JAEA-Review

HFEIF (JRR-3 KU JRR-4) FIAIICE 1T BHAFTARE
((ER2 0FE)

Activity Report on the Utilization of Research Reactors (JRR-3 and JRR-4)
(Japanese Fiscal Year, 2008)

() BAZTARF)FAHER

(Ed.) Research Reactor Utilization Section

KBt L> 5 —

JRF AR TR

SR lERs E IR ER

Department of Research Reactor and Tandem Accelerator

Nuclear Science Research Institute
Tokai Research and Development Center

February 2014

Japan Atomic Energy Agency | BARIRF RS




AL AR— MIMILATBOEN B ARJE 7 T30 J0BR R 23 E BN HAT T D iR s T
ARUAR— FOAFFNCEEHERAICET 2 BMWE DRI, Tid TUCBHlWabE TSI,
B RLAR— b ORIE AR TGRS — A X— (http//www.jaea.go.jp)
FoREIRTOET,

MSATBOUEN B AR IR 58S P ZRBir B s IR Zusiin s ek
T319-1195 ZRIEIRANETARHIEAT H 5 FAR 2 i 4
FEan 029-282-6387, Fax 029-282-5920, E-mail:ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency.

Inquiries about availability and/or copyright of this report should be addressed to
Intellectual Resources Section, Intellectual Resources Department,

Japan Atomic Energy Agency.

2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2014




JAEA-Review 2013-039

fFFes7 (JRR-3 M OY JRR-4) FIANC IR T D WFFEpREE (R 2 O 4R 1)

H AR AT JEBR JEHE A RS2 56 & > & — R AR A0 E
AT T2 I I i B
(i) AIFFE 00 1) R

(20134 9 A 24 H=H)

JRR-3 1%, HEFEEL. BIR T o~ 8o, P IO T T 0 I EOERFIH,
KON, s b T, RPFRE R, 04T A Y F—T &, T v ar N T v
FERMEDORKNFA R L, xR BICFIHIN TN D,

JRR-4 {22\ Tix., EREME (Boron Neutron Capture Therapy : BNCT), BIF T v~
FROTHT, SRR E &8 O REERER . R EAHE RIS R E O FEERRIH ., KO, ks
M., 99474 b—=78E 740 vvar b Ty Z7ERBEDTZDOBREFIHR L
xR BRICFIHS TS,

ARk 20 AERE L BFZESR JRR-3 11X 7T YA Z L DiEER (1 YA 7L ;26 HidkiiEER) O
RICHEIE AT/ o 72, AFEHF JRR-4 IR EER O M FisgEicHnn s i,
WO BEAHAKNEEROMER OB ML o7, EEIIfThh o7,

AAEFEIL, K2 O FEEIC TN L2 i s FII A AR o M 2 st iF oFIHE (R
s 2 Ede) o2 P EGL 11 0% (S, Bk, BEe ), 7T Y
F 7T 7 4 BEHEGHT. F oM, OSBRI ONWTEDOMERREEZRY £LH-HD
ToHd,

JBF IR ZE AT 0 T 319-1195  ZR 35k IR BRE[BR B ME A1 B8 )7 AR 2-4



JAEA-Review 2013-039

Activity Report on the Utilization of Research Reactors (JRR-3 and JRR-4)
(Japanese Fiscal Year, 2008)

(Ed.) Research Reactor Utilization Section

Department of Research Reactor and Tandem Accelerator
Nuclear Science Research Institute
Tokai Research and Development Center
Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken

(Received September 24, 2013)

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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Phonon Dispersion Relations of LaAlO3-SrTiO3

H. Yamauchi, T. Shimada!, K. Ichikawa!, J. Breeze? and N. McN Alford?

Quantum Beam Science Directorate, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195
L Advanced Electronics Research Laboratory, Hitachi Metals, Ltd., Kumagaya, Saitama 360-0843
2 London South Bank University, London SE1 0AA, UK

The SrTiOz doped LaAlOsz (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
frequencies?). However, it is known that its
loss is strongly depend on whether the in-
cident direction of electromagnetic wave is
along [100] or [110]?. 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 region®?.

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-() mode with incident neutron
energies of 14.7 — 41.0 meV. The scattering
was carried out in a net plane of (hkk).

Figure 1 shows the dispersion curves for
phonons with wave vectors along [100] and
[110] directions. The markers denote the ex-
perimental data. The calculated dispersion
curves of LaAlO3z 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 g|| [110]. The energy gap between
the TA and TO modes at the BZ bound-
ary is 18.3meV in ¢|[[100] and 13.7meV
in g|/[110]. 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.
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Figure 1: Phonon dispersion curves for 0.985 LaAlOs3 -
0.015SrTiO3. The dashed lines represent the calcula-
tion of phonon dispersion relation in LaAlOs.
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Crystal Structure and Nuclear Density Distribution of LiCo;;3Ni;/;3Mn; /302
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

LiCoy/3Nij3Mny /302 is one of the candi- Figure 2 shows the scattering length density
date materials for cathode of next generation  distribution maps of LiCoy/3Ni;/;3Mn; 304
Li ion batteries. In general, the crystal struc-  drawn with the absolute values of isosurface

ture and Li diffusion pathway are the keys to  level, a)1.0 fm/A% and b)0.05 fm/A3. While
increase efficiency for the battery. Recently  the scattering length density distributions of
maximum entropy method (MEM) combined = Co, Mn, Ni, and O atoms were localized at
with neutron powder diffraction has been ex-  their sites, those of Li atoms at z=0, 1/3 and

tensively used to investigate the crystal struc-  2/3 widely spread on the planes parallel to
tures of ionic conductors, because MEM is ef-  (0001) plane.

fective for revealing static and dynamic dis-

order in crystals. In this study, we analyzed oo

the nuclear density (scattering length density) o

distribution of LiCoy/3Ni;3Mny/302 by Ri- o

etveld and MEM analysis of neutron powder g

diffraction data to estimate the Li diffusing & } J L M TN
pathway. of W wn

The sample was prepared by a solid state e

reaction method. We used 7Li enriched LiOH 2010

as a'startlng material to suppress the ad- Figure 1: The result of the Rietveld analysis of
sorption of neutron beam. Neutron powder LiCoy /3Ny /sMn /505.

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
progrant RIETAN-FP”.D 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
Ryyp, Rp and S are 4.28 %, 1.66 % and 1.19.
LiCoy/3Nij ;3Mny /302 has a hexagonal struc-
ture with the space group R-3m. Lattice pa-
rameters were refined to be a = 2.8643(2) A,
¢ = 14.2460(6) A. Though Li mainly occupies
3a site, Co, Ni and Mn occupy 3b site, and References
O 6¢ site, approximately 4 % of Li and Ni 1) F.Izumi et al.: “Solid State Phenom.”, 130:15(2007).
atoms substitute from their original sites (3a 2) F. Izumi et al.:"Recent Research Development in
and 3b) to 3b and 3a sites. Physics IT", 3, 699(2002).

1.0 fim/A®  b) 0.05 fm/A®

Figure 2: Scattering length density distribution maps.
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Neutron Powder Diffraction Study of Water-Dissolved BasInsO5

T. Nagasaki!, S. Shiotani?, M. Yoshino?, K. Iwasaki?,
N. Igawa?, H. Fukazawa®, H. Yamauchi® and W. Utsumi?

L EcoTopia Science Institute, Nagoya University, Nagoya 464-8603
2 Department of Materials, Physics and Energy Engincering, Graduate School of Engineering,
Nagoya University, Nagoya 464-8603
3 Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195

In our previous studies »2), we carried out
neutron powder diffraction experiments on
BaSng 5Ing.502.75, a proton conducting oxide
with perovskite structure, with and without
dissolved HyO/D50. Analyzing the data by
the Rietveld method and the maximum en-
tropy method (MEM), we found that the deu-
terium atoms in BaSng 5Ing 502 75+qWere 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 BagInoOg, which has
perovskite-derivative (brownmillerite) struc-
ture. Because of its lower symmetry,
BasIn,O5 has various interstitial sites, some
of which must be more stable than others for
hydrogen.

Figure 1(a) shows the diffraction pattern of
(dry) BagIngO5 at 8 K. Although it was well
fitted by the orthorhombic (Imma) structure
model ?), there remained a few small peaks
that could not be assigned. In fact, these
extra peaks were also seen in the reported
diffraction patterns 4. Because they disap-
peared after water uptake ¥, they are unlikely
to be caused by impurities.

Figure 1(b) and (c) show the diffraction
patterns for BasInsOgHo and BasInoOgDs at
8 K, respectively. While the Rietveld fitting
based on the tetragonal (P4/mbm) structure
model >9) 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.
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Figure 1: Neutron powder diffraction patterns at 8 K
Of (a)BaQIHQO{), (b)BazInzO@'Hg, and (C)BaQIHQOGDz,
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 Th but hydrogen-ordered ice. The ordered
ice is named ice XI (eleven). A hypothesis
that ice XTI 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. Takahashi! and N. Igawa?

Institute of Applied Beam Science, Ibaraki University, Mito 310-8512
Lnstitute of Applied Beam Science, Ibaraki University, Hitachi 316-8511
2 Japan Atomic Energy Agency, Tokai 319-1195

Correlation effects among thermal displace-
ments of atoms are important to realize the
thermal properties of materials’). 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 atoms?. 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-
AF'S 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 A. 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.
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Figure 1: Neutron scattering intensities of powder
KBr.
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Effect of Consolidation Condition on Nano-Size Oxide Particle Dispersion
in 9Cr-ODS Steel

S. Ohtsuka!, J. Suzuki?, T. Kaito!,M. Inoue', S. Kim!, S. Obara! and T. Asayama'

LCore and Structural Materials Group, Advanced Nuclear System RED directorate
2 Materials and Life Science Division, J-Parc Center

The 9Cr-oxide dispersion strengthened fer-
ritic (9Cr-ODS) steel is a primary candidate
for fuel cladding tube of advanced fast breeder
reactor. In the development of this material,
nano-structure control is a critical technique
to produce uniform and high population oxide
particle dispersion that stabilizes microstruc-
ture even under high-temperature and high
dose neutron irradiation environment of reac-
tor core. In this research, effect of consoli-
dation temperature on the nano-size particle
dispersion in 9Cr-ODS steel was investigated
using SANS-J-II in JRR-3.

Mixture of 9Cr-ferritic alloy powder and
yttria (Y203) powder was mechanically al-
loyed (MA) in argon gas atmosphere. The
MA powder was consolidated by hot iso-
static pressing (HIP) with two conditions, i.e.
1233K for 4h at 98MPa and 1423K for 4h
at 98MPa. The chemical composition was
controlled to be 9mass%Cr-0.13C-2W-0.2Ti-
0.35Y203. Nano-structure characterization
was performed using small angle neutron scat-
tering (SANS) and direct observation using
transmission electron microscope (TEM). The
number density of nano-size oxide particles
was quantitatively evaluated by SANS pro-
file analysis, where scattering length density
of YoTioO7 was adopted. Vickers hardness
tests were conducted at 1kgf.

As shown in Fig.1, the nano-particle num-
ber density qualitatively appears to be some-
what higher in the 1233K-HIPed steel than
in the 1423K HIPed one. The SANS anal-
ysis results is displayed in Fig.2(a), which
clearly indicates that the nano-particle num-
ber density of the 1233K-HIPed steel is higher
than the 1423K HIPed one; the HIP con-
solidation temperature is a critical parame-
ter dominating nano-particle dispersion con-
dition. In Fig.2(b), Vickers hardness was plot-

ted against the square root of nano-particles
number density(Np) multiplied by the parti-
cle diameter(d), which is known to be pro-
portional to oxide dispersion strengthening.
The nanometer scale SANS analysis results
are well consistent with macroscopic Vickers
hardness. Optimization of 9Cr-ODS consol-
idation process is now under way based on
SANS results of the consolidated steels at var-
ious fabrication conditions.
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Figure 1: TEM observation results of (a)1233K HIPed
steel and (b)1423K HIPed steel.
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Nano-structure analysis of high Cr steel for long life FBR structural material

S. Obara!, J. Suzuki?, T. Wakai!, S. Ohtsuka', M. Inoue' and T. Asayama'
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2 Materials 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 Cry3Cg, 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
1060°C, 1100°C and 1150°C for 1 hour, and then
tempered at 760°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 0.010 1 (nm™1) using SANS-J-IT 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.

w
o

Normalized at 1060°C
- = ~Normalized at 1100°C
-+« - Normalized at 1150°C

N
o
T

o
T

Number density of particles, N/ 10"°m™

o

0 20 40 60 80 100
Particles radius , ¥/ nm

Figure 1: Influence of normalizing temperature on size
distribution of fine precipitations in high Cr steel.
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Figure 2: High temperature strength and number den-
sity of fine precipitations versus normalizing temper-
ature.
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Development of High Pressure Device for Neutron Powder Diffraction
O Feasibility Test using Lanthanum Hydride [

W. Utsumi, T. Hattori, A. Machida! and N. Igawa

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
L Quantum 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 (LaH,) 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.

S0m

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 LaH, 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.
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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 A 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 g = 0.02 A~! 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 A~!, whereas the regions other than the

lamellar are amorphous (AA). Tt 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
A~ 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.

10 —— 1 min after switching of MW for nag. P
0 —O— 1 min after switching of MW for pos. P
101 —@— 10 min after switching of MW for nag. P
—{~ 10 min after switching of MW for pos. P
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E
10°
10’
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Figure 1: SANS profiles of dynamically polarized high
crystallinity PE doped with TEMPO measured at 3.3
T and 1 K.
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High Temperature Neutron Diffraction Study of (La0.55r0.5)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, (Lal-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, (La0.55r0.5)CoO3-d (LSC), at
elevated temperatures, 298<=T<=1273K,
under 0.0002<=P(02)<=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 20 range from
20 to 153 deg. in step interval of 208 =
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-
3¢, No0.167) between 298 and 608K, or a
cubic one (Pm-3m, No.221) between 723
and 1273K under P(O2) = 0.2latm. 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, a =90deg., V =61.138(8)A"3.
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.
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Fig. 1. Rietveld refinement result of
(La0.5Sr0.5)Co03-d at 1273K in P(O2) = 0.0004 atm.
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Structural Disorder and Diffusional Pathway of Oxide lons in a Doped
Pr2NiO4-Based Mixed Conductor

Masatomo Yashima, t ,* Makiko Enoki, ¥ Takahiro Wakita, f Roushown Ali, T , T
Yoshitaka Matsushita, § Fujio Izumi, 1 Tatsumi Ishihara
T 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, ¥ Department of Applied Chemistry, Faculty of
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and 1 Quantum Beam Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba,
Ibaraki 305-0044, 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 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. Alj,
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 0.
Neutron diffraction patterns at both tem-
peratures indicated a K2NiF4-type struc-
ture with I14/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-
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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 (U1l = U22 =
0.115(3) 0 2 and U33 = 0.021(3) O 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 02-O3 dif-
fusion path. This feature is ascribed to the
repulsion between (PrLa) and O atoms.
In fact, the distance between the (PrLa)
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-
02 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.

1-1-11
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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(SeOy4)2
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Protonic conductor K3H(SeOy), 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 k¢ was fixed at 1.39 A=!. The energy
resolution was estimated as 88(3) yeV 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
SeO, 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 ATy{(T — Ty + BAg*)(E? +
v2)}~! with the four parameters A, B, Ty
and . The results of fitting substituted
Agq = 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 Ty was obtained
as 368(2) K. The parameter v 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, 27,
slightly depends on the temperature, and
is obtained as 60(4) ueV and 70(6) ueV 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) x
1071 s to 5.9(4) x 10~ 5. 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) x 10~ 11
sat388 Kand 4.9(3) x 107! 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 L.
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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 NioMnGa sigle crystal
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Inelastic neutron scattering experiments
were used to study an off-stoichiometric
Heusler-type Nijp 16Mng7sGajgs 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.!)
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 thed 1100 and 1000 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 alongl 1100
and 1000 directions.

TA;-phonon dispersions with[J 1100 and
0 1000 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 4=0.3 or at
q=0.23, respectively. The softening of the
phonon with[ 1100 propagation is explic-
itly temperature dependent. However, the
temperature dependence of the softening
of the phonon with{ 1000 propagation is
not clear. Near the position in the g-space
corresponding to the softening of the
TA,-phonon dispersion, the elastic satellite

peaks in the metastable orthorhombic
structure appear. Thus, the softening of the
TAs-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.
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Fig. 1. (a), (b) Elastic g-mesh scans on the recip-
rocal lattice cubic c¢*-plane at 400 and 279 K, (c),
(d) TAz-phonon dispersions with cubic 1100 and
001000 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, Sr3Fe205,
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).

@sr/ca @Fe» @O?

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)Ca2Nb3010

Tsujimoto Y., Kageyama H., Yoshimura K., Ajiro Y., Nishi M.
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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 RbLaNb207 with CuX2
yields a perovskite/metal halide inter-
growth structure (CuX)LaNb207 (X = Cl,
Br), where the interlayer Rb+ ions are re-
placed by the [CuX]+ layer withan S=1/2
square lattice. We have recently reported
that the ground state of (CuCl)LaNb207
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)LaNb20O7 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)A2B3010
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)Sr2Nb3010
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)A2B3010 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)Ca2Nb3010. It fol-
lows that this compound provides the
good comparison to (CuCl)LaNb207. 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)LaNb207, and a simple dimer pic-
ture gives the dimer distance as long as 8
angstrom, which is physically unlikely.
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Fig. 1 Singlet-triplet ~ excitations  in
(CuCl)Ca2Nb3010
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Behavior of Thermal Parameters and the Phase Transition in DKDP

H. MashiyamaA, T. MiyoshiA, T. Asahi4, H. Kimura®?, Y. Noda?
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 (KH,POy). If pro-
tons are replaced by deuterons, the tran-
sition temperature elevates up to T, =
213 K in DKDP. There remains a ques-
tion whether heavy atoms are in disordered
or displacive within anharmonic potentials
above T.. In order to elucidate this point,
we have performed detailed structure anal-
yses of DKDP above and below T..

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 X 2.6 x 2.5
mm” 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 T.. 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
T.. All data sets were successfully ana-
lyzed; the R factors were about 4 % with
anisotropic thermal parameters.

The positional parameters are almost
steady below T.. 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) Uz

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 T¢, the ordering of deuteron in-
duces a distortion of PO]~ tetrahedron and
a displacement of K™ ion. The magni-
tudes of the thermal vibration of K and P
changes little at T;. 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.
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Fig. 1. Temperature dependence of (a) the estimated
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Debye-Waller factor Uss.
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Correlation between crystal defects and the diffuse scattering in relaxor
ferroelectric (Na0.5Bi0.5)Ti03

M. Matsuura!, K. Hirota!, Y. Noguchi?, and M. Miyayama?
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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. (NagsBigs5)TiO3 (NBT) forms
perovskite structure with two different ions
Nat and Bi®* 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 O,-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 O, 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 O,-10 atm crystal is smaller than that
for O,-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
0,-10 atm crystal than O,-0.2 atm crystal,
the current results indicate that the diffuse
scattering, in other words, PNR are pinned
ferroelectric fluctuations at crystal defects.
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Fig. 1. Profiles of (1,1, 0) scan for NBT single crystals
grown in air (black circles: O; 0.2 atm) and high O,
pressure (red circles: O, 10 atm).
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Temperature dependence of waterfall feature of phonons in (Nag5Bio5)TiO3
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Relaxor ferroelectrics have attracted con-
siderable attention since the discovery of
giant piezoelectricity in relaxor-based sin-
gle crystals. (NagsBigs5)TiO3 (NBT) forms
perovskite structure with two different ions
Nat and Bi®*t 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 g,y =

0.2A~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 g < 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 ¢ = 0.16 rlu at T = 700 K. With
decreasing temperature, the peak shifts to-
wards I'-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 w = 15 meV at I'-

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.
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Study of slow lattice dynamics in relaxor PMN-30%PT by neutron spin echo
technique
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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 lcc 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 20 = 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 I1(Q,t)/I1(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)/I1(Q,0) are less than 1, indi-
cating fast relaxations even in the ordered
phase. At T = 450 K, I(Q,t)/I1(Q,0) is
flat as T < 400 K, but it drops from 0.9
to 0.6, suggesting enhancement of fast re-
laxations above T. This is consistent with
enhancement of meV-range broad quasi-
elastic scattering at high temperatures[2].
Above T = 500 K, the I(Q,t)/1(Q,0) has
maximum at 0.5 ns. Assuming this peak is
the first peak of oscillation, it corresponds
to excitation of 4 peV. 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.
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Fig. 1. Normalized intermediate scattering func-
tions I(Q,t)/1(Q,0) of the diffuse scattering at (0.98,
0.02, 0).

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

Report Number: 774

- 43 -



JAEA-Review 2013-039

1-1-21

Pseudospin-phonon coupling in Relaxor Ferroelectrics PMN-x%PT
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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 —g,0) measured at T = 400 K. At
T = 400 K(~ T¢), 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 (I' ~ 2.5 meV) of po-
larization in PNR and phonon modes.
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Fig. 1. The contour map of the phonon scattering
intensity at (14 g,1 — g,0) as a function of g 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 HoMn,Os5
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HoMn,0Os 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 Mn*" and Mn**
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 Jp, respectively, of which paths are
schematically shown in Fig. 1(c). This
figure indicates that the length associated
with J; decreases with decreasing the
ionic radii. On the contrary, the length
associated with ], is hardly affected by
the size of the ionic radii. Furthermore
in HoMn,Os, the bond length associated

with J; significantly shortens with apply-
ing pressure while that associated with
J> doesn’t change at all, indicating that
magnetic interaction J; highly contributes
to stabilizing the commensurate magnetic
phase.
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Hypothetical Phase Transitions and soft modes in A2BX4-type Dielectrics
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Rubidium selenate, Rb2SeO4, and Cesium
selenate, Cs25e04, belong to a family of
A2BX4-type (X = O, Cl, Br) crystals with
the Beta-K2504 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 T1l. At lower temperature,
many of the A2BX4-type crystals, for ex-
ample K25eO4, 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 K25eO4. In-
deed, a softening tendency of the Sigma-2
phonon branch around 0.7a* was observed
in Rb25eO4 and Cs25e04. 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 K25eO4. 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 Rb25eO4, 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
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Fig. 1. Phonon dispersion curves in an extended-
zone scheme on the (0 x x) for K2SeO4.
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A perovskite compound BiFeO3 is
known as a multiferroic material with
ferroelectricity (Tc ~ 1100 K) and antifer-
romagnetism (T ~ 650 K). In the course of
exploration of an enhanced multiferroicity
of BiFeOs, solid solutions of BiFeO3; and
other perovskite compounds have been
investigated. It has been reported that
the solid solution of BiFeOs3 and BaTiOs3,
(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)BiFeOs3-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 BiyOs3,
Fe,O3 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-xBaTiOs
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
phaseisrichin Baand Ti. Tyy and T, 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 5), respectively. De-
creases of Ty 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.
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Phase transition in a lead-based inorganic-organic perovskites C56H10NH2PbI3

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 C5HI0NH2+ 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] E. Izumi and T. Ikeda, Mater. Sci. Forum,
321-324 (2000) 198-203.
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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 Okk 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 (C12H22011) 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]E. 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).
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Fig. 1. (a)Nuclear density distribution of sucrose at
room temperature calculated by MEM. (b)Time de-
pendence of 401 and 442 Bragg peaks at 366K.
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Crystal structure of Pb-free silver niobate perovskite

Masatomo Yashima, t ,* Takahiro Wakita, T Takafumi Komatsu, T Yong Phat, T
Hiroki Taniguchi, ¥ Tomoyasu Taniyama, ¥ and Mitsuru Itoh ¥
T 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 O [0 ]. 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 Ag20 and Nb20O5 were mixed
with ethanol in an agate pot and calcined
at 980 ° Cfor 6 hin 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 hin
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 1527, using 150 3He counters set at
10 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) O, b=5.6091(3) O and
c=15.6462(7) O . 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.
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Structure Analysis of Oxide lons in a Doped Pr2NiO4-based Mixed Conductor
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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)0.95Ga0.0504+5
(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.
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Fig. 1. Neutron diffraction profiles at 1011.2 oC
for Pr2(Cu0.75Ni0.25)0.95Ga0.0504+d using a sin-
gle phase I4/mmm model.
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Structure analysis of automotive exhaust catalysts, Ce2Zr207.32 by neutron
powder diffraction measurement
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Ce02-ZrO2 solid solutions have been in-
vestigated due to their high oxygen stor-
age capacity [1,2]. In particular, it is known
that Ce2Zr207+x (0<x<1) has higher oxy-
gen storage capacity in CexZr1-xO2-d solid
solutions. Sasaki et al reported Ce2Zr207
and Ce2Zr207.5 belong to the Fd-3m and
F-43m space groups, respectively [3]. How-
ever, structure analysis of Ce2Zr207+x
(0<x<1) has not been studied satisfacto-
rily. In this study, we report the structure
analysis of Ce2Zr207.32.

Ce2Zr207 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 Ce2Zr207.32. 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 Ce2Zr207.32 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)
angstrom™2, respectively.
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Lattice dynamics of cubic NaNbOj;
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(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 T,;=913
K. NaNbOj3 undergoes at least six phase
transitions. First, the cubic to a tetrag-
onal phase transition takes place at T.
Next, three distinct orthorhombic phases
appear between T 5=643 K and T»,=848 K.
An AF monoclinic P phase exists in the
range between T=193 K and T.. Fi-
nally, NaNbOj3 exhibits a FE rhombohe-
dral N phase below T,. We studied
the phonon dispersion relations for cubic
NaNbOs;. 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 Rps 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 T.;=913 K. Figure
1 shows the phonon dispersion relations
along the [110] direction. The TO; 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 T;1=913 K is closely re-
lated to the complex sequence of phase
transitions in NaNbOQOs.
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Fig. 1. Phonon dispersion relations for cubic
NaNbOj3 at 970K.
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Phonons in tetragonal BiVO,
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Bismuth vanadate BiVO,; 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 I4;/a (C§,). In
the sheelite structure, the isolated VOy
tetrahedra are separated by the Bi** ions.
The low-temperature ferroelastic phase has
a monoclinic distorted scheelite structure
with 12/a (Cgh). Brillouin scattering studies
revealed a dramatic softening of transverse
acoustic (TA) modes polarized on the (001)
plane at T¢.[1-2] We studied the lattice dy-
namics of BiVOy 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 g = [V/2¢ cos 6, v/2¢ sin 6, 0] polar-
ized in the (001) plane, where 0 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
g = [V2& c0s35°, /2¢sin35°,0] and
g = [G,¢,0] becomes large with increas-
ing ¢. These results demonstrate that
the acoustic symmetry axes in a tetrag-
onal scheelite structure deviate from the
crystallographic high-symmetry [, ¢, 0] di-
rection. We measured the phonon dis-
persion relation along the [v/2&cos35°,
V/2&sin35°,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 [v/2¢c0s35°, /2¢sin35°,0] occurs
in the small ¢ region. Brillouin-scattering
measurements revealed that the frequency
of the TA phonon propagating along the
[V/2E cos 35°, \/2&sin35°,0] direction be-
comes small toward T,. 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
BiVO; 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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Since the discovery of the magnetic-field-
induced ferroelectric phase transition in
CuFeO;,,[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
CuFe;,GayO,, we have performed the in-
elastic neutron scattering measurements on
CuFe(.965Gag 03502. 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 E¢(= 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,w) along the
[H,H,3/2] direction in the FEIC phase
of CuFe(oe5Gagp3502. In the previous
neutron diffraction measurements[2], the
Bragg reflections at (9 g 3) and (3 —q 1 —
q 3) with ¢ = 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 CuFeO,[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 CuFeO, 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.
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Fig. 1. The spin wave dispersion relation along the
[H, H,3/2] direction in the ferroelectric incommen-
surate phase of CuFe( 965Gag 0350;.
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Crystal structure analyses of layered thermoelectric manganites
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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 (Cal.4Sr0.5Bi0.1)MnO4
and (Cal.55r0.5)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 ang]les 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.
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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 CeRusSbq;
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Anomalously anharmonic lattice prop-
erties of the rare-earth filled skutterudites
RT4Xj, (R =rare earth, T = transition metal,
X = pnictogen) have been studied, in addi-
tion to the various strongly correlated elec-
tron phenomena originating from 4f 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 PrOs,Sb,, 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 PrOssSbi,
and PrRuySbi, (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 CeRuySbi, 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 CeRuySby,. 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 CeRusSbyp (C. H. Lee et al.: ]. Phys.
Soc. Jpn. 75 (2006) 123602). The presence
of such anharmonic low-energy phonon
is seen also in the previously investigated
three compounds of PrOs4Sb,, PrRuySby,,
CeOs4Sb1; 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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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 6 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
(5n0O2)(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 Snd+ (0.69A)
sites. Figure. 1 shows the equicontour sur-
faces (0.5fm/A"3) of scattering amplitude
of (5n02)(Ce02)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
Sn02), suggesting the disturbed atomic
arrangements on the 2a and 4f sites by
introducing Ce and Sb atoms into Sn sites.
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Fig. 1. Equicontour surfaces (0.5fm/A"3) of scatter-
ing amplitude of (5n02)(Ce02)0.03(SbOx)0.03.
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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.
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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.
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synthetic method and Li content for Lix(Ni,M)O2 (M=Mn,Co) as a cathode
active material for Li ion battery
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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(NiM)O2
(M=Mn,Co); especially LixMn0.5Ni0.502
and LixNi0.8C00.202, 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 LixMn0.5Ni0.502 and
LixNi0.8C00.202 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.

LixMn0.5Ni0.502 and LixNi0.8C00.202
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)25208 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 JAERIL 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 LixMn0.5Ni0.502
(x=0.9871.08) synthesized in this work had
the a -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
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of LixNi0.8C00.202[4], similar results to
LixMn0.5Ni0.502 were also obtained.
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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 La202 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 Ln2Nil-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 LaNi0.8Cu0.204+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 LaNi0.8Cu0.204+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 [4/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.

[1] K. Ohoyama, T. Kanouchi, K. Nemoto,
M. Ohashi, T. Kajitani, Y. Yamaguchi, Jpn.
J. Appl. Phys. 37, 3319 (1998) .

[2] E Izumi, and T. Ikeda, Mater. Sci. Fo-
rum, 321, 198 (2000).

[3] E Izumi and R. A. Dilanian, " Recent
Research Developments in Physics,” Vol.3,
Part II, Transworld Research Network,
Trivandrum (2002), pp.699-726.

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

Report Number: 907

- 64 -



JAEA-Review 2013-039

1-1-41

Structural Analysis of Interface between DLC films Having Various Wettabilities
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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 (D20) 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.
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Fig. 1. Coefficients of friction under lubricated con-
dition
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High Temperature Neutron Diffraction Study of (La0.65r0.4)(Co0.8Fe0.2)03-d
Perovskite
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Maekawa (C), C. Minagoshi (C), H. Miyazaki (C), and Y. Kawabata (C)
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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(02)<=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 26 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-3¢, 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(02) <=0.21atm. The Rietveld re-
finement result of LSFC measured at 1273K
in P(02) = 0.002atm was as follows: Z =1, a
=3.9333(2)A,a =90deg., V =60.854(6)A"3.
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)-Obonds. These results suggest the
oxide-ion conduction in LSCF with an arc
shape path [4].

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] E. Izumi and T. Ikeda, Mater. Sci. Forum,
321-324, 198 (2000).

[4] M. Yashima and T. Kamioka, Solid State
Tonics, 178, 1939 (2008).

Fig. 1.

Refined
(La0.65r0.4)(Co0.8Fe0.2)O3-d at 1273K under
P(02) = 0.002 atm. The dotted curve with arrows
denotes possible conduction path of oxide ions.
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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.

—aRTsum/10min
-m— 160K/ 10min
—a — 105ksmooth/Smin

--¥--30Ksmooth/Smin

Sl e PR O s

w
=1
=4

Counts/10min

~
S
2

100

B ad Aa L uny

0 i 1 I i i I 1
=9.5 =10 -10.5 =11 -5 =12 -12.5 -13

Energy (meV)

Fig. 1. Fig.1 temperature variation of phonon peaks
of fcc Fe precipitates studied at q=0.3.
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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
(65DMBP, C12H12N2) and iodanilic acid
(H2ia, C6H204I2) [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 O 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 la 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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Fig. 1. Crystal Structure of 55DMBP-H2ia at (a) fer-
roelectric phase (50 K) and (b) paraelectric phase
(room temperature).
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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 x 2)
tunnels presenting a privileged pathway
for Li ion diffusion [1-3]. The a-MnQO2 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 H2504 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-MnQO2 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 H20
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 x 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.

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

Report Number: 957

- 069 -



This is a blank page.




JAEA-Review 2013-039

1. FHEFBEL )R M
R ————
1. Neutron Scattering 2) Magnetism

- 71 -



This is a blank page.




JAEA-Review 2013-039

1-2-1

Magnetic Bragg Peaks of Quasi-One-Dimensional Antiferromagnets
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The spin systems of insulating cuprates
CugGegO18-xD2O (x = 0 — 6) are spin-
1/2 Heisenberg chains with first- and second-
nearest-neighbor antiferromagnetic (AF) ex-
change interactions.!) The space group is R3
(No. 148).?) Helical spin-1/2 chains of Cu
are formed parallel to the ¢ axis. Each chain
has three Cu ions in the unit cell. Mag-
netic long-range order appears below Tx. The
value of Tx/Tmax decreases with decrease in
x from x = 6, while it is nearly constant
below x = 1.54. Here, Ty, 1S 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
xr < 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 A\ = 2.444 A) and MUSASI
(A = 2.474 A) spectrometers to investigate
magnetic structures.

Figure 1 shows diffraction patterns of
CugGeO15-6D20.%) As indicated by arrows,
we can see a resolution-limited magnetic
Bragg peak in each figure below Ty. 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)pex
for the low-angle peak and (3,1,0.5)pex and
(1,3, —0.5)pex for the high-angle one. We
adopt the hexagonal unit cell. The [ 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 (Jg) is

AF or ferromagnetic. Here, we assume that
the ordered spins are parallel to the ¢ axis, be-
cause the spin is almost parallel to the ¢ axis
in the AF long-range order in isostructural
CugSig018-xH20 (x = 0, 6).4’5) The calcu-
lated SCSs in the case that J, is AF are con-
sistent with the experimental results.
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Figure 1: Diffraction patterns of CusGegO15-6D20.
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Recently, as one of magnetoelectric multi-
ferroics, CuFeO, has been intensively studied
for understanding the microscopic mechanism
regarding the magneto-ferroelecticity.'2)
There has been several theories to explain
ferroelectricity in multiferroics. One of the
mechanisms was proposed for explaining the
ferrelectricity in CuFeOg, which originates
from Fe 3d-O 2¢ hybridization with the
spin-orbit coupling.?) 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,*
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.?)

This time, we have performed the spherical
neutron polarimetry analysis on the ferroelec-
tric phase of CuFeq 963Gag 03702 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 Py, (= —P..).
The experimental data was refined by least
square analysis, where the refined parameter
is the ellipticity (p170/tbc)- pe and 179 mean
the momentum amplitude in the ¢ and 110
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, P, , and —P;.. w 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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Among magnetic compounds with the
ABXj3 chemical formula, the CsNiCls-type
antiferromagnets take the perovskite-like
structure with hexagonal close packed AXj3
layers, in which face-sharing BXg octahedra
run as forming a - B X3- chain along the c-axis.
Their nearest-neighbor magnetic B?* ions
on the c-plane form a triangular lattice and
give rise to spin frustration. There are sev-
eral compounds, such as KNiClz, RbMnBrs,
TICoCls and RbCoBrs, crystal structures
of which are distorted from the prototype
CsNiCls-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 KNiCls-
family. Most KNiCls-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 RbMnBr3") (Heisenberg spin
with easy plane anisotropy), T1CoCl3? (Ising
spin), and RbCoBrs® (Ising spin) through
the neutron diffraction measurements. In the
present study, we performed the single-crystal
neutron diffraction measurements in RbFeBrg
which is one of the KNiClg compounds. The
magnetic phase transitions of RbFeBrs are de-
scribed as the XY spin systems.

RbFeBrs undergoes successive structural
phase transitions at Ty = 109 K and Tyo =
Tc = 39.5 K. Below T¢, ferroelectricity ex-
hibits. In the present measurements, (% % 2)
peak was observed below Ty;. The temper-

ature dependence of this peak height shows
an anomaly at Tc. The antiferromagnetic
phase transitions occur at Ty = 5.5 K and
Tnz = 2.0 K.Y Therefore, ferroelectricity and
spin order are coexisted below Txi. The tem-
perature dependence of the (% % l)and (111)
magnetic peak heights are shown in Fig. 1.
The (3 1 1) peak is observed below Tx1 but
the (1 1 1) peak is observed only below Tia.
The spin structures at Tno < T < Tn1 and
T < Tno 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 Tnj.
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Figure 1: Temperature dependence of (3 1 1) (left
axis) and (1 1 1) (right axis) neutron diffraction peak
heights of RbFeBrs.
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Ni3V4Og is an insulating system with Ni?*
spins (spin S=1) arranged in a kagomé stair-
case or in a buckled kagomé plane. The
system exhibits three magnetic transitions
at temperatures T,1=9.1 K, Tc9=6.3 K and
Te3=3.9 K. In the region Teo < T < T,
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 Ty < T <
Teo, they have a helically modulated struc-
ture within the ab-plane with the modula-
tion vector along a (LTI phase). Below T3,
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
T.s < T < Tep.") The helical magnetic struc-
ture originates from the competing nearest
neighbor(J;) and next nearest neighbor(.Jz)
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 Nig;_,)Ms,V20s (M=Zn, Co,
Mn and Cu). For Niz(1_4) M3, V2Os (M=Zn,
Co and Mn), all the three transition temper-
atures (T¢1, Tee and Te3) are found to mono-
tonically decrease with increasing x. In con-
trast, for Nig(l_z)CunggOg, Tes was found
to increase and T.; and T.y were found to
decrease (The C phase is stabilized). In the
samples with = > 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 z=0.25 with
increasing z. Next, to obtain detailed infor-

mation on the crystal and magnetic struc-
tures of Nij 5Cu;.5V20Og, 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 A. 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 P2 /c, where a=11.4369 A, b=8.1350
A, ¢=6.0880 Aand 3 = 89.01°. A schematic of
the (Ni,Cu)Og octahedron is shown in the up-
per part of the figure. The 2’ axis of the local
coordinates expands by the Cu-doping, which
is considered to be due to the Jahn-Teller ef-
fect of the Cu?T 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)Og octahedra. It indi-
cates that the doped Cu?* ions disconnect the
some exchange interactions J; and Js. 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
Nij 5Cuy.5V2Og; The characteristics of the or-
dering pattern are similar to those of C phase
of NigVoOg except for the easy axis direction
of spins.
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By the combined work of neutron diffrac-
tion and "Li-NMR, the three dimensional
magnetic structures of the multiferroic sys-
tem LiCuy0s, which has four chains (ribbon
chains) of edge-sharing CuOy4 square planes
in a unit cell have been determined.’? 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 “Li-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 "LiCuyO9 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 “Li isotope in
the measurements. The horizontal collima-
tions were 40’-40’-80’-open, and the neutron
wave length was 2.359 A. 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 x 16 x 1 mm?, 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 Cu®* ions deduced from the
x? — y? 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 Ty ~ 24.5 K and Tno ~ 22.8 K.
In the temperature region between Ty and
Tn2, the magnetic structure has been found
to be a sinusoidally modulated incommensu-

rate one. At T < T2, 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.

Figure 1: Magnetic structure of a CuOz ribbon chain
in LiCuz02 below T2 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
CesPdgoXs (X = Si, Ge) crystallize in the
CgCras- type structure belonging to the space
group symmetry Fm3m. In this structure, Ce
atoms occupy two different crystallographic
sites, 4a and 8c, both with a cubic point
symmetry Ojp and Ty, respectively. The
heavy fermion compounds CesPdsgSig 1)
and Ce3PdsGeg 2 undergo successive
quadrupole ordering (below T = 0.5 K and
1.2 K, respectively) and antiferromagnetic
ordering (below Ty = 0.31 K and 0.7 K,
respectively). The inelastic neutron scatter-
ing (INS) experiment ) revealed that the
crystalline field (CEF) scheme of Ce ions for
both sites in CesPdsgGeg consists of a I's
quartet ground state and a excited I'; 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
CesPdy(Sig, In order to investigate the origin
of the single CEF excitation in CegPdy(Sig,
we have performed INS experiments in the
pseudo-ternary systems CezPdgg(Sii—,Gey)s
using TAS2 spectrometer of JRR-3 in Tokai.

The INS spectrum of polycrystalline sam-
ples Ce3Pd20(Sil_xGem)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 %). 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.

CeyPdy(Si, (Ge,)s » 5K, E, = 13.7 meV

200
100

200f
100

200
100

200f
100

Neutron Intensity ( counts/1,200,000Mon )

200f
100

-2 0 2 4 6 8 10 12
Energy transfer ( meV )

Figure 1: INS spectrum of CesPda2o(Si1—2Geg)s (x =
0,0.10.3,0.51) at 5 K.
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CuCrO; has a delafossite structure, where
edge-shared CrOg octahedral layers and Cu
layers stack alternatively. Since Cr®* ions
have S = 3/2 spins and they form a two-
dimensional (2D) triangular lattice, CuCrOq
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.!) Re-
cently, however, it was revealed by a spe-
cific heat study that substitution of Cu™ ion
(3d'%) with Ag*t ion (4d'°) induces crossover
from 3D to 2D low-energy magnetic excita-
tions in addition to the decrease of Tn.? In
the present study, we studied Cu;_,Ag,CrOs
by neutron diffraction to confirm the dimen-
sional crossover of magnetic correlations by
Ag doping. The sample was powders of z = 0
and 0.15 (I = 14 K). The neutron diffrac-
tion measurements were performed using the
triple-axis spectrometer TAS-2 with an inci-
dent energy Ej = 14.7 meV.

Figure 1(a) shows powder diffraction pat-
terns of Cug gsAgp.15CrOs at 6, 15, and 100 K.
At 6 K, 3D magnetic Bragg peaks are ob-
served at (¢,¢,0), (¢,¢ — 1,0), (¢ — 1,¢,2),
(¢,q,3), etc. with ¢ ~ 1/3. By investigating
the peak positions in detail, we found that ¢
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, AgCrO, (0.327).%) At a temperature
just above Ty (15 K), the Bragg peaks dis-
appear, but intense broad scattering remains
around (gq, 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 (z = 0) sample [Fig. 1(b)]. The
non-doped sample also shows the 2D scatter-
ing just above Ty, but the ratio of the 2D
scattering intensity to the 3D Bragg peaks is
much reduced compared with = 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)

Cqu35AgoA15Cr02 and (b) CuCrOz.
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Delafossite oxide CuCrOs 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 Ty = 26 K.») Recently,
however, it was revealed by a specific heat
study that substitution of Cu™ ion (3d'") with
Ag?t ion (4d'%) induces crossover from 3D
to 2D low-energy magnetic excitations.?) As
mentioned elsewhere, we have performed neu-
tron diffraction measurements on the powder
sample of CuggsAgp.15CrOsy 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 Cug.85Ag0.15CrOs 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 Er 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-
2,2) 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 (AE = 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 Cug.g5Ag0.15CrOy consists mostly of
dynamical component.
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Figure 1: (a) Powder neutron diffraction patterns of
Cuo.85A80.15CrO2 at 2.8, 15, and 50 K. (b) Energy
scan profiles of Cug.s5Ag0.15CrO2 at 15 K measured
at @ = 1.4 A=! and 1.9 A=%. The latter profile rep-
resents the energy resolution.

References

1) H. Kadowaki et al., J. Phys.: Condens. Matter 2,
4485 (1990).

2) T. Okuda et al., J. Phys. Soc. Jpn. 78, 013604
(2009).

3) R. Kajimoto et al., this issue.

OO0OO0JRR-3  O0OOLTAS(C2-1)

gooboobooogooo

- 80 -



JAEA-Review 2013-039

1-2-9

Spin Correlations in a Frustrated Spinel Antiferromagnet LiCrMnOQOy

M. Matsuda, Z. Honda!, H. Aruga Katori

2 H. Takagi?

, H. Ueda3, Y. Ueda?, H. Mitamura®

and K. Kindo®

Quantum Beam Science Directorate, JAEA, Tokai, Ibaraki 319-1195
L Graduate School of Science and Engineering, Saitama University, Saitama, Saitama 338-8570
2RIKEN, Wako, Saitama, 351-0198
3The Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581

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 Cr3T and Mn?*t moments with

=3/2 are randomly located at the corners
of the tetrahedron in pyrochlore lattice. 1) Tt
shows a spin-glass behavior below T, ~13 K
suggested from the magnetic susceptibility ex-
periments.
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 @ ~0.6
and 1.6 A~! develop at low temperatures, as
shown in Fig.1. The spin correlation with
Q ~1.6 A~ (phase I) is explained by the an-
tiferromagnetic fluctuations originating from
the hexagonal spin clusters, which is proposed
in ZnCrs04 above Tx. 2 Although the ori-
gin of the spin correlation with Q ~0.6 A~!
(phase II) is still unknown, the spin correla-
tion probably originates from a new magnetic
state in highly frustrated pyrochlore lattice.

In order to clarify the magnetic

LiCrMnOy4 also shows an interesting be-
havior in magnetic field. Magnetization in
LiCrMnOy4 gradually increases and saturates
at ~1/2 of the full moment (3pp). This phe-
nomenon is similar to the half-magnetization
plateau observed in ACrpOy4 (A: Cd and Hg),
which originates from a strong spin-lattice
coupling. 3) We performed neutron scattering
experiments in LiCrMnO,4 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 A~! is suppressed with in-
creasing magnetic field although the magnetic
peak at Q ~1.6 A=l is robust. This result
suggests that the saturation of the magne-
tization is not related with the spin-lattice
coupling as in ACry04 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.
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Figure 1: Neutron diffraction patterns at 4, 20 and 100
K in LiCrMnOy. The background intensity measured
at 200 K is subtracted.
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The spinel GeCoy04 shows an antiferro-
magnetic ordering with a characteristic wave
vector of Q,=(1/2, 1/2, 1/2) below T ~21
K accompanied with a structural phase tran-
sition from cubic to tetragonal symmetry. Re-
cently, magnetic properties of GeCoo04 in
magnetic field were studied by magnetiza-
tion measurements. 12 Tt was reported that
magnetization in polycrystalline GeCo204 ex-
hibits an anomaly at H=4.25 and 9.70 T,
which correspond to magnetic transitions. V)
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 GeCog0y, 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 GeCos04. We first con-
firmed that the magnetic structure in zero
magnetic field is consistent with that reported
previously. Y The magnetic structure is basi-
cally the same as that in GeNiyOy4 below T2,
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 GeNiyOy4 in zero magnetic field. 3)
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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 DyBoCa shows an antiferro-
quadrupolar (AFQ) order below Tq = 24.7K
in zero magnetic field). Below Ty = 15.3K
the antiferromagnetic (AFM) order compet-
itively coexists with the AFQ order. The
magnetic structure in the coexistent phase is
described by ki =(1,0,0) and ko =(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 DyBoCso 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 3.1 GPa2.
We performed the neutron diffraction experi-
ments under high pressures up to 8.8 GPa on
a single crystal DyBsCs in order to investi-
gate the P—T phase diagram and magnetic
structure under pressure.

The single crystal of Dy''ByCy was pre-
pared by the Czochralski method with a tetra-
arc furnace. The sample was cut and shaped
in a rectangle of 0.7 x 0.7 x 0.2 mm?. 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 A. 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 DyB9Cs. The transition tempera-
tures are determined from the temperature
dependence of the peak intensity of AFM 100
reflection under pressure. The results of ref. 2)
are concurrently shown for comparison in the
figure. The Ty increases linearly with pres-
sure up to ~6GPa and seems to decrease
above ~7GPa. On the other hand, the Tq
decreases with increasing pressure and seems

VT T
(@
[ ® T (neutron, AFM100) ]
25

%\&\A O T, (ref.2)) ]
SZ & T, (ref.2)) g
& 20 e .
> f ' . ]
15 -
DyB,C, |
10 } : : : : : !

6 ®)

Magnetic moment (ug/Dy)

Pressure (GPa)

Figure 1: The pressure dependence of (a) Tn, Tq and
(b) k1, ks components of magnetic structure at ~9K
in DyB2Cs. Lines are guide for eyes.

to merge with Tx at ~7GPa. Contrary to
the pressure dependence of Ty, it is myste-
rious that the k; 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 RB2Cy system, are con-
sidered to reflect the basic magnetic interac-
tions in DyBoCs. It is, therefore, necessary
to measure ko components which reflect the
existence of the competitive AFQ interactions
and to consider the effects of the frustration
between the AFQ and AFM interactions.
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Unconventional magnetic properties such
as the anomalous Hall effect’ and quan-
tum phase transition under high pressure?
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 (Pa,3, or B20
type) is inherent in the MnSi family including
Fe;_,Co,Si. 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 study®. In
this study, we found unique neutron diffrac-
tion patterns manifesting the existence of a
complex magnetic texture in the bulk mate-
rial of Fey.7Cog.3Si.

Measurements of SANS have been per-
formed using SANS-J-II. A single crystal of
Feg.7Co0.3Si (~0.1 cm?) grown by the floating
zone method® . 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 elsewhere®).
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Figure 1: Magnetic field dependence of the color-
coded scattering profiles. The external magnetic field
was increased from puoH =0 to 0.2 T at 4.5 K.
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The interplay between magnetism and con-
ductivity is crucial to understand the mecha-
nism of superconductivity in high-7. cuprate
superconductors.  The mother compound
LasCuOy4 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 Lag_,Sr,CuQOy4
changes from being diagonal to parallel at
x~0.055, coincident with the insulator-to-
superconductor transition »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
Laq.9825109.018Cu04 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 AE ~ 1.6
meV. Polarized neutron scattering measure-
ments were performed using CRY Ogenic Po-
larization Analysis Device (CRYOPAD) in-
stalled on TAS-1%). 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 FE;=14.7
meV with an instrumental energy resolution
of AE ~ 1.7 meV.

It was  previously reported  that
Laj 9g2510.018Cu0O4 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 CuOq
plane is finite, a modulation of scattering
intensity along L direction is observed, as
shown in Fig. 1. The correlation length along
the ¢ axis was estimated to be 11 A% which
almost corresponds to ¢. The signal contains
quasi-elastic component with finite energy
fluctuations (|E| < AE). 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
LanggSro‘mgCqu; at (17 O7 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 (HOL) 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 P;; 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 (). There-
fore, at (1, 0, 0.1), where @ 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 @ 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 Laq 9g2510.018Cu0y4. The polarization ma-
trix has nine elements P;; with i, f=x,y, and
z, where ¢ and f represent ”initial” and ”fi-
nal”, respectively. Since the signal is purely
magnetic in origin, P,, corresponds to initial
beam polarization. It was observed that all

Table 2: Polarization matrix elements P;; observed at

(1,0, 3.9).

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

the non-diagonal terms are negligibly small.
P, and P,; 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 Py, Py., P., and P,., it
was estimated that the ratio between the spin
components along the b axis (S,) and along
the a axis (S,) is Sp/Sq ~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 P, and P,,. From these values, it
was estimated that the ratio between S; and
the spin component along the ¢ axis (S.) is
Se/Sp ~0.15.

From the above two results, we conclude
that S, : Sy : S.~0.8 : 1.0 : 0.15. It was
found that the low energy spin fluctuations
(|E|<1.7 meV) have the XY anisotropy in
Laj.982510.018Cu0y4 although there also exists
a small Ising anisotropy along the b axis in the
ab plane. This reminds us that pure LagCuOy4
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 enhanced?). 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 JAEA?.
Structures of the samples are described
as Si(substrate)/Ta(5 nm)/Ru(5 nm),/Mnlr(x
nm)/CoFe(2 nm)/Cu(lnm)/Ru(2 nm) (x =
3.0 (sample A) and 5.0 (sample B)). Exchange
bias between the CoFe and Mnlr 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 Mnlr 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 Mnlr layer; (a)
3 nm and (b) 5 nm. An external magnetic field of 1.8 kOe was applied perpendicular to the magnetized axis.

DO0O0O0JRR-3 00O 0OSUIREN(C2-2)

gogoooooooooon

- 87-



JAEA-Review 2013-039

1-2-15

Acquirement of a Guiding Principle Towards the Dy-free or Dy-less
High Performance Nd-Fe-B Sintered Magnets
by Investigation of the Origin of the Coercivity with Interfacial Structural
Analysis

M. Takeda?%, J. Suzuki?, D. Yamaguchi®, T. Akiya* H. Kato®®, Y. Une® and M. Sagawa®%

LQuBS, Japan Atomic Energy Agency, Tokai-mura, Ibaraki, 319-1195, Japan
2J-PARC Center, Tokai-mura, Ibaraki, 319-1195, Japan
3ASRC, Japan Atomic Energy Agency, Tokai-mura, Ibaraki, 319-1195, Japan
A New Industry Creation Hatchery Center, Tohoku Univ., Sendai, Miyagi, 980-8579, Japan
5 Depertment of Applied Mathematics and Physics, Yamagata University,
Yonezawa, Yamagata, 992-8510, Japan
6 Intermetallics Co., Ltd., Kyodaikatsura #303, 1-86 Goryo Ohara, Nishikyo-Ku,
Kyoto, 615-8245, Japan

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
NdsFe 4B 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

(a) 1000C 3 u (b) 960C 1.2 umi

80100 120

Figure 1: Color-coded intensity maps of Nd-Fe-B sin-
tered magnets with different sintering process; (a) 3
um powders sintered at 1000 °C, and (b) 1.2 um 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 phenomenon?, 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 RMnoOs 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
S X S; 2) while the other suggests P o S5;-S;. 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 x S model. ¥ Recenltly it is
found that TmMnyO35 shows polarization flop
transition at 4 K from P//b to P//a as tem-
perature decreases. ® Since the S x 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

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 o4 and
o_ measured near (1.5,0,0.25). At this Q,
one can observe the magnetic chirality in the
be-plane which gives P//b on the basis of the
S x S model. As shown in Fig. 1, the mag-
netic chirality which can be characterized by
the difference in o4 and o_ 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 x 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 o4 and o_

correspond to the different chiralities as shown in the inset.
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FeigNo exhibits a large magnetic moment
and large crystalline anisotropy. Hence, the
industrial researchers have developed magnet-
ically stable spherical FejgNo 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 V), it was suggested that
scattering intensity profiles which reflect the
information of surface layer thickness would
appear intensively in the range ¢ >~ 1 nm™".
Thus, we performed SANS experiments in the
range of 0.15 nm™! < ¢ < 2 nm~! about
2 samples (M2 and M6) of Fe;gNg 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 IT and I~ of the cases that the spin
polarity of incident neutrons is positive and
negative, respectively. Fig. 1 shows the scat-
tering intensities II 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.

(a) model 1

Intensity [a.u.]

1000

100 |

Intensity [a.u.]
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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, 1II), 11.7K (unknown phase,
IT) 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 kd4=(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 1/8and 1/2 plateausat1.7-1.4 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.
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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 etal., J. Alloys and Comp. 224,
253 (1995).
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Fig. 1. Magentic scattering profile of polarized neu-
tron at the magnetic wave vector K = (2,0,0.75) in the
condition of the polarization vector P being perpen-
dicular to K. Closed and oped circles denote the SE-
and the NSEF-scattering profiles respectively.
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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)
the [1,0,0]-, (middle) the [1,1,0]- and (lower) the

[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.
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Relationship between Magnetic Structure and Ferroelectricity of LiCu202

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.

LiCu202 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 LiCu202, 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=(th k+d,0)and (h, kx93, 2h) (h
= half-integer, k = integer and & "0.172).
The system has an incommensurate mag-
netic structure with the modulation vec-
tor Q=?b* (or the pitch angle “62 0 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.
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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 transitionl) 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, ]2 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/]3 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.
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Magnetic structure of multiferroic DyMnOj3 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-ME, (C)Tohoku Univ., (D)Tohoku Univ.-IMRAM, (E) Univ. of

Recently, perovskite manganites have
been intensively studied from the view
points of multiferroics properties [1]. In
typical multiferroics material ToMnOj3; and
DyMnQOg3, 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
DyMnOj can be expressed by cross prod-
uct between the magnetic propagation vec-
tor and magnetic chirality from cycloidal
structure as P=a k x (§; x §;). 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
DyMnQOs, 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-

Tokyo

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
DyMnQOs. In Fig. 1, the peak profiles of
magnetic reflections at (0 k 5), (0 k 6), (1 k
5), (1ke6), (5k0),(6k0),4k1),5k1)
positions are shown. Black triangle, red tri-
angle, and blue circle indicate the peak pro-
filesat T=15K, 8 K, and 6.5 K near the ferro-
electric ordering temperature Tc=18 K and
the magnetic ordering temperature of Dy
moment TN-py=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 be-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-
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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.
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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)LaNb207, a
metastable phase prepared using an ion-
exchange reaction, consists of Cu2+Cl
layers sandwiched by non-magnetic
double-layered perovskite LaNb5+207
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)LaNb207 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 ],
Br) substantially influence their magnetic
properties. The solid solution (CuCll-
yBry)LaNb207 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)LaTa207 and the solid
solution (CuCl)La(Nb1-xTax)207 [1.2]. A
crucial advantage of studying the Nb-Ta
system (over the CI-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)LaNb20O7 up to x ~ 0.4, ac-
companied by a slight reduction of the spin
gap with increasing x. (CuCl)LaTa207 ex-
hibits collinear antiferromagnetic (CAF) or-
der with TN ~ 7 K, similar to what is ob-
served in (CuBr)LaNb207. 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.
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Electric polarization flop induced by magnetic phase transition in multiferroic
Yan205

H. Kimura!, Y. Sakamoto!, M. Fukunagal, Y. Noda!, and H. Hiraka?

{IMRAM, Tohoku University
2IMR, Tohoku University

A rare-earth (R) manganite of RMn;0O5
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 TmMn;,Os5 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
RMn;0s5 system. It was reported previ-
ously that the polarization along b-axis dis-
appear below ~ 6 K in YbMn,Os[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 YbMn;Os.

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 YbMn,Os unlike the other
RMn;0Os5 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.
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Fig. 1. (a) Peak profiles of magnetic Bragg reflection
around (2.55 4 0.265) of YbMn;Os 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

Minoru Sodal, Kenta Kimura2, Tsuyoshi Kimura2, Masato Matsuural and Kazuma

Hirotal
1Department of Earth and Space Science, Graduate School of Science, Osaka University

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* /3h " /3,]) (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), loff 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
notat (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.
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Rev. Lett. 101 067204 (2008)

[3] K. Kimura, H. Nakamura, K. Ohgushi
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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 0.67BiFe(03-0.33BaTiO3(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 K900 K. (The T-
dependence of the dielectric permittivity of
0.67BFO-BTO shows a broad maximum at
Tmax=500 K700 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 0.75BiFe03-0.25BaTiO3(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 CuMnO,

Noriki Terada
National Institute for Materials Science

Crednerite CuMnO, has a distinct two
dimensional crystal structure instructed by
isosceles triangular lattice layers of the
magnetic Mn®*. Despite the large neg-
ative value of Weiss temperature 6, =
—450 K, CuMnO, exhibits the antiferro-
magnetic phase transition at relatively low
temperature Ty = 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 0, and Ty,
CuMnO;, 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 CuMnO,, 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 A.
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,1)%+(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 Ty, suggesting the two di-
mensional character of CuMnQO,. For fur-
ther investigation of the diffuse scattering,
the inelastic neutron scattering measure-
ments are desired.
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Fig. 1. Rietveld refinement of the neutron diffraction
data obtained at 60 K for CuMnO,.
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Long-time variation of magnetic structure in a multistep metamagnet Celr3Si2

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 Celr3Si,.

A ternary compound Celr3Si; shows suc-
cessive magnetic transitions at Tnj=4.1 K
and T\p=3.3 K. At T < Tnp it shows
three-step metamagnetic transitions below
H=1.43 T.[1,2] When a sample is rapidly
cooled below Typ, the magnetic Bragg
peaks corresponding to the medium tem-
perature (MT) phase ( Tnp < T < TNt )
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 < Tnp ) 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
E./kg =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.
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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) ]Z2H20 }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 =2] “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.
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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)
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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 Crl/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 Mnl1/3NbS2, 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.
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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 Tbh1-xGdxB2C2(x=0.15,0.2)
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(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 [J
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 O]-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 AFMI1 to phase
IV. The neutron diffraction experiments of
Tb0.94Gd0.06B2C2 have revealed that the
magnetic structure of AFMI1 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
TI<T<TIN 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 TI<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
(2001) 3112.
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Fig. 1. Neutron powder diffraction patterns of
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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 Fel-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-bec
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, O appearance of elastic diffuse scatter-
ing is a common feature of typical Invar
alloys, ordered and disordered Fe3Pt and
Fel-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. O

[0%0)

_03 b—" o
-03 -02 -01 00 01 02 03
[h00]

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)O,

T. Nakajimal, S. Mitsuda!, K. Yoshitomi!, H. Kimura?, Y. Noda?

! 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 CuFeO, (CFO),
CuFeq_,AlO, (CFAO) and CuFe; _,Ga, O,
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 A 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 (yy and ji;), the phase
shift in the magnetic modulation (4), 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 pyx/yu; = 0.895and 6 = 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.: JPS] 76 043709 (2007).
[3] T. Arima: JPS] 76 073702 (2007).

[ (b) T=2.8K
s D
08
_ 06| éf/sbc
2 ! > Ly
£ bfy g
T 04p o -
t & R(F) = 6.13% R(F) =7.18%
ol Q Uz =3.789 Ux=2.989
2T Ux=3.373 Wz=3.472
[ =734 d=69.2
00 0.2 04 06 0.8 1 o 0.2 04 06 0.8 1
IFcall IFcall
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Magnetic Structure in Ba,MgyFe1209,

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 BayMgyFe,02 (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 BEFMO were grown
from Na,O-Fe, O3 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

Api]' & ejj X (Sl‘ X S]),

can explain the macroscopic electric polar-
ization along the a-axis. Here, Apl-]- is a lo-
cal electric polarization induced by a non-
linear pair of adjacent spin moments S; and
Sj, connected by a unit vector e;;.
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Fig. 1. Projection of the magnetic structure of a Y-
type hexaferrite Ba;Mg;Fe1;0y; along the b*-axis at
4 K. A magnetic field of 0.3 T is applied perpendic-

ular to the projection.
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Effective random-fied domain-state in Ga-substituted CuFeO,

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
CsCoj_xMg,Br; 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 CuFe;_,AlL,O; (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 CuFe;_,Ga,O,
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 AI>*.[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 CuFeO, samples,
in which the local lattice distortion is rela-
tively small.

We performed neutron diffraction mea-
surements on CuFe;_,Ga,O, 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 A. The single crystal
of CuFe;_,GayO; samples were mounted
in a *He-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(gq) 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(g) are rather different. The further
detailed analysis is now in progress.
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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(g).
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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.

CuSb206 compound has a tri-rutile type
structure in which Cu2+ ions form a square
lattice [1]. The magnetic susceptibility of
CuSb206 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 CuSb206. 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 ]2 couplings about
CuO layer only at the compound with x=1.
When ]2 coupling is AF, there are the spin
frustrations between J1 and ]2 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 CuSbTaO#6 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 CuFeO,

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 CuFeO, 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
451 -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 CoNb,Og [2].

In order to check the existence of
the magnetic domain state in 4SL phase
of CuFeO,;, 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 A. 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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Inelastic Neutron Scattering Study on Triangular Lattice Antiferromagnet CuCrO,
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Delafossite-type oxide CuBO, has re-
ceived much attention as a model material
of the magnetically frustrated triangular
lattice antiferromagnets. CuFeO; reaches
Ising-like antiferromagnetic state thorough
2-step phase transitions at Ty = 14 K and
Tno = 10.5 K. On the other hand, CuCrO,
shows Heisenberg-type antiferromagnetic
state below Ty = 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 CuFeO, 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 CuCrO, powder using a
cold neutron spectrometer, AGNES (C3-1-
1), to compare the magnetic behavior with
CuFeO,.

Figure 1 shows neutron scattering in-
tensity, S(E), being the summation of
S(]QJ, E) in the Q-space of CuCrO; pow-
der taken at 10, 20, 30, and 150 K. In the
CuCrO; case, only the QNS peak is ob-
served. The maximum QNS intensity is ob-
served at 30 K, just above Ty. 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 CuFeO;
and CuCrO; using the triple-axis spectrom-
eter HER (C1-1) is underway.
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Fig. 1. Inelastic neutron scattering spectra of
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Observation of magnetic fluctuation in Ni2(OD)3Cl by neutron scattering
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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
HOR and HER, respectively, at JAEA. The
elastic measurement showed a clear long
range order extending over a spacing of
approximately 56 [0 (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.
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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: YbAI3C3
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(A)Grad. School of Sci. and Engi., Saitama Univ., (B)IMR Tohoku Univ., (C) ISSP-NSL Univ.

YbAI3C3 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)LaNb207 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 YbAI3C3 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, A; >~ 1.5 and A, ~ 2.9
meV, satisfy the relation Ay ~ 2A;.
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Fig. 1. Detailed inelastic neutron spectra of YbAI3C3
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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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
ofa=>59160,b=52600, c=231730
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 vector & =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 39 .

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 9mm @ x 40mm, 0 was grown by the
Bridgman method.

The spin wave dispersions have been mear-
sured along the a-axis at 12 KO and 50K, as
shown in Figl. 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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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
ofa=59160,b=52600, c=231730
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 vector & = 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 36 .

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
9mm @ x 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 Figl. 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 (7
100meV) and lower energy (0“2 meV) are
now in progress.
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Research for magnetic reflections on HoRh2Si2
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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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Neutron scattering study on the magnetic moleculars
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Several triangular spin clusters showed
an attractive phenomenon, that is a half-
step magnetization change with hystersis.
The avoided level crossing between the
Siotat = 1/2 and Sy, = 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 < fiw < 1.0 meV in
Fig. 1 (a). At lower temperature, the inten-
sity around fiw = 0.8 meV apparently grew
up. In contrast, the peak almost disappears
at 54 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;

3

H = — Zl []x (S;CS?_FI —+ Szyszy+1) + ]ZS?S?—i—l]
i=

3
+ Z; D41 (sfsiyq —sisia) -

iz
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; [* = J¥ = —6.51 + 0.04K,
J* = —543+0.05K, Df, = 0.257£0.10
K,and D5, = Dj; = 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 Sy = 1/2 and two Sy =
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 E r=3.0meV.
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Crystal Field Softeing and Magnetic Phase Transition in HoBy
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A tetragonal rare-earth system of RBy
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 Tyy = 7.5 K and at
Tno = 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 Ty7 an incommensurate
magnetic order sets in with Q=(J, §, 8’') (6 =
0.022, &' = 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 Tnj. Si-
multaneously, in the paramagnetic phase
above Ty, 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 x(Q,w) = xo(w)/(1 —
J(Q)xo(w)). 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 HoBy 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).
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Fig. 1. (top) Temperature dependence of the 1st CEF
excitation energy of HoBy 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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Multipolar degrees of freedom often play
an important role in 4f electron systems.
Non-Kramers ions such as Pr®* 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 PryNizPby crystallizing in the
trigonal LayNizPby-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 C; point symme-
tries. In the C3 point symmetry, a nine-fold
multiplet 3H, splits into three I'; singlets
and three I';3 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 I'y3 doublet exists at a low energy of
4 K above the I'; singlet ground state. The
specific heat has cusp-type double anoma-
lies at Tnp=2.7 K and Tnp=2.1 K which
are probably attributed to the I'1-I';3 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) and its equivalent po-
sitions below Tnp=2.1 K. At the tempera-
ture range between Tnp and Ty, the peak
at (1,0,%) splits into two peaks at (1,0,%:&5)
(0~0.1) where positions shift on cooling.
These behaviors indicate an incommensu-
rate magnetic structure. We observed both
peaks at 2.14 K close to Tynp, suggesting
that the IC-C transition at Ty 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.
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CePdsAl, crystallizing in the tetragonal
ZrNipAls-type structure shows successive
antiferromagnetic orderings at Tyj=4.1 K
and Tnp=2.9 K.[1] The temperature depen-
dence of resistivity p shows a Kondo metal
behavior with large anisotropy, p./p, =3.2
at 20 K, and opening of a superzone gap
along the tetragonal c-direction below Tyj.
The magnetic data of x(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 |i%>,. 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 M./ M;=20 in
B=5Tand at19K, and x./x,=25in 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
A=1.82646(6) A were obtained by the 331
reflection of the Ge monochromator. Figure
?? shows the powder neutron diffraction
patterns of CePdsAl, at various tempera-
tures 1.4, 3.3 and 5.5 K. The patterns at 1.4
Kand 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 ZrNipAls-
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 26=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 Ty;.

Thus the superlattice peaks originate in the
magnetic transition at Ty;. The propaga-
tion vector of magnetic structures does not
change at Tnp, which hints to a possible
magnetic structure. From the analysis of
x(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 Ty 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.
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Fig. 1. Powder neutron diffraction patterns at T=1.4
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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 HOR 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.

Intensity (arb. units)

Fig. 1. Line scans along (h 0 0) at 13 K.
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Magnetic excitations in YbV408
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YbV408 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 HOQR 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.

Intensity (arb. units)

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. Hagihala"1, X.G. Zheng"1, Taku ] Sato "2
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.

Fig. 1. The magnetic structure for the low tempera-
ture antiferromagnetic order in Co2(OD)3Br
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Neutron powder diffraction of TbPd354 in magnetic fields
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(A)Department of Physics, Tohoku University, (B)ADSM, Hiroshima University, (C)Institute
for Materials Research, Tohoku University

The rare-earth (R) palladium bronzes
RPd354 crystallizes into a cubic NaPt304-
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 RPd354 retain orbital degener-
acy [1].

TbPd354 shows an antiferromagnetic
(AFM) transition at TN=2.5 K. The neu-
tron powder diffraction study of TbPd354
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 TbPd354 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 DyPd354[3] and the appear-
ance of such a canted structure is the ev-
idence of a coexistence of AFM and AFQ
ordering in DyPd354 [3]. We therefore con-
clude that AFQ ordering is induced for
TbPd354 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.
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Fig. 1. Magnetic-field dependence of the integrated
intensities of 100 and 110 Bragg peaks for TbPd354.
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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
Agy7InzoTbyy 1/1 approximant were
prepared in usual manner. The powdered
sample was loaded in the closed cycle *He
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.]. Sato et al., Phys. Rev. B 73 (2006)
054417.

200

% AginTb Q=1.8invA
3

) Y 1
,;"% % T=150K
P % e M

150 |

B J———
.1

100 |

(5]
o

Intensity (counts / 100k Monitor counts)

0 2 4 6 8 10
Energy Transter (meV)

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, iw)
in the neutron scattering spectrum [1].

The temperature independent S(Q, hiw)
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
Gd®" 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 Zn60Mg30Yg,5160Gd1.5 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 ef al., Phys. Rev. Lett.
75 (1995) 725.
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Fig. 1. Inelastic scattering spectrum of Zn-Mg-
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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, O 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.
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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
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! Department of Physics and Mathematics, Aoyama-Gakuin Univ., 5-10-1 Fuchinobe,
Department of Physics, Tohoku Univ., 6-3 Aoba, Sendai, 980-8578

The Tm-based reentrant superconduc-
tor TmsRhgSnyg exhibits superconductiv-
ity at T, = 2.2 K[1] and reentrant behav-
ior between 1.0 and 1.45 kOe[2]. From the
muon-spin rotation/relaxation (#SR) 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 TmsRhgSn;g
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-;SR 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-uSR
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

T..
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Fig. 1. The neutron powder diffraction pattern at

0.75 K and 10 K of TmsRhgSnyg. The inset shows
the expansion of the low-angle region.
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Neutron diffraction experiment under high pressure in YbMn,Ge;
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AYamaguchi Univ., B Univ. Ryukyus, BISSP Univ. Tokyo, “ISSP-NSL Univ. Tokyo

YbMn,Ge, with ThCr,Si; 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 T at Tnp < T < Thng =~ 405 K
and AFM Il at T < Tnp = 163 K, compete
with each other. With applying hydrostatic
pressure, the system indicates valence tran-
sition of Yb ions at P. ~ 1.25 GPa. Althogh,
magnetic behaviors of the system drasti-
cally change above P. and new magnetic
phases, AFM Il 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 YbMn,Ge; 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
YbMn,Ge, under P =13 GPaat T = 8 K
and 300 K. As shown in the figure, mag-
netic bragg peak is clearly observed in both
AFM 1III (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 (HOL) and (HKO) recipro-
cal lattice planes under high pressure to ob-
tain the detail information of the magnetic

structures in AFM III and IV states.
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Fig. 1. Rocking curves at Q = (111) in YbMn,Ge;
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 Co4B6013

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, Co4B6013, was discovered re-
cently[1]. Co2+ (5=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 Co4B6013 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
=096, 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).
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Fig. 1. Energy scan of Co4B6013 at Q = 1A-1.
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Degree of frustration in geometrically frustrated magnets (Col-xZnx)Cr204
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(A)Dep. of Physics Tohoku Univ., (B) Dep. of Physics Aoyama Gakuin, (C)WPI-AIMR Tohoku

Highly frustrated systems, spinel
antiferromagnets ACr204 (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 ACr204
(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 (Col-xZnx)Cr204 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

Univ.

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 ZnCr204, suggesting that the spi-
ral short-range order still survives.
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Fig. 1. Figure. Elastic scattering data of (Col-

xZnx)Cr204 in lowest temperature phases.

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

- 137

Report Number: 994



This is a blank page.




JAEA-Review 2013-039

1. FEFREL 3) EHEEE TR
R ————
1. Neutron Scattering 3) Strongly Correlated Electron

Systems

- 139 -



This is a blank page.




JAEA-Review 2013-039

1-3-1

Competition of different antiferromagnetic correlations in a heavy fermion
Ce(Rul-xRhx)2(Sil-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, g3-phase, in the
Rh-concentraion x range of 0.03 < x < 0.35
[2]. On the other hand, appearance of the
q1-AFM order, ql-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(Rul-xRhx)2(Sil-
yGey)2 and have tried to make up the xy
phase diagram.

Figure. 1 shows the xy phase diagram of
Ce(Rul-xRhx)2(Sil-yGey)2 obtained from
neutron scatteing experiments and magne-
tization measurements. A 3rd AFM phase
where both the gland the g3 magnetic
scattering are observed, ql+q3-phase, has
ben discovered between the ql- and the
g3-phases. No hysteretic behavior was ob-
served in the ql+q3-phase, and hence, we
conclude that the ql+qg3-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 ql-phase but the q1+q3-phase.

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

097204 (2004).

[2] S. Kawarazaki et al., . 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(Rul-xRhx)2(Sil-
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 g3- and the q1+q3-phases respectively.
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Magnetic phase diagram under low temperature and high pressure in RVO3 Il
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(A) Tohoku Univ., (B) JAEA, (C) Osaka Univ., (D) The Univ. of Tokyo, (E) ERATO-MEF, (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., ]. Magn. Magn.
Mater. 310 (2007) 785.
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Fig. 1. Temperature dependence of the magnetic
peak intensities at (0 1 1) and (0 1 0), which reflect
G-SO and C-SO, respectively.
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Magnetic-Field Variations of Antiferromagnetic Structure in CeRh1-xCoxIn5
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(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 gh =

(1/2,1/2,0.297)[1]. It is revealed in the Co-
doped alloys CeRh1 O 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 qcl =
(1/2,1/2,1/2) in the intermediate x range,
followed by the suppression of the gh-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
0 xCoxInb.

Single crystals of CeRh1 0 xCoxIn5 were
grown by the In-flux method. The samples
were shaped into bar (typical size: 3 mm~2
x 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 gh to qc2 = (1/2, 1/2, 1/4) at x =
0.23, while it integrates the qcl- and q1-AF
components [q1=(1/2,1/2,0.42)] into a sin-
gle qcl 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] VS. 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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Fig. 1. The AF Bragg-peak profiles at B=0and 3 T
for CeRh1 O xCoxIn5 with (a) x = 0.23 and (b) 0.7.
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Magnetic Excitations of LaFeAsO0.89F0.11
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This project was originally planned to
study the dynamical magnetic properties
of honeycomb systems of Na3Cu2SbO6and
Na2Co02TeO6 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 LaFeAsO1l-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 (x70.11)
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 O -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, lint/(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 FEi,
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 BaFel.84C00.14As23)
and BaFel.9Ni(0.1As24) 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 ] Phys. Soc.
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Magnetic excitations of NaxCo02.yD20

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

Na0.3C002.1.3H20 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.yD20O, 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 D20. 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 D20 vapor. The c-axis length
of the superconducting phase was deter-
mined to be 19.7038(7) O, 19.706(2) O and
19.653(2) O 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 ath =1/2 0 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)ath=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, 1). 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.?)
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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-T, super-
conductivity, it is important to investi-
gate spin correlations in a wide carrier-
concentration range for high-T. 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 6 = 0.20. Since ¢ in Sr-doped La214
system saturates in 0.13 ~1/8, it should
be examined first whether the large ¢ 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 Bil_75Pb0.35Sr1.90Cu1_yFeyO6+5 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 ¢ detected by Fe doping may
come from underlying modulations of Cu
spins. The large § of the current sam-
ple in the ocerdoped phase follows a rela-
tion 6 = 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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Fig. 1. Difference plots of Q spectra of Fe-doped
samples for Fe-doped Bi2201 with y = 0.03,0.06,
and 0.12. The curved lines are fits to a pair of
Lorentzians by holding the peak position and the
peak width fixed.
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Identification of an order parameter in a heavy fermion antiferromagnet CeTe;
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Rare-earth tri-telluride CeTes, which be-
longs to the family of quasi-two dimen-
sional compounds RTez (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 Ilattice-
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 CeTes. Recently, it has been
reported that CeTez exhibits two (mag-
netic) ordering below Tn; = 3.1 K and
Tn2 = 1.3 K by the specific heat and sus-
ceptibility measurements, shown in Fig.1
(@) [3, 4]. From these measurements, the
phase below at Ty, 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 SHe cryostat [5]. Neutron
diffraction experiments were performed at
HQR and PONTA in the research reactor
JRR-3.

We have searched magnetic reflections of
CeTes below Ty 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 Tnp). Fig.l (b) shows tempera-
ture dependence of the peak intensities at

Q = (0.18,0,1.32), which disappeared at
1.5 K (above Typ). The development of
the incommensurate magnetic Bragg peak
strongly supports that the order below Ty
are of itinerant magnetic origin. A series of
experiments indicate that the magnetic or-
der of CeTez develops from the paramag-
netic phase to the SDW phase through the
intermediate phase with the formation of
heavy quasi-particles.
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Recently, similar magnetic spectra have
been reported on several high-T; families,
La,_,Ba,CuOy4 (LBCO) [1], Lap_,SryCuOy4
(LSCO) [2], and YBayCuzOg4x (YBCO) [3],
namely, a characteristic hourglass-like
magnetic excitation. There are, however,
important differences concerning their
thermal variations of spectra across T;. In
particular, the magnetic resonance peak
in YBCO shows an order-parameter like
behavior in contrast to no clear enhance-
ment of the (7, r)-peak at T, in the LBCO
and LSCO systems. This discrepancy rises
following question. Which part of mag-
netic excitation is essential and universal
for high-T, superconductors? One way
to resolve this issue is to investigate an-
other high-T, system Bij 1Sr; 9CaCuyOgs
(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 w = 34 meV
and (%, %, —14) in our sample. Upon heat-
ing above T, the intensity at (%,%,—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 (%, %, —14). Here, the background
at (%, %,—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 (, )-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 T. and disappears
around T*, which could be associated with
pre-formed singlet pairs in the pseudogap
phase.
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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(IlI). Re-
cently, this system has been suggested to be
the second d-electron spin-Peiers system
following CuGeQO3, 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) (1IMmon 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) -

1(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.
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Fig. 1. Fig. 1 Inelastic neutron scattering spec-
tra from deterated [Ni(chxn)2Br]Br2 measured on
PONTA with Ef =14.7 meV.
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Electric Control of Helimagnetic Chirality in CoCr204
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Ferroelectricity driven by magnetic order
is paid a large attention in the recent study
of multiferroics. A cubic spinel CoCr204,
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, £ g, 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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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 (727K) [1]. It origi-
nates from the spiral configuration of Mn3+
spins rotating in the bc-plane with prop-
agating vector (0 q 1) (q70.27) 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 O 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-axisup 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].
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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 Co304
(99.9%) powders were mixed with an agate
mortar and pressed into pellets. The pel-
lets were calcined in air at 920 O for
12h and sintered at 920 O 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 O for
48h and then quenched in distilled water to
control oxygen nonstoichiometry & . 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 & 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 6 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 O .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)s0O 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) O , bCoO2
= 2.82380(7) O, ¢ = 10.8455(3) O and B
=98.141(5) ° for the [CoO2] subsystem and
bRS =4.55757(8) O for the RS-type BL sub-
system. The resulting p = bCoO2/bRS =
0.61958(5) O 0.62 corresponds to the struc-
tural formula [Ca2C003.08]0.62C00O2.

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) O, bCoO2 =
2.82533(1) O, c = 10.86027(2) 0 and B =
98.135(8) ° for the [CoO2] subsystem and
bRS =4.55128(9) O for the RS-type BL sub-
system. The resulting p = bCoO2/bRS =
0.62077(6) O 0.62 corresponds to the struc-
tural formula [Ca2C003.08 0 & ]0.62Co02.
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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 Co304
(99.9%) powders were mixed with an agate
mortar and pressed into pellets. The pel-
lets were calcined in air at 920 O for
12h and sintered at 920 O 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 O for
48h and then quenched in distilled water to
control oxygen nonstoichiometry & . 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 & 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 6 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 O .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)s0O 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.
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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 CuFeO,
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In the past several years, a magnetic ox-
ide CuFeO; (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
CuFeq_,AlO;, (CFAO) and CuFe; _,Ga,O;
(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 (~ 50uC/m?) is remarkably
smaller than the values in CFO and CFGO
(200 ~ 400 C/m?).

In the present study, we have thus
performed polarized neutron diffraction
and in-situ pyroelectric measurements on
CFAQ, 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
E,. We found that P and D in CFAO
were rather insensitive to Ep. However,
we also found that CFAO can achieve P of
~ 250uC/m?, which is comparable to the
values o