isomer of famous liq-
uid crystalline materials 5CB and 8OCB
having branching structure in their alkyl-
chains. From those investigations, it has
been revealed that the chain branching
significantly slows down the motion of
alkyl-chain as well as the rotational motion
of whole molecule around its long axis.
This year, we report the results of QENS
measurement for another cyanobiphenyl
compound 4-(2-hexyloxy-ethoxy)-4’-
cyanobiphenyl (6O2OCB) which is analo-
gous to 8OCB having ?OCCO? structure in
its alkyl-chain.
Various kinds of measurements have al-

ready been made for 6O2OCB. From the
calorimetric measurements, the phase be-
havior of 6O2OCB has been established
[1]. The isotropic liquid is easily under-
cooled and forms glassy state on fur-

ther cooling below 218 K. There exist two
liquid crystalline phases (both of which
are metastable smectic) and two crys-
talline phases (metastable and stable). The
phase behavior of 6O2OCB is significantly
different from that of 8OCB which has
two liquid crystalline phases (nematic and
smectic). The dielectric relaxation measure-
ments have also been made, and they
showed that the molecular reorientation
around its short axis becomes quite slow
near the glass transition temperature at 218
K [1]. The purpose of this experiment was
to investigate the molecular reorientation
around its long axis and the internal molec-
ular motions.

We performed QENS experiments on
6O2OCB using AGNES spectrometer at
JRR-3M. The measurements were made
at 370 K, 350 K, 330 K, 310K, 290 K
for isotropic liquid phase with a low-
resolution mode (delta E = 120?micro-
eV). As a spectrum of rotational motion
is approximately described by sum of a
delta function (an elastic component) and
a Lorentz function (a quasielastic compo-
nent), we first fitted the spectra with these
two functions. However, the result was not
quite. We next tried to fit the data with two
Lorentz functions, which was actually bet-
ter. The HWHM of the Lorentz function for
narrow component increases with increas-
ing momentum transfer (Q), indicating the
narrow component as a diffusive motion.
The diffusion constants were obtained by
using the continuous diffusion model. An
Arrhenius plot for the diffusion constant
gives the activation energy 22.1 kJ /mol
(Fig. 1). This motion may be the mixture
of the alkyl-chain tumbling motion and the
rotation of whole molecule around its long
axis.
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One of the interesting points is that the dif-
fusion constant of 6O2OCB is smaller than
that of 8OCB while it is larger than that of
8*OCB, which indicates that the ?OCCO?
structure in its alkyl-chain slows down
the chain motion less significantly than
the chain-branching effect. Since 6O2OCB
shows two liquid crystalline phases while
no liquid crystalline phase is found for
8*OCB, there seems some correlation be-
tween the speed of alkyl-chain motion and
the formation of liquid crystalline phase.

[1] Massalska-Arodz M., Sciesinska E., Sci-
esinski J., Krawczyk J., Inaba A., Zielin-
ski P.M., Dielectric Properties of Liquid
Crystals, eds Z. Galewski, L. Sobczyk (Re-
search Signpost Publ.); ISBN: 978-81-7895-
288-8 (2007) 160.

Fig. 1. Fig. 1 An Arrhenius plot of the diffusion con-
stant for 6O2OCB, 8OCB and 8*OCB.
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SANS Study of PEEK-Based Polymer Electrolyte Membrane Prepered by
Radiation-Induced Graft Polymerization

S. Hasegawa, S. Takahashi, H. Iwase1, S. Koizumi1 and Y. Maekawa
Quantum Beam Science Directorate, JAEA, Takasaki, Gunma, 370-1292
1The Advanced Science Research Center, JAEA, Tokai, Ibaraki 319-1195

Development of alternative polymer elec-
trolyte membrane (PEM) well working un-
der low humidity condition has been needed
to realize practical application of polymer
electrolyte fuel cells (PEFCs). Recently, by
using radiation-induced graft polymerization
technique, poly(ether ether ketone) (PEEK)-
based PEMs were sucessfully prepered and
showed high ion-conductivity under low hu-
midity conditions in comparison with that for
Nafion. Small-angle angle neutron scatter-
ing (SANS) measurements also have been per-
formed in order to reveal higher-order struc-
ture and morphology of these PEEK-based
PEMs, because ion-conductivity closely is re-
lated to the higher-order structure. In this
study, we observed morphological change of
the PEEK-based PEM during the preparation
by SANS.

SANS measurements were performed on
Focusing and polarized neutron small-angle
scattering spectrometer (SANS-J-II) at the
research reactor (JRR-3) in Japan Atomic
Energy Agency (JAEA), Tokai, Japan. The
SANS profiles were obtained with a sample-
to-detector distances of 10 and 2.5 m, cover-
ing from Q = 0.04 to 1 nm−1, where Q =
(4π/λ) sin(θ/2) (θ and λ are the scattering
angle and the wavelength, respectively). All
SANS measurements were performed at room
temperature.

Figure 1 shows SANS results of original
PEEK substrate, grafted PEEK with a graft-
ing degree (GD) of 46%, and PEEK-PEM
with a sulfonation degree (SD) of 90%, re-
spectively. The SANS profiles of the grafted
PEEK was much larger scattering in the
whole Q-range and showed new shoulder-like
peak at around Q = 0.35 nm−1 (d = 2π/Q =
13.7 nm). The d-spacing of 13.7 nm corre-
sponds to the size of ethyl 4-styrenesulfonate

(E4S) grafts phase. The Q−2 behavior in the
Q-range of Q > 0.35 nm−1 indicated the no
sharp interface between the grafts and PEEK
substrate; namely, the E4S grafts are miscible
to the substrate PEEK chains owing to a simi-
lar hydrocarbon structures. The SANS profile
of the PEEK-PEM shows a similar one with
a shoulder-like peak profile, appeared at Q =
0.38 nm−1, which is slightly higher than that
of the grafted PEEK, i.e., smaller d = 13.2
nm. It is surprising to observe Q−2 behavior
in the Q-range of Q > 0.38 nm−1, which also
showed the no sharp interface between the
grafts and PEEK substrate, even though the
hydrolyzed PSSA grafts must be hydrophilic
compared with the E4S grafts and substrate
PEEK chains. The SANS results also showed
the 2.5 times larger size (13 nm) of ion chan-
nels consisting of poly(styrenesulfnoic acid)
(PSSA) grafts than that in Nafion.
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Figure 1: The SANS profiles of (1) original PEEK
substrate, (2) E4S-grafted PEEK with 46% GD, and
(3) PEEK-PEM with 90% SD.
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Combined SANS, WANS, and Weighing Studies of Microbial Cellulose:
Elucidation of Hierarchical Structures in Drying Process

Y. Zhao, S. Koizumi and T. Hashimoto
Advanced Science Research Center, JAEA, Tokai, Ibaraki 319-1195

We studied the structural change of the
microbial cellulose in the drying process
by means of combined time-resolved mea-
surements of small-angle neutron scatter-
ing (SANS), wide-angle neutron scattering
(WANS), and weighing, as schematically il-
lustrated in Fig.1. Combining the three Tr-
techniques, we are able to observe the struc-
tural change of the cellulose network in two
different length scales on a rigorously com-
mon time scale, e.g., the changes in micro-
scopic structure (the concentration fluctua-
tions of cellulose fibrils and the air voids gen-
erated upon drying), the geometry and struc-
ture change in mesoscopic scale (the size and
total weight of the specimen, the water con-
centration or hydrogen density in the scatter-
ing volume), and interrelationships between
the structural changes. We found the dry-
ing process is divided into three time regions,
defined by Region I, II and III. In Region 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 process is
over, however, still partial of water remains,
which is believed to be bound water. Time
evolution of SANS profiles at representative
time during the drying process for two sam-
ple specimens in either water or heavy wa-
ter is shown in Fig.2. We observe that the
microscopic structure of cellulose fibrils itself,
at q-range (q denotes magnitude of scattering
vector) covered in this study, does not change
upon drying, but the amount of air voids does.
In addition, the drying ways are found to in-
fluence the size of the air voids dramaticly.
The faster the drying process is, the larger
the air voids are.

Figure 1: Schematic illustration of experimental setup
of time-resolved SANS, WANS and weighing mea-
surements for the same cellulose specimen in a single
batch.

　

Figure 2: Time evolution of SANS profiles at represen-
tative times for (a) specimen 1 in water; (b) specimen
2 in heavy water during the drying process.
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Effect of Dynamic Nuclear Polarization on Small Angle
Neutron Scatterings of Diblock Copolymer with a Lamellar Structure

Y. Noda, T. Kumada, T. Hashimoto and S. Koizumi
Advanced Science Research Center, JAEA, Tokai, Ibaraki 319-1195

We have carried out small angle neutron
scattering (SANS) measurements for 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO)
doped polymers with its proton spins po-
larized by a dynamic nuclear polarization
(DNP) technique, in which the sample was
irradiated by a microwave with frequency of
94 GHz, at 3.3 T and 1.1 K 1). Recently,
we applied this method to polystyrene (PS)
polyisoprene (PI) diblock copolymer, in
which TEMPO molecules selectively doped
into the PI phase by a vapor permeation
process, since the PS phase is glassy and
the PI phase is fluid at the temperature of
the doping process (40 ◦C). And the sample
with a lamellar morphology was obtained
by getting the molecular weight of the two
blocks to be close to each other. So far, there
have been no SANS study for a dynamically
polarized sample having a lamellar structure,
although a lamellar structure can be treated
as a one-dimensional system, which allows us
a simple analysis.

As shown in Figure 1, the sample showed
a 1st, 2nd, and 3rd peaks due to the lamellar
structure. And the q value of the 1st peak (0.1
nm−1) gave the thickness of a lamellar period
to be 63 nm. The positive polarization of P =
+37 % decreased the scattering intensity by a
factor of 0.04, and the negative polarization of
P = −37 % increased the scattering intensity
by a factor of 3.4. The P dependence of the
scattering intensity agreed well with that of
the contrast factor calculated with assuming
P to be homogeneous through the sample. In
the calculation, we used the two phases’ mass
density, atomic composition, and polarization
determined by 1H-NMR measurements. From
this result, it was shown that the sample was
polarized almost homogeneously.

On the other hand, at P = −37 %, the
relative peak height of 2nd/1st increased to

twice as that at P = 0 %. This result can be
explained by the small deviation from the ho-
mogeneous P distribution; at the PI phase |P |
is homogeneous (38 %), and at the PS phase
|P | decreases down to 36 % as being far from
the interface with neighboring PS phases 2).
The successful observation of the quite small
P inhomogeneity through SANS profile was
owing to the sharp peaks from the lamellar
structure with a high periodicity and thick-
ness uniformity.

Figure 1: SANS profile of the PSPI block copolymer
at the unpolarized and dynamically polarized states.

References
1) Y. Noda, T. Kumada, T. Hashimoto and S. Koizumi

:“Physica B”, in press.
2) Y. Noda, T. Kumada, T. Hashimoto and S. Koizumi

:“J. Appl. Crystallogr.”, in preparation.
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Gel structure with excess water in a surfactant solution

Youhei Kawabata,Akimi Matsuno,Tomoaki Shinoda,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. Figure 1 shows the
T-φ phase diagram of a non-ionic surfac-
tant C16E7 (C16H33 (OC2H4)7OH) and wa-
ter system. As shown in Fig. 1, the hy-
drated solid phase is a two-phase coexis-
tence of excess water and lamellar struc-
ture Lβ of bilayers whose hydrophilic tails
are “ solid-like” gel and interdigitated.
The hydrated solid phase is strongly tur-
bid and has a viscoelastic property, which
is applied in cosmetic industry and so on.
So far, we have investigated the struc-
tural formation of the hydrated solid phase
in the C16E6/water and C16E7/water sys-
tem by means of small angle X-ray scatter-
ing (SAXS) and optical microscope. Even
though those surfactants are slightly differ-
ent from each other in the head length, we
found clearly different structures in nm ∼
μm scale. In μm scale observation using
optical microscope, vesicle structures and
worm-like lamellar domains are observed
in the C16E7 system and C16E6 system, re-
spectively. The SAXS experiments showed
that the formation processes of membranes
are different between the both system. The
hydrophobic parts of surfactants hinder ex-
tends of the hydrophilic tails of the C16E7
system, while those of the the C16E6 sys-
tem tend to extend to the full length. In
this report, we compare the dynamic and
static structures of the C16E7 system with
those of the C16E6 system by using the re-
sults obtained from the SANS and NSE ex-
periments.

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 NSE experiments were
performed using the iNSE spectrometer.

The observed range of momentum transfer
q and Fourier time t, were 0.09 ≤ q ≤ 0.15
Å−1 and 0.15 ≤ t ≤ 15 ns, respectively.
Temperature was set to 8 ◦C for the C16E7
system, and to 20 ◦C for the C16E6 sys-
tem. The concentration of C16E7 and C16E6
is 10 wt.%, respectively. For the NSE ex-
periments, we started the experiments after
waiting 1 hour from setting each sample to
the sample cell holder because the sample
structures should be stable.

In order to investigate the head and tail
length of surfactants, we analyzed those
profiles using the form factor of bilayers
taking the hydration of hydrophilic parts
into account. Figure 2 indicates the time
evolutions of the length of hydrophilic tails
in each system after the temperature jump,
which are obtained from the SAXS exper-
iments. The results obtained from SANS
experiments are consistent with those ob-
tained from SAXS experiments. We con-
firmed that the hydrophilic tails of the
C16E7 system are hindered from extending
to the full length around ∼ 2000sec. Figure
3 shows the universal plot of the intermedi-
ate correlation functions obtained from the
NSE experiments. If the NSE results obey
the theory proposed by Zilman and Granek
[1], these plots should be straight lines. The
solid lines in Fig. 3 are the fitting results by
using Zilman and Granek model. From this
analysis, we found that the bending mod-
ulus κ of bilayers in the C16E7 system is
∼ kBT, while that in the C16E6 system is
∼ 10kBT. This indicates that the bilayers
of the C16E7 system are flexible because the
tail length becomes short, while those of
the C16E6 system are rigid because the tails
tend to extend to the full length.
References
[1] A. G. Zilman and R. Granek, Phys. Rev.

Lett., 77, 4788 (1996).
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Fig. 1. Figure 1 : Phase diagram of C16E7-water sys-
tem. Figure 2 : The time evolution of hydrophilic
tail length. Figure 3 : Universal plot of the interme-
diate correlation function. 1-5-4
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Structure characterization of Tetra-PEG gel having homogeneous network
structure

Takamasa Sakai(A), Takuro Matsunaga(B), Mitsuhiro Shibayama(B), Ung-il Chung(A)
(A)Dep. of Bioeng, Univ. of Tokyo, (B)ISSP, Univ. of Tokyo

The structure of Tetra-PEG gel, a new class
of biocompatible, easy-made, and high-
strength hydrogels consisting of a four-arm
polyethylene glycol (PEG) network, has
been investigated by means of small-angle
neutron scattering (SANS). Since the Tetra-
PEG gel is prepared by cross-end-coupling
two kinds of four-arm PEG macromers
having different functional groups at the
ends, i.e., amine group and succinimidyl
ester group respectively, coupling reaction
occurs exclusively between PEG chains car-
rying different functional groups. Structure
analyses of Tetra-PEG gels were carried
out by means of swelling experiments and
SANS, and the results were discussed by
taking into account the mechanical prop-
erties of the same systems. The following
facts were disclosed.
(1) Tetra-PEG gels are stoichiometrically
prepared irrespective of the initial poly-
mer concentration, and their swelling be-
haviors are well predicted by the Flory-
Rehner theory. (2) The mechanical moduli
of Tetra-PEG gels, E and G, are propor-
tional to the initial polymer concentration
and is one order of magnitude larger than
the corresponding gels made with similar
tetra-arm PEG gels prepared with a low-
molecular-weight coupling reagent. This
indicates that cross-end-coupling of A- and
B-type tetra-PEG is essential for gel prepa-
ration with extremely low defects. (3) The
scattering functions of the macromers can
be well reproduced by the scattering func-
tion for star polymers. (4) SANS functions
of Tetra-PEG gels can be described by sim-
ple Ornstein-Zernike function without ex-
cess scattering component originating from
cross-linking inhomogeneities. This means
that Tetra-PEG gels are extremely homoge-
neous, and an“ ideal”network free from
defects is formed. (5) Preparation in non-

stoichiometric composition leads to forma-
tion of defects in the polymer chain net-
work and results in a significant depres-
sion of the mechanical properties. Struc-
tural models of macromer solutions and of
Tetra-PEG gels, which account for the ad-
vanced mechanical properties of Tetra-PEG
gels, are proposed.
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Fig. 1. SANS intensity functions of Tetra-PEG
gel. The solid and dashed lines are fitting re-
sults of Ornstein-Zernike function for gels at high
macromer concentration and 4-arm star polymer for
imperfect gels prepared at low macromer concen-
trations, respectively.
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Dispersion Stability of Carbon Black Suspensions by the Addition of Polymers

Masami Kawaguchi, Hiroki Mizukawa, and Yoshiaki Takahashi
Mie University, Kyushu University

In order to confirm changes in the ag-
gregates in the carbon black suspensions
dispersed in Nafion solutions under shear
flow, an experiment using a rheometer-
base shear flow apparatus for a small angle
neutron scattering SANS-U instrument of
Institute for Solid State Physics, the Univer-
sity of Tokyo at JAERI Tokai has been per-
formed as functions of the scattering vec-
tor and the shear rate at the carbon black
concentrations of 5.0 wt and 8.0 wt % and
the ambient temperature. Nafion was ad-
sorbed on the carbon black surfaces and it
played a role in the stabilization of carbon
black suspensions. After sedimentation of
the carbon black suspensions, whose sur-
faces were covered by adsorbed Nafion
using a centrifuge, the sedimented car-
bon black suspensions were washed sev-
eral times to remove free Nafion chains by
the dispersion media and the re-dispersed
carbon black suspensions were obtained.
The neutron scattering intensities of the re-
dispersed carbon black suspensions clearly
depended on the shear rate. However,
it is noticed that the scattering patterns
show two power-law regimes, irrespective
of the shear rate: At at low q, a weak
slope of ?2.3 corresponds to a mass frac-
tal regime, whereas at high q, a power
law ?3.6 is observed for the surface fractal
of the primary particle. This means that
the basic fractal structures of the carbon
black suspensions are maintained even un-
der shear flow. Moreover, changes in the
neutron scattering intensities with an in-
crease in the shear rate are well correlated
with the shear flow behavior of the corre-
sponding carbon black suspension. There-
fore, for the first shear thinning regions and
the plateau shear viscosity regions at the
shear rates less than 50 s-1 the neutron scat-
tering intensity rapidly decreases and at-
tains the minimum due to the partial break-

ing down the aggregated structures of the
carbon black suspensions under shear flow,
whereas for the second shear thinning re-
gions with an increase in the shear rate
beyond at the shear rate of 50 s-1 the
corresponding neutron scattering intensity
grows up and approaches to a constant
value above at the shear rate of 200 s-1
due to the formation of some newly or-
dered structures of the partial ruptured car-
bon black suspensions under higher shear
flow. Thus, changes in the neutron scat-
tering intensities seem to be well correlated
with changes in the structures in the carbon
black suspensions under shear flow.
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Study on Structural Nonuniformity of Cross-linked Natural Rubber

Y. Ikeda(A), N. Higashitani(A), H. Asai(A), Y. Kokubo(A), T. Suzuki(B), N. Osaka(B), H.
Endo(B), M. Shibayama(B), and S. Kohjiya(C)

(A)Dept. Chem. Mater. Technol., Kyoto Inst. Tech., (B)ISSP-NSL, Univ. Tokyo, (C)Fac. Sci.,
Mahidol Univ.

Natural rubber (NR) is one of the most im-
portant industrial materials among many
polymeric ones. Generally, NR products
are prepared by cross-linking reaction, and
the network has been thought to give char-
acteristic properties as rubber materials.
However, it is difficult to elucidate the
microscopic structure of cross-linked NR
due to non-rubber components in NR such
as proteins and lipids [1]. In this study,
we applied small-angle neutron scattering
(SANS) experiments by varying a deuter-
ated toluene (D-toluene) fraction in sol-
vents in order to investigate the network
inhomogeneity of cross-linked NR. Two
peroxide cross-linked NR samples with dif-
ferent network-chain densities (SP-NR-P1
and SP-NR-P2) and uncross-linked NR (NR
milled) were subjected to the SANS experi-
ments. Dicumyl peroxide (DCP) was used
as a cross-linking reagent. The measure-
ments were performed at SANS-U diffrac-
tometer of Institute for Solid State Physics,
the University of Tokyo. For a contrast
matching technique, matching point of NR
was determined to be ca. 15 vol% D-
toluene fraction in a mixture of D- and H-
toluene as shown in Fig.1. However, this
result can not be utilized to delete an ex-
cess scattering from the non-rubber com-
ponents due to similar scattering length
densities between the components and
poly(isoprene). Increase of DCP decreased
scattering intensities in the solvents whose
fractions of D-toluene were over 0.3 as
shown in Fig.1(b). Contrast variation SANS
technique, on the other hand, qualitatively
suggested that a network inhomogeneity
decreased with an increase of DCP, i.e.,
network-chain density, when a scattering
length density of proteins was assumed to
be 1.8e10 cm-2.　

Reference : [1] T. Karino et al., Biomacro-
molecules, 8, 693(2007).

Fig. 1. Fig.1 (a) SANS profiles of uncross-linked NR
in toluene with various D-toluene contents, (b) Ef-
fect of D-toluene fraction on scattering intensity at q
= 0.004 angstrom for three samples.
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Structure and compressibility of worm-like lamellar domain in a hydrated solid
phase

Youhei Kawabata1,Tomoaki Shinoda1,Yuko Nagai2, Akira Murakami1 and Tadashi
Kato1

Tokyo Metropolitan University1, Kao Corp.2

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“ solid-
like” gel and interdigitated. So far,
we have investigated the structural for-
mation 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 scattering (SAXS,
SANS) and optical microscope. We found
clearly different structures in nm ∼ μm
scale, even though those surfactants are
slightly different from each other in the hy-
drophilic segment length. Figure 1a shows
vesicle structures and worm-like lamel-
lar domains observed in the C16E7 system
and C16E6 system, respectively. In this
study, to clarify the formation process of
the lamellar domains, we performed SANS
experiments. Especially here, we report
the hyper-swollen lamellar structure in the
C16E7 system.

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 temperatures are
287 K for the C16E7 system. Temperature
was jumped from 289 K to 277 ∼ 287 K.
The concentration of C16E7 is 10 wt %, re-
spectively.

Figure 1b shows a typical SANS pro-
file obtained at 279 K in the C16E7 system
at about 1 hour after temperature quench.
Bragg peaks can be clearly seen, and they
correspond to a swollen lamellar structure
whose repeat distance is 84 nm. These
Bragg peaks in such a low-Q region only

appear below 279 K and at least above 281
K, they never appear. Coincidentally, from
the microscope experiments, we found that
below 279 K, small pieces of lamellar do-
mains as shown in the inset of Figure 1b
coexist for a few hours. It has been con-
sidered that lamellar domains hardly fuse
each other because of the low temperature
and they become quasi-equilibrium state.
From all evidences, at present, we conclude
that this hyper-swollen lamellar structure
might be related to those small pieces of
lamellar domains.

Fig. 1. The SANS profile obtained at 279 K in the
C16E7/water system. A swollen lamellar structures
whose repeat distance is 80 nm is formed.
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Shear-induced onion formation of complex bilayer membrane systems

Shuji Fujii(A), Yohei Kawabata(B), and Yoshiaki Takahashi(C)
(A)Nagaoka University of Technology, (B)Tokyo Metropolitan University, (C) Kyushu

University

The influence of a triblock copolymer,
poly(ethylene oxide)m-b-poly(propylene
oxide)n-b-poly(ethylene oxide)m (Pluronic
series with different PEO and PPO chain
length) on the phase behavior and on
the shear induced onion formation in the
lyotropic lamellar phase of the nonionic
surfactant C10E3 was investigated by
means of rheology, small angle neutron
scattering (SANS) and small angle light
scattering (SALS). At quiescent state,
added triblock copolymer significantly
shifted the La-L3 phase transition to lower
temperatures. Under shear, the onion
structure was not stable and easily trans-
formed back into the lamellar phase with
increasing polymer concentration and with
increasing the polymer chain length, both
of m and n. As a typical example of the
results we obtained, polymer chain length
dependence of the time development of
2D-SANS pattern in the shear-induced
lamellar-to-onion formation process is
shown in figure 1. Here, only the results
on the PPO chain length dependence are
shown. At short time region, anisotropic
SANS pattern with the Bragg peak in the
neutral direction, which was a represen-
tative for the parallel oriented lamellae
along the flow direction, was observed
for every samples. As PPO chain length,
m, of triblock copolymer was increased,
however, the time development of the
onion formation process was remarkably
affected. Samples with short PPO chain
length showed an isotropic SANS pattern,
which is a signal of the onion formation.
As the PPO chain length was increased,
the isotropic SANS pattern, i.e., the onion
formation, was remarkably prohibited, and
the sample with the longest PPO chain,
m=69, showed no onion formation but the
parallel oriented lamellar phase. In the rhe-

ology measurements, we found an increase
of the critical shear rate for the onset of
the shear-thickening, which also indicates
the instability of onion in the presence
of the triblock copolymer. Suppression of
the shear-induced onion formation might
be attributed to the enhancement of the
effective surface tension, which might be
also influenced by added triblock copoly-
mer. These results clearly indicate that not
only the hydrophilic polymer chain, PEO,
but also the hydrophobic polymer chain,
PPO, influences the dynamic properties of
the lamellar membranes, which would be
controlled by a combination of hydrophilic
and hydrophobic chain length. To make
clear the effect of guest components on the
shear-induced nonequilibrium phenom-
ena, it is necessary to perform experiments
with different series of complex lamellar
phase and elaborate analysis of structure
on the basis of SANS.

Fig. 1. Hydrophobic polymer chain length depen-
dence of the time development of 2D-SANS pat-
terns for complex lamellar phase in the onion for-
mation process. Polymer mole fraction was fixed at
1mol%. Shear rate was fixed at 10s-1.
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Small Angle Neutron Scattering Study on Metal-containing Gels Composed of
Co(II) Ion and Oligopyridines

Jun Yoshida, Shin-ichi Nishikiori, Takuro Matsunaga, Mitsuhiro Shibayama
Graduate School of Arts and Sciences, The University of Tokyo; Institute for Solid State Physics,

The University of Tokyo

In recent years, supramolecular gels com-
posed of metal ions and organic lig-
ands are attracting great attentions. Metal-
containing gels (metallogels) have a po-
tential to be responsive to external stimuli
such as magnetic and electric ones so that
they can exhibit unique properties among
the gels. However, metallogels are still mi-
nor due to their synthetic and analytic dif-
ficulties.
We recently found that the combination
of oligopyridines (L1 and L2) with CoCl2,
Co(NO3)2, or AgBF4 forms gels easily(Fig.
1). The formation of these gels depended
on the M(metal ion)/L(oligopyridine lig-
and) ratio. In every case, no gel was formed
in low M/L conditions, while gelation oc-
curred with increasing the M/L ratio. Dy-
namic light scattering (DLS) study for the
solutions containing the metal ions and the
ligands confirmed that the metal ions were
effective in forming the supramolecular
type metallogel and the solutions showed
more gel-like behavior with an increase in
the M/L ratio. However, at a certain M/L
ratio, it abruptly turned into a sol state. The
details of this change could not be traced
by DLS and other spectroscopic methods.
To obtain more information about this phe-
nomenon, we used SANS technique, which
is applicable to samples even in the sol
state.
SANS intensity profiles for CoCl2-L1 are
shown in Fig.1. In a low q region, the slopes
of the profiles for the samples in the gel
state (M/L = 1/10, 1/4, 1/2 and 1/1) were
almost -4, while those for the samples in
the sol state (M/L = 1.5/1, 2/1) were close
to -1. These two profile types correspond
to the gel and the sol state, and they indi-
cate that the sol-gel transition is accompa-
nied by some structural change. Although

a model for the gel state is under investi-
gation at the present stage, the profiles for
the sol samples could be analyzed based on
a model where rods with a large aspect ra-
tio(length >> diameter) are randomly ori-
ented. The diameters for the samples in the
M/L ratio of 1.5/1 and 2/1 were evaluated
to be 6.8 and 10.2 nm, respectively.

Fig. 1. Gel formation from oligopyridines (L1, L2)
and metal salts, and SANS intensity profiles for the
combination of L1 and CoCl2
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Breathing Mode in Polymer Micelles and Second Virial Coefficient

K. Kawashima (a), T. Kanaya (a), G. Matsuba (a), H. Endo(b)
(a) ICR, Kyoto University, (b) ISSP, University of Tokyo

When diblock or triblock copolymers are
added to a selective solvent, they aggre-
gate into spherical micelles consisting of
an inner core of insoluble blocks and an
outer corona of soluble blocks, similar to
micellization of surfactants. In previous
papers [J. Chem. Phys. Solids, 60, 1367-1369
(1999) , J. Chem. Phys., 122, 144905 (2005)]
we have investigated dynamics of mi-
celles of deuterated styrene-protonated bu-
tadiene diblock copolymers (PSD-PB) and
deuterated styrene-protonated isoprene di-
block copolymers (PSD-PI) in deuterated
n-decane, focusing on the chain dynam-
ics in the corona using neutron spin echo
(NSE). We observed the collective breath-
ing mode for PSD-PI. On the other hand,
it disappeared but the Zimm mode (sin-
gle chain motion) was observed for PSD-PI
although the molecular weight of PSD-PB
and PSD-PI were almost identical. This has
been assigned to the difference of the sec-
ond virial coefficient (A 2) between PB and
PI in deuterated n-decane. In this work we
have studied the second virial coefficient
and the dynamic crossover from a cooper-
ative motion (gel mode) to a single chain
motion (the Zimm mode) to elucidate why
the collective breathing mode disappears in
the DPS-PB micelles.

We used PB with Mw=22600 and
Mw/Mn=1.05 and PI with Mw=24500,
Mw/Mn=1.06. The solvent was deuterated
n-decane. Small-angle neutron scattering
and neutron spin echo measurements were
done using SANS-U spectrometer and
iNSE spectrometers in JRR-3 reactor, Tokai.
First we have evaluated the second virial
coefficient A 2 of PB and PI to find that A 2
of PB is smaller than that PI, showing the
interactions among PBs are smaller than
those among PI. We have also performed
NSE measurements on the 20 wt % PB and

PI solutions. The decays of intermediate
scattering functions I(Q,t) were analyzed to
evaluate the first cumulant G. Dividing the
first cumulant G by Qˆ2, we plotted G /Qˆ2
as a function of Q in Figure 1. In the high Q
region the first cumulant is proportional to
Qˆ3, suggesting that the mode we observed
is the Zimm mode. On the other hand, in
the low Q range G is proportional to Qˆ2.
It shows that the collective gel mode is
dominant in this Q range. What we have
to emphasize is that the crossover Q from
the Zimm mode to the gel mode depends
on sorts of polymers. The crossover Q of
PI is located to the higher value than that
of PB, showing that PI has longer-range
(stronger) interaction and the collective
dynamics arises in PI in the more local
region than PB. This must be a reason why
the collective breathing mode disappeared
in PSD-PB micelles.

Fig. 1. Figure 1. Q dependence of G /Qˆ2 fpr PB
and PI.
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Distribution of Glass Transition Temperature Tg in a Polymer Thin Film by
Neutron Reflectivity

K. Kawashima (a), T. Kanaya (a), G. Matsuba (a), K. Nishida (a), M. Hino (b)
(a) ICR, Kyoto University, (b) RRI, Kyoto University

Recent extensive studies on polymer thin
films have revealed very interesting but un-
usual properties of polymer thin films. It
was reported that the glass transition tem-
perature Tg of polystyrene thin films sup-
ported on silicon substrate decreases with
decreasing thickness below 40 nm. Similar
results were reported by many researchers
on Tg of polystyrene thin films supported
on silicon substrate. These results were ex-
plained in terms of multi-layer structure
consisting of surface mobile layer, mid-
dle bulk-like layer and interfacial immo-
bile layer near the substrate. It is now be-
lieved that revealing the multi-layer struc-
ture is essential to understand the unusual
properties. This has been already pointed
out by de Gennes [2000, Eur. Phys. J. E 2
201], and he mentioned that further exper-
iments should not aim at the determina-
tion of a single Tg, but at a distribution of
Tg ’s. In this report we have studied the
distribution of glass transition temperature
Tg in a three-layer polystyrene thin film by
neutron reflectivity, aiming to elucidate the
multi-layer structure of polymer thin films.
For neutron reflectivity (NR) measure-
ments we used deuterated polystyrene (d-
PS) and hydrogenated polystyrene (h-PS)
with molecular weight Mw = 7.31 x 10ˆ5
and Mw = 7.69 x 10ˆ5, and molecular
weight distributions were Mw/Mn = 1.18
and 1.08, respectively. The bulk glass tran-
sition temperatures Tg of h-PS and d-PS are
100 C and 103 C, respectively. NR measure-
ments were performed using MINE spec-
trometer at JRR-3 reactor in Tokai.
Figure 1 shows neutron reflectivity profiles
from the three-layer thin film at 30, 60, 85
and 110 C. It is very clear that the reflec-
tivity profiles gradually shifts to lower q
with increasing the temperature, showing
thermal expansion of the film. The tem-

perature dependence of the total film thick-
ness is shown for the total film thickness,
the top (surface), the middle and the bot-
tom layers are shown in Figures 2(a), (b),
(c) and (d), respectively. The surface layer
increases in thickness with the thermal ex-
pansivity of ˜1.3 x 10ˆ-4 Kˆ-1, which is close
to the expected value (= 1.1 x 10ˆ-4 Kˆ-1
), while it begins to increase above ˜85 K
more steeply, showing that the glass tran-
sition temperature of the surface layer is
˜18 K lower than the bulk Tg. The mid-
dle layer shows a very similar thermal ex-
pnsivity in the glassy state with the top
layer, but the glass transition temperature
is ˜105 K which is very close to or little bit
higher than the bulk Tg. The middle layer
behaves as the bulk layer. On the other
hand, the bottom layer shows very differ-
ent temperature dependence of the thick-
ness from other layers. The film thickness
is almost independent of temperature be-
low ˜130 C, suggesting that the glass transi-
tion temperature of the bottom layer must
be higher than 130 C. The present results
clearly show that the thin film has a distri-
bution of Tg.
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Fig. 1. (I) Neutron reflectivity profiles of three-layer
polystyrene thin film. (II) Temperature dependence
of film thickness. (a) total, (b) top layer, (c) middle
layer, (d) bottom layer.
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Role of Low Mw Components in Polymer Crystallization under Shear Flow

C. Ito, G. Matsuba, K. Nishida, T. Kanaya
ICR, Kyoto University

It is well known that when polymers in
melts and solutions are crystallized un-
der elongational and/or shear flows the
so-called shish-kebab structure is formed,
which consists of long central fiber core
(shish) surrounded by lamellar crystalline
structure (kebab) periodically attached
along the shish. In the previous research,
it was found that high molecular weight
component composed mainly shish struc-
ture. Now, we carried out the structural
formation processes of shish-kebab during
drawing was confirmed by in-situ small-
angle neutron scattering (SANS) measure-
ments on a polyethylene (PE) blend of
low molecular weight deuterated PE and
high molecular weight hydrogenated PE(3
wt%). Time-resolved SANS measurements
were performed with SANS-U spectrome-
ter at the JRR-3M reactor in JAPAN Atomic
Energy Research Institute (JAERI), Tokai.

On drawing process of the blends, it was
observed that the isotropic crystal structure
gradually formed the anisotropic shish-
kebab structure with in-situ SANS mea-
surements in Figure 1. At first 10 min, the
isotropic pattern changed horizontally long
ellipsoid-like profiles. This suggested that
the isotropic lamella was stretched and dis-
torted. Between 20 min and 80 min, the
shish-kebab formation processes were ob-
served. In high temperature condition, the
long spacing period increased with draw-
ing process, while the long spacing period
decreases in low temperature condition.
In high temperature, the“ tie chain”be-
tween lamella could extend and be pulled
off from lamella crystal because of high mo-
bility. On the other hand, low mobility
in low temperature prevented the“ pulled
off”process and then the lamella crystal
could be broken. After 80 min, we ob-
served the processes of“ kebab evaporat-

ing”. Such disappear of kebab structure
could be caused by“ shish-formation pro-
cess”from kebab structure.

Furthermore, we evaluated the detailed
shish-kebab structure from these 2D SANS
profiles. The shish kebab structure can be
described as core-shell cylinder model. The
radius of core cylinder was about 45 nm
and the shell cylinder had two core cylin-
ders.

Fig. 1. Time evolution of 2D SANS patterns during
crystallization process of PE at 110 C, drawing rate
= 6 micron/ s
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Neutron Scattering Study on Miscibility of Statistical Copolymer / Homopolymer
Blends

Siti Sarah A. R., D. Kawaguchi, Y. Matsushita
Dept.Appl. Chem., Nagoya Univ.

We have recently found that 4-substituted
polystyrene derivatives and polyisoprene
(I) are weakly interacted and likely to
be miscible with each other. Among
the various combinations, poly(4-tert-
butylstyrene) (B) and I exhibit a lower
critical solution temperature (LCST)
type phase diagram, while poly(4-tert-
butoxystyrene) (O)/I blend shows an
upper critical solution temperature (UCST)
type one. Hence, competition between two
interactions having opposite temperature
dependence is expected when a copolymer
consists of B and O is blended with I. The
objective of this study is to investigate
the phase behavior of statistical copoly-
mers composed of B and O, abbreviated
as s-BO, with I by optical microscopic
(OM) observation and small-angle neutron
scattering (SANS) measurements. Several
blends of s-BOs having mol fraction of B,
mB, comparable to 0.50, with I showed
both UCST and LCST type phase diagram.
Furthermore, UCST type phase behavior
was observed for blends having small
mB, while LCST type one was for that of
large mB at all employed temperatures.
These results imply that the attractive
interaction of B/I leads to miscibility
and that the repulsive interaction of O/I
induces immiscibility of the blends within
the temperature range studied. Hence,
the phase behavior of s-BO/I blend can
be understood as a result of the competi-
tion of two interactions having opposite
temperature dependence.
To elucidate the interaction between blend
components indirectly from SANS data,
the structure factors at q=0, S(0)s, which
correspond to the thermodynamic sus-
ceptibility were determined by using the
Ornstein-Zernike equation. S(0)s were ob-
tained from the fittings of inverse S(q) vs.

qˆ2 data to Ornstein-Zernike equation. Fig-
ure 1 gives the relation between inverse
S(0) and inverse temperature, for s-BO/d-
I blends together with those for O/d-I
and B/d-I blends for comparison. The in-
verse S(0) for O/d-I blend in Figure 1(a)
decreased with a decrease in inverse T,
whereas that for B/d-I blends increased
with inverse T as shown in Figure 1(e).
This shows that the interaction of O/d-I
becomes less repulsive as temperature be-
comes higher and vice versa for the interac-
tion of B/d-I. Hence, these results indicate
that O/d-I blend shows an UCST and B/d-
I blend has a LCST type phase behavior.
Figure 1(b) for s-BO35/d-I blend showed
qualitatively the same trend as that O/d-
I, however, the temperature dependence
of the inverse S(0) for s-BO/d-I blends
changed dramatically when mB reaches
to 0.49 as shown in Figure 1(c). Namely,
the inverse S(0) first increased, but went
through a maximum at 170 °C and then
turned to decrease. This implies that s-
BO49/d-I blend shows both UCST and
LCST type phase behavior. Furthermore,
as mB goes up more, opposite tempera-
ture dependence was observed as shown
in Figure 1(d) for s-BO66/d-I blends. The
inverse S(0) increased with decreasing in-
verse T, indicating LCST behavior which
is similar to B/d-I blend. These results re-
vealed by SANS experiments for s-BO/d-
I blends are in good accordance with OM
observation. Thus, we were able to display
that the phase behavior of s-BO/d-I blends
change from UCST to LCST type one with
an increase in mB due to the competition
of B/I and O/I opposite interactions and
show both UCST and LCST type phase be-
havior at balanced condition.
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Fig. 1. Temperature dependence of the inverse S(0)
of (a) O/d-I, (b) s-BO35/d-I, (c) s-BO49/d-I, (d) s-
BO66/d-I and (e) B/d-I blends.
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Dynamical Properties of Nanoporous Structure in Syndiotactic Polystyrene

Fumitoshi Kaneko, Tatsuya Kawaguchi, Kenji Okuyama
Graduate School of Science, Osaka University

Syndiotactic polystyrene (sPS) is a rela-
tively new commodity polymer, which ex-
hibits a variety of crystalline states. The
δe phase of sPS occupies a unique position
from the viewpoints of structure chemistry
of polymers. In the δe phase, there exist
two relatively large cavities between sPS
helices taking TTGG conformation. Each
cavities has a volume of nearly 120A3. This
nanoporus structure is regarded as the first
example of molecular sieve in polymeric
materials. Unlike the ordinary crystalline
states of polymers, the density of the δe
phase (0.977 g cm−3) is less than that of the
amorphous state (1.05 g cm−3). It seems
that this unique structure exerts a consider-
able influence on the dynamical properties
of the δe phase.

In this study, we compared the QNS
spectrum of the δe phase with that of the
γ phase and the glass state of sPS. In the
γ phase, sPS helices takes TTGG conforma-
tion like those of the δe phase but they are
much more densely packed. All QNS spec-
tra were measured with AGNES spectrom-
eter of JRR3M (Tokai). The mean-square
displacement < u2 > of hydrogen atoms
was evaluated from the Q dependence of
the elastic scattering intensity I(Q) by us-
ing the following the Debye-Waller for-
mula: I(Q) = I(0) exp[-(1/3)< u2 > Q2],
where I(0) is the elastic intensity at Q =
0. In order to reduce the effect of coher-
ent scattering, I(Q) was devided by that at
20K.

Figure 1 shows the temperature depen-
dence of < u2 > for the δe, γ and glass
samples. The mean square displacement
of the glass sample is larger than that of
the γ and δe phases in the whole temper-
ature range of 100-350K. Although there is
no conspicuous difference in < u2 > be-
tween the two crystalline phases, δe and γ,
up to 250K, the δe phase shows a clearly

larger displacement in the higher temper-
ature region, which is attributable to the
weaker interchain interaction in δe phase.
As for the QNS component, these sam-
ples exhibit their own characteristics; the
δe phase shows a larger contribution to the
high Qand low ΔE region, suggesting the
activation of local motions.

According to the previous 13C-NMR
study by Gomez and Tonelli, the spin-
lattice relaxation times T1 are shorter in
the δe phase than the glass. We conjec-
ture that the difference in the NMR and
QNS experiments is due to the time scale
of detectable molecular motion. Consider-
ing all the various factors together, we infer
that the influence of the nonoporous struc-
ture appears most conspicuously in slow
and large motions. However, we can see
from the results of QNS that smaller molec-
ular motions of shorter time scale, which
are probably the phenyl group’s motions,
are more activated in the nanoporous δe
phase. To clarify the more detailed dynam-
ical properties of the δe phase, it is neces-
sary to study the larger molecular motion
of longer time scale.

Fig. 1. Temperature dependence of mean square dis-
placement in sPS solid states
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Static/Dynamic Structural Investigation of Lipid Nanodiscs

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

Phospholipid Nanodiscs are lipid-protein
complexes in which amphipathic helices,
such as apolipoprotein A-I (apoA-I) and
its truncated proteins surround the edge of
the bilayer. Nanodiscs can be formed by
simply mixing apoA-I and lipids (such as
dimyristoylphosphatidylcholine (DMPC))
at the gel-liquid crystalline phase transition
temperature of the lipid, or by solubiliz-
ing these compounds into a micellar solu-
tion of cholate with subsequent removal of
the surfactant. The reported size of Nan-
odiscs constituted by apoA-I ranges from 7
to 12 nm, depending on the lipid used or
lipid/protein composition. However, their
detailed structure and characteristics, espe-
cially the dynamic properties of lipids in
Nanodiscs, are not well understood.

We previously succeeded in determin-
ing the rates of interbilayer exchange
and flip-flop of dimyristoylphosphatidyl-
choline (DMPC) in large unilamellar vesi-
cles (LUVs) by small-angle neutron scatter-
ing (SANS) technique [1]. In the present
study, we elucidated the static and dy-
namic properties of apoA-I/DMPC Nan-
odiscs with SANS.

ApoA-I was isolated from pig plasma.
DMPC was mixed with buffer containing
apoA-I (DMPC:apoA-I = 80:1 (mol/mol))
and incubated at 25 °C for 8h. Nan-
odiscs formed were separated from coex-
isting vesicles and lipid-free proteins by
density gradient ultracentrifugation. Nan-
odiscs consisting of either d54-DMPC (D-
disc) or DMPC (H-disc) were prepared.

SANS profiles of D- and H-disc with dif-
ferent scattering contrasts were fitted si-
multaneously, and whole diameter was es-
timated at 9.4 nm. From the core volume,
the molecular area of DMPC was calcu-
lated as 0.50 nm2, which is much smaller
than the molecular area in vesicles (0.66
nm2), suggesting closer lipid packing.

Time-resolved SANS measurement was
started immediately after mixing an equiv-
alent volume of D-disc and H-disc. Time-
course of the normalized contrast was cal-
culated from the scattering intensity. The
decay curves at four different temper-
atures were reproduced well by single-
exponential function to provide the rate
constant (kex). Noteworthy, the decays
were more than 20-fold faster than the the-
oretical decay with the exchange rate for
LUVs. Arrhenius plot for kex suggested
that DMPC desorbs from Nanodiscs via en-
thalpically unfavorable but entropically fa-
vorable process. These distinct dynamic
properties of lipids in Nanodiscs, including
a decreased activation energy compared
with LUVs, could be ascribed to the en-
tropically more unstable state in Nanodiscs
as suggested by the static SANS measure-
ments. That is, the lower entropy state de-
rived from the closer lipid packing counter-
vails the decremental entropy on the lipid
desorption.
In conclusion, the static and time-resolved

SANS study clarified the fast lipid dynam-
ics in Nanodiscs, which is connected with
the static properties of bilayers altered by
the envelopment with the proteins.
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nano-meter-sized domain formation in model bio-membrane

Y. Sakuma and M. Imai
Department of Physics, 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
profiles can be described by a multi-
domain model rather than a mono-domain
model. The nano-meter-sized domain
is agitated by thermal fluctuations and
eventually ruptured, which may result in
the multi-domain state. The kinetically
trapped nano-meter-sized domains grow
to a mono-domain state by decreasing
temperature. Furthermore, between the
miscibility and disorder-order transition
temperature of saturated lipid, the inte-
grated SANS intensity increased slightly,
indicating the formation of nano-meter-
sized heterogeneity prior to the domain
nucleation.
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Neutron Reflectivity Studies of the Swelling States of Polysulfobetaine Brush at
Water Interface

Y. Terayama1, M. Kobayashi１,2, A. Takahara1,2
1Institute for Materials Chemistry and Engineering, 2Graduate School of Engineering, Kyushu

University

Water-swollen states of hydrophilic poly-
mer brushes have been paid great at-
tention because they relate to biointer-
face performance and water lubrication.
We studied the swollen structure of poly-
mer brushes containing zwitter inonic
and nonionic macromolecules in aque-
ous solution by neutron reflectivity (NR).
This article describes a part of them,
focusing on swelling behavior of poly-
sulfobetaine brush prepared by surface-
initiated radical polymerization polymer-
ization of (3-dimeth yl(methacryloxyethyl)
ammonium propane sulfonate) (DMAPS).
Poly(DMAPS) is insoluble in pure water
due to the strong attractive electrostatic in-
teraction between ammonium cations and
sulfonyl anions. In contrast, poly(DMAPS)
is soluble in salt solution because of the
screening of the inter- or intramolecu-
lar interaction by ions in aqueous solu-
tion[1,2]. The dependence of ionic strength
on swelling behavior of poly(DMAPS)
brush was investigated by NR.
The poly(DMAPS) brush on quartz was
prepared by surface-initiated atom transfer
polymerization of DMAPS. NR was mea-
sured by a multilayer interferometer for
neutrons (MINE) in JRR-3 at TOKAI, us-
ing wavelength λ = 0.88 nm with an ac-
curacy of 2.7 %. A neutron beam was irra-
diated from a quartz substrate to the inter-
face between heavy water (D2O) and the
poly(DMAPS) brush on quartz glass. The
incident slit width were adjusted to main-
tain a 55 mm footprint size on the sample
surface. The scattering vector, q, in specular
reflectivity is defined by q = (4π/λ) sinθ.
The NR profiles were analyzed by fitting
calculated reflectivity from model scatter-
ing length density profiles to the data using
Parratt32 software.

Figure 1 shows the neutron reflectivity
curves and scattering length density pro-
files of poly(DMAPS) brush in D2O and
0.5 M NaCl/D2O. The neutron scatter-
ing length density (SLD) of poly(DMAPS)
brush in D2O was dramatically increased
from 4.80× 10-4 to 6.32× 10-4 nm-2 along
with the distance from the substrate, and
was slightly increased up to 6.39 × 10-
4 nm-2 at the pure D2O region. Volume
fraction distribution of DMAPS segments
in D2O solution was evaluated from SLD
curve, and was fitted by the parabolic func-
tion to estimate the brush thickness in solu-
tion, which was 130 nm in pure D2O. On
the other hand, the SLD profile in 0.5 M
NaCl/D2O drastically increased to 5.50 ×
10-4 in 50 nm region from the substrate,
and gradually increase to 6.29× 10-4 nm-2
at the external solution interface. Polymer
brush chains at the outermost region were
stretched up to 260 nm from quartz sur-
face. Hydrated salt ions screened the attrac-
tive electrostatic interaction of sulfobetaine
groups to give an extended chain structure
like as an osmotically swollen brush of an
electrically neutral polymer.

References
(1) Huglin M B and Radwan M A 1991
Makromol. Chem 192 2433.
(2) Kato T and Takahashi A 1996 Ber. Bun-
senges. Phys. Chem. 100 784.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 885

1-5-18

- 207 -

JAEA-Review 2013-039



Fig. 1. Figure 1. NR of PDMAPS brush in D2O
and 0.5 M NaCl/D2O solution and the correspond-
ing fits (Left). The SLD profiles in D2O and 0.5 M
NaCl/D2O solution to calculate the fitting curves
for reflectivity (Right).
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Structure-Property Relationship of Particle-Polymer Mixture Solution under shear
field

M. Shibayama, T. Matsunaga, T. Suzuki, N. Osaka, T. Nishida, H. Endo
ISSP, The University of Tokyo

The microscopic structure clay nano-
particles (Laponite XLG) and poly(ethylene
oxide)(PEO) suspension under steady
shear has been investigated by
contrast-variation small-angle neutron
scattering(CV-SANS). It is noted that the
radius and thickness of the clay are 150
　 and 10 　, respectively. The molecular
weight of the PEO used is Mw = 1,000
kg/mol. The stock solution of clay and
PEO was prepared by adding PEO solution
to clay and stirring with a magnetic stirrer
until well-blended. Laponite (clay) platelet
dispersions in poly(ethylene oxide) (PEO)
aqueous solutions with various deuteri-
ous/hydrogeneous water compositions
were prepared and contrast-variation
SANS experiments were carried out.
Reversible shear-thinning behaviors were
observed in both clay dispersions and PEO
solutions. No anisotropy was observed
in SANS patterns even clay platelets are
highly anisotropic, indicating turbulent ro-
tation of platelets by shearing. In the pres-
ence of PEO, on the other hand, the viscos-
ity showed a hysteresis loop with strong
anisotropy (see figure). This suggests that
clay platelets are well aligned along the
flow direction due to bridging together by
oriented polymer chains.
Furthermore, by contrast-variation SANS
experiments, the following facts were dis-
closed. In a stationary state, a significant
number of PEO chains are adsorbed on the
clay surface. Because of the presence of tie-
chains bridging neighboring clay platelets,
the viscosity is higher than that of clay dis-
persion without PEO chains. When the sys-
tem is sheared, the adsorbed layer is de-
stroyed and desorption occurs. However,
by reducing the shear rate, polymer chains
start to adsorb on the clay platelets again.
Here, the desorption/adsorption process is

very much dependent on the history of
shearing, leading to a strong hysteresis be-
havior.

Fig. 1. SANS 2D-patterns for clay(3 wt%) disper-
sion, PEO(2 wt%) solution and clay(3 wt%)-PEO(2
wt%) mixed solution
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Kinetic process on transition from small to large uni-lamellar vesicles

N. L. Yamada
High Energy Accelerator Research Organization

It has been reported that the mixture of
dimyristoylphosphatidylcholine (DMPC;
14 carbons/chain) and dihexanoylphos-
phatidylcholine (DHPC; 6 carbons/chain)
spontaneously form small uni-lamellar
vesicles (SUVs; several hundreds of
angstroms in radius) [1]. Due to high sta-
bility and monodispersity, SUVs consisting
of long- and short-chain phospholipid mix-
tures have a potential for drug delivery,
micro reactor, as well as biomimetic sys-
tem. According to experimental reports,
the SUVs are formed from small bilayered-
micelles (bicelles; approximately one
hundred angstroms in radius) above the
chain melting temperature of long-chain
lipids Tc [2, 3, 4].

In this study, the transition not from bi-
celles but from small SUVs to large SUVs
has been found in this system. As far as
I know, this is the first observation of the
SUV-SUV transition in aqueous solution of
amphiphilic molecules. The purpose in this
study is to clarify the mechanism of this
transition from the viewpoint of kinetics
by using time-resolved small angle neutron
scattering (SANS) by using SANS-U.

Figure 1(a) shows the time evolution of
SANS profiles after temperature jump from
50◦C to 27◦C. The fringes due to large SUVs
gradually appeared for over five hours af-
ter cooling as shown in Fig. 1(a), while
those due to small SUVs gradually disap-
peared. This indicates that the size of SUVs
discontinuously changed at the SUV-SUV
transition. If small SUVs fused each other
to be large SUVs, continuous increase in
the vesicle size should be observed. Hence,
this result implies that transient bicelles
were formed during the transition.

To confirm the assumption, model fit-
ting of SANS profiles have been performed.
Solid lines in Fig. 1(a) are the results of
the fitting. Since scattering intensities are

proportional to the number density of par-
ticles, the volume fractions of SUVs and
bicelles can be estimated by the fitting as
shown in Fig. 1(b). A minimal model de-
scribing time evolution from small to large
SUVs via transient bicelles well agrees with
the experimental results as solid lines in
Fig. 1(b). This indicates that the deforma-
tion from small SUVs to bicelles is the trig-
ger for the transition to large SUVs, which
is induced by the stabilization of rim struc-
ture by decreasing temperature to near Tc.
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Structural Analysis of N-isopropylacrylamide / Rod-like silica Hybrid Gels by
Contrast-variation Small-angle Neutron Scattering

Takuya Suzuki, Noboru Osaka, Hitoshi Endo, Mithuhiro Shibayama
ISSP-NSL, Univ. Tokyo,

Polymer gels, which are soft materials
that retain large amounts of solvent, can
be functionalized or strengthened by incor-
poration of inorganic compounds. The or-
ganic/inorganic hybrid gels thus obtained
can be of various morphologies, such as
semi-interpenetrating polymer networks
with inorganic domains as well as polymer
networks that are organically cross-linked
and then strengthened by the incorporation
of inorganic compounds. In addition, there
exist organic hybrid gels free of organic
cross-links, but which are cross-linked by
the inorganic compounds via chemical or
physical cross-linking. Detailed studies on
hybrid polymer morphology, gelation dy-
namics, and interfacial structures between
polymers and inorganic compounds have
so far been limited by the inherent com-
plexity of the systems. This complexity
originates from the molecular interactions
of the multi-component systems (i.e., the
polymers, the inorganic compounds, and
the solvent).
In this study, we investigated the micro-

scopic structure of N-isopropylacrylamide
(NIPAm)/rod-like silica hybrid gels. NI-
PAm gel is one of the widely stud-
ied thermo-responsive gels and a model
system for studying hydrophobic inter-
actions. It is prepared by using redox-
polymerization and shows an attractive in-
teraction with the silica surface via hy-
drogen bonding. It can be possible to dis-
cuss the influence of the distribution of in-
organic compounds in the gel by flexibly
changing not only the concentration but
also the size or the shape ( sphere or rod
) of silica particles. The systematic study on
the mechanical property and microstruc-
ture of hybrid gel, which can be tuned by
these quantitative or geometrical arrange-
ments of inorganic compounds, should be

of great importance in order to design the
high-performance gel. One of NIPAm/rod-
like silica gel and three types of NI-
PAm/spherical silica gels, each having dif-
ferent silica sizes, were prepared while
maintaining an equal total volume frac-
tion. Contrast-variation small-angle neu-
tron scattering measurements were per-
formed to clarify the silica shape depen-
dence of the hybrid gel microstructure. The
presence of an adsorbed layer of NIPAm
chains on the silica surface and its depen-
dence on silica particle size are addressed.
Fig.1 shows the intensity profiles for (left)

rod-like silica and (right) NIPAm/Rod-like
silica hybrid gels. In the case of rod-like sil-
ica, the distinct peak appeared in the low
Q region indicating the repulsive interac-
tion of each particle. On the other hand,
for the hybrid gels, the power law behavior
was observed due to the fractal-like aggre-
gation of each particle. Moreover, it should
be noted that the shoulder was observed
for each sample indicating the form factor
of each particle. By using these experimen-
tal data, the surface structure around silica
particles was discussed.

Fig. 1. Intensity profiles for Rod-like silica (left) and
NIPAm/Rod-like silica hybrid gels (right).
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Structural Analysis of Polyurethane Resin by Small-angle Neutron Scattering

(A) Takuya Suzuki, Mitsuhiro Shibayama, (B) Kazuhiro Hatano, Masahiko Ishii
(A) Institute for Solid State Physics, The University of Tokyo, (B) Paint & Finishing Design

Dept., Vehicle Material Engineering Div., TOYOTA MOTOR CORPORATION

Polyurethane resin is one of the most
familiar materials consisting of polyiso-
cyanate and polyol groups. Due to the
good mechanical properties like adher-
ence and durability, polyurethane resin is
widely used as industrial materials in the
wide ranges such as adhesives, fabrics,
paints, and inks. Polyurethane resin includ-
ing isocyanurate groups, which is formed
by a trimerization reaction of isocyanate
groups, provides better thermal stability
and rigidity than that composed of linear
urethane bonding because of more func-
tional groups and of stiffer hard segments
in the former one.
As for the effect of the stoichiometric ra-

tio, [NCO] / [OH], into the network struc-
ture of polyurethane resin, various studies
have been carried out so far. Redman re-
ported the effect of the [NCO] / [OH] ratio
on molecular weight and on the rheologi-
cal, thermal, and mechanical properties of
two series of ester-based polyurethanes.[1]
Nierzwicki and Wysocka also studied the
effect of the [NCO] / [OH] ratio on
the micro-phase separation of ester-based
polyurethanes, which can be induced by
the soft segments and hard segments, by
thermo-mechanical analysis (TMA).[2]
In this paper, we discuss the gelation kinet-
ics and the microstructure of polyurethane
gels by focusing on the network concen-
tration and the stoichiometric ratio of iso-
cyanate to hydroxyl groups, [NCO] / [OH].
The purpose of this study is to clarify the
following matters, i.e., the effect of the to-
tal concentration and [NCO] / [OH] on
the microscopic inhomogeneities of the net-
work. We used acryl-polyol as a soft seg-
ment component and polyisocyanate as a
hard segment component.

Fig.1 shows the intensity profiles of
polyurethane resin having different total

concentration(wt%) and [NCO] / [OH]. In
the case of 12.8 wt%, the [NCO] / [OH]
dependence is so little and the intensity
is low. This is due to the fact that at 12.8
wt%, the system was at liquid state while
the sample became gel-like state by fur-
ther increasing the total concentration. It
should be noted that at 17.1 wt%, the inten-
sity became the maximum. At more than
17.1 wt%, the intensity decreased with the
total concentration due to the decrease of
the concentration fluctuation of the poly-
mer network. These experimental results
were also in good agreement with our pre-
vious work by dynamic light scattering.[3]
At 54 wt%, the intensity profiles were flat
due to the strong incoherent scattering of
the concentrated polymers.
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Fig. 1. Intensity profiles of polyurethane resin.
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Small-angle neutron scattering study of block copolymers in supercritical carbon
dioxide

M. Itoh, H. Yokoyama, K. Mayumi, K. Ito, N. Osaka, H. Endo, M. Shibayama
University of Tokyo

Depending on volume fraction of each
block, degree of polymerization and inter-
action between blocks, several microphase-
separated morphologies are observed in
diblock copolymers. These morphologies
are kinds of micro-phase separation of
each blocks: Examples are spheres, cylin-
ders and lamellae ordering in long-ranged
periodic structures, such as cubic lattice
of spheres and hexagonal lattice of cylin-
ders. In addition to those classic morpholo-
gies, 3D contineous networking structures,
which are called bicontinuous structures,
have been reported. We have succeeded
in inducing multiple order-to-order phase
transitions by swelling selectively CO2-
philic blocks with supercritical CO2 and
changing pseudo-volume fraction. This
morphology change was anticipated by ex-
situ analysis of the samples frozen and re-
moved from supercritical CO2. However,
in-situ measurement of selectively swollen
block copolymers in supercritical CO2 has
never been conducted. Thus this time we
performed in-situ measurement of swollen
block copolymers in CO2 by neutron scat-
tering analysis.
We analyzed the morphologies of
Poly(styrene-b-perfluorooctylethyl
methacrylate)s (PS-PFMAs), using small
angle neutron scattering measurement
system ,SANS-U, at JRR-3. PFMA is CO2-
philic and highly swollen in CO2. We
prepared three samples differing with
the ratio of PS to PFMA and total degree
of polymerization, of which molecular
weights and weight fraction of PFMA are
18,600 and 20 % (S1), 17,400 and 48% (S2),
and 23,000 and 28 wt% (L), respectively.
Samples for SANS were made by casting
from trifluorotoluene solutions. Then the
samples were placed into high-pressure
cell with CO2 pressure and temperature

controls. This time, temperature was fixed
at 60 degree C and pressure was varied
from atmospheric pressure to 30MPa.
Fig.1 shows the pressure dependence of
SANS profiles. Profiles in each graph are
seriated in increasing order of pressure.
Fig1a is scattering patterns of S1. At 0.1MPa
the peak positions of q (1:1.73), corre-
sponding to Hex lattice of PFMA Cylinders
is found. Similarly, the profile at 15MPa
agrees with lamellar peak pattern. At 10
MPa, at which the effective volume frac-
tion is between cylinderical and lamellar
morphologies, unknown peak pattern ap-
peared. Because the first and second or-
der peaks were not well separated due to
limited resolution, we cannot assign the
morphologies at this point, but the peak
ratio is inconsistent with either cylinder
or lamellar. Pressurizing from 15MPa to
20MPa we observed sudden change of the
first peak position followed by BCC/SC
lattice of spheres at 25MPa and 30MPa(1:
1.44). The sudden change of the first or-
der peak position can be interpreted as evi-
dence of exchange of the matrix. Scattering
profiles of S2 with higher PFMA fraction
(48%) is shown in Fig.1b. In as cast state,
peaks appear at 1, 1.99, 2.97 relative to the
first order, which is lamella. In pressuriz-
ing process at 15 MPa, peak ratio 1:1.74:1.86
was observed. This pressure and hence the
effective volume fraction is in bicontinu-
ous regime, but identifying this structure
requires additional experiments. As pres-
surizing continuously, the polymer struc-
ture changed to Hex of cylinder at 25MPa
and finally the structure factor vanished at
30MPa.
Fig.1c shows the scattering function of L
with the higher mass. From peak ratios of
as cast specimen and at the pressure upto
20MPa, the morphology is always Lamella.
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At a pressure over 25MPa peak becomes
weak, and at 30MPa structure factor com-
pletely disappears.
As can be seen from these three samples,
we observed multiple order-to-order tran-
sitions. We are continuing in-situ measure-
ment with SANS on new additional sam-
ples with different ratio of PFMA and the
degree of polymerization.

Fig. 1. Fig. 1. Small angle neutron scattering pat-
terns of PS-PFMAs with different molecular weight
and fractions at several different CO2 pressures: (a)
Mn = 18,600 and PFMA wt% = 20; (b) 17,400 and
48%; (c) Mn = 23,000 and PFMA = 28 wt%.
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Reconstruction of uni-lamellar vesicles induced by addition of polymers

N. 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 small uni-lamellar vesicles
(SUVs; several hundreds of angstroms in
radius) [1]. 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. Recently, it has been reported that
nanopores are sponetaneously formed
on the surface of SUVs consisting of
dimyristoylphosphatidylcholine (DMPC;
14 carbons/chain) and dihexanoylphos-
phatidylcholine (DHPC; 6 carbons/chain)
mixture [2]. If translocation of polymers
thorough the nanpores can be observed,
this system would be an ideal system to
investigate the material transportation in
real cells.

In this study, the effect of polyethyleneg-
lycol (PEG) on the stability of SUVs consist-
ing of DMPC and DHPC mixture has been
investigated by small angle neutron scat-
tering (SANS) for the first step. The SANS
experiments were performed using SANS-
U at the C1-2 port of JRR-3 at Japan Atomic
Energy Agency (JAEA), Tokai [3]. 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
controlled to be 0.9 vol%. The obtained so-
lution was kept at 30◦C for thirty minutes
to make homogeneous SUV solution, and
mixed with the twice amount of PEG solu-
tion (100 mg/mL PEG and 3 mM CaCl2).

Figure 1 shows the SANS profiles after
the addition of PEG solution. The period
of fringes becomes shorter than that before
the addition. This result indicates that the
reconstruction of SUVs occured, because
the period of fringes is inversely propor-

tional to the size of SUVs. The size of
SUVs after the addition of PEG solution de-
pends on the molecular weight of the PEG.
However, the origin of the reconstruction
of SUVs has not been understood yet.
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Fig. 1. SANS profiles before and after the addition
of PEG solution.
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Relation between bending modulus and spontaneous curveture in DGI/SDS/D2O
system

H. Mayama(A), X. J. Chen(A), M. Nagao(B), H. Seto(C) and K. Tsujii(A)
(A)Nanotechnology Research Center, RIES, Hokkaido Univ., (B)ISSP-NSL Univ. Tokyo,

(C)Dept. Phys, Kyoto Univ.

A non-ionic surfactant, n-dodecyl glyceryl
itaconate (DGI), self-assembles into bilayer
membranes in water having a spacing dis-
tance of sub-micrometer in the presence
of small amounts of ionic surfactants, and
forms multi-lamellar structure which in-
dicates beautiful iridescent color because
of Bragg diffraction. We have found that
the repeat distance between the bilayers
distributes in the scale range between 130
nm (red) and 180 nm (blue) in the suit-
able concentration range of ionic surfac-
tant and it decreases with increasing the
concentration (J. Colloid Inf. Sci. 305 (2007)
308). In order to understand fundamental
question why this system maintains long
repeat distance on the order of 100 nm,
we have studied on membrane dynamics
in the DGI/SDS/D2O system. We found
that the membrane dynamics can be de-
scribed very well by the theory of Zilman
and Granek (PRL 77 (1996) 4788) and bend-
ing modulus kappa was increased from 20
kT to 40 kT with increasing the concen-
tration of SDS (decreasing of repeat dis-
tance) as shown in Fig. 1. Through other
experiments on direct observation of multi-
lamellar structure in our previous study,
we found that self-assembled DGI forms
giant onions consisted of the stacked DGI
bilayers and the radius of curvature is
changed between 10 (higher SDS concen-
tration, onion structure) and several hun-
dred micrometer (lower SDS concentration,
flat onion structure). The relation between
the spontaneous curvature and the bend-
ing modulus would give us a clue to un-
derstand the question.

Fig. 1. Iridescent color of DGI/SDS/D2O system
(a) and dependence of bending modulus kappa on
SDS concentration. The insets: schematic represen-
tation of onion structures consisted of stacked layers
at lower (left) and higher SDS concentrations (right).

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 931

1-5-25

- 216 -

JAEA-Review 2013-039



Conformation and Dynamics of Polyrotaxane in Solution

Koichi Mayumi, Hitoshi Endo, Noboru Osaka, Hideaki Yokoyama, Mitsuhiro
Shibayama, Kohzo Ito

Graduate School of Frontier Sciences, The University of Tokyo, Institute for Solid State Physics,
The University of Tokyo

Polyrotaxane (PR) is a typical
supramolecule, in which cyclic molecules
are threaded onto a linear polymer chain
[1]. The cyclic molecules in PR can slide
and rotate on the polymer chain, and the
degree of freedom of movement within a
chain is the most unique feature of PR. This
additional kinetic freedom has been uti-
lized to produce functional nanomaterials
having novel dynamical properties [2]. For
example, PR, composed of polyethylene
glycol (PEG) and α-cyclodextrins (CDs),
was applied to a novel kind of polymer
network, called“ slide-ring gel”[3], which
was prepared by cross-linking CDs be-
longing to different PR. The cross-linking
point of slide-ring gels can slide along the
polymer chain, and this unique structure
causes the high extensibility and huge
degree of swelling ratio in slide-ring gels.
These remarkable physical properties were
derived from nanoscale sliding motion of
cyclic molecules.
We investigated the conformation and dy-
namics of polyrotaxane (PR) composed
of polyethylene glycol (PEG) and α-
cyclodextrins (CDs) by means of small an-
gle neutron scattering (SANS) and neutron
spin echo (NSE) technique, respectively.
We analyzed the scattering functions for
polyrotaxane in DMSO using a form factor
based on the wormlike chain model, and it
was found that the persistence length for
PR dissolved in DMSO was approximately
30 　, which is three times as large as that
of PEG dissolved in DMSO [4]. Further-
more, the monomer dynamics of PR ob-
served by NSE measurements was slower
than that of PEG [5]. These findings indi-
cate that threading CDs into PEG stretched
the PEG chain and suppressed the local dy-
namics.

[1] A. Harada, J. Li, M. Kamachi, Nature
(London) 356, 325 (1992)..
[2] J. Araki, K. Ito, Soft matter 3, 1456
(2007).
[3] Y. Okumura, and K. Ito, Adv. Mater. 13,
485 (2001).
[4] K. Mayumi, N. Osaka, H. Endo, H.
Yokoyama, Y. Sakai, M. Shibayama, K. Ito,
Macromolecules, 41, 6480 (2008).
[5] K. Mayumi, N. Nagao, H. Endo, N. Os-
aka, M. Shibayama, K. Ito, Physica B, in
press.
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Mechanically Interlocked Structure of Polyrotaxane Investigated by Contrast
Variation Small Angle Neutron Scattering

Koichi Mayumi, Hitoshi Endo, Noboru Osaka, Hideaki Yokoyama, Mitsuhiro
Shibayama, Kohzo Ito

Graduate School of Frontier Sciences, The University of Tokyo, Institute for Solid State Physics,
The University of Tokyo

Advances of supramolecular chemistry has
realized novel polymer architectures com-
posed of several components noncova-
lently bonded [1]. One of the most promis-
ing supramolecules is polyrotaxane (PR) in
which cyclic molecules are threaded into a
liner polymer chain [2]. Covering the axial
polymer chain with the cyclic molecules re-
sulted in various applications to nanoma-
terials such as molecular tubes formed by
cross-linking adjacent cyclic molecules in a
single polyrotaxane and insulated molec-
ular wires incorporating conductive poly-
mers. The cyclic molecules in polyrotaxane
are mechanically interlocked with the axial
polymer, and slide and rotate on the chain.
This additional kinetic freedom has been
utilized to produce functional nanomateri-
als having novel dynamical properties, ex-
amples of which are drug delivery systems,
multivalent ligand systems, energy trans-
fer systems, and three-dimensionally cross-
linked polyrotaxane networks with mov-
able crosslinks. In particular the mechani-
cally interlocked structure of polyrotaxane
leads to various application to nanomateri-
als.
We performed contrast variation small an-
gle neutron scattering measurements on
polyrotaxane composed of polyethylene
glycol (PEG) andα-cyclodextrins (CDs) in
order to determine the detailed structure
of PEG and CD in polyrotaxane. The scat-
tering intensities I(Q) ’s for PR in mix-
tures of DMSO-d6 and DMSO were suc-
cessfully decomposed into partial scatter-
ing functions for the components of poly-
rotaxane. The CD-PEG cross-term is pos-
itive, which corresponds to the mechaini-
cally interlocked connection between PEG
and CD. In addition, the self-term of CD

showed almost the same Q-dependence as
the self-term of PEG. This indicated that the
CDs in polyrotaxane are distributed ran-
domly along the PEG chain. Contrast vari-
ation SANS is efficient to investigate static
structures of components in supramolecu-
lar systems such as the conformations of
and the correlations between the compo-
nents in the system.

[1] Lehn, J. M. Supramolecular Chemistry:
Concepts and Perspectives, VCH, Wein-
heim, 1995.
[2] Harada, A.; Hashidzume, A.;
Takashima, Y. Adv. Polym. Sci. 2006,
201, 1.
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QENS Study on Thermal Gelation in Agarose Aqueous Solution

N. Onoda-Yamamuro(A) and O. Yamamuro(B)
(A) Tokyo Denki Univ., (B) ISSP-NSL, Univ. Tokyo

Thermoreversible gelation of aqueous
solution of macromolecules is due to the
formation of a physically crosslinked net-
work structure. Macroscopic properties,
such as viscosity, change drastically with
gelation. It is of interest whether micro-
scopic motions such as diffusion of wa-
ter molecules and segmental vibration of
macromolecular chains change or not with
gelation. Methylcellulose (MC) gels on
heating due to hydrophobic interactions
between methoxyl groups. We have shown
that dynamic slowing down occurs not
only for macroscopic properties but also for
microscopic motion of both MC and wa-
ter molecules by quasi-elastic neutron scat-
tering (QENS) measurements [1]. In this
study thermal gelation of agarose was ex-
amined. Agarose (AG) gels on cooling due
to formation of hydrogen bonds.

QENS experiments were performed on
AG solution using AGNES spectrometer,
installed at C3-1 port of JRR-3M in Tokai.
D2O, not H2O, was used as a solvent to
observe both dynamics of water and AG
molecules. The relative scattering intensity
from H atoms of agarose to that from D
atoms of D2O is expected to be compara-
ble in this sample solution. The sample (3.0
wt-% solution) in this study geled around
315K on cooling and soled around 370K on
heating.

The data were fitted well to the sum of
a Lorentzian function and a Delta function,
both of which are convoluted by resolution
function as shown in Fig. 1 (a). The for-
mer is attributed to diffusive motion of wa-
ter molecules and the latter to local vibra-
tional motion of AG molecules. The self-
diffusion coefficient D of water molecules
was obtained from the Q-dependence of
the HWHM of the Lorentzian function,
while the mean square displacement u2 of
AG molecules was obtained from the Q-

dependence of the intensity of the Delta
term. Temperature dependence of D and
u2 are shown in Fig.1 (b). The mean
square displacement abruptly decreased
and the slope of the self-diffusion coef-
ficient changed with gelation on cooling.
The present results revealed that the mi-
croscopic motions of both water and AG
molecules give rise to dynamic slowing
down on thermal gelation.

[1] N. Onoda-Yamamuro et al. Physica B
Condens. Matter, 393, 158 (2007).

Fig. 1. Figure 1(a) An example of fits to S(Q,E) of the
AG solution. (b) T dependence of the self-diffusion
coefficient D of water and the mean square displace-
ment <u2> of the local motion in AG molecules.
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Aggregation Structure and Dynamics of Polymers at the Interface with Water I:
Analysis of Aggregation Structure by Neutron Reflectivity

Hironori Atarashi(1), Toshihiko Nagamura(1), Masahiro Hino(2), Keiji Tanaka(1)
1.Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan, 2.

Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan

Recently, a microwave treatment has been
widely adopted for polymer synthesis be-
cause the treatment accelerates the move-
ment of reactants in the system. The ad-
vantage of the treatment is not only short-
ening of the reaction time but also easy con-
trolling of the yield and tacticity. How-
ever, it seems to us that the effectiveness of
the microwave treatment on time evolution
of aggregation states in polymer solids has
not been discussed yet. In this study, we
examined the microwave effect on interfa-
cial evolution of polystyrene (dPS) bilayers
with the aid of neutron reflectivity (NR) so
that acceleration of chain diffusion by mi-
crowave can be discussed.
Monodisperse PS and deuterated PS (dPS)
were used as samples. Molecular weights
of PS and dPS were 87k and 80k, respec-
tively. A dPS film was prepared on a sili-
con (Si) substrate with a native oxide layer
by a spin-coating method. And, a PS film,
which was independently spin-coated on
a glass substrate, was mounted onto the
dPS film by a floating method. Each film
thickness was approximately 50 nm. The
PS/dPS films so-prepared were dried un-
der vacuum for 24 h at room temperature,
and microwave with the power of 150 W
was irradiated on them under the ambient
atmosphere for 1.5 min and 3 min. Then,
the specimens were applied to NR mea-
surements using MINE2 spectrometer.
Figure 1 (a) shows the NR profiles for the
PS/dPS bilayer films before and after the
microwave treatment. The open symbols
denote experimental data and solid lines
show bets-fitting curves calculated on the
basis of the model scattering length den-
sity (b/V) profiles shown in the panel (b)
of Figure 1. The interface between PS and
dPS layers before the treatment was sharp.

The width is basically arisen from the sur-
face roughness of the original PS and/or
dPS film/s. On the other hand, once the
bilayer was treated by microwave, the in-
terface disappeared and the (b/V) value
in the internal region became 3.72 x 10-
4 nm-2, which was almost the middle of
the (b/V) values for PS and dPS. This
means that PS and dPS chains interdiffused
each other, resulting in the formation of ho-
mogenous phase in the film. The (b/V)
profiles treated for 1.5 min and 3 min were
almost the same. Thus, chain interdiffusion
in the bilayer reached a quasi-equilibrium
state even by the 1.5 min.-treatment. Inter-
estingly, the (b/V) value was higher near
the substrate interface than in the inte-
rior region. This makes it clear that the
dPS component was enriched at the sub-
strate interface in the film being in a quasi-
equilibrium state. The detail mechanism of
how the treatment affects on chain diffu-
sion, especially, a thermal effect induced by
surrounding substance, will be reported in
the near future.
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Fig. 1. Figure 1 (a) Neutron reflectivity for a PS/dPS
film treated by microwave for 0, 1.5, and 3 min. The
scattering length density profiles is shown in (b).
For clarify, each data is off-set by a decade.
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Aggregation Structure and Relaxation Dynamics of Polymers at the Interface with
Water: II. Analysis of Relaxation Dynamics by Neutron Spin Echo

Hironori Atarashi(1), Toshihiko Nagamura(1), Keiji Tanaka(1), Hitoshi Endo(2), and
Mitsuhiro Shibayama(2)

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

Recently, polymer and liquid inter-
face is widely studied, because aggregation
states of polymers at liquid interface are
important for science and technological ap-
plication such as lubricate, adhesive, and
biocompatibility. We have studied about
the structure of poly(methyl methacrylate)
(PMMA) contacted with non-solvent by
using neutron reflectivity and scanning
force microscope.[1] As a result, water
and methanol, in spite of non-solvent for
PMMA, made PMMA film swollen. In
this study, the swollen structure, especially
the interface structure between PMMA and
non-solvent, of PMMA particles were stud-
ied by using small angle neutron scattering
instrument, University of Tokyo (SANS-U)
and new issp neutron spin echo (iNSE).

PMMA particles with diameter of about
300-500 nm (MP-2200 produced by Soken
Chemical & Engineering Co., Ltd.) were
used as a sample. Deuterated water (D2O)
and deuterated methanol (CD3OD) was
used as a non-solvent. The PMMA par-
ticles mixed with non-solvent were filled
into quartz cell with 2 mm optical length.
The sample-to-detector distance was cho-
sen to be 2 and 12 m.

Figure 1 (a) shows the SANS pro-
files for PMMA particles on 25 and 40 °
C mixed with water. Incoherent compo-
nent was bated as background, and the pro-
files were fitted with power function. The
value of fitted power was almost about 4
both in whole q region. It means that the
shape of PMMA particles was not changed
with temperature change. Additionally, to
see more detail in small range, Porod plot
was carried on. As a result, the power for
q increased with increasing temperature.
It means that the interfacial thickness be-

tween PMMA and water became broader
with temperature increasing. Figure 1(b)
shows the SANS profiles for PMMA parti-
cle mixed with methanol. In high q region,
it is clear that the value of power was lower
than it in low q region. That means the
interfacial thickness between PMMA and
methanol is broad and that broadening is
bigger in compared with the case of wa-
ter. We performed iNSE measurement us-
ing same sample. A certain relaxation was
observed in the case of PMMA particles in
D2O at 85 °C. We will clarify the dynam-
ics of PMMA chain at the interface between
PMMA and non-solvent.
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An Effect of Electromagnetic Wave Treatment on Polymer Diffusion
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Recently, a microwave treatment has been
widely adopted for polymer synthesis be-
cause the treatment accelerates the move-
ment of reactants in the system. The ad-
vantage of the treatment is not only short-
ening of the reaction time but also easy con-
trolling of the yield and tacticity. How-
ever, it seems to us that the effectiveness of
the microwave treatment on time evolution
of aggregation states in polymer solids has
not been discussed yet. In this study, we
examined the microwave effect on interfa-
cial evolution of polystyrene (dPS) bilayers
with the aid of neutron reflectivity (NR) so
that acceleration of chain diffusion by mi-
crowave can be discussed.
Monodisperse PS and deuterated PS (dPS)
were used as samples. Molecular weights
of PS and dPS were 87k and 80k, respec-
tively. A dPS film was prepared on a sili-
con (Si) substrate with a native oxide layer
by a spin-coating method. And, a PS film,
which was independently spin-coated on
a glass substrate, was mounted onto the
dPS film by a floating method. Each film
thickness was approximately 50 nm. The
PS/dPS films so-prepared were dried un-
der vacuum for 24 h at room temperature,
and microwave with the power of 150 W
was irradiated on them under the ambient
atmosphere for 1.5 min and 3 min. Then,
the specimens were applied to NR mea-
surements using MINE2 spectrometer.
Figure 1 (a) shows the NR profiles for the
PS/dPS bilayer films before and after the
microwave treatment. The open symbols
denote experimental data and solid lines
show bets-fitting curves calculated on the
basis of the model scattering length den-
sity (b/V) profiles shown in the panel (b)
of Figure 1. The interface between PS and
dPS layers before the treatment was sharp.
The width is basically arisen from the sur-

face roughness of the original PS and/or
dPS film/s. On the other hand, once the
bilayer was treated by microwave, the in-
terface disappeared and the (b/V) value
in the internal region became 3.72 x 10-
4 nm-2, which was almost the middle of
the (b/V) values for PS and dPS. This
means that PS and dPS chains interdiffused
each other, resulting in the formation of ho-
mogenous phase in the film. The (b/V)
profiles treated for 1.5 min and 3 min were
almost the same. Thus, chain interdiffusion
in the bilayer reached a quasi-equilibrium
state even by the 1.5 min.-treatment. Inter-
estingly, the (b/V) value was higher near
the substrate interface than in the inte-
rior region. This makes it clear that the
dPS component was enriched at the sub-
strate interface in the film being in a quasi-
equilibrium state. The detail mechanism of
how the treatment affects on chain diffu-
sion, especially, a thermal effect induced by
surrounding substance, will be reported in
the near future.
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Fig. 1. Figure 1 (a) Neutron reflectivity for a PS/dPS
film treated by microwave for 0, 1.5, and 3 min. The
scattering length density profiles shown in (b). For
clarify, each data is off-set by a decade.
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Aggregation Structure and Relaxation Dynamics of Polymers at the Interface with
Water: I. Analysis of Aggregation Structure by Neutron Reflectivity

Hironori Atarashi(1), Toshihiko Nagamura(1), Masahiro Hino(2), Keiji Tanaka(1)
1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan, 2.

Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan

When a polymer material is used as
a biomaterial in human body, the poly-
mer surface is contact with liquid such as
blood. Thus, to know the detail of inter-
face between polymer and liquid is impor-
tant to make high functional materials. In
this study, we evaluated the swollen struc-
ture of poly(methyl methacrylate) (PMMA)
contacted with alcohols.

A deuterated PMMA (dPMMA) with
molecular weight of 296k was used as a
sample. A dPMMA film was spin-coated
onto quartz from dPMMA toluene solu-
tion. The film thickness was adjusted to
about 65 nm. The film was annealed for
24 h at 423 K under vacuum. Ethanol,
1-propanol, and 2-propanol were used as
non-solvent.

Figure 1 (a) shows the NR profiles
for the dPMMA films under air, ethanol, 1-
propanol, and 2-propanol. The open sym-
bols denote experimental data and solid
lines show bets-fitting curves calculated on
the basis of the model scattering length
density (b/V) profiles shown in the panel
(b) of Figure 1 (Figure 1 (b) was normal-
ized with initial thickness in air). The dP-
MMA films were swollen under all alco-
hols. However, the swollen behavior was
different by alcohol. In the case of ethanol,
ethanol diffused into dPMMA film and
the ethanol contents in whole film was 13
vol.%. Then film thickness of dPMMA con-
tacted with ethanol increased and the ra-
tion of increasing film thickness was 1.19,
and the interface between dPMMA and
ethanol became rough. Also, in the case of
both 1-propanol and 2-propanol, dPMMA
films were swollen and alcohol contents
was 5.7 vol.%. Then the film thickness of
dPMMA in contact with both 1-propanol
and 2-propanol increased and the ratio was

1.12. Interestingly, all alcohols through the
dPMMA film and segregated to quartz in-
terface. The detail of swollen structure and
swollen mechanism of dPMMA under al-
cohols will be reported in the near future.

Fig. 1. Figure 1 (a) Neutron reflectivity for a dP-
MMA films under air, ethanol, 1-propanol, and 2-
propanol. The scattering length density profiles is
shown in (b). For clarify, each data is off-set by a
decade.
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Aggregation Structure and Relaxation Dynamics of Polymers at the Interface with
Water: I. Analysis of Aggregation Structure by Neutron Reflectivity
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New tools for tailor-made diagnostics are
generally made from polymers. In these
applications, the polymer surface is in con-
tact with a water phase. However, de-
spite the importance of detailed knowledge
of the fundamental interactions of poly-
mer interfaces with liquids, such studies
are very limited. We have hitherto stud-
ied aggregation structure of poly(methyl
methacrylate) (PMMA) at the interfaces
with non-solvents such as water, hex-
ane and methanol by neutron reflectiv-
ity.[1] As a result, the liquid/polymer in-
terfaces were diffuse in comparison with
the air/polymer interface, probably due to
interfacial roughening and the partial dis-
solution of segments at the outermost re-
gion of the film. In this study, we focus
on alcohol with different alkyl lengths as
non-solvents so that an impact of solubil-
ity parameter on the interfacial aggrega-
tion states can be discussed. A deuterated
PMMA (dPMMA) with number-average
molecular weight of 296k was used as a
sample. A film of dPMMA was spin-
coated onto a quartz block from a toluene
solution. The film thickness was adjusted
to be about 65 nm. The film was annealed
for 24 h at 423 K under vacuum. Ethanol,
1-propanol, and 2-propanol were used as
non-solvents.

Figure 1 (a) shows the NR profiles
for the dPMMA films under air, ethanol, 1-
propanol, and 2-propanol. The open sym-
bols denote experimental data and solid
lines show best-fitting curves calculated on
the basis of the model scattering length
density (b/V) profiles shown in the panel
(b), where the abscissa was normalized
with the initial thickness in air. While the
dPMMA film was discernibly swollen un-
der all alcohols, the extent was not the same

among them. Interestingly, the segregation
of alcohol molecules was observed at the
substrate interface for all the cases. The
overall contents of ethanol, 1-propanol and
2-propanol in the film were 13, 5.7 and 5.7
vol.%, respectively. The solubility param-
eters for ethanol, 1-propanol, 2-propanol
and PMMA are, respectively, 26.0, 24.3, 23.5
and 22.7. Thus, to what extent alcohol
molecules penetrate into the film can be
hardly explained only in terms of the sol-
ubility parameter. The size of penetrants
should be also taken into account.
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New tools for tailor-made diagnostics are
generally made from polymers. In these
applications, the polymer surface is in con-
tact with a water phase. However, de-
spite the importance of detailed knowledge
of the fundamental interactions of poly-
mer interfaces with liquids, such studies
are very limited. We have hitherto stud-
ied aggregation structure of poly(methyl
methacrylate) (PMMA) at the interfaces
with non-solvents by neutron reflectiv-
ity.[1] As a result, the liquid/polymer in-
terfaces were diffuse in comparison with
the air/polymer interface, probably due to
interfacial roughening and the partial dis-
solution of segments at the outermost re-
gion of the film. In this study, relaxation
dynamics of PMMA chains at the interfaces
with typical non-solvents such as water
and methanol was discussed on the basis
of small angle neutron scattering (SANS-
U) and neutron spin echo (iNSE) measure-
ments. PMMA particles with diameter of
about 300-500 nm (MP-2200 produced by
Soken Chemical & Engineering Co., Ltd.)
were used as a sample to increase the scat-
tering volume rather than a film. Deuter-
ated water (D2O) and ethanol (CD3OD)
were used as non-solvents. The PMMA
particles mixed with a non-solvent were
filled into a quartz cell with 2 mm opti-
cal length. The sample-to-detector distance
was chosen to be 2 and 12 m.

Figure 1 (a) shows the SANS profiles
for PMMA particles with water, which the
incoherent contribution was subtracted, at
25 and 40 °C. The power for the lin-
ear relation was approximately 4 for both
cases. Taking into account that the spec-
imen was PMMA particles, the result is
quite reasonable. Interestingly, the power

seems to deviate from 4 at q>10-1 A-1 at 40
°C. This may indicate that the interface be-
tween PMMA and water became broader
with increasing temperature. Figure 1(b)
shows the SANS profiles for PMMA parti-
cles with methanol. In this case, the slope
transformed 4 to smaller once q went be-
yond 5*10-2 A-1. This means that the in-
terface between PMMA and methanol was
quite diffused in comparison with the case
of water. Then, iNSE measurement was
made using the same sample. A certain
relaxation was somehow observed both in
the case of PMMA particles with D2O and
CD3OD. The detail analysis for the results
has undergone several revisions.
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Fig. 1. Figure 1 Temperature dependence of SANS
profiles (a) in D2O and (b) in CD3OD.

1-5-34

- 228 -

JAEA-Review 2013-039



Large scale structure and crossover of critical phenomena induced by solvation
effect

Seto H., Sadakane K. 1, Iguchi N.1, and Endo H.2

Institute of Materials Research Science, KEK, 1 Department of Physics, Kyoto Univ., 2 ISSP,
Univ. of Tokyo

The binary mixture of water and 3-
methylpyridine, which shows LCST type
phase separation, is known to have a
large salt effect. In this study, we se-
lected sodium tetraphenylborate (NaBPh4),
whose affinities of anion and cation with
water are largely different, as a salt because
the solvation effect should be intensive and
the formation of large clusters is expected
theoretically. In cases of the lower amount
of NaBPh4 and water-rich concentration,
the mixture becomes colored in blue, and
changes to orange with approaching criti-
cal temperature. This result suggests that a
periodic structure is formed, and its repeat
distance increases with increasing temper-
ature. For the mixtures with 100 mM
NaBPh4, the SANS profiles have a peak
around Q =0.1 A−1, and the peak position
shifts to lower-Q with increasing tempera-
ture. (K. Sadakane et al., J. Phys. Soc. Jpn.
76, 113602 (2007).)

In order to investigate the solvation ef-
fect by adding NaBPh4, further experi-
ments are performed at SANS-U. The scat-
tering profiles are successfuly interpreted
with the function proposed by Onuki and
Kitamura. The temperature dependence of
the critical concentration fluctuation shows
3D-Ising behavior when the salt concentra-
tion is low enough. On the other hand,
the critical behavior is changed to 2D-Ising
with increasing the salt concentration. This
result can be interpreted that the concentra-
tion fluctuation is limited in 2 dimensional
region due to the emergence of the layered
structure. This crossover is reproduced in
the cases of adding ionic surfactant such
as AOT and SDS. Thus we conclude that
a membrane-like structure is formed near
the critical point by the coupling of the sal-

vation effect and the critical concentration
fluctuation as suggested by Onuki and Ki-
tamura theoretically.

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.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
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Aggregation Structure and Relaxation Dynamics of Polymers at the Interface with
Water: I. Analysis of Aggregation Structure by Neutron Reflectivity

Hironori Atarashi(1), Toshihiko Nagamura(1), Masahiro Hino(2), Keiji Tanaka(1)
1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan, 2.

Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan

New tools for tailor-made diagnos-
tics are generally made from polymers.
In these applications, the polymer surface
is in contact with a water phase. How-
ever, despite the importance of detailed
knowledge of the fundamental interac-
tions of polymer interfaces with liquids,
such studies are very limited. We have
hitherto studied aggregation structure of
poly(methyl methacrylate) (PMMA) at the
interfaces with non-solvents such as water,
hexane and methanol by neutron reflectiv-
ity.[1] As a result, the liquid/polymer in-
terfaces were diffuse in comparison with
the air/polymer interface, probably due to
interfacial roughening and the partial dis-
solution of segments at the outermost re-
gion of the film. In this study, we focus
on alcohol with different alkyl lengths as
non-solvents so that an impact of solubil-
ity parameter on the interfacial aggrega-
tion states can be discussed. A deuterated
PMMA (dPMMA) with number-average
molecular weight of 296k was used as a
sample. A film of dPMMA was spin-
coated onto a quartz block from a toluene
solution. The film thickness was adjusted
to be about 65 nm. The film was annealed
for 24 h at 423 K under vacuum. Ethanol,
1-propanol, and 2-propanol were used as
non-solvents.

Figure 1 (a) shows the NR profiles
for the dPMMA films under air, ethanol, 1-
propanol, and 2-propanol. The open sym-
bols denote experimental data and solid
lines show best-fitting curves calculated on
the basis of the model scattering length
density (b/V) profiles shown in the panel
(b), where the abscissa was normalized
with the initial thickness in air. While the
dPMMA film was discernibly swollen un-
der all alcohols, the extent was not the same

among them. Interestingly, the segregation
of alcohol molecules was observed at the
substrate interface for all the cases. The
overall contents of ethanol, 1-propanol and
2-propanol in the film were 13, 5.7 and 5.7
vol.%, respectively. The solubility param-
eters for ethanol, 1-propanol, 2-propanol
and PMMA are, respectively, 26.0, 24.3, 23.5
and 22.7. Thus, to what extent alcohol
molecules penetrate into the film can be
hardly explained only in terms of the sol-
ubility parameter. The size of penetrants
should be also taken into account.

References
[1]K. Tanaka, Y. Fujii, H. Atarashi, M. Hino,
and Nagamura, Langmuir, 24, 296 (2008).
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Fig. 1. (a) Neutron reflectivity for a dPMMA films
under air, ethanol, 1-propanol, and 2-propanol. The
scattering length density profiles are shown in (b).
For clarify, each data is off-set by a decade.
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An Effect of Electromagnetic Wave Treatment on Polymer Diffusion

Hironori Atarashi(1), Toshihiko Nagamura(1), Masahiro Hino(2), Keiji Tanaka(1)
1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan, 2. Resarch

Reactor Institute, Kyoto University, Kumatori, Osaka 590-0494, Japan

Recently, a microwave treatment has
been widely adopted for polymer synthe-
sis because the treatment accelerates the
movement of reactants in the system. The
advantage of the treatment is not only
shortening of the reaction time but also
easy controlling of the yield and tacticity.
However, it seems to us that the effective-
ness of the microwave treatment on time
evolution of aggregation states in poly-
mer solids has not been discussed yet. In
this study, we examined the microwave ef-
fect on interfacial evolution of polystyrene
(dPS) bilayers with the aid of neutron re-
flectivity (NR) so that acceleration of chain
diffusion by microwave can be discussed.
Monodisperse PS and deuterated PS (dPS)
were used as samples. Molecular weights
of PS and dPS were 87k and 80k, respec-
tively. A dPS film was prepared on a sili-
con (Si) substrate with a native oxide layer
by a spin-coating method. And, a PS film,
which was independently spin-coated on
a glass substrate, was mounted onto the
dPS film by a floating method. Each film
thickness was approximately 50 nm. The
PS/dPS films so-prepared were dried un-
der vacuum for 24 h at room temperature,
and microwave with the power of 150 W
was irradiated on them under the ambient
atmosphere for 1.5 min and 3 min. Then,
the specimens were applied to NR mea-
surements using MINE2 spectrometer.
Figure 1 (a) shows the NR profiles for the
PS/dPS bilayer films before and after the
microwave treatment. The open symbols
denote experimental data and solid lines
show bets-fitting curves calculated on the
basis of the model scattering length den-
sity (b/V) profiles shown in the panel (b)
of Figure 1. The interface between PS and
dPS layers before the treatment was sharp.
The width is basically arisen from the sur-

face roughness of the original PS and/or
dPS film/s. On the other hand, once the
bilayer was treated by microwave, the in-
terface disappeared and the (b/V) value
in the internal region became 3.72 x 10-
4 nm-2, which was almost the middle of
the (b/V) values for PS and dPS. This
means that PS and dPS chains interdiffused
each other, resulting in the formation of ho-
mogenous phase in the film. The (b/V)
profiles treated for 1.5 min and 3 min were
almost the same. Thus, chain interdiffusion
in the bilayer reached a quasi-equilibrium
state even by the 1.5 min.-treatment. Inter-
estingly, the (b/V) value was higher near
the substrate interface than in the inte-
rior region. This makes it clear that the
dPS component was enriched at the sub-
strate interface in the film being in a quasi-
equilibrium state. The detail mechanism of
how the treatment affects on chain diffu-
sion, especially, a thermal effect induced by
surrounding substance, will be reported in
the near future.
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Fig. 1. (a) Neutron reflectivity for a PS/dPS film
treated by microwave for 0, 1.5, and 3 min. The scat-
tering length density profiles are shown in (b). For
clarify, each data is off-set by a decade.
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Aggregation Structure and Relaxation Dynamics of Polymers at the Interface with
Water: II. Analysis of Relaxation Dynamics by Neutron Spin Echo

Hironori Atarashi(1), Toshihiko Nagamura(1), Keiji Tanaka(1), Hitoshi Endo(2), and
Mitsuhiro Shibayama(2)

1. Department of Applied Chemistry, Kyushu University, Fukuoka 819-0395, Japan, 2. Institute
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New tools for tailor-made diagnostics are
generally made from polymers. In these
applications, the polymer surface is in con-
tact with a water phase. However, de-
spite the importance of detailed knowledge
of the fundamental interactions of poly-
mer interfaces with liquids, such studies
are very limited. We have hitherto stud-
ied aggregation structure of poly(methyl
methacrylate) (PMMA) at the interfaces
with non-solvents by neutron reflectiv-
ity.[1] As a result, the liquid/polymer in-
terfaces were diffuse in comparison with
the air/polymer interface, probably due to
interfacial roughening and the partial dis-
solution of segments at the outermost re-
gion of the film. In this study, relaxation
dynamics of PMMA chains at the interfaces
with typical non-solvents such as water
and methanol was discussed on the basis
of small angle neutron scattering (SANS-
U) and neutron spin echo (iNSE) measure-
ments. PMMA particles with diameter of
about 300-500 nm (MP-2200 produced by
Soken Chemical & Engineering Co., Ltd.)
were used as a sample to increase the scat-
tering volume rather than a film. Deuter-
ated water (D2O) and ethanol (CD3OD)
were used as non-solvents. The PMMA
particles mixed with a non-solvent were
filled into a quartz cell with 2 mm opti-
cal length. The sample-to-detector distance
was chosen to be 2 and 12 m.

Figure 1 (a) shows the SANS profiles
for PMMA particles with water, which the
incoherent contribution was subtracted, at
25 and 40 °C. The power for the lin-
ear relation was approximately 4 for both
cases. Taking into account that the spec-
imen was PMMA particles, the result is
quite reasonable. Interestingly, the power

seems to deviate from 4 at q>10-1 A-1 at 40
°C. This may indicate that the interface be-
tween PMMA and water became broader
with increasing temperature. Figure 1(b)
shows the SANS profiles for PMMA parti-
cles with methanol. In this case, the slope
transformed 4 to smaller once q went be-
yond 5*10-2 A-1. This means that the in-
terface between PMMA and methanol was
quite diffused in comparison with the case
of water. Then, iNSE measurement was
made using the same sample. A certain
relaxation was somehow observed both in
the case of PMMA particles with D2O and
CD3OD. The detail analysis for the results
has undergone several revisions.
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Fig. 1. Temperature dependence of SANS profiles
(a) in D2O and (b) in CD3OD. 1-5-38
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Hydration Level Dependent Protein Dynamics Studied by Neutron Inelastic
Scattering

H. Nakagawa and M. Kataoka
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

Water is indispensable for life. In physi-
ological condition most proteins work in the
solvated environment and water molecules on
the protein surface strongly affects the pro-
tein dynamics. The dynamical transition of a
protein, evidenced as an inflection in atomic
mean-square displacements (MSDs) as a func-
tion of temperature, has been observed at 200
- 240 K with the hydrated protein [1]. In this
study, we measured the hydration level depen-
dent dynamical transition of protein Staphy-
lococcal nuclease by incoherent neutron scat-
tering. The neutron scattering experiments
were performed with the triple axis spectrom-
eter, LTAS, in the JRR-3M reactor in Tokai
with an energy resolution of about 80 μ
eV. The hydration levels of protein samples
are 0.10 to 0.62 (g water/g protein). Inset
of figure shows the temperature dependent
atomic mean-square displacement (MSD) of
protein with hydration level of 0.62 (g wa-
ter/g protein). As the temperature increase,
the MSD monotonously increases. At around
240 K, the protein shows the sharp rise in the
MSD. This is so called dynamical transition,
which is generally observed with the hydrated
biomacromolecules [1]. The slope of the re-
gression line of the temperature-dependent
MSD is related to the resilience of molecular
structure as a force constant [2]. The equation
is below, d(MSD)/dT=0.00276/k ,where k is
force constant (N/m). Figure shows the hy-
dration level dependent slope. At higher hy-
dration level, slope is larger, which indicates
that the dynamical transition is enhanced by
hydration. It was found that dynamical tran-
sition was more significant above the thresh-
old hydration level around 0.4 (g water /g
protein). This suggest that hydration wa-
ter network on the protein surface with fully
hydrated is closely related to the protein dy-
namics. The dynamical behavior of hydration

water is coupled with the protein dynamics.
Such a dynamical coupling drives the hydra-
tion dependent protein dynamical transition.

Figure 1: The slope of the regression line as a function
of hydration level estimated by temperature depen-
dent mean-square displacement between 250 K and
300 K as shown in inset.
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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).
The single crystals of PPE were prepared un-

der 0.2 M sodium sulfate in acidic condition
(pD 5.0) using sitting-drop vapor diffusion
method. The crystal was grown to the size
of 1.3 mm3 for neutron diffraction experiment
by repeating macro-seeding trchniques under
basic condition (pD8.0), and then sealed in
quartz capillary for the diffraction study (Fig-
ure 1). Diffraction data were collected at
room temperature using monochromatic neu-
tron beam (λ = 2.9 Å) and recorded on a neu-
tron imaging plate on a single-crystal diffrac-
tometer (BIX-3) at JRR-3 in JAEA. The
crystal of PPE belongs to the space group
P212121 with cell dimensions of a = 52, b
= 58, c = 75 Å. The total rotation ranges of
97.8̊ were covered by 326 still images with
exposure time of 4 h./flame by step scan-
ning method at BIX-3, respectively. Data
were processed with the programs DENZO
and SCALEPACK. Data set was integrated
and scaled to 2.3 Å resolution. Data collec-
tion and processing statistics are shown in Ta-
ble 1. Structural analysis is now in progress.

Table 1: Data collection and processing statistics

Resolution (Å) 2.3 (2.38-2.30)
No. of reflections

obserbed 14,230
independent 8,140

Redundancy 1.7 (1.4)
Completeness (%) 77.0 (69.6)
Mean I /σ(I ) 8.5 (3.5)
Rmerge 0.116 (0.292)

Production of larger crystals is also proceed-
ing to collect higher resolution data.

　

Figure 1: Crystal of porcine pancreatic elastase.
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Contrast Variation Measurements of Various Intermediates of Hen Egg White
Lysozyme Amyloid Fibrils

S. Fujiwara, F. Matsumoto and H. Nakagawa
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

In neurodegenerative diseases such as
Altzheimer’s disease and Parkinson’s disease,
filamentous protein aggregates called amyloid
fibrils are thought to be related to patho-
genesis of these diseases. Elucidation of the
mechanism of the amyloid fibril formation is
thus important for the development of ther-
apeutic strategies against the amyloid dis-
eases. Moreover, since the amyloid fibrils are
found to be formed by proteins that have
nothing to do with diseases, it should be of
considerable help to gain an insight into the
generic properties of proteins related to the
mechanisms of folding and stability. It was
found that hen egg white lysozyme (HEWL)
forms the amyloid fibrils in highly concen-
trated ethanol solution1). The HEWL-water-
ethanol system is suitable to study the gen-
eral mechanism of the amyloid fibril forma-
tion. From small-angle X-ray and neutron
scattering (SAXS and SANS) measurements,
we showed that a pathway of the amyloid fibril
formation of HEWL consists of three stages;
the formation of the dimers, the formation of
the protofilaments, and the formation of the
amyloid fibrils via a lateral association of the
protofilaments2)3).

In order to understand the mechanism by
which the amyloid fibril formation occurs in
more detail, it is necessary to obtain detailed
structural information of each intermediate
structure. Here, we performed SANS experi-
ments of three samples: 2 mg/ml HEWL so-
lution in 90% ethanol, 10 mg/ml HEWL solu-
tion in 90% ethanol, and 10 mg/ml HEWL so-
lution containing 1mM NaCl in 90% ethanol,
which correspond to the protofilament state,
the state where the lateral association of the
protofilament occurs, and the final amyloid
fibril state, respectively. The SANS curves of
these HEWL solutions, prepared in various
fractions of deuterated solvents, were mea-

sured with SANS-J at the guide hall of the
reactor JRR-3M in JAEA, and cross-sectional
Guinier analysis was done to estimate the
cross-sectional radius of gyration at each con-
trast. Figure 1 shows the Stuhrmann plots4),
the plots of square of the cross-sectional ra-
dius of gyration against a reciprocal of the
contrast, of these solutions. The data of the
10 mg/ml HEWL solutions were fit with a
linear function of 1/(Δρ) while the data of
the 2 mg/ml HEWL solution was fit with a
quadratic function. These results imply that
the protofilament has a low density region in a
part of the peripheral region, while the amy-
loid fibrils have the low density region in a
central region of the fibrils. Detailed analysis
with aid of model calculation is currently un-
derway.

Figure 1: The Stuhrmann plots of the cross-section of
the amyloid protofilament of HEWL. Filled and open
squares denote the data at 10 mg/ml and 2 mg/ml,
respectively.
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Small-Angle Neutron Scattering Measurements of Rhodanase-GroEL-GroES
Complex
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Elucidating how a protein is folded into the
unique tertiary structure is one of the most
important problems in biophysics. In vivo,
they are apt to fold with the aid of chaperon
proteins. GroEL, a chaperon protein from E.
coli, forms hydrophobic bonds with the newly
synthesized target protein, assisting the fold-
ing of the target protein. In order to elucidate
the molecular mechanism of folding the target
protein with the aid of the chaperon protein,
it is important to elucidate various interme-
diate structures including the structure of the
target protein when they are bound to chap-
eron protein, and the structure of GroEL in
the ternary complex formed with GroES. As
a first step towards this purpose, we employed
neutron scattering to investigate the structure
of the target protein bound to GroEL.

We used rhodanase as a target protein.
Rhodanase is a monomeric protein of the
molecular weight of 33-kDa, and its folding
intermediate is known to bind to GroEL. Em-
ploying the mutated GroEL1), which takes
stable complex with the target proteins and
binds GroES at its complex with the target
protein, made it possible to measure small-
angle neutron scattering (SANS) curves of
the rhodanase-GroEL complex. We prepared
deuterated (d-) and undeuterated (h-) rho-
danase, and mixed with GroEL and GroES
at 1:1:1 stoichiometry in solvent containing
42% D2O, at which the scattering length den-
sity of the solvent was matched to that of the
undeuterated proteins.

We measured SANS curves of d-rhodanase-
GroEL-GroES complex and h-rhodanase-
GroEL-GroES complex with the Small-Angle
Neutron Scattering Instrument (SANS-J) at
the guide hall of the reactor JRR-3M in

Japan Atomic Energy Agency. The measure-
ments were done with the incident neutrons of
the wavelength of 6.5 Å(λ/Δλ=13.4%). To
cover the Q-range as wide as possible, the
measurements were done at two sample-to-
detector distances, 6 m and 2.5 m. Figure
1 shows the difference curve of the SANS
curve of d-rhodanase-GroEL-GroES and that
of h-rhodanase-GroEL-GroEs, corresponding
to the curve arising from rhodanase within
the GroEL-GroES complex. The curve shows
that under the condition where the measure-
ments were done, rhodanase formed large
complexes. It, however, clearly demonstrates
the feasibility of the experiments.

Figure 1: SANS curves of d-rhodanase-GroEL-GroES,
h-rhodanase-GroEL-GroES, and the difference curves.
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Neutron Diffraction of Protein Single Crystals in H2O

S. Fujiwara, T. Ohhara and T. Chatake1
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Neutron scattering and diffraction provide
unique information that cannot be obtained
from other methods for structural studies of
biological macromolecules. Because of a large
difference in the scattering length density of
water and heavy water (-0.00562 × 10−12 cm
Å−3 for H2O and 0.064 × 10−12 cm Å−3 for
2H(=D)2O) due to the difference in the scat-
tering length of hydrogen (-0.3742 × 10−12

cm) and deuterium (0.6671 × 10−12 cm), it is
possible to vary widely the scattering length
density of solvent by changing the fraction
of D2O in the solvent. This ”contrast vari-
ation” technique has found wide applications
not only in small-angle neutron scattering but
also in low-resolution neutron crystallogra-
phy. Application of the contrast variation
technique in neutron crystallography provides
information on individual components in a
very large macromolecular complex such as
nucleic acid regions within viruses and nu-
cleosomes, and on disordered components in
the complex such as lipid moiety in lipopro-
teins and detergent moiety in membrane pro-
teins. Essence in these applications is obtain-
ing structural information of the region hav-
ing distinct scattering length density. Thus,
there is a possibility that the scattering den-
sity of amino acids is estimated because each
amino acid has distinct scattering length den-
sity. Furthermore, neutron fiber diffraction
measurements using the contrast variation
technique obtained the results suggesting the
possibility of distinguishing the static disor-
der and dynamic fluctuations1).

To explore such possibility of low-resolution
neutron crystallography using the contrast
variation technique, we started a project of
the contrast variation measurements in the
neutron diffraction. As a first step, we pre-
pared a single crystal of proteins in H2O, and
measured diffraction patterns.

A crystal of RNase A was used in the mea-
surements. The crystal, grown in H2O so-
lution to the size of about 2 mm3, belongs
to the space group P21 with cell dimensions
of a = 30.10 Å, b = 38.20 Å, c = 53.21 Å,
α = γ = 90◦, and β = 108.17◦. Diffrac-
tion images were collected at room temper-
ature using monochromatic neutron beam (λ
= 2.9 Å) and recorded on a neutron imaging
plate on a single-crystal diffractometer (BIX-
3) at JRR-3 in JAEA. A total rotation range
of 187◦ was covered by 375 oscillation images
with an exposure time of 1800 sec/image by a
rotation angle of 0.5◦. Figure 1 shows an ex-
ample of the diffraction images. The diffrac-
tion spots out to the resolution of about 2.0
Åwere observed. The data were processed
with DENZO and SCALEPACK. Full data
set out to 2.5 Åresolution was integrated and
scaled. The observed reflections were merged
into 3364 unique reflections with an Rmerge of
0.096 and completeness of 84.3%. Structure
analysis is now in progress.

Figure 1: Example of the diffraction patterns collected
at BIX-3.
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Enhancement of Lipid Flip-Flop by Membrane Proteins and Transmembrane
Peptides

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

Interbilayer transport and transbilayer
movement of phospholipids are crucial
for cell growth, development and sur-
vival, and are controlled by lipid transfer
proteins and translocase enzymes. The
endoplasmic reticulum (ER), in which
phospholipids are newly synthesized
on the cytosolic leaflet, maintains mem-
brane symmetry, presumably by flippase
activity, which is bidirectional and energy-
independent. On the other hand, the
plasma membrane retains asymmetric
lipid distribution via aminophospholipid
translocase that mediates the unidirec-
tional transport of phosphatidylserine
and phosphatidylethan-olamine from the
ectoplasmic to cytoplasmic leaflet of the bi-
layer. Disruption of the asymmetry in cells
by the action of phospholipid scramblase
is involved in apoptosis and is associated
with increased binding and phagocytosis
of these cells by macrophages. Un-
derstanding and control of these lipid
dynamics quantitatively is therefore a key
challenge in biophysics and cell biology.

Although this transbilayer movement of
lipids is considered protein-mediated, it is
unclear whether it involves a dedicated
flippase or the mere presence of proteins
in the ER bilayer. Kol et al. have observed
that peptides that mimic the alpha-helices
of transmembrane proteins can stimulate
flip-flop of fluorescence-labeled phospho-
lipids in liposomes [1], which indicates that
the ability to catalyze flip-flop in the ER
is not necessarily restricted to one specific
protein.

We previously demonstrated by SANS
that shorter acyl chain lipid, dimyris-
toylphosphatidylcholine (DMPC) can
flip-flop in large unilamellar vesicles
(LUVs) [2], while longer acyl chain lipid,
1-palmitoyl-2-oleoylphosphatidylcholine

(POPC) can not. In this study, similar
experiments were carried out with small
unilamellar vesicles (SUVs) of DMPC,
and POPC LUVs in the presence of a
transmembrane peptide.

LUVs consisting of deuterated (D-LUV)
or hydrogenated POPC (H-LUV) were pre-
pared by extrusion method in the presence
and absence of 0.5 mol% a transmembrane
peptide KALP23. DMPC SUVs (D- and H-
SUV) were prepared by sonication. TR-
SANS measurement was started immedi-
ately after mixing equivalent volume of D-
and H-vesicles. Time-course of the normal-
ized contrast was calculated from the scat-
tering intensity.
In the presence of methyl-β-cyclodextrin,

the normalized contrast for POPC LUVs
reached around 0.5 and became constant,
which suggests that POPC does not flip-
flop at all. In the presence of KALP23, how-
ever, no flip-flop was observed. This re-
sult suggests that a mere insertion of trans-
membrane helices into bilayer does not me-
diate the lipid flip-flop.

DMPC in SUVs showed faster flip-flop
compared with the same lipid in LUVs.
Curvature of the membranes is considered
to alter the environment of lipids, such as
acyl chain packing and/or headgroup hy-
dration, and affect the lipid dynamics.

References
[1] M. A. Kol, A. N. C. van Laak, D. T. S.
Rijkers, J. A. Killian, A. I. P. M. de Kroon, B.
de Kruijff, Biochemistry 42 (2003) 231.
[2] M. Nakano, M. Fukuda, T. Kudo, H.
Endo, T. Handa, Phys. Rev. Lett. 98 (2007)
238101.
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Structure and dynamics of β-lactogloblin in alcohol-water mixture

Koji Yoshida and Toshio Yamaguchi
Department of Chemistry, Faculty of Science, Fukuoka University

The secondary and the higher-order
structures of protein are affected by the
hydrophilic and lipophilic balance (HLB)
of solvent. In alcohol-water mixture, we
can control the HLB of solvent by chang-
ing the composition of alcohol. In fact,
alcohol-induced α-helix formation of pep-
tides and proteins is well known and has
been widely used in biophysics and bio-
chemistry. So far, in order to investi-
gate the alcohol effect on the native struc-
ture of monomer protein, we have mea-
sured the circular dichroism (CD) spec-
tra of chymotrypsin inhibitor 2 (CI2) as a
function of alcohol mole fraction in aque-
ous mixtures of methanol, ethanol, tri-
fluoroethanol (TFE), and hexafluoro-iso-
propanol (HFIP)[1]. The CD spectra have
shown that the secondary structure of CI2
changes from β-strand to α-helical struc-
ture at alcohol mole fractions characteristic
of　 the individual alcohols in an order of
HFIP > TFE > ethanol > methanol. In the
present study, small-angle neutron scatter-
ing (SANS) and neutron spin echo (NSE)
measurements were performed on alcohol
aqueous solutions of β-lactogloblin (β-Lg)
in order to investigate the alcohol effect on
the higher-order structure and dynamics of
the protein.

The β-Lg powder (>90 %) was
lyophilized in D2O to exchange labile
hydrogens with deuterons. The β-Lg
powder was resolved in D2O with deuter-
ated hydrochloric acid and stirred with a
vortex mixer for 30 s. The concentration
of DCl was adjusted to 0.1 M in the final
solution. And then alcohols were added
to the solution up to a desired alcohol
concentration and stirred with a vortex
mixer for 30 s. Deuterated alcohols used
were methanol-d4, ehtanol-d6, 2-propanol-
d8, and 2,2,2-trifuluoroethanol-d3. In this
study, the unit of alcohol concentration is

volume percent.
The wavelength used for small-angle

neutron scattering was 6 Å. The neutron
beam size at the sample position was 7
mmφ. A sample solution was kept in a
quartz cell of 2 mm path length. The cell
was inserted into a temperature-controlled
chamber. The temperature in the cham-
ber was 298K and controlled within ±0.1K.
The distances between the sample and de-
tector were 1 and 4 m, corresponding to
the momentum transfer (Q) of 0.007 - 0.14
Å−1. The measuring time was 10 min
to 1 h depending on scattering intensity.
Measurements were also made for back-
ground, an empty cell, and lupolen used
for intensity normalization. The SANS
data of the sample solutions and the empty
cell were corrected for absorption by using
transmission data measured, and then the
empty cell data were subtracted as back-
ground from the data of the sample solu-
tions. Correction for the detector efficiency
and normalization to absolute units were
made by using the intensity of lupolen.
The SANS profiles of β-Lg in alcohol-
water mixtures showed that β-Lg exists as
a monomer at low alcohol concentrations
(<30% methanol, <20% ethanol, <20% 2-
propanol, and <10% TFE). The radius of
gyration (RG) of β-Lg was calculated with
the Gunier equation. The values of RG
of β-Lg were almost independent of alco-
hol in these alcohol concentrations. The
CD spectra indicated that the degree of α-
helical structure enhanced with the alcohol
addition was less than 20% in these alcohol
concentrations [2]. Hence, β-Lg is likely to
still keep the native structure in these alco-
hol concentrations. With increasing alcohol
concentration, the large scattering intensity
in a low Q region was observed. The SANS
profile could be fitted with a power func-
tion whose exponent was 1.7 independent
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of alcohol. This implies that a homogenous
network of β-Lg was grown. The CD spec-
tra exhibited that the α-helical structure of
β-Lg was dominant in these alcohol con-
centrations [2].　

For the NSE measurements, the wave-
length used was 7.3 Å. The scattering vec-
tor Q covered was 0.01 - 0.1 Å−1. The
Fourier time was varied from 0.15 to 15 ns.
The measuring time was 4 to 12 h for each
Q range depending on scattering intensity.
A plate of Grafoil was measured for res-
olution correction. The sample tempera-
ture was 292K and was controlled within
±0.3K. The intermediate scattering func-
tions (ISF) of β-Lg at various Q values were
measured in pure D2O, 20% ethanol-, and
10% TFE- D2O mixtures. The ISFs were
fitted with a single exponential function.
The Q2 dependence of the relaxation rate
in pure D2O, 20% ethanol-, and 10% TFE-
D2O mixtures are shown in Figure 1. The
diffusion coefficients (D) were obtained by
using a least-square fitting procedure over
0 < Q2 < 0.01 Å−2. Hydrodynamic radius
(Stokes radius) RH was determined by the
Stokes-Einstein equation. The RH value in
pure water (40.2Å) is smaller than that in
alcohol-water mixtures (43.4 and 43.1Å in
20% ethanol- and 10% TFE-D2O mixtures,
respectively). Because the radii of gyra-
tion of β-Lg in these solvents are almost
the same as mentioned above, the increase
in RH in alcohol-water mixture would not
arise from an increase of the Stokes fric-
tion. On the other hand, the RH values
obtained from dynamical light scattering
(DLS) measurements were almost the same
irrespectively of solvents [3]. This differ-
ence would be explained in terms that NSE
would detect internal motion of β-Lg due
to a smaller wave length of neutrons. That
is, even small addition of alcohol which sel-
dom affects the ternary structure of β-Lg
would retard internal motion of the pro-
tein. This is consistent with the results of
molecular dynamics simulation of a small
peptide in TFE-water mixture [4].

[1] K. Yoshida, J. Kawaguchi, S. Lee, T.
Yamaguchi, Pure Appl. Chem. 80, 1337

(2008).
[2] D. Hong, M. Hoshino, R. Kuboi, Y.

Goto, J. Am. Chem. Soc. 121, 8427 (1999).
[3] K. Yoshida, T. Yamaguchi, unpub-

lished.
[4] M. Fioroni, M. D. Diaz, K. Burger, S.

Berger, J. Am. Chem. Soc. 124, 7737 (2002).

Fig. 1. Q2-dependence of the relaxation rates of β-
lactoglobulin obtained from ISF of NSE in aqueous
solutions of 10% TFE and 20% ethanol.
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Effect of temperature and pressure on protein dynamics studied by inelastic
neutron scattering

Hiroshi Nakagawa[1], Yasumasa Joti[2], Osamu Yamamuro[2] and Mikio Kataoka[1,3]
JAEA[1], Univ. of Tokyo[2], NAIST[3]

Protein structure fluctuates thermally, and
the protein dynamics contributes to the sta-
bility and biological function. Protein dy-
namics has been described from the view
point of the energy landscape. The struc-
tural fluctuation accompanies the volume
fluctuation, indicating that protein dynam-
ics should be characterized by the com-
pressibility. Therefore, the effect of pres-
sure as well as temperature on the pro-
tein energy landscape is essential for un-
derstanding the protein dynamics [1]. In-
elastic neutron scattering (INS) is an ef-
fective method for studying the protein
dynamics between picosecond and nano-
second time scales. So far the tempera-
ture dependence of protein dynamics in
the powder state is well characterized, but
the pressure effect on protein dynamics has
not been studied well. Recently, the gas
pressure system has introduced by O.Y.
into the neutron spectrometer, AGNES. We
performed INS experiment with AGNES,
whose energy resolution is 120 μ eV, us-
ing Staphylococcal nuclease (SNase) of de-
hydrated samples at several sets of tem-
peratures and pressures. Ar gas was used
as pressure medium because of the rela-
tively low background. Figures are the INS
spectra at 160 K and 300 K under 1 atm
and 900 atm. At 160 K pressure affects the
low energy dynamics, whereas the vibra-
tional spectrum with high frequency is not
affected by high pressure. In the low en-
ergy region, the boson peak was observed,
and the peak shifts to higher frequency at
high pressure, suggesting potential hard-
ening of protein collective modes. At 300 K
and 1 atm, the quasi-elastic scattering ap-
pears aside the elastic peak, suggesting on-
set of the structural relaxation and/or dif-
fusive dynamics. The quasi-elastic scatter-
ing significantly suppressed at high pres-

sure and the boson peak was observed
clearly, indicating that the protein confor-
mation falls into a local minimum on the
energy landscape at high pressure. Anhar-
monic motions were strongly suppressed
by pressure. The anharmonic motions lost
at high pressure should contribute to the
biological function. Therefore, INS experi-
ment along the axis of pressure as well as
that of temperature is essential for analysis
of the relationship between protein dynam-
ics and function. Furthermore, the system-
atical studies of protein dynamics by the
high-pressure INS experiment will open a
new way to analyze the stability and func-
tion of the protein originated from the liv-
ing organism in the deep sea (ex. Why is a
deep-sea fish alive?) and give an important
insight into the piezo-biology.
1) L. Meinhold et al. :”Proc.Natl.Acad.Sci.”,
104, 17261 (2007).

Fig. 1. INS spectra at 160 K and 300 K under 1 atm
and 900 atm.
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Denaturation of alpha-Crystallin by replacement of amino-acid residue

Masaaki Sugiyama, Norihiko Fujii, Toshiharu Fukunaga and Noriko Fujii
Research Reactort Institute, Kyoto University

We have investigated on the mecha-
nism of the abnormal aggregation of pro-
tein with the eye lens protein, α-Crystallin.
Alpha-Crystallin with its molecular weight
of ca 800 kDa is a major protein in eye lens.
Native α-Crystallin is a hetero-aggregate
with 20-30 subunits. There are two kinds of
subunits, αA-Crystallin and αB-Crystallin.
On the molecular level study, Fujii found
that there exist racemized aspartyl residues
(D-Asp) in the abnormal aggregates of α-
Crystallin of Cataractous and elder eye
lens. Therefore, we have supposed the
racemization of aspartyl residue should
be a trigger of abnormal aggregation. In
addition, we have also proposed a path-
way to Cataract as follows: Under exter-
nal stresses such as UV irradiation, X-ray
irradiation, low temperature and so on,
aspartyl residues are racemized. The D-
Asp on the polypeptide chain induces the
strain in the regular folding of the polypep-
tides and the strain makes the structural
deformation of the subunits, αA-Crystallin
and/or αB-Crystallin. The aggregates with
these deformed subunits gather and make
the abnormal aggregates.

As the first step to prove above the hy-
pothesis, we prepared for two mutant sam-
ples of which an aspartyl residue was re-
placed with an asparagine residue.
Mutant αA-crystallin (Asp→Asn@151)
Mutant αB-crystallin (Asp→Asn@36)
In addition, as a reference, we also pre-
pared for normal αA-crystallin and αB-
crystallin. It is espected that asparagine
acid can make racemization more easily
than aspartyl acid.

With these samples, SANS experiments
were perfomed with SANS-U spectrom-
eter. Figure 1 shows the SANS pro-
files of nromal and mutant αA-crystallins
and those of nromal and mutant αB-
crystallins. The structual change of mu-

tant αB-crystallin is larger than that of mu-
tant αA-crystallin. It means that an aspartyl
residue in αB-crystallin plays more impor-
tant role than that in αA-crystallin.

Fig. 1. SANS profiles of nromal and mutant αA-
crystallins (a) and those of nromal and mutant αB-
crystallins (b).
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Analysis of the relationship between the dynamics and the structural
polymorphism of F-actin

S. Fujiwara (A), F. Matsumoto (A), H. Nakagawa (A), T. Oda (B)
(A) Japan Atomic Energy Agency, (B) RIKEN SPring8 Center

Actin is one of the most abundant pro-
teins in eukaryotic cells and plays crucial
roles in various aspects of cell motility.
The actin monomers (G-actin) polymerize
to form a helical polymer (F-actin). Flexi-
bility of F-actin has been suggested to be
important for such a variety of functions.
Understanding the flexibility of F-actin re-
quires characterization of a hierarchy of dy-
namical properties, from internal dynam-
ics of the actin monomers through domain
motions within the monomers and relative
motions between the monomers within F-
actin to large-scale motions of F-actin as
a whole. As one of the ongoing projects
towards this ultimate goal, we have been
studying the dynamics of actin at pico- to
nano-second time range by neutron spin-
echo (NSE) spectroscopy.
We carried out the NSE experiments on

solutions of F-actin and G-actin in the Q-
range between 0.03 Aˆ-1 and 0.2 Aˆ-1 at the
Fourier time up to 30 nsec during the ma-
chine time in 2007, and found that there
are differences in the intermediate func-
tions obtained, from which it was sug-
gested that behavior of the effective diffu-
sion coefficients of G-actin as a function of
Qˆ2 corresponds to free diffusion in solu-
tion whereas that of F-actin reflects the col-
lective motions within F-actin.
Here, as a continuation to the experiments

on G-actin and F-actin, we investigated ef-
fects of solution conditions on the dynam-
ics of F-actin. It was shown that the flexi-
bility of F-actin changes corresponding to
a variety of the solution conditions (Isam-
bert et al., 1995). In particular, F-actin poly-
merized in the presence of Mg2+ (Mg2+-F-
actin) was shown to have a distinct struc-
tural conformation and be more flexible
than F-actin polymerized in the presence
of Ca2+ (Ca2+-F-actin), and it was sug-

gested that such modulation of the flexibil-
ity by Ca2+ and Mg2+ may have important
physiological consequences within the cell
(Orlova and Egelman, 1993). We thus car-
ried out the NSE measurements of Mg2+-
F-actin and Ca2+-F-actin.

Actin was purified from rabbit skeletal
muscles. Actin in the presence of Ca2+ or
Mg2+ was polymerized by adding KCl. So-
lutions of Mg2+-F-actin and Ca2+-F-actin
were prepared in D2O. The NSE mea-
surements on these solutions were car-
ried out on the NSE spectrometer, iNSE,
run by the University of Tokyo, installed
at the guide hall of the research reactor,
JRR-3M, Ibaraki, Japan. The measurements
were done over the Q-range between 0.03
Aˆ-1 and 0.2 Aˆ-1 at the Fourier time up
to 30 nsec. During the measurements, the
samples were kept at 10°C. The normal-
ized intermediate scattering functions ob-
tained showed that each intermediate func-
tion can be fit with a single exponential,
from which effective diffusion coefficients
can be estimated, and that there are differ-
ences in the decay times of Mg2+-F-actin
and Ca2+-F-actin. It appears that the decay
times of Mg2+-F-actin are somewhat faster
than those of Ca2+-F-actin, suggesting that
Mg2+-F-actin is more flexible than Ca2+-F-
actin. This result is consistent with the pre-
vious reports. Detailed analysis of the inter-
mediate functions is currently underway.
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Development of Neutron Interferometer using polychromatic mirrors

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

(A)KURRI, (B)Kyoto Univ., (C)Osaka Electro-Communication Univ. (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 in-
teractions. Such a kind of interferometer
was realized by using multilayer mirrors.
We demonstrated Jamin-type interferom-
eter for cold neutrons using beam split-
ting etalons (BSEs), which enables us to
align the four independent mirrors within
required precision [1]. The BSE contains
two parallel mirrors. A couple of the
BSEs in the Jamin-type interferometer sep-
arates and recombines the two paths spa-
tially. A neutron supermirror is one of
the multilayer with continuous latice con-
stants, which reflects the wide range of
the wavelength of neutrons. The BSEs with
neutron supermirrors enable us to arrange
Jamin-type geometory 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.
As the first test we made polychromatic
mirrors. The polychromatic mirror con-
tained two multilayers with the different
latice constants. The lattice constants were
15.8nm and 21.0nm respectively. 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.
The experiment has been performed us-
ing the cold neutron beam line MINE2 at

the JRR-3 reactor in JAEA. The beam has a
wavelength of 0.88nm and a bandwidth of
2.7% in FWHM. In the case of monochro-
matic beam of MINE2, the polychromatic
mirrors functions at two Bragg angles. The
interferometer can be constructed at the
two incident angles. We observed clear in-
terference fringes at the incident angle of
1.14 degree and 1.62 degree, which were
corresponding to the two multilayers in the
polychromatic mirror (figure 1).
Now we are planning to apply the super-
mirror for BSEs and to construct the inter-
ferometer for pulsed neutrons. We are also
planning the experiments using the inter-
ferometer as one of fundamental physics
investigations at J-PARC.
[1] M. Kitaguchi, et. al., Phys. Rev A 67
(2003) 033609
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Fig. 1. Interferometer using polychromatic mirrors.
Interference fringes are observed at two incident an-
gles.
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Measurement of magnetic diffuse scattering from Ni2MnAl

Kouichi Hayashi, Kenji Ohoyama, Tokujiro Yamamoto, and Toetsu Shishido
Insitute for Materials Research, Tohoku University

Neutron holography is relatively local
structural analysis method, which visual-
ize 3D local atomic arrangements around
selected elements in solids. This technique
is attracted as local structural analysis of
dopants like X-ray and neutron hologra-
phy, which have been developed in last
two decades. However, the photoelectron
or X-ray holography has a disadvantage
that they cannot apply to hydrogen system
because hydrogen dose not emit any fluo-
rescent X-rays and photoelectrons. In order
to overcome this difficulty, neutron holog-
raphy was proposed in 2001. First demon-
stration of the neutron holography was re-
alized using a single crystal of simpsonite
(Al4Ta3O13(OH)) by Sur et al. They mea-
sured angular anisotropy of incoherently
scattered neutrons from hydrogen nuclei,
and reconstructed surrounded oxygen nu-
cleus images. In 2004, Cser et al. applied
this technique to a palladium hydride sin-
gle crystal, and determined the location of
hydrogen in the PdH. We also measured
efficiently the neutron hologram of a palla-
dium hydride single crystal using the pow-
der diffrcatometer of HERMES in JRR-3M
reactor, and found the thermal diffuse scat-
tering effect in the measured hologram.
Neutron scattering has mainly two ways
of scatterings such as nucleus scattering
and magnetic scattering. Here, in order to
investigate the effect of magnetic scatter-
ing on neutron hologram, we measured
angular anisotropy of incoherently scatter-
ings by Ni in Ni ２ MnAl single crystal
at room temoerature. The present sample
shows ferro-antimagnetic property below
the Nell temperature of 295 K. The inco-
herent scattering cross section of Ni was
much larger than those of Ni and Al. The
single sample of Ni２MnAl was grown by
floating zone method, its size was 6 mm in
a diameter and 5 mm in a thickness. Its

microstructure and crystal structure were
checked by SEM and TEM, respectively.
Wavelength of the neutron was 0.182 nm.
Sample was rotated in the range of 0　 -
359　 with the step of 1　, where rotation
axis was parallel to the incoming beam di-
rection. Neutrons incoherently scattered by
Ni nuclei in the sample were detected by
HERMES 150 He3 counters at each sample
rotation angle. Polar angle of the measured
hologram defined by the counter ranged
from 7　 to 157　. Dwelling time at each
angle was 600 sec. The average neutron in-
tensity at each pixel was about 500 counts.
Figures 1 show the 2D angular distribu-
tions of the neutron intensities around the
sample at room temperature and 100 K, re-
spectively. The displayed patterns exhibit
strong spots reflecting the sample crystal
symmetry, due to thermal diffuse scatter-
ing and magnetic diffuse scattering. In
order to extract hologram pattern due to
pure magnetic scattering, we must measure
holograms of Ni２MnAl at different tem-
peratures above and below the Nell tem-
perature of 295. Further analysis is now in
progress.

Fig. 1. Fig. 1 2D distributions of neutron intensities
around Ni2MnAl.
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A study on reflectivity limit of neutron supermirror

M.Hino1, M.Kitaguchi1, H.Hayashida2, T.Ebisawa2,R.Maruyama2, N.Achiwa3,
Y.Kawabata1

KURRI1, JAEA2, Osaka Univ3

Multilayer mirror is one of the most im-
portant devices for slow neutron experi-
ments. A multilayer with small d-spacing
and supermirror with large-m are desirable
to enlarge utilization efficiency for neutron
scattering experiments. Here m is a maxi-
mum critical angle of the mirror in unit of
critical angle of nickel and Q of nickel (m =
1) is 0.215 nm−1. It is also very important to
fabricate high reflectivity supermirror even
in low-m. Ion beam sputtering (IBS) tech-
nique enables us to fabricate smooth layer
structure with sharp edge. Indeed, we have
succeeded in fabricating m > 5 supermir-
rors and very small d-spacing multilayer
using ion beam sputtering (IBS) technique,
and neutron optics group in JAEA has in-
stalled a large IBS machine and is produc-
ing supermirror for J-PARC project. In
these reports, the effect of interface rough-
ness and intermixing at each layer bound-
ary in multilayer seems to be less than sur-
face of substrate even in m > 5 supermir-
rors. In our previous result, the measured
reflectivities were well reproduced by the
simple interface roughness model given in
Debye-Waller factor. The surface rough-
ness of ordinary substrate, for example
commercial silicon wafer and float glass,
is almost larger than 0.4 nm in rms (root-
mean-square). The supermirrors were de-
posited on silicon wafer using IBS instru-
ment installed in the Kyoto University Re-
search Reactor Institute (KURRI).The depo-
sition rates of NiC and Ti were determined
by X-ray and neutron reflectometry. The
real and imaginary nuclear potential val-
ues of NiC were estimated to be 230 and
0.063 neV, respectively. Those of Ti were -
51 and 0.038 neV, respectively. The depo-
sition rates of NiC and Ti were estimated
to be 0.0315 and 0.037 nm/s, respectively.
We have fabricated m = 2.9 NiC/Ti super-

mirror on ordinary silicon wafers in which
surface roughness are about 0.4 nm by ion
beam sputtering technique. As shown in
the inset of Fig.1, the measured reflectiv-
ity at m < 2.8 was much better than the
expected theoretical lines with σ=0.3 and
0.4nm. It was well reproduced by the the-
oretical line with ideal smooth layer struc-
ture in which surface and interface rough-
ness is nothing or very little (σ < 0.1). In
case of IBS technique, supermirror reflec-
tivity is not restricted with in the simple
surface roughness model. We realized al-
most theoretical reflectivity limit of m = 2.9
NiC/Ti supermirror by ion beam sputter-
ing technique. It is effective for high reflec-
tivity low-m supermirror deposited on an
ordinary substrate to increase the number
of layer. It is also useful for realization of
small d-spacing monochromator with high
reflectivity although we have to estimate
the effect of interface roughness with more
realistic model.

Fig. 1. Measured reflectivity of m=3 supermirror in
which number of layers is 650. The solid lines in-
dicate theoretical ones with σ=0, 0.1, 0.2, 0.3 and
0.4 nm. The inset is enlarged at high reflectivity
(R≥ 0.9).
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Develpoment of U-shaped 3He PSDs for DNA,
A New Backscattering Spectrometer at J-PARC

N. Takahashi1, K. Shibata1, T. Yokoo1,2, S. Satoh1,2 and K. Nakajima1

1Neutron Science Section, MLF Division, J-PARC Center
2Institute of Materials Structure Science, High Energy Accelerator Reseach Organization (KEK)

Since detectors are one of the most impor-
tant key components, it is indispensable to
evaluate feasibility and performance of new
detectors and related electronics prior to ac-
tual construction of instruments. From this
point of view, in JFY2008, we have continued
to perform R&D of U-shaped 3He position
sensitive detectors (PSDs), which are planned
to be used at new backscattering spectrome-
ter DNA which will be constructed at BL02 in
Materials and Life Science Experimental Fa-
cility (MLF) at Japan Proton Accelerator Re-
search Complex (J-PARC) by using neutron
beam at MUSASI L port.
The U-shaped PSDs are sequentially coupled

detectors. Since one of the both sides of two
independent simple PSDs is connected each
other by a resistance line, no-detectable area,
so-called dead area, can be reduced for one-
side, which is corresponding to right side of
Figure 1. Such a contrivance is necessary for
backscattering instrument at pulsed neutron
source facility and BASIS spectrometer at the
Spallation Neutron Source (SNS) is also using
this type PSDs already.
We have tested a U-shaped PSD made

by General Electric/Reuter Stokes (GERS)
which is shown in Figure 1. Diameter of
tubes and partial pressure of 3He are 1/2
inch and 7.7 atmospheres, respectively. Neu-
tron beam with wavelength of ∼ 2 A was
collimated into 1mm2 and irradiated the U-
shaped PSD which was on a X-Y stage with
stepping motor as shown in Figure 2. Applied
voltage was 1.37 kV. Pulse-height spectrum
has shown good neutron/gamma selectivity.
Satisfactory position resolution of 4.0 mm was
obtained. The dead area was evaluated from
neutron sensitivity of the detector (see Figure
3) and obtained to be 41 mm.

Figure 1: A prototype U-shaped PSD made by GERS.

Figure 2: Experimental setup at MUSASI L port.

Figure 3: Neutron counts as a function of position of
the U-shaped detector.
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Effect of Interfacial Roughness Correlation on Diffuse Scattering Intensity
in a Neutron Supermirror

R. Maruyama, D. Yamazaki, T. Ebisawa, and K. Soyama
J-PARC Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195

Multilayer structure consisting of Ni and
Ti are widely used for neutron optical ele-
ments such as supermirrors. The thickness
of the layers of a supermirror is gradually de-
creased with the number of the layers to in-
crease the effective critical angle, which is ex-
pressed by the ratio m of the effective criti-
cal angle of the supermirror to that of nat-
ural nickel. High-performance supermirrors
allow the realization of focusing systems. Re-
flected neutrons are divided into specular and
off-specular (diffuse) components. Although
the specular component contributes to the fo-
cused intensity, the diffuse component gener-
ates background noise around the focal point.
This causes the serious problem of low signal-
to-noise ratio in focusing systems such pur-
poses as small angle neutron scattering mea-
surement, in which the diffuse component
cannot be removed by slits. The suppression
of the diffuse component is, therefore, an im-
portant problem along with the realization of
higher reflectivity and larger value of m.

There is a technique of adding carbon
atoms to the nickel layer that leads to higher
reflectivity that has been demonstrated by
several groups to be effective in improving the
reflectivity of the supermirror. The diffuse in-
tensity from a NiC/Ti supermirror was found
to be lower than that from a Ni/Ti supper-
mirror by more than one order of magnitude.
Figure 1 shows the measured diffuse intensity
profiles from Ni/Ti and NiC/Ti supermirror
with m = 3. This result implies that a high-
performance focusing system with a diffuse
intensity down to the order of 10−5 for the
specular intensity can be realized by using a
NiC/Ti supermirror. In this study, in order
to discover the mechanism that controls the
diffuse intensity from a supermirror, we inves-
tigated the crystal structures of Ni and NiC
monolayers and interface structures of Ni/Ti
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Figure 1: Diffuse intensity profiles from Ni/Ti (•) and
NiC/Ti (◦) supermirrors. Solid lines indicate the cal-
culated profiles.

and NiC/Ti multilayers1).
Ni/Ti and NiC/Ti multilayers consisting of

300 layers with a bilayer thickness of 10 nm
were fabricated in order to investigate the
correlation between the multilayer interfaces.
Since the measured reflectivity difference be-
tween these multilayers was very small over
the momentum transfer range up to 2.7 nm−1,
where the average interfacial roughness was
estimated to be 0.60 nm rms, it can be said
that the interface roughness of the NiC/Ti
multilayer is the same as that of the Ni/Ti
multilayer. The diffuse intensity from the
NiC/Ti multilayer was found to be lower than
that from the Ni/Ti multilayer by more than
one order of magnitude except for the Bragg
condition (qz = 0.645 nm−1) as shown in Fig.
2. This result suggests the following explana-
tion of the diffuse intensity difference between
the Ni/Ti and NiC/Ti supermirrors. When a
multilayer has a variable bilayer thickness dis-
tribution structure, the diffuse intensity at ev-
ery point on the qx-qz plane includes a diffuse
intensity component from those layers that do
not satisfy the Bragg condition. That com-
ponent from the NiC/Ti multilayer is much
smaller than that from the Ni/Ti multilayer,
which leads to the diffuse intensity difference
between the supermirrors shown in Fig. 1.

In order to verify this explanation, Ni/Ti
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Figure 2: Diffuse intensity profiles from Ni/Ti (•) and
NiC/Ti (◦) multilayers consisting of 300 layers with
a bilayer thickness of 10 nm. Solid lines indicate the
calculated profiles. (a) Rocking scan with qz = 0.645
nm−1. (b) Rocking scan with qz = 0.31 nm−1.

and NiC/Ti multilayers were fabricated con-
sisting of 350 layers with a bilayer structure
in which thicknesses were distributed in the
range of 10 ≤ d ≤ 17 nm. Figure 3 shows
the result of the rocking scan with qz = 0.62
nm−1, which is within the broad Bragg con-
dition distributed in the range of 0.43 ≤ qz ≤
0.645 nm−1. In the previous result for the
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Figure 3: Diffuse intensity profiles from Ni/Ti (•) and
NiC/Ti (◦) multilayers consisting of 350 layers with a
distribution of bilayer thickness of 10 ≤ d ≤ 17 nm.
(Rocking scan with qz = 0.645 nm−1.) Solid lines
indicate the calculated profiles.

multilayers without a bilayer thickness distri-
bution, the difference between the diffuse in-
tensity of the two multilayers was very small

under the Bragg condition as shown in Fig.
2(a). However, the diffuse intensity from the
NiC/Ti multilayer is much smaller than that
from the Ni/Ti multilayer even within the
Bragg condition when the multilayers have bi-
layer thickness distribution.

In order to investigate the interface struc-
ture that controls the diffuse intensity from
the multilayers, the measured diffuse inten-
sity profiles were compared with the calcula-
tions where the perturbation theory based on
the distorted wave Born approximation was
used. Upon diffuse intensity measurement
of the multilayers without a bilayer thickness
variation, the difference between the diffuse
intensity of the Ni/Ti and NiC/Ti multilay-
ers was found to be dependent on the Bragg
condition. This is closely related to the ver-
tical correlation between different interfaces.
From the result of the diffuse intensity cal-
culation for the multilayers consisting of 300
layers with a bilayer thickness of 10 nm (Fig.
2), the parameters of the interface structure
were obtained as σ = 0.60 nm, h = 1.0,
ξ‖ = 250 and 70 nm, ξ⊥ = 2.0 and 50 nm
for the Ni/Ti and NiC/Ti multilayers, respec-
tively. Here σ is the average interface rough-
ness, h is the Hurst parameter, ξ‖ is the lat-
eral correlation length, and ξ⊥ is the vertical
correlation length. Using the same parameter
sets, diffuse intensity calculations for multi-
layers consisting of 350 layers with a distri-
bution of bilayer thickness of 10 ≤ d ≤ 17
nm and for the supermirrors with m = 3 were
preformed. The difference between the diffuse
intensity of the multilayers and supermirrors
were well reproduced by introducing the dif-
ference in the lateral and vertical correlation
length (Fig. 1 and 3). These results indicate
that a multilayer with a large vertical corre-
lation length and a small lateral correlation
length effectively suppresses the diffuse inten-
sity from a supermirror.
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1) R. Maruyama, D. Yamazaki, T. Ebisawa, and K.

Soyama :“J. Appl. Phys.”, 105, 103527(2009).

1-8-2

- 261 -

JAEA-Review 2013-039



Performance Test of Scintillator-based Small Neutron Detector

K. Sakasai, T. Nakamura, K. Toh, A. Moriai, E. Shooneveld1 and N. Rhodes1

J-PARC Center, JAEA, Tokai, Ibaraki 319-1195
1ISIS Science Diffraction and Muon Division, RAL, Didcot, OX11 0QX, UK

A small linear scintillation neutron detector
was fabricated and tested at RESA-II. The
detector was originally developed in RAL for
the engineering diffractometer, ENGIN-X, at
ISIS. In this paper, some results of the per-
formance test of the detector is described.

The fabricated detector was designed to
have a small detection pixel with a spatial
resolution of 3 mm. The detector had only
14 pixels to confirm the characteristics such
as neutron detection efficiency and gamma-
ray sensitivity. Scattered neutrons were de-
tected based on a nuclear reaction of 6Li(n,α)
in ZnS/LiF scintillators in the pixel. Inci-
dent neutron position was determined by a
2Cn coding method. The applied voltages of
PMTs are individually set to have a gain of
3×107. The Si monochrometer was used for
generation of 2.2 Å-neutrons. Figure 1 shows
neutron sensitivity of the detector as a func-
tion of the threshold voltage of the amplifier.
One can see that the detector had a neutron
sensitivity of 84 % at a threshold voltage of
250 mV. One the other hand, we have con-
firmed that the detector had a gamma-ray
sensitivity of 4×10−7 for 1.3 MeV gamma-ray
at the same threshold voltage in the other ex-
periments. After confirmation of fundamental
performances such as output linearity, demon-
stration experiments for neutron diffraction
were carried out at a neutron wavelength of
1.5 Å. In the experiment, Ni powder sample
was used to check the performance.

Figure 2 shows neutron diffraction pattern
of the Ni powder sample after calibration of
scattering angle. After determination of each
scattering angle in the figure by Gaussian fit-
ting method, lattice spacings of the sample
were estimated. In summary, the detector has
an excellent performance for neutron scatter-
ing experiments. New detectors that meet the
actual requirements, e.g., a sensitive area of

196 mm×1,000 mm and the secondary flight
path of 2.0 m, for the engineering diffrac-
tometer, ”TAKUMI”, at J-PARC, were con-
structed and installed for the first commis-
sioning in 2008.

Figure 1: Neutron sensitivity as a function of the ther-
shold volatge.

Figure 2: Neutron diffraction pattern of the Ni powder
sample.
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Measurement of Energy Spectrum of Neutron Beam at MUSASI-H Port

K. Toh, H. Yamagishi and K. Sakasai
J-PARC Center, JAEA, Tokai, Ibaraki 319-1195

The high angle MUSASI beam port pro-
vides neutron beam with a scattering angle
of about 80 degrees. When pyrolitic graphite
(PG) is used as a monochromater, however,
neutrons with higher harmonic ones will be
generated because of intrinsic characteristics
of PG. To provide neutron energy information
to users who adopt PG as a monochromater,
neutron energy spectrum was measured by a
TOF method.

The experimental setup is schematically
shown in Fig.1. The neutron signals were
measured by a multi-channel scalar (Turbo
MCS, EG&G Ortec) through an amplifier
(570, Ortec) and a single channel analyzer
(551, Ortec). Neutron beam was chopped by
a chopper and the chopped neutrons were de-
tected by a 3He detector with a flight path of
0.5 m. The dwell time of MCS was 10 μs.

Measured neutron spectrum is shown in
Fig.2. The TOF time was converted to neu-
tron wavelength according to relationship be-
tween TOF time and the flight path. Three
strong peaks at 1.2, 2.0, and 4.0 Å were ob-
served as seen in Fig. 2. No noticeable peaks
was observed above 5 Å. The most intense
component was 2.0 Å-neutrons. Note that
the data were not corrected by the neutron
detection efficiency of the 3He counter.

Figure 1: Experimental setup.

Figure 2: Measured neutron spectrum at MUSASI-H.
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Development of a Multiplet Magnetic Lens System to Focus
a Pulsed Neutron Beam

T. Oku, H. Kira, T. Shinohara, S. Takata, M. Arai, J. Suzuki, H.M. Shimizu1

J-PARC center, JAEA, Tokai, Ibaraki 319-1195
1KEK, Tsukuba, Ibaraki 305-0801

As a magnetic lens based on a sextupole
magnet has neutron wavelength-dependent
focusing property, namely chromatic aberra-
tion, it has been proposed that the chromatic
aberration can be compensated in the pulsed
neutron beam focusing by changing the fo-
cusing and defocusing functions of the mag-
netic lenses of the multiplet magnetic lens sys-
tem synchronously with time-of-flight of neu-
trons 1,2). In this study, we designed and con-
structed a triplet magnetic lens system com-
posed of three sextupole permanent magnets
and two spin flippers, and performed a pulsed
neutron beam focusing experiment with the
system. The design of the system and the ex-
perimental results are shown and discussed.

The experimental setup is shown in Fig.1.
We performed a pulsed neutron focusing ex-
periment at the beamline C3-1-2-1 (NOP)
of JRR-3 at Japan atomic energy agency
(JAEA). The sextupole magnet functions as
neutron focusing and defocusing lens for neu-
trons with positive and negative spin polar-
ity, respectively 3). The three sextupole per-
manent magnets (M1, M2, M3) and two spin
flippers (SF1, SF2) were located in series as
shown in Fig. 1. The neutron beam was
pulsed by using a chopper, and then po-
larized by using a quadrupole magnet (Fig.
1). The neutrons which transmit through the

quadrupole magnet is highly polarized with
polarization degree P > 0.99 4,5). The pulsed
polarized neutrons are delivered through the
guide field and enter the triplet magnetic lens
system. The spatial intensity distribution of
the neutrons, which transmitted through the
triplet magnetic lens system, were measured
by using a 2d-position sensitive detector 6).

At first, we performed the pulsed neutron
focusing experiments of the triplet magnetic
lens system without changing the spin flipper
state synchronously with the time-of-flight of
the neutrons. The spin flipper states were
fixed during the single measurement. The
measuring conditions are shown in Table 1.
The measured full widths at the half maxi-
mum (FWHMs) of the neutron beam focused
onto the detector position are plotted as a
function of the neutron wavelength λ in Fig.
2. It was found that neutron focal wavelength
changes depending on the spin flipper states.
The focal condition of the magnetic lens based
on the sextupole magnet is determined by the
magnet length Lmag and λ as follows:

f =
Lmag

2
+

h√
Gαmnλ

cot
(

h√
Gαmnλ

· Lmag

2

)

(1)
Here, f is the focal length, h Plank’s constant,
G the coefficient of the magnetic field gradi-
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Figure 1: Experimental setup.
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ent, α = |μn/mn| = 5.77m2s−2T−1, mn the
neutron mass and μn the neutron magnetic
moment (Fig. 3). By changing the states
of the spin flippers at the wavelength λCO

at which the FWHM curves of Fig. 2 cross
over, we can satisfy the focal condition for the
pulsed neutrons in a wide wavelength range.
Then, we performed the pulsed neutron fo-
cusing experiment by turning on and off the
spin flippers SF1 and SF2 synchronously with
the time of flight of the neutrons at the cross
over wavelengths λCO1−3 (Fig. 2). The ob-
tained results are shown in Fig. 2. As the
result, the neutron beam size at the detec-
tor position were realized to be the narrowest
among the cases 1 to 4. The FWHMs were
kept less than 4 mm between λ = 7.4 Å and
10.8 Å (Fig. 2) and the tail of the inten-
sity peak decreased sharply down to the back-
ground level with increasing distance from the
peak center. The magnetic lens system is ap-
plicable to a focusing geometry small-angle
neutron scattering (FSANS) instrument with
pulsed neutrons. In the application, pulsed
neutrons in a wide wavelength range should
be focused with a fixed focal length for effi-
cient utilization of the neutrons. Moreover,
the neutrons should be focused on the detec-
tor so sharp that the peak tail intensity goes
down to the background level rapidly.

In conclusion, we have constructed a triplet
magnetic lens system composed of three sex-
tupole magnets and two spin flippers to focus
a pulsed neutron beam in a wide wavelength
range with same focal lengths. We performed
the pulsed neutron beam focusing experiment
with the system. By choosing the focusing or
defocusing functions of each sextupole magnet
adequately and synchronously with the time-
of-flight of the neutrons, we could focus the
neutrons in a wavelength range of between λ
= 7.4 Å and 10.8 Å with nearly same focal
length. As the application of the magnetic
lens system, it is considered to be applicable
to a neutron focusing device for the FSANS
instruments with pulsed neutrons, since we
can focus the pulsed neutrons in a wide wave-
length range so sharply onto the detector by

using it.

Table 1: The states of the spin flippers and functions
of the magnetic lens.
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Figure 2: The FWHM of neutron beam focused onto
the detector position as a function of the time of flight
of the neutrons.
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Figure 3: A schematic layout of a magnetic lens which
focuses the neutron beam with focal length f .
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Neutron Beam Focusing with a m= 4 Supermirror on a Precisely Figured
Elliptic Surface

D. Yamazaki, R. Maruyama, K. Soyama, H. Takai1, M. Nagano1 and K. Yamamura1

J-PARC Center, JAEA, Tokai, Ibaraki 319-1195
1Research Center for Ultra-Precision Science and Technology, Osaka University, Osaka 565-0871

We have developed a ultra-precise focusing
mirror combining a high-performance super-
mirror deposition technique and a very pre-
cise surface figuring method. This mirror is
a first step of developing a focusing mirror
which satisfies the following requirements si-
multaneously: (1)large critical angle of total
reflection, (2) high reflectivity, (3) low diffuse
scattering, (4)large size and (5) precise sur-
face figure.

The mirror is a one dimensional elliptic mir-
ror of 90 mm (elliptic) × 40 mm (straight). A
fused silica surface was figured into an ellip-
tic shape with the numerically controlled local
wet etching technique 1). NiC/Ti supermirror
(m= 4) was deposited on the figured surface
with an ion-beam sputtering technique 2). A
photo of the mirror is shown in Fig 1.

Figure 1: A elliptic focusing mirror.

The focal length is 1050 mm. The mirror
accepts a neutron beam at a nominal glanc-
ing angle of 1.40 deg with acceptance angle
0.12 deg. It, therefore, reflects and focuses
wide-band neutrons of λ ≥ 3.5Å. Detailed de-
scriptions is found elsewhere 3).

Focusing of a monochromatic beam was
performed at the SUIREN reflectometer 4).
The neutron wavelength is 3.93 Å. Incident
beam slit was installed at 1050 mm before the

focusing mirror, which was placed on the sam-
ple stage. The slit width was 0.10 mm.

Figure 2 compares the focused, unfocused
and transmit beam intensities measured with
translating scans of a slit placed at the focal
position. Focused peak width of ∼0.35 mm
and intensity gain ∼6 has been obtained. Dif-
fuse scattering from the mirror was found less
than 10−3 of the peak intensity.
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Figure 2: Vertical profiles measured with 2θ scan.

In conclusion, we have developed a one di-
mensional focusing mirror which shows a high
performance with a monochromatic beam.
We are now preparing a performance test with
wide-band neutron beam. The fabrication
method is readily applied to larger mirror sub-
strates or two dimensional mirrors. Stacked
focusing mirrors could also be fabricated with
these methods.

References
1) K. Yamamura, Annals of the CIRP, 56, 541 (2007).
2) R. Maruyama, D. Yamazaki, T. Ebisawa, K. Soyama,

Nucl. Instrum. Meth., A600, 68 (2009).
3) K. Yamamura, H. Takai, N. Zettsu, D. Yamazaki,

R. Maruyama, K. Soyama, Opt. Express, 17 6414
(2009).

4) D. Yamazaki, M. Takeda, I. Tamura, R. Maruyama,
A. Moriai, M. Hino, K. Soyama, Physica B (2009),
doi:10.1016/j.physb.2009.06.022

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

1-8-6

- 266 -

JAEA-Review 2013-039



Development of a Wavelength-Shifting-Fibre-Based Neutron Imager With a
Fibre-Optic-Taper With a High Spatial Resolution

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

A great deal of interest has been paid on
the energy-selective neutron radiogphy at a
pulsed neutron source. The detector specifi-
cations required in such applications are gen-
erally a spatial resolution of less than 100 μm
and a moderate detector efficiency with a ca-
pability of time of flight measurement. We
have recently developed a compact neutron
image detector for the iBIX instrument in
the J-PARC 1,2). The detector comprising a
neutron-sensitive scintillator and wavelength-
shifting fibers exhibited a spatial resolution
of less than 1 mm with a coverage area of 133
× 133 mm2 with a pulse pair resolution of
a few μs. This paper describes the detector
implementing the fibre optic taper (FOT) in
between the scintillator screen and the WLS
fiber ribbons to improve a spatial resolution.

The FOT is a bundle of numbers of fine
glass fibers. The each fiber has a taper along
the length, thus the bundle works as an image
magnifier. The small-sized FOT that has a
smaller-face diameter of 8 mm with a taper ra-
tio of 3.1 is implemented in the demonstrator.
The effective pixel size becomes 0.16 mm since
the side length of the fiber is 0.5 mm. The
scintillation light created in the ZnS/6LiF is
partly collimated and propagated on to the
WLS fibers while the light image is enlarged.

Figure 1 shows the measured neutron beam
profile (y direction) when the up half of the
detector was covered with the cadmium mask.
The edge profile was fitted with an edge
spread function. The spatial resolution was
evaluated as 0.33 ± 0.03 mm in full width at
half maximum. The measured edge profile in
the x direction was similar to that in the y
direction. The spatial resolution of the de-
tector was improved by more than a factor
two compared with the original detector that
equipped without a FOT.

The measured spatial resolution of the
demonstrator detector can be understood by
the product of the thickness of the scintillator
(0.3 mm) and the inherent spatial resolution
of the original detector (0.8 mm). Further
optimization on the scintillator thickness and
the taper ratio of the FOT would improve a
spatial resolution. The detector also exhib-
ited a temporal resolution of a few μs and a
moderate gamma sensitivity of 10−6 as in the
iBIX detector.This kind of detector would be
quite unique and useful for the neutron trans-
mission measurements at the pulsed neutron
source.

Figure 1: Neutron beam profile measured with the
Cadmium mask covering up half of the detector.
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Development of the Rradiation-resistant Neutron Mirrors for Neutron Guides

I. Tamura, R. Maruyama1, D. Yamazaki1, K. Yamamoto, and K. Soyama1

Nuclear Science Research Institute, JAEA, Tokai, Ibaraki 319-1195
1J-PARC Center, JAEA, Tokai, Ibaraki 319-1195

The neutron guides have been installed in
the fixed plug in JRR-3 to increase the in-
tensity of cold neutron beam. In view of the
neutron beam transportation, it is important
to install the neutron guides there. Since they
are near for the cold neutron source, the ra-
diation resistance of the neutron mirror and
its substrate become problems. For the re-
duction in the maintenance cost, we devel-
oped the radiation resistance neutron mirror.
Therefore, neutron mirror with the radiation
resistance was fabricated by choosing the sub-
strates with radiation resistance.

Ni mirrors were employed the ion beam
sputtering technique. Substrates whose size
105mm in diameter and 1.5 mm in thick-
ness were selected. The measurements of neu-
tron reflectivity of neutron Ni mirrors on the
Soda-lime glass and Glass-like carbon sub-
strate have been carried out at SUIREN1) at
JRR-3 in the Japan Atomic Energy Agency.
The incident neutron wavelength was 3.93Å.

Figure 1 shows the neutron reflectivity of
Ni mirror on the Soda-lime glass substrate
and figure 2 shows the neutron reflectivity
of Ni mirror on the Glass-like carbon sub-
strate. Because reflectivities at the effective
critical momentum transfer were almost 1.0,
We succeeded in the manufacturing of Ni mir-
rors with m=1 on both substrates.

However, the performances of the reflectiv-
ities of mirrors on the Soda-lime glass sub-
strate were not same as that on the glass-like
carbon substrate. The fringe of reflectivity
was observed only in the Ni mirror on the
Soda-lime glass substrate and the thickness
of a Ni layer was 2500∼3000Å clarified from
the period of it. From the existence of the
fringe of reflectivity, the performance of the
reflectivity of the Ni mirror on the Soda-lime
glass substrate is better than that of the Ni
mirror on the glass-like carbon substrate.

Figure 1: Neutron reflectivity of Ni mirror on the
Soda-lime glass substrate carried out at SUIREN.

Figure 2: Neutron reflectivity of Ni mirror on the
Glass-like carbon substrate carried out at SUIREN.
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2007-030 (2007).
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Development of a Hybrid-Anvil Type High-Pressure Device for Single-Crystal
Magnetic Neutron Diffraction under 10 GPa

T. Osakabe, H. Yamauchi
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

We developed a hybrid-anvil high-pressure
(HA) device for single-crystal magnetic neu-
tron diffraction beyond 3 GPa. The device
consists of an opposed pair of a lower sapphire
anvil and an upper WC anvil with a hollow in
the center of the culet. The essential point of
the device is the hollow of the WC anvil. A
gasket between the anvils is strongly caught
by the edge of the hollow when the gasket is
pressed. As a result, the deformation of the
gasket is highly suppressed and the pressure
generation efficiency is improved. Obviously,
the hollow can enlarge the volume of the sam-
ple chamber. Maximum pressure generated
by the device is 7 GPa 1).

To increase the maximum pressure up to 10
GPa, we tried three types of the lower anvil
instead of the simple sapphire anvil in the HA
device. One is a sapphire anvil with a thin
diamond cap, another is a sapphire anvil sup-
ported by a MP35 alloy, and the other is a
SiC anvil supported by a MP35 alloy. We
found that the modified hybrid-anvil (mHA)
device of the combination of the WC anvil
and the supported SiC anvil could generate
the pressure of 10 GPa at the load of 3.8
tons. Fig. 1 shows a schematic drawing of
the mHA device. Fig. 2 also shows the result
of the pressurization test of the mHA device.
The size of the sample chamber under 10 GPa
was about 1 mm diameter and 0.3 mm height,
which was the same volume as that of the HA
device under pressure and was sufficient for
single-crystal magnetic neutron diffraction ex-
periments. We succeeded in the single-crystal
magnetic neutron diffraction experiments on
the RB2C2 (R=Dy, Ho) up to 9.6 GPa using
the mHA device.

Figure 1: Schematic drawings of a modified hybrid-
anvil device.
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Figure 2: Generated pressure and diameter of the sam-
ple chamber vs. applied load for the mHA device.
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Renewal of a Software and a Data Acquisition System
for the Neutron Reflectometer SUIREN

M. Takeda1,2, D. Yamazaki1,2, H. Izunome1 and A. Birumachi1
1Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan

2J-PARC Center, Tokai, Ibaraki 319-1195, Japan

Neutron reflectometry has been widespread
as a powerful and nondestructive technique
to investigate the internal layered structures
now. The new neutron reflectometer SUIREN
has been installed at C2-2 beam hole in the
JRR-3 beam hall in 2007 and is now open
to many users. Polarized neutron reflectivity
measurements with the full polarization anal-
ysis can be performed using this reflectometer
by inserting the polarized neutron devices1).

An original software package for control-
ling the reflectometer and a data acquisi-
tion system (DAQ) were constructed based on
LabVIEW R©, and DAQ hardwares of National
Instruments R©. This system was satisfactory
and worked well. However, we had to wait for
a long time to fix minor bugs and to add new
components to the reflectometer such as addi-
tional stepping motors and a one-dimensional
position sensitive detector because a company
who constructed the system was too busy to
manage the system.

Therefore, we decided to use the same soft-
ware package and DAQ as those used for three
triple-axis spectrometers TAS-1, TAS-2, and
LTAS installed at JRR-3. The software pack-
age was coded by in-house programmers in
JAEA, and ran on HP Tru64 UNIXR©on Al-

pha system. This package was ported to Red
Hat Enterprise Linux on x86 based system. A
new DAQ is mainly composed of Multi NT-
2400 Series which is a commercial product of
Laboratory Equipment Corporation.

A variety of modules and interfaces such
as a stepping motor controller, a MCA, a
timer/scaler, a GPIB controller, a mechanical
relay, and an isolated digital input devices are
available with a NT-2400 chassis, and these
modules and devices are controlled by a li-
brary software. Figure 1 shows a schematic
diagram of the new system using a worksta-
tion operated by the Linux and NT-2400.

We also introduced devices for the neutron
polarization analysis (the 2nd spin-flipper, an
analyzing mirror, and so on) concurrent with
this replacement of the software and DAQ.
We completed the construction of SUIREN
using this new system, and the full polariza-
tion analysis of the polarized neutron reflec-
tivity can be performed as a routine work on
SUIREN.

References
1) D. Yamazaki, M. Takeda, I. Tamura, R. Maruyama,

A. Moriai, M. Hino, K. Soyama, Physica B 404,
2557 (2009).
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Figure 1: Schematic diagram of new control and data acquisition system for SUIREN.
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A beam divergence correction mirror for neutron resonance spin echo

R. MaruyamaA, M. HinoB, H. HayashidaC, M. KitaguchiB, N. AchiwaD, D. YamazakiA,
T. EbisawaA, K. SoyamaA

AJ-PARC Center, Japan Atomic Energy Agency
BResearch Reactor Institute, Kyoto University

CQuantum Beam Science Directorate, Japan Atomic Energy Agency
DGraduate School of Science, Osaka University

Neutron resonance spin echo (NRSE) en-
ables us to measure neutron quasielas-
tic scattering with high energy resolution.
Its energy resolution is limited by a path
length variation due to the beam diver-
gence. Neutron focusing technique using
a neutron supermirror can be used to over-
come this problem.

A neutron supermirror with cylindrical
surface was fabricated as follows. Super-
mirror with m = 3 was deposited on Si
wafer with a length of 250 mm, a width of
30 mm, and a thickness of 0.2 mm. When
we assume an incident angle of the cen-
tral flight path to the cylindrical mirror of
θ = 42 mrad, the object and image distance
from the center of the mirror of a = b = 500
mm, and the length of the mirror of l = 250
mm, the radius of the cylindrical surface of
R = 12 m are obtained from the imaging
equations. The cylindrical profile was pro-
duced by numerically controlled machin-
ing of an aluminium plate. The back side
of the Si wafer was glued on the cylindri-
cal surface of the aluminium plate using
Araldite epoxy glue.

The experiment was performed using the
JRR-3/MINE1 beam line at JAEA. To inves-
tigate the effect of the cylindrical mirror on
the path length variation due to the beam
divergence, MIEZE (Modulation of Inten-
sity by Zero Effort) spin echo measurement
was performed as shown in Fig. 1(a). The
width of the slit (S2) was narrowed to 1
mm to choose a particular flight path from
the entire beam. Figure 1(b) shows the
measured spin echo signals for the differ-
ent flight paths chosen by S2. The phase
of the measured echo signals is plotted in
Fig. 1(c). The solid line indicates the cal-

culated phase where the path length varia-
tion is assumed to be corrected in the flight
path between the first and the second boot-
strap RSF. The calculated phase is in good
agreement with the measured value. This
result demonstrated that a cylindrical mir-
ror effectively corrects a path length varia-
tion due to the beam divergence.
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Fig. 1. (a) Experimental geometry of MIEZE spin
echo measurement. (b) Measured echo signals for
the different flight paths. (c) Phase of the measured
and calculated echo signals.
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Development of Cubic Anvil type pressure cell for neutron scattering experiments
under pressure

Koji Munakata(A), Kazuyuki Matsubayashi(A), Masakazu Nishi(A), Hiroyuki Kagi(B)
and Yoshiya Uwatoko(A)

(A)ISSP, Univ. of Tokyo, (B)Grad. Sch. of Sci., Univ. of Tokyo

During last few decades, intensive stud-
ies have been performed on strongly cor-
related electron systems and/or magnetic
materials under high pressure. As a result,
with discovery of many interesting physi-
cal phenomena at high pressure and low
temperature, new technique and know-
how of high pressure experiments have
been accumulated. However, in the field of
neutron experiments, high pressure tech-
nique is less common compared to other
experiments due to the inevitable difficulty,
such is a significant decrease in intensity
by absorption and scattering when the neu-
trons pass through a pressure device that
surrounds the sample: it is difficult to con-
duct experiments with reliability and accu-
racy.
Recently, we have developed small high
pressure apparatus for transport and mag-
netic measurements, a clamp type of palm
cubic anvil cell (PCAC) [1]. This cubic
anvil type pressure apparatus can gener-
ate superior hydrostatic pressure to other
high pressure apparatus. Then, we opti-
mized anvil material for neutron scatter-
ing experiments [2], from tungsten car-
bide (WC) to ZrO2, relatively transparent
to neutron beams. In this work, pressur-
ization test was carried out at room tem-
perature. For gasket, two types of mate-
rial are used, a duralumin (A7057) and a
mesoalite (Meso10) which is Al-based hard
material. Glycerol is chosen as a pressure
transmitting medium because of its good
hydrostatic property. A single crystal of
NaCl, 1.5 x 1.5 x 1.5 mm3 in size, was set
in the gasket and pressurized with a hy-
draulic press. Generated pressures in the
gasket were estimated from a compressibil-
ity of NaCl by determining a lattice con-
stant from (200) reflection at each exter-

nal load. Fig. 1 shows load dependence of
the profiles of (200) reflection in θ-2 θ
scan. As shown in the figure, palpable pro-
files were obtained. No significant differ-
ence was found between the two materials
of gasket. We confirmed in generating pres-
sure about 7 GPa at the load of 80 ton. We
expect that PCAC will be useful apparatus
in the field of high pressure neutron exper-
iments.

[1] Y. Uwatoko et al., Recent Absorbing
Topics in the Research of the Earth’s Inte-
rior, 18 (2008) 230. (in Japanese)
[2] T. Fujiwara et al., Activity Report on
Neutron Scattering Research: Experimental
Reports 15 (2008) 658.

Fig. 1. Profiles of (200) reflection of NaCl in θ-2
θ scan at various external loads. At the result of 0
ton, intensity is multiplied by factor of one fifth. The
load of 80 ton is equivalent to 7 GPa.
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Development of resonance spin flipper with iron yoke

M. Kitaguchi(A), M. Hino(A), Y. Kawabata(A), S. Tasaki(B), H. Hayashida(C), 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 res-
onance spin flippers (RSFs) replace a ho-
mogeneous static magnetic field for spin
precession in the conventional NSE[2]. An
RSF, which flips the spin of a neutron by ex-
changing energy between the neutron and
an oscillating magnetic field, gives the dif-
ference of wavenumber between up- and
down-spin components of the neutron. The
relative phase between the two spin com-
ponents, which is equivalent to spin ro-
tation, is provided by the difference of
wavenumber in the area between the RSFs.
A RSF consists of a static magnetic field
and an oscillating magnetic field. The static
field is proportional to the frequency of the
the oscillating field. It was quite difficult to
provide the strong static field correspond-
ing to the high frequency up to 500kHz by
using air-core coils. New type of RSF has
been developed by using dipole magnet
with iron poles for the static magnetic field
(figure 1). It could provide strong mag-
netic field with less current, however, mag-
netic flux leak and its surface was not well-
defined.
The gap between the two iron poles had
the height of 150mm. The dipole magnet
had the uniform magnetic field with the
center area of 15mm width, 15mm height
and 50mm long. The uniformity was less
than 10% . About 20mT was measured at
the center of the uniform field area with the
current of 8A. The magnetic field was quite
stable by using the regulated power sup-
ply. Temperature of the coil was also stable
for the magnetic field which was less than
20mT without any additional cooling sys-
tem. The return field was enclosed by iron

yoke around the magnet well.
Test experiments to observe MIEZE signals
with high frequency by using the new RSFs
have been performed using the cold neu-
tron beam line MINE1 at JRR-3 reactor at
JAEA. The beam had the wavelength of
0.81nm and the bandwidth of about 10 % .
Figure 2 shows the MIEZE signal with nor-
malization of the detector efficiency. Neu-
tron counts modulated according to the
phase of the oscillating field of the RSFs.
The effective frequency of the modulation
was 600kHz. The contrast of the signal was
0.58.
This demonstrated the stability and the
smoothness of the magnetic fields pro-
vided by the dipole magnets. MIEZE spec-
trometer is under final process to practi-
cal use. We are also continuing to develop
RSF with much higher frequency for NRSE
spectrometer with high resolution. We will
utilize the new system including the new
RSFs for the development of a neutron spin
echo spectrometer at J-PARC[3].

[1] F. Mezei, Z. Phys. 255(1972)146.
[2] R. Gaehler, R. Golub, Z. Phys.
B65(1987)43.
[3] Y. Kawabata, et. al., Nucl. Instr. and-
Meth. A574(2006)1122.
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Fig. 1. (Left) RSF with dipole magnet with iron pole.
Fig. 2 (Right) MIEZE signal with 600kHz.
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Magnetic Imaging with Neutron Spin Interferometry

Yamazaki D., Hayashida H., Ebisawa T., Maruyama R., Soyama K., Takenaka N.a,
Kageyama M.b, Tasaki S.b, Hino M.c, Kawabata Y.c, IIkura H., Yasuda R., Sakai T.,

Matsubayashi M.
Japan Atomic Energy Agency, aKobe University, bKyoto University, cKURRI

Stress-induced magnetization change in
Permalloy foils was observed using neu-
tron spin interferometry.

Without samples in a spin interferome-
ter, phases and visibilities of interference
patterns are stable and almost fixed to their
initial values. If a sample which has mag-
netic field B is placed or a field B is ap-
plied in the interferometer, the field ro-
tates neutron spin around itself and con-
sequently gives rise to phase shifts and
visibility damping. By analyzing phase
shifts and visibility damping, we can ob-
tain both amplitude and direction of field.
In addition, 2-dimensional field distribu-
tions can be observed by measuring inter-
ference patterns with a position sensitive
detector (PSD) and analyzing phase shifts
and visibility damping at each pixel of the
PSD. In our experiment, we utilized a 2-
dimensional PSD with 6Li scintillator glass.

We prepared three Permalloy foils
(A,B,C) of 100 μm in thickness. The foil
A and B were stressed by bending and
stretching them just once. The angles of
bent were different for the two foils, 45
degree for foil A and 180 degree for foil B.
The foil C was as is.

A foil was placed vertically in the inter-
ferometer and illuminated by monochro-
matic (8.8 Å) neutron beam of 25 mm (H) ×
1 mm (W). As for foils A and B, they were
placed so that the bend lines are horizontal.

The figure shows the phase shifts and rel-
ative visibilities of foil A and B as func-
tions of vertical position. The red lines
show data from foil A and the blue lines
foil B. Phase shifts are obtaind by subtract-
ing phases of foil C and relative visibilities
by dividing by visibilities of foil C.

It is seen that all lines have a dip at 16.5
mm, where the bend line exists. The dips

mean magnetization changes, in amplitude
and direction, at the bend lines of Permal-
loy foils. The fact that Foil B, bent with
the higher angle, shows the deeper dips in
phase and visibility might show the stress-
dependence of the magnetization change.

We have also obsereved phase shifts and
visibility damping due to a magnetic field
induced by two parallel electric currents.

Detailed analysis of these data is now un-
derway and the results will appear else-
where.

In summary, we showed the capability
of neutron spin interferometry to identify
magnetic field and magnetization distribu-
tion. It could be used to explore the cur-
rent distribution in fuel cells, magnetiza-
tion properties of ferromegnetic foils and
other applications.

Fig. 1. (A) Phases and (B) Visibilities as functions
of vertical position : (Red) 45deg-bent permalloy
(Blue) 180deg-bent permalloy
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A new MIEZE technique for investigation of relaxation on magnetic nanoparticles

M. Hino1, H.HAYASHIDA2, M.Kitaguchi1, N.Achiwa3, Y.Kawabata1

KURRI1, JAEA2, Osaka Univ.3

In the MIEZE, sample is placed after the
analyzer and there are no optical compo-
nents between sample and detector. There-
fore, the MIEZE spectrometer can be ap-
plied to small angle neutron scattering
and neutron reflectometry. The contrast
of MIEZE signal can be observed without
reduction even in magnetic scattering al-
though the contrasts of NSE and NRSE are
less than half. However, in general, it is not
easy for simple MIEZE setup to separate
magnetic and nonmagnetic fluctuations of
magnetic nanoscale particles since it mea-
sures the both intensities of qausielastic
scattering, simultaneously. We propose a
new MIEZE technique which is to set a sec-
ond analyzer and an additional π flipper,
in order to separate the magnetic and non-
magnetic quasielastic scattering intensities.
We succeeded in observing the superpara-
magnetic fluctuations of magnetite parti-
cles in ferrofluid by using the new tech-
nique(Fig.1)[1]. Magnetic ferrofluid con-
sists of magnetite particles and solvent
(heavy water). The magnetite particles
with a diameter on the order of 10 nm are
coated by oleic acid. There are two kinds
of dynamical mode in magnetite ferrofluid.
One is Brownian diffusion mode of mag-
netite particles and the other is superpara-
magnetic fluctuation which is a relaxation
of magnetic moment in magnetite particles.
Both relaxation time depends on particle
size and temperature. The Brownian relax-
ation time of the particle with the diame-
ter 10 nm is reported to be longer than 2
ns which is out of measurable Fourier time
range in this MIEZE experimental setup.
On the other hand, the relaxation time of
superparamagnetism (Neel) is much faster
than the Brownian relaxation time. We
tried to observe the effect of relaxation on
superparamagnetism. Here MIEZE signal
is sensitive to the path length dispersion in

neutron trajectories from sample to detec-
tor. We estimated instrumental resolution
function of the MIEZE spectrometer by us-
ing Monte Carlo(MC) simulation. The con-
trasts from nuclear scattering were well re-
produced by MC simulation. On the other
hand, these contrasts from magnetic scat-
terings were almost less than half of nu-
clear scattering ones.It is clear that the su-
perparamagnetism relaxation contributes
to reducing the contrast of MIEZE signal
from magnetic scattering.

[1]H.Hayashida, M.Hino, et. al.,
Nucl.Inst.Meth.A600(2009)56.

Fig. 1. Contrasts of MIEZE signals of nuclear (open
circles), magnetic (open triangles) scattering with
the ferrofluid and resolution functions at (a) τ= 0.3,
(b)τ =0.8, (c)τ= 1.6 nsec as a function of Q, respec-
tively.
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Development of Cubic Anvil type pressure cell for neutron scattering experiments
under pressure

Koji Munakata, Kazuyuki Matsubayashi, Masakazu Nishi and Yoshiya Uwatoko
ISSP, Univ. of Tokyo

During last few decades, intensive stud-
ies have been performed on strongly cor-
related electron systems and/or magnetic
materials under high pressure. As a result,
with discovery of many interesting physi-
cal phenomena at high pressure and low
temperature, new technique and know-
how of high pressure experiments have
been accumulated. However, in the field of
neutron experiments, high pressure tech-
nique is less common compared to other
experiments due to the inevitable difficulty,
such is a significant decrease in intensity
by absorption and scattering when the neu-
trons pass through a pressure device that
surrounds the sample: it is difficult to con-
duct experiments with reliability and accu-
racy.
Recently, we have developed small high
pressure apparatus for transport and mag-
netic measurements, a clamp type of palm
cubic anvil cell (PCAC) [1]. This cubic anvil
type pressure apparatus can generate su-
perior hydrostatic pressure to other high
pressure apparatus. Then, we optimized
anvil material for neutron scattering ex-
periments [2], from tungsten carbide (WC)
to ZrO2, relatively transparent to neutron
beams. In this work, pressurization test
was carried out at room temperature. For
gasket, two types of material are used, a
duralumin (A7057) and a mesoalite which
is Al-based hard material. Glycerol is cho-
sen as a pressure transmitting medium be-
cause of its good hydrostatic property. A
single crystal of NaCl, 1.5 x 1.5 x 1.5 mm3 in
size, was set in the gasket and pressurized
with a hydraulic press. Generated pres-
sures in the gasket were estimated from
a compressibility of NaCl by determining
a lattice constant from (200) reflection at
each external load. Fig. 1 shows load de-
pendence of the profiles of (200) reflection

inθ-2θ scan. As shown in the figure, pal-
pable profiles were obtained. No signifi-
cant difference was found between the two
materials of gasket. We confirmed in gen-
erating pressure about 7 GPa at the load of
80 ton. We expect that PCAC will be use-
ful apparatus in the field of high pressure
neutron experiments.

[1] Y. Uwatoko et al., Recent Absorbing
Topics in the Research of the Earth’s Inte-
rior, 18 (2008) 230. (in Japanese)
[2] T. Fujiwara et al., Activity Report on
Neutron Scattering Research: Experimental
Reports 15 (2008) 658.

Fig. 1. Profiles of (200) reflection of NaCl in θ-2
θ scan at various external loads. At the result of 0
ton, intensity is multiplied by factor of one fifth. The
load of 80 ton is equivalent to 7 GPa.
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Development of pixel detector for ultra-cold neutrons

Y. Kamiya(A), S. Kawasaki(B), G. Ichikawa(B), S. Sonoda(B), S. Komamiya(A)(B), M.
Hino(C), M. Kitaguchi(C), T. Sanuki(D)

(A) ICEPP, The Univ. of Tokyo, (B) Graduate School of Science, The Univ. of Tokyo, (C)KURRI
Kyoto Univ., (D)Graduate School of Science, Tohoku Univ.

A CCD-based pixel detector for ultra-
cold neutrons has been developed. The
detector consists of a back-thinned CCD
(S7170-0909, Hamamatsu Photonics K. K.)
with a thin neutron converter directly de-
posited onto the sensor surface. The active
area is 12.3 x 12.3 mmˆ2 (512 x 512 pix-
els of 24 x 24 microns). Two nuclear reac-
tions, 10B(n,alpha)7Li and 6Li(n,alpha)3H,
are considered for converter design, where
strongly ionizing particles are emitted via
those reaction. The thicknesses for the
boron based and lithium based converters
are both decided to be 200 nm in consid-
eration of conversion efficiency and pro-
duction easiness. They are sandwiched be-
tween titanium layers of 20 nm thickness to
prevent oxidizing and crumbling. We used
the Neutron Mirror Fabrication System at
the KURRI to make the detectors with the
converter. Here we report about detection
efficiency, uniformity and spatial resolu-
tion which were measured using cold neu-
tron beams supplied at the MINE2 line.

The ionizing particle converted from the
neutron makes a cluster of charged up pix-
els distributing around an incident point.
Charge sum corresponds to the particle’s
kinematic energy and an weighted center
of the pixels is a good estimation of the
point. Distribution of the charge sum has
two edges that correspond to the initial en-
ergies of the emitted particles (monochro-
matic), and has tails to the low energy re-
gion that represent an energy loss when the
particle transmits through the converter
and a thin insensitive volume on the CCD.
To separate signal events from a back-
ground or thermal noise, we apply a cut
to the charge sum distribution. The thresh-
old corresponds to 0.15 MeV energy de-

posit. The detector was set on the sam-
ple stage which continuously move right
and left in horizontal to be irradiated uni-
formly. Detector efficiency was measured
to 1.7%(0.3%) with Boron(Lithium) based
converter by comparing with the 3He ref-
erence detector. Uniformity was evaluated
to less than 3% over the sensitive area. Spa-
tial resolution was estimated by analyz-
ing edges of shadow of the Gadolinium
neutron mask, which is located in front of
the detector surface. Fig.1 shows a neu-
tron distribution taken with the Boron con-
verter. By fitting with error functions for
each edges, the spatial resolution was esti-
mated to 3 microns.

In conclusion, we measured basic per-
formances of the CCD-based pixel detec-
tor using the cold neutron beams. The re-
sults show that the detector has a fine spa-
tial resolution and enough uniformity. De-
tector with Boron based converter shows
better performance than that with Lithium
based converter.
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Fig. 1. Neutron distribution. Red line shows an ideal
shadow of the Gadolinium mask. Black line shows
the fitted distribution. Spatial resolution of 3 mi-
crons is measured.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 745
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Structural Analysis on Fe-Based Superconductors, PrFeAsO1−xFx and
PrFeAsO1−y

K. Kodama1,2, M. Ishikado1,2, F. Esaka3, A. Iyo4,2, H. Kito4,2, H. Eisaki4,2 and S. Shamoto1,2

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

3Nuclear Science and Engineering Directorate, JAEA, Tokai, Ibaraki 319-1195
4Nanoelectronics Research Institute, AIST, Tsukuba, Ibaraki 305-8562

Among Fe-based superconductors, a super-
conductivity in so-called 1111-system is in-
duced by substituting fluorine for oxygen or
by oxigen deficiency for parent compound
RFeAsO (R:rare earth elements). 1,2) Gen-
erally, it is considered that above two effects
reduce the valence of Fe-ion from +2 and dope
electrons, resulting in the superconductivity.
However, comparing the phase diagram of
the F-substituted system with that of the O-
deficient system, the superconducting transi-
tion temperature (Tc) is not scaled by the Fe-
valence, indicating that the Fe-valence is not
unique parameter for the superconductivity.
The atomic substitution and deficiency also
change structural parameters, which modify
the electric state and may induce the super-
conductivity. Then we have performed the
structural analysis on neutron powder diffrac-
tion data of PrFeAsO1−xFx and PrFeAsO1−y,
including parent compounds.

Powder diffraction data were collected us-
ing the high-resolution powder diffractome-
ter (HRPD) at room temperature. Rietveld
analysis was performed by using the program
RIETAN-2000.3) Typical diffraction pattern
and fitted result are shown in Fig. 1. The oc-
cupancy at O (O1−xFx) site is refined in the
analysis and F-concentration is determined by
the secondary ion mass spectrometry in or-
der to determine the valence of Fe-ion. The
lattice canstants, a and c of PrFeAsO1−xFx

and PrFeAsO1−y, are plotted against the Fe-
valence in Fig. 2. The lattice constant a (c)
of PrFeAsO1−y is larger (smaller) than that
of PrFeAsO1−xFx even for the parent com-
pounds with Fe-valence of ∼ +2. It is due to
the difference of the sample preparation con-
dition; under high pressure for PrFeAsO1−y
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Figure 1: Powder diffraction pattern and the result of
Rietveld analysis on PrFeAsO0.9F0.1.
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Figure 2: The lattice constants, (a) a and (b) c
of PrFeAsO1−xFx and PrFeAsO1−y with tetragonal
structure are plotted against the valence of Fe-ion, by
closed and open circles, respectively.

and in a quartz tube sealed in vacuum for
PrFeAsO1−xFx. This result suggest that
the difference of structural parameters mod-
ifing the electric state causes the difference
of the Tc-Fe-valence phase diagram between
PrFeAsO1−xFx and PrFeAsO1−y.

References
1) Y. Kamihara, et al. :“J. Am. Chem. Soc.”, 130,

3296 (2008).
2) H. Kito, H. Eisaki, and A. Iyo :“J. Phys. Soc.

Jpn.”, 77, 063707 (2008).
3) F. Isumi and T. Ikeda :“Mater. Sci. Forum”, 321-324,

198(2000).
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Magnetic Excitations in LaFeAsO1−xFx Superconductors

S. Wakimoto1,2, K. Kodama1,2, M. Ishikado1,2, M. Matsuda1,2, R. Kajimoto2,3, M. Arai2,3,
K. Kakurai1,2, A. Iyo2,4, H. Kito2,4, 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

3J-PARC Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195
4Nanoelectronics Research Institute, National Institute of Advanced Industrial Science and Technology,

Tsukuba, Ibaraki 305-8562

The recently discovered Fe-pnictide su-
perconductor LaFeAsO1−xFx has provided a
unique opportunity to study the high tem-
perature superconductivity other than the
cuprates. 1) Band calculations indicate cylin-
drical Fermi surfaces at Γ- and M-points.
From the early stage of the Fe-pnictide su-
perconductor research, many authors have
pointed out the importance of spin fluctu-
ations arising from the Fermi surface nest-
ing between the two points in realizing the
superconductivity. In fact spin fluctuations
have been observed as significant inelastic
neutron scattering for the 122-type supercon-
ducting compounds, Ba1−xKxFe2As2 2) show-
ing a resonance behavior. On the other hand,
the NMR study of the LaFeAsO1−xFx sys-
tem shows dramatic decrease of spin fluctu-
ations near ω = 0 in superconducting compo-
sitions. 3)

To reconcile these facts, systematic study
of low energy spin fluctuation (ω ≤ 15 meV)
has been performed using polycrystalline
LaFeAsO1−xFx with nominal compositions
x = 0, 0.05, 0.075, and 0.10 (Tc = 0, 25, 25,
and 29 K, respectively). High-quality poly-
crystalline samples were synthesized by solid
state reaction. 25 g for each composition was
used for inelastic neutron scattering experi-
ments at TAS-1 and TAS-2.

Figure 1 shows doping dependence of the
imaginary part of dynamic spin susceptibil-
ity χ”(ω) at 11 meV. In contrast to the dra-
matically diminished magnetic fluctuation ob-
served by NMR, the cross section exclusively
at 11 meV observed by neutron inelastic mag-
netic scattering decreases little with doping in
the superconducting compounds and, to our

surprise, it is comparable to that of the non-
doped LaFeAsO. These facts suggest that the
antiferromagnetic spin fluctuation remains in
deep inside the superconducting regime, im-
plying the importance of spin fluctuation in
this system. In addition, we have observed
that the magnetic intensity at ∼ 11 meV in-
creases below ∼ 30 K, consistent with the res-
onance behavior. More detailed study of dop-
ing dependence is now in progress.
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Figure 1: Doping dependence of q-integrated dynam-
ical spin susceptibility χ”(ω) measured at 11 meV.
The data at x = 0 is measured at just above the Néel
temperature where the spin fluctuation becomes max-
imum. The other data are measured at 4K.
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Behavior of Crack Growth of Austenitic Stainless Steels
under Decrease in Stress

H. Ogawa, I. Ioka and M. Yamamoto
Nuclear Science and Engineering Directorate, JAEA, Tokai, Ibaraki 319-1195

It has been shown that the crack growth
caused by stress corrosion cracking (SCC),
which is located near welded parts at primary
loop recirculation system’s pipes of BWRs, is
inhibited. It seems that this inhibition arises
from the reduction of residual stress as the
crack growth. The residual stress becomes a
key factor to control the crack growth. There-
fore, it is important to measure residual stress
around the crack. The residual stress using
RESA was measured to clarify the relation-
ship between the crack growth and the resid-
ual stress.

The specimens with a crack induced by
fatigue test were prepared. The specimens
were type 316L stainless steel (SS) with high
stress at crack tip. The specimens were sub-
jected to heat treatment (850Cx1h, 30%CW).
The stress at the crack tip was generated
by a taper pin as shown in Fig.1. The es-
timated initial stress intensity factor (K) is
about 50 (MPa

√
m). The SCC test for crack

growth is conducted in high temperature wa-
ter (288C, 7.5MPa, saturated dissolved oxy-
gen) for 1000hs. The fracture surface of
specimen was observed by SEM after SCC
test. Lattice constants corresponded to resid-
ual stress were measured along the line of the
ligament using RESA.

The stress around the crack tip was com-
pared between“ before SCC test”and“ af-
ter SCC test”. The result of type 316L SS
was shown in Fig.2. It is found that SCC
enhanced the growth of crack in type 316L
SS. The stress at crack tip was not clearly
change, though the propagation of crack was
estimated about 1mm. Fig.3 shows fracture
surface of type 316L SS after SCC test. The
mode of crack was transgranular (TGSCC)
and the top of crack was not flat. After
SCC test, K corresponded to residual stress
was calculated from the load yielded taper

pin. The calculated K was a decrease in
65% against the initial K. The residual stress
calculated by K was different from that by
RESA. The difference may be attributed to
the non-uniformity of crack propagation or
voxel size (2x2x1mm).

Figure 1: Taper-pin type CT specimen.

Figure 2: Comparison of lattice constant in type 316L
SS between“ before”and“ after”.

Figure 3: Fracture surface of type 316L after SCC test.
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Stress Measurement of Large Scaled Welded Tube
Using Neutron Diffraction Technique

H. Suzuki, J. Katsuyama1, T. Tobita1 and Y. Morii
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

1Safety Research Center, JAEA, Tokai, Ibaraki 319-1195

Residual stress distributions near weld line
of an austenitic large scaled butt-welded tube
(500 mm diameter, 760 mm length and 28 mm
wall thickness) were measured using the neu-
tron diffraction technique to evaluate effects
of crack propagation and repair welding on
the residual stress distribution. The through
thickness distribution of residual stresses were
measured at a position 12.5 mm transverse
away from the weld center using the engineer-
ing diffractometer, RESA, in the JRR-3 at the
Japan Atomic Energy Agency. Two slots (50
mm x 150 mm) were machined on the weld
line at 180 deg around the circumference from
the centre for minimizing the neutron path
length. The lattice constant in stress-free con-
dition was measured using a standard sample
cut from the remaining material obtained af-
ter machining the slots. Lattice strains of the
311 reflection were measured to avoid the in-
tergranlar effect caused by the accumulated
thermal plastic strain due to welding.

Figure 1 shows changes in residual stress
distributions before and after slitting and re-
pair welding. In as-welded tube, typical resid-
ual stress distributions were observed and it
agreed well with the stress distributions cal-
culated by the numerical simulations reported
in previous studies. After machining the slit
with the size of 30 mm length, 10 mm depth
and 0.5 mm width at a position 12.5 mm
transverse away from the weld center on the
inside wall of the tube, the residual stresses
in the axial and the hoop directions were re-
leased in the part of the slit. On the other
hand, the residual stress distributions after
the repair welding on the outside wall were
significantly changed compared with the orig-
inal stress distributions before repair welding.
Tensile residual stresses were observed after
the repair welding and compressive stresses

were disappeared at all positions in all three
directions. Tensile residual stresses generated
on the inside wall might encourage generation
of the stress corrosion cracking, and the ten-
sile residual stresses generated in the middle
might drive the crack propagation. Therefore,
the repair welding would have an influence on
enhancement of crack propagation.

In this study, we indicated that the neutron
diffraction technique is useful and powerful
tool for measuring residual stress distribution
in the large scaled mechanical components.

This research project has been conducted
under the research contract with the Japan
Nuclear Energy Safety Organization (JNES).

Figure 1: Change in residual stress distributions be-
fore and after slitting (a) and repair welding (b).
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Strain Measurement in Rebar in Reinforced Concrete
by Neutron Diffraction

H. Suzuki and K. Kusunoki1

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Department of Architecture, Yokohama National University, Yokohama, Kanagawa 240-8501

It is typical method to measure the strains
on a rebar in a reinforced concrete using
strain gauges in the structural engineering
field in order to evaluate the bond condition
between rebar and concrete. However, wa-
terproof treatment and wiring of the strain
gauges around the rebar would affect the bond
condition. Therefore, the neutron diffraction
technique might be useful for measuring the
strains on the rebar in the reinforced concrete
without any effects of the bond condition. In
this study, a size of anchorage zone was evalu-
ated by measuring strain distributions in the
rebar under pull-out loading.

Figure 1 (a) shows the schematic of the
specimen used in this study. Rebar with di-
ameter of 10 mm was embedded in the cylin-
drical concrete with the size of 400 mm length
and 50 mm diameter. Pull-out loading was
applied to the rebar, and the strain distri-
bution was measured along the rebar by 1
mm pitch. Figure 1 (b) shows the strain
distributions in the rebar in the reinforced
concrete measured using neutron diffraction
technique. Applied stress was gradually de-
creased from 200 MPa to 150 MPa during
strain measurement due to creep of the con-
crete. The strain distribution under the ap-
plied stress of 200 MPa was decreased in the
length from X=0 mm to 75 mm. Therefore,
it can be said that the length of the anchor-
age zone measured by neutron diffraction was
about 75 mm. Strain distribution measured
by strain gauges was also plotted in this fig-
ure. Decrease in the strain was observed in
the length from X=0 mm to approximately
225 mm, which means that the length of the
anchorage zone measured by strain gauges
was approximately three times longer than
that measured using the neutron diffraction
technique. Strain measurement using strain

gauge was probably affected by the degrada-
tion of the boundary between concrete and re-
bar due to various treatments around strain
gauges. Therefore, it was confirmed that the
neutron diffraction technique, which is non-
destructive and noncontact method, is use-
ful technique for evaluating bond condition
between concrete and rebar accurately. Ap-
plication of the neutron diffraction technique
to the structural engineering field will bring
new knowledge regarding design of the con-
crete structure.

Figure 1: (a) Schematic of the sample used in this
study and (b) comparison of strain distributions in the
rebar measured using neutron diffraction and strain
gauge.
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Relaxation of Residual Stress in Engineering Component

K. Akita
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

Compressive residual stress can enhance
the strength for fatigue and stress corrosion
cracking of engineering components and it can
be introduced on the surface layer by peen-
ing technologies such as shot peening and
laser peening. The compressive residual stress
might be relaxed due to the external mechan-
ical load in service use. To clarify the initial
residual stress distribution is important to es-
timate the relaxation behavior because it su-
perimposes on the external load.

In this study, the initial residual stress dis-
tribution was measured on a laser peened
sample using neutron diffraction. The ma-
terial used in this study was an aluminum al-
loy, A2024-T3. The thickness of the sample
was 5 mm. Laser peening was applied on the
surface and back surface of the sample. Al-
311 diffraction was measured using RESA-II
in JRR-3. Lattice strains were obtained from
the peak shift of the diffraction profile. The
direction of the measured strain was parallel
to the surface.

Fig. 1 shows the depth distribution of resid-

ual strain in the laser peened sample. Com-
pressive strain induced by laser peening was
observed in the surface layer. It decreased and
changed into tension at the depth of about
1.2 mm and reached to the maximum tension
at the center of the sample. Although the
accurate value of the residual stress should
be calculated from strains of three directions,
the maximum tensile residual stress was esti-
mated from the strain to be about 112MPa
under the assumption of equibiaxial plane
stress state. It was close to the value ana-
lyzed by a finite element method. The tensile
residual stress region will be deformed plas-
tically at first while the external tensile load
increases. In this study, the existence of the
tensile residual stress in the peened sample
was confirmed. Relaxation behavior of the
residual stress in the external loading will be
measured in the next experiment.

Figure 1: Depth distribution of residual in-plane strain on laser peened sample.
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Residual Stress Measurement of Thick Butt Weld
Using Neutron Diffraction

H. Suzuki, J. Katsuyama1 and Y. Morii
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

1Safety Research Center, JAEA, Tokai, Ibaraki 319-1195

Accuracy of a neutron stress measurement
near the weldment is affected by changes in
microstructure in a weld zone caused by phase
transformations, plastic strain generation and
crystal grain growth due to heating and cool-
ing process during welding. Therefore, suit-
able diffraction planes, which are not affected
by the plastic strains, and accurate stress-free
lattice constant with consideration of changes
in microstructure should be figured out in or-
der to measure accurate residual stress dis-
tribution near the weldment. In this study, it
was confirmed that measuring lattice constant
in stress-free condition using a standard sam-
ple makes it possible to select suitable reflec-
tions which are not affected by the intergranu-
lar strains. Specifically, it can be determined
that reflections of which lattice constants in
three orthogonal directions agree well with av-
erage lattice constant of all measured reflec-
tions are suitable.

This method was applied to residual stress
measurements of 35 mm thick butt weld. It
was confirmed that influence of intergranular
strain was negligible on the 311 and 220 reflec-
tions in austenitic steel and on the 110, 200
and 211 reflections in ferritic steel. Figure 1
shows results of residual stress distributions in
transverse path in the center of wall thickness
of the 304SS butt weld and the 304SS-low al-
loy steel (A533B) dissimilar butt weld which
were measured using 311 reflection in austen-
ite and 211 reflection in ferrite. It was con-
firmed that the residual stress distribution of
the 304SS butt weld was typical trend agreed
well with the stress distributions calculated
by the numerical simulations reported in pre-
vious studies, and that the residual stress dis-
tribution of the dissimilar weld was different
from that of the 304SS butt weld since the dis-
similar weld was affected by the misfit of ther-

mal expansion coefficient between austenitic
steel and ferritic steel.

This research project has been conducted
under the research contract with the Japan
Nuclear Energy Safety Organization (JNES).

Figure 1: Residual stress distributions in transverse
path in the center of wall thickness of the 304SS butt
weld (a) and the 304SS-low alloy steel dissimilar butt
weld (b).
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Development of Cryogenic Load Frame for Neutron Diffraction

H. Suzuki, Y. Tsuchiya1, T. Umeno2, S. Machiya3 and K. Osamura4

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Quantum Beam Center, NIMS, Tsukuba, Ibaraki 305-0047

2Taiyo Nippon Sanso Corporation, Tsukuba, Ibaraki 306-2611
3Department of Mechanical Engineering, Daido University, Nagoya, Aichi 457-8530

4Research Institute for Applied Sciences, Kyoto 606-8202

In the cryogenic engineering field, it is
important to know material characterization
of engineering materials at low temperature.
Especially, evaluations of residual strains as
well as deformation behavior at low temper-
ature are required for improving the strength
and the functionality of the cryogenic materi-
als. For example, strain evaluations of engi-
neered composite superconductors in service
are important to obtain higher performance
of superconductivity since that is affected by
strains generated during fabrication process
and under operation. In order to achieve in-
situ strain measurement under loading at low
temperature, we have developed a cryogenic
load frame for neutron diffraction as shown
in Fig. 1 (a). The load capacity of the load
frame was 10 kN and the lowest temperature
achieved at grips was below 4.8 K by using a
GM refrigerator. Figures 1 (b) and (c) show
the deformation behaviors of 111, 200 and
220 reflections of type 316 austenitic stainless
steel under uniaxial tensile loading at room
temperature and 5 K. Linear response was ob-
served in each diffraction at each temperature
and this result shows typical relation of which
rate of strain change at 5 K were smaller than
that at room temperature.

This novel cryogenic load frame shows high-
est performance compared with similar in-
struments 1) prepared in the overseas engi-
neering neutron facilities.

References
1) E. Oliver, B. Evans, M. Chowdhury, R. Major, O.

Kirichek and Z. Bowden : “Novel testing chamber
for neutron scattering in engineering materials at
cryogenic temperatures”, Meas. Sci. Technol., 19,
034019(2008).

Figure 1: Overview of the developed cryogenic tensile
frame (a) and strain changes of three diffractions of an
austenitic type 316 stainless steel at room temperature
(b) and approximately 5 K (c).
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Development of Multi-channel Vertical Conversing Slit

H. Suzuki, Y. Shinohara1, T. Oku1, J. Suzuki1 and M. Hayashi2

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

2Ibaraki Prefectural Government, Tokai, Ibaraki 319-1106

Neutron stress measurement is very useful
to measure residual stresses in large scaled
mechanical components such as automobile
engines, large scaled welded tubes and so on.
In conventional optical system of the RESA
engineering diffractometer, the incident neu-
tron beam size has been determined by a cad-
mium slit. In this case, the cadmium slit
should be installed at a position away from
the sample to prevent the large scaled sam-
ple from bumping the slit during the measure-
ment. Therefore, it was difficult to make the
beam size fine at the sample position, because
the divergent beam produced by the vertically
focusing monochromator transmitts the cad-
mium slit and reaches the sample. In this
study, the multi-channel vertical conversing
slit (called “vertical radial collimator”) shown
in Fig. 1(a) was developed to obtain the ex-
pected beam size with high flux at sample po-
sition.

Figure 1(b) shows a simple schematic of
the optical layout of the RESA diffractome-
ter with the vertical radial collimator. We
designed it to obtain 5mm of full width half
maximum (HFWHM ) of the incident beam
height at the sample position. Optimum
specification of the vertical radial collimator
shown below was decided by the MacStas sim-
ulation.

*L1 (Conversing distance) = 500 mm
*L2 (Length of collimator) = 384 mm
*Number of channel = 10 ch
Figure 1(c) shows incident beam profiles

along the vertical direction measured by a
neutron imaging plate (NIP) at five posi-
tions of L1=410 mm, 455 mm, 500 mm, 545
mm and 590 mm. It was confirmed that
the beam intensity increased with approach-
ing L1 to the designed value of 500 mm.
HFWHM at L1=500 mm was approximately

5.0 mm, showing good agreement with the
expected width. The incident beam profile
and integrated intensity (Iint in Fig. 1(c)) at
L1=500mm were almost the same as those at
L1=100mm when using a cadmium incident
slit. This result indicates that the neutron
beam diffracted from all silicon crystals of
monochromator system could effectively con-
verge on the sample position by using the ver-
tical radial collimator.

Figure 1: (a) Overview of the vertical radial collimator
installed at the RESA diffractometer, (b) schematic
of optical system of the RESA diffractometer with the
vertical radial collimator and (c) incident beam pro-
files along the vertical direction by a neutron imaging
plate (NIP).
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Anomalous Lattice Dynamics in Relaxor K1−xLixTaO3

S. Wakimoto, H. Taniguchi1, G. A. Samara2, R. K. Grubbs2, E. L. Venturini2, L. A. Boatner3

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Materials and Structure Laboratory, Tokyo Institute of Technology, Yokohama 226-8503

2Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
3Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

Relaxor K1−xLixTaO3 shows rich dielec-
tric properties with doping. Undoped com-
pound KTaO3 is a quantum paraelectric ma-
terial which never undergoes a ferroelectric
(FE) transition, 1) in spite of the softened
FE phonon mode. 2) Li-doped system shows
relaxor behavior at high temperatures and
FE transition at low temperature. This hap-
pens because the doped Li+ ion occupies off-
centered position due to the small ionic ra-
dius, resulting in a large dipole moment and
a precursor to the polar nano-region. There-
fore, the dynamics of the doped Li ions are
important to understand the relaxor behav-
ior.

So far, there is no conclusive observation of
the Li dynamics. Only Raman scattering re-
ported an anomalous mode appears only in
the doped samples and only in the relaxor
state. 3) These data are summarized in Fig.
1 by open symbols. This mode, here we refer
as ”impurity mode”, softens with decreasing
temperature following a universal line. How-
ever Raman data is restricted to the zone cen-
ter (ZC) information. We have performed
inelastic neutron scattering to investigate q-
dependence of this impurity mode.

Crystals with x = 0.05 and 0.10 for this
study were grown by the slow-cooling method.
The neutron inelastic scattering measure-
ments were done at the TAS-2 with fixed final
neutron energy at Ef = 14.7 meV and col-
limation sets of Guide(15′)-80-80-open. The
impurity mode has very weak intensity and,
furthermore, it locates at the energy close to
the strong acoustic phonon. Thus the mea-
surements near the zone center were unsuc-
cessful. However, we succeeded to observe
the impurity mode near the zone boundary of
M-point, such as (1.5, 0.5, 0) and (1.5, 1.5, 0),

Temperature (K)
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y
 (

c
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-1
)

Figure 1: Temperature dependence of the impurity
energy mode for various dopings. Open symbols in-
dicate data from Raman scattering, that is the impu-
rity mode energy at the zone center. Closed circles
show neutron data measured at the zone boundary
(M-point).

where the acoustic phonon goes to well higher
energy (ω ≥ 12 meV). The observed impu-
rity mode energies for both samples are shown
in Fig. 1 by closed symbols. The impurity
mode energies at ZC (Raman data) and M
points (neutron) agree at higher temperatures
(≥ 200 K). It is remarkable that only ZC en-
ergy softens with decreasing temperature im-
plying that the impurity mode becomes dis-
persive at low temperatures. This behavior
can be understood that the Li ion dynamics is
uncorrelated with each other at high temper-
ature where the relaxor behavior is dominant.
As temperature decreases they correlate each
other resulting in a ferroelectric transition.

References
1) S. H. Wemple, Phys, Rev. 137, A1575 (1964).
2) J. D. Axe, J. Harada, and G. Shirane, Phys. Rev.

B 1, 1277 (1970).
3) R. L. Prater, L. L. Chase, and L. A. Boatner,

Phys. Rev. B 23, 5904 (1981).
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Neutron diffraction experiments of valence fluctuating YbPd

A. MitsudaA, M. SugishimaA, K. OhoyamaB, H. WadaA

ADept. of Phys., Kyushu Univ., BIMR, Tohoku Univ.

The cubic CsCl-type compound YbPd is
known to be a valence fluctuating com-
pound and to undergo 4 phase transitions
at 0.5, 1.9, 105, and 125 K [1]. 170Yb
Mössbauer studies reveal that the one at
TM = 1.9 K is due to magnetic or-
der [2]. However, the mechanisms of the
other three phase transitions remain un-
known. The Mössbauer studies also sug-
gest magnetic and nonmagnetic Yb ions
coexist in equal proportions at low tem-
peratures [2]. Assuming that the differ-
ence in magnetism is ascribed to two Yb
valence states, of which are nonmagnetic
Yb2+ and magnetic Yb3+, the two valence
states should arrange regularly at low tem-
peratures to make entropy zero. Such be-
havior, which is called ’charge order’, is ob-
served in Yb4As3, Fe3O4 and so on. These
compounds have low carrier density, while
YbPd exhibits metallic behavior. We are in-
terested in the charge order of the metal-
lic compound. We take notice of the fact
that magnetic order and charge order coex-
ist below 1.9 K according to the Mössbauer
studies. If we can determine the spin struc-
ture, the structure should include informa-
tion on structure of the charge order since
only Yb3+ ions have a magnetic moment.
Therefore, in the present study, we per-
form powder neutron diffraction experi-
ments of YbPd at low temperatures to de-
termine spin and charge structure.

The experiments were carried out at
IMR-HERMES powder diffractometer. A
powdered sample (about 3 grams) was
loaded in the vanadium cell with the di-
ameter of 8.6 mm, and then attached to the
1 K refrigerator. The powder diffraction
patterns were taken at 0.72 K and 3.62 K,
which is below and above magnetic or-
dering temperature of 1.9 K. The measure-
ments were carried out twice at the same
temperature.

Figure 1 shows the results of the experi-
ments measured at 0.72 K and 3.62 K. The
overall diffraction patterns at both temper-
atures can be indexed as the cubic CsCl-
type structure, suggesting absence of the
structural transition. At 0.72 K, however, a
shallow shoulder is found at around 2θ =
5◦. Since there exists no shoulder in the
patterns at 3.62 K, the shoulder is a mag-
netic Bragg peak. The low angle of 2θ indi-
cates a long-periodic, possibly incommen-
surate, magnetic structure. The magnetic
Bragg peak, which is obtained by subtract-
ing the diffraction pattern at 3.62 K from
that at 0.72 K, is small and not broadened,
which suggests shrinkage of the magnetic
moment and long-range magnetic order.
Analysis of structure of magnetic order and
charge order is now in progress.
References:
[1] R. Pott et al., Phys. Rev. Lett. 54 (1985)
481.
[2] P. Bonville et al., Phys. Rev. Lett. 57
(1986) 2733.
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Fig. 1. Neutron diffraction patterns of YbPd at 3.62
and 0.72 K. The inset exhibits an enlarged graph
around 2θ = 5◦. The arrows show a magnetic Bragg
peak.
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Structural Evaluation of Titanate Nanotube and Nanosheet

A. Nakahira1, T. Kubo1 and M. Yashima2
Osaka Prefecture University1 and Tokyo Institute of Technilogy2

Nanomaterials with one-dimensional
nanostructures have attracted much at-
tention due to their potential applications
in a variety of novel devices. Especially,
TiO2-derived nanotubes which are pre-
pared by a hydrothermal treatment of
TiO2 particles in a concentrated NaOH
aqueous solution are expected to be useful
for several application studies on such
as proton conduction, photoinduced
hydrophilicity, photocatalysts,and dye-
sensitizing solar batteries. However, the
crystalline structure and formation mech-
anism of TiO2-derived nanotubes are still
topics under discussion. The elucidation
of the crystalline structure and formation
mechanism for TiO2-derived nanotubes
will be expected to lead to the further
development of novel functional materials
with one-dimensional nanostructures. The
structural change on the molecular scale
of anatase-type TiO2 during a hydrother-
mal treatment was investigated in detail
by various analytic techniques such as
neutron diffraction in order to clarify the
formation mechanisms of titanate based
nanotubes.

Two grams of anatase-type TiO2 powder
as a starting material were used. They were
added in 10 M NaOH aqueous solution.
Then the specimens were treated under the
hydrothermal reaction at 383 K for 1 to 96
h. Obtained products after hydrothermal
treatments were sufficiently washed with
deuterated water and dilute HCl aqueous
solution and were subsequently separated
from the washing solution by filtration. Af-
ter the washing treatment, they were fil-
tered and subsequently dried at temper-
atures above 323 K for more than 12 h
in an electric oven. Structural evaluation
of titanate nanotube samples were evalu-
ated by neutron diffraction at HEMES sta-
tion. The neutron powder diffraction ex-

periments were conducted for room tem-
perature using the HERMES powder neu-
tron diffractometer installed on Tl-3 port
of JRR-3M reactor in the Japan Atomic
Energy Research Institute (JAERI), Tokai,
Japan. An incident neutron wavelength λ
= 1.8196 Å was obtained from a Ge (311)
monochromator. The ND data were col-
lected on thoroughly ground powders by a
multiscanning mode in the 2θ range from
5°to 155°with a step width of 0.10°. The
3 g powder sample was wrapped by tung-
sten foil to form a cylindric shape (10φ×
30 mm).

Fig.1(A) shows the typical structure im-
age of nanotube products prepared by the
hydrothermal process. The neutron diffrac-
tion pattern shows that the spectrum was
unsufficient for the analysis because of the
unsifficient substitution of deuterated wa-
ter in the nanotube structure, as shown in
Fig.1(B). It was hard to analysis because
there were high backgrounds in the ob-
served data. This is thought to be why the
presence of a slight amount of H (H2O)
in the measuring sample. For this result,
it was found that it was very difficult to
prepare a specimen of TiO2-derived nan-
otubes for ND measurements by using soft
chemical process. 　 However, it revealed
that the nanosheet-like products composed
of highly distorted TiO6 octahedra were
generated by a hydrothermal treatment of
anatase-type TiO2 and then the anatase-
like structures are partially built up with
the formative nanotubes by scrolling up
these nanosheet-like products.

Activity Report on Neutron Scattering Research: Experimental Reports 16 (2009)
Report Number: 969
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Development of the Very High-Frame-Rate and High Resolution
Neutron Radiography System for High Speed Multi-Phase Flow

Visualizations

M. Kureta
Nuclear Science and Engineering Directorate, JAEA, Tokai, Ibaraki 319-1195

A high-frame-rate neutron radiography sys-
tem [1] was remodeling in order to keep up
to the very high speed multi-phase flow phe-
nomena. The main point of the remodel-
ing was the image intensifier (I.I.). Luminas
gain and resolution were increased. The new
order-made I.I. system was consisted from two
types of the large size and high gain photo-
electric multiplayer, one MCP and one imag-
ing buster, with the special relay lens. Resolu-
tion could be 1024x1024 pixels when we used
the high speed camera (Photron Fastcam-
P01BW). Brightness of the image could be
controlled by the gain of the MCP. In order
to confirm the applicability of the new system
to the very high speed phenomena, fundamen-
tal test was carried out at the TNRF in the
research reactor JRR-3 of JAEA. Sample was
very simple bubbling water which was filled in
the aluminum can. In the sample, air bubbles
were generated by the small pump with a sand
stone. Figure 1 shows the instantiates image
of the test result. Recording speed of Figure
1 (a) and (b) were 2,000 fps and 6,000 fps,
respectively. It was confirmed from the fun-
damental test that the new system was use-
ful for the very high speed phenomena with
6,000 fps (512x512 pixels) or for high resolu-

Figure 1: Sample image((a)2,000fps,
(b)6,000fps)

tion with 1,024 x1,1024 pixels (2,000fps). The
new system was applied to the visualization
test of the car engine as shown in Figure 2.
The test was carried out with NISSAN exper-
imental group who prepared the experimen-
tal car engine. The purpose of the test was
to make clear the oil phenomena under the
working condition. The new imaging system
could be used for the high speed driving mode
of the car engine.

References
1) M. Kureta et al. :“Jpn. J. Multi-Phase Flow.”,

Vol.23[2], pp. 165-173 (2009).

Figure 2: Application of the new system
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Development of Multi-pinhole Collimator for Large Imaging Area with High
spatial Resolution

H. Hayashida, M. Segawa, R. Yasuda, H. Iikura, T. Sakai, M. Matsubayashi
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

There are two kinds of factors affecting to
spatial resolution in radiography; one is the
resolution of detector system and the other is
the beam optimization. In this study, topic is
focused to beam optimization.

A multi-pinhole collimator system which is
effective for retaining imaging area with high
spatial resolution has been demonstrated on
Cold Neutron Radiography Facility (CNRF)
at JRR-3M in JAEA. The multi-pinhole colli-
mator system consists of a multi-pinhole aper-
ture and an overlap-cutter (Fig. 1). On neu-
tron beam from multi-pinhole aperture, neu-
trons from each pinholes make overlap at sam-
ple position due to beam divergence. In the
overlap area, sample images become split im-
ages. The overlap-cutter works to cut neu-
trons contribute to overlap at sample position
and enable us to get image without split.

In this study, a demonstration was per-
formed with three conditions as written be-
low, (a), (b) and (c), in order to verify
the effect of multi-pinhole collimator sys-
tem. A plastic model mainly fabricated by
polystyrene was used as a sample (Fig. 2) and
an imaging plate (IP) was used as a detector
with resolution of 50 μm

(a) Using large single pinhole
A large size aperture with a size of 35 mm

in vertical and 17mm in horizontal was used.
The distance between the aperture and sam-
ple L was 900 mm and the distance between
the sample and detector l was 100 mm. In this
condition, unsharpness of image d, a parame-
ter of spatial resolution, is not defined by L/D
but by beam divergence of 14 mrad. Thus d
is estimated to 1.4 mm. The result is shown
in Fig. 3(a). The size of the imaging area is
about 50 mm × 50 mm which corresponds to
the square area shown in Fig. 2.

(b) Using multi-pinhole aperture(without
overlap-cutter)

The multi-pinhole aperture was set and
the overlap-cutter was not used. The multi-
pinhole aperture had 6 pinholes with each di-
ameter of 2 mm and the distances of each pin-
hole were 10 mm as shown in Fig. 1(a). A ge-
ometrical setup was same with the condition
(a), the distance between the multi-pinhole
aperture and sample L = 900 mm and l = 100
mm. In this condition, d is estimated to 0.22
mm by L/D = 450. The result is shown in
Fig. 3(b). An imaging area is about 50 mm
× 50 mm which is same with the condition
(a) and clear image is obtained. This result
shows that using multi-pinhole aperture is ef-
fective to ratain imaging area with high spa-
tial resolution. However, neutron beam which
contributes to overlap at sample position ex-
ists and split image is observed significantly
in cheek parts of sample indicated by arrows
in Fig. 3(b).

(c) Using multi-pinhole collimator system
The multi-pinhole collimator system using

both of multi-pinhole aperture and overlap-
cutter was set. The distance between the
multi-pinhole aperture and sample L = 900
mm and l = 100 mm. The overlap-cutter was
set at 255 mm downstream of multi-pinhole
aperture. A picture of overlap-cutter is shown
in Fig. 1(b). Neutron beam which contributes
to overlap from pinhole (1) and (2) in Fig.
1(a) is cut by (4) part on overlap-cutter shown
in Fig. 1(b) and from pinhole (1) and (3) is
cut by (5) part, similarly. All the neutron
beam contributes to overlap from each pin-
hole are cut by overlap-cutter in the same
way. Since the overlap-cutter works only to
cut neutrons contribute to overlap, unsharp-
ness d is same with condition (b) and d is
estimated to 0.22 mm. The result is shown
in Fig. 3(c). Clear image is obtained without
split and an imaging area is about 50 mm ×
50 mm.

原子炉：JRR-3 装置：CNRF(C2-3-3-1) 分野：中性子ラジオグラフィー（その他）
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Three stripes indicated by arrows shown in
Fig. 3(c) are observed. A shape of the stripe
is same shape with the overlap-cutter and the
stripe can be treated as image of the overlap-
cutter. When we have to get image in this
region, we have to change a sample position.

The test experiment using the multi-
pinhole collimator system was performed at
CNRF. Although we have to scan the sam-
ple position in order to get images on stripe
parts shown in Fig. 3(c), the system is ef-
fective to get a wide and clear image with-
out sprit even in compact radiography instru-
ment. In this demonstration, unsharpness d
is improved from 1.4 mm to 0.22 mm with a
same imaging area of 50 mm × 50 mm. In the
system, since the multi-pinhole aperture and
the overlap-cutter can be changed easily, it is
possible to install another radiography instru-
ment. Furthermore we can control unsharp-
ness d by changing each pinhole diameters.

Figure 1: (a) and (b) are the picture of multi-pinhole
aperture and overlap-cutter, respectively.

Figure 2: The photograph of a sample.

Figure 3: (a), (b) and (c) are the results from experi-
mental conditions of (a), (b), and (c), respectively.
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Evaluation of Spatial Resolution in Computed Tomography Images used Single
Aperture Devices in Thermal Neutron Radiography Facility in JRR-3

H. Iikura, R. Yasuda, H. Hayashida, T. Sakai and M. Matsubayashi
Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

Recently, single aperture devices were in-
stalled in Thermal Neutron Radiography Fa-
cility (TNRF) in JRR-3. Then we evaluated
the spatial resolution of computed tomogra-
phy (CT) images with the devices. In this
study, size of aperture we used was 5.1 mm,
and L/D with the aperture device was 460
as against 176 without that. In addition, we
used not only a standard NE426 scintillator,
but also the thinner ZnS:Ag/6LiF scintillator
developed by JAEA.

Neutron image was taken through a cooled
CCD(Charge-Coupled Device) camera. At
first, we used gold wires of five kinds of diam-
eters on an aluminum stick (Fig. 1a). With-
out the single aperture device, the gold wire
was recognized to 200 μm, but the wire of
100 μm was not detected (Fig. 1b). But the
gold wire of 100 μm was detected clearly with
5.1 mm aperture and the thinner scintillator
(Fig. 1c, arrow). Next, we used gold wires of
three kinds of diameters in an aluminum stick
in various intervals. CT images were shown
by Fig. 2(a) and (b) using pseudo color with
and without 5.1 mm aperture and the thin-
ner scintillator. Figure 2(c) shows compari-
son of spatial profiles in each CT image. With
the aperture device and the thinner scintilla-
tor, the spatial resolution is improved 2 times
higher.

Figure 1: CT images of gold wires of various diameters
on an aluminum stick. (a): Configuration of the gold
wires setting. (b): CT image of gold wires without sin-
gle aperture device. (c): CT image of gold wires with
5.1 mm aperture and the thinner scintillator. Arrow
shows a gold wire of 100 μm diameter.

Figure 2: CT images of gold wires which set in various
intervals in an aluminum stick. (a): CT image of gold
wires without single aperture device. (b): CT image
of gold wires with 5.1 mm aperture and the thinner
scintillator. (c): Comparison of spatial profiles in each
CT image.
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Visualization of Water Behavior in an Operating Fuel Cell

H. Iikura, R. Yasuda, T. Sakai, M. Matsubayashi and Y. Katada1

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
1Fuel Cell Materials Center, National Institute for Materials Science, Tsukuba, Ibaraki 305-0047

As a collaborative research with National
Institute for Materials Science (NIMS), we
conducted visualization of water behavior in
an operating polymer electrolyte fuel cell
(PEFC) using the JRR-3 thermal neutron
radiography facility (TNRF). The PEFC is
compliant with a Japan Automobile Research
Institute (JARI) standard PEFC. On a JARI
standard PEFC, an active area is 50 x 50 mm2

and a flow channel for H2 and air gases is sin-
gle parallel serpentine; the width, depth and
pitch of which are 1 mm, each. For optimiz-
ing the PEFC for neutron imaging, clamping
plates (original: stainless steel) were replaced
with those of aluminum. Also, for the purpose
of experiment, separator plates (original: car-
bon) were replaced with those of aluminum or
high nitrogen steel (HNS).

NIMS is developing high corrosion resistant
separator materials, such as HNS. To con-
firm availability of HNS as separator mate-
rials of a PEFC, we started to compare the
performance of HNS with those of carbon,
aluminum and so on. Thermal neutron trans-
mittance of a 6 mm thick HNS separator plate
was worse than that of an original 10 mm
thick carbon separator plate. However, we
confirmed that the subtraction image showed
existence of water in a flow channel of HNS
separator clearly.

Real-time neutron imaging system us-
ing an EB(Electron Bombard)-CCD(Charge-
Coupled Device) camera with frame rate of
30 frames/s coupled with an NE426 equiva-
lent fluorescent converter (NR converter, Ka-
sei Optonix) was used. Captured neutron
images were recorded on a hard disk video
recorder as NTSC (National Television Sys-
tem Committee) format. A fuel cell operat-
ing system which was prepared by NIMS, was
installed at the TNRF as shown in Fig. 1.

As a result of power generation of the

PEFC, product water was not clearly ob-
served by the real-time neutron imaging sys-
tem, but condensed water behavior in flow
channels of separator plates was clearly ob-
served as shown in Fig. 2. The neutron imag-
ing using an EB-CCD camera system is con-
sidered to be available for visualizing of water
behavior in flow channels of 1 mm depth and
width such as JARI standard PEFCs.

Figure 1: Photograph of an operating PEFC.

Figure 2: Neutron image of condensed water behavior
in PEFC using an EB-CCD camera (1 frame[1/30s]).

原子炉：JRR-3 装置：TNRF(7R) 分野：中性子ラジオグラフィー（その他）
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JRR-3M  CNRF  

Investigation of Distribution and Diffusion of Hydrogen and Lithium in the Electrode and 

Electrolyte Materials for All-Solid State Rechargeable Batteries 
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JRR-3M  CNRF  
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Fig. 1  NR image and transmitted intensities of standard and diffusion samples of LiMn2O4.
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JRR-3M  CNRF  

Fig. 2  (a) Isotope concentration profile of LiMn2O4 diffusion sample annealed at 800oC for 3 hours. 
(b) ln(cN) – x2 relationship of the isotope concentration profile. 

Fig. 4  Arrhenius plots of tracer diffusion 
coefficients for LiMn2O4.

Fig. 3  Annealing time dependence of D*t
obtained from NR data. 
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VI

Mössbauer spectroscopic studies of inorganic compounds Part VI
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Fig. 5 161Dy Mössbauer spectra of DyIII–dicarboxylates at 77 K
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Fig. 6 Relation between absorption area and the number of

methylene group n in dicarboxylate anion

Fig. 7 Temperature dependence of Dy2(glu)3·2H2O
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Fig. 8  161Dy Mössbauer spectra of Dy2(glu)3·2H2O simulated

by Nowick-Wickman’s model.
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by the Method of Perturbed Angular Correlation of Gamma-Rays 
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Proceedings of National Academy of Science USA, 
104, 19220-19225. 
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1 
 

NORM Concentration(Bq/g) 
Code    Kinds: Name 

Effect clamed 
by maker Th U 

Ratio of 
Th/U 

Additives specified in the label 
(Specification) 

1 Jell-1  4.1×101 1.5×101 2.7×100 Zirconium Oxides 
2 Liquid (red) 2.1×101 3.9×100 5.4×100 Tourmaline 
3 Cream 2.1×101 7.1×100 2.9×100 Xenotime 
4 Face powder 6.8×101 1.3×101 5.2×100 Dolomite, mica, Si and so on 
5 Jell-2 

Hormesis 

4.1×101 1.5×101 2.7×100 (unknown) 
6 

Toiletry 

Liquid Minus-ion 3.0×10-2 1.7×10-1 1.7×10-1 Tourmaline 
7 Toothpaste  Healthy 3.4×10-3 1.5×10-2 2.2×10-1 Tourmaline 
8 Bedrock-bath (red) 1.3×103 1.9×102 6.8×100 
9 Bedrock-bath (white) 1.3×103 2.1×102 5.6×100 

(Hearsay information: Monazite 
from China) 

10 Bakelite 5.4×103 8.6×101 6.3×101 (Rn spring) 
11 

Spring-bath 
powder 

Ra spring  

Relax and healthy

2.6×10-1 2.0×10-1 1.3×100 (Ra powder) 
12 1.7×102 4.2×100 4.1×101 Th ( Canada patent) 
13 

Gas lantern 
mantle  Lightning 2.9×102 5.8×100 5.0×101 Th ( China patent) 

14 Car goods  Mileage 
improvement 2.0×100 4.6×100 4.3×10-1 Mineral (unknown) 

(China patent ; brown) 
15 Shoes-box 1.7×102 2.1×101 8.0×100 Monazite 
16 Deodorant Foot deodorant Deodorant 1.6×102 1.6×100 9.9×101 Mineral (unknown) 
17 Pillow  Relax and healthy 1.2×102 2.0×101 6.0×100 Mineral (unknown) 
18 Wall-paper  Minus-ion 4.1×100 9.9×10-1 4.2×100 Mineral (unknown) 
19 Ornament Bracelet Hormesis 8.1×102 1.4×102 5.8×100 (The name is “monazu-bracelet”.) 
20 Under wear Detoxification 1.1×100 1.1×10-1 1.0×101 Ge 
21 T-shirt Minus-ion 1.0×10-2 1.5×10-2 7.2×10-1 Mineral (unknown) 
22 

Cloth 
Wide stomach band Minus-ion 1.5×10-2 9.5×10-3 1.5×100 Tourmaline 

 

Ratio
Code Kinds Name Producer and field Th U Th/U

1 South Africa Richards Bay 1.6×102 5.4×102 3.0×10-1 TiO2 Natural Rutile
2 Australia Perth 2.8×102 2.2×102 1.3×100 FeTiO3(Ilmenite
3 South Africa Richards Bay 1.7×102 7.4×101 2.2×100 TiO2 Natural Rutile
4 Vietnam 2.3×102 1.6×102 1.5×100 TiO2 Natural Rutile
5 Australia Perth 2.3×102 5.3×101 4.4×100 FeTiO3(Ilmenite
6 Australia Perth 9.1×103 1.7×103 5.5×100 FeTiO3(Ilmenite
7 Canada 1.3×103 5.4×102 2.3×100 TiO2 Natural Rutile

8 India 6.2×104 7.5×103 8.2×100 TiO2, FeTiO3

9 India 7.1×104 6.4×103 1.2×101 TiO2, FeTiO3

10 Australia 5.9×10-1 2.7×100 2.2×10-1 ZrO2 SiO2 ZrSiO4

11 Australia (West coast) 5.5×10-1 2.5×100 2.2×10-1 ZrO2 SiO2 ZrSiO4

12 Pakistan 2.0×100 7.2×100 2.8×10-1 ZrO2 SiO2 ZrSiO4

13 Pakistan 1.4×101 5.7×101 2.4×10-1 ZrSiO4 Red
14 Sri Lanka 1.7×101 7.1×101 2.4×10-1 ZrSiO4 Red
15 Australia Northern Territory 3.3×10-1 3.5×100 9.4×10-2 ZrSiO4 Yellow
16 Malawi Rift Mineral Province 9.0×100 5.6×101 1.6×10-1 ZrSiO4 Red
17 Tanzania Mabumbi 8.0×10-1 5.8×100 1.4×10-1 ZrSiO4 Red
18 Pakistan North West Province 9.5×100 - - (Ce):Ce(CO3)F
19 Pakistan 4.8×101 6.7×10-1 7.2×101 (Ce):Ce(CO3)F
20 Pakistan 5.0×101 4.2×10-1 1.2×101 (Ce):Ce(CO3)F
21 America Colorado 2.7×103 2.9×102 9.4×100 ex.(Ce,La,Nd,Th)PO4

22 Canada Ontario 2.5×103 3.5×102 7.2×100 ex.(Ce,La,Nd,Th)PO4

23 Brazil Tocantis 4.0×102 4.2×101 9.5×100 ex.(Ce,La,Nd,Th)PO4

24 Unknown 1 6.1×100 9.7×10-1 6.3×100 ex.(Ce,La,Nd,Th)PO4

25 Unknown 2 2.9×10-1 4.5×10-1 6.5×10-1 ex.(Ce,La,Nd,Th)PO4

26 Unknown 3 3.6×10-1 4.4×10-1 8.3×10-1 ex.(Ce,La,Nd,Th)PO4

27 Unknown 4 2.8×10-1 4.7×10-1 5.9×10-1 ex.(Ce,La,Nd,Th)PO4

28*2 Monazite(+Xenotime) Iran 6.5×10-1 5.0×10-1 1.3×100 Sold under the name of "Ra ore"

Ore  Ti-ore*1

Ore Concentration (Bq/g) Specification 

 Zr-sand*1

 Monazite
Ore

Mineral

Sand

 Monazite

Mineral  Bastnesite

Mineral  Zircon
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Ratio
Code Kinds Name Producer and field Th U Th/U

29 India Thengapattanam-1 5.6×101 1.3×101 4.2×100 (Ce,La,Nd,Th)PO4

30 India Thengapattanam-2 2.9×102 5.8×101 5.0×100 (Ce,La,Nd,Th)PO4

31 India Thengapattanam-3 2.7×102 5.6×101 4.9×100 (Ce,La,Nd,Th)PO4

32 India Thengapattanam-4 3.6×102 7.5×101 4.9×100 (Ce,La,Nd,Th)PO4

33 Brazil Bahia 6.8×101 1.8×101 3.9×100 YPO4

34 Brazil 5.0×101 1.1×101 4.5×100 YPO4

35 Pakistan North West Province 1.9×101 8.0×101 2.4×10-1 YPO4

36 Brazil 2.9×104 3.2×103 8.9×100 YPO4

37 Ore Tourmaline (powder) China, South Africa and Brazil 1.3×10-1 2.0×100 6.5×10-2 NaX3Al6(BO3)3Si6O18(OH)4, X=Al,Fe,M
38  Aeschynite Canada Bandcroft 1.6×102 1.5×104 1.1×10-2 (Y,Ca,Fe,Th)(Ti,Nb)2(O,OH)6

39  Allanite Brazil Minas Gerais 7.4×103 9.3×101 8.0×100 Ca(Ce,La,Y,Th)(Al,Fe,Mg)3OH(SiO4)3

40*2 Allanite(+Zircon) Korea 1.1×10-1 8.6×10-2 1.3×100 Sold under the name of "Ge ore"
41  Betafite Madagascar Antsirabe 1.1×104 5.8×10-2 1.5×105 (Ca,Na,U)2(Ti,Nb,Ta)2O6(OH)
42  Davidite Kazakhstan Qaraghandy Oblysy 2.2×102 5.5×102 4.0×10-1 (Ce,La)(Y,U,Fe2+)(Ti,Fe3+)20(O,OH)38

43  Euxenite Brazil Espirito Santo 8.0×102 1.9×104 4.3×10-2 (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6

44  Euxenite America Wyoming 1.0×103 2.2×104 4.7×10-2 (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6

45  Samarskite America Colorado 1.4×103 9.6×103 1.5×10-1 (Y,Fe3+,U)(Nb,Ta)5O4

46  Samarskite Rossiya South Ural 1.2×102 1.5×103 8.3×10-2 (Y,Fe,U)NbO4

47  Stillwellite Tazhikistan Alayskiy 1.8×100 5.1×101 3.5×10-2 (Ce,La,Ca)BSiO5

48  Thorianite Madagascar Taolanaro 2.3×104 8.6×103 2.6×100 ThO2

49  Uraninite Congo Katanga 1.1×102 8.6×104 1.2×10-3 UO2

50  Uraninite America New Hampshire 6.9×102 6.7×104 1.0×10-2 UO2

*1; These ores and sand are used as industrial materials for paint, ink, plastic and so on. They are imported by some big companies and their
radioactivities are controlled by the companies. They are called "industrial NORM".In the industrial NORM, 3 kinds of Ti-ores were not shown in

Mineral

*2; The two ores of Code No. 24 and 36 were sold at a normal handcraft shop under the name of each ore shown in the Specification column.
    They were analyzed by Dr. Miyawaki like as each written in the Name column.

Ore Concentration (Bq/g) Specification 

Mineral  Xenotime

(Beach)
Sand  Monazite

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06
log(Sm; ppm)

lo
g(

G
d;

 p
pm

)
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Determination and behavior of trace elements 
in atmospheric samples ( ) 

 
 

 
 

 
Teruyuki HONDA (Atomic Energy Research Laboratory, Tokyo City University) 
Katsumi HIROSE (Meteorological Research Institute) 
Yoshikazu KIKAWADA (Faculty of Science and Technology, Sophia University)
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JRR-3 (PN-1, PN-3)   
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Effects of Zn deficiency on metalloproteins in hepatic and pancreatic cells 

 

 

 

Makoto YANAGA, Hideo SUGANUMA, Motoko NOGUCHI, Junji KAMISHIMA,  

Michiko KAWASHIMA, Wataru MURAMATSU, Yoshi YAMANO,  

Takehiro KAWAGUCHI, Akira KAWAMURA, Hirotaka SHIMOYAMA, Osamu YAMAMOTO 

Faculty of Science, Shizuoka University 
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“Determination of trace elements in hepatocyte of zinc 
deficient mice by means of INAA”, J. Radioanal. Nucl. 
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Environmental Investigation of Metallic Elements by Dendrochronology with Activation Analysis 
Yukio Katayama1, Masahiro Nagai1, Toru Aoki1, Naoki Okada2, Yoshiko Kawabata3

1The Division of Human Environment, University of Human Environments, 2Graduate School of Agriculture, Kyoto 
University,  3International Center, Tokyo University of Agriculture and Technology 
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Sb
Sb Table 3

Sb

Sb  8 - 17,000 
ppm

Sb 17,000ppm

Sb
Sb

Sb
Sb

Sb

 

1. (1982) 
2. 

48 (1978) 509  
3. Y. Katayama, A. Misawa, N. Yamada, S. Yachi, H. Muto, 
T. Aoki, Y. Kawabata, and M. Nagai: Analysis of Antimony 

Around the Abandoned Tsugu Mine in Aichi Prefecture by 
Neutron Activation Analysis, Journal of Radiochemical and 
Nuclear chemistry, 278 (2008) 283 
4. 

 (2001)263.  

Y. Katayama, A. Misawa, N. Yamada, S. Yachi, H. Muto, T. 
Aoki, Y. Kawabata, and M. Nagai, Analysis of Antimony 
Around the Abandoned Tsugu Mine in Aichi Prefecture by 
Neutron Activation Analysis, Journal of Radiochemical and 
Nuclear chemistry, 278 (2008) 283 
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Sample*1 Location Genus F (ppm) 
88031201 Pohnpei Porites 758 
88031202 Pohnpei Porites 688 
880313 Pohnpei Porites 693 
981101 Khang Khao Porites 526 
981102 Khang Khao Porites 832 
981103 Khang Khao Porites 620 
01031501 Khang Khao Porites 667 
01031502 Khang Khao Porites 720 
01031503 Khang Khao Porites 698 
03040406 Cebu Porites 719 
030405031 Cebu Pocillopora 790 
03040403 Cebu Pocillopora 743 
03040404 Cebu Porites 677 
03040405 Cebu Porites 756 
03040406 Cebu Porites 552 
03040407 Cebu Porites 668 
03040409 Cebu Porites 864 
03040410 Cebu Foliose 636 
03040501 Cebu Porites 843 
00070401 Mizugama Porites 814 
00070402 Mizugama Porites 840 
00070502 Mizugama Porites 796 
00071601 Mizugama Porites 724 
00071901 Mizugama Porites 780 
00071902 Mizugama Porites 797 
00071903 Mizugama Porites 749 
00071904 Mizugama Porites 824 
00081103 Mizugama Porites 651 
00081208 Mizugama Porites 725 
00081209 Mizugama Porites 850 
03073101 Rukan-sho Porites 839 
03073102 Rukan-sho Porites 917 
03073104 Rukan-sho Pocillopora 896 
03073105 Rukan-sho Porites 896 
03073106 Rukan-sho Pocillopora 737 
03073103 Rukan-sho Acropora 826 
83021621 Sakai port Fungia 801 
83021622 Sakai port Porites 815 
83021623 Sakai port Acropora 1060 
83021624 Sakai port Acropora 1070 
83021625 Sakai port Acropora 1010 
83021627 Sakai port Acropora 974 
*1 : Sample code gives information on sampling data,  
    e.g. 88031201 was collected on 12 March 1988 
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3. CaF2 CO3
2-  

 

Location Number F CaF2 Sea surface CO3
2- 

of samples  (ppm) (μmol/g) temprature (�) ( mol/kg

Pohnpei 3 713±32 37.5 28.7(27.5-29.8) 248

Khang Khao 6 677±93 35.6 28.4(26.3-30.1) 246

Cebu 10 725±91 38.2 28.3(25.3-30.5) 246

Mizugama 11 777±57 40.9 23.1(19.5-28.9) 216

Rukan-sho 6 852±61 44.8 22.7(20.6-30.1) 213

Sakai 6 955±108 50.3 19.6(10.5-27.6) 194
 

 

 

 

 

 

 CO3
2- R2 = 0.922
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Dynamics of biotrace elements in selenium deficient female and male rats 

 

 

Kazutoyo Endo , Chikako Honda , Keisuke Matsuoka , and Masamichi-Tsukada , 

1 Showa Pharmacuetical University, Higashi-Tamagawagakuen, Machida, Tokyo, 194-8543, 

2 School of Agriculture, Meiji University, Higashi-Mita, Tama-ku, Kawasaki 214-8581 
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INTRODUCTION

The Al determination of various materials by 
this method has been employed. However, the 
application of INAA for biological materials has 
the following problems: 1) competing interference 
reactions from the elements Si and P, and 2) 
interference created by irradiation from 
impurities in wrapping material of the specimen 
material.  INAA has contributed little to Al value 
certification for biological standard materials, etc, 
because the above factors prevent INAA from 
determining accurate Al concentrations. In this 
study, the concentrations of Si and P were 
determined by an alternative nuclear method, 
Particle Induced X-ray Emission (PIXE) for Si 
and P, and the -ray measurement with Liquid 
Scintillation Counting (LSC) of 32P produced by 
31P(n, )32P in the specimens used for Al 
determination. 

 
EXPERIMENTS AND MATERIALS 

The Certified Reference Material (CRM) and 
Standard Reference Material (SRM) of the 6 
botanical and 12 animal specimens used for Al 
determination are shown in Table 1. The samples 
that were irradiated were about 50 mg of CRM, 
SRM. The comparative standard for Al was 
prepared through deposition of an atomic 
absorption solution (Wako Pure Chemicals Co. 
Ltd.). The capsules were irradiated in the 
pneumatic tube of the JRR-4 reactor. The 
irradiation time was 40 seconds, and the 
irradiated samples with exchanged outer bags 
were immediately measured for 1779 keV -ray of 
28Al using a high pure Ge semiconductor detector  

Table 1 List of CRMs and SRMs 

Material Supplier 
Abbreviation

(in this report)

Algae IAEA Algae-391

Algae IAEA Algae-392

Algae IAEA Algae-393

Animal Bone IAEA AB 

Animal Muscle IAEA AM 
Bovine Liver NBS BL 

Bovine Liver NIST BLa 

Kale BOWEN BK 

Dogfish Mussel NRCC DORM-2 

Horse Kidney IAEA HK 

Lobster 
Hepatopancreas 

NRCC TORT-1 

Lobster 
Hepatopancreas 

NRCC TORT-2 

Milk Powder IAEA MP 

Mussel Tissue BCR MT 

Orchard Leaves NBS OL 

Pig Kidney BCR PK 

Pine Needle NIST PNa 

Whey Powder IAEA WP 

IAEA : International Atomic Energy Agency24 
NBS: National Bureau of Standard 
NIST: National Institute of Standards and Technology 
NRCC: National Research Council Canada 
BCR: Community Bureau of Reference 

 
coupled to a multi-channel pulse-height analyzer 
for 100 seconds. 

For the determination of the interference 
factors from Si and P, SiO2 and (NH4)2HPO4 were 
also irradiated respectively. For the 
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determination of P in specimens using the LSC 
method, the irradiated specimens after the -ray 
measurement were subjected to dissolution by the 
microwave-assisted high pressure digestion with 
the apparatus developed by Fuse Lim. Co.. These 
specimens and the (NH4)2HPO4 powder were 
dissolved with 1 ml of concentrated HNO3 

(ultrapure general reagent; Wako Pure Chemical 
Inc. Ltd.). The activities of a 200 l solution 
containing 32P with a half-life (14.26 d) and a 
-ray maximum energy (1.711 MeV) were 

measured following the decay. The counting of 
-rays was conducted with the Packard Co. Ltd. 

LSC 2900TR using a cocktail (Soluscint XR, 
National Diagnostics, Inc.). The determination of 
32P activities were interfered by the -rays from 
nuclides, 33P, 35S and 45Ca due to S, Cl and Ca, 
respectively. The high purity of compounds 
containing S, Cl and Ca were used to obtain the 
quantitative interference factors from each 
element. 

The specimen solutions dissolved by the 
above-mentioned method were also applied to the 
PIXE method by adding the atomic absorption 
solution of In (Wako Pure Chemical Inc. Ltd 1000 
ppm.) as an internal standard. Five l of the 
solution was dropped on a 4 m thick backing film 
(polypropylene, Toray Ltd.) and dried. The 
polyethylene products could not been digested 
and directly were irradiated. The target films 
were bombarded by a proton beam at the Japan 
Radioisotope Association Nishina Memorial 
Cyclotron Center in Japan. The energy, flux, and 
diameter of the proton beam were 2.9 MeV, 50 nA 
and 6 mm, respectively. The induced X-rays were 
measured by two Si(Li) semiconductor detectors. 

 
RESULTS AND DISCUSSION 

The reliability for theP determination by PIXE, 
and the P determination by LSC was confirmed 
by comparisons with certified  values for various 
biological CRMs and SRMs. The results are 
shown in Table 2. Except for P, the Si levels were 
almost below the detection limit.  The 
contributions from Si to the Al values in the 
materials were neglected in spite of the larger 
interfering factor. The P values by both methods 
are consistent and either method is applicable for 

Table 2 Concentrations of phosphorus in biological CRMs 
and SRMs 

Materials 
P ( g/g dry) 

PIXE LSC Reference 

Algae-391 12400 14900 14200**  (1)
Algae -392 4500 5830 5490**  (1)
Algae-393 17200 18100 15600**  (1)

AB NC 93900 100200*   (2)
AM 6300 7000 6830*   (3)
BL 13500 11800 10500*   (4)

BLa 12500 11500  11100*   (5)
BK 4200 5490 4880*   (6)

DORM-2 9600 6390 

HK 11600 12800 11200*   (7)
TORT-1 5700 8880 8790*   (6)
TORT-2 11000 6390 

MP 7400 10100 9100**  (6)
MT 5700 6930 6070**  (8)
OL 1500 2300 2100*   (4)
PK 12800 12800 12000**  (9)

PNa 1100 1030 1070*  (10)
WP 16200 16400 16210*  (11)

* Certified value, ** Information value 

 
determination of P in materials. The value in AB 
could not be calculated due to the strong 
characteristic X-ray from the concentration of Ca 
(21.2 % (2)). In the exact determination of P, the 
PIXE is generally disadvantaged by spectral 
bremsstrahlung in the light elements region. 
However, the results can be obtained at a short 
experimental time. 
In case of the LSC method, the measurement that 
follows the decay of the -ray requires a long time. 
The LSC method of counting 32P also has a 
additional disadvantage. The -ray counting of 
biological specimens by LSC has interference 
from the characteristic elements in biological 
specimens. These elements are abundant in 
biological materials. 

In LSC, activities were counted for the total 
-rays over the 3 keV of energy due to the high 

degree of differential quenching with each 
specimen. These -ray measurements were 
followed for six months and the decay curves were 
analyzed. The total -rays contained, 32P derived 
from P, 32P from S, 33P from Cl, 35S from S and Cl, 
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and 45Ca derived from Ca respectively. The decay 
curve of WP, for example, is shown in Figure 1. In 
this figure, the dotted lines represent the 
theoretical decay curves of 32P, 33P and 35S, 
respectively. The contribution from 33P and 35S is 
apparent. The contributions from 35S derived 
from S and /or Cl were detected in all specimens, 
and the contribution from 33P derived from Cl was 
also detected in the case of PK, DORM-2, TORT-2 
and WP. The total 32P count is influenced by the 
concentration of S and Cl in the specimens. The 
large contribution of the 35S activities caused by S 
and Cl to the total counts could be avoided by 
carefully cutting the low energy -rays in the LSC 
method, since the -ray energy of 32P and 35S are 
largely different. The interference from 47Ca could 
be avoided by counting after about two weeks 
except for the bone specimen. A careful analysis of 
the decay curves is required, in the case of HK 
(12600 g/g), TORT-1 (55800), TORT-2 (17500), 
MT (27800) and WP (69200), which contain very 

high concentrations of Cl, respectively. The 
concentration of interfering elements in LSC can 
be determined by simultaneous -ray 
spectrometry in measurement of 28Al in an 
objective specimen. The P values obtained by LSC, 
except for AB, were adopted in this study. 

The Al concentrations corrected for P for 
botanical and animal CRMs and SRMs are shown 
in Table 3. The Contribution Rate (C.R. (%)), 
which refers to the degree of the interference is 
defined by following the equation, 

 

100
valueAlcorrected

value)Al(correctedvalue)Alcorrected(non=.R.C  

 
The non corrected values were the mean values of 
6 replicate analyses with one standard deviation. 
The corrected P values were calculated using the 
mean P values. The corrected values are, in 
botanical CRMs and SRMs, lower than the 
reference values for the Algae series, although the

 
Table 3 Concentrations of Al in CRMs and SRMs 

Materials 
This study ( g/g dry) C.R. 

(%) 
References 

Non-corrected Corrected

Botanical tissues 

Algae-391 19.9 1.2 7.5 165 12.5** (1), 4.5*** (12) 
Algae-392 36.7 1.4 32.2 14 37.2** (1), 30.3*** (12) 
Algae-393 107 3 90 19 98.1** (1), 71.6*** (12) 

BK 44.0 2.5 39.8 11 39.9** (6) 
OL 429 9 427 0.5 420*** (4) 

PNa 587 13 586 0.2 580* (10) 
Animal tissues 

AB 99.1 8.6 5.2 1800 101**(2) 
AM 12.4 2.0 6.1 103 10**(3) 
BL 13.4 0.8 NC  16** (13) 

BLa 12.3 1.2 NC  2** (13) , 0.6**(15) 
DORM-2 21.2 3.6 11.6 83 10.9*(16) 

HK 11.4 1.3 NC  77.7*** (7 ) 
TORT-1 39.4 5.7 33.7 17 43*** (14) 
TORT-2 48.5 7.6 37.5 29  

MP 11.7 0.7 4.3 172  

MT 15.2 1.9 8.3 83  

PK 19.4 1.8 6.6 194  

WP 57.1 2.9 40.7 40 53**(11) 
* Certified value, ** Information value, *** Literature value, NC; Not detected 
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results of BK, OL and PNa are consistent with the 
certified or information values. Most of the 
botanical materials contained high levels of Al, 
and while the concentrations of the interference 
elements are lower in comparison with animal 
materials, the C.R. ratios varied from 0.2 % to 
about 11 %. The correction for P was in some 
cases necessary, even for the botanical material. 
The relatively higher C.R ratios were obtained for 
the Algae series and for BK. 

Specifically, Algae-1 which has a lower Al 
value and a much higher P value, and this 
influence from P value should be re-examined to 
confirm the Al reference value (1). The higher 
information values of Al for the Algae series may 
be influenced by INAA results. For this series, the 
results by Kawamoto et al. (12) by using ICP-MS 
were consistent with the corrected values 
obtained here. The results in this study also 
agreed with the reference value for BK. In 
comparing the present results with those of 
animal CRMs and SRMs, agreement is excellent 
for DORM-2.The reference value of DORM-2 was 
obtained by using the analytical methods except 
for those obtained by NAA. For WP, the difference 
between the information value and that in this 
study is significant. In a detailed examination of 
the IAEA values (11), the IAEA mean value, 57.8 

g/g compiled by only the INAA method, was very 
consistent with the non-corrected value in this 
study. 

The IAEA certified value for this material 
may be also influenced by the contribution of the 
non-corrected results obtained by INAA in the 
certification. This also applies to the case of BL, 
BLa and HK. The higher Al value of HK by IAEA 
was obtained from little study and the IAEA 
value ( 10 g/g) by INAA agreed with the 
non-corrected value in this study (7). The Al 
values in BL compiled by INAA varied in ranges 
of <3-65 g/g (2), the Al abundance in this 
material might be naturally inhomogeneous. For 
BL, Aluminum could not be detected by correction 
in this study (detection limit: 0.06 g). The C.R. 
value for AB, derived from very the high P value 
in this material, is over the factor of 103; 
nevertheless, the Al concentration could be 
obtained. 

The information of IAEA by INAA (6) also 
showed results comparable to the non- corrected 
value in this study. For TORT-1, the corrected 
value in this study seemed to be about 27% lower 
than that found by Kratochvil et al. (14) from 
INAA, and agreed with the value determined by 
Graphite Furnace Atomic Absorption 
Spectroscopy. For TORT-2, MP, PK and MT, no 
information for the Al levels could be found at all 
in the literatures and the results obtained in this 
study were novel findings for these materials. For 
animal materials, the correction for the 
concentration of Si may not be necessary. The 
contribution derived from Si is 0.9 %, for example, 
for a sample containing 10 gAl/g and 30 gSi/g. 
Due to its ease of use and high sensitivity, INAA 
has been applied to the determination of Al in 
SRMs and CRMs. Even thought animals have 
much lower levels of Al, because of the 
interference caused by P which is high animals, 
the concentration of Al appeared to be much 
higher in animals than it really has. 
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Study on the new encapsulated-fullerenes using radiochemical method 

1 2 
1Graduate School of Pure and Applied Sciences, University of Tsukuba 

2Graduate School of Science and Engineering, Tokyo Metropolitan University 
1 1 1 2 

K. Sueki1, Y. Iwai1, M. Tamari1, K. Akiyama2 

 

C60 1/1000

 

 
 

La, Ce, Pr, Nd, Gd M@C82

C82

[1] 

Buckyprep M@C82

M@C82 M = La Ce
Pr Nd Gd (Buckyprep )

M@C82

 

5
La2O3 CeO2

Pr6O11 Nd2O3 Gd2O3

=1:50
10 mm × 100 mm

1000 
He 500 Torr 50 A

1,2,4-
8

JRR-3M HR-1 flux: 9.6×1013 
n/cm2 sec PN-1 flux: 
5.2×1013 n/cm2 sec

6 20
CS2

1mL HPLC
HPLC Agilent-1200LC

Pyrenyl Buckyprep

flow rate: 3.2 mL/min Sample Volume 1 mL
HPLC 20

JRR-3M PN-1, JRR-4 T- ,  
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Ge
M@C82  

1 La, Ce, Pr, Nd, Gd
M@C82 HPLC La

PN-1 Ce Pr Nd
Gd HR-1

PN-1 HR-1
Ce UV

Extreme
M@C82

 

Extreme :  
 

 
1 M@C82 Buckyprep

HPLC HPLC
: 1 mL : 3.2 mL/min : 20

 
 

1. M@C82 HPLC  
M@C82  / min 

La 60.13 ± 0.03 
Ce 60.88 ± 0.04 
Pr 60.98 ± 0.05 
Nd 61.00 ± 0.03 
Gd 62.22 ± 0.07 

 
 

 

 
La Sm

CS2

0.2 m
Buckyprep HPLC

140La@C82 153Sm@C82

C60 1 mg
2.5ml KOH 1ml
TBAH10% 3

140La 153Sm
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Fig.2. The activity ratios of 140La and 153Sm in three 
phases as function of reaction time. 
 

Fig. 3. The fraction yields of 140La and 153Sm in 
dissolved precipitate through a Sephadex G25 as 
function time of reaction time. 
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Determination of trace elements in old iron and tea leaves as environmental standard candidate by 
neutron activation analysis  

Shoji Hirai Msahiko Kato Yukiko Okada 
( ) Faculty of Engineering Tokyo City University  

(Musashi Institute of Technology) 
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100 m

50mg  
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1 Mn

 
 

 

 

1  
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SN-3 SN-5 SN-10 SN-11 SN-14m SN-14s
Na 110 5.2 840 190 9.3 8900
Mg <630 <1200 <1600 <2300 <5600 <12000
Al 430 15 18 72 150 51000
Cl 420 2200 2200 1800 640 <270
K 270 360 170 15000

Ca <990 <810 <770 1100 <1200 6.6
Sc 0.04 0.043 6.6
Ti <79 <110 <240 <350 570 4400
V 12 49 64 150 1600 530
Cr 67 69 78 120 570 180
Mn 27 120 1600 2900 3900 7200
Fe 830000 1000000 700000 700000 990000 92000
Ni 310 360 150 680
Co 220 200 110 100 240 15
Cu 230 610 260 110 590 <340
Ga 4.8 52 15 53 75 -
As 26 36 310 22 410 14
Br 5.2 2.0 6.6 3.7 1.1
Sb 2.0 3.4 17 3.6 12 0.44
Cs 1.9
Hf 0.71 0.26 3.9
Ce 32
Yb 1.5
La 0.50 0.36 0.34 12
Sm - - - 0.71 0.15 2.5
W 7.8 9.2 110 2.3 4.9 2.0
Th 4.6
U 0.43 0.50 0.49 0.42 0.72 1.3

As/Sb 13 11 18 6 34 32

3  
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SG-1 SG-2 SG-3 SG-4 SG-5 SG-6

Na 100 34 53 26 140 95
Mg <360 <320 <290 <310 <290 350
Al 120 120 240 150 130 390
Cl 260 120 <13 <28 25 210
K 200 40 44 <36 57 350
Ca 530 <160 <200 <200 <200 <420
Sc 0.12 0.41 0.36 0.48 0.45 0.36
Ti <70 <66 <57 <68 <58 <29
V 33 53 32 27 37 10
Cr 43 42 35 33 41 69
Mn 450 570 270 570 380 40
Fe 1030000 980000 1000000 970000 960000 1010000
Co 78 89 110 110 64 150
Ni 190 160 240 240 180 470
Zn <25 <18 15 <21 <20 <20
Ga - 25 20 20 17 -
As 130 120 450 130 470 46
Se - <1.7 <2.5 <2.1 <2.3 -
Br 1.1 0.61 <0.60 <0.50 <0.57 0.96
Rb 17 <13 43 <16 <15 18
Zr <210 <230 <290 <270 <260 <170
Ag 23 13 45 <13 41 7.1
Sb 40 27 220 63 220 2.7
Te <61 <62 <100 <78 <92 <43
I <3.6 <3.1 <2.8 <3.4 <2.8 <1.3

Cs <0.38 15 130 39 130 <0.68
Ba <93 <67 <91 <81 <83 <72
La 0.25 0.28 0.35 0.17 0.13 0.18
Ce <2.4 <2.1 <2.5 <2.5 <2.5 <1.8
Sm <0.081 <0.049 <0.097 <0.058 <0.089 <0.024
Tb <0.42 <0.22 <0.27 <0.26 <0.24 <0.33
Yb <0.21 <0.14 <0.23 <0.18 <0.21 <0.15
Lu <0.041 <0.025 <0..038 <0.031 <0.035 <0.030
Hf <0.47 <0.31 <0.42 <0.37 <0.38 <0.36
Ta - <0.33 <0.52 <0.38 <0.41 -
Au 0.008 0.022 0.13 <0.0042 0.22 <0.0040
Hg <0.42 - - - - <0.27
Th <0.30 <0.20 <0.31 <0.25 <0.28 <0.22
U <1.0 - - - - <0.65

As/Sb 3.2 4.3 2.1 2.1 2.1 16.6

(ppm)

3-21

- 406 -

JAEA-Review 2013-039



5  

(ppm)
Element

Na 56 360 760 170 270 300 520
Mg 2100 7800 <3000 5800 7000 9900 5100
Al 2600 51000 35000 44000 42000 61000 36000
Cl <36 110 <140 <130 <180 <160 <110
K 3200 30000 <11000 12000 19000 22000 840
Ca <180 <1600 21000 <1800 <4800 <2300 <1900
Sc 7.6 31 4.3 4.6 16 2.9 3.0
Ti 1500 2400 1000 1100 3700 790 <340
V <0.64 260 29 43 220 31 33
Cr 46 <3.4 31 19 53 25 24
Mn 710 710 620 2500 14000 1300 1300

Fe (%) 59 41 42 36 21 32 38
Co 8.7 13 250 150 13 730 480
Ni <58 <58 <80 <61 <62 <88 <78
Zn <16 31 <20 130 75 110 130
As <0.82 2.3 11 2.5 1.1 22 16
Se <2.0 <1.4 <2.3 <1.8 <1.9 2.5 <1.5
Br <1.3 <2.5 <3.8 0.74 <0.88 <1.6 1.1
Rb 55 240 65 100 140 190 62
Zr <220 100 <170 92 <140 <190 <170
Ag <0.89 2.3 <2.7 <2.1 <2.4 <3.0 <2.6
Sb 1.1 2.3 7.4 1.2 1.8 <0.83 1.0
Te <76 <49 <97 <73 <80 <110 <100
I <4.6 <24 <17 <17 <21 <20 <18

Cs 1.2 6.9 2.4 2.6 4.1 4.6 <0.55
Ba <90 310 <100 250 490 560 190
La 1.4 2.0 28 22 2.6 5.2 6.9
Ce <2.2 <1.7 70 48 6.5 12 16
Sm <0.19 0.71 4.9 3.5 0.75 0.8 1.1
Tb <0.19 <0.23. 0.22 <0.16 <0.21 <0.37 <0.31
Yb 0.41 <0.18 1.6 1.8 <0.40 <0.54 0.94
Lu <0.034 <0.038 0.28 0.25 0.099 0.078 0.15
Hf <0.44 <0.43 3.2 4.2 1.5 2.7 3.6
Ta 0.24 ND 0.49 0.41 <0.21 0.92 <0.16
Au <0.0044 0.0038 <0.017 <0.013 <0.015 <0.020 <0.019
Th <0.26 <0.25 5.3 7.6 2.9 7.4 10
U 0.64 3.3 4.5 2.8 0.62 2.1 2.0

As/Sb * 1.0 1.5 2.1 0.6 16.0 3-21
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Na 750 100
Mg 900 580
Al 1200 78
Cl 8500 100
K 180 34
Ca 1200 980
Sc 0.70 0.084
Ti 140 56
V 1.5 0.4
Cr 26 24
Mn 4
Fe 690000 1000000
Co 6.4 9.3
Ni 91 120
Cu 67 25
Zn 27 34
Ga 6.6 8.8
As 2.7 11
Br 1.7 0.67
Zr 450 1600
Mo 22 28
In 0.23 0.072
Sb 81 290
I 6.9 3.3

Cs 0.49 0.80
Ba 100 150
La 1.3 0.063
Yb 0.29 0.46
Lu 0.082 0.18
Ce 5.4 7.6
Sm 0.14 0.10
Hf 0.71 1.0
W 0.85 0.40
Dy 0.56 0.19
Au 0.006 0.0093
Th 0.75 0.19
U 1.3 1.1

As/Sb* 0.033 0.037
*  Ratio of  concentration to Sb concent

TM-2mTM-1
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NIES

NIES 
CRM No.23  

7
NIES CRM No.7

NIST SRM 
1573a  

JRR-3M PN-3
PN-1
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As Sb Ti V

 

 
 

 

3-21

- 410 -

JAEA-Review 2013-039



4.

4. Others
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1
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3
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2
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NU

1) C. G. LEE et al., Jan. J. Appl. Phys. 42 (2006) 

 L1121-L1123. 

2) C. G. LEE et al., J. Nucl. Sci. Techol., 46 (2009)  

809-813.

3) C. G. LEE et al., NIMB 245 (2006) 440-444. 
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お  わ  り  に

本報告書は、研究炉（JRR-3、JRR-4）を利用した利用者の協力を基に、研究炉の成果を

提出して頂き、研究炉利用課で編集したものであります。この成果を公表する事で、研究

炉の今後の有効利用並びに利用拡大に役立つ事を期待します。 

編集委員 

編集委員メンバー

笹島 文雄 （研究炉利用課長）

高橋 広幸  （研究炉利用課）

大和田博之 （研究炉利用課）
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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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