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PREFACE

The present issue follows a previous issue, KENS Report-VIII published in
December 1990 and summarizes research progress at the KENS facility during
the period between October 1990 and September 1992.

During this period a great deal of efforts was devoted to improve the
performance of the existing instruments. The construction of a small and
medium-Q instrument, WINK, is almost completed and the instrument has
successfully been utilized for the measurement of the micro void structure in SiC
fiber, a new material. A glass and liquid spectrometer, HIT, which was very
productive over past twelve years, retired recently and a new instrument, HIT-II,
has just been installed at the position. A high-resolution powder diffractometer,
HRP, is also one of the most productive instrument although this is a prototype
one for instrumental development. A new instrument, HRP-II, is under
construction, which will be installed at the experimental hall by September 1993.
Developing research for new techniques also progressed. One highlight was the
development of a 3He polarizer. A polarization of about 50% has already been
attained. By increasing the laser power a higher polarization, hopefully more
than 80%, will be achieved in near future.

In this period, there was a considerable scientific progress in neutron scattering
research. One highlight was a successful measurement of neutron diffraction
from monolayer oxygen molecules on graphite. Many workshops and meetings
on neutron scattering research in various fields were held at KENS to promote
better sciences.

Recently the number of papers from the KENS facility is increasing considerably
and seems to be approaching the maximum. Unfortunately the prospect of
KENS-1I, a next generation source, is still unclear due to the financial reason of
the Japanese government. We are very much serious how to keep the scientific
activities in near future without the realization of KENS-II. We must find some
way out of the difficulty.

Oct. §, 1992

Noboru Watanabe
Head of Booster Synchrotron
Utilization Facility
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Outline

Prof. Watanabe (left) and Dr. Robinson (right)
are discussing a crystal-field excitation.



Overview of the Progress at KENS

Hironobu ITkeda and Noboru Watanabe

Booster Synchrotron Utilization Facility, National Laboratory for High Energy Physics

1. Gutline of the KENS Facility

The pulsed spallation neutron facility (KENS) at
National Laboratory for High Energy Physics (KEK)
began operation in June 1980. It is open to all
scientists from the universities and national
laboratories in Japan.

The present KENS Facility (KENS-I'} has been
successfully operated during the period since April
1990. The operation time of the 500 MeV booster
synchrotron in the past year was about 3600 hours,
and the beam time allocated for neutron experiments
was about 1600 hours. The average proton-beam
intensity was 1.5 x 10!Z protons per pulse (ppp) or
less, which was lower than the maximum value of 2 x
102 ppp afready achieved in 1988.

The depleted uranium target has been operated
trouble-free since the beginning of its operation in
1985. We experienced no serious problems with the
cryogenic moderator (solid methane at 20 K} in this
period, because solid methane was renewed every two
days before a "burp" can occur.

During the last financial year, 92 experiments
including 13 Jarge proposals by groups responsible for
the instruments were carried out. Scientists who
visited the KENS facility spent about 4000 man-days.

I1. Instrumental Developments

There are currently 16 instruments at the KENS
facility as shown in Table 1. There was appreciablc
progress in the instrumentation.

The construction of a new small/medium angle
scattering instrument, WINK, started in 1989 and the
instrument is now available for users. The instrument
was designed to realize a wider coverage in
momentum transfer from 0.015 to 20 A1 with a much
higher data rate, hopefully more than 10 times as high
as that of the existing small angle instrument, SAN.
WINK will be equipped with more than 250
conventional He-3 proportional counters at a wider
range of the scattering angle from forward to
backward within a few years.

In 1990, the highest resolution of about 1 peV was
achieved at KENS on a high-resolution spectrometer
(LAM-80ET) by using the 002 reflection of mica as an
analyzer crystal (Fig. 1). Note that the energy window
simultaneously covered is very wide, -20 ~ +80 ueV.

The development of polarized 3He as a broad-band
polarizing filter for thermal and epithermal neutrons is
in progress. 3He gas, including a small amount of Ny
and Rb, filled to 3 atm. in an alminosilicate glass cell

Table 1. KENS neutron scattering instruments
Instrument Name Range of Q & E Resolution
Liquid and Amorphous Diffractometer HIT 0.2 < Q < 1o0acd AQ/Q =0.006 - 0.05
Small-Angle Scattering Instrument SAN 0003 < Q < 4At AQQ =0.1
Thermal-Neutron Small-Angle Scattering Instrument ' WIT 003 < Q@ < 07Al AQ/Q =0.1
Small/Mediuvm- Angle Diffractometer WINK 0013 < Q < 2047l AQIQ =0.1
Multi-Purpose Diffractometer MRP 1 < d < 35A AQIQ =0.015-0.03
High Resolution Powder Diffractometer HRP 0.5 < d < 35A AQ/Q =0.003
Single Crystal Diffractometer FOX 0.2 < Q < 40471
Polarized Cold Neutron Spectrometer TOP 0.02 < Q < 0.6A7
Polarized Epithermal Neutron Spectrometer PEN 0.02 < E £ 100eV
Ultra-Cold Neutron Machine UCN
High Resolution Quasi-Elastic Spectrometer LAM-80ET E < 03meV AE  =1-5ueV
Quasi-Elastic Spectrometer LAM-40 E < 10meV AE  =100peV
Molecular Spectrometer LAM.D E £ 200meV AE  =300peV
Sub-eV Spectrometer CAT 3 < E < 1000meV AEE =2%
Coherent Inelastic Scattering Spectrometer MaAX 0 £ E £ 100meV AE  =25-10meV
eV Spectrometer RAT E £ 100eV AE  =50meV
Chopper Spectrometer INC 2 g E < 1000meV AE[E =2-4%
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The energy resolution is about 1.2 peV with a
wide-energy window, -20~+80 peV.

(4 cm long and 2.5 cm in diameter) was irradiated by
photons (4W) of 795 nm from a titanium sapphire
laser. A polarization of about 50% has recently been
achieved,

The development of pulsed high magnetic field
equipment for scattering experiments is now in
progress. The highest field (up to 20 T) in the
horizontal direction has already been achieved, and the
construction of a new magnet with the field in the
vertical direction (15 T) was completed in 1991.

A compact amplifier system for 8 detectors (K-
AMP?2, 16 x 33 x 7 cm? in size) was newly developed.
The system involves a pre-amplifier, a main-amplifier,
a discriminator and a high-vollage supply for each
detector. This system is used at the WINK, HRP-II
etc. which are equipped with a huge number of
detectors.

An upgrading of HIT, the total scattering
spectrometer for S(Q) measurements of liquids and
glasses has started. The new machine is called HIT-II,
and was designed to realize a better momentum
resolution at smaller scattering angles with a higher
data-rate. HIT-II will be completed in 1992,

The construction of a new high-resolution powder
difractometer, (HRP-II), has started. Although the
present HRP is a prototype instrument equipped with
only 12 normal He-3 counters, it has been very
productive and busy. HRP-II was designed to have
Targe counter banks, comprising of many 1D-PSD's at
the backward, 90°, and lower angles in order to
improve the data-rates (about 5 times higher than the
present HRP), resolution (ad/d ~ 0.002) and range of
the d-spacing covered. The new instrument will be
completed in 1993,

The detailed description for HIT-II and HRP-II is
given later.

HI. Neutron Scattering Experiments

The determination of the crystal structure of high-
Tc superconductors still represents an important
rescarch field. Among many substances resolved on
HRP, one example which concerns the
incommensurate lattice modulation is refered to in Fig.

Fig. 2 Modulated structure of Bis(Sr, Ca)sCusOg.x
projected on the b-¢ plane determined from
diffraction data obtained on HRP.

The first experiment on the newly developed
reflectometer was performed with polarized neutrons,
Experiments on an artificial metallic multilayer
system, NifTi in which each Ni and Ti layer has a
thickness of 50 A, were successful. Figure 3 shows
the reflectivity as a function of the neutron
wavelength, where the direction of the incoming
neutron polarization is either up or down. It was
found from these that the magnetic moment of a few
fayers of the Ni metals near the interface is absent.

H H T T 1
10° - + i
>
L
E
10" -1
O
13 ]
-t
u.
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H = 5 kOe
R.T.
10-3 i X £ 1 1
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Fig. 3 Polarized neutron reflectivity from a multilayer
NifTi.,




One interesting recent scattering experiment was
the observation of magnetic scattering from oxygen
monolayer films adsorbed on grafeil. The experiment
was performed on the MRP diffractometer, revealing
that the magnetic moments of the oxygen molecules
are ordered antiferromagnetically below the phase
transition temperature (12 X).

High-resolution spectroscopy experiments
involving a methane monolayer adsorbed on graphite
were performed on LAM-80ET. The rotational
tunneling energy in methane molecules depends on the
local symmetry and the electric field surrounding the
molecules; high resolution measurements are therefore
indispensable to obtain detailed information
concerning the molecular structure. Figure 4 shows
the energy spectrum in methane molecules measured
aaT=5K.
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Fig. 4 Inelastic neutron scatlering from methane
monolayer films adsorbed on graphite (T = 8 K).

Polarized neutron diffraction measurements on
multilayered films were carried out using the TOP
spectrometer. In Fe/Nd multilayered films on a glass
substrate the spin reorientation was observed both in
the Fe and Nd layers in the presence of a magnetic
field. This fact indicates that the perpendicular
anisotropy of the Nd layer is a major origin of the spin
recrientation.

At the FOX diffractometer, atomic and magnetic
diffuse scattering was observed in a spin-glass system
of Ag-20.8 at. % Mn single crystal. By analyzing each
diffuse intensity centered at a different reciprocal
lattice position, it was found that the correlation length
of Mn atoms is different from that of Mn spins. This
experiment provides new information concerning a
Fermi surface effect on the magnetic interactions in
metallic spin glasses.

The scattering functions for Si-C fibers, new
structural material working at a higher temperature,
was extensively studied over a wide range of
momentum transfer covering small-angle scattering
and Bragg reflection regions using WINK. Figure 3
shows the S(Q) at small and intermediate Q-range;

scattering from the micro-voids was for the first time
clearly observed over the range Q = 0.1 ~ 1 AL
These results are very important for understanding the
heat treatment-temperature dependence of the
mechanical properties of this material.
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Fig. 5 Scattering function for low-oxygen Si-C fiber after
a heat-treatment a 1400°C in small and
intermediate Q-ranges.
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performed with a fixed outgoing neutron energy of
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P denotes the phonon peaks identified from the
room-temperature measuremenis.



To elucidate magnetic excitations in a diluted Ising
magnet over the entire magnetic concentration,
neutron inelastic scattering experiments were
performed on two-dimensional Ising magnets
(Rb2CocMgi1cFs (€ = 0.1, 0.2, 0.3, 0.4, 0.5, 0.58)) at
the LAM-D spectrometer. It was found for the first
time that Ising-cluster excitations and intra-cluster
excitations coexist over the entire concentration region

(Fig. 6).

1V. Future Program

The fundamental concept of the target station for
KENS-II, a next-generation Japanese pulsed spallation
neutron source in the Japanese Hadron Project, is
almost completed; the main part has already been
reported in previous KENS Reports. We recently
performed further optimization studies on a so-called
flux-trap-type target-moderator-reflector configuration
by computer simulation, since this configuration has
various possibilities for increasing the slow-neutron
beam intensity. The detailed discription for the results
is given in this volume.

V. Japan-UK Collaboration

KEK arranged for a high-resolution chopper
spectrometer, called MARI to be installed it at ISIS.
The construction of MARI was completed in 1989;
commissioning was carried out in 1990. The
instrument has been available to users since 1991, In
FY 1991, 14 experiments (7 on MARI, 7 on other
instruments) were carried out under the Japan-UK
Collaboration Program and new important
informations in various scientific fields are now
coming up. Some examples are listed below.

Using MARI, spin dynamics in low-dimensional
Heisenberg antiferromagnets (LasNiO4, KFeSs,
CsVCl3, etc.) were successfully studied using single
crystals. The hydrogen potential and wave function in
a hydrogen-bonded compound KDP was studied,
providing an important result in connection with phase
transitions. The chemical structure of metal-metalloid
amorphous alloy (PdgpSizg) was determined from
measured dynamical factors S(Q, o)'s. The phonon
density of state (PDOS) of super-and non-
superconducting Laj g55rp.15Cu1.xZnx04 (x = 0, 0.02)
were measured; it turms out that there exists a finite
difference between both PDOS's which may play an
important role in the superconducting mechanism.
And so on.
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1. Summary of BSF Operatiron

Table 1 shows a summary of BSF operation from
October, 1990 through July, 1992. Total operation
time is 7,161 hours and the number of protons
delivered to BSF experiments and proton therapy is
47 x 1020, The PS cycle time was changed in
October, 1990 from 2.6 sec to 4.1 sec, which increased
the duty factor by 8.6% for BSF operation. Also in
this October, a three-week run was cancelled due to an
ultra-slow muon facility of University of Tokyo which
was being under constraction, while 12 GeV PS ring
was operating. (Just one year later in 1991, the first
proton beam was successfully led to the beam dump of
the ultra-slow muon facility after fifty minutes beam-

line tuning.) A coil-shorting of beam-line magnet
VB4, which diverts a beam upward by 7.2 degrees into
BSF beam-line, occurred at the end of October in
1990. A new pulsed switching magnet PVB4 was
installed as a replacement and it took a week to fix.
The new PVB4 facilitates beam sharing between a
dump experiment and the existing BSF experiments.
Thus nuclear spallation experiments in the dump room
have been carried out five times to date by Japan
Atomic Energy Research Institute.

In Table 2 are shown, the average beam intensity
supplied to BSF in units of 101! protons per pulse
(ppp) or an average current and the bearn wransmission.
As can be seen, the beam intensity regained its high

Table 1. Summary of BSF operation from October, 1990 through July, 1992,

Neutron Meson Proton Spallation {Beam-line Total Ratio
Experiment | Experiment | Therapy | Experiment |study, etc o {%6)
Beam On 2970.6 2732.4 1108.5 6811.5 95.1
Reject 12.7 83.9 0.8 97.4 1.4
Beam-line fault 12.6 11.2 4.5 28.3 0.4
Accelerator stop 61.0 78.4 12.9 152.3 2.1
Miscellany 5.6 3.1 10.2 18.9 0.3
Utility 27.7 24.9 52.8 0.7
Supplied no. of
protons(1078) 241.0 218.6 10.1 469.7
{units are hours unless ctherwise specified)
Table 2, Beam intensity and Transmission
. NEUTRON MESON PROTCN THERAPY
eriod expenment Average intensity TR Average intensity TR Average intensity TR
P (10"ppp) (WA) (1) @ | (10"ppp) A) (1) ()| (10™'ppp) (A) (1)
1980 OCctober-Decemberl 98 28 096 088f 92 26 095 087] 94 27 098
1991 January - March 95 27 097 088 a4 26 094 087] 95 27 098
1891 Apnil - Juty 8.1 23 089 080 &8 26 098 088 88 25 10
1991 October- December| 75 22 100 085y 72 21 09% 087 75 22 1.02
1992 January - March 14.6 42 ——— 096] 1641 47 —— 097; 154 44 —
1992 May - July 16.2 47 1.02 098] 151 43 1.01 098] 153 4.4 1.00

TR (1) is defined as the ratio of beam intensity at the beam-line exit to that at the entrance.

TR (2) is the ratio of beam intensity at the beam-line entrance to that in the booster synchrotron.
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value in the second half of the period, which had been
lost since May in 1990 (Fig. 1). The operation at the
first crest in March, 1989 revealed a couple of objects
which limited the beam intensity from radiation
protection point of view. The one was poor shielding
around meson-production target and the other was a
small vertical aperture of a branching vacuum
chamber downstream of a pulsed switching magnet
PHB1. These all were cleared by November, 1989,
However, the reason of relatively large recession in
beam intensity between the last two crests is not clear,
but probably due to the fact that the main effort in PS
was given to the deuteron acceleration study.
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Fig. 1 Average beam intensity and current delivered to

neutron and meson experiments during the last
five years.

Table 3 shows the dose rate around radiation
controlled areas within BSF sile, when the beam is
supplied to the specific experimental area which is
noted in the first line. These data were sampled during
February through July, 1992, (The strong influence of
12 GeV ring operation on the data has not been

recognized so far.) The highest rate is 80% interlock
level at YEL 304 when full pulses, ie 73 pulses per PS
cycle time, are delivered to the meson lab No. 2 (ultra-
stow muon facility).

Table 3. Exposure dose around BSF area, which is
exprassed in % per regulation dose and a unit
injection current. The regulation dose is 0.2 and
20 mS8v/h for YEL and ORG, respectively.

E‘WA;“:‘“" NEUTRON MESON No. 1 MESON No2
ock
Fede %/ A %/EA %/uA
301 9. 5~16. L} 1. 6~0. 83} (displayerrer)
¥
% 3102 2, 1~3. 1 1. 9~2. 17 ~0. 6
304 2, 2~3, 4 | 2. 5~-3. 2 1216
02 piv/a
308 1 0. 7~1. 1 0. 8~1. 2 13~15
o 303 ~0. 2 14~16 ~0. 2
R
G 304 ~0, 1 9~12 ~0. }
Bl 395 7. 0~7. 5 ~8. 3 ~0. 02

IL Instrumentation

Since beam-profile monitors are found to be a
major source of high residual radioactivities along the
beam-line as well as exposure rate at the area
monitors, the profile monitors are only used for initial
beam-steering and are then retracted from the line.
The beam loss monitor, made of a gas proportional
counter, is used instead so as to watch the deviation of
the beam orbit afterwards. Twelve sets of counters are
now installed along the line, including the primary
proton beam-line in meson lab No. 2. Fig. 2 shows the

2 giter cycle(50.5.9-5.25), Te=3.5¢{DUMP} and 15.5n{BSF) T+ after cyclo(82,6.24-7.10), Te=3.54{DUMP) and 13.54(BSF)
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result of such procedure. Residual radioactivities after
the three-week run in July, 1992 were alleviated down
to about one-tenth of those in the last crest in May,
1990 when all the profile monitors were sct at
measuring positions during the whole run.

A pulsed-beam intensity monitor of the induction
type was calibrated by feeding a current inside a
toroidal core (Fig. 3); the current typically has a 4A
peak with a duration of 100 nsec which corresponds to
18 x 1011 ppp. The high-frequency characteristics of
the measuring device were corrected for integration of
the pulsed current. The accuracy of the calibration is
1+0.8% over a variety of pulse conditions. Conse-
quently, the beam transmission from the booster
synchrotron through the beam-line entrance in Table 2
was apparently increased by 10%.
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Fig.3  Schematic diagram of the calibration system

An effort is underway to study new probes such as
a nondestructive beam-profile monitor which wutilizes
scattering of primary protons with residual gas, and a
real-time halo monitor which measures the penumbra
of the beam by scanning a thin wire across the beam.
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Fig. 4 Horizontal beam-profile measurement with wire
scanning.

Fig. 4 shows the result of real-time halo
measurements. The scanning wire (1mm¢) is situated
at the T2 focal point on the beam-line. The plastic
scintillation counter, located 4 m upwards of the wire,
is embedded in the shiclding bank. It took about 30
minutes to measure when the beam was delivered to
the neutron target.



Meeting

Workshop on Polymer Science by Neufron
Scattering

The workshop was mainly devoted to a theoretical
as well as experimental aspect of miscells and
emulsions, and a related neutron scattering
instrumentation. Richard K. Heenann and Alexander
Hannon from ISIS in UK were anticipated in the
meeting as a part of the Japan-UK collaboration
program.

It was organized by H. Hasegawa and M. Furusaka,
and held on September 9-10, 1991,

Second Workshop on Phase Separation with
Ordering

This is a second workshop on phase separation
processes in alloy systems as AILi alloy which show a
complicated behavior due 10 the coexistence of
ordering processes. Three scientists from abroad were
invited: D. Laughlin {Carnegie Mellon Univ.), H.
Chen (Univ. of Illinois) and C. Windsor (Harwell
Lab.).

The workshop was cosponsored by KEK and The
Light Metal Educational Foundation, Inc., organized
by K. Osamura and M. Furusaka and held on march
16-17, 1992.

Workshop on P- and T-Violation Neutron
Experiinent

On June 10, 1992, recent status of the P- and T-
violation experiment on neutron induced reaction and
related topics were discussed at KEK. Polarization of
incident neutron, target nucleus, neutron-spin analyzer
nucleus were discussed. The method of measure the
P-violating neutron-spin rotation, P-violating neutron
capture y-ray angular correlation and the T-violating
neutron-spin flip process were also discussed.

Workshop on Neutron scattering from Magnetic
Materials

On March 29, 1991, recent scientific problems on
magnetic materials were discussed at KEK. Magnetic
excitations in triangular antiferromagnets, percolated
systems, spin-glasses, heavy fermion systems etc.
were discussed. Technical and scientific problems on
the future experiments under pulsed high magnetic
field and high pressure were also discussed among 80
altendants.

Workshop on Formation of Supermolecular
Structures in Composite Fluid

On July 2 and 3, 1992, workshop on formation of
supermolecular structures in composite fluid was held
at KEK. A special attention was paid to the theoretical
approaches to the phase rule and dynamics and the
related experiments. Joint discussions between
polymer scientists and neutron scientists on the cross-
disciplinary sciences were fruitful for the future
progress of neutron experiments on low energy
excitations and time-resolved small angle neutron
scattering.

Workshop on Neutron Scattering for Low Energy
Excitations

Workshop on low energy excitations was held on
November 13 and 14, 1991 at KEK, Three scientists
from abroad, F. Mezei (HMI), a. Magerl (ILL) and R.
Zorn (Julich), joined us. New experimental results
concerning low energy excitations in glass-transition
systems, spin-glasses, disordered systems and surface
adsorbed system, and hydrogen tunneling in metals
etc. were presented and discussed.

Workshop on Neutron Scattering from High-Tc
Superconductors

On December 10 and 11, 1991, workshop on the
mechanism of high Tc superconductors was held at
KEK. Experimental and theoretical studies to resolve
the key mechanism in high Tc superconductivity were
reviewed and discussed.

Workshop on hydrogen-bonded Materials

Workshop on hydrogen-bonded materials was held
on January 21-22, 1992, and dynamical motion and
spatial distribution of hydrogen in ferroelectric
compounds and the other chemical materials were
discussed. One of interesting topics in this meeting
was a role of the hydrogen in the ferroelectric
compound KDP. The possibilities of the tunneling
model or the order-disorder model were extensively
discussed with many theoretical and experimental
studies.

Workshop on hydrogen Science

Workshop on hydrogen science was held on
September 29-30, 1992. Many experimental studies
on ferroelectric, chemical and biological materials
obtained by X-ray diffraction, light scattering, NMR
and neutron scattering were reported, and the
hydrogen position and its motion were discussed in
relation to functions of these materials.



International Workshop on Neutrons in Biology

An International Workshop on Neutrons in Biology
was held at the Sunpia Hotel closed at JAERI (Japan
Atomic Energy Research institute) from September 4-
5, 1992. The workshop was one of the satellite
meetings of BSR 92 (the 4th International Conference
on Biophysics and Synchrotron Radiation). 41
scientists in 7 countries attended. The purpose of the
workshop was to introduce the facilities, to exchange
the recent results obtained in the different laboratories
each other and to discuss plans for neutron
crystallography in biology. In spite of the lack of the
time, all the discussions were fruitful. The
proceedings of the workshop were published.

Workshop on KENS Future Program

Workshop on KENS Future Program was held on
25 March 1992, This workshop was aimed at
discussing the upgrade of the present neutron source
of KENS. The workshop was organized mainly in
three sessions, i.e. 1) upgrading Booster synchrotron
accelerator, 2) possibility of increase of neutron yield
by reducing the moderator-decoupling energy, 3)
modification of moderator system so as to have good
pulse shape and good energy resolution.



New Instruments

Small angle detector
bank of WINK

Polarized 3He filter



HRP-IT

T. KAMIYAMAL H. ASANO!, N. WATANABE?Z, M. FURUSAKAZ, S. SATOH2, I. FUNIKAWAZ,
H. IKEDAZ? and F. IZUMI3

! Institute of Materials Science, University of Tsukuba, Tsukuba-shi, Ibaraki 305, Japan
2 National Laboratory for High Energy Physics, Tsukuba-shi, Ibaraki 305, Japan
3 National Institute for Research in Inorganic Materials, Tsukuba-shi, Ibaraki 305, Japan

HRP-Ii (Fig. 1) is a high-resolution diffractometer with
large back-scattering bank as well as 90° and low angle
bank. HRP-II will replace the present high-resolution
powder diffractometer (HRP) in the summer of 1993.

HRP has been successfully operated since 1983. After
the high-T¢ superconductors have been discovered, HRP
has been one of the active instruments in the world to
determine their crystal structures precisely. However, the
measuring time is usually more than ten hours for one data,
In many cases, therefore, the measurements have been
performed only at room temperature or at several
temperatures. There is very high and increasing demand for
powder diffraction at many different temperatures for one
experiment, especially for studies of the samples with phase
transitions. In addition, some of the samples are practically
difficult to obtain in a large amount, as in fabricating them
under high pressure.

By increasing a detector solid angle at the back-
scattering bank, HRP-II will achieve a tenfold increase of
neutrons at detectors, and will allow 1/10 of measuring
tme with a standard sample size, or very small sample
volume (300 mm?) to be studied in ten hours with better
resolution(Ad/d=2x10-3).

Another large-area detector bank will be installed at 90°,
This bank is designed principally for studies of powder
samples under special environment such as high pressure
with resolution of Ad/d=5x10-3. The scattering geometry
has significant advantages for experiments of this kind,
because suitable collimation of incident and outgoing
beams can eliminate scattering from the surrounding of the
sample like pressure medium. Studies of textures and
materials strength under special environment would also be

possible with the 90° bank.

The third large-area detector bank will also be installed
at 30° This bank coversa  d-spacing range up to 20 A with
resolution better than 2x10°2. The obtained data from this
bank will be used to analyze magnetic structures and crystal
structures with large unit cells.

One of the remarkable features of HRP-II is to utilize
half-inch 3He position sensitive detectors (PSD's}) instead
of normal 2He detectors. In the back-scatlering bank, PSD's
can cover the large back-scattering area without sacrificing
resolution. We can also check and correct the effect of
preferred orientation of the powder sample. Adopting PSD
has many other advantages. High resolution single crystal
diffraction is onc of the promising applications of PSD on
HRP-IL. PSD and the TOF method enable large area of

reciprocal space to be explored simultaneously, The fine
structure of the Bragg reflection due to crystalline
imperfection and diffuse scattering and their changes with
temperature could be overlooked with very good resolution.

The30° bank equipped with PSD would be particularly
advantageous for investigations of magnetic scattering from
single crystals. The TOF method enables large area of low
Q reciprocal space to be explored simultaneously, which
would be powerful for searching new magnetic structures.
The design of the instrument is now on the final stage
and much of the installation will be completed during the
summer of 1993, with first commissioning operation
scheduled for following autumn. Until 1992, a hundred
detectors have been purchased for back-scattering bank,
and the scattering vacuum tank with the detector mounting
frames was constructed. The design of detector electronics
has been completed and submitted to manufacture.

Construction of the 90° bank system has been started in
collaboration with National Institute for Research in
Inorganic Materials. The majority of the remaining items
exceptthe 30°  bank will be installed in carly 1994. It is
anticipated that the 30° bank system (detectors and
clectronics) will also be installed in the following year.

90° bank

30° bank

Fig. 1. Layout of HRP-ll. The detector banks of back-scattering,
S and3 are located approximately at 1m, 2m and 2m
position from the sample, respectively. All the detector
banks will be filled with dried air to reduce the detector
noise,
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This paper reports the new HIT-II spectrometer
that has been designed to investigate the atomic
structure of liquids, glasses and amorphous materials.
The old HIT-I spectrometer!) was constructed in 1980
and has been worked for 12 years. During the period a
number of measurements on various samples have
been carried out. The HIT-I spectrometer was
designed to see the high Q region of the structure
factor S(Q). The detector array located at lower
scattering angle was not enough to accumulate the
good data statistically in the low Q region of S(Q).
However, recently liquids with light elements have
been investigated by using only the low-angle
counters, because the analysis of the low angle
scattering data allows us to get a precise S(Q) with
particularly small correction of recoil or Placzek
effects. Therefore, the HIT-II spectrometer has been
designed to improve the count rate of the scattered
neutrons in the forward scattering direction.

The design of the HIT-1I spectrometer was carried
out through the following criteria;

1. S(Q) should be measured in the wide Q range.

2. Many neutron detectors were located at the
forward scattering angle to get reasonable count rate in
comparison with that at the high scattering angle.

3. Resolution should be adequate, no greater than
necessary, to keep a reasonable count rate.

4. The sample environment equipments as used in
HIT-I, such as the sample changer, high temperature
furnace, low temperature refrigerator and magnet,
should be used.

Figure 1 shows a schematic diagram of the final
form of the HIT-I spectrometer with 208 He-3
detectors located around the vacuum chamber. The
detectors are arranged from 20=10" to 26=160" to get
the scattered data of the wide Q range. The forward
detectors are separated into 6 banks cach of 26
detectors, which are 14 detectors of 12" in height and
172" in diameter, 6 detectors of 8" in height and 122" in
diameter and 6 detectors of 4" in height and 1/2" in
diameter. The 156 detectors located in the forward
scattering angle may be enough to get reasonable
scattering data within an appropriate time. However,
only 52 detectors has been installed now due to the
financial difficulties. The 150°, 90° and 50° angle

detector banks are constructed by 16 detectors of 12"
in height and 1" in diameter, 20 detectors of 12" in
height and 1" in diameter and 16 detectors of 12" in
height and 1/2" in diameter, respectively.

The detailed detector arrangement is shown in Fig.
2. The detectors of 150° angle banks were arranged by
geometrical time focusing and elecirical hardware
focusing method. The 90°, 50° and forward(30°-10")
angle detectors were also set at the electrical hardware
focusing positions. The scattered flight path length has
been determined to give both high count rates and
modest geometrical Q resolution.

Beam
L

Fig.1  The schematic diagram of the new HIT-II spectrometer

sample

55000 s

Fig. 2  The detailed detector arrangement, which is shows 1/2
of 150, 90 and 50° banks' detectors and 1/6 of the

forward angle detectors.

The electrical hardware time focusing system has
been reported?). In this system each detector has own
time analyzer, the time width At of which chosen
easily by a software to satisfy the following time
focusing condition,



At=-LSin® A, ,

L sin@

T T

where L and 20 are the total flight path length and
scattering angle, respectively. Subscript r denotes a
reference detector. Improved electronics, such as 8-
Input Amplifier Module(K-Amp2)¥ and Time
Analyzer Module(TA16) are installed.

The flight path length between the moderator and
the sample is 5500 mm. The collimator made of the
sintered B4C was set in the flight path tube before the
sample to reduce the background intensity. The
neutron beam is collimated to be 50mm in height and
20mm in width at the sample position,

In the design of the HIT-II spectrometer, the
geometrical resolution in Q space was calculated by a
Monte Carlo technique. The geometrical sizes of
moderator (100x100 mm?2), sample (8 mm in diameter
and 40mm in height as a typical case) detector (1" or
1/2" in diameter and 4-12" in length) were taken into
account for the calculation. The time structure of the
incident neutron pulse was included in an approximate
manner as well. The resolution AQ was defined as a
root mean square deviation of the Q value from the
mean value @, i.e. AQ=<{Q-2)2>12, The calculated
geometrical resolutions of 150°, 90°, 50° and forward
angle counter banks are summarized in fig.3. The
resolution of the HIT-II spectrometer improves by a
factor of about 1/2 compared with that of the HIT-I
spectrometer?). Figures 4 and 5 demonstrate the effect
of the geometrical resolution on S(Q) calculated for
the 25° and 160° detectors, respectively. The solid line
shows an exact S(Q) derived from a hard sphere model
and the symbol (+) curve is the S(Q) calculated with
the geometrical resolution.

0.4 T T T T

HIT-1I spectrometer

4Q (A1)

Q A

Fig. 3 Geometrical resolution of momentum transfer Q
calkeulated betwsen A=0.3 and 0.7 A for various
detector banks.

The HIT-II spectrometer was installed during the
summer shutdown in 1992 and is now tested on beam.
The preliminary experiment revealed that the count
rate of neutrons improved by a factor of 3 or 4 in
comparison with that for the HIT-I spectrometer. It is
felt that the present design of the HIT-II spectrometer
is probably optimal given the conflicting demands of
the count rate, resolution and space constraints, The
cxperiment using the HIT-II spectrometer will be
started on January in 1993,
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Fig. 4 Effect of the Q resolution on S{Q) observed by the
25 degree angle detector. The solid curve is an
exact S(Q) and the symbol (+) curve is the
calculated onae.
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Fig.5 Effect of the Q reselution on S(Q) observed by the
160 degree angle detector. The solid curve is an
exact S(Q) and the symbol {+) curve is the
calculated onse.
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I. Introduction

Neutron polarization is expected to be one of the
most important tool to develop a new field in physics
concerning neutron spin dependent phenomena. For
example, the parity (P) violation and time reversal (T)
symmetry violation neutron experiments where P-odd
and T-odd correlation terms concerning the neutron
spin are measured in eV neutron energy region. The
neutron spin will also play an important role in the
magnetism of condensed matter, since the information
from the neutron magnetic scaitering in the wide
energy region is very useful. In these studies, the
neutron spin polarization and analysis is
indispensable. The 3He nuclear polarization is a new
tool for this purpose. The principle is the followings.
The 3He nucleus has a large capture cross section for
the neutron, for example, the value of the cross
section is more than ~1000 b below the neutron
energy, En = 1 eV. The capture process is induced by
the resonance reaction of n(3He,p)t. The resonance
energy and the width are Eg=-518 keV and "= 1153
keV, respectively.l!] The spin of the resonance state
is zero. The neutron spin and the 3He nuclear spin are

both 172, therefore, neutrons whose spin couple with -

the 3He nuclear spin in antiparallel are absorbed by
3He nuclei. The scattering cross section of the 3He
nucleus is negligible compared with the absorption
cross section. We can use this property as a neutron
spin filter. If the 3He polarization is 100% and the
filter thickness is much larger than the neutron mean
free path, neutrons whose spin are parallel to the 3He
polarization transmit through the filter without
attenuation, on the other hand neurons whose spin is
antiparallel are absorbed completely. In principle, the
transmittance of the polarized 3He filter becomes 50%
and the polarization of the transmitted neutrons
achieves 100%. This is a prominent feature of the
polarized 3He filter. In previously, the polarized
proton filter was unique method to obtain polarized
neutrons in the epithermal region.2l However, the
proton has large scattering cross section for the
neutron. Because of this reason, the transmittance of
the polarized proton filter is rather small than the
polarized 3He filter and scattered neutrons may induce
background in the neutron experiment. The 3He filter
can be also applied to the neutron spin analyzer.
Namely, the neutron spin is analyzed by the neutron
count after transmission through the filter, A

polarized 3He neutron counter is more ambitious
application. Since the neutron of antiparallel spin
induces the nuclear reaction 3He(n,p)t which produces
an electric signal in a proportional chamber, the
polarized 3He counter senses only neutrons of
antiparailel spin. It means a great gain of the
analyzing power for the neutron spin.3!

Although the 3He nucleus has the prominent
property in the application to the neutron spin
polarizer and analyzer as mentioned above, the
polarized 3He filter has not been realized for neutron
experiment. Here, we discuss development of the 3He
nuclear polarization for the polarized 3He filter at
KEK. We also discuss its application to the polarized
neutron experiments.

11. 3He nuclear polarization

For 3He nuclear polarization, a hyperfine
interaction between the polarized atomic spin and the
3He nuclear spin is used.[45] The rubidium atomic
spin is polarized by an optical pumping. Namely, the
rubidium atom is polarized upon absorption of
circularly polarized D1 resonant light as it is shown in
Fig. 1. The 581/2 state excites to 5P1/2 state upon
absorption of the D1 light, where the magnetic
quantum state of m = -1/2 transits to 1/2. The 5P1/2
state deexcites to 551/2 state emitting unpolarized D1
light. If another polarized rubidium atom absorbs
unpolarized resonant light and the atom depolarizes.
A small amount of nitrogen gas is added to guench the
unpolarized D1 light. The deexcitation of the 5P1/2
state is induced by a collision with nitrogen molecule
without emitting the resonant light. During the atomic
collision with nitrogen molecule, the magnetic
substates of the 5P1/2 state mixed with each other,

collisional
mixing

5Py,

t
1

t1/2

i
-O-O-O-é-o- 552

m=+1/2

m=-1/2

Fig. 1  Opfical pumping of rubidium atom
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Fig.2 Experimental set-up of 3He nuclsar polarization
therefore, the population of the magnetic substate is
equalized. Each magnetic substate of 5P1/2 decays
into the magnetic substate of the 551/2 without change
in magnetic quantum number. As a result, 1/2 of the
photon spin is transferred to the 551/2 state. The spin
transfer rate from the photon to the rubidium is
determinkd by the photon absorption cross section and
incident laser intensity. The polarization of rubidium
atom, PRy, is limited by the spin destruction during the
Rb-Rb and Rb-3He-3He atomic collisions. The
incident laser power is applied to overcome the spin
destruction rate. As a result, the order of the optical
pumping rate of rubidium is the spin destruction rate,
whose value is ~1 ms. Rubidium atomic polarization
is transferred to the 3He nuclear spin by a hyperfine
interaction during the Rb-3He atomic collision. The
spin exchange rate from the rubidium atom to the 3He
nuclear spin is I'seg ~ 10 h for the rubidium atomic
number density of 4 x 1014/cc. The polarization of
3He nuclei, PHe is predicted by a rate equation. As a
result, the evolution of 3He polarization is described
by

Pe = [ TsePRo/Tse + 1) ] [ 1 - exp(-(Tse+ TH) . (1)

Here, T is the relaxation rate of 3He nuclear
polarization. The value of PH. is directly proportional
to the value of Pry. since the optical pumping rate of
rubidium is very fast compared with the spin exchange
rate Tee.

I11. Measurement of the 3He polarization

The experimental set-up of the polarized 3He filter
is shown in Fig. 2.[6] An alminosilicate glass cell is
filled with 3 atm 3He gas, 100 torr N2 gas and a small
amount of rubidium droplet. The glass cell size is 4
cm in length and 2.5 cm in diameter. The cell is
placed in the center of a Helmholtz coil of 40 G. The
homogeneity of the magnetic field around the cell is
10-3. The temperature of the cell is controlled at
180°C, where the number density of the rubidium
atom is 4 x 101/cc which satisfies the spin exchange
rate of I'se ~ 10 h. The laser beam from 4-W Ti-
Sapphire laser system transmits through a 1/4 A plate.
After the transmission linear polarization of the laser
beam is transformed into the circuiar polarization.
The cell was irradiated with a circularly polarized
laser beam. The wave length is 795 nm, which
corresponds to the D1 light wave length foe the
optical pumping. The evolution of the 3He
polarization was observed by a polarized neutron
transmission measurement. The 3He glass cell is
placed in a polarized neutron beamline. Neutrons
from the spallation source is polarized upon
transmission through a polarized proton filter. The
neutron polarization is determined by the transmission
enhancement for the polarized proton filter.[2] The
neutron polarization is guided to the 3He filter by
using an adiabatic passage. Before transmission
through the 3He filter, incident neutron beam intensity
is monitored by an annular indium capture v counter.
Transmitted neutrons are detected by a 19B-loaded
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liquid scintillator placed downstream. A typical resuit
of the 3He polarization measurement is shown in Fig.
3. In the figure, the laser beam is switched on at point
1 and the polarization of 3He starts. Since the 3He
nuclear spin is polarized in paraliel direction to the
incident neutron polarization, the neutron
transmittance of the filter increases. At point 2, the
circular polarization of the laser beam is reversed and
3He muclei are polarized in antiparallel. Therefore, the
neutron transmittance decreases. The value of the 3He
polarization is determined by the transmission
enhancement ¢, which is described as

e=(1+Pn)exp(NotPhe)/2+(1-Pp)exp(NotPye)/2. (2)

Here, P, is the neutron polarization, N the nuclear
number density of the 3He nucleus, o the 3He cross
section and t the length of the filter. At present, the
maximum 3He polarization is more than 40%. At
point 3, the laser beam is switched off and 3He
polarization relaxation is observed. The time constant
of the relaxation is represent by I. A spin exchange
during collision with some paramagnetic impurities on
the glass wall is dominant in the relaxation
phenomena. The relaxation rate is estimated by the
polarization evolution and relaxation. By using the
value of Tge is 9.4 x 10-2 h-15] the value of the
relaxation rate was obtained as T' = 7.4 x 10-2 h-1 and
the value of the rubidium polarization was obtained as
PRy = 0.66. For further improvement in the 3He
polarization, we should decrease the value of T and
increase the value of Pg,. We are developing surface

Zero field

area

Adiabatic passage

treatment of the glass wall by HF to remove the
paramagnetic impurity from the glass wall. To
improve the rubidium polarization, we need more
laser intensity in the glass cell. For this improvement,
we developed a NMR method to obtained the value of
the 3He polarization without the neutron beam. In the
Helmholtz coil, we mounted a drive coil, which apply
the RF field (Hsinmt) to the 3He glass cell. The
effective field in the rotating frame whose frequency
is same as the RF field (w) is represent as

Hegr = (Ho - o) + Hj 3
Here, Hy is the magnetic ficld of the Helmholtz coil.
When the Hp is swept across the resonant point, the
effective field rotates from up to down or from down
to up following the magnetic field sweep. If the
sweep velocity satisfies the adiabatic condition, the
3He spin follows the magnetic field rotation. The
change of the 3He spin direction is sensed by a pick-
up coil. The magnetic induction signal at the pick-up
coil is analyzed by a lock-in amplifier system. A
typical result is shown in Fig. 4. The NMR signal
amplitude was calibrated by the neutron fransmission
measurement,

IV. Application of 3He polarization

We have constructed an apparatus to measure the
neutron spin rotation by the weak interaction in the
nucleus by using the polarized 3He filter as a neutron
spin analyzer.[?] The experimental apparatus is shown
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in Fig. 5. The principle is the following, At the 3He
filter, the projection component of the neutron spin on
the magnetic field is analyzed. We need to
magnetically separate the 3He filter area from the
nuclear target area, otherwise the neutron spin follows
the magnetic ficld along the bearmnline and therefore it
is almost impossible to detect the rotation effect in the
nuclear target by the 3He filter. We used the Meissner
effect of a superconductor for the magnetic field
separation. A superconducting box in which the target
will be mounted is placed before the 3He filter. The
neutron polarization after transmission through the
polarized proton filter is held by a solenoid magnetic
field in the beamline. Before entering into the
superconducting box, a dipole magnet is placed so
that the neutron spin rotates from the longitudinal
direction (z) to the transverse direction (x) following
an adiabatic passage. Since the magnetic field is zero
in the superconducting sheet because of the Meissner
effect, the neutron experience a suddenly changed in
the magnetic field at entering and going out of the
superconducting sheet. Therefore the neutron spin
enters the box non-adiabatically, namely the neutron
spin direction does not change at entering the box. If
there is no magnetic field inside the box, the neutron
spin travels through the free space keeping it original
direction. Afier travel through the box, the neutron
spin enters a transverse dipole field again non-
adiabatically. I the direction of the downstream
rnag'nctic1 field is rotated from the upstream magnetic
field by @, cose component of the neutron polarization
is held by the downstream magnetic ficld. The
projection component of the neutron spin on the
magnetic filed is guided to the 3He filter by an
adiabatic passage and analyzed by the transmission
measurement. The transmittance of the 3He filter was
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Fig. 8 Experimental scheme for spin detailed balance
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measured as a function of @ by using an annular
indium counter before the filter and a 10B-loaded
liquid scintillator placed downstream. During the
experiment, the incident neutron spin was flipped by
reversing the upstream dipole magnetic field every 4
sec. The flipping ratio which is defined as

R=(T+-TMT++T) @)

was obtained. Here, T, and T. are transmittances for
flipper off and on states, respectively. The result is
shown in FHg. 6. A clear cos distribution is found in
the flipping ratio. The solid and broken lines are
results of calculation for the incident neutron energy
of 0.1 and 0.75 eV, respectively by using the incident
neutron polarization and the 3He polarization. The
experimental result are well explained by the
calculated results. As a result, the magnetic separation
by the superconductor works very well and then the
direction of neutron spin can be detected precisely by
the present method. In the P-violating neutron spin
rotation experiment, a target is mounted in the super
conducting box and the rotation angle after
transmission through the target will be detected by a
change in the 3He transmittance. Now the experiment
is going on.

More important application of the present method
is for a T-violation neutron experiment.[8] In the T-
violation experiment, a T-odd triple correlation term
between the neutron spin, neutron momenturn and
target nucleus spin is measured. The experimental
principle is shown in Fig. 7. In the figare, spin flip
processes which are the time reversed processes for
each other. The T-odd term induces a difference in
spin flip probabilities for the two processes. The role

Photo
diode_H,  Helmholtz

1) coil n-counter

5 Ti-sapphire laser
S M
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of the polarized 3He filter is shown in Fig. 8. A
polarized target will be mounted in a superconducting
box. Neutrons polarized in x direction enter the target
region non-adiabatically. Then the neutron spin
rotates from x direction to z direction in the vertical
(y) magnetic ficld. Therefore, the neutron spin isin z
direction upon transmission through the polarized
target. The neutron spin rotation in the target is
controlled so that Larmor and pseudomagnetic
precessions are canceled out. Flipped neutron spin
after transmission through the target is guided to the
3He filter by the similar magnetic field configuration
as the upstream one. Thus the neutron spin flip
process is detected by the 3He filter. The difference in
the spin flip probabilities for the time reversed
processes is searched for the T-viclation evidence.
The technique of the neutron spin rotation is quite
important in the T-violation experiment. The present
method to detect neutron spin direction is quite useful
for this technique.
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Status

WINK is a special instrument which covers
very wide momentum transfer range (0.01 <Q <
20 A-1) by combining a small-angle instrument,
a medium-resolution powder diffractometer
and/or a total-scattering instrument. Side view
of WINK is shown in Fig. 1. WINK is
especially useful for research in materials
science, polymer, biology, and condensed
matter science when these materials reveal not
only long-range fluctuations but also changes in
crystal structures or local atomic arrangements
and so on. A typical result on the study of a
SiC-fiber will be described later. Although one
can measure both low-Q and high-Q scattering
with different instruments the simultaneous
measurements over the wide Q-range are
frequently desired. It is also better to measure
both regions under the same physical
configuration.

Incident neutrons with wide wavelength
range are also indispensable for the

High-Angle Detectors

Tail Cutter \ Sample Position

e T e §

measurement, for example, very small defects
or voids in the specimens. In these experiments,
elimination of spurious scattering from the
multiple-Bragg reflections is indispensable.
This can be done by using long wavelength
neutrons that is longer than Bragg-cutoff and by
measuring scattering function S(Q) up to around
Q~1A-1 by using high-angle detectors.

Because the detector system with wide
coverage of solid angle and relatively relaxed
resolution for the collimation system, counting
efficiency of this instrument is very high,
particularly in the medium and high-Q range.

WINK sits in between two existing
instruments: a low-energy inelastic spectrometer
(LAM-40) and a high-resolution powder
Diffractometer (HRP). These three instruments
share the same neutron beam (C4) viewing
directly the solid methane moderator at 20K.

The in-pile collimation system is similar to
that of INC (High-Energy Chopper
Spectrometer); combination of picture frames

Medium-Angle Detectors Low-Q Detectors

Vacuum Chamber,

Fig. 1. Side view of WINK.




made of iron and B4C/resin-mixture, and
"Teethes" of sintered B4C's are implanted inside
the frames. Though no filter or ty-chopper is
installed to eliminate high energy neutrons at
the beginning of neutron bursts, high energy
background is suppressed enough.

A tail-cutter is located far from the
moderator, therefore frame overlap is not
negligible. By comparing the scattering with
identical Q from detectors at different angles
with different wavelengths, we can distinguish
frame overlapped scattering from non-
overlapping ones; this is one of the advantages
to use wide-wavelength incident neutrons band.

A sample position is apart from the
moderator by 9 m, and the optimum sample size
was designed to be 20 mm by 20 mm.

Scattered path-length for the low-Q detector
bank is 2.35m (p = 1.5° ~ 8.4%), which is much
shorter than the desired length of about 4 to 5m.
Detectors at the low-Q detector bank are
installed inside the vacuum chamber. A similar
detector arrangement is used at the medium-
angle position (L, = 1.1m, ¢p = 12° ~ 19°), but
detectors are outside the chamber. We are now
planning to install a high-angle detector-bank
(L2 =0.45m, ¢ =25 ~ 145°),

Typical Scientific Results

We show the recent results on SiC-fiber
which clearly reveal the capabilities of WINK.
SiC-fiber is a material similar to carbon or
boron fiber but with much higher acid- and
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heat-resisting capability. It is becoming
important as the base material to make FRM or
FRC. Since this material has very complex
structure, relation between its structural changes
and the mechanical strength has not been well
understood so far. In order to obtain a full
understanding of the structure of this kind of
materials, neutron scattering measurement over
the wide-momentum transfer region, i. e. the
combination of all the data from powder
diffraction, total-scattering and low-Q
scattering, is indispensable. Wide Q-range
measurements have been recently performed
using WINK. The results were compared with
X-ray SANS results which give the different
information due to the different scattering cross
section from neutrons.

A typical result obtained by WINK is shown
in Figs. 2 and 3. As shown in the figures, we
could obtain information in the very wide Q-
range (0.01 £Q £20 A-1) at the same time. The
result in the low-Q region is depicted in Fig. 2,
in which neutron result is shown in (a) and X-
ray in (b). They may look very different for the
first glance, but this is due to the different
scattering cross sections. From these
observations, hydrogen contents were obtained
from the incoherent scattering intensities around
Q =1 A-l, where the coherent cross section is
known to be very small. This results is
consistent with the chemical analysis. The main

.contribution to the scattering is from B-SiC

particles with the size of 40-50A and there is an
additional component due to micro voids with
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Fig. 2. Small-angle (a) neutron and (b) X-ray scattering from SiC-fiber prepared at 1473K.



much smaller size (diameter = 4 - 10A). It
should be noted that it is very difficult to
observe such small voids with TEM or X-ray
scattering techniques.

From the high angle scattering data in Fig, 3,
we can see a powder pattern of B-SiC
crystallites. The line-broadening corresponding
to the finite size of the crystallites, but the
estimated size is remarkably smaller than that
obtained from the SANS measurements. This
suggests that many smaller B-SiC crystallites
with different orientation form a larger p-SiC
particle. The former contributes to powder
diffraction and the latter to SANS. Several other

smaller peaks were observed, and these were
compared with the result of the powder
diffraction measurements from bulk vitreous
silica and carbon. From the measurements, the
origins of these small peaks were resolved as is
shown in Fig. 3.

In conclusion, WINK is a very powerful
machine to resolve very complex materials for
real applications like the characteristic structure
of SiC fibers. This is our first result, and we are
now investigating unresolved problems
concerning complex and interesting structures
in polymer, biology and materials science.
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Fig. 3. High-angle neutron diffraction from SiC-fiber prepared at 1473K.
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Fourier maps of SrCeQO; obtained by X-ray
diffraction (upper) and neutron
diffraction (lower).
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Room temperature phases of rare-earth
orthoniobate (RNbO,4) crystals have a shear-
-deformed Scheelite (CaW0,) struitgse, and
thelr space group 1s iz/a The
coordination number of Nb®* is four which
is very rare. Regular tetrahedra of NDO,
in high temperature phase change into
distorted tetrahedra with monoclinic
symmetry in room temperature phase. In this
study, the relation between the distortion
of NbO, and rare-earth ions was clarified.

RNBO,4 (R-La, Nd, Ho and Yb) crystals
were grown by floating zone method at 1700
~ 1850 °C. Neutron powder diffraction for
these crystals is more advantageous than
single crystal diffraction, because they
are ferroelastic and have wusually many
twins at room temperature. All Rietveld
refinement patterns of the HRP data showed
a good fit. An example is shown in Fig. 1.
Final R-factors with a weight, are
hiann, (3 05%. 5.00% and 4 04% for "Panvo,,
NdNbO4 HoNbQ 4 and YbNbO respectively.
Their lattice and structure parameters are
shown in Table 1. Lattice parameters in
the parentheses were Eelned by X-ray
powder diffraction method

Displgcement of four oxygen atoms
around Nb ion has the degree of freedom
of 12. The displacement is decomposed into
the following modes: a cubic symmetry, Qy,
an orthorhomblc symmetry. Qo, a tetragonal
symmetry. QS' three monoclinic symmetry,
Q4. and Qg, three translational, Q. Qg
and 8 ang three rotational modes., Qig.
Q1 and Qg ). These values were estimated
by the normal coordinate method (Table 2.).

The following formula shows a rate of
the displacement (=a kind of strain):

€n= Q / V1/3 (1)

where V= abesin@ is the unit-cell volume
of RNbOg4 Substituting each value of
displacement Q, into Eq. (1), we get the
result as shown in Fig 2. It is found
that the strains € £ and are
almost independent o an ionic rad}us of
rare-earth element and €1 increases with
decreasing the ionic radius. The 1latter
result 1is gonsistent with the simple
model that Nb ions fill up the gaps in
ROg frame work, because 3 should be
almost independent of the ionic radius when
the model 1s valid.

The displacement of Qq produces a
regular tetrahedron of Nb04 Four sets of
orthogonal coordinpates, and qoiz
(i=1, 2, 3 and 4) brought a§0ut gy are
estimated using an inverse transformation
matrix:

qolqulf\/lz. qoly=““Ql/\/§ and qolz=Ql/\f12
Q ox==Q1/v¥12, qozmel/JIE and q022=Q1/JEE
0%3,=0, /Y12, a%3y=0;/¥12 and q%,=-0;//12

and

0°4x=-0 /Y12, 0%4y=-01/¥12 and q°4,=-Q;/V12

These four sets correspond to the position
of four oxygen atoms in the regular
tetrahedron. Thus the virtual bond 1length
of Nb-0, {4, is calculated using one of
four sets.

={cql/ﬁ5}2 s (- /i) % + (aq/Vi2)2}1/2
= Q‘l 2

A mean value of , becomes 3.668 R using
the walues given In Table 2, and ,then an
average value of QO is 1.834 A. This
value 1is nearlyj,equal to the mean bond
length R= 1.828 A for s {= valence of Nb_/
cooggiasgion number of §b}= 5/4, where R=

s 7 v Rp= 1.911 A and s is calle?
electrostatic bond stren§¥h by Pauling
and bogd valence by Brown Icnic radius
of Nb with coordingation nuwmber of four,

bebg?ecomes 0.4% A, subtracting rmpz-+
1 36 from the mean bond length. his
value 1is nearly equal g? the empirical
value obtained by Shannon
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Fig. 1. Rietveld refinement pattern of the HRP data for HoNbO4.
Q= 2 w/d, where d is the interplanar spacing , and Ay;=
yi(0) - y;(c), where yj(o) is the observed intensity and
respectively, at a

vi(e)

particular channel,

is” the calculated intensity,

i.

Table 1. Lattice and structure parameters obtained by the Rietveld

refinement.

Lattice parameter Structure parameter
a (A) v (R) e (5 8 (o) Atom  Site % ¥ :
LaNb0, | 5.5647(1) 11.51%4(2) 5.2015(1)  94.100(1) | La he 0 0.6292{1) 1/4
(5.5667(2)) (11.5245(4)) {5.2020(3)) {94.084(2)) | Wb he o] 0.1036{1) 1/4
0(1y 8f 0,2376(2) 0.0337(1} O0.0546(2}
0(2) 8t 0.1460(2) 0.2042(1)  D.48B8(2)
NdNbO& 5.4669(1) 11.2789(2) 5.1463(1) 94.503(1) Hd e ¢ 0.6296(1) 1/4
(5.4687(3)) (11.2811(5)) (5.1466{3)) (94.528B(4)) | Nb be 0 0.1040(1) 1/4
o{1) B8f 0.2399(2) 0.0327¢(1) 0.,0467(2)
O(z} 8f 0.1508(2) 0.2065(1) 0.4907(2)
HoRbDa 5.2985(1) 10.9465(2)} 5.0719(1} 94.531(1) o be 0 0.6288(1) i/4
(3.3030(2)) {10.9555(3}) (5.0742(2)) (9A.548(3)) { b he 4] 0106101} A
0{1) Bf 0.2458(2) 0.0324(1) 0.0415(2}
o{2) 8f G.15586(2) 0.2100(1) 0.4971(2}
YbHBO, | 5.2394(1)  10.B344(2)  5.D436(1)  94.467{3) {¥d Le [} 0.6286(1) /4
(5.26429(3)) (10,843(1)) (5.0456(3)) (94.496(7)) [ ¥p LY ] 0.1067(2) 1/4
o(1) &t 0.2473(4) 0.4321(2) 0,0401{(3)
0(z) 8f 0.1583{3) 0.2106(2) 0©.4997{3)
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Enz= Qn/ V3

Table 2.

Displacement of oxygen atoms in I‘ilbO4 of RNbO,

(R= La, Nd, Ho and Yb) crystals for six modes.
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HfO2, which has monoclinic symmetry at room
temperature under atmospheric pressure, transforms to
a high pressure phase with orthorhombic symmetry by
compression above about 3 GPal), Present authors
performed a time-of-flight neutron diffraction
experiment on a powder sample of orthorhombic
HiO?2

The starting material was fine-powderes of HfO?2
(grain size was 100 nm) provided by Nacalai Tesque,
Inc. The powderes had a purity of 98 % and contained
about 2 % of ZrO2. The orthorhombic HfO2 powder
specimen of about 1 g was prepared using a cubic
anvil type device operated at 600°C and 6 GPa for 30
min2), The product consisted of almost all the
orthorhombic phase, except for a trace of the
monociinic phase.

The neutron diffraction experiment was performed
on a high resolution time-of-flight (TOF) neutron
powder diffractometer, HRP3). Intensity data were
collected at room temperature with gate widths of
4-13 ¢ s depending on TOF. The least-squares
structural refinements were executed with the
RIETAN program for the Rietveld analysis of TOF
neutron data?). The values of scattering length, b, used
in the refinement were 7.770 fm for Hf and 5.803 fm
for 03}, Intensity data covering interplanar spacings,
d, between 0.05 and 0.328 nm were used for the
refinement. No correction for preferred orientation
was made because the high pressure sampie consisted
of very fine and spherical grains. As a small amount of
the monoclinic phase coexisted in the sample, the
recorded pattern was analyzed assuming a mixture of
the monoclinic and orthorhombic phases. In the two-
phase refinement, a full matrix refinement of the
orthorhombic structure was undertaken with the
variables of scale factor, lattice parameters, fractional
coordinates and individual isotropic thermal
parameters along with refinements of the scale factor
and lattice parameters of the monoclinic phase, while
other structural parameters of the latter phase were
fixed.

The resulting structural parameters and their
standard deviations are listed in Table. The latiice
constants were refined to be. a=1.00861(4),
b=0.52615(2) and ¢=0.50910(2) nm. The structure is
derived from a distorted fluorite {CaF?2) structure by
the b-glide parallel to the a axis. The Hf atom is in

seven-fold coordination. The oxygen-1 (O1) atom is
coordinated by three Hf atorns in an approximately
coplanar configuration, while the oxygen-2 (02) atom
has a nearly tetrahedral coordination.

The relation of the orthorhombic structure with the
monoclinic structure is of particular interest. The two
structures can be compared by setting the a and ¢ axes
of the orthorhombic parallel to the a and ¢ axes of the
monoclinic structure. Hf and O2 atoms in the
monoclinic structure are directly refated to those in the
orthorhombic structure with slight displacement of
these atoms. On the other hand, further substantial
displacement of O1 atoms are required for this
transformation. Considering a (100) twin of the
monoclinic structure, the two structures are related.
One unit cell of the orthorhombic is produced by a set
of two types of the monoclinic unit cell which are in
{100) twin relation.

Table Orthorhombic HiO2 Space group: Pbca

Atom g2 x y z B(nm2)b

Hf 8e 1.0 0.3845(1)€ 0.0338(2) 0.2439(4) 2.0(2¥*10-3
018 1.0 0.2902(2) 0.3716(4) 0.3720(4) 5.4(3)*10-3
028e 1.0 0.0227(1) 0.2431(6) 0.0004(5) 3.5(2)*10-3

Rwp=4.77 Rp=3.57 RE=4.24 RI=3.44 RF=1.68

a Site occupancies

b Isotropic thenmal parameters

¢ The figures in parentheses indicate estimated
standard deviations of the last significant digit.
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Determination of the proton site in the perovskite-type protonic conductor SrTiO3
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1t is known that perovskite-type oxides like S1CeO3
have protonic conductivity at high temperature when
they are doped with accepter ions!). Protonic
conductors of this type oxides are expected for
applications to fuel cells, hydrogen sensor and so on.

It is clear that protons are bound by oxygen ions in
crystal because O-H stretching vibrations are observed
in the infrared absorption spectrum?). Temperature
dependence of the electrical conductivity suggests that
protons migrate by hopping from site to site. However,
the mechanism of protonic conduction is not clear
because the site has not been determined.

The purpose of this study is to determine the proton
site in protonic-conductor S1Ti; xScx03 (x=0.02, 0.03)
by the neutron diffraction. Then, we measured Bragg
intensity by TOF method at FOX with 128 position
sensitive detectors installed at KENS. Single crystals
are used because the high S/N ratio is necessary to
observe slight changes due to exchanging from proton
to deuteron. Two samples were prepared; one was
grown by floating zone method using Xe arc imaging
furnace and the other by Verneuil method.

Two models of proton site have been proposed
(Fig. 1). One is in double minimum potential between
0O-0 which compose hydrogen bonding like formation,
and the other is in the site between O-Sr on cube face.

{a) (b

Sr
e Ti (Sc)
0o

o proton

Fig. 1 Two models of the proton site in SrTiO3; (a)
oxygen octahedral site (O-O). (b) cube face site
{O-81).

The Bragg intensity is

Ith, k) =k-i(A)-|F(hk,0) -L(A,6)-A(%,8)-E(A),

where i, F, L, A and E represent incidental neutron
intensity, structure factor, Lorentz factor, attenuation
correction factor and efficiency of detector,
respectively. It is difficult to estimate these factors
accurately. Then, we measured the Bragg intensity of
proton-doped and deuteron-doped crystals. The Bragg

intensity was measured on the same condition that
these factors are equivalent. Thus, we may lead an
equation to be

2
Thost+d =1Fhost+Fd12 b Fam |

1+
Thost+ p |F}m +Fpl2

Fiost+ Fp 1
where Fpogr, Fd and Fp Tepresent structure factors of
host, deuteron and proton, respectively. This equation
does not include correction factors. Using this
equation, we calculated the ratios of structure factors
from the Bragg intensity. The ratios were also
calculated for several models with various O-H
distances, proton concentrations and other parameters
to compare with experimental values.

T 1 ] T T T
® 2" SrTio.9sSc0.0203 7
-~ 1 g -
& g o A
e
Roo1l ? {_
-
= 2| ¢ —
=,
E 3 e : experimental T 7
R 4L ¢ :model _
= ] I 1 ] I i

1 2 3 4 5 6
(ho0o)

Fig. 2 The ratios of structure factors; experimental
results and results of the modsl site ({a) O-O}.

Then, these results lead to the conclusion that
proton is in the site between O-O (Fig. 1 (a)) and the
concentration of proton is about 2 mol% per unit cell.
Furthermore, proton is found to be slightly inside to
Ti(Sc) ion with the angle of about 5° between O-O and
O-H, and the distance between O and H is about 1.2A
which is rather large as expected from the O-H
stretching vibration.
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Correlations between Mn atoms and spins in Ag-Mn spin-glass alloys
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Ag-Mn alloy has been regarded a prototype of

spin-glasss the same way as Cu-Mn has been.
However, to the former less attention has been
paid than to the latter from the structural

point of view. Ishibashi et al.l} found the
magnetic diffuse maxima in the Ag-Mn alloys.

We have carried out X-ray and neutron diffuse
on three Ag-Mn single

scattering

scattering experiments
crystals. In this report,
results of Ag-20.8 at.% Mn alloy are presented,
which were obtained between room temperature and

neutron

11 X using a four-circle goniometer with a

refrigerator placed in the Instrument FOX
installed at a pulsed neutron source KENS. We
have Found that the diffuse intensity does not

change between room temperature and 200 K and it
increases This
signifies that the spin state above 200 K was
fully paramagnetic and that magnetic short-range
order (MSRO) developed below 200 K. The magnetic
diffuse intenities in the spin-glass state at 11
obtained by the
beiween the room temperature value and that at
11 K. The background Intensity was measured
without the
one.

gradually below around 200 K.

K were intensity differences

sample and substracted from the
observed The
normalized by the use of an incident mneutron

observed intensity was
gpectrum from a vanadium sample and converted to
units of the paramagnetic scattering infensity
from a Mn2* ion with both an amount of the Ag-Mn
The
resclution by a
deconvolution procedure using the profiles of
200 reflection. With the above
correction, we have taken the exact Iintensity
distribution of the magnetic diffuse scattering
as shown 1in Fig. 1 on the (hk0)
lattice plane. Sharp maxima at 1, 0.28,0 and 1,
¢.72, 0 appeared elongated along the [1, 0, 0]
and [0, 1, 0] directions, respectively. This
three~dimensional shape of the diffuse
ellipsoidal. After Fourler

sample and that of the vanadium one.

correction was achieved

nuclear

reciprocal-

scattering was

inversion of diffuse intensity, MSRO parameters

were determined. The first-nearest  MSRO
parameter {for 110} is -0.821. It =means the
presence of strong antiferromagnetic coupling
between the {first nearest spin pairs. The
parameters for 200, 400, 600 and 800 are all
positive. It means the existence of a
ferromagnetic linking aleng the <100>
directions. It may become a key point to

understand the spin-glass freezing mechanism.

Fig. 1 Magnetic neutron diffuse
scattering of Ag-20.8 at.% Mn
alloy on (hk0)} plane.
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Laj ;Baj;,CuOs5 has recently been found to be an
insulator which exhibits ferromagnetic transition at
about 5 X.1) This system was first identified by Michel
et al.2) using X-ray powder diffraction. The structure
parameters of oxygen and the distribution ratio of La
and Ba atoms between the two metal sites could not
accurately been determined by X-ray powder
diffraction. A more detailed knowledge of the crystal
structure is desired to explore the mechanism of its
ferromagnetism. This study was undertaken to refine
the crystal structure of Las ,Baj4,CuOs (x=0.2) by
Rietveld analysis of neutron powder diffraction data.3)

Neutron powder diffraction data were taken on a
time-of-flight neutron powder diffractometer, HRP, at
KENS. The structure of Laj gBaj 2CuQs was refined
using a Rietveld refinement program RIETAN on the
basis of the structure model given by Michel er al.?)
(see Fig. 1). Table I Hlists final R factors, lattice and
structure parameters and their standard deviations.

Fig. 1. Crystal structure of Lay gBaj 2CuQOs5 viewed along
the [001] direction. Oxygen atoms at (1/2,1/2,0) and
{1/2,1/2,1} are not drawn for clarity.

The g wvalues of the Cu, O(1) and O(2) sites
obtained in a preliminary refinement were 0.994(5},
1.008(6) and 0.992(4), respectively. These g values
give a chemical formula of Laj gBaj 2Cug.99404.968 if
we assume that g(O(1)) = 1. This formula is widely
different from that reporied by Michel er al. :
Laj gBaj 2Cug.904.8.2) The above g values of the three
sites can be regarded as wunity in view of the
undercstimation of standard deviations in Rietveld
analysis. In addition, the Beq values obtained by
assuming g{(Cu) = g(O(1)) = g(O(2)) = 1 are quite
normal, as shown in Table I. Thus, we can safely

conclude that no deficiencies exist, at least, in our
sample.

An effective Cu valence, 2+p, or a concentration,
p, of doped holes per (Cu-O) unit can be determined
from the chemical formula Laj gBaj 2CuQO5 under the
condition of electrical neutrality in this compound.
The value of p calculated in this way is 0.2, which
indicates that an excess amount of Ba generates holes
on the CuQ4 plane. Masuda et al.4) observed spin
dilution accompanying Ba substitution for La in
Laz ;Ba1+:Cu0s5. The effective Bohr magneton
obtained from Curic-Weiss plots decreases linearly
with increasing x. The ferromagnetic-transition
temperature also decreases with increasing x. These
results indicate that the spin of Cu?* is diluted by non-
magnetic Cu3*, and are consistent with the hole
doping on the CuQ4 plane concluded in this structural
study.

Table 1. Final result of the Rietvelt refinement for
Laqy gBay 2Cu0yg (tetragonal , P4/mbm, Z=2). a =
0.68652(1) nm and ¢ = 0.58698(1) nm. Ryp = 2.88%, Ap =
2.28%, A= 2.61%, AF = 1.60% and Ag = 2.78%. Baq
values are equivalent isotropic thermal parameters in nm2.

Atom Site X ¥ 4 g Bag

La() 26 0 0 1/2  0.025(8) 0.0073
Ba() 26 0 0 12 0.975(8) 0.0073
La(2) 4g 0.17408(8) =1/2+.x O  0.888(8) 0.0027
Ba{2) 4g 0.17409(8) =1/2¢x 0  0.112(8) 0.0027
Cu 2 0 12 172 1 0.0035
o) 2a 0 0 0 1 0.0075
Of2) 8k 0.35187(8) =1/2+x 0.2656(1) 1 0.0080
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Crystal Structure of CugOgInCl and CugOgCuyCl
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CugOgInCl has a three-dimensional network
composed by Cu-O bondings and shows metallic
conductivityl). In atom can be replaced by Cu and
CugOgCuzCl was obtained?), However, CugOgCuyCl
is found to be a semiconductor. These two compounds
that have different structures!-2) have been synthesized
as pure phases by heating mixtures of hydrates of
copper(Il) nitrate and copper(Il) chlorine, or indium
nitrate. These crystal structures have been refined by
the Rietveld method using neutron and X-ray powder
diffraction data. CugQgInCl is a stoichiometric
compound and has a murdochite-like structure3). The
obtained crystallographic data are space group, Fm3m,
a unit cell parameter @ =9.1555(2)A, dy=5.69g/cm3,
Z=4. Rwp was 4.74%. The crystallographic
parameters are shown in Table 1. [CugOg] blocks, a 3-
dimensional network of 26 polyhedra, are composed of
[CuQy4] planes sharing oxygen atoms (Cu-O : 1.908A).
Another block is a network of [InOg] cubes sharing
oxygens with the 26 polyhedra at the comers (In-Q :
2.257A). The centers of each block are occupied by Cl
and In, respectively. The oxygen and chlorine sites
(32f and 4b) were found to be fully occupied. 1t is
concluded that this compound has the ordered structure
of CugOgInCl.

As for CugOgCuyCl, the Cl sites were found to be
partly substituted by NO3. The crystallographic data are
space group: Fm3m, a =9.381(1)A, dp=4.95 g/cm3,
Z=4. Rwyp was 4.09 %. Table 2 lists the
crystallographic parameters of this sample. The crystal
structure of CugOgCuCl is essentially the same as that
of CugOgInCl except the Cu sites(Cu(2)) corresponding
to the In sites. The Cu(2) atoms are not located at the
center of the cube, but distributed among the 6
equivalent sites (24¢) around the center of the oxygen
cube with the occupation factor of about 29 %. A
Cu(2) atom of the cubes is coordinated with 4 oXygens
forming distorted [CuOy4] planes and the cube made by
Cu(2) forms a 3-dimensional network with the 26
polyhedra sharing the [CuQy4] plane. Therefore, this
type of compounds can be expressed as Cug.;Og-Cus.
nClg.7(NO3)o.3 where m+n are 0.4. For the sample
used in this work, m was 0.1. CugOgCu»Cl has the
larger unit cell than CugOgInCl. It is explained by that
the former contains large NO3 anions instead of Cl
atoms.

Table 1. Crystallographic data of CugOglnCi

Atom Site Occup. x ¥z Big(A2)

In 4a 0.98(1)0.00 0.00 0.00 0.54(6)
Cu(1) 24d 1.00(1)0.00 0.25 0.25 0.48(1)
Ci 4b 1.00(1)0.50 0.50 0.50 2.72(8)
O(1)  32f 100(1)0.14232(5) x x  0.49(1)

Rwp=4.74%; Rp=3.46%; Ru=4.57%; R=2.45%
Rp=2.18%, Rindex= Rwp/Re= 1.04

Table 2. Crystallographic data of CugOgCusC!

Atom Site  Occup. x y Z__Biso(A2)

Cu(l) 24d 0.98(1) 0.00 0.25 0.25 1.01(5)
Cu(2) 2de 0.29(1) 0.1305(10) 0.00 0.00 0.2(1)

O(1) 32f 1.00(1) 0.1441(2) x x  0.92(5)
Ci 4b  0.71(5) 0.50 0.50 0.50 3.1(2)
Oy 24e 0.0481 0.39(2) 0.00 0.00 3.1(2)

O3 96i 0.0241 0.44(1)  0.12(1)0.00 3.1(2)

Rwp=4.09%; Rp=3.19%; Rg=3.57%; R1=5.17%
Ry=3.17%; Rindex= Rwp/Rg= 1.15
#)taken from ref. 4
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Bulk superconductivity has recently been achieved
in "2:1:2:6-type" copper oxides synthesized under high
O, pressure — in compounds not doped with Sr and in
Sr-doped ones [Laz-xCa4xCu06.0245, Lag.ySr.Ca
Cuz0¢ and Lag-x(Cay.ySry)14xCu206.2/2+5]1"7. The
relations between crystal structure and super-
conductivity in superconducting Laj ¢S19.4CaCuz0s.94
and Laq gSrg2CaCu;06 and in weakly superconducting
LayCaCu;06,04 have been investigated by use of
neutron powder diffraction®-1®), because the 2126
compounds are not superconducting if they are
conventionally synthesized in air or in I-atm O, and
special attention has been given to oxygen
stoichiometry. However, no consistent results have
been obtained. Furthermore, no detailed comparison
of crystal structures between superconducting and
nonsuperconducting compounds has yet been reported.
This paper reports results of precise structure
refinements for superconducting and nonsuper-
conducting Laj g2Ca; 15Cu0645 with neutron powder
diffraction data.

Samples were synthesized from LayO3, CaCOs,
and CuO powders with purities higher than 99.9%,
Nonsuperconducting Laj 33Cay.15Cus0¢-5 was pre-
pared by firing the mixture at 1060°C for 50 h under 2
atm of fowing C,. Superconducting La; g2Cay.yg
Cuy06.+5 was obtained by sintering the nonsuper-
conducting compound again at 1080°C for 100 h in
20% O3+ 80% Ar at a total pressure of 200C atm (Po,
of 400 atm) using a furnace for hot isostatic pressing
(HIP).

Neutron-diffraction data were collected at room
temperature on a time-of-flight (TOF) neutron powder
diffractometer, HRP, at the pulsed-spallation neutron
sourcell). The gate width was appropriately set at 4—

16 us, depending on the TOF,

Structure parameters were refined by using
RIETANI12) for the Rietveld analysis of TOF neutron-
diffraction data on the basis of /4/mmm space
group13.14), The crystal structure of the 2126 com-
pound is shown in Fig. 1. Wycoff positions are 2a
(0,0,0) for La(1) and Ca(1), 4¢ (0,0.z} for La(2), Ca(2),
Cu, and O(2), 8g (0,1/2,2) for O(1), and 2b (0,0,1/2)
for O(3). Anisotropic thermal paramelers were
assigned to all sites except for an interstitial 2b site of

0O(@3) whose isotropic thermal parameter B was
arbitrarily fixed at 1 A2 because of its very low
occupancy. Refinement of the occupancy for the O(3)
site in the nonsuperconducting compound gave a very
small negative value, so it was fixed at zero in the
final refinement. The site occupancies g's were
refined under the following linear constraints:
g(Ca(1)) = 1- g(La(1)}, 2g(La(2)) = 1.82 — g(La(1)),
and 2g(Ca(2)) = 1.18 — g(Ca(1)). The coherent
scattering lengths used for the Rietveld analysis were
8.24 (La), 4.90 (Ca), 7.718 (Cu), and 5.803 fm (O).
Figure 2 compares temperature dependence of
electrical resistivity for the superconducting and
nonsuperconducting compounds. Note that both of the
compounds show almost the same electrical resistivity
at temperatures higher than 100 K but their electrical

resistivities differ significantly at lower temperatures.
The superconducting compound showed Te{onset) =
60 K and Tc(zero) = 49 K. Tts Meissner volume

fraction was more than 15%,

Fig.1  Crystal structure of Laz. xCaq4.xCu20s.



Table 1.

Lattice paramsters a, ¢ (A), occupation

10 Y factors g, z coordinates, interatomic distances (A), and R
factors in superconducting and nonsupetconducting
R g Lay goCaq.1g6Cus0p45 Estimated standard deviations
g “‘ shown in parentheses refer to the least significant digit(s).
1
':‘C: Y 2am O, (Nonsuperconducting) - -
e fra_—- Superconducting  Nonsuperconducting
N R a 3.81604(6) 3.82199(7)
£ el - . c 19.4214(3) 19.4164(4)
3 La(l): g 0.043 0.062
é N 400-atm O, (Superconducting) J Ca(l): g 0.957(15) 0.94(2)
La(2):. g 0.889 0.88
Ca(2): g 0.111 0.12
% 50 100 150 200 250 300 0Q@): g 1 0.995(12)
T \ () O(3): ¢ 0.014(7) 0
emperatire Cu: z 041509(9)  0.41504(13)
O(1).z 0.08186(7) 0.08215(11)
Fig. 2 Depsndence of slectrical resistivity on tempera- 02):z 0.29604(13) 0.2958(2)
ture for superconducting and nonsuperconducting Ca,La(1)-0(1) (x8) 2.4836(%) 2.4892(14)
H81.82021.180020645 La,Ca(2)-0(1) (x4) 2.6424(14)  2.639(2)
La,Ca(2)~0(2) (x4) 2.7525(5) 2.71579(T)
Final refinable structure parameters and selected La,Ca(2)-0(2) (x1) 2.332(2) 2.329(4)
interatomic distances are summarized in Table 1, and Cu—-0(1) (x4) 1.9089(1) 1.9118(1)
the pbserved, calculated, and difference patterns for . 2312 2315(5
superconducting Laj g3Cay 13Cu;0¢.5 are shown in }(gu (()65,2)) 1) 4'?57 3) 4 99 ©)
Fig. 3. No signs of impurities were detected in the RWIE% )o 3.40 3 62
neutron diffraction patterns of the two samples, and Rp (%) 2'30 2' 34
very small R factors show ecellent agreements Ri: ) 1‘81 174
betweett calculated and observed intensities. Re (%) 4.08 383
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Fig. 3 Rietveld refinement pattarns for superconducting
Lay goCay 18Cu206.5 plotted against Q (= 2w/d).

The background is subtracted. Plus marks show
observed neutron-diffraction intensities.



Cation ordering at the 2a and 4e sites is important
for determining the location of doped holes. When La
is at 4e site and Ca is al 2a site, the Madelung potential
of the apical O(2) atom relative to that in the CuOs
plane is positive and holes are thus doped on the
planel®, When the La and Ca atoms are disordered,
this Madelung potential is negative and the doped
holes enter the apical O(2) site. Superconductivity
appears when the doped holes enter the CuOs
plane!3.16). The superconducting compound has
slightly larger occupation of La(2) at the 4e site and
Ca(1) at the 2a site than the nonsuperconducting one.
Similar results were obtained from the Rietveld
analysis of X-ray powder diffraction data2.5).
However, the difference in g(Ca(1)} between the two
samples is so little that their g(Ca(1)} values agree
with each other within estimated standard deviations.
The effective ionic radii for La3+ and Ca2* ions in
eight coordination are 1.16 A and 1.124, respectively,
which suggest that the Ca,La(1)-0(1) bond length
decreases with increasing g(Ca(1)). In fact, the
Ca,La(1)-0(1) bond length decreases to the largest
extent by the HIP treatment as shown in Table 1.
This finding gives indirect evidence in favor of the
higher ordering of La3* and Cal+* ions in the
superconductor.

The O(1) site was fully occupied in both super-
conducting and nonsuperconducting compounds. The
apical O(2) site of the superconductor was also fully
occupied. The occupancy of O(2) for nonsuper-
conductor was refined to be slightly less than 1 in the
present analysis: 0.995(12). Within the estimated
standard deviation, however, the O(2) site in the
nonsuperconducior can also be regarded as fully
occupied.

A slight amount of oxygen [g = 0.014(7)] is
intercalated at the O(3) site between two CuOy planes
of the superconductor but not of the nonsuper-
conductor. Slight amounts of excess oxygen between
two CuO, planes are also observed in superconducting
Laj 3Srp2CaCus0g (ref. 9) and in weakly supercon-
ducting LayCaCus0g04 (ref. 10). Therefore, the
presence of interstitial oxygen may be essential for the
superconductivity of the 2126 compounds.

Antiferromagnetic Néel temperature for Ar-anneal-
ed Laj g2Ca;.15Cu206.5 and hydrogenated La; ¢Cayy
CuyOgH, are higher than 300 X and those for
La;.g2Cay 15Cus0s-5 synthesized in 0.2 - 2 atm O are
around 20 K17.18); antiferromagnetic order disappears
in superconductors®. In layered compounds, the Néel
temperature is generally evaluated by the product of
the effective coupling between planes and the
magnetic correlation length within a layer. The small
amount of interstitial oxygen may frustrate interplane
coupling and destroy three-dimensional long-range

antiferromagnetic order by bridging the CuO; planes,
or they may frustrate two-dimensional antiferro-
magnetic Cu?+-Cu?* spin correlations within CuO,
planes by increasing holes in them3). Super-
conductivity in this system may appear as a result of
such frustrations for antiferromagnetic crder.

However, a large amount of excess oxygen
destroys superconductivity of the 2126-type com-
pounds!® by disturbing the regularity and two-
dimensionality of the CuQ; planar network. In reality,
Lay.g281r1.18Cu304.24, which has a considerable amount
of excess oxygen between two CuQ; planes, is not
superconducting even if synthesized under a high-O;
pressure?),

The oxygen contents 6 + § calculated from the
occupancies of the O(1). O(2), and O(3) sites were
6.014 £ 0.007 for the superconducting compound and
5.99 + 0.02 for the nonsuperconducting compound.
The difference in oxygen content corresponds to an
increase in Cu valence as much as 0.024 in the
superconductor. This increment is fairly close to the
difference in bond valence sum between the two
samples: 0.019. These resulis clearly show that the
hole concentration on the CuO; plane is increased by
the HIP treatment.
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A tetragonal compound in the Ba-Sr-Cu-C-O
system discovered by Kinoshita and Yamadal) is
the first superconducting copper oxide containing
carbon as a principal constituent. In a previous
study?), we determined its structure by adopting
space group P42;2 or P42ym. The true space group
later proved to be P4bm, P4b2, or P4/mbm from
the condition limiting possible reflections: k& = 2n
for Oki. Fortunately, the crystal structure reported
by us differs only slightly from those analyzed on
the basis of the possible space groups.

The lattice parameters of the superconductor
are a =~ 0.556 nm =~ \/iap and ¢ = 0.786 nm =
2ap (ap: unit-cell dimension of the perovskite-type
compound, ABO3). High-resolution transmission
electron microscopy suggests that its structure con-
sists of two perovskite-like units, where A sites are
occupied by Ba?* and Sr** ions, and B sites by
Cu and C atoms alternately along the [001] di-
rection (Fig. 1). Rietveld analysis of TOF neu-
tron diffraction data revealed that the compound
is a member of a solid solution with the general
formula (Baj-S51z)2Cu1440242y4:(COsh—y (z =
4/9, y = 1/9, and z = 0.10).

The superconductor is closely related in struc-
ture to SrpCu04COg (ref. 3), which is an end mem-
ber of the solid solution: z = 1, y = 0, and
z = (. CuO3 conduction sheets (z = 1/2 plane in
Fig. 1) and carbonate slabs, (Ba;_;S1;)2CuyOzy4 -
(CO3)1—y, acting as charge reservoirs are stacked
alternately along the ¢ axis. As the formula of
the slab shows, about 11% of C atoms are substi-
tuted by excess Cu(2) atoms coordinated to O(5)
and O(6) atoms, which respectively amount to 2y
and z in the formula unit. O(5) and O(6) oc-
cupy positions that correspond to an apical O site
and a partially occupied O site on a z = 0 plane
in tetragonal Ba;YCusOv_., respectively. These
substitutional and interstitial defects enable hole
carriers to move from the carbonate slab to the
CuO; sheet, making the oxide carbonate super-
conducting. This is a much more complex method
of hole doping than the isomorphous replacement
of cations and the incorporation of interstitial O
atoms which have been observed in hitherto known
superconducting oxides.

Two O atoms in the CO3 group are situated at
apical positions of Cu(1), and the other one is co-
ordinated to alkaline earth cations. The distances
between Cu(l) and the two apical O atoms (0.263
and 0.317 nm) are much longer than C-0 distances
(ca. 0.13 nm); one of the apical O atoms should be
regarded as residing outside the first-coordination
sphere of the Cu(l) ion. These facts show that
the apical O atoms are bonded to Cu(1) through
relatively weak electrostatic forces of attraction.
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Fig. 1. Cross sections of the unit cell for the Ba-
5r-Cu-C-0 superconductor. Dashed circles represent
the partially occupied sites of O bonded to Cu(2).
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N3V60111_3) and SI'V60113' 4 (AVGO” phasc:
hexagonal, P63/mmc) are structurally related to
BaFe ;09 (hexagonal, P63/mmc), a well known
magnetoplumbite-type ferrite. NaVg0;, behaves as
metallic both above 240 K and below 64.2 K2 3, and
shows spontaneous magnetization (T,=64.2 K)5).
BaFe ;0 is formed by alternate stacking of spinel-
and R-blocks. The AV40,, phases consist exclusively
of the R-block. The unit formula of AV¢O,; contains
three octahedral V(1) sites, two octahedral V(2) sites
and one trigonal-bipyramidal V(3) site. The V(1)
octahedra form edge-shared networks perpendicular to
[001]. Two V{(2) octahedra adjoin each other across a
mirror plane perpendicular to the c-axis and form a
face-shared dimer. The V(3) site is placed in the
mirror plane. In BaFe;,0q, all Fe atoms are trivalent.
In the AV4O,, phases, on the other hand, both trivalent
and tetravalent V atoms are contained, and their ratio
depends on the valence of the A atom. Cation
distributions in AV40,;, phases are of great interest in
connection with their electric and magnetic properties.

In the present study, we found new compounds
SrT; Ve .04y (T=Ti: 0<x<1.5, Cr: 0<x<1.0 and Fe:
0<x<1.4), and determined the structures of SrTiVs0y;,
SrTi 1_5V4_50 11+ STCTV5011 and SI'FCVSO i1 by
Rietveld analyses of their neutron powder diffraction
data taken on the TOF neutron powder diffractometer,
HRP, at the KENS. Detailed procedures of syntheses
and analyses are described elsewhere®). Final R
factors (%) were R,,,=5.30, R,=5.44, R,=4.22 and
R=3.16 (SrTiVsOy)), Ry;=3.55, R=4.65, R,=4.14 and
Ry=3.50 (StTiy 5Vg 501 Ryy=5.07, R;=5.18, R =3.82
and R;=2.64 (SrCrv;0,;: see Fig. 1) and Rup=4.41,
R =436, R;=3.48 and R;=2.81 (SrFeV;0y). Ti, Cr
and Fe were easily distinguished from V because the
absolute value of the coherent scattering length for V
is much smaller than those of the other three metals.

Madelung energy calculations for SrT,V,_ 04,
phases indicated that the V(1) and V(3) sites prefer
trivalent cations, while the V(2) site tetravalent
cations. Fe3* prefers not only octahedral sites but also
trigonal-bipyramidal ones. Both Ti** and V4+ are
known to occupy five-coordinated sites. V3+ is hardly
located in five-coordinated sites. Cr3+ occupies
octahedral sites, exclusively. Therefore, if we assume
that metal atoms in SrT,V4_0,, are ionic and d-
electrons in them are localized, Ti is expected to

occupy the V(2) site, Cr the V(1) site and Fe the V(3)
site. However, none of the three T atoms are
concentrated at expected sites (Table 1). Though Fe
atoms are not located in the V(1) site and Cr atoms
hardly occupy the V(3) site, cation distribution in
31T, Vg 04, seems to be disordered rather than
ordered. Above discussion suggests random
distribution of V3* and V4+ and the possible existence
of itinerant d-electrons in SrV¢Oy; and S1T, Vg Oy, .
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Fig. 1 Observed, calculated and difference neutron
powder diffraction pattems of SrCrV;0,;.

Table 1 Occupancies of T atoms at V(n) sites in

STTIV&IOII.
site SITiVyOy, SrTiy V4505 SrCrVsOyy SrFeVsOy,
V() 0.12(2) 0.13(2) 0.15(1) 0
V(2) 0.24(3) 0.39(3) 0.23(2)  0.238(4)
V3 0.16(M 0.35(9) 0.07(6) 0.564(8)
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Abstract

Experimental systems for time-of-flight (TOF) neutron
diffraction are developped for the study of materials un-
der high pressure and low temperature. Fuendamental
properties required for the apparatus are discussed in de-
tail. The system is applied for the study of polymorphism
in heavy ice, and successive translormalions are observed
with varying the pressure.

1 Introduction

X-ray diflraction has been used effectively for the study of
materials under high pressure. The diamond anvil cell is
the most effective teol for the X-ray study under pressure.
Some specific properties of diamond are the usefull points:
hard and high strength, nearly transparent for X-rays,
coherent scattering of X-rays is limited in definite spots.
Neutron beams have some preferences to X-rays: the al>
sorpiion is independent of the atomic number, the scatter-
ing is high even for light elements. The present authors
planned to construct systems for neutron diffraction of
D3O under high pressure and low temperature.

A variety of experimental technics has been realized
for the neutron diffraction at ambient pressure, most
of the technics can be applied for high pressure exper-
iments. For example, we can grow single crystals of a
substance under pressure at controlled temperature. But
we can not observe the growth process directly, because
the high pressure container is not transparent. The in-
situ monitoring using the neutron diffraction technique
under pressure will serve a powerfull tool for analyzing the
growth mechanism. A wide range of application will be
developed by a precise analysis of the technics developed
here. Some of praciical points are discussed in detail.

2 Necessary condition for high
bPressure apparatus

There are some specific conditions required for the ap-
paratus of nentron diffraction under high pressure. The
conditions depend primarily on the purpose of the ex-
periment: The fiest is the measurement of compressibil-

ity. The shift of lines must be determined precisely in the
diffraction pattern. Tor the detection of an anisoiropic de-
formation of the lattice, precise analysis is required even
in the shape of lines or spots.

The second will be the observation of the pressure in-
duced transformation in the materials. Measurements are
made on the variation of crystal structure, change in the
volume af the transformation, accompanied change in the
other physical properties such as electrical conductivity,
magnetic properties, and so on. Variations with temper-
ature of the compressibility and of the eritical point for
the transformation are also important.

There are some specialities in the neutron diffraction
under pressure: the most important is the existence of
the pressure cell and the pressure transmitting medium,
in contrast with the case of the ordinary diffraction where
the specimen is kept in vacuumn, or contained in a thin
capirary tube of amorphous glass.

The materials around the specimen cause some extra-
scablering and contamination of extra-lines in the patiern.
If the material does not cause the coherent scattering,
background level of the pattern is raised and the signal to
noise ratio is made worse. All such effects act to reduce
the quality of the experiment.

Incoherent alloys such as Ti-Zr alloy do not make co-
herent scattering, but cause a flat background for thermal
neutrons [1, 2]. The absorption of thermal neutrons in Ti-
Zr alloy is in a range of ordinary metals, but not so small.
To use the intense beam source or to extend the exposure
time is necessary to get results of high quality.

Both the angle dispersive method and the energy dis-
persive or the time-of-flight (TOF) method are used for
the diffraction experiment. In the former, both the in-
cident beam and the scattered beam scann a range of an-
gle around the specimen, a large volume of pressure trans-
mitting medium are, swept by the neutron beam becones,
and the eflects of the extra-scattering become large [1].
The geometry of neutron beams is fixed in the latter, and
the design of the apparatus is simple,

In the X-ray diffraction under high pressure using di-
amond anvil cell, diffracted spots from the single crys-
{alline diamond are superimposed to the pattern of the
specimen. The spots are separated easily from the pat~
tern concerned, and the inflnence to the eriginal pattern



.
/
w;

/

Figure 1: Geowmetry of diffraction: incident beam; width:
w;, aperture of the detector; width: w,, specimen; diam-
eter: d, and diflvaction angle: 26.

is reduced. A simple crystal such as saphire was used
for the anvil cell for neutron [3], a good performance was
obtained for the monachromatic beam. Aluminum is low
absorbing for thermal neutrons, angular arrangement of
diffraction lines is simple, and some aluminum alloys will
be used as a pressure medium at special conditions in the
angle dispersive experiments.

3 Geometrical considertions

3.1 Size of the specimen

Let the neutron heam is applied to a polycrystalline spec-
tmen of eylindrical form with diameter d, the scattered
intensity will be proportional to the number of reflecting
planes containad in the specimen, or to the diameter d.
The rate of absoption by the specimen is proportional to
exp{—pd), where p is the linear absorption coefficient. If
we wish to maximize the resuliant intensity, dexp(—pd)
is to be maximnized with respect to d. This is realized
when d = 1/p, or it is preferable to make diameter of the
specimen equal to the inverse of the linear absorption co-
efficient.

3.2 Width of slits

The diffracted neutron heam is contaminated frequently
with extra- scattering originated from the materials sur-
rounding the specimen. Such vontamination is reduced
by using slits to adjust the irradiated area outside the
specimen, and to limit the visual field of the detecfor.
The geometry of diffraction is shown in Fig. 1, where the
widths of incident beam w; and aperture of the detector
wy are same and w, diameter of the specimen is d, and
the diffraction angle is 24. Geometrical conditions necces-
sary for realizing clear and intense pattern are considered
on the basis of this Figure. Matrials contained in the
width w; diffract the neutron beam, and the portion of
the beam diffracted by materials included in the aperture
1wy is caught by the detector. Hence, a part of materials
contained in the rhombus ABCD in Fig. | contribute
to the diffraction. If the rhombus is perfectly included
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Figure 2: Variation of diagonal lengih of rhombus with
the angle 24.

in the specimen, and if the other materials are not con-
tained in that area, no contamination will be observed
in the diffraction patiern. Diagonals of the rhombus are
Dyc=w/sinf and Dpp = w/cosd, and vary with 26
as shown in Fig. 2. If the width of slits is taken as
w = dsiné, (28 <9), or w = dcosf, (260 > 90°), w changes
with 24 as 0.13d at 15°, 0.5d at 60°, and maximum width
0.7d is available at 90°. In these cases, the rhombus is in-
cluded in the area of the specimen, and no contamination
will be expected.

3.3 Rate of the exira-scattering

The ratio of the extra-scattering will be proportional to
the partial area of the rhombus penetrating to the outside
of the specimen. In the geometry shown in Fig. 1, this
part is the shaded area AEF, nearly equal to HAAEF, or
(Dac¢ — d)* tan§/8. The ratio R of the sum of two shaded
areas to the part of rhombus included in the specimen is
R=1/((D/(D ~ d))*— 1), where D = D¢, Dpp > d. If
the coherent scattering amplitude of the material at the
shaded area is same with that of the specimen, the above
expression represents the rate of the extra-scattering. The
value of R is expressed in Fig. 3 as a function of D/d.
In the figure, il D is less than 2d, R is less than 1/3, and
the extra-scattering expected is less than one third of the
specimen. In comparison with Fig. 2, ifw = d/32, the con-
dition for 1/3-contamination is D = 2d = 4w, or allowed
range of 28 is extended fo 30° — 150°. The nature of the
extra-scattering contained in the pattern will be charac-
terized by its iptensity and the disturbance due to super-
position to the original lines of the specimen. Ifextra-lines
do not coincide with principal lines and subtracted by a
conventional way, the paitern will be analyzed clearly.

3.4 Incoherent alloy

I elements with opposite sign in the scattering length are
mixed to form a salid solution to make a zero length, the
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Figure 3: Ratio of area of the rhombus existing at the
outside of the specinien.

alloy has no coherent scattering. Ti-Zr alloy system is
a perfect slid solution, both elemenis sit on the lattice
points randomly. The scattering length for Ti is -3.438
i, for Zr is 7. 16 fm, and opposite in the sign. In 50 wit-%
Ti-Zr alloy the scatiering length is nearly cancelled and
a good example of such alloy. The Ti-%r alloy is made by
arc-iwelting in high purity argon atmosphere, the alloy is
machinable and formed to a cylinder easily [1, 6]. The
mechanical strength is nearly same with brass and to be
used to generate pressures as high as 10 kbar.

In a precision measurement, a wavy pattern due to
atomic correlation is observed in the disordered Ti-Zr
alloy [7], an analysis of the background must be made
caralully.

3.5 Aluminum alloy

If the incident neutron beam is wealk, the absorption by
the cell is an important factor. In some high-strength al-
loys of aluminum, the mechanical strength is not so low
and can be used for the cylinder. Both the coherent scat-
tering length(4.449 fin} and the absorption coefficient of
Al are not so large, and allowed range of R can be taken
large. Hence, the alloy will be used as cylinders with
comparatively wide width of slits. Therefore the alloy is
useful for weak source, but the pressures will be limited
to low values as ~ 10kbar.

3.6 High-strength steel

Some high-strength alloys are developed recently, popular
in the market, and a variety of choice is available. In
the ordinary maraging steel, 250kg/mm? is attained by
a proper heat treatment, and pressures higher than 20
kbar will be reached. The coherent scatterring length is
large in Fe(9.45 fin) or Ni(10.3 {m), and the ratio w/d
must be made small to meet the requirements mentioned
in sections 3.2 and 3.3. And, moreover, the absorption
coeflicient is not so small. In regard with these factors, il
the intense neulron sourse is available, the higher pressure
will be achived Dby such materials.

4 FExperimental system

4.1 High pressure cell

The heigh pressure cell is a piston and cylinder type, com-
posed of pistons made of tungsten carbide or hardened
steel ,and a cylinder of Ti-Zr alloy or aluminum alloy, re-
inforced by an outer binding ring made of hadened steel.
The incident neutron beam is induced through a slit cut in
the outer ring. The scattered beam is taken out through
another slits in the ring.

The width and the angular position of slits are designed
in consideration with the final intensity and the range of
lattice spacing to be covered. If the beam width is nar-
row and the dianmeter of the cylinder hole is wide, the
contamination is reduced remakably. However, both the
resultant beam infensity and the attained pressure are
reduced. If the incident beam is strong enough, high-
strength alloys such as maraging steel is used for the cylin-
der and the Himit of pressure will be improved.

In the present system, center hole in the cylinder is
0.8 - 1.2 cm in diameter and outer diameler is about 3
- 4 cn, slit width is 0.5 ¢m, and two-theta angles are in
a range 60 - 120 degrees. A cylindrical tube of boron-
plastic is placed outside the binding ring, to reduce the
extra-scatiering. The pressure is loaded by a hydraulic
press, maxinmun output of which is twenty tons.

4.2 Low temperature

T'wo types of cryostat are designed for keeping the cell
at low temperatures: the one is to attach a liquid nitro-
gen container to the cell {4], and the other is to use a
small refrigerator [5]. In the liquid nitrogen system, an
automated suplyer of coolant is prepared fo keep a run
for long duration.

One problen: in the design of the apparatus is the com-
patibility of insulation of heat flow with transmission of
the compressing {orce. Higher pressure is supported by a
plastic of larger cross section, but the heat flow lecomes
larger at the sametime, and the lowest temperature at-
tained is limited to higher. In the present system, rein-
forced plastics of phenolic resin or epoxy resin is used for
the pressure transmitting parts.

4.3 Utilization of boron plastics

Mixtures of epoxy resin with boron-carbide (B4C) pow-
der are molded to form parts for shielding of neutrons to
reduce extra~scattering from the complicated structure of
the apparafus. The most effective shielding to improve
the background scattering is a concentric cylindrical tube
fixed to cover the binding ring, thin slits are cut for the
incidence and transmission of neutron beams. No coat-
ing with neutron absorbing material is made on the inner
surface of slits, but no extra-scattering is observed.
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Figure 4: Neutron diffraction of D,0, at 1 bar and 200
K, 268 = 120°.

5 Neutron diffraction of D,O un-
der high pressure

Neuntron diffraction experiments are performed on D.0
ice under pressure by MRP diffractometer installed at
the National Laboratory for High Energy Physics (KER),
Tsukuba. Preliminary works were done by diffractome-
ters at the pulsed neutron source of the Laboratory of
Nuclear Science, Tohoku Unibersity, located in Mikam-
ine, Sendai.

The apparatus is a piston and cylinder type, diameter
of the cylinder hole is 12 mm, width of slits are 5 mum, and
diffraction angles are set at 60, 90 and 120 degrees. Lig-
uid D40 is filled in a capsule made of teflon, thickness of
the wall is about 0.2 mm, and inseited into the cylinder.
Hence, the speciinen is compressed directly by pistons,
without using some pressure transmitting mediums such
as CSy. The exparimental procedure is as follows: The
specimen is coolded down at first to about 200K with-
out foading pressure, the pattern observed at this stage
is shown in Fig. 4. Channel number in the figure corre-
sponds to the time of flight of neutrons, the larger number
represents the longer time of flight, or the larger lattice
spacing. This patrtern corresponds to that of hexagonal
ice, no extra-lines originated from materials around the
specimen are observed.

The background shows a wide peak from ~ 200 {o ~
1200 channels. The shape of the background reflects the
energy distribution {so-called /- relation) in the incident
neutron beam, and the whole patiern is normalized by the
incident beam. The background is obtained by inserting
a vanadium rod in the cylinder instead of the specimen.
Time duration needed for collecting the daia is about six
hours in this patiern.

Then, the pressure is increased o 3 kbar, and the pa-
tern oblained lere is shown in Fig. 5, other conditions
are same as those in Fig.4. This patfern corresponds to
the thombohedral phase of ice.

Diffracted neutrons distribute in a whole range of chan-
nels, the patiern grows up simultaneously with time, but
a duration is neccassary for collecting counts to build up
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Figure 5: Neutron diffraction of DO at 3 kbar and 200
K, 26 = 120°,

a pattern with a proper form. The pressure must be kept
constant for such duration, and intense source and high
counting rate are neccessary to observe an instantaneous
change of crystal structure.

A monoclinic structure is observed when the pressure
is raised to kbar. The phase of D:0 ice thus observed
changes {from I to Il and then to III with increasing of
pressure. In the decreasing cycle of pressure change, the
structure changes in a reverse way from I1I to II, and then
to 1. The critical pressures for the phase change shift to
lower pressure side in reducing the pressure in comparison
with increasing cylce.

In this way, structural transformations in the crys-
talline phase of D3O-ice are studied successfully [6]. Fur-
ther applicadion is in progess now to the study of high-
density amorphous phase in ice [8].
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Superconducting copper oxides with the KgNiF4—

type structure have been studied extensively since
the discovery of superconductivily in

(Laj.xBay)2CuOy4 in 19861).

The T¢ of (La1.xAx)pCu0Qy4 is dependent on both
the kind and content of A, where A is Ca,Sr and Ba
ions. The maximum superconducting transition
temperature is achieved in (Lag 9255r(.075)2Cu04
‘where the crystal lattice undergoes the phase
transition from the high-lemperature tetragonal
(HTT) to medium-temperature orthorhombic (MTO)
phase below room temperature.2) The maximum T
(Tc=25K ) in (Laj_xCay)2CuO4q (LCCO) is the
lowest among the three solid solutions. These
differences in superconducting properties seem to be
related with differences in effective ionic radii for
the three metal ions in 9-coordination: 0.118 nm for
Ca2+,0.131 nm for Sr2+ and 0.138 nm for Ba2+.3)
For example, (Lag 925510 075)2Cu04 shows a
pressure coefficient of T, dT/dp=3 K GPa-l; that
is, its T, rises with increasing pressure.4) This fact
suggests that application of “chemical pressure” by
replacing lhrger Sr2+ jons with smaller Ca2+ jons
may lead to a rise in T, which is, however, not the
case. Why the T of LCCO is so lower compared to
that of (Laj_ySry)2Cu04? At what lemperature does
the HTT-MTO transition occur in LCCO? The
present study was undertaken to answer these
questions. At first, we examined the solubility limit
in this solid—solution system and prepared two
single phased samples with the highest Ca content.
Then, we refined the crystal structure of the samples
by Rietveld analysis of the time-of—flight ( TOF )
powder neutron diffraction data. Since no crystal
data on LCCO have been reported in the literature,
those described in this paper are believed to be
valuable when considering the relationship between
structure and superconducting behavior in the
(Laj.xAx)2CuO4q systems.

Samples of LCCO with x=0.05 were prepared by
solid—state reaction of LapO3, CaCO3 and CuO.
Detailed procedures will be published elsewhere.
Oh-ishi et al.5) reported that the solubility limit in
LCCO was x =0.2. However, we could not obtain a
single phase even at x=0.075. Powder X-ray
diffraction on the samples with x=0.05 indicated that
samples were approximately single phased.

Magnetization measurements showed that T, of
annealed LCCO was 24K and T, of quenched

LCCO was 23K. The Meissner volume fractions of
both samples reached 20%.

Neutron powder diffraction data were obtained at
room temperature (both samples) or at 18#4 K
(annealed LCCO) on a high-resolution TOF neutron
powder diffrac{ometerﬁ), HRP, at the KENS pulsed
spallation neutron source. Intensity data was
measured using twelve 3He counters installed at an
average 28 of 170°. The samples were put into a
cylindrical vanadium cell ( 10 mm in diameter, and
42 mm length ), which was then placed in an
aluminum vacuum chamber. A CRYOMINI
refrigerator was used for the low-temperature
experiment.

The structural parameters of LCCO were refined
by the Rietveld methiod?) with a RIETAN program
for TOF neutron powder diffraction. The
refinements included 3504 data points covering a
lattice—plane spacing (d) range from 0.0498 1o
0.3336 nm. The structure parameters of LCCO were
refined on the basis of space group I4/mmm
(tetragonal, No.139) and Cmca (orthorhombic,
No.64). The occupation factors, g, of La and Ca at
the metal site (hereinafter called as M site} were
fixed at 0.95 and 0.05, respectively. The g values of
the oxygen sites were fixed at 1. In the Rietveld
analysis of the room-temperature data, prg) values
for the orthorhombic model were significantly lower
than those for the tetragonal model in both samples:
6.39%(J4/mmm) and 4.02%(Cmca) in annealed
LCCO, and 6.88%(14/mmm) and 4.34%(Cmca) in
quenched LCCO. Then we concluded that both
samples display orthorhombic symmetry at room
temperature or below, and the low-temperature
structure for annealed LCCO was refined by
adopting only Cmca space group.

Table I
Structure parameters of annealed (Lag 95Cag g5)2Cu0yg

{ Z=2 } at room temperature. The space group was assumed to
be Cmeca. R factors were prz4.02%, Ro=3.37%, Rp=3.05%,

Rp=6.86%, Rj=2.31% and Rp=1.77%. a=0.53417%9) nm,

b=1.31697(2) nm, and ¢=0.535951(9) nm. As described in the
text, the g values for site M were fixed at 0.95 for La and 0.05
for Ca. Beq is the equivalent isotropic thermal parameter, and

Uij's are anisotropic thermal parameters when the temperature
factor is defined as cxp[—an(hza’*zU 1 1+k2b*2022+12c*2(133
+2hka*b* Uy p+2hla*c* Uy 3+2kb*c*Upa)].

The numbers in parentheses are statistical uncertainties of
the last significant digit.



Atom  Site  x y z By (nm?)
M 8f 0 036098(7) 0.0050(5) 0.003632)
Cu 40 0 0 0 0.003299)

O(1}) 82 144 0.0048(3) 1/4 0.00561¢)
o2y 8f 0 0.18315(13) -0.0189(8) 0.011409)

2)for M : Uy1=4.4(7)x 10-3 nm?2,
Uqp=3.9(4)% 103 nm?,
U33=5.5(8)x 10-3 nm?,
U12=U13=0, Up3=0.06(11)x 10-% nm?
bifor Cu:  Up3=3.6(9)x 10-3 nm?,
Uy9=6.5(7)% 103 nm?2
U33=0.24(10)x 10-2 nm?,
Uy2=U13=0, Up3=-0.22(20) 102 nm?
Qfor O(1):  U11=5.1(9)x 10-3 nm?2,
Ugp=1.07(9)x 10-2 nm?
U33=5.509)% 103 nm?, Uy9=Up3=0,
Uy3=-1.4d)x 10-3 nm?2
dfor OQ2):  Uj1=1.75(10)x 10-2 nm?,
Upp=3.6(6)% 10°3 nm2,
U33=2.22(14)x 102 nm?, U}9=U43=0,
Up3=-0.06(17)x 10-Z nm?

Table II

Structure parameters of (Lag 95Cap g5)2CuQOy4 quenched(
£=2 ) at room temperature. The space group was assumed 1o be
Cmea. R factors were Ry,,=4.34%, R=3.74%, Rp=3.29%,

Rp=6.62%, R1=2.23%, and Rp=1.80%. a=0.534186(%) nm,
b=1.3169§(2)‘mn. and e=0.535931(9) nm.

Table III
Structure parameters of annealed (Lag g5Cap 532Cu0y (

Z=2 ) at 18K The space group was assumed to be Cmca. R
factors were Ryp=4.07%, Re=3.19%,Rp=3.11%, Rg=5.61%,

Ry=1.942% and Rp=1.28%. a=0.532(523(7) nm, #=1.31238(2)
nm and ¢=0.537404(7) nm.

Atom  Site  x ¥ z Beq (nm?)
M 8f 0 036104(7) 0.0075(3) 0.00050%
Cu da 0 G 0 0.000690)

O(1) 8 1/4 000704(16) 14 0.00216¢)
O(2) 8f 0 018291(13) -0.0331(3) 0.004469)

Atom  Site  x y z Bey (nm?2)
M 8f 0 036099(6) 0.0054(5) 0.004212)
Cu 42 O 0 0 0.00374%)

O() 8= 14 0.00482(3) 1/4 0.00599¢)
C@2) 8 0 018310013) -0.0188(7y 0.012149)

a) Forsite M : Uy 1=4.6(7)x 10-3 nmZ,

Ugp=4.4(4)% 10-3 nm?

U33=7.0(8)x 10-3 nm?

Uy9=U13=0, Uy3=0.15(10)x 10-2 nm2
b) For site Cu : Uy1=3.1(8)x 10-3 nm2,

Upp=1.4(7)x 103 nm?

U33=3.6(9)x 10-3 nm?

U19=U13=0, Up3=-0.26(15)% 102 nm?
c) For site O(1): Uy1=4.7(8)x 103 nm?2,

Upp=1.198)x 102 nm?

U33=6.2(9)% 103 nm2,

Upo=Ua3=0, Uy13=-1.5(4)x x10-3 nm2
dForsite O2):  Uyp=1.83(10)x 102 nm?2,

Upp=5.0(6)x 103 nm?

U33=2.28(13)x 102 nm?,

U19=U13=0, Ug3=-0.20(17)x 10-2 nm?

a}Forsite M : U11=02(4)% 10-3 nm2,

Upp=0.5(4)x 10-3 nm?

U33=1.2(4)x 10-3 nm?

U12=U13=0, Up3=03(6)x 10-3 nm?
b)Forsite Cu :  Uy1=0.4(5)x 103 nm2,

Uz9=1.7(6)x 10-3 nm?

U33=0.5(6)x 103 nm?2

Uq2=U13=0, Ug3=-0.7(8)% 10-3 nm?
¢)Forsite O(1):  Uyp=1.4(5)x 10 nm?,

Uno=4.4(T)x 10-3 nm?

Uz3=2.4(5)% 10-3 nm?

U19=Uq3=0, U13=-0.5(4)x 10-3 nm?
dForsiteO@2):  Up=8.0(5)x 10-3 nm?,

Uqo=1.8(5)x 10-3 nmZ

Us3=7.2(7)x 10-3 nm2

U19=U13=0,.Uz3=-0.5(8)x 10-3 nm?

Table IV

Interatomic distances ! ( nm ) between the metal and oxygen
atoms in the annealed and quenched LCCO at room temperature
and 18K.

I (nm) N
Toom temperature 18K
Bonds annealed guenched aneealed
LCCO LCCO LCCO
MD —O(1)  2346(2)  2346(2)  2.348(2) 1
M) _O(1)  2.7344(d)  2.73424)  2.7254(8) 2
MED_O(1)  2.617(5)  2616(4)  2.535(2) 1
M0y 2.867(5) 2.868(4) 2.962(2) 1
MD _O(2)  2.603@)  2.604(3)  2.5848(18) 2
M O@Z)  2664(4)  2.663(4) 26718019 2
Average M-O  2.6480  2.6480 2.64544
colid-O(1)  1.8928(1)  1.8928(1)  1.8928(1) 2
co'0@)  2414107)  2413417)  24071(16) 4

N is numbers of equivalent bonds.
symmetry codes: DO,y 2z
#) 12,112y, -z; iy 0, y, -12+z;
iv) 0, 1/2-y,12+z
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Figure 1. Rietveld refinements patterns of the annealed LCCO ( orthorhombic model ) at room temperature.

Tables I to III respectively list results for annealed
LCCO and quenched LCCO at room temperature
and for annealed LLCCO at low temperature. Table
IV gives the metal-oxygen interatomic distances, [,
calculated with ORFFE?). Figures 1, for example,
shows the resultant Rietveld refinement paiterns of
annealed LCCO at room temperature.,

The tetragonal model refinements gave

x2=(pr/Rp)2=11.38 for quenched LCCO and

22=12.89 for anncaled LCCO, whereas the
orthorhombic model gave corresponding values of
22=1.82 and ¥2=2.03. From these results, it can bé
concluded that the room-temperature crystal
structure  of (Lago5Capp5)72Cu04 is in an

orthorhombic form. Tables I and II also indicate a
tetragonal unit cell consequence of nearly equal to
parameters g and ¢ in the orthorhombic form. Tables
I and I also indicate that the structural parameters of
quenched and annealed LCCO are nearly the same.
Orthorhombic distortion 2(c-a)/(a+c) are

3.32(4)x10"3 for annealed LCCO and 3.26(3)x 103

for quenched L.CCO, which are far smaller than that
of LapCu04_510): 8.77(4)x10-3.

Orthorhombic distortion for annealed LCCO at low
temperature is 1.006(2)x 10-2. This value should be
compared with 5.74(4)x 103 for
(Lag 925510 075)2Cu0411) at 10K. Cu-O(1) bond
angles are 90.71(1)° and 89.29(1)° and tilt angle of
the [CuOg] octahedra is 2.8(13)° in LCCO at low
temperature. These values are also larger than the
corresponding value for (Lao'9258r0_075)2Cu0411)
at 10K 90.42(1)°, 89.58(1)° and 2.3(2)°. From these
results, [CuOg] octahedra of LCCO at low
temperature are more strained and more leaned than
those of (Lag 9255r0.075)2Cu04 small substitution
of Ca for La. Namely, it seems difficult to substitute
the small Ca2* jons for La3* ions in LagCuO4

maintaining the KoNiFy structure. As the result, the

hole concentration in (Cu-QO)* is lower and hence
the maximum value of T in LCCO is lower than

(La1-xSry)Cu04's.

References

1) J.B.Bednorz and K. A Miiller: Z.Phys.B64
(1986) 185.

2) R. B. van Dover, R.J.Cava, B.Batlogg and
E.A Rietman: Phys.Rev.B35 (1987) 5337.

75?) R.D.Shannon: Acta Crystallogr, A32 (1976)

4) Shiyou Pei, I.D.Jorgensen, D.(G.Hinks,
B.Dabrowski, P.Lightfoot and B .R.Richards:
Physica C169 (1990) 179.

5) K.Oh-ishi, M Kikuchi, Y.Syono, N.Kobayashi,
T.Sasacka, T.Matsuhira, Y.Muto and H.Yamauchi:
Jpn.J. Appl.Phys.27 (1988) 1.1449.

6) F.Izumi, H.Asano, H.Murata, and N.Watanabe:
J. Appl.Crystallogr.20 (1987) 411.

7) H.M Rietveld: J.Appl.Crystallogr.2 (1969) 65.

8)R.A.Young, E.Princes and R.A.Sparks:
J.Appl.Crystallogr.15 (1982) 357.

9) W.R.Busing, K.O.Martin and H.A.Levy, in:
Report ORNLTM-306, Oak Ridge National
Laboratry, Tennessee (1964).

10) T.Kamiyama, F.Izumi, H.Asano, H.Takagi,
S.Uchida, Y.Tokura, E.Takayama-Muromachi,
M.Matsuda, K.Yamada, Y. Endoh and Y.Hidaka:
Physica C172 (1990) 120.

11) F.Izumi, E.Takayama-Muromachi,
A Fujimori, T.Kamiyama, H.Asano, J.Akimitsu and
H.Sawa: Physica C158 (1989) 440.

12) R.J.Cava, A.Santoro, D.W.Johnson,Jr and
W.W .Rhodes: Phys Rev B35 (1987) 6716.
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Tan et al. [1] have recently reported that a remarkable
feature in XANES (X-ray absorption near-edge structure)
spectra of Lag  St,Cu0y resulied from the movement of the
apical O(2) atom of the CuOg octahedron to an interstitial
site (shown by the hatched circle in Fig.1) near an Sr atom.
They also insisted that the deficient O(2) site could be
partially filled by oxygen annecaling and that T increased
slightly with increasing occupancy of this site. They
concluded that interstitial oxygen atoms, O(3}, trapped near
the Sr atoms were intrinsic to Sr doping and caused hole
doping into the CuO7 sheet. However, the results reported
by Tan et al. [1] contradict with a previous structure model
[2.3,4], where the occupancy of the O(3) site is zero and
that of the Q(2) site is almost unity.

In the present work, we judged the validity of their
oxygen-defect structure model by neutron powder
diffraction which is the most reliable technique to refine
positions and occupancies of oxygen. Rietveld refinements
of diffraction patterns gave the occupation factors, g, of
O(3) slightly less than 0; the resulting g values were
-0.014(2), -0.015(3), -0.018(3), -0.019(4), -0.01(1) and
-0.008(7) for x=0, 0.11 (oxidized), 0.11 (reduced), .15,
0.30 and 0.60, respectively. These values can be regarded
as cssentially zero within the actual uncertainty in g in
Rietveld refinement, indicating that the interstitial O(3) site
is not occupied by oxygen in any of our samples.

Tan et al. {1] claimed that the amount of interstitial
oxygen atoms is comparable to that of doped Sr atoms.
Neutron powder diffraction can easily detect the interstitial
oxygen with occupancies as high as 0.15-0.6 (=x).
Therefore, we can safely conclude that no oxygen atoms
exist at the O(3) site, and that the oxygen-defect structure
model proposed by Tan et al. is not real. XANES specira
for various samples of Lap.,Sr,CuQO45 should be
interpreted on the basis of another model consistent with
the present results of neutron diffraction,

@

Fig. 1. Crystal structure of tetragonal {l4/mmm)
Laz.x8rxCul 4.5 Cu-0 bonds are shown with thick solid

lines. Two unit cells ars drawn with thin solid lines. The
hatched circle shows the O(3) atom proposed by Tan et
al. f1].
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Precipitation Structure of Fe-Cu and Fe-Cu based alloys
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Precipitation process of low carbon Fe-Cu and Fe-
Cu-Ni-X system has been investigated by means of
smali-angle neutron scattering (SANS) under the
magnetic field of about 1 tesla. These alloy systems
draw attention as a low-temperature age-hardenable
materials. For Fe-Cu binary alloy, Cu precipitates
with coherent bcce structure are formed in the early
stage of precipitation, and they lose coherency to form
fec pure Cu. Segregation of Ni and Mn is reported for
the large precipitates in Fe-Cu-Ni alloys by Busswell
et al. using FIM, or in Fe-Cu-Ni-Mn alloy by
Korosawa et al. using EM.

The scattering intensity for the magnetic and the
nuclear components have been obtained from the
scattering profiles parallel and perpendicular to the
applied magnetic field.

It has been observed that the ratio of the magnetic
scattering to the nuclear scattering, A, increased
during early stage of aging in Fe-Cu binary alloy,
which corresponds to the structural change in Cu
precipitates as mentioned above. Guinier radius
increased almost by the power of 1/3 against time after
the saturation in A. Guinier radii obtained from the
magnetic scattering and the nuclear scattering were
almost the same for Fe-Cu alloys.
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Fig. 1  Guinier radius for the Fe-Cu-Ni alloy. RG for the
nuclear scattering is always larger than that for
the magnetic scattering for t>Tks.

For Fe-1.6Cu-0.29Ni-0.25Mn alloys, Guinier
radius obtained from the magnetic scattering agreed
with that from the nuclear scattering in the carly stage
of aging. The radius from the nuclear scattering is
larger than that from the magnetic scattering in the
later stage as shown in Fig.1. The critical time, tc in
Fig.1 almost agreed the time when the integrated
intensity for the magnetic scattering was saturated.

Since the Guinier radius is larger for the nuclear
scattering, this discrepancy is not explained by the
disordering of magnetic domain at the precipitate
interface. Figure 2 shows a model decribing a 'shell
structure’ of the precipitates, corresponding to the
interfacial segregation. Since the scattering Iength
density,Pn, for Fe is larger than that for Cu, and Mn is
much lower than that for Cu, segregation of Mn and
Ni at the precipitate interface can explain the
experimental results.

The integrated intensity for the nuclear scattering
kept increasing slowly, even after the saturation in the
magnetic scattering. It suggests that Mn atoms
segragated from the matrix after 1ks, which
contributed mainly to the nuclear scatteing. This
picture is consistent with the change of Guinier radius.
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Fig.2 A model structure of precipitates before and after
the critical time, tc,
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The hydrogen-bonded ferroelectric
compound KH2PO4 (KDP) shows a remarkable
isotope effect on the ferroelectric phase
transition temperature. There have been a lot of
investigations on the mechanism of phase
transition of KDP and KDzPO4 (DKDP)[1-6].
The main interest of the KDP problem has been
confined to two typical models which are the
proton tunneling model and the PO4 order-
disorder model. It is important to clarify the
dynamics of the hydrogen or deuterium in these
compounds. Recently, Shibata et al.[7] have
assigned the bending and stretching modes of
the H-atom in KXDP by inelastic neutron-
scattering measurements.

In the present work we have newly found
the vibrational modes of deuterium ( D-atom )
in DKDP by inelastic neutron-scattering
measurements. In contrast to the H-atom in
KDP, the neutron-scattering cross section of the
D-atom in DKDP is as small as that of POs
tetrahedrons. Therefore the neutron spectra was
compared with Raman spectra, and the modes
in DKDP were assigned.

The samples used were KH2PO4 and
K(DxH1-x)2P0O4 (x=95%, denoted as 95%
DKDP) powder samples. The ferroelectric
transition temperature ( Tc ) of KDP was 122K
by Differential Scanning Calorimetry
measurement. The Tc of 95% DKDP samples
was 215K. The crystal structure of the 95%
DKDP sample was confirmed to be the
tetragonal phase at room temperature by a
powder x-ray analysis.

Inelastic neutron scattering measurement on
these compounds were performed using a CAT
spectrometer[8]. Each powder sample was
filled into an aluminum cell (70 mm square, 5
mm thick). The samples were kept at 40K
within 3K.

The neutron-scattering spectrum of the
DKDP was obtained by subtracting the reduced
spectrum of KDP from the spectrum of 95%
DKDP. Neutron-scattering spectra of DKDP

and KDP are shown in Fig. 1. The neutron-
scattering spectrum of DKDP has four large
peaks in the energy range 40<e<130 meV.
These four peaks correspond to the D-modes as
well as the molecular vibration for PO4
tetrahedrons ( PO4-modes ).

In order to investigate H-, D~, and PO4-
modes in neufron-scattering spectra, we have
compared the Raman-scattering spectra of
KDP and 98% DKDP with their neutron-
scattering spectra. Raman-scattering spectra of
KDP and DKDP are shown in Fig. 1. As
shown in the Raman spectrum of KDP, PO4-
modes appear in the frequency region between
30-150 meV. These modes are denoted as v2,
v4, v1, and v3 from low frequency side[6].
Therefore, the broad peaks in the energy range
30<e<80 meV in neutron-scattering spectra of
KDP can be explained as PO4-modes (v2,v4)
by comparison with the Raman-scattering
spectrum. PO4-modes (v1,v3) should be also
observed in the energy range 80<e<150 meV.
However, these modes are hardly observed in
the neutron scattering spectrum of KDP,
because those are buried under the H-modes.
Then, we considered that the neutron-scattering
spectrum of KDP in the energy range
80<e<170 meV is made of the superposition of
the H-modes and PO4-modes. In order to
define the peak energy of the H-modes and the
PO4-modes, the neutron-scattering spectrum of
KDP was fitted with the superposition of 15
Lorentzian functions in the energy range from
30 meV to 200 meV. The result is shown by a
solid curve in Fig. 1. In the above energy
range the observed spectrum has been well
fitted with the calculated one. The result is that
the H-modes were observed at g(H1)=126.4
and ¢H2)=160.6 meV. These peak values
agree with the results reported by Shibata et
al.[7]. Nine PO4 modes in the neutron
scattering spectrum were found by fitting the
calculated spectrum to the observed one, and
the peak energies almost agreed with those



obtained from the Raman-scattering spectrum.
However, the number of POs-modes in the
neutron-scattering spectrum of KDP is fewer
than that in the Raman-scattering spectrum.
This may arise from the poor resolution of the
CAT spectrometer.
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Figure 1. Neutron-scattering spectra obtained from
powder samples of (A) KHoPQO4(KDP), (B}
100% KDoPO4(DKDP). The solid curves
show the calculated spectra by the
superposition of the 15 Lorentzian modes.
Raman-scattering spectra obtained from
KDP(A) and 88% DKDP(B) are shown by
dashed curve.

In the same way, the corrected neutron-
scattering spectrum of DKDP was fitted with
the spectrum calculated by the superposition of
15 Lorentzian functions in the spectral range
from 30 meV to 200 meV. The fitting curves
is shown by a solid curve in Fig. 1. The
observed values have been well fitted with the

calculated spectrum. The peak energies of the
PO4 modes obtained from the neutron-
scattering spectrum almost agree with those
obtained from the Raman-scattering spectrum,
These energies were ¢(D1)=86.7 and
e(D2)=106.1 meV ( Table 1 ). In'this analysis,
we found two D-modes. The ratios of

e(H1)£(D1) and e(H2)/e(D2) are 1.5. These
ratios are almost the same as the expected
values in the simple harmonic oscillator case
(1.4). This result may suggest that the
hydrogen (deuterium) potential is harmonic,
and the hydrogen (deuterium) potential is
almost unchanged between KDP and DKDP.

Table 1, The peak energies of the vibrational
modes of the H-atom, the D-atom.

Neutron Raman

Mode (meV) {meV)
H 160.6 161.9

126.4 125.7

D 106.1 119.5
86.7 88.3
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RbH,PO4(RDP) which is a typical hydrogen
bonded crystal comes into the ferroelectric phase at
T ~148K. To clarify a role of the hydrogen bonds in
this phase transition mechanism, the temperature
dependence of the hydrogen modes in RDP have been
investigated by using a CAT spectrometer.

Figure 1 shows a neutron scattering spectrum
obtained from the powder RDP specimen at 40K
There appear two large peaks. We denote the two
modes at £=124dmeV and 159meV as A and B,
respectively. Since hydrogen has a large cross section
incoherent-neutron-scattering cross section, both A
and B modes can be assigned to the hydrogen modes.
The similar structure has already been obtained in
KH;PO4(KDP) by Shibata and Tkeda.
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Fig.1 The dots are the measured spactrum of the
powder RDP at 40K. The solid curve gives the
caleulated spectrum using a superposition of 15
Lorentzian functions, which are shown in dashed
curves.

We have carried out a spectral fitting to the
neutron spectra obtained from the powder RDP with
15 Lorentzian functions. In Fig. 1 a solid curve gives
the calculated spectrum. We have also compared the

neutron scattering spectra in the energy range of 40 <
€ < 80 meV with Raman scattering spectra and found
that there peak’s energy in this range are almost
agreed with the Raman frequencies of the internal
modes of POy tetrahedrons.2)

Figure 2 shows the temperature dependence of the
spectral line widths (Full Width at Half Maximum) of

A and B hydrogen modes. The FWHM of hydrogen
modes drastically changes around T,
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Fig.2  The full widths at half maximum (FWHAM) are
shown, closed circles denote peak A and open
circles denote peak B.

This may suggest that the line width of hydrogen
mode is strongly affected by the disordemess of POy

tetiahedrons,
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Temperature variation of incoherent inelastic
scattering from hydrogen bonded ferroelectric
KH,PO, (XDP) has been measured using CAT
spectrometer, Here we mainly focus on the unassigned
28meV peak found by Shibata and Ikedal). Since this
peak has much lower energy than that of usual proton
local modes and seems to disappear above T,, much
attention has been attracted. Measurements were
carried out at temperatures 25K, 80K, 115K, 128K and
225K using powdered specimen. The same
experiments as on KDP have been done on partially
deuterized DKDP in order to see the relation between
the transition temperature and the excitation energy of
this mode. The resultant temperature dependence of

the inelastic spectrum is shown in Figs 1 and 2. The
peak position, the energy width and the integrated
intensity for KDP are plotted in Fig 3. Since the
intensity depends inevitably on the estimation of
background, it is difficult to derive the accurate
intensity change at 7. The temperature dependence of
the Debye-Waller factor? has not been separated from.
the plotted intensity variation. It is safe, however, to
conclude that the peak does not disappear but
significantly broadens at T, when the temperature is
raised. The abrupt broadening of the peak at T, can be
observed for both KDP and DKDP(90%D). For
DKDP(90%D), however, the meaningful background
subtraction is not possible for the spectra above T...

Temperature depsndence of the incoherent inelastic scattering from KDP. Displayed energy range is limited in order
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scattering from residual 10% proton in the sample.

The same plot as Fig 1 obtained for DKDP{90%D). Note that the peak at 20meV seems to be the incoherent



An energy shift on deuteration has been
recognized and +7% shift of the energy on the 90%
deuteration suggests that this mode does not
correspond to the "collective" proton (deuteron)
motion such as the collective tunneling assumed to
exist in the proton coupled soft optic-phonon model3).
Moreover it has been shown that the amplitude of the
proton motion involves a substantial z-component*)
which is perpendicular to the direction of the hydrogen
bond. It seems more plausible to discuss this mode as
an optical mode motion of the atoms rather than a
purely local (single-site} proton mode in an
asymmetric double-well potential because, in this
energy region, the proton motion cannot be
independent of the motion of the surrounding atoms.
Rather a distinct incoherent peak may correspond to
the localized character of the mode reflecting sharp
density of states. The peak has the finite energy-width,

which, corrected the instrumental resolution, can be
estimated to be 2.5meV (FWHM).

Although the observed proton motion in KDP and
DXDP obviously relates to the phase transition, the
mode has still not been assigned, For assignment it
would be helpful to compare the neutron scattering
spectrum with that obtained by the Raman scattering
experiments, Many Raman scattering experiments
suggest order-disorder nature of the phase
transition™5.7), Present neutron scattering results also
suggest that the mode strongly couples to the
fluctuation of the dipole moments and a qualitative
explanation seems 1o be given by introducing an Ising-
spin variable based on the order-disorder model. It is
therefore interesting to investigate the relation
between the 28meV mode motion and the formation or
the fluctuation of the dipole moments.
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Fig4  Temperature dependences of the peak position, the energy width and the integrated intensity for the 28meV peak in

KDP. The lines are guides to the sys.
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An incoherent inelastic peak at heo =28meV found
in KH,PO, (KDP) by Shibata and ITkedal) has much
lower energy than that of usval proton local modes
{(ho >100meV) and seems to disappear above the
ferroelectric transition temperature 7. It is interesting
to investigate the relevant motion of the protons which
are forming hydrogen bonds. In this study an angle
dependence of the scattering intensity has been
measured using MAX crystal analyzer spectrometer
with single crystal XDP, If the peak consists of a
single normal mode, it is possible to determine the
poiarization vector of the mode even by the inccherent
scattering. Although the angle dependence of the
scattered intensity of 28meV peak has already been
reported!), a measurement with better @ (or angular)-
resolution is desirable. In the measurement, £¢ of each
detector was selected so that the magnitude of the
scattering vector Q became 5A-l for the energy
transfer of 28meV. Typical Q-resolution AQ/Q is 3%
and the energy widths Ahw are smaller than 3.5meV at

ho =28meV, Rotating the sample crystal in the a-¢
plane, TOF spectra were collected at 18K. Note that
all the hydrogen bonds are within the c-plane.
Normalized integrated intensities of the peak are
plotted in Fig I as a function of the angle between a-
axis and Q. Intensity difference due to the anisotropic
Debye-Waller factor23) is not large at low temperature
and was therefore neglected. Maximum intensity has
been obtained when @ //z and minimum when @ //c.

As far as the proton motion is concerned, as a
result, the predominant character of the mode is of
stretching with respect to the hydrogen bond as
already reported?. It should be noted, however, that
the intensity in the configuration @ La is much larger
than that comes from the finite instrumental resolution
effect in the case of vanishing inelastic structure
factor: i.e. in the case that the mode eigenvector is
exactly perpendicular to 0.
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Fig.1  Plot of the integrated intensity of the 28meV peak
as a function of the angle batwaan a-axis and the
scattering vector Q. The line indicates the
expression cxyacosze+ czzsinas where Sy and
¢, are the xy- and z-component of the mean
amplituds respectively.

This remainder intensity indicates that the mode
has a substantial perpendicular (z-) component ¢, of
the amplitude with respect to the direction of the bond.
Mean z- and xy-amplitude of the proton motion have
been determined. The ratio of the mean z-amplitude to
the xy-component can be estimated from Fig 1 to be as
large as 54%, indicating that the proton motion is not a
simple two-site excursion between the hydrogen bond.
A large z-component for the proton (deuteron) motion
has also seen in the ferroelectric fluctuation in DKDP
near T, measured by neutron quasi-elastic scattering®.
Further investigation on this excitation will also be
reported in KENS REPORT separately.
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Copper iodide (Cul) exhibits high-temperature
phase transitions at 369°C and at 407°C. The high
temperature - and o—phases are well known as
having a high ionic conductivity. The crystal
structures of Cul were reexamined by X-ray
diffraction method.1)

Inelastic neutron scattering measurements
were performed at 25, 200, 280 and 300°C by the
use of the TOF spectrometer LAM-40 installed at
the pulse spallation neutron facility KENS. A
powder specimen of Cul was contained in a
cylindrical aluminum tube of 13mm diameter and
80 mm length with thin wall. The range of Q0
(4msinB/A) covered by this spectrometer is 0.2-
2.5 A-1 at elastic scattering and the energy
resolution was about 200 meV (FWHM). The
data collection time for each temperature was
about 5 h.

A low-lying dispersionless excitation near 3.4
meV was observed in the inelastic scattering
spectra’ of a powder sample of Cul over the
measured range of . The observed inelastic
scattering spectra J (Q,w) of Cul with 0=2.3 A-1
at various temperatures are shown in Fig. 1. As
the temperature is lowered the excitation near 3.4
meV becomes clear and the intensity of the
inelastic scattering spectra in energy range 1-3
meV decreases.

The analysis of the inelastic scatteirng was
performed in the same manner as that of copper-
ion conductors recently carried out by the present
authors.2) The model scattering function for the
generalized density of states consitsts of two
components: the low-energy excitation mode and
the phonon modes mainly due to the transverse
acoustic branch.

The value of low-energy excitation (~3.4
meV) is almost independent of temperature. When
the temperature increases, the haif-width T of the
low-energy excitation mode increases at
temperature above 200°C. The temperature
dependence of the half-width of the low-energy

excitation mode could be associated with that of
the electrical conductivity.

The feature of the observed inelastic neutron
scattering spectra in Fig. 1 is similar to that in

- the silver ion conductor RbAg4ls reported by

Shapiro et al.3)

Recently, an ionic plasma model to describe
the low-energy excitation of cation superionic
conductors was presented to explain the low-
energy excitation in superionic conduciors.®) At
present, the value of the effective charge of each
substance has not been reported. Therefore, we
could not investigate the validity of the ionic
plasma model.

The results are to be published in Solid State
Tonics.
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Poly(a-amino acid)s take several
conformations in the solid state. The side
chain has great influence upon the
conformation and the property of the polymer.
Side chain motions are reflected in various
relaxation phenomena. The main chain of
poly(y-methyl L-glutamate)(PMLG) is known
to take an o-helical conformation in the solid

state. The structure and relaxation phenomena
for PMLG in the solid state of rodlike
molecules surrounded by side chains were

investigated and well characterized.!’ The side
chain relaxation of PMLG is caused by micro-
Brownian motion around room temeparture.
The methyl group in the end of the side chain
undergoes rotational motion about the C3 axis

even in 77K.2  In order to investigate the
dynamical behaviors of the methyl group of
PMLG, we carried out neutron quasielastic
scattering measurements, obtained by LAM-40
at 297K. Experiments were done on both
PMLG and deuterio-methyl PMLG(PMLG-d3),
to exfract the contribution from only the methyl
group.

Fig.1 (a) shows the quasielastic scattering
spectra of PMLG and PMLG-d3. These are the
sutn of spectra for the scattering angles of 72°,
88°, and 104°. The clear difference between
both samples is observed in the region within w
=+ 2 meV. Difference spectrum is shown in
Fig.1 (b). This spectrum would be empirically
fitted to a model of a Lorentz function. The
half width at half maximum of the spectrum is
calculated to be ~2 meV, which corresponds to
2 ps, showing the rate of the methyl rotation.
This value is in good agreement with that of
2H-NMR results.? And NMR results indicate
that the mode of the methyl rotation to be the
three-site jump and the presence of the Cj axis
motion of the order of 10 kHz at room
temperature. Detailed analysis is in progress.
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jodide crystal (PyHI), 4#
is surrounded by six iodide
anions and has orientational degree of freedonm
characterized by the direction of NH bond of the
pyridinium ring within the distorted octahedron
of the iodide anions. The NH is considered to
be directed toward just in between two anions
with  the disorder of the
pyridinium ring at equivalent six sites in a
high-temperature phase, and to be directed
straight toward one of the six anions in a low-
temperature ordered phase forming a hydrogen

In pyridinium
pyridinium ring

orientational

bond with the anion.!)

This orientational c¢hange in the phase
transition is very interesting, because this
change suggests the possibility that the

pyridinium ring is in a rotational tunnel state
1 at
examined

of two-minimum potential as shown in Fig.
low temperatures. Therefore we
calorimetric and neutron spectroscopic studies
for PyHI in order to elucidate the orientational
change of the pyridinium ring in the disordering
process, The experiments were carried out in
the temperature region of 4 to 320K for the
calorimetry and 10 to 200K for the neutron
spectroscopy, respectively. Neutron scattering
experiment was performed with the time-of-flight
(TOF) spectrometer LAM-D installed at KENS.

The obtained molar heat capacities of PyHI
are plotted in Fig. 2. As has been reported,?’
PyHI exhibited heat-capacity anomaly with a
sharp peak at about 250K and with wide skirts on
both the low- and high-temperature sides of the
peak. The phase transition temperature was
determined to be 249.65K, and the transition was

AN

—d

/
o

Fig. 1 Schematic potential curve for the orientation of

pyridinium ring.
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FPig. 2 Molar heat capacity () and the anomalous part (@)
of PyHI.

decided to be of the first order because of the

thermal hysteresis of the heat capacity observed

in the transition temperature range.

The anomalous part of the heat capacity due
to the order-disorder phagse transition was
obtained, as also shown in Fig. 2, by extracting
the heat-capacity contributions from intre-ionic
and rotational vibrations of pyridinium cation,
lattice vibrations, and (qhn—C%“) correction
term from the obtained heat capacities. The
transition entropy evaluated from the snomalous
part was 18.6~25.8 J+*K lemol !, and the result
means that the pyridinium ring has at least 9
and less than 22 distinguishable orientations in
the high-temperature phase, when we assume that
the pyridinium ring is allowed to take only one
orientation at the lowest
measurement.

temperature of

It has been long believed that there is no
hydrogen bonding between NH proton and iodide
anion in the high-temperature phase and that the
NH is directed toward just the middle between
However, there should be coulomb
interaction between anion and cation even in the
pyridinium NH
existing in between two anioms is expected to
interact with one anion much stronger than with
the other, so that at any one of stable
orientations of pyridinium ring the FKH is not
directed toward right the middle between two
anions but is located closer to one anion than

two anions.

high-temperature phase and the

— 61 —



to the other of the two anions. This model
brings 12 allowed for the
pyridinium ring in the disordered state, as is
well consistent with the experimental result.
Figures 3 and 4 show the neutron energy-
transfer spectra cbserved at
temperatures. In the high-energy region, as
shown in Fig. 3, clear peaks due to the intra-

orientations

various

jonic vibrations of the pyridinium cation were*

observed below 100K and the peaks were assigned
as indicated in the figure by comparing with the
result by the IR spectroscopy.?’ 1In this intra-
ionic vibrational region, peak shift was hardly
observed with temperature. On the other hand,
in the low-energy region shown in Fig. 4 some
peaks due to the lattice and rotational
vibrations in PyHI were observed and low-energy
shifts of the peaks appeared above 53K.
the heat-capacity aznomaly also appeared in the
temperature range above 50K (Fig. 2}, the peak
shift observed here is considered to be relevant
to the disordering process, i.e. the peak shift
is attributable to the softening of the lattice
in PyHI accompanied with the
disordering of the pyridinium ring.
In the disordering process, it is expected
that the @ indicated in Fig. 1 increases with
increasing temperature snd the tunnel splitting
should decrease toward 0. However, in the
neutron energy-transfer spectra, we could not
find such a peak as shifts largely with the

Since

orientational

Neutrons / arbitrary unit

20 60 100 140 180
Energy transfer / meV
Fig., 3 Neutron energy-transfer spectra of PyHI in high-

energy region at various temperatures.
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Fig. 4 Heutron energy-tranasfer spectra of PyHI in low-

energy region at varioﬁs temperatures. The intensities

were normalized from the elastic peak intensities.
variation in temperature. This result suggests
that in the pyridiniuva salt with a weak hydrogen
bonding such as PyHI the NH of pyridinium ring
would not be directed just toward the iodide
It means that the & is too large to
form tunneling
temperature ordered state differently from the
cagse of pyridinium chleride (PyHCl) with strong
hydrogen bonding. Further substantiation of the
picture definitely " necessitates detailed
experiments both on the crystal structure of
PyHl in the ordered state and on the phase
behavior of PyHCl as a function of temperature.
Calorimetric study of PyHCl is now in progress
in our laboratory  for that, and the
orientational disordering appears to proceed
through phase  tramsition  of two steps
differently from that in the present PyHI case.
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Hydrogen chloride molecule in its 8-
hydroquinone clathrate compound is confined in
the host cavity which is approximately
spherical with a "free diameter" of ca. 4.8 A.
The chlorine atom of HCI molecule lies on the
C: symmetry axis of the crystal (rhombohedral,
space group R3) and the HC1 molecule is
considered to precess around this axis (Fig.l}
from 'the analysis of the position of H atom by
neutron diffraction previously done at room
temperaturel!!. At low temperature, 2.3 K,
a phase transition of this clathrate compound
was observed by calorimetric study?! and we
investigated the rotational motion of HCLl in
[CsHa {OH)2]2{HCL)B .09 and of DC1 in
[CeHa{OD)2]2{DCl)e.22 by proton and deuteron
NMR method respectively in relation to the
phase transition.

These experiments revealed that the HCI1
molecule is an almost free rotor precessing
about the C: axis in the high temperature
phase and that the rotational states of the
HC} and DCI nmolecules do not change
appreciably across the phase transition as
evidenced by the continuity of the
temperature dependence of the spin-lattice
relaxation rate Ti~' over this range. From
the temperature dependence of Ti-', we tried
to estimate the energy splitting between the
DC1. The

tunneling levels of HCl1 and

splitting is around a few meV, however, the

unique estimation has not been achieved,

because the splitting may be distributed due
to a possible interaction between hydrogen

chloride molecules in neighboring cavities.

Fig.- 1 Host cavity of hydroquinone clathrate

and HC1 molecule confined in the cavity.

To investigate directly the dynamic
behavior and tunmeling splitting of HCl1 in the
clathrate compound, the neutron scattering
spectra were measured around the phase
transition temperature by LAM-40 spectrometer.
The spectra of [CeDs(OH)2]s{HClh.e are shown
A very broad peak at 4.5 meV is

which did not

in Fig. 2.
the tunneling transition,
appear in the spectrum of DCl in the clathrate
[CsDs(0OP)21a(DC1)e .e~. A half of

the half width is 2 meV, which is much larger

compound,

than the resclution of the spectrometer (0.2
meV), did not change on cooling from 4.2 K to

2.3 K. This result suggests that the width is



not due to the life time broadening but the
energy level is intrinsically broad. One of
the possible mechanisms to diffuse the energy
levels may be a perturbative interaction
between HCl molecules in neighboring cavities.

Above the phase transition temperature
(12.3K) quasielastic scattering appeared. The,
Q-dependence of the guasielastic scattering
intensity at 22 K showed a maximum at 1.7 A"
and was fitted well by a model of proton
jumping between equivalent three sites. The
angle @ In Fig. 1 was estimated to be 42
degree at 22 K

At 2.3 K Q-dependence of the intensity of
the inelastic peak at 4.5 meV showed a maximum
near 2.2 A-' and was successfully fitted by a
model formula in the case of proton tunneling
in the three-fold symmetric potential wells.
The hngle @ of precession of HC1 at this
temperature was estimated to be 30 degree.
The symmetry of the low temperature phase is
known to be lower than the high temperature
phase but the deviation from the three-fold
symmetry of the hindering potential seems
small. The spin-lattice relaxation rate of
H-NMR in the low temperature phase was good
consistent with the dynamic aspects of HCL
molecule described above, if we take Into
account the width of 2 meV of gaussian
distribution of the tunneling splitting.

The tunneling behavior of DCl in the
compound, {CeH4(0D)2 12 (DCY)a 22,

deduced from the

clathrate
which was spin-lattice
relaxation rate of D-NMR, was similar to that
of HCI.

The authors would like to express their
thanks to LAM group of KEK especially to Dr.
K. Shibata of Tohoku University for their

stimulated discussions.
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Fig. 2 Inelastic neutron scattering spectra

of [CsDa(0H)z13(HCI)1 .. Each spectrum is
shifted along ordinate by 001 to prevent

overlapping.
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NMR
revealed two tunneling splittings (7.9 and 9.6
MHz)
(HMB) crystal at 4.2 K.

Zero

Proton field cyeling technique
of methyl groups of hexamethylbenzene
One of the splittings
decreased to sharply as temperature
increased, whereas the other remained almost
constant up to 30 K'-2', This result is very

curious from the theoretical point of view of

a tunneling methyl group, because methyl
groups in the crystal stay in similar
environment and the anomalous temperature
dependence seems to come from a coupling

in a HMB

molecule in which six methyl groups are very

effect between the methyl groups

closely located and are tied in a ring.
The aim of this study is to investigate
more clearly whether the coupled tunneling of
To make
HMB were

in hexabromobenzene (HBB) of

six methyl groups is evident or not.
iMB molecule
diluted (5 mol%)
which the molecular size
that of HMB.

relaxation rate (T1~') of proton and powder X-

isolated in crystal,
is very similar to

The measurement of spin-lattice

ray diffraction of several diluted specimens
(around 5 mol%) Indicated that HMB molecules
were diluted microscopically in HBB lattice.
From the temperature and frequency dependence
of Th! different two classes of
tunneling of

which is about 0.4 peV near 40 K and the other

of proton,

splittings were deduced, omne

is about 0.4 meV at liguid helium temperature.
Figure 1 the
scattering spectrum of HMB(5 mol%)/ HBB which

shows inelastic neutron
was observed at 3.7 K by LAM-80ET spectrometer
of KENS with mica analyzer ([006] reflection).

A broad peak centered at 0.4 meV was found in

s(Q.w)

Cg(CHz)g + CgBrg

0'003l""""i“"l""l""l"‘{
L Temp= 5.7 K e
0.008 — ]
3 Q. 4meV N
0.004 — J/ —
0.002 [— —
0.000 ..,.l.l..I...,I..‘.I...‘l.,_J
«0.25 o 0.25 0.5 075 H
Energy transfer (meV}
Fig. 1 Inelastic neutron scattering spectrum

of HMB(5 mol%)/HBB measured at 57 K by LAM-
80ET spectrometer of KENS.

the neutron energy loss region, which is good
consistent with the slope of T:-' of proton of

the same sample below 10K and the peak did not

appear in the spectrum of pure HBB. The
large tunneling splitting (0.4 meV} seems to
belong to gearing rotational mode of six

methyl groups which is ope of the normal modes
of rotational freedom of six methyl groups in

a HMB molecule. The hindering potential of

the gearing rotation Is much smaller than

other rotational mnpormal modes, which was

examined by a calculation of the potential

barrier by assuming additive pair potential

function. The tunneling splittings of other
modes are so small as invisible in Fig. 1,
which s consistent with NMR result and
torsional excitations of these modes were

observed to be 11.0, 13.5, 14.5 and 17.0 meV
at 12 K by LAM-D spectrometer of KENS ({Fig.



2), which are also good counsistent with an

averaged energy of torsional excitation
derived from temperature dependence of T:-!
between 10 and 40 K

In conclusion, the coupled tunneling of
discernible in

diluted system (5 mol% HMB in HBB) and gearing

methyl groups of HMB seems

mode of six methyl groups was separetely
observed from other modes. A detailed
analysis and a similar study on scandium

acetate are now underway.

The authors would like to express their
thanks to LAM group of KEK especially to Dr.
K. Shibata of Tohoku University for their

stimulated discussions.
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Fig. 2 inelastic

neutron scattering spectra at 12 K; the result

Difference, AG{w), of
of subtraction of G(w} of hexabromobenzene
from Glw)

bromobenzene.

of hexamethylbenzene(S5 mol%)/hexa-
The spectra were measured at
by LAM-D

scattering angle of 85 degree

spectrometer of KENS. Peak a is tentatively
assigned to the libration of hexamethylbenzene
molecule and peaks b through e are torsional
normal modes of

methyl groups of

hexamethylbenzene diluted in hexabromobenzene,
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The liquid semiconductors can be classified
into two groups according to the temperature
variation of the electrical conductivity.. One
has a low conductivity and shows the linear be-
haviour in the Arrhenius plot of In o vs 1,
The other has a relatively large conductivity
which increase gradually with increasing temper-
The Se-rich Bi-Se alloys belong to the
later group. The structure of liquid Bil-xsex
alloys with x = 0.3, 0.5, 0.6 and 0.65 was
investigated to study the change in the chemical

ature,

short-range order caused by the change of con-
centration. Neutron scattering experiments were
carried out using the High Intensity Total
scattering spectrometer (HIT).

Figure 1 shows the total structure factor,
5{Q), for Bi-Se alloys at 740 " C together with
the data of liquid Bi and Se [1]. Except for Se
the height of the first peak decreases, while
the height of the second peak increases with Se
concenration accompanying the shift of the third
peak position to the higher @ side. The charac-
teristic peak at Q@ = 3.2 At in 5(Q) has also
been observed for liquid Te and Te-based alloys
iz,31.

increasing temperature.

This peak for liguid Te disappears with
Based on the study of
the partial structure factor for liquid Cu,Te
{4}, Hawker et al. suggested that the second
peak in S{Q) for liquid Te is related to the
covalent character of Te ions. The second peak
in S(Q) for the Se-rich Bi-Se alloys, therefore,
seems to be related to the degree of covalency
in the bonding nature for these alloys.

The position of the first peak for 810_35
Sep_ gy, BigSeq and Big 5Seq.5 1s independent of
concentration and is located at 2.15 A™l. A
significant change in 5(Q) is observed going
from x = 0.3 to 0.5.
first peak for Bijy 4Seq g is 2.10 A™l which is

The peak position of the

the same as that for liquid Bi.
Q = 3.2 A7! is hardly seen for Biy 78¢5 4. Lig-

The peak around

uid B10_7Seo‘3 has the electrical conductivity
with a negative tenperature coefficient and is
Then the bonding
nature, and hence the liquid structure of

almost metallic in character.

810_7830'3 differs considerably from those for
Se-rich alloys.

The hump in §{Q) was observed for the Se-rich
Bi-Se alloys and it faded away with increasing
Bi concentration. The electronic behaviour of
the Se-rich alloys is closely related to the
change in the medium-range structure.
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Chalcogenide glasses indicate a large

intrinsic loss in the mid-infrared,
while, halide glasses have a poor
chemical durability. In order to

improve weak points of both glasses,

studies on chalcohalide glasses have
extensively been made In recent years®?.
As~85-I glasses are the most studied
because of the ease of glass preparation
and wide glass-forming composition
range.

This report is to describe results of
TOF neutron diffraction measurements om

amorphous (and partly liquid) As=5z-Asias

system.
Samples of (As=Sa)i-x(AsIa}x (x=0,
0.238, 0.455, 0.522, 0.588 and 0.6852)

were prepared by mixing required amounts

of the starting materials in the molten

state in an evacuated quartz tube and

subseguently quenching to room

temperature. The time~of-flight neutron

diffraction measurements were carried

out at 25°C using HIT spectrometer. The
neutrons

scattering from the samples,

sealed 1in evacuated thin walled guartz

cell with 8mm in inner diameter, were
located at

and 1507,

counters

32, 44, 91

detected by *He
28=8, 14, 25,

After corrections for the background,
absorption, incoherent and multiple
the observed count rate was

scatterings,

converted to the absolute scale by using
the scattering data from the vanadium
rod.

The obgserved coherent scattering
cross section for respective samples is

described 1in Fig.l. The intensity of

the prepeak at 1.2 A-* for pure As=zSs
T T T T T T T T T
I x=0.652
08r
2051, 0.522
£ |
2 ¢
=< 0.455
5 L
e
bI(:‘
oo
O g 1 PR TN S W S N |
0 4 8 12 16 20 2L 28
/K
Fig.1 Observed coherent

scattering cross sections Tfor the

in the

(AS28a)a-»(A8Tal)x system

amorphous state, and x=0.588 and

0.652 in the liquid state,

respectively.



gradually decreases with increasing Asls

content. However it remains as a little
shoulder even in Asla richer
compositions, suggesting that the

connection of AsS8a,= structural unit is
not easily destroyed when ilodine atoms
are incorporated in the system.

Fig.2

shows the composition

reduced radial

G(r},

dependence of the

distribution function, obtained

from the Fourier transform of the
interference function truncated at
Qmaz=20 A-T, The G{r) for all
compositions shows well-resolved peaks
at r=2.27 and 3.64 A, assigned to As-S§
and §-5 correlations in the ASSa,=
structural unit. The peak positions

remain unchanged for all compositions

investigated. The peaks at r=2.62 and

3.98 A in G{r) growing with increasing

Aslas content can be assigned to As-I and

I-1 interactions. The position of the

peaks is very c¢lose to that of

corresponding interactions in the

Fig.2 Reduced distribution functions

for the (Asz=Sa)ai-x(Aslalx system.

AsIa molecules in the
crystalline (ras—z=2.591 A,

A)®? and liquid (ras-z=2.865 A)™]

pyramidal
rr-x=3.959
AsIa.
The position of these peaks also shows
little composition dependence. The area

under the peaks at r=2.27 and 3.82 A

proportional respectively to the number
of ASSs,= units and Asls molecules
changes systematically with sample
composition.

The previous X-ray diffraction work

has proposed the twisted chain model

consisting of AsS2I units interconnected

by double sulfur(-5-8-) and/or single
sulfur{-58-) bridges=’. Oon the other
hand, the Raman scattering studies have

postulated that discrete AsI= molecules
are formed rather than AsSs-nln units®’.
The results obtained in this work show
that AsIs molecules rather than AsSs-nla
inserting iodine

units are formed by

atoms into the Ass,.= network structure
of amorphous AsS=zSs.

We would 1like to acknowledge the
member of HIT group during the course of

diffraction measurements.
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The Intramolecular Structure of Da0* in Concentrated Aqueous DC1l Solutions
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Oxonium ion is one of the most
important chemical species In extensive
fields of science. However, the

intramolecular structure of Da0* in the
liquid phase has remained a matter of
controversy for several decades. The
molecular orbital calculation®?’ and 270
NMR=? suggested a planar

works have

equi%ateral triangle geometry for Da0™.
On the other hand, a trigonal pyramidal
ion has

structure for the oxonium

indicated by the Raman spectroscopic
study=?’.

In this report, we describe on the
experimental results of TOF neutron
diffraction on concentrated agqueous DCL
solutions, for the purpose of
determining the molecular geometry of
oxonium jon in the liquid phase.

Pure D=0 (99.8% D), 10mol% and 23mol%
DC1 solutions in D20 were sealed into a
cylindrical thin walled qguartz cell with
8mm in inner diameter and 0.4mm in wall
diffraction

thickness. TOF neutron

measurements were performed at 25°C
using a total scattering instrument HIT.
Measurements were made in advance for an
empty cell, background and a vanadium
rod which has the same dimension as the
sample.

After corrections for the background,

absorption and multiple scattering, the

observed count rate was converted to the

absolute scale by using the scattering

data from the vanadium rod. The
small

exhibit

observed Ccross sections at

scattering angles helow 44=

almost a similar oscillation amplitude

around the static limit. Much greater

deviations from the static limit in

addition to the obscurity in oscillation
amplitude of the interference, which are
considered to arise from the
inelasticity effect, were observed in 91
and 150-<

data. The reliability of the

0 5 015 20 pi
/it

Fig.1 The observed total
interference term (dots) and 'the best
intramolecular term

for liguid D=0. The

fit with the
(silid 1line)
residual function (dots} is shown in

below.



functional form for the inelasticity
correction seems to be open in the
present time except for Dz0 molecule.
Consequently, taking into consideration
of minimizing both the inelasticity

effect and the instrumental resolution,
we adopted only the data at 20=44° for
the subseguent structural analysis.

The corrected total interference term

for pure liguid D=0 is shown in Fig.l.

Two internuclear distances, roo=0.983#
0.005 A and rpp=1.55%0.04 A, and two
root mean square displacements

lon=0.067Tx0.008 A and lpn=0.12x0.04 A.

were determined through the least square

fit in the range of 8<Q<25 A-2, These
parameters agree well with those from
earlier studies in which the
inelasticity correction for the
intramolecular Iinterference term has
been applied. This implies that the
inelasticity distortion for the
interference term is sufficiently small
at 26=44-=,

The molecular parameters for Da0~

were determined by the least square fit

of the theoretical intramolecular

interference term of 23mol% DCl solution

2 T T T T
] L
2 L
k]
~ 0F
=
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[]lend
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Fig.2 The same notation as Fig.l

except fTor 23mel% DC1 solution.

as depicted in Fig.2. The inelasticity
effect for the intramolecular
interference term in the data can be
again postulated to be sufficiently

small. The structure parameters for D=0
molecule in the solution were assumed to
be the

liquid

same as the values for

D=0,

pure
which are already
determined.

Da0~ with their

The OD and DD distances In

root mean square
displacements are determined to be
ron=1.04%0.04 A, rpp=1.6320.05 A,
1op=0.07+0.02 A and 1o5=0.12+#0.08 A,

respectively, through the similar
fitting procedure. The

ADOD=103x10=,

bond angle,
from these

exhibits the

derived

parameters obviously

trigonal pyramidal structure of oxonium

ion in the solution. It is noteworthy

that these parameters determined in this

work were obtained without any

assumption on the molecular geometry of
Da0*.

The values of root mean square

for Ds0* agree well with

This

displacements
those for D=0 molecule. agreement
is reasonably supported from the fact
that the molecular force constants for

Da0~ are very similar to those for D=0

in the liquid phase according to the
spectroscopic data®?,

The authors would like to acknowledge
the members of HIT group during the

cource of diffraction measurements.
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In the active site of a cavity or
groove in protein and DNA, a water
molecule is isolated from other water
molecules and is kept

electrostatic field established by the

under the

surrounding ions, such as metal cation,
halide anionsl) carboxyl anion -COO~,
protonated amine or imine -NH3” or
=NH,", and phosphate anion —OPO%". That
is to say, the anions, as well as some
water molecules, coordinate to a
central metal cation in the cavity or
groové arranged by the preorganiéation
of biomclecules. The first order-
difference method of neutron diffraction
shows that Lit in both completely and
incompletely hydrated
coordinates directly to c1-.%) It is

study the

solutions

also interesting to
configuration between carboxyl anions
and metallic cation. Carboxyl anions
are very familiar in biological system
and play an important role as the
binding site of metallic cations.
Theory

The interference term consists of
the contributions from the
intramolecular and intermolecular parts.
The Fourier transform of intermolecular
gives the

interference function

intermolecular distribution function

G(r).3)
we dintroduce the difference,
A, ;(Q), between two intermolecular

interference termsz); they are identical
in all respects except that the isotopic
composition of Li nucleus is changed.
The difference A;;(Q) consists of the

*)J.Mplec.Phys., in press.

eight terms of intermolecular inter-
ference function ap;_,(Q).

The Fourier transform of ALi(Q) gives
the distribution function ELi(r)

. 1
Goy ()= 2___“““ I A (@) 9sin(Qr)dd (1)

wlpr

Experimental
We prepared samples of two
different lithium acetates in which the
igotopic composition of Li(6L1/7Li) was
changed.4) At
isotopically enriched samples CD3C006Li
and CcDgzco07Li,
bri,co5(95.0 ats
7LiOH(99.9 at% 7Li~enriched), and acetic
acid-dg (99.5
vacua at ca. 90°C; the residual water

first, the two

were prepared from
6Li—enriched),

at% D-enriched) under

was removed by heating over a day at ca.
60°C under vacuum. The infrared spectra
0f the reactants showed no complex ions
of 0032“ and OH™ in the Li-enriched
solid CD3CO0Li products.

chose the two

The reasons
why we isotopic
compositions (i.e., CD30006r7Li and
CD3C007Li) prepared by weighting the
above two enriched CDzCOOLi products are
as follows: for the Li-isotopic mixture
54 at% OLi the value of the

neutron-scattering length bp; of Li

at ca.

nucleus is almost equal to zero: by; =
0.546 x bg(=2.0fm) + 0.454 x bg(=-
2.22fm) = 0.08fm.
tion from the pairs of Li-a (a=Li, C,,
Cn, Oy, Dg, Dy ,OW) are absent in the

Thus, the contribu-

interference term for the hydrated
solution at 19.0 mol% CD3C006'7Li.



Analyses, Results and Discussion
When the inverse Fourier transform
of the corrected G(r) reproduced the
observed intermolecular interference
used to obtain the
difference A;;(Q) of (1).

Environmental structure around Lit:

term, it was

The algebraic difference Ayj;, given by

inter

ALi(@) = (do/@);ni®F (for cb4c00% 7Li)

inter

- (do/)ine®F (for cpgcoo’ri)

(2}

0.1k 4

ApiQ)

0.1 . 4

Fig.1l{a) The observed difference A (Q)
{dots). (b) The

distribution function
Ehi(r), obtained by the
trnasform of Ap;(Q). The solid line in

environmental
around Li%,

Fourier

{(a) was given by the inverse Fourier

transform of Bp;(r) in (b).

was calculated from the two observed
intermolecular interference functions,
as shown by dots in fig. 1l(a). The
Fourier transform of ALi(Q) gives
Gri(r), as shown in fig. 1(b).

The form of Gr;(r) shown in fig.
(i) The
first and second peaks located =at
1.96+0.03 A and 2.63%0.03 A.
can be identified as the intermolecular
{ii) The

nearest neighbour coordination number

1{b) indicates the following.
The former
correlations between Li-O0.

nrip is equal to 3.0+0.3 obtained by
integrating 1.8 A<r<2.3 A.

The local configuration around Li*
following. (i) The
{ii) An
anion of CDRgCO0" is partially lcocated

indicates the
hydration number is 3.0x0.3.

across and over the first hydration
shell which is definitely deficient in
water molecules hydrated around Li*; the
two oxygen atoms in a CD3COO“ are
equivalent £from Lit. (iii) Some water
molecules coordinated to CDaCO0” can be
located just outside of the first shell

around Lit because of the sufficient

reproducibility of the second peak in
the observed radial distribution
function around Li%, RDFp;(x). The

local structure of the hydrated solution
at ca. 20 mol% CD3COOLi is somewhat
structure of
Thus, the

different from the
crystalline CH3COOLi-2H20.
space and time averaged local structure
around Li* in the liquid state may not

reflect crystal structure.
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Any solution of a metal in its own
liquid halide (i.e., M+MX, n=1,2 and 3)
can be classified into twé categories.
The first includes liguid alkall metal
with its molten halide and invariably
separates into the metal and the salt on
freezing. The second includes the
polyvalent metal halide solutions that
stable

homopolyatomic ions consisting only of

form subhalides and

metal in a lower oxidation state. We

made investigations of the heat capacity
Cp of the Bi+Bil, systeml)

to tHe second typical system.

which belongs
The heat
capacity is of considerable value as it
combines the bonding or electronic
properties including +the internal
motions in bismuth subiodide ions, and
polyvatomic species.

In this paper we report pulsed-
neutron diffraction in molten BiIz and
Big 243(Bilglg, 757 at the salt-rich
region. This paper focuses on the
melecular structures of bismuth subio-
dide

structural units are in liquid state.

ions to make clear what the

Experimental

Materials: the guaranteed reagent bis-
muth tri-icdide was purified by sublima-
tion or distillation in vacuo while the
bimuth itself was 99.9999% pure.

Time-of-£flight neutron diffraction
measurements: We aut the
time-of-flight{TOF) neutron diffraction

carried

measurements for Bi, (Bilg)j_,n melts at
480+3°C by using a high intensity total

scattering spectrometer(HIT).

Theory
The observed total scattering cross

section can be divided intc a self-term
and an interference term, (dc/dn)self
and (do/dQ);,4- The latter, scaled by
a molecule formulated as Bixl(l—x)r can

be expressed by
{do/1Q)nes Phas{apiss(Q-1) H2801-T)basbe(ansr {0-1)
(1) b ane0)-1)

where x=l/(4~3xm). b;
scattering length for nucleus i. The

(1)
stands for the

interference term includes all the
information about the liguid structure
and consists of two contributions, an
intra-molecular and an inter-molecular
part.

The Fourier transform of eq(1l)
gives D(r) which is egual to radial
distribution function RDF(r) referred to
average number density distribution

function 4Hpr2

D(r)= WE(:) - 4z pi”
(2)

where p is the average number density of
molecules and gij(r) is defined as

|
gis{e)= L= T {a;{0)-10sin{le)dl (3)
Inpr

The number of j atoms around i nj 4 is

described as
. 2
0% Hepr g, ()i (4)

where Cj stands for atom fraction of

j atom (x or 1l-x:).



Results and Discussion

Fig. 1 shows the observed
{do/d%) snt of BiI3(xm=O) and

Bi0.243(BiI3)0.757 melts (denoted by
dots).

Fourier

Fig. 2 shows D(rj}: its inverse
transform reproduced the

intermolecular interference terms

observed between 2 A"l anda 26 A", and

T T T 1 T I T T 1 T i T
- 10.25
5ol Xm=0.263—~
20,250 m=0.2%3 0
3 L
HH?E ok [u\/\“,\ﬂﬁ__ < Xm=0.000
i)
& |
3B :
-0.25} ]
1 I ! 1 L] 1 | ] H i | 1
0 10 20 26

Fig. 1 The observed (do/dQ) jnt denoted
by dots; the solid line was calculated
by the inverse Fourier transform D(r) in

Fig. 2.
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3
7 B‘S 0 o 12 13 3 15 6

2 D{(T}
Bi0_243(3i13)0.757 at 480 °C

Fig. for molten Bilg and

0.25

the calculated curves were denoted by
solid lines as shown in Fig. 1.

The form of D(x) shown in Fig.2
indicates the follwing. (i) The first
peak locates at 2.89 A and can be
intraatomic
(ii) The

second peak has a maximum at 4.22 A and

jidentified as the

correlation between Bi-I.

has the two saddle points at ca. 3.7 A
and 4.5 A. The correlations at 4.22 A
and ca. 4.5 A can be identified as I-I
and the other correlation at 3.7 A as
Bi-I.
RDF(r) defined in eqgn(2) was reproduced

The first peak at ca. 2.9 A in

by the sum of the two Gaussian curves
which located at 2.89 A and 3.22 A; the
numbers gyt of I around Bi(III) were
equal to two and one, respectively. On
the other hand,

bismuth-trihalide

understood as originating from a mixture

Raman spectra of

melts can be

of charged bismuth subhalide complexes,
i.e., BiX,* and BiX, , and but from no
halide ion (e.g., X3~ and X7).2) Thus,
the Bilg melt consists of the same
number of the Bil," and Bil,  complexes:
the former has the two Bi-I correlations
at 2.89 A and the latter has the two
Bi-I bonds of 2.89% A in length and the
+wo Bi-I bonds of 3.22 A in length.
The crystal of Bilg is rhombohedral:
bismuth is situated at the centre of
iodine ootahedron. Thus, the space and
time averaged local structure around
Bi(III} in the liguid state can not
reflect crystal structure.
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Introduction

Liquid Te shows metallic behavior, unlike other
chalcogens which retain semiconducting properties on
melting. There are many studies on the origin of metal-
lic nature of Te, but conclusive results have not been
obtained yet. It should be emphasized that there ex-
ists a strong correlation between electronic states and
atomic arrangements in chalcogens. It is expected that
the metallic nature of liquid Te changes in a strongly
supercooled state, which accompanies a modification of
local atomic configuration. Nano-droplets tend to have
a wide ranged supercooled state, because they contain a
lower probability of nucleation sites!). In this paper, we
report the result of neutron diffraction measurément for
Te droplets in the supercooled state.

Experimental

Sample was prepared by alternating vacuum evap-
oration of Te and KI to form isolated Te islands in KI
matrix. The size of droplets was determined by electron
microscopy. From differential scanning calorimetry mea-
surements, it was found that Te droplets with average
diameter of 20nrm were supercocled down to 240°C, 210
degrees below the melting point. The neutron diffraction
experiment was performed using the HIT spectrometer
installed at BSF in the National Laboratory for High
Energy Physics. The specimen was made into a pellet
form of 8mm diameter and 16mm height, and was held
with Ar gas in a cylindrical cell made of Ti-Zr null alloy.
More than ten thousand neutrons were accumulated per
channel in time analyzers. In order to extract the struc-
ture factor ${Q) of Te from §(Q) of sample which is a
mixture of Te and KI, the diffraction of KI powder was
also measured.

Results and Discussion

Figure 1 shows the structure factor $(Q) of Te
droplets at 430°C, 350°C, and 280°C. When the tem-
perature decreases, the height of the first peak decreases
and becomes lower than that of the second peak. Figure
9 shows the pair distribution function g(R}). The profile
of g(R) for the droplet at 430°C is quite similar to that

for the bulk liquid Te. At 430°C, the first peak appears
at 2.78A and the width is slightly broad. Since the first
peak overlaps largely with a broad second peak, it is diffi-

: 430°C
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Figure.l The correlation function S$(Q) for Te
droplets with 20nm diameter in KI matrix at 430°C,
350°C, and 280°C. Dotted lines denote the fitting result.
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Figure.2 The pair distribution function g(R} for
Te droplets with 20nm diameter in KI matrix at 430°C,
350°C, and 280°C. Dotted lines denote the fitting result.



cult to deduce the first coordination number. At 350°C,
the position of the first peak is at 2.8A and there appears
a subpeak around 3.1A. This fact suggests the existence
of longer and shorter bonds in Te chains, which is con-
sistent with the EXAFS results of our recent research?).
At 280°C, the first peak becomes more prominent and
first minimum becomes much deeper. The shoulder seen
at 350°C disappears. The second peak splits into two
humps at 3.8A and 4.4A. The coordination number at
980°C is estimated to be 2. The profile of 5(Q) is similar
to that of liquid Se®).

Recently Misawa estimated the average chain length
of liquid Te from neutron diffraction measurement®).
The chain length is considerably short compared with
that of liquid Se.
we have analyzed g(R) with the method developed for

Based on this short chain model,

molecular liquids by Misawa®. In this analysis, Te dimer
was regarded as a basic unit and both interchain and in-
trachain orientational correlation were elucidated. The
fitted S(Q) and g(R) are shown by dots in Figure 1 and
Figure 2. The agreement with experimental curves is rea-
sonably good. The structural parameters obtained are
listed in Table 1. At 430°C and 350°C, the chain of lig-
uid Te consists of shorter and longer bonds. The dihedral
angle is close to 180° and the tilting angle is very small,
suggesting the planar zigzag chains spacing parallel with
each other. Under the pressure of 40kbar, crystalline Te
has a metallic phase, which consists of dimerized pla-
nar zigzag chains with shorter bonds (2.8A) and longer
bonds (3.1A) stacking in staggered puckered layers®). It
is considered that liquid Te has a local structure similar
to that of high pressure metallic crystal. At 280°C, the
chain is formed mainly by shorter bonds. The bond angle
and dihedral angle are nearly 90°, which suggests that
helical conformation is dominant at this temperature.

Conclusion

The results indicate that near melting point, liquid
Te has a local structure similar to that of high pres-
sure metallic crystal. As temperature decreases, the av-
erage chain length increases and the planar zigzag ge-
ometry becomes unstable, In the vicinity of 280°C, he-
lix conformation becomes dominant, which may cause
metal-semiconductor transition accompanied by volume

expansion”,
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Table.1 The structure parameters of Te droplets with 20nm diameter in KI matrix, obtained from the

analysis based on short chain model?®. Is and I :
angle. ¢4 : dihedral angle. o :

shorter and longer bond length, respectively. & : bond
effective diameter of Te dimer. R, and @ : polar coordinates for the center of

correlated dimer. 8 : tilting angle of correlated dimer. ninter * the number of correlated dimers in the equivalent

configuration.
T k L by $da 4 Re © g Dinter
co) &) (A) () (e ((A) (&) (deg) (dow) (adjacent dimer)
430 2.6 2.9 119 179 4.1 4.1 56 0.0 3.92
350 2.7 2.9 112 178 3.8 3.9 69 1.1 1.92
280 2.7 - 95 75 4.7 4.4 59 -2.1 2,51
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vibrational states in glasses at low
frequency below 100em~! is very differ--
ent from those of crystalline solids.
Recently, the fractal concept has been
applied on the analysis of low-frequency
Raman intensity for some kind of glasgs-
eslvz) and polymerss), etc. For exam-
.ple, the reduced Raman intensity between
10 and 200cm™l in silica gels varied as
®wY, where v is a constant, and was
interpreted by the scattering from
fractons . Since, reduced Raman
intensity, however, involve both the
density of states g{(w ) and a fre-
guency depend coupling factor C(w )},
the g{w ) can not be readily deduced
from the slope of reduced Raman intensi-
tyd)! This is the most serious problem
on the analysis for low-frequency Raman
intensity of disordered materials.

We have measured generalized density
of states in porous glasses using the
inelastic neutron scattering spectrosco-
py, and have compared these with re-
sults obtained by Raman scattering
spectroscopy. The experiments have
been carried out on several powder
samples with different pore diameter,
by using the LAM40 spectrometer in-
stalled at KENS. The energy resolution
is about 150 peV at hv=0mev, and the
typical scattering vector Q ranges 0.2
to 2.6 a7L.
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Fig.l Energy dependence of g{w}

Figure 1 shows the generalized
density of states g(w) of porous glass-
es at room temperature.

The energy dependence of g(®w) shows a
power law 1in the range between 0.8 to

8 mev. The Raman intensity of these
samples also show a power law dependence
in this same energy range. The slopes
obtained from neutron and Raman scatter-
ing spectra are plotted in Fig.2 for
several samples with different pore
diameter. The slope obtained by neutron
scattering, which represents the slope
of g(w), is almost the same that ocb-
tained by Raman spectra. This result
indicates that the coupling constant
C{®w) is almost energy independent in
these samples. Furthermore, +the slope
of g(w) is far larger than the theoret-
ically predicted slope of g (@)((v=0.3)
in fractal lattice®). From this fact, it
may be concluded that the fracton inter-
pretation of Raman spectra in this
energy range is not suitable in this
system, while Raman spectra show a clear
power law dependence.
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Fig.2 Slope of g{w} and Raman

intensity
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The monovalent transition metal cations are
similar to the alkali metal ions in their physical proper—
ties such as ienic radii. Although the crystalline structure
of the former salts are mainly categorized in a NaCl -
type or a CsCl - type at room temperature, few struc—
tural investigations have been dome for the melis. In
the present study, a neutron diffraction measurement of
molten TICl has been performed in order to investigate
this analogy of the structural properties in the liquid
state. \

The structure of TICI crystal at room tempera—
ture is the CsCl type structure and no phase transition
below the melting point ( 702K ) was observed by a
DTA measurement. The lonic radii of the cation and
the anion are 1.50 A and 1.81 AY, respectively. For the
melt, however, There is no data in literature because
that an X - ray diffraction measurement has difficulties
such as the high vapor pressure of the sample and the
large difference of the X —ray scattering length be-
tween the cation and the anion. The present neutron
diffraction measurement yields the total structure factor
and radial distribution function, g(r). In this study,
molecular dynamics ( MD ) simulation of molten TIC]
has also been done, which enables us a further de-—
tailed analysis of the Hquid structure.

The sample salt was vacuum - dried for 13
hours and sealed in a quartz tube. Neutron diffraction
was performed at 800 X using the High Intensity Total
Scattering Spectrometer ( HIT') at the National Labora—
tory for High Energy physics{ KEK ), Tsukuba, The
scattered neutrons were detected by *He detectors at
the scattering angles , 28, of 8°, 13°, 23°, 32°,42°, 90°
and 150°. We mainly analyzed with the scattering
intensity at the scattering angle of 42° for the anmaly-
sis. Scattering intensities from a vanadium rod and a
vacant cell as well as background intensities were also
measured for analysis. The observed intensities were
comrected for the cell, background, absorption, multiple
and incoherent scattering, being normalized by the
intensity of the vanadium rod. The total structural
factor S(Q) was obtained. The neufron weighted radial
distribution function was calculated by Fourier trans-
formation of the structure function Q(S(Q)-1) over the

range to 25 A,

The MD simulation has been cxecuted using
the pair potentials of the Bom - Mayer — Huggins type
with the parameters presented by Mayer.? The func-
tions were originally presented for the TICl crystal
based on a rigid ion model. A cubic cell with the
periodic boundary condition contained 108 cations and
108 anions. The NEV ensemble was constructed
according to a Gear's predictor — comector method with
a time step of 4 fs. The aimed temperature for the
simulation was 800 K to compare the result obtained
from the experimental measurement. The 8000 steps of
the trajectories after establishing an optimum configura—
tion (the 3000 of the initial equilibrium run) were
analyzed to obtain the radial distribution functions.

The experimental and calculated radial distribu—
tion functions are shown in Fig. 1. The peak positions
are found at r= 2.96 A, 4.4 A, 6.3 A in the experimen—
tal g() and r=2.904,432A,642 A in the calculated
one, which shows good agreement between them. The
ratio of the r value of the second peak to the first is
1.49 both for the former and the latter. The calculated
coordination number was 5.6. The ratio is/2 = 141
and 243 = 1.15 for NaCl and CsCl type erystalline
structure, tespectively, and the coordination number 6
and 8 for the former and the latter, respectively. Thus
it should be noted that TIC! changes in its structure
from CsCl - type crystalline to quasi NaCl - type liguid
on {or after} melting. A structural change on the
liquid state side near the solid - liquid phase transition
line has been reported for a more compiex organic
compound.” It is noticeable that the phase change in
the liquid was also found in the simple ionic com-—
pound as the present one. However, the shape of the
function is considerably different from each other. The
peaks of the experimental function are much broader
than those of the calculated one. In particular, the first
and the second peaks are so broad that they are
almost unified to form a very broad one, the latter
appearing only as a shoulder. The radial distribution
functions of a serics of molten alkali chlorides ob-
tained by our neutron diffraction measurements® are
shown in Fig. 2. The literature values of polarizabilitics



are also given in Table 1. It is clear from this figure
and the table that the peak of radial distribution func-
tion becomes broad with increasing polarizability. This
suggests that the disagreement in the width of the
peaks in Fig. 1 is caused by the neglecting the ionic
polarization in the calculation. In fact, Gartrell ~ Hills
and McGreevy® showed in their simulation study that
the inclusion of polarizability in the ionic potential
model leads to the broadening in radial distribution
function in molten CsCl. Furthermore, the experimental
first peak position was at 2.96 A, which is considera~
bly shorter than the summation of jonic radii of the
cation and anion; i.e. 3.31 A. This also substantiates
the strong polarization of the T1* ion. Thus, the poten—
tial function used in the MD caiculation should in-
clude not only the interaction between induced dipole
and charge but also the reduction of elecfron overlap-
ping between the cation and anion; i.e. the change in
the shape of the ioms.

In conclusion, the TICl crystal, which is known
to have a CsCl - type structure at room temperature,
has not showed any phase transition below the melting
point ( 702K ). Meanwhile, it has been found from the
neutron diffraction that TICl has a quasi NaCl - type
structure' in the molten state ( 800 K ), which has been
reproduced by MD simulation based on the rigid
model. However, since the MD simulation based on
this model yielded much sharper peaks in the radial
distribution function than those of the neutron diffrac—
tion, it is suggested that the polarization plays an
important role for the structure of molten TICL.
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Table 1. The polarizabilities of Alakai metal ions,” thallium
ion and chloride ion.

Tons polarizability(102*cm’)
Lit 6.030
Na* 0.182
K* 0.844
Rb* 1.42
Cs* 245
T 3.50
Cr 3.66
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Figure.1 Total radial distribution function g(r) for TICI at 800K
{ ) experimental, ( Jealculated
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Figure.2 Total radial distribution functions of molten alkali
chloride and molten TICI
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The macroscopic properties of electrolyte solu-
tions depend strongly on the nature of the sol-
vent. The structure of electrolyte solutions, in
particular, alkali halide sclutions, has widely
been investigated by means of X—rayl) and
neutron?) diffraction and computer simulation
method,3) from which the structure and properties
of hydrated ions have been revealed.

in the present study, the solvation structures
of C17 ion in water, methanol({KeOD), and N,N-di-
methylformamide(DMF)} at room temperature have been
determined by the neutron first-order difference
method.

Sample solutions were prepared by the following
procedure. Lithium carbonate was dissolved in
isctopically labeled aqueous hydrochloric acid
(B35cl and #37Cl) and then substituting light
water with heavy water. The compositions of the
sample solutions were adjusted sc that the solu-
tions contained the same amount o©of constituents
except: for c¢hloride isotopes (Table 1). Neutron
diffraction measurements were performed on the HIT
spectrometer. The sample sclution was contained in
a Ti-Zr cell of inner diameter of 8 mm. The data
were corrected for absorption and multiple scat-
tering, and then normalized using the data of a
vanadium rod.

A difference A;(Q) between the structure
factors S§(Q) of 'Li?3C1-Dy0 and 7ri37Cl-Dy0 solu-
tions can be written in the form
8c1(Q) = A{Sc1o(Q)-11+B[Sc1p(Q)-11+C{S;¢1(Q)-1]

*D[Sc1c1(Q)-1],
A=2cocclboAbcl, Bazcncclbnﬂbcl
C=2epjegybr;dbey, D=2egy?(b3scy-Pazcy?).
Q=4asin¢ /1, Abpy=bsyspe)-b3y7cys

where cC;

i and by are, respectively, the atomic

fraction and the coherent scattering length of the
i-th particle. The radial distribution function is
then given by

aGey (¥)=(2x 20 7)1f06 ¢ (Q)exp(~0.00502)sin(Qr)dQ.
Here p is the number density of the sample solu~

tion.

The difference functions, 441(Q), and radial
distribution functions, AGgj{r}, in watez, metha-
nol and N,N-dimethylformamide are given in Figures
1 and 2, respectively. The first peak in AGqy{r}
are ascribed to the C17-D interactions within the
solvation shell. The area of the first peak for
methanol decreases, compared with that for water.
Furthermore, in N,N-dimethylformamide the first
peak becomes very broad and is not distinguished
from the second peak, indicating that solvent
molecules are not firmly bonded to a chioride ion
in the solution. These variations of the first
peak result from different acceptor properties of
the solvents. In order to analyze the individual
peak guantitatively, we employed a least sgquares
fitting procedure using Gaussian function to
represent each peak. The interatomic distances and
the solvation number were estimated from the
positions and the areas of the individual Gaussian
finally obtained. Thechloride-deuterium interatom-
ic distances and solvation number of chloride ion
changes from 2.29 A and 5.8 in water to 2.21 A and
3.6 in methanol, respectively. The £inal results
obtained in the present study are summarized in

Table 2.
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Table 1 The compositions and important parameters for the sample solutions at 298 K.

I II 111 v v VI

Scattering lengths (10"12 cm)

by -0.222 -0.222 ~-0.222 -0.222 -0.222 -0.222

be 1.163 0.345 1.163 0.345 1,163 0.345
Molality (mol kg~1) 9.615 9.417 65.85% 7.008 1.710 1.693
{D,0}/[LiCL} 5.195 5.305 4.042 3.956 7.299 7.368
Density (g cm'3) 1.271 1.285 1.073 1.088 1.101 1.104
Total absorption cross section 2.52 0. 155 1.69 0.110 0.653 0.188

for 2200 m/s neutron (10_24 cm)

1) 71435c14p,0 11y "ni37c1+p,0 1rr) TnidScliMeop 1v) Tnidcl+mecn V) Tp135¢1eDMF  vi) TLi37CL+DMF

Table 2 Structural parameters for the chloride ion solvation obtained in
the present study. r, n, and Ax are the interatomic distance, the solva-
tion number, and the half width at half maximum, respectively.

rei-p(1y/B np(1) Arel-p(1)f?
D40 2.29¢1}) 5.8(5) 0.27(3)
MeOD 2.21(3) 3.5(5) 0.20(3)
oip—m—mmm————— 0.06
I D,O
I
0.0
c i
s Bl . —00sE= _
£ | 5
~ }’*ﬁ o MeQD
S%i 0.0 g’f¥ﬂg E;
5, Ut
< 1 g
K i
BB o DMF | 008 ~
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0.0 éf Rt < AP0 AR IR p DMF
.:';3} N
1;1
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Fig. 1 44(@) for the LiCl-D,0 solution in water, Fig. 2 AGpy(r) for the LiCl-D30 solution in

methanocl and N,N-dimethylformamide. water, methanol and N,N-dimethylformamide.
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A lithium{I) ion is one of the interesting
cations because it has a very small ionic radius.
Therefore, a large number of studies have been
devoted to structures of lithium salts in agueous
solutions by X—rayl) and neutron?) diffracticn,
molecular dynamics,3) and Monte Carloq) simulation
methods. According to the previous structural
studies on agqueous lithium salts solations, the
hydration number of lithium{l) ion changes from
four to six, depending on the concentration of
solutions. Almost all of these investigations have
so far been reported at room temperature.

In the present stody, the hydration structures
of lithium({(I} ion in a 9.5 molal aqueous lLithium
chloride solution at ambient and supercooling
temperatures (258, 213 and 173 K3 have been deter-
mined by a neutron first-order difference method
using lithium isctopes. Lithium chloride was
chosen because it is highly soluble in water to
form supercooled aqueocus solution.

Sample solutions were prepared by the following
procedure. The iscotopically labeled lithium car-
bonate (7Li2C03 and 0L12003) were dissolved in
aguecus hydrochloric acid and then substituting
light water with heavy water. The compositions of
the sanple soclutions were adjusted so that the
solutions contained the same amount of constitu-
ents except for lithium isotopes (Table 1). Neu-
tron diffraction measurements were made on the EIT
spectrometer. The sample solution was contained in
a Ti-Zr cell of inner diameter of 8 mm. The data
were corrected for absorption and multiple scat-
tering and then normalized using the data of a
vanadium rod.

A difference Ayp;{Q) between the structure
factors S(Q) of 'LiC1-Dy0 and OLiC1-D,0 solutions
can be written in the form
ap;(Q) = A[Sp(RQ)~1]+B(Sy1p(R}-11+C{5101{Q)-1)

O[5 (Q)=11,
A=ZcaCy sbgabyps . B=2cpGyibpabr;
Cc=2cpyepibeyabri, Be2en; % (bopii-byns?) s
Q=4rxsing /i, Abp;=bgri-brnir

where c; and b; are, respectively, the atomic

fraction and the coherent scattering length of the
i-th particle. The radial distribution function is
then given by
AGLi(r)z{zx2pr)“{fQALi(Q)exp(-o.oosqz)sin(Qr)dQ.
The difference functions, A;;(Q), and radial

distribution functions, 4Gy;{x), at various
temperature are given in Figures 1 and 2, respec-
tively. The first and second peaks in AGy;{(x) are
ascribed, respectively, to lithium-oxygen and
lithium-desterium interactions within the hydrated
lithium(I) ions in the solution. The sharp peak
clearly demonstrates that heavy water molecules
are firmly bonded to a lithium(I) ion in the solu-
tion. In order to analyze the individual peak
quantitatively, we employed a least squares fit-
ting procedure using Gaussian function to repre-
sent each peak. The interatomic distances and the
solvation number were estimated from the positions
and the areas of the individual Gaussian finally
obtained. The peak areas for the lithium-water
interactions at 173 K decrease, compared with that
at ambient temperature; a broad peak appears at
3.0 - 5.0 A. The results suggest that the second
hydration shell of the lithium{I) ion will change
with temperature. The interatomic distances, Iypjp
and xpips do not change within experimental errors
in the temperature range 173 - 295 K. On the other
hand, the hydration number of lithium({(I) ion
changes from 4 at ambient and supercooling temper-
atures {258 and 213 X) to 3 at 173 K. The final
results obtained in the present study are summa-

rized in Table 2.
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Table 1 The compositions and important parameters for the sample

solutions.
I I
Scattering lengths (10':"2 cm}
by; 0.011 -0.222
bey 0.958 0.958
Molality (mol kg~1) 9.322 9.419
[D30]/[LiCL] 5.356 5.301
Density {g cm_3)
R.T. 1.268 1.273
258 K 1.283 1.287
213 K 1.30% 1.305
173 ¥ 1.318 1.323
Total absorpticn cross section 30.7 1.91
for 2200 m/s neutron (10"24 cm)
1) Oui P2ty + pyo 1r) Tni Batel + Dyo

Table 2 Structural parameters for the lithiuwm ion hydration obtained in
the present work. r, n, and Ar are the interatomic distance, the hydration
number, and the half width at half maximum, respectively.

rLi_G/A rLi_D/A ng A rLJ'.—D/A A rLi_D/A
R.T. 2.02(5) 2.61(5}) 3.8(5) 0.18(3) 0.27(3)
258 K 1.895(5) 2.58(5) 4.0¢(5) 0.22(3) 0.31(3)
213 2.03(5)  2.62¢5)  3.6(5}  0.20(3)  0.28(3}
173 K 2.04(5) 2.57(5) 2.7(5) 0.17(3) 0.26(3)

0.03
= .
= 258 K
8 g 008 — ,
= &
S =
< 5
S _ 213K
g —0.03—
~0.03 — 173K
~0.1
0 4 8 12 -o.ose.é,&..e .
8 10
Q/AT
A
Fig. 1 4p,;(Q) for the LICl-D,0 solution Fig. 2 AGpi(r) for the LiCl-Dp0 solution
at various temperatures. at various temperatures.
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The structure and dynamics of water molecules
in micropores are essential to understand chemical
reaction in pores on catalysts, and chemical ab-
sorption and properties of ion exchange resins.
Furthermore, water in pores may be a model of
non-freezing water in a biological cell becauss
supercooled water is easily formed in the pores.

In the present study, porous silica of two
different pore sizes (30 and 100 R) were used to
investigate the pore size effect on the structure
and dynamics of water mclecules in the pores. The
structures of water in the pores at various undex-
cooled temperatures were examined by neutron
diffraction. Moreover, quasi-elastic neutron scat-
tering experiments were made on these silica
containing water at various temperatures to exam-
ine the dynamics of water molecules in the pores.

Porous silica, Develosils 30-3 and 100-3
(Nomura Chemicals), have a particle diameter of 3
um and pore diameters of 30 and 100 X, respec-
tively. These pores were filled up to about 76~+97
% of the volume with heavy or light water by a
evaporation methed. Neutron scattering measure-
ments were made on Develosil 100-3 containing D30
at various temperatures from 295 to 213 X and on
pure D»0 at 213 K using the HIT spectrometer. A
similaxr experiment with D50 in Develosil 230-3 was
carried out and has previously been reported.l)
Dry Develosil was also measured at 235 K. Quasi-
elastic neuniron scattering experiments with the
LAM-40 spectrometer were also performed at 2935,
275, 258, and 243 K for both HyC filled Develo-
sils, and at 213 K only for Ho0 filled Develesil
30-3. Dry Develesil and an empty Al container
were also measured at 295 K.

The contribution from D,0 in the total scat-
tering intensities was obtained by subtracting the
scattered intensities of dry Develeosil from those
of the D0 filled sample. The structure factors
5{Q) of D50 in the pores at various temperatures
and of pure D,0 ice at 213 K are shown in Fig. 1.
As seen in Fig. 1, the Bragg pattern due to crys-

tallization of D»0 appears in the 5(Q} for the

pDevelosil sample below 238 K, in contrast with
non-freezing liquid D,0 down to 193 X in Develosil
30-3 as found in the previous study.l) These
findings indicate the presence of mora balk D0
in Develosil 100-3 than in Develosil 30-3. From
assignment of the Bragg pattern for PoQ in Develo-
il 100~3 and bulk Dy0 at 213 X, it has been found
that ice I, is Zformed in the pores, whereas ice
Iy crystallizes in the bulk. This result agrees
with that from a neutron diffraction study on
Spherisorb S520W of pore size 30 3, by Dorxe et
al.?) However, the phase transition from Iy to Ig
reported for Dy0 at 252 K in Spherisozb 520w?) was

not observed in the present study.

. Develosil 100-3 + D,0

! (76%) |
295K |
O.

248K |
ol & T
S | ) 238 K |

0 |
ol )
213K |
N DN
ot J

D,0 213 K

0O 2 4 6 8 10
Q /AT

Fig. 1 The neutron scattering patterns of D0 in
Develosil 100-3 at various temperatures and of

pure D,0 ice at 213 K.



The cbserved quasi-elastic neutron scattering
spectra for H,0 filled Develosil (Fig. 2) were
corrected for background scatterings of dry silica
and Al container, the counter efficiency, and the
incident neutron spectrum. The corrected spectra
were fitted by a least-squares procedure using the
sum of two Lorentzians and a §-function (solid
lines in Fig. 2). The peak width for both samples
decreases with lowering temperature, indicating
that the motion of water molecules in the pores is
restricted with temperature. The half-width at
half-maximum (HWHM) of the narrow component rh at
295 and 275 K were plotted against 0? values in
Fig. 3. The results below 258 X are not shown
because of the resclution of LAM-40 spectrometer.
A comparison of the Q2 dependence of Tn values
for the two samples at the same temperature has
shown that the [, wvalues for Develosil 30-3 are
smalier than those for Develosil 100-3. This
result indicates that the motion of water mole-

cules is more hindered in the smaller pores. Quan-

titative analyses were made on the ()2--1'n data
with the proton jump diffusion model:
*
= 211 0w 2
Tn DyQ</11 + By0%z 3. {1

where Dy represents the proton self-diffusion
coefficient, and g &s the lifetime of the
proton oscillatory motion. The solid lines in Fig.
3 well explain the experimental Q‘?—r’]n values.
Furthermorxe, the mean jump length of proton, L,
was evaluated by the relation Dy = <L2>/6r0.
These parameter values are summarized in Table 1.
The Dy value for Hy0 in Develosil 100-3 at 295 X,
5.37=1p-10 m2/s, is comparable with that for
Spherisorh S20W at ambient temperature, 6% 10-19
m2/s, determined by Clark et a1.3) As seen in
Table 1, the Dy value decreases with decreasing
temperature and pore size. The mean jump length
of proton, however, was sherter than the distance
(1.519 ?&) between two protons in a water molecule.

We are analyzing the guasi-elastic neutron
scattering spectra measured with the LAM-80ET
spectrometer of higher resolution to obtain infor-
mation on the motions of water mclecules in the

pores at lower temperatures.

|, LAM-40
Develosil 30-3 + H,0  (97%)
Q=1755A"

L2p 0.5

L2 Q.8 ad o_‘u.;—- 0.2
10 o5t ',,;»
o8 04 ol—
P 4.0 e
g 0.5 2.z
a* .
= 243 K
@ 0.4 0.0 — L—‘ *
w0 08 20 &0 &8 00 500
0.2
213K
.o .
‘4.0 -to @ w0 e S0 &0 L0.0
w/meV
A AM-40
Develosil 100-3 + HO(87%)
1o ; Q=1755 A7
e2r
Lat
-2 o
Lo 0-&
12 8 o-%
30 0.5
2.8 0.4 Lea
3
o0 % 9-2
b4 \_ 258K
o4 e 0.8 2.0 48 &8 %8 IR
ez
248 K
e 2o a0 a0 ws  &o  ar wo
w/meV

Fig. 2 Quasi-elastic neutroen scattering spectra at
Q = 1.755 A1 for H,0 in Develosil 30-3 and 100-3

at various temperatures.



- Develesil 1003 + H,O
(87%)
Develosil 30-3 + H,0 {97%)
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Fig. 3 Q2 dependence of EWHM on the quasi-elastic
narrow component 'y, for Develosil 30~3 ang 100-3.
Table 1. Parameters of the jump diffusion model
estimated by LAM-40 experiments.
Sample T/K  tg/ps L/A lOlODH/m25‘1
Develosil 295 4,49 1.09 4.30
30-3 275 4.4 0.77 2.26
100-3 295 3.20 1.02 5.37
275 5.5 1.06 3.41
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Microscopic structure and dynamics of super-
cooled and glassy aquecus electrolyte solutions
are essential for understanding crystallization of
solutions since the supercooled and glassy soiu-
tions lie between the liquid and solid states. We
have investigated supercocled and glassy aqueous
zinc(XI) bromide solutions by Raman spectroscopy
and X-ray diffraction.l) These results have shown
that the tetrabromozinec(Ir) and agua complexes,
[ZnBr4]2" and [Zn(OH2)5]2+, increase with lowering
temperature, while the dibromo-~ and tribromo-
zinc(IX)

complexes, {2nBro(OHy) 2] and

[ZnBrg(QH,)}] ", are formed as main species at
ambient temperature. therefore, the equilibrium
shifts (1) and (2) to the right-hand-side with
decreasing temperature have been proposed to take

place in the supercooled and glassy solutions:

3[ZnBrq{0Hy)5] + 2H0

—3 2[znBrq(0Hy)]” + [Zn(0Hz}g1%", (1)
4{ZnBr3(OHy)]™ + 2H0

—> 3[znBry]?" + [Zn(OHy)g)%". (2)

Strengthened hydrogen bonding of the water-watexr
and anion-water interactions in the superccoled
and glassy solutions will be responsible for the
equilibrium shifts {1) and (2). Thus, a study of
water dynamics in the solutions is very important
to elucidate the mechanism of the eqguilibrium

shifts from a dynamics point of view.
in the present study, gquasi-elastic neutron

scattering measurements were performed on agueous
zinc(II) bromide solutions at ambient and super-
cooled temperatures to investigate dynami¢ proper-
ties of water molecules in the solutions. The
results in the present study axe compared with
those obtained by 1g-NMR spin-echo method in a
previous stuéy.z)

Sample solutions were prepared by dissolving
zinc(II) bromide {(Wakce Pure Chemicals, 99.9%)
without further purification in distilled water to
reach the [Hp01/{ZnBr;] molar ratios {R) of 5 and
10. The sample solutions were kept in a doubly

walled tantaium container. Quasi-elastic neutron

seattering measurements were carried out using the
LAM-40 spectrometer at 233 and 295 X for the
solution with R = 5, at 233, 263, and 255 X for
the solution with R = 10. The spectra of the empty
tantalum container and vanadium tube were also
measured for correction of background and normali-
zation, respectively.

after corrections for background, countexr
efficiency, and the incident neutron spectrum, the
observed scattering spectra were analyzed by a
curve-~fitting methed using a model function of the
sum of two Lorentzians as seen in Fig. 1. The
nalf-width at half-maximum (EWHM) of the narrow
component I, was plotted against Q% in Fig. 2.
The temperature and composition dependences of the

szrn correlations are shown in Fig. 2. The ['p
values versus Q2 were analyzed on the basis of a

jump diffusion model:
., = DyOZ/(1 + D%z ql- 3
n H A T gl (3}

Here, Dy represents the proton self-diffusion
coefficient, and t gy is the life time of the
proton oscillatery motion. The self-diffusion
coefficient, Dy, can be expressed by the mean jump

length of proton, L, and t as:
Dy = <LZ»/67 4
it 0 }

The obtained parameter values are summarized in
Table 1. As seen in Fig. 2, the experimental T
values above 263 K for the solutions were well ex-
plained by the thecretical curves using the
values in Table 1. However, the [ data at 233 X
for both solutions axe not shown because of the
resolution of LAM-40 spectrometer.

As seen in Table 1, the self-diffusion coef-
ficient decreases for both solutions with lowering
temperature, indicating that the translational
motion of water molecules is restricted with
temperature. This is probably because the water-
water interaction will be enhanced with decreasing
temperature. The seif-diffusion coefficients esti-

mated in the present study are less than those



determined by the NMR methcd. The mean jump length
estimated is shorter than the distance (1.519 K)
of intramolecular protons in a water molecule.
Analysis using another model, such as a Sears
model3) is being performed to separate the trans-
lational and rotaticnal motions of water molecule

in the solutions.
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Fig. 1 Quasi-elastic neutron scattering spectra

L]
at ¢ = 1,755 A-l for the solutions with R = 5 and

10 at wvarious temperatures.

Tabkle 1. Parameters for the jump diffusion model
estimated by the LAM-40 experiments and the
proton self-diffusion coefficients determined by
the NMR spin-echo methed.

R T/ tqo/ps L/A 10200y/m2s™! 1010pMR/m2s-1

5 285 11 1.05 1.74 3.05
10 263 19 1.20 1.24 2.64
285 6.6 1.05 2.82 8.12

ZnBr,-5H,0 solution

!
£
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=
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4
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Fig. 2 The Qz—dependenae of HWHM on the guasi-
elastic narrow comporent [, for the solutions
with R = 5 and 10. The straight lines are
theoretical values based on the Fick's law using

the DR data in Table 1.
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Structure of Naz0-Bz0s Melts Measured by Pulsed Neutron Total Scattering
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Precise knowledge of the structure and
properties of B203-based melts and glasses is
required increasingly from the fundamental and
practical viewpoints. Although some investiga-
tions have been performed on the structure of
Naz20-Bz03 glassesl), a diffraction study on the
structure of Naz0-Bz0sz melts has not yet been
reported as far as the authors know. In the
present study, pulsed neutron total scattering
measu;ements have been carried out on Naz0-Bz03
melts, and the structural change of Bz03 melt
with the addition of Na20 was investigated from
the experimental results, by comparing with the
results on Bz03z melt, cobtained previously at the
same experimental conditions?’.

Pulsed neutron scattering experiments were
carried out on 10mol% Naz0- and 30molX Naz0-
B203 melts at 1073K by using the HIT spectro-
meter. The samples were prepared by melting and
dehydrating mixtures of Wa2003 and HaBO3 en-
riched with 11B.
the sample was held in a Pt cell at 073K under

The time-

In the scattering experiment,

reduced pressure of about 0.1 torr.
of-flight intensity spectra were obtained for
the sample contained in the cell, and for the
blank cell.

were determined after corrections for the cell,

The coherent scattering intensities

background, absorption and multiple and in-
coherent scatterings. S5(Q) curves were obtained
from the coherent intensities normalized to the
intensity from the vanadium rod. The radial
distribution functions RDF(r) were obtained by
Fourier transform of @Q(S(Q)-1).

The peak positions and overall shapes of
g{S(Q)-1) curves remained zlmost unchanged, with

the addition of Na20 to Bz0a. The RDF(r) curves

for Bz0O3, 10molZNaz0-Bz03 and 30molX%Naz20-B203
melts were compared in Fig.1. The first peak
position and the area under the first pesk of
RDF{r) are given in Table 1. As described in
the previous paper on the structure of B20a
melt2), the first peak of RDF{r}) is attributed
to the B-0 bond.

the first peak position of RDF,

With increase of Na20 content,
repregsenting
atomic spacing of B-0, shifted gradually from
0.137 nm for Bz03 to 0.139 nm for 30mol% NazC as
shown in Table 1, and the first peak broadened
asymmetrically, spreading to larger r side as
shown in Fig.l. The coordination number of O

atoms around a reference B atom ne-o(expt), and
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Fig.1 Radial distribution functions RDF(r) for
Naz20-Bz203 melts at 1073K



Table 1. First peak position ri1, area under the first peak of RDF(r} A1, and

the experimental and calculated coordination number ne-o and no-n.

Melt/mol% r1/nm A1 NE-0(expt) TNB-O(calc) RO-B(expt) RNO-B(cale)
Bz0a ¢.137 2.43 3.0 3.0 2.0 2.0
10Na20-908203 0.138 2.58 3.2 3.1 2.0 2.0
30Naz0-70B203 0.139 2.59 3.5 3.4 2.0 2.0

that of B atoms around & reference O atom no-
Blexpty, determined from the area A1 under the
first peak of experimental RDF(r)}, are listed in
Table 1. With the addition of Naz0 to Bz20a, the
coordination number nB-o0(expt)
3.0 to 3.5,

tion of 0 atoms arcund a reference B atom.

increased from

showing variation of the configura-

As regards the structure of alkali borate
R20-B203,

and NMR5.6)
the structure unit BOa3 triangle is converted to
tetrahedron BOs by the addition of R20 up to 33%

glasses, it has been confirmed from

Ramand: 4} spectroscopic study that

On addition of one
two BO3

Assum-

into Bz03 as follows:
molecule of Naz0 to the Bz0s3

units are converted into two BOs4 units.

glass,

ing that the structure units in Naz20-B203 melts
are converted in the same way as in Naz0-Ba203
glasses, we can express the fraction of three-
coordinated and four-coordinated B atoms, Na and

N4 respectively, as follows:

N 1 - 2 N X (1)
s - 4 -

3 1 - x, 1 — x

where x is the mole f{raction of Naz0. Accord-

ingly, the coordination number of O stoms around
a reference B atom is:

X

N3 + 4N4 3+ (2)

ns-oc

1

The coordination number of B atoms around a

X

reference O atom is:

CB

no-u nn-o 2 {3}

Go
The values of the coordination numbers ns-
otcalcy and no-s¢cale) calculated from eqs.(2)
and (3) are compared in Table 2 with na-o(expt)
and no-s(expt) determined from the experimental
RDF(r).

lated from eq.

The values of n 5-0 and n o-p calcu-
(2) and (3) agreed well with ex-~
perinental values, respectively.

Thus, the experimental values of np.c and

no-3 could be explained successzfully by the as-
sumption that two BOs triangle structure units
are converted into two BOs4 tetrahedron units by
the addition of one Naz20 molecule into Na20-Bz203
melt.
change in Naz20-B203 melts with the addition of

These results suggest that the structural

Naz0 up to 30 mol¥ is similar to that in Naz0-
It should be noted that the coor-

dination number of B atoms around a reference 0O

B203 glasses.
atom no-z remains a constant value, i.e. two, in
other words, B-0 bonds in Na20-B203 melts are
not broken with the addition of Na20 up to 30
mol%.
Naz0-Bz203 is stable,
modified partially by the coordination of oxygen

This means that the network structure of

being not broken but only

atows provided from Na20 around a boron atom.
Seemingly, this is not compatible with the be-
havior of physical properties such as the
viscosity?:8), which decreases rapidly with the
addition of a small amount of Naz0 to B203 melt.
Further investigation will be needed for a clear
understanding of the detailed structure of Naz20-

B203 melts.
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It is well known that a number of compositions in
the Bi-Ca-Sr-Cu-O system become high-T. super-
conducting oxides. Moreover, the vitrification has
been reported for several compositions in this system
successively by Komatsu et al.l) and the present
authors2). The glass formation of these
superconducting oxides has possibilities of fiber-
drawing and casting into various shapes such as rods
and plates, which are essential for the application of
these superconducting materials. The Bi-Ca-Sr-Cu-O
glass-forming system is also a new one without glass-
formers. This system is very interesting from the
viewpoint of basic glass science. However, few studies
have been conducted on the BizO3-based, and the
glass structures are not understood yet. The main
purpose of the present study is to obtain the basic
knowledge for the structure of the rapidly quenched
Bi-Ca-Sr-Cu-O glasses using pulsed neutron
diffraction method.

The glass samples of different compositions in the
system BixCaSrCu20w (x:1, 2.7, 4, 8 and 16) were
obtained by the use of the glass preparation apparatus
combining a thermal-image furnace and a twin roller.

T YT T Ty o el

BixCaSrCu;Ow

S(Q)

Fig. 1 Structure factors S{Q) for the rapidly quenched
BixCaSrCuzOy glasses of x=1, 2.7, 4, 8and 16.

The quenching rate was about 105K/s. Neutron
scattering from the BiyCaSrCu2Oy glasses at room
temperature was measured on the HIT spectrometer at
the National Laboratory for High Energy Physics.
Figure 1 shows the structure factors S(Q) for the
the BiyCaSrCupQ.y glasses of x=1, 2.7, 4, 8 and 16.
This figure indicates the typical amorphous patters of
these S{Q)'s except for the case x=1 in which the glass
contains a small amount of crystalline part. The radial
distribution functions were obtained as the Fourier
transform of the S(Q)'s as shown in Fig. 2. The peak
around 2A can successfully be deconvoluted into two
peaks of 1.96A due to the nearest-neighbor Cu-O pairs
and 2.17A due to the nearest-neighbor Bi-O pairs. The
third peak at 2.5A is mainly due to alkali-earth-oxygen
pairs but another contribution like oxygen-oxygen
pairs also exist. The neutron results indicate that the
rapidly quenched glasses in the system Bi-Ca-Sr-Cu-O
are mainly constructed with Bi-O network.
References
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Fig. 2  Radial distribution functions for the rapidly
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The incorporation of nitrogen into silicate and
phogphate glasses is known to  change their
physical and chemical properties to a considerable
extent!-2). Such changes in properties are explained
based on the Mulfinger model?! that a nitrogen atom
is bonded to three Si atoms to form dense glass
network. This model has been proved by several
measurements, such as density?), elastic moduli¥
and IR®, XPS? and 2951 MAS NMR®
spectroscopies.

On the other hand, recent studies on the nitrogen
coordination state in oxynitride glasses on the basis
of BN MAS NMR® and molecular dynamics
calculaion(MDY®, however, indicated that the
nitrogen atoms with one or two non-bridging bonds
as well as three bridging bonds may coexist in
oxynitride glasses(these three types of nitrogen
atoms are hereafter called one-, two- and three-fold
nifrogen atoms, respectively).

Since the cross-section of elements for neutron
scartering does not decrease with decreasing atomic
number differing from the case for X-ray
diffraction, the neutron diffraction!!-14) appears to
be useful for investipating the structure of glasses
composed of light elements.

In the present study, neutron  diffraction
analysis of Na,0-Si0, glass and Nay0-SiO,-
Si3Ny glass has been carried out by use of a pulsed
neutron source to determine the precise values of Si-
N and Si-O bond lengths and the coordination state
of nitrogen atoms in Na,O-Si0,-SiyN, glass.

Glasses of the composition 20Na,0-(80-
3x)Si05-xSi3Ny (x=0 and 4) have been prepared by
melting the mixtures of oxide glass prepared
beforehand and B-SisN, at 1500°C for 2 hours in
BN crucible under flowing nitrogen atmosphere.

The neutron diffraction measurements based on
the time-of-flight method were carried out by use of
the High Intensity Total scattering spectrometer
(HIT) with a pulsed neutron source at the National
Laboratory for High-Energy Physics (KEK,
Tsukuba, Japan). The powder sample was loaded in
a vanadium metal cylinder with wall thickness of

0.025mm, inner diameter of 8mm and length of
40mm, and set in a vacuum chamber to avoid
moisture uptake and eliminate the background due
to air scattering during the measurements.

The analyzed nitrogen content of x=4 glass was
4.4at% with an error of about 10%.

The structure factor S(Q) of x=0 and x=4 glasses
was expermentally obtained over the range of

scattering vector Q( =4msin®/A, 0: scattering angle,

A: neutron wavelength) from 1 to 300am-1. Fig. 1
shows the RDF for glasses of x=0 and x=4, which
were obtained from the S(Q) with Qp,, of 300nm-.
The first peak in the RDF curves of x=4 glass
appears 1o be shifted to longer bond lengths
compared to that of x=0 glass. The first peak in the
RDF curve of x=4 glass is deconvoluted as shown in
Fig. 2. The first peak at r=0.1627nm in the RDF
curve of x=0 glass is ascribed to the Si-O bond in
the oxide glass, since no atomic pairs other than Si-
O are actually present in this region, This value of
the Si-O bond length agrees fairly well with the
one(r=0.1631nm) previously reported for
33N2,0-67S10, glass!?).

The coordination nuembers of Si and N atoms and
the bond lengths of Si-O and Si-N pairs, which
were calculated from the peak areas, are
summarized in Table 1. It is seen from this table that
the number of oxygens around a Si atom in the
nitrogen-free glass is 3.91 which is close to 4.0 as
expected, while in the nitrogen-containing glass the
coordination numbers of silicon and nitrogen atoms
are 3.82(=N3i0 + NSi-N) and 2'42(=NN-Si)’
respectively. The sum of Ng;o and Ngn can be
assumed as four within the experimental error. On
the other hand, the value of Nyg=2.42 is much
smaller than three, which is beyond the
experimental error. The cause will be discussed
later, It is interesting to note that the bond length of
Si-O pair remains unchanged upon incorporation of
nitrogen.

Table 1 shows that the incorporation of nitrogen
causes a decrease of the oxygen coordination



number around the Si atom from 3.91 to 3.43 and
the nitrogen coordination number around the Si
atom is 0.4 in the x=4 glass. Taking into account the
experimental error of about 5%!3) in determining
Ng; o and Ng; . these indicate that every two and
half Si atoms are bonded to one N atom, i.e., the Si-
N bonds exist in the present oxynitride glass
agreeing with the results obtained for other
oxynitride glasses by IRS and XPS”) measurements.

The coordination state of nitrogen in oxynitride

30 i I T ;
20Nas0-(80-3x)Si0xxSisN: glass

RDF

o) i

= M
0 aSea il 1 |

0 1 2 3 4 b
r / 10'nm

Fig. 1 Total RDF of oxide glass(x=0} and oxynitride
glass(x=4). Fourier transformation of S{Q) to
RDF is truncated at Qa=300nm-1.

glass has not been fully made clear yet, although it
has been believed that a nitrogen atom is three-fold
coordinated. The present neutron diffraction
analysis revealed, however, that the average
coordination number of nitrogen in the oxynitride
glass studied is 2.42. This fact indicates that not all
nitrogen atoms are three-fold coordinated, but there

Table 1. Atommic distance(d) and coordination
number(N) for Si-O and Si-N pairs in glasses.

Si-O Si-N
Samp!e dli'lm N5i~0 NO-Si d/nm NSi-N NN-Si

=0 01627 391 174
=4 01626 343 171 01709 03% 242

NS |

Ottt ] 1
14 15 16 17 18 19 20
r/ 10'nm

Fig. 2  Radial distribution functions of oxide glass(x=0)
and oxynitride glass(x=4). Dotted and dashed
curves indicate that Gaussian approximations
for S8i-C and Si-N pair distribution functions,
respectively.

may possibly be some one- or two-fold nitrogen
atoms besides three-fold ones.

On the assumption that only 2- and 3-fold
coordinated nitrogen atoms ecxist in the present
oxynitride glass, a simple calculation indicates that
58% of nitrogen atoms are bonded to two Si atoms
and only 42% of nitrogen atoms are bonded to three
Si atoms. This result coincides with the result by
Unuma er al'®, who obtained the value of about 2
as the average coordination number of nitrogen in
the Na-Si-O-N oxynitride glasses by means of
molecular dynamics calculation, SN MAS-NMR
study of the Y-AL-Si-O-N oxynitride glasses®)
showed that 80% of nitrogen atoms are bonded to
three Si atoms and 20% of nitrogen atoms bonded to
two Si atoms. In the early XPS study by Brow and
Pantano”, it was pointed out that low-energy
components of the N1s photoelectron spectra in the
Na-Si-O-N and Na-Ca-Si-O-N oxynitride glasses



may arise from the presence of non-bridging
nitrogen groups in analogy with non-bridging
oxygens in oxide glasses. Hanada et al.!1® stated
on the basis of Ols and Nls XPS spectra that the
two-fold nitrogens coexist with the three-fold
nitrogens in the Ca-Si-O-N oxynitride glasses
containing 8at% nitrogen. Clables er al!7) also
reported from the Nis XPS data that nitrogens in
two different chemical states, which may be taken
as the two- and three-fold nitrogen atoms, are
present in the Na-Ca-Si-O-N oxynitride glasses. It is
interesting to note that crystalline LaSi;N; also
contains both two- and three-fold bridging
nitrogens!®),

Referring to the mechanisms of the formation of
one- and two-fold nitrogens in oxynitride glasses
proposed by Hanada er al.'®) and Unuma et al19),
we also propose the following two reaction models
for the formation of two-fold nitrogens on addition
of SizN, to Na,(3-8i0, glass. In the first model,
SisNy reacts with Na,O to form two-fold bridging
nitrogens and non-bridging oxygens in the glass,
analogously o the formation of non-bridging
oxygen in sodium silicate glass.

Si Nat
Si--N--8i + Na,O ------ > Si--N=-Si + Si--ONa*
(1)
The second model involves a decrease in non-
bridging oxygen as a result of the formation of two-
fold coordinated nitrogens and bridging oxygensl®

Nat
Si-ONa* + Si--N--8i ----> 8i--N~-8i + Si--0--5i
Si
(2)

Among the above two models proposed, eq.(2)
is considered to be a more feasible model. This
model can explain the improvements of physical
and chemical properties commonly observed for
oxynitride glasses, such as high Young's moduli and
high chemical durability, because this model
involves the conversion of the 5i-(r non-bridging
bonds into Si-O-Si bridging bonds. Hater er al®
reporled on the basis of 2951 MAS-NMR study that
the addition of Si3Ny to the Na,0-Si(0, glasses leads
to an increase in Q* structural unit in the resultant
oxymnitride glasses, supporting the model based on
eq.(2).

On the conirary, eqg{1) involves breaking down
of =Si;N bridging bonds, followed by the
simultaneous formation of SiO- non-bridging bonds.

Therefore, this model cannot explain the
improvements of physical properties and chemical
durability.
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Alkali halides are most typical ionic compounds
and have been therefore believed to be poor glass-
former. However, it has recently been found that
some mixtures mainly composed of alkali halides,
LiX-KX-CsX-BaX2 (X=Cl, Br and I}, can be
quenched into the glassy state.!) In the present study,
we have investigated the structure of such alkali
halide-based glasses (0.557LiCI-0.32KC1-0.08CsCl-
0.05BaCly, 0.557LiBr-0.32KBr-0.08CsBr-0.05BaBr2
and 0.507LiI-0.09K1-0.36CsI-0.05Balz) by using the
HIT instrument.

In this study, 7LiX was prepared from the
neutralization reaction of “LiOH with HX in aqueous
solutions, followed by vaporization of water and
drying under vacuum at 400 °C. Baich mixtures of 3 g
with appropriate composition were melted in silica
crucibles at about 570 °C. The melts were then poured
on a brass plate cooled below 0 °C and were pressed
together to prepare the glasses. The glasses were then
shattered into powder and flakes (about 2-3 mm
diameter). Each glass sample was contained in a silica
capillary and corked with a silicone bung. All these
experimental procedures were carried out in a dry box
filled with Np gas.

Figure 1 shows the obtained radial distribution
functions G (r} for the three glasses. Each negative
peak is assigned to the 7Li(be=-0.222x10-12 cm)-X
correlation which has the shortest interionic distance
among all the ionic pairs. The Li-X distances in the
glasses are listed in Table 1 together with those of the
LiX crystals (rocksalt structure). The Li-Cl distance is
nearly equal to that in moiten LiCl (2.3 A).3) The Li-
X distances for all the glasses are short compared with
those in the corresponding crystals. This shortening is
so significant (about 0.2 A) as to possibly decrease the
coordination number of the CI- ions (from six to four).

Table 1. Interionic distances in the glasses and crystals.

Pair rpix/ A (glass) r 1ix/ A (crystal) @ ratio

Li-Cl 2.35 2.565 0.916
Li-Br 2.53 2.751 0.920
Li-I 2.83 3.000 0.943
Li-Cl{MD) 2.27 2.52 0.901
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Fig. 1  Radial distribution functions G (r) for the glasses.
{a) LICI-KCI-CsCl-BaClo glass; (b) LiBr-KBr-CsBr-
BaBra glass; (¢} Lil-Ki-Csi-Balz glass.

The coordination nurnber could not significanily be
determined because of the G {r )-tail overlap between
the first Li-X peak and the second peak and also
because of the Fourier ripple. On the other hand, our
molecular dynamics simulations¥ using the Tosi-Fumi
potential indicate the fourfold coordination of the CI-
ions around the Li* ions. The Li-Cl distances in the
MD simulations are also listed in Table 1. Since the
ratio of peak-distance (r (glass)/r (crystal)} found in
the present experiment agrees well with that of MD
simulation, we can conclude that the three measured
glasses have tetrahedrally coordinated structure around
the Li* ions.
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Network Structures of Silicate and Fluoride glasses
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1. Introduction

Our previous paper on X-ray diffraction analysis
concluded that alkali metasilicate glasses consisted
mainly of (§i03),, straight chains, and the larger the
gize of the alkali ions, the smaller the bending angle of
the chains, except in the case of Lin0-SiO, glassl).
Although we had already reported the structure of this
glass with X-ray diffraction2), we could not well
determine the position of Li ions due to its very small
scattering factor.

Fluoride glasses would probably be hopeful optical
materials. Though glasses based on AlF; need a rapid
quench, it is reported that their glass-forming region
spreads and fabrication becomes relatively easy when
BaF,, CaF,, or YF3 are added3-3). In the case of
A1F3 YF3 CaF, (AYC) glass, which v1mﬁe§ more
easily than A!F3 BaF,- CaF2 (ABC) glass, Y~ is a
heavy metal and often hides information from lighter
atoms AI°F and F in X-ray diffraction measurement.

In this study the structure of Li»0-SiO, has been
determined more precisely, and AYC glass has also
been examined by the X-ray and neutron diffraction
measurements in comparison with ABC glass data
previously reportedﬁ). In neutron diffraction all
constituent atoms have comparable scattering lengths
and information about lighter atoms is obtained.
Molecular Dynamics simulation (MD) was used for
modeling giass structures.

2. Experimental

LinO-Si0, glass was prepared by quenching the
melt.  Fluoride glass of 40A1F3-20YF5-40CaF, was
prepared by melting mixtures of pure CaF,, YF3, and
AlFy under N, atmosphere and quenching rapidly by
pressing between brass plates. X-ray diffraction was
measured with a Mo-Ko radiation monochromatized
with balanced filters and graphite monochrometer in a
diffracted beam using Rigaku Denki RU-200
diffractomater.  Neutron diffraction measurements
were carried out by time of flight (TOF) with pulsed

neutron using HIT. The structure models were
calculated by MD simulations using Born-Mayer type
pair potentials. As for Li,0-5i0, glass effective ionic
charges were adopted (Si:+2.6 and 0:-1.533) in order
to take cobalency of Si-O bond into account. The
RDFs for the structure models were calculated using a
pair function method.

3. Results and Discussion
3.1 LinO-5i0, glass

Fig. 1 shows the observed RDFs and calculated
RDFs from the structure model obtained by MD
simulation. In the observed ones, the first peak near
1.6A is attributed to the nearest neighboring Si-O
atomic pairs. While the second large peak around
2.0~3.0A consists of the nearest Li-O and O-O pairs in
X-ray RDF, clearly separated in neutron RDF . The
peaks near 1.95A and 2.65A are attributed to Li-O and
0-O atomic pairs, respectively.  Observed and
calculated RDFs show good agreement. This structure
model consisted mainly of (SiO3)., chains and
bending angle of this chain was 20.2° in average which
was somewhat degree smaller than that of crystal. The
distances of Si-bridging oxygen were 1.63A and those
of Si-non-bridging oxygen were 1.60A in average.
This suggests that the SiOy tetrahedra were stretched
in the direction of chain.
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Figure 1 Observed and calculated RDFs of
Li,0-Si0,glass.



The positions of Li ions with respect to the chains
can be expressed schematically as shown in Fig. 2.
The Li ion is surrounded by non-bridging and bridging
oxygen atoms of the same tetrahedra and another
oxygen of the same chain. This three coordination
suggests that the Li jons will be a key factor to
* determine the bending angles of SiO4 tetrahedra
chains,

3.2 AYC glass

A comparison of observed RDFs between 40AlF3:
20YF4-40CaF, (AYC) glass and 40AlF3-20BaF,-
40CaF, (ABC) glass is shown in Fig. 3. The first peak
near 1.85A is attributed to the nearest neighboring Al-
F atomic pairs, and the second peak around 2.5~3.0A
consists of the nearest pairs of Y-F (or Ba-F), Ca-F,
-and F-F. They show good agreement, except the
second peak in X-ray RDF due to the difference of
Ba”" and Y°© ion radius. This indicates that the
structures of these two glasses are similar.

In MD simulation of AYC glass, a model fairly
appropriate to the data of diffraction measurements
was obtained. In this model, averaged F-Al-F bond
angle in AlFg octahedra was 90.47" almost equal to the
ideal angle 90°. But the standard deviation was 13.23°,
bigger than that in ABC glass, and octahedra in AYC
glass were distorted to a greater extent than those in
ABC glass. Fig. 4 shows the linkage structure
between AlFy chains and YFy polyhedra. YFy
polyhedra link the AlFy chains and isolated AlFg
octahedra, This will be one of the explanations for the
higher tendency of AYC glass to vitrify.

Figure 2 Schematic representation of typical
coordination of a Li ion.

(elA) { barmsTAY

H-ray 2 16 1 Neutron

@Y @ Ca oiF
Figure 4 Linkage structure of AlF; octahedra and YFy
polyhedra.

4. Conclusion

It is proved that Li ion as well as Na, K, Cs ions
determines the bending angles and Li metasilicate
glass also has a structure govemned by a rule that the
larger is the size of the alkali ions, the smualler
becomes the bending angle of the chains. In the
structure of AYC glass, AlFx polyhedra are joined to
form chains as in the structure of ABC glass, while
isolated AIFy polyhedra, not found in ABC glass, exist
and chain-forming polyhedra are distorted by the
presence of Y i YFyx polyhedra combine AlFy
polyhedra (chain like and isolated), which will cause
higher tendency of AYC glass to vitrify.
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Motion of solvent molecules in concentrated electrolyte solutions
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From electrical conductance measurements!)
it has been suggested that concentrated solutions
of LiNO3 in 1,3-diaminopropane (DAP) is
solvated at both molecular ends to Li* ions to
form very viscous network liquids. In the present
study, the molecular motion of the solvent
molecules have been studied from the quasielastic
neutron scattering using the LAM 40
spectrometer.

The sample solutions used in the present
measurements were 25 and 40 mol% LiNOs3 in
1,3-DAP (NHCH2CH2CH2NH32), which have
been found to form relatively stable glasses. Each
sample solution was sealed in a double cylindrical
container of aluminum, in which the sample
thickenss was 0.1 mm. Corrections for multiple
scatttering were not made in this work. Spectra
were measured at seven different Q values
ranging from 0.62 to 2.57 A-1,

Measurements for the pure solvent were made
only at room temperature. For the 25 and 40
moi% LiNQ; solutions, measurements were
carried out from 50 K to room temperature. The
samples were first quenched in a cryostat with a
quenting rate of 3 K/min and then measurements
were made in glassy and supercooted liquid states
on heating gradually from 50 K to a little bellow
the cristallization temperature of each sample.
Measuements were also made on the liquid
samples below room temperature.

After suitable corrections for background,
counter efficiency and the incident neutron
spectrum, we have obtained the differental
scattering cross section from the obsercved TOF
spectta.  From the cross section, we have
determined the incoherent dynamical structure

factor, Sinc(Q,w) . Fig. 1 shows the apparent

width (FWHM) of the observed Sipc(Q,w) at
room temperature as a function of Q2. The
diffusion coefficent for the pure solvent
dtermined from the slope of the plots is
D=1.4x10-5 cm2/sec. Values for the 25 and 40 %
solutions were not determined due to the limit of
the energy resolution of the spectrometer.

In figs. 2 and 3 we plot the temperature
dependence of the elastic scattering peak,
Sinc(Q,w=0), for the two solutions. The quantity
was nomalized to its value at 50K for the
respective Q values. At temperatures below the
galss transiton temperature, T, the logarithmic
elastic intensities show a linear temperatrue
dependence, which may be described in terms of
Debye model for harmonic solids. In this case
the decrease of the elastic intensities with
increasing temperature can be expressed in terms
of the Debye-Waller factor, fo(T),

Sinc(Qu0=0)(T) & fo(T )=exp ( 1/3<r2>Q2)

with
<> T,

where <r2> is the mean square displacement of
protons in the solvent molecules. It is seen in
figs. 2 and 3 that the elastic intensity decreases
more rapidly above Tg, suggesting a significant
deviation from the low temperature behavior of
the Debye-Waller factor. In figs. 4 and 5 the
logarithms of the Debye-Waller factor are plotted
against Q2 for several temperatures. Values of
<r2> determined from the slope of the plots are
shown in fig. 6 as a function of T. A linear
increase of <r2> with T is found below Tg. The



values of <rZ> start to increase rapidly around the
respective glass transition temperatures, which
are indicated by arrows in the figure. The
absolute values of <r2> for the two solutions are
similar and about 0.15 AZ around Tg. The overall
behavior of <r2> is also similar to that reported
for o-terphenyl (a van der Waals glass)?) and
glycelol (a hydrogen bonded glass)3®). It is
interesting to note that the absolute values of <r2>
at Ty are in the order of o-terphenyl> LiNO3-1,3-
DAP>glycerol. This indicates that the hindering
of the motion of the protons at temperature
around Ty in hydrogen-bonded glasses is larger
than that in van der Waals glasses and that the
present ion-solvated glasses are situated between
these two types of glasses. Present neutron
scattering data suggest that the motion of the
solvent molecules begins to change from a lattice-
like to liquid-like one at a temperature a little
below the galss transition temperature. Above Tg
and below room temperature, however, the
motion of solvent molecules may not be
described in terms of translational diffuston, since
a broadening of quasielastic spectra was not
found in the present experiment for this
temperature region, as shown in fig. 1. This
motion may be described as a rattling motion of
the atoms in he solvent molecules within cages
defined by neighboring atoms, which is
intermediate betwee a harmonic lattice vibration
and a translational diffuisive motion.
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1. Introduction

A molecule of a nitrate ion has a plane triangular
shape. It is of interest that how to make intra-molecule
diffusive motions of the ion are in molten metal
nitrates. And some metal nitrate mixtures have the
tendency of easy vitrification in spite of simple
chemical components!). So there is another interest that
what is the behavior of such motion when approaching
to the glass transition.

‘The purpose of this study is to establish a way to
analyse the coherent quasielastic neutron scattering for
evaluating the motion of a polyatomic ion in melts. A
simple alkali metal nitrate, RbNO3 is chosen in this
work. For the first step we try to analyse intra-nitrate
ionic motion in molten RbNO3 and discuss its
microscopic geometrical mechanism, And one more
system, [.INO3, were measured for contrast. Some
structural studies on molten LiNO3 have been done by
neutron scattering to obtain inira-ionic and inter-ionic
structure?),

2. Experimental

Commercial RbNO3 powder (Soekawa Chemicals,
Tokyo; 99%) was used in this study. Isotopically
enriched 7LiNO3 was prepared from 7LiOH (98.2
atomic% 7Li enriched) and commercial agueous
HNO3. They were handled in vacuum or dry Ar gas
atmosphere. After drying in vacuum at 100 to 150°C
for one day, the powders were sealed into aluminum
metal double cylindrical containers for neutron
scattering under dry Ar gas atmosphere. The container
is of 14mm in outer diameter, 8mm in inner diameter
and 80mm in height. During inelastic neutron scattering
experiment the container was held in an aluminum
vacuum furnace. Measurements were carried out in a
temperature range of 340 1o 460°C for RbNO3 or 270
10 4G0°C for LiNOs3.

Neutron scattering experiment was performed on
the medium resolution time-of-flight (TOF)
spectrometer LAM-40 at KENS3). On the inverted
geometry spectrometer, pyrolytic graphite (PG-002
reflection) is used as neutron analyser mirrors. Under
this operation, the energy resolution is about 200peV at
elastic scattering position and the momentum transfer is
scanned over the range from 0.2 to 2.6A-1. The LAM-

40 has another analyser mirrors using Ge 311
reflection. When the Ge mirrors are used, the energy
resolution is about 900ueV at elastic scattering position
and the mementumn transfer is scanned over the wide
range from 0.4 to 5.1A-1. Multiple scattering
correction®) was made to the observed scattering data
to obtain the dynamical structure factors S(Q,w) at the
temperatures mentioned above.

3. Results and Discussion
Figure 1 shows the dynamical structure factors

S(Q,w) measured by PG mirrors. These S(Q,w) were

(@)

(b)

LiNO, 270°C -

Fig. 1. Dynamical structure factor S(Q o) of (a) molten
RbNO3 measured at 340°C and (b) molten LINOg
measured at 270°C by using PG mirrors.
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measured at 21 scattering angles between 13 and 120°.

We separated intra-ionic correlation and inter-ionic
correlation on a quasielastic neutron scattering
spectrum in the S(Q,w). Diffusive motions in metal
nitrate melts are classified according to relaxation time
scales. We consider that the intra-nitrate ionic motion is
a rotational motion and the translational motion of a
nitrate ion is diffusion of center of gravity of each ion.
The latter has inter-ionic correlation. Usually the intra-
jonic motion (characteristic relaxation time = 10-13 sec)
is more rapid than the inter-ionic motion (characteristic
relaxation time = 10-12 sec). Therefore the intra-ionic
motion is thermally averaged out in the time scale of
inter-ionic motion, It is generally assumed that there is
no correlation between translation and rotation of each
ion. Furthermore it is supposed that nitrate ions rotate
independently from one another. Based on the
assumptions described above the dynamical structure
factor S(Q,w) is written as follows>):

SQ=SHhnion(QEHSNOIQ®) . M

where SYjon-ion{Q.w) is the coherent dynamical
structure factor contributed from the inter-ionic
correlations of three different kinds of pairs, i.e.
cation-cation, cation-anion and anion-anion, and
Sintragy3_(Q,®) is the dynamical structure facior for
intra-nitrate ionic motions,

Based on he theoretical consideration described
above, Eq. (1) is empirically fitted to a model of double
Lorentz functions;
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Fig. 2. Quasielastic neutron scatiering spectra of molten
RbNO3 at 340°C. (a} Spectrum measured by PG
mirrors at Q=1.74A"1; solid line represents the
fitted result consisting of narrow (dotted line) and
broad (broken line) quasielastic components. (b)
Spectrum measured by Ge mirrors at Q=2.53A"1;
solid line represents the result fitted to broad
quasielastic component.
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Fig. 3. Momentum dependence of energy-integrated
intensity for broad compeonent of molten RbNO; at
340°C. Solid line (a) represents A4(Q) calculated
from the rotational two sites jump motion centered
around Cj axis with 8=20°. Broken line (b)
represants A;(Q) calculated from the librational
two sites jump motion centered around Cp' axis
with 9=45°,

S(Q, m‘—S(Q) D ., D } )
m2+(D;Q2) w2 (D

where A, D1, and D7 are the parameters decided by a
least-squared fitting. The first term (Dq term) in Eq. (2)
corresponds to narrow component in the spectrum
describing the inter-ionic correlation. The broad
component for intra-nitrate ionic correlation is
represented by the second term (D7 term) in Eq. (2).

In Fig. 1 a modest undulation is observed in the Q
dependence around quasielastic region. This suggests
that momentum dependence of the fast intra-ionic
motion is existing.

Figure 2(a) shows that the model function Eq. (2)
gives an excellent agreement with the experimental
spectrum obtained by PG mirrors. Two Lorenizian
components are shown in Fig. 2(a). The broad one
corresponds to the intra-nitrate ionic motion and the
narrow one the inter-ionic motion. An example of
fitting the model function to the spectrum obtained by
Ge mirrors is shown in Fig. 2(b), where we have fitted
one Lorentzian to the broad component of spectrum.
This Lorenizian refers to the intra-nitrate ionic motion.

The momentum dependence of energy-integrated
intensity for broad component in spectrum is shown in
Figure 3. The intensity has characteristic momentum
dependence in oscillation. This feature comes from
time correlations of atomic sites varied by the intra-
nitrate ionic motion.

In order to explain the intra-nitrate ionic motion, we
use rotational jump diffusion models®), assuming that
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nitrate ion is a rigid one and its shape is a regular
triangle. The center of gravity of a nitrate ion is on the
nitrogen atom. Therefore we consider only the
scattering from oxygen atoms when calculating the
rotational motion of nitrate jon. Let us consider
rotational jump between two equivalent sites, m and n,
of oxygen atoms around the nitrogen atom. The
neutron intermediate scattering function I(Q,t) can be
evaluated as follows:

HQO={expliQr() roxp(-1Qr(0))
=3'S’ P(m.tn.0)P(n,0) 33 expliQUim ), 3)

m=1 =l Fl k=1
where P(m,t;n,0) is the probability that the nitrate ion is
found at site m at time t under the condition that it
stayed at site n at t=0. P(n,0) denotes the probability
that a nitrate ion is found at site n at 1=0. Now
considering the equivalent two site model, P(n,0) is
equal to 1/2. Mark j or k shows each oxygen atom in
the nitrate ion. The rjm and gy denote the oxygen
positions on the site m or n respectively. The
probability P(m,t;n,0) can be get easily by solving rate
equations. Finally we obtain following equation:
{Q.D=Ac(Q)}+A1(Q)eexp(-2¢/T) . )

Calculating the time Fourier transformation of time
dependent term in I(Q,t), the scattering law for
rotational motion of a nitrate ion can be writier,

s;?gg(q OAQL 2 )

where A1(Q) is the term that shows the correlation
between Esite n and site m. A1(Q) can be calculated by
assuming the nitrate jump sites centered around
nitrogen atom.
Calculating A1(Q) models are drawn by a solid line and
a dashed line for comparison with the integrated
intensity of intra-nitrate component in Fig. 3. The
model (a) (the solid line) was calculated from the
rotational (wo sites jump motion at a suitable angle with
both sites centered around C3 axis on the nitrate ion.
The model (b) (the dashed line) means the librational
two sites jump motion centered around Co' axis. The Q
dependence of energy-integrated intensity seems to be
close to model (a). We have attempted to calculate
another models having different angles between sites or
various equiangular sites. However, the model (a)
gives a most reasonable result, which implies that a
nitrate ion in RbNQO3 melt is subjected 1o the rotational
vibration centered around C3 axis on he ion.
MDsimulation indicates that Rb* ion is located on the
plane of nitrate ion”). Such a Iocation of Rb* ions
hinders the librational motion around C3' axis and
allows the rotational motion around C3 axis.

A contrast between the intra-ionic motion in LiNO3
melt and in RbNO3 melt is shown in Figure 4. In either
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Fig. 4. Momentum dependence of energy-integrated
intensity for broad component of molten RbNO; at
340°C and LiNOg at 270°C. Solid line represents
the calculated A4(Q) from the rotational two sites
jump motion centered Cy axis with 8=20°. Broken
line represents the calcutated A,{Q) from the same
motion with 6=14°.

case the oscillating feature dose not change, namely,
the nitrate ion moves within the framework of moving
around C3 axis on the ion. However the nitrate motion
in LiNOg3 is the librational motion which amplitude is
smaller than in RbNO3 melt. This fact shows that the
motion of nitrate ions in LINO3 is restricted strongly by
surrounding cations.
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Titanium oxide glass is known to be a useful mate-
rial for the application in the form of a fiber or a coat-
ing-film, whose preparation is well suited to the sol-
gel method. We study the change in dynamic proper-
ties of titanium tetra-iso-propoxide (Ti(O-iPr)4) at-
tended by the hydrolysis and condensation reaction
with viscosity and quasielastic neutron scattering mea-
surements.

Ti(0-iPr)4 was mixed with distilled C2H50H and
H20-26.7 % HCI solution at the molar ratio of Ti(O-
iPr)4 : CgHsOH : H20 = 1: 2 : 2. The solution was
aged for gelation at room temperature. It was set in a
polyethylene container whose lid has one percent of
the surface arca exposing to the air. The viscosity for
Ti{O-iPr)4 solution was measured as a function of re-
action time by a cone and plate viscometer at 20 °C
with various shear rates as shown in figure 1. The so-
lution is a Newtonian liquid at Ieast in the viscosity re-
gion less than 3000 ¢P.
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Fig. * Viscosity of Ti{O-iPr)4 solution as a function of
relativa time tg. tg is the gelation time.

Viscosity of the solution increases with reaction
time t approximately following the relation (ig - 1k,
as measured in the silicon alkoxide solutions.1)s 2)

Quasielastic neutron scattering measurement for
the Ti(O-iPr)4 solutions were made by the time-of-
flight spectrometers LAM-40 installed in KENS. After
making correction for background, counter efficiency

and the incident beam spectrum, the scattered intensity
was determined as a function of energy transfer.

Scattered intensity (arbitrary units)

energy {meV)

Fig. 2  Quasielastic neutron-scattering spectra
at Q=176 A-1 for the Ti(O-iPr)4 solution as a func-
tion of reaction time t,

Figure 2 shows that the scattered intensities are
composed of two guasielastic scattering components,
one is a relatively narrow component with about 0.5
meV FWHM and another is a broad one with about 1.6
meV FWHM. Because the observed scattered intensity
is mainly dominated by incoherent scattering of hydro-
gen atoms, two kinds of hydrogen atoms must exist.
One kind corresponds to the hydrogen atoms which
has smaller diffusion constants and the other corre-
sponds to those of larger diffusion constants. As the
reaction proceeds, the narrow component of the scat-
tered intensity decreases compared to the broad one.
That is, hydrogen atoms which constitute a titanium
propoxide or hydroxide molecule are removed from
titanium oxide polymers, as the polymers evolve at-
tended by the hydrolysis and condensation reaction.
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Atomic Structure of Al-(Cr, Mn)-Si Ternary Amorphous Alloy
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Aluminum-based metallic glasses have been
reported to be formed in the AI-Si-TM and Al-Ge-TM
(TM=Mn,Fe,Co or Ni) alloy systems by the rapid
quenching technique!), Some of them exhibit a good
bending ductility. The ductile nature was attributed to
the existence of two amorphous phases, as suggested
by a splitting of the first X-ray and electron halos as
well as by a modulated contrast in transmission
electron micrographs!). However, the atomic structure
of these ternary metallic glasses has not yet been well
elucidated. The atomic structure observed
experimentally in a ternary amorphous system consists
of the weighted sum of six partial atomic correlations.
Hence, it is practically impossible to deduce the
respective partial atomic correlations with reasonable
accuracy.

In this report we demonstrate how it is possible to
ingenuously extract the partial atomic correlations in
quaternary Al-(Cr, Mn)-Si metallic glasses by taking
full advantage of the neutron diffraction technique.
Especially, attention is focused on the role of Mn and
Cr atoms in these materials,

Alss(Cri.xMny)158i30 (X=0, 0.49, 1) metallic
glasses were prepared by rapid quenching from the
molten state in an Ar gas atmosphere. The neutron
diffraction measurements were carried out using the
HIT spectrometer.

The total structure factor S(Q) for the temary Al-
TM-Si (TM=(Cri-xMnx)) metallic glasses is
expressed as the weighted sum of the six partial
structure factors associated with Al-Al, Al-Si, Si-Si,
Al-TM, TM-TM and Si-TM pair correlations. Here,
the coherent neutron scattering lengths of Cr and Mn
atoms are 0.3635x10-12 em and -0.373x10-12 cm,
respectively. Provided that Cr atoms are randomly
substituted for Mn atoms in these Als5(Crg.s1
Mno.49)155i30 metallic glasses, a neutron zero
scattering alloy (<b>=0) can be formed at the
composition Crg.51Mng.49 and then one would observe
only the atomic structure of the quasibinary Als5Sisg
metallic glass. .

The total S(Q) for the Als5(Cr;.xMnyx)15Si3g
(X=0, 0.49, 1) metallic glasses is calculated as
follows;

Alss5Cr158i30
S(Q)=0.26478 pai(Q)+0.34748 a15i(Q)+0.1 140Ssi5:(Q)
+H0.15225 a1c{Q)+0.02 198 0 (Q)+0.0999S 550 (Q)

— (D)

AlssMn158isg

S(Q)=0.53978 A1a1(Q)+0.70838 435:(Q)+0.2324S5i5:{ Q)

-0.3 18_43 AMn(Q)H0.04 708 0nan(Q)-0.20898 50 (Q)
e (2)

Alss(Crp 51Mnp 49155130 : TM=(Crg 51Mng 49}
S(Q)=0.36468 110(Q)+0.47848 4151(+0.1570S5;5:{Q)

+ 0.0 S Arrm(Q)3+0.0 Syrm(Q@40.0 Ssirm(Q)

The structure factor S(Q) for the Als5(Cri.
xMnx)158is0 (X=0, 0.49, 1) metallic glasses is shown
in Fig. 1. Each S(Q) has characteristic features which
depend on the weighting factors of partial correlations
mentioned above. In addition, it is clear that S(Q) for
the Als5(Crp 51Mng 49)158i30 metallic glass , which is
expected to show S(Q) for the quasibinary Al-Si
metallic glass, possesses a split first peak.

AlssMnysSize
N NAWNDA
“ N AlssCrisSiap
N

\v4
/\ ~ Alss(Cro.s1Mnro.a0)155130
1 .

0 AR | P ] 1 " 1 1 1]
a? 5 10 15 20 25 30
Q (al)

Fig. 1 Structure factors of the Alss{Cri.xMny)15Si30
(X=0, 0.49, 1) metallic glasses.

The Fourier transformation of S(Q) into real space
yields the radial distribution function RDF(r), which
also possess a characteristic distribution. A negative
peak observed at r~2.42 A should be atiributed to
ecither the Mn-Al or Mn-Si correlation because of the
negative neutron scattering length of Mn,

The contribution of the AI-TM and Si-TM (TM=Cr
or Mn) pair correlations can be intentionally reduced
10 zero by choosing appropriate coefficients in the
linear combination of eqs (1) and (2). The linear
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combination with vanishing coefficients for SATM(Q)
and Ss;Tm(Q) is expressed as;

S1(Q)-1= (1/3.093) {(5(Q)-1):[AlssMn;5Sisg] +
2.09 (S(Q)-1):[Als55Cr15Si30]}
= (1/3.093){ 1.094 (S ar(Q)-1)+
1435 (Sasi(Q)-1)+ 0.471 (Ssisi(Q)-1)
+0.000(S Arrm(Q-1)+0.093 (S (Q)-1)
+0.000 (Ssirm(Q)-1)}. T ()

It happens that the coefficient of STMTM(Q) also
becomes very small and, hence, can be ignored.
Accordingly, 81(Q) can be thought of as representing
the structure factor of the Al-Si binary metallic glass.
The measured S(Q) of the quasibinary Alss(Cro.s1
Mng 49)1551i30 metallic glass and the synthesized
51(Q) are shown in Fig. 2. The two spectra are
surprisingly in good agreement with each other, within
the experimental error. The pair distribution functions,
g(r), obtained from these two S(Q)'s are also
essentially identical to each otheras shown in Fig. 3.
The good agreement in both the structure factor and
the pair distribution function leads to the conclusion
that Cr and Mn atoms are randomly distributed
without any discrimination.

Utilizing the conclusion about the random
substitution of Cr for Mn atoms, that is, SMnMa(Q)=
Scrcd Q) SaMn(Q)=S a10(Q) and Ssima(Q=SsicHQ)
we can extract the S(Q) associated with the Al-TM
and Si-TM (TM=Cr or Mn) pair correlations by taking
the following linear combinations;

52(Q)-1=(1/0.3879) { (S(Q)-1):[Als55(Cro.51Mno.49)15
Sizo] -0.6755(S(Q)-1):[AlssMn;sSisg]}
=(1/0.3879){0.2151(S ammn(Q)-1)-0.0317
(Swvinmn(Q)-11+0.14118siMa(Q)- 1)) (5)

53(Q)-1=(1/0.274){ (S(Q)-1):[Al55Cry5Siz0]-
0.7261(S(Q)-1):{Al55(Crg,51Mno 49)15Si30] }
=(1/0.274){0.1522(5 A1c{Q)-1)+0.0219
(ScrodQ-1)+0.0999(Ssic(Q)-1)). (6)

The resulting pair distribution function, g(r), for the
Al-TM and Si-TM (TM=Cr or Mn) pair correlations is
shown in Fig. 4. The first peak at r=2.54 A is much
sharper than that of the quasibinary Al-Si metallic
glass shown in Fig. 3. The small full width at half
maximum height, FWHM, of the first peak in g(r)
implies the presence of strong chemical affinities for
the Al-TM and Si-TM pairs. From the point of view of
thermodynamics, the enthalpy of mixing is strongly
related to the chemical affinity. The enthalpies of
mixing for the Al-Mn, Si-Mn, Al-Cr and Si-Cr pairs
calculated by Niessen and Miedema® are -19, -28, -10
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Fig. 2 Streuture factor of the Alss{Crp.51Mnp.46)15Si30
metallic glass and the synthesized $4(Q), which
presents S(Q) of the quasibinary Al-Si metallic

glass.
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Fig. 3 Pair distribution function of the Als5{Crg.51
Mno.40}15Siag metallic glass and the synthesized

gi{r).

and -20 (kJ/mol), respectively. A large negative value
of the enthalpy of mixing is consistent with the
existence of a strong attractive interaction for the Al-
TM and Si-TM (TM=Mn or Cr) pairs. In contrast, the
Al-Si interaction would be weakly attractive, or even
perhaps repulsive, since no intermetallic compound
exists in the Al-Si phase diagram. Therefore, the
structural and thermodynamic arguments developed
above suggest that Mn and Cr atoms act as "glues” to
allow bondingbetween the light elements Al and Si
and, hence, play an essential role in the glass
formation of the AI-TM-Si ternary system.

The S(Q) of the TM-TM (TM=Cr or Mn) pair
correlation can be also separated by taking an
appropriate linear combination of egs. (5) and (6), in
spite of increasing statistical errors. The g(r) thus
derived is shown in Fig. 5, in which the first peakofthe
TM-TM distribution can be seen to be spread
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Fig. 4  Pair distribution function of the A-TM and Si-Tm
(TM=Cr or Mn) pair comrelations.
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Fig.5  Pair distribution function of the TM-TM (TM=Cr or
Mn) pair correlation,

overthe range of 4 to 5.4 A. The result indicates that

TM atoms are homogeneously distributed over a wide
range and are located apart from each other in these
Al-TM-Si metallic glasses.

The S(Q) function for a quasibinary AI-Si metallic
glass was obtained by taking full advantage of the
neutron diffraction technique for the series of
Alss(Cry.xMny)15Si30 (X=0, 0.49, 1) metallic glasses.
It is clearly demonstrated that Cr and Mn atoms are
randomly distributed without direct contact with each
other. The sharp distribution of Al-TM and Si-TM
correlations in the first neighbor shell was taken as
evidence that a strong attractive interaction exists
between AI-TM and Si-TM pairs and that Cr and Mn
atoms play an essential role in the formation of an
amorphous phase.
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Mechanical alloying(MA) has been recognized as a
novel technique in synthesizing new unstable
crystalline and amorphous materials!), MA has been
usually carried out under an inert gas atmosphere in
order to protect sample powders from oxidation during
milling. Recenily, however, MA under a reactive gas
atmosphere has been reported to produce an
amorphous phase through the solid-gas reaction®. In
this study, we focus on the structural changes during
the amorphization process induced by nitrogen atoms.

Pure elemental powders of vanadium (99.5%,
average size 50um) and copper (99.9%, average size
150pm) were mixed to give starting compositions of
V+40Cuszp. MA for V7qCusg powders in a planetary ball
mill (Fritsch Pulverisette 5) under the N; gas
atmosphere of 2 atmospheric pressure. During milling,
N, gas was supplied to resume 2 atmospheric pressure
at every twenty hours. The total content of nitrogen
atoms absorbed in the powders was determined, using
the nitrogen-oxygen analyzer (Horiba EMGA-650). A
structural study was carried out by using the
combination of X-ray with Mo-Ko radiation and
neutron diffractions.

Cu and V atoms are mutually immiscible even in
the liquid state and its system is characterized by a
positive heat of mixing AHmix=3 kJ/mol. The MA of
V70Cusg powders in the Ar gas atmosphere has been
reported to produce the bee solid solution).

The S(Q) observed by X-ray diffraction clearly
shows that the amorphization proceeds with increasing
the milling time. The content of the nitrogen atoms
absorbed after 0, 40, 120 and 200 hours of milling was
determined as 0, 3.4, 9.2 and 11.7 at%N, respectively.
After 200 hours of milling, the S{(Q) shows a
characteristic feature of an amorphous state, though
some small Bragg peaks remain due to small amount
residual unreacted crystals.

The S{Q) observed by neutron diffraction is shown
in Fig. 1. The spectrum after 200 hours of milling
possesses a mixture of both amorphous and crystal
states. Since the coherent scattering length of the V
atom in the neutron diffraction is negligibly small,
small crystal peaks should be due to the Cu crystal.
More detailed inspection of S(Q) allows us to identify
the growth of a new peak at Q= 4.25 A-1 after 40 and
120 hours of milling, which disappears after 200 hours
of milling. This peak is attributable to the bce-Cu

crystal formed by dissolving Cu atoms into the bee-V
lattice®). Therefore, we consider that the bee solid
solution is formed at the early stage of milling but is
becomes amorphized due to the gradual incorporation
of nitrogen atoms in the subsequent stage of milling.
The Cu atoms first dissolve into the V lattice and
apparently prevent V atoms from the formation of
nitrides. Indeed, we confirmed that the MA of pure V
powders in the N gas atmosphere results in only VN
crystalline compound.

14 T~ T T i T T T

13H ?: Nenton diffraction
12 14 8 -]
104 g8 88 ]

SMQ)

Fig. 1 Neutron structure factors S(Q) of (V7oCuap)i-xNx
powders after 0, 40, 120 and 200 hours of MA.
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The amorphization in the solid state reaction has
been considered to be driven by two possible
processesl): one is an energetically down-hill process
driven by chemical reation at the interface between the
two adjacent layers and the other an energetically up-
hill process driven by accumulating strains and
defects. Only the latter process is believed to be
responsible for the amorphization of an intermetallic
compound and a mixture of two different pure metals
with a positive heat of mixing, since no chemical
driving force is expected in both cases. Whether or not
the solid state amorphization proceeds through the
latter process has been tested by applying the ball
milling technique to the Cu-Ta system, the atomic pair
of which is characterized by a positive heat of
mixing?-4.

In this report we present structural evidences for
the amorphization due to ball milling for a mixture of
pure Cu and Ta powders.

The ball milling was carried out at room
temperature for a mixture of pure Cu(99.9%, 150 pm
in size) and Ta(99.9%, 50 um in size) powders with an
atomic ratio 3:7. A planetary ball mill (Fritsch
Pulveris;ttc 5) was used with its intensity 5. The vial
and balis are made of the Cu-Be (1.8-2.0%Bc) alloy.

Figure 1 shows the structure factor ${(Q) deduced
from neutron diffraction spectra as a function of
milling time for the Cu-Ta powders. We see that the
Cu line selectively disappear first and the profile
become typical of an amorphous phase after 120h. The
radial distribution function RDF(r) is shown in Fig. 2.
The RDF(r) spectrum for 120 h sample is smooth and
continuous and is characterized by the lack of a long
range order. Therefore, it can be concluded from the
observed change in both S{Q) and RDF(r) that the Cu-
Ta powders are indeed amorphized by ball milling.

The corresponding DSC spectra were measured up
to 630°C with a heating speed of 20°C/min. A sharp
exothermic peak attributed to the crystallization of an
amorphous phase was observed at about 560 *C. he
second run was made for each sample after the fist
DSC run and the area enclosed by two runs is
calculated. We consider it to represent a total enthalpy
accumulated during ball milling, The total enthalpy
tends to saturate at the value of 12 kJ/mol. It happens
that the value is close to the calculated energy of 11
kJ/mol®) necessary to raise the enthalpy of a 3:7
mixture of pure Cu and Ta to that of a liquid or

equivalently an amorphous state. Hence, it is also
thermodynamically possible to assume the formation
of an amorphous phase in this system.
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S(Q)
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Fig. 1 Structure factor S{Q) deduced from neutron
diffraction spectra for a 3:7 mixture of Cu-Ta
powdars ball-milled for different time intervals.
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Fig. 2 The radial distribution function RDF{r) for a 3:7
mixture of Cu-Ta powders ball-milled for different
time intervals.
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It is of greate interest to evaluated a change in the
atomic environments around Cu and Ta atoms due to
ball milling by analyzing the first nearest neighbor
peak of the total pair distribution function g(r) for the
sample before ball milling or starting powders and that
after 120h-milling. As metioned above, the latter
sample may well be regarded as being in an
amorphous single phase for the present analysis. The
gaussian fitting to the three partial pair distribution
functions was made under the conditions that the first
peak consists of only Cu-Cu and Ta-Ta pairs in the
starting powders and of Cu-Cu, Ta-Ta and Cu-Ta pairs
in the 120h-sample.The results are shown in Fig.3 and
relevant numerical data are listed in Table 1.
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Fig.3  The first peak of the total pair distribution function
g(r) for 3:7 mixture of Cu-Ta powders (a) before
milling aand (b) after milling for 120 h. it is clear
that the respective peaks can bs decomposed into
Gu-Cu and Ta-Ta comreslations In {a) and into Cu-
Cu, Ta-Ta and Cu-Ta correlations in (b}

Table 1. Coordination number (C.N.} and intaratomic
spacing (d) for relevant atomic pairs in a mixture of pure
Cu and Ta and in an amorphous Cu30Ta70 alloy
obtained by ball milling for 120 h.

Atomig pairs C.N. d (A)

MA Oh Cu-Cu 11.7 2.56
Ta-Ta 1.6 2.88
MA 120h Cu-Cu 4.6 2.51
Cu-Ta 8.3 277
Ta-Cu 35 2.77
Cu-Cu 8.3 3.06

It is seen from Table 1 that the Ta-Ta distance
substantially expands as a result of amorphization in
contrast to only a weak shrinkage in the Cu-Cu
distance. We tend to believe from this observation that
the preferential penetration of smaller Cu atoms into
the bee Ta lattice is most likely the process towards
amorphization. This conclusion is also supported by
the spectra in Fig.3 where the Ta-Ta and Cu-Ta
distribution are much wider than that of the Cu-Cu
one. As listed in Table 1, the coordination number of
the Cu-Cu and Ta-Ta pairs in the starting sample
naturally agrees well with that of 12 and 8
characteristic of fcc and bee structures, respectively.
After baii milling, however, the coordination number
around Cu and Ta atoms becomes 12.9 and 11.8,
respectively, which indicates a dense random packing
arrangement of Cu and Ta atoms.

We conclude that an amorphous phase is indeed
formed by ball milling for a 3:7 mixture of pure Cu
and Ta, the evidence for which has been deduced from
the thermodynamic and structural analysis based on
the DSC and neutron diffraction spectra.

References

1) W.L. Johnson, Prog. Mat. Sci. 30, 81 (1986)

2) T. Fukunaga, T. Nakamura, K. Suzuki and U.
Mizutani, J. Non-Cryst. Solids 117/118, 700 (1990)

3 K. Sakurai, Y. Yamada, C.H.. Lee, T. Fukunaga
and U. Mizutani, Mat. Sci. Eng. A132, 1414 (1991)

4) C.H. Lee, T. Fukunaga and U. Mizutani, Mat. Sci.
Eng. A132 1334 (1991)

5) AR. Miedema and AK. Niessen Suppl. to Trans.
JIM 29, 209 (1988)

— 111 —



Chemical Short Range Structure for (TizgNizg)x(TizoCuap)1.x Neutron Zero Scattering Amorphous Alloy

T. Fukunaga, K. Okasaka and U, Mizutani

Department of Crystalline Materials Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464

Physical and chemical properties of amorphous
alloys depend sensitively on the short range atomic
environment. The chemical short range order of Ti-Cu
and Ti-Ni binary amorphous alloys has been reported
to be quite different from each other!-5), even though
Ni, being located next to Cu in the periodic table, has
an atomic size which is almost the same as that of Cu.
In the amorphous state Cu atoms are in hard contact
with each other but Ni atoms are not 3.4). Different
environment of Cu and Ni atoms in the respective
binary amorphous alloys is believed to be caused by
the stronger chemical affinity of Ni atoms to Ti atoms
than that of Cu atoms to Ti atoms,

In this report we studied a change of the short range
atomic arrangement as a function of the concentration
of constituent elements in {TizgNizg)x(Ti7oCus0)ix
ternary amorphous alloys by using the neutron
diffraction technique. Here, only the concentration-
concentration correlation function can be extracted in
the amorphous alloy system, because the composition
is chosen such that the average neutron scattering
amplitude is set to be zero.

The Ti-Cu-Ni ternary amorphous alloys were
prepared by the mechanical alloying(MA) technique
6.7), MA ‘could amorphize the (TizeNiza)x(TizoCuso)1-x
neutron zero scattering alloys over all compositions
(0sX<1), even though liquid quenching method could
not,

Pure elemental powders of nickel (99.9%, average
size 100pmy), titanium (99.9%, average size 50pm) and
copper (99.9%, average size 501m) were mixed so as
to give an average composition of (TirgNiz4)x
(Ti7oCusph.x (X=0, 0.1, 0.25, 0.5, 0.75, 0.9, 1).
Stricily speaking, Ti7gNiz4 and TizoCuszp represent the
composition ratio of Ti:Ni=75.74:24.26 and Ti:Cu=
70.05:29.95, respectively, so that the averaged neutron
scattering amplitudes become zero. MA was carried
out in a conventional ball-milling apparatus with the
rotating speed of 110 rpm under the Ar gas
atmosphere. The structural measurements were carried
out by neutron diffraction. -

The (TizsNiz24)x(Ti7oCusp)1.x alloys can be
rewritten as the pseudo-binary form [Ni2axCuseq-3]
Ti70+6%=TM3z0.6xTi70+6%x (TM=Ni and Cu). The
structure factor S(Q) for a binary system is obtained
according to the Bhatia-Thornton definition®), The
Bhatia-Thornton partial structure factors Syn(Q),
Sce(Q) and Snc(Q) stand for the number density-

number density correlation, the concentration-
concentration correlation and the cross term,
respectively. Since the (TizgNize)x(TizoCuzo)1-x (X=0,
0.1, 0.25, 0.5, 0.75, 0.9, 1) amorphous alloys satisfy
the condition <b>=0 as a result of a negative value of
bri(=-0.33x10-12 c¢m), the observed total S(Q)
represents directly the quantity Scc(Q)/CrumCri, where
CTM-*'CNE’*'CCu-

The Bhatia-Thomton type structure factor S(Q) for
the (Ti75Ni24)x(Ti10CU3o)1_x (XEO, 0.1, 0.25, 0.5,
0.75, 0.9, 1) amorphous alloys is shown in Fig. 1. The
results reflect well the concentration-concentration
structure factor Scc(Q). For the TizpCusp amorphous
alloy the first broad peak is observed at Q=2 A-! with
a subsidiary maximum on the low Q side. The
subsidiary maximum disappears when X exceeds 0.5.
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Fig. 1 Struciure factors for the (TivgNizg)x{TizoCuzoh-%

{(X=0, 0.1, 0.25, 0.5, 0.75, 0.9, 1) amorphous
alloys

The radial concentration function RCE(r)=rGcc(r)
obtained from the Fourier transformation of the
Scc(Q) for the (TizgNizg)x(TizoCusp);-x amorphous
alloys is shown in Fig. 2. RCF(r) for the TizoCuso
amorphous alloy has a positive peak at r=2.4 A and a
negative peak at r=2.7 A. The positive and negative
peaks can be identified as the Cu-Cu and Cu-Ti
correlations respectively, since Cu and Ti atoms have
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a positive and negative cross-section for neutrons,
respectively. The Ti-Ti correlation may be located at
about 3.0 A, because the radius of a Ti atom is 1.47 A.
The positive peak at r=2.4 A in RCF(r) for the
Ti70Cusp amorphous alloy rapidly reduces its intensity
with increasing Ni content. The RCF(r) for the
Tiz7gNiz4 amorphous alloy has only a negative peak at

the nearest neighbor distance.
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Fig. 2  Radial concentration functions for the (TizgNizq)x

{TizoCugzp)1.x (X=0, 0.1, 0.25, 0.5, 0.75, 0.9, 1)
amorphous alloys

Figure 3 shows a comparison of Gee(n=4mpcc(r)
for the Ti7gNiz4 amorphous alloys prepared by MA
and by the liquid quenching (LQ), together with Ti-Ti,
Ni-Ti and Ni-Ni atomic distribution of the TipNi
crystalline compound. It can be seen that the negative
peak at 1=2.54 A coincides well with the Ni-Ti atom
pair in the TipNi crystalline compound, the interatomic
spacing being much smaller than that calculated from
the diameter of Ni and Ti atoms ((oNj+0T)/2=2.71 A).
This strongly suggests that, in the amorphous alloy,
there exists a chemical affinity between Ni and Ti
atoms similar to that of the TizNi crystalline
compound. On the contrary, the atomic structure of the
Ti70Cu3gp amorphous alloy was found to be much
different from that of the TizCu crystalline compound
as shown in Fig. 4. The positive peak at r=2.4 A is
clearly visible in Gec(r) of the TizgCusg amorphous
alloy, which has been reported to correspond to the
Cu-Cu correlation?). However, in the TipCu crystalline
compound the distance of the Cu-Cu pair is the
farthest among the three kinds of pairs. The present
results implies that the chemical affinity between Ti
and Cu should be weaker than that of the Ti,Cu

crystalline compound and that Cu and Ti atoms in the
amorphous state most likely distribute randomly, as
opposed to the preferential distribution of Ti and Ni
atoms in the Ti7gNiz4 amorphous alloy.
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Fig. 3 Reduced concentration corralation function Gec{r)=
4nrp..(r) for the TizgNia4 neutron zero scattering
amorphous alloys preparsd by MA and LQ, and Ti-
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Fig. 4 Reduced concentration correlation function Gee{r)=
4nrp..(r) for the TizpCugp neutron zero scattering

amorphous alloys prepared by MA and LQ, and Ti-
Ti, Ni-Ti and Ni-Ni correlations in TisNi crystalline

compound.
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To gain further insight into the chemical short
range structure around a Cu or Ni atom, we calculated
the Warren chemical short range order parameter ¥
for the pseudo-binary {NizaxCuso1-x)]1Ti70+6x=
TM30.6%xTi70+6x amorphous alloys. The order
parameter o is shown in Fig. 5 as a function of Ni

content. The value of o for the Ti7gCu3g amorphous
alloy is negative but near to zero. The Ti7gNiz4
amorphous alloys prepared by MA and LQ have
essentially the same value of o. The value is more
negative than that of the Ti7gCuszp. The results indicate
that the degree of the preference for unlike-atom
neighbors for the TijgNi24 amorphous alloy is
definitely stronger than that for the TiygCusp
amorphous alloy. The composition dependence of o
provides further interesting information on the
chemical short range order. Here, the order parameter
o for a hypothetical structure averaged over the
Ti7gCusg and TizgNiz24 amorphous alloys would be
given as a dotted line shown in Fig. 5. It can be seen
that the experimental value of o derived from the
Gee(r) is more negative than the dotted line
throughout the composition range 0<X<1, indicating
that the bonding between unlike-atom neighbors is
much stronger than the averaged structure. The
experimental value of o rapidly increases in a negative
direction and deviates far below the dotted line when a
small amount of Ni is substituted for Cu atoms. As is
clear from Fig. 5, Cu atoms apparently behave as if
they were Ni atoms in the (Niz4xCu3zo-x))Ti70+6X
amorphous alloys when 50% of the Cu atoms are
replaced by Ni atoms, Therefore, it can be concluded
that the chemical short range order of the
(Ti7sNizg)x(TireCusn);.x amorphous alloy when X
exceeds 0.5, becomes essentially the same as that of
the TizgNiy4 binary amorphous alloy.

The preference of unlike-atom neighbors for the
Ti76Cu3p amorphous alloy is much weaker than that
for the Ti7gNi34 amorphous alloy. The chemical short
range structure of the Ti7gCusg amorphous alloy is
described as the nearly random distribution of Cu and
Ti atoms. The Warren chemical short range order
parameter o sharply increases in a negative direction
with increasing Ni concentration, This can be
interpreted as a rapid increase in the degree of
preferential bonding between (Cu, Ni) and Ti unlike-
atom neighbors. It is also shown that the atomic
arrangement around a Cu atom completely changes
into the one characteristic of the Ti7gNizg amorphous
alloy when X exceeds approximately 0.5.
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0.051- &4 1LQ -
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Fig. 5 Woarren chemical short range order parameter as
a function of X for the pseudo-binaty
(Ni24xCuzo(1-x))Ti70+6X =TM30-6XTi70+6X (TM=
Ni and Cu) (X=0, 0.1, 0.25, 0.5, 0.75, 0.9, 1)
amorphous alloys
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Mechanical alloying technique has been
recognized as one of the novel methods in
synthesizing non-equilibrium alloys. Koch et al.l)
reported, for the first time, that amorphous alloys
can be produced when a mixture of elemental metal
powders are ball-milled in an inert gas atmosphere.
Moreover, Schwarz et al.?) has noted that even an
initially homogeneous intermetallic compound can
be transformed to an amorphous phase by ball
milling. The former is often referred to as
mechanical alloying{MA) and the latter as
mechanical grinding(MG).

In this report we present the formation of
metastable crystalline phases by the MA and MG in
the V4oCusp and VsoFesg systems; the former is
characterized by a positive heat of mixing and the
latter a negative heat of mixing. The MA and MG
processes for the V-M (M=Cu or Fe) system were
studied by and neutron diffraction measurements.
The transformation processes studied by neutron
diffraction unable us to single out only the M-M
correlations, because of a negligibly small coherent
scattering length of the vanadium atom relative to
that of the copper or iron atom.

Pure clemental powders of copper (99.5%,
average size 150um), iron (99%, average size S0pm)
and vanadium (99.5%, average size 50pm) were
mixed to give siarting compositions of V70Cusg and
VsgFeso, The 6-VFe crystalline compound was
produced by arc-melting of pure iron(99.5%) and
vanadium(99.5%) and was crushed into small
pieces. These powder samples were ball milled
under the Ar gas atmosphere, using the vial and
balls made of Cu-Be (1.8-2%Be) for the V70Cuso
and of stainless steel (SUS304) for the VsoFeso and
o-VFe. Ball milling was carried out in a planetary-
type mill (Fritsch P-5) with the intensity 7 or the
rotating speed of 570 rpm for the V7oCusp powders
and in a vibrating-type miil (NEV-MA-8, Nissin-
Giken) with the intensity 3 for the VsgFesq powders
and o-VFe powders. The structural changes were
studied by neutron diffraction using HIT
spectrometer.

Following the Faber-Ziman definition3), the total
structure factor S(Q) observed by neutron
diffraction for the V-M (M=Cu or Fe) binary
systems is expressed as the weighted sum of the
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three partial structure factors Syv(Q), Sym(Q) and
Smm(Q) associated with V-V, V-M and M-M pair
correlations. Here, the coherent scattering length of
a vanadium atom in neutron scattering is very small
(by=-0.0382x10-12 ¢m) compared with that of a
copper or iron atom. (bcy=0.7718x10-12, bpe=
0.954x10-12 ¢m). The total S(Q)'s for the VCusg ,
VsoFesg and 6-VFe alloy powders are calculated as
follows;

V70Cuse
S(Q)=0.017Svv(Q)-0.2955vcu(Q)+1.278S cacu(Q)

—eeenen (1)
VsoFesg and 6-VFe
S(Q)=0.0017Svv(Q)-0.087Svr(Q)+1.08538rer:(Q)

------ 3

The weighting factor of the V-V correlation

turned out to be negligible relative to those of Cu-
Cu and Fe-Fe correlations. The V-M correlation
makes a negative contribution of about 23% to the
total S(Q) for the V7oCusq and 8% for the Vs5oFesp
and o-VFe. Therefore, any positive peaks, if they
appear, should be attributed to the partial structure
factor Sym(Q) due to the M-M correlation.

1. V-Cu system

It has been reported that the VsCusg powders®)
can be partially amorphized by MA and
simultaneously the metastable BCC copper crystal is
formed by dissolving copper atoms into the BCC
vanadium lattice, even though the V-Cu system is
characterized by a positive heat of mixing.
Furthermore, MA of the V7Cusp powders was
carried out if the metastable BCC copper crystal is
still formed. It was found that the BCC solid
solution has been formed and that the copper
concentration far exceeds its solubility limit (about
2at%Cu at room temperature) in the V-Cu phase
diagram.

The X-ray diffraction patterns of the V7oCuso
powders after MA indicate that Bragg peaks
associated with the BCC crystal remain visible
though the FCC diffraction peaks of copper crystal
disappear after 30 h of MA. The peak positions in
the BCC diffraction pattern were slightly shifted to
high angles with increasing MA time. The lattice



constant calculated from the (110) Bragg peak of the
BCC crystal decreases and levels off with increasing
MA time. The decrease of the lattice constant is
attributed to the dissolution of smaller copper atoms
into the BCC vanadium lattice, Therefore, we
believe that the copper atoms occupy randomly the
BCC lattice site in the course of MA, and, hence,
the partial structure factor of the Cu-Cu correlation
changes from the FCC pattern into the BCC one.

Figure 1 shows S(Q)'s of the V75Cusg powders
after 0, 30, 60 and 120 h of MA. Vertical lines
drawn in the figure refer to Bragg peaks of the BCC
copper crystal calculated under the assumption that
the atomic diameter is the same as that of the FCC
copper crystal. Since the measured total $(Q) is
essentially equivalent to the partial Scucu(Q), as
mentioned above, the Scucu{Q) observed before MA
should reflect an FCC pattern of the copper crystal.
With increasing MA time, however, the Bragg
peaks of the FCC copper decrease and, instead,
Bragg peaks corresponding to the BCC crystal
newly grow. The results clearly demonstrate that the
FCC structure of the copper crystal transforms into
the BCC structure by dissolving copper atoms into
the vanadium BCC lattice during the course of
mechanical alloying.
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Fig. 1 Total structure factors S{Q) of the V3Cuag
samples after 0, 30, 60, and 120 hours of MA,
together with vertical lines corresponding to Bragg
neaks of the BCC-copper crystal.

II. V-Fe system

Figure 2 shows a series of X-ray diffraction
spectra for the VspFesp powders as a function of
MA time. Bragg peaks of (110), (200), (211) and
(220) planes characteristic of the V and Fe BCC
structures are observed in the starting powders but,

with increasing milling time, they are gradually
replaced by new peaks, which are located in
between the Bragg peaks of pure vanadium and
iron. Finally, a single phase solid solution with BCC
structure apparently remains in the powders after
120 h of MA. A change in the lattice constant also
indicates that the mixing proceeds down to an
atomic level and an o-phase solid solution was
formed in spite of the fact that the ¢-phase exists as
a stable phase at room temperature.
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Fig.2  X-ray diffraction patterns of VizFeg, samples after
0, 30, 60 and 120 hours of MA.

Figure 3 shows the radial distribution functions
RDF(r)'s for the VsgFesg powders after 0, 30, 60 and
120 h of MA deduced from neutron diffraction data.
It is seen that the RDF(r) reflects well the Fe-Fe
correlation described in equation 2. The radial
distribution of iron atoms can be well fitted to the
BCC structure, which does not change substantially
with increasing milling time. The peaks of the Fe-Fe
correlation, however, slightly shified into large
distances. The present results are interpreted by the
formation of the o-phase solid solution, when
subjected to MA, in which the average Fe-Fe
distance is expanded upon substituting larger
vanadium atoms for smaller iron atoms in the BCC
lattice.

The MG of the 6-VFe powders give rise to a
dramatic structural change, as shown in figure 4,
whete the S(Q) deduced from neutron diffraction
data is shown. After 120 h of MG, the Fe-Fe
distribution of the ¢-phase VFe tetragonal structure
with 30 atoms in a unit cell®) is found to change into
that of the BCC structure, though the (101)
diffraction peak of the ¢-phase still slightly remains,
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Fig. 3  Total radial distribution functions for the VgoFess
samples after 0, 30, 60 and 120 hours of MA,
together with the calculated atomic distribution of
the BCC iron crystal
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Fig. 4 Total structure factors S{Q) of the VgoFesg
samples after 0 and 120 hours of MG
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Therefore, we found that the MG caused the ©-

phase VFe compound transform into the a-phase
VsoFesg of the BCC structure which is known as a
high temperature phase above 1200°C.

Observation of the MA process for the V3Curo
powders by neutron diffraction allowed us to extract
the evidence that the FCC distribution of copper
atoms changes into the BCC. From this result we
conclude that the BCC copper is formed by
dissolving copper atoms into the vanadium BCC
lattice and that the metastable BCC solid solution
region produced by MA is indeed substantially
widen relative to that in the phase diagram.

The metastable high temperature phase was
formed both by MA for the VsoFesg powders and by
MG for the 6-phase VFe powdess. In particular, the
neutron diffraction studies, using vanadium atoms
with negligibly small coherent scattering lengih as a
partner element, provided the unique opportunity in
observing directly the transformation of the
tetragonal structure of iron atoms into the BCC
structure.,
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Mechanical alloying(MA) has been recognized as a
nove!l technique in synthesizing new unstable
crystalline and amorphous materials!). MA has been
usually carried out under an inert gas atmosphere in
order to protect sample powders from oxidation, since
a fresh cleavage surface created during milling is of
vital importance in the solid state reaction. Recently,
however, MA under a reactive gas atmosphere has
been reported to produce an amorphous phase through
the solid-gas reaction®. In this study, we focus on the
structural changes during the amorphization process
induced by nitrogen atoms.

Pure elemental powders of chromium (99.9%,
average size 75um) and iron (99%, average size 75um)
were mixed to give starting compositions of CrygFesq
powders was carried out in a vibrating ball mill(Nissin
Gikken, Super MISUNI) under the N; gas atmosphere
of 2 atmospheric pressure. During milling, N; gas was
supplied to resume 2 atmospheric pressure at every
twenty hours. Amorphization was confirmed by the
DSC measurement and X-ray diffraction with Cu-Ke.
radiation. The total content of nitrogen atoms absorbed
in the pgwders was determined, using the nitrogen-
oxygen analyzer (Horiba EMGA-650). A detailed
structural study was carried out by using the
combination of X-ray with Mo-Ko radiation and
neutron diffractions. The X-ray diffraction
measurement revealed that the metal atoms change
their respective positions during the amorphization
process. But the presence of nitrogen atoms is hardly
visible in the spectrum because of its negligibly small
scattering factor. Instead, neutron diffraction allows us
to observe atomic rearrangements around a nitrogen
atom since the coherent scattering length of a nitrogen
atomn is almost the same as or even larger than those of
the metal atoms.

The Cr-Fe system has a small negative heat of
mixing and is characterized by the complete solid
solution over an entire composition range. The MA of
this powders under Ar gas atmosphere has been
reported to only yield the bee solid solution. In
contrast, the CrygFesp powders were amorphized by
MA in the N, gas atmosphere?),

Figure 1 shows the neutron structure factor S(Q)
for (CrygFesg)1.xNx powders subjected to the MA
process for different time intervals. It is seen that
Bragg peaks of the bee Cr and Fe crystals become

broadened with increasing the milling time. A halo
pattern dominates after 320 hours of MA. The
concentration of nitrogen atoms absorbed during MA
increases with increasing the milling time and
approaches about 15at%N after 320 hours of milling.
This result indicates that the nitrogen atom apparently
contributes to destroy the bec structure and to form an
amorphous structure.
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Fig. 1 Neutron structure factors S{Q) of {CrygFeag)1.xNx
powders after 0, 40, 80, 160 and 320 hours of MA.

The X-ray diffraction spectra also clearly reveal the
amorphization of the CrygFesg powders by MA under
the N3 gas atmosphere. The radial distribution function
RDFK(r) derived from the Fourier transformation of the
X-ray S(Q) is shown in Fig. 2. As marked by an
arrow, the 2nd nearest neighbor atoms in the bce
crystal preferentially reduces the number during the
amorphization process. It is also seen that the Ist
nearest neighbor distance between metal atoms
expands with increasing the milling time, We found
further that the nearest coordination number around a
metal atom within about 3.3 A decreases from 14 to
11.9 atoms. We are, therefore, led to conclude that the
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Fig. 3 Radial distribution functions RDF({r) of (Cr7g
Fesonlo.ssNo.15 powders observed by X-ray and
neutron diffractions.

octahedral unit in a bee structure is preferentially
destroyed and is transformed into the tetrahedral unit
during the amorphization process. An increase in the
metal-metal distance of the 1st nearest neighbor with
increasing milling time can be interpreted by assuming
that nitrogen atoms are accomodated in the center of a
polyhedron formed by metal atoms.

Neutron diffraction experiments can provide
further detailed information about the local structure
surrounding the nitrogen atom. Figure 3 compares
RDF() of (CryoFe30)0.25N0.15 powders deduced from
both X-ray and neutron diffractions.

The peak at about 2 A observed only in the neutron
diffraction spectra can be safely ascribed to the metal-
nitrogen atom (M-N) correlation. The coordination
number of metal atoms around a nitrogen atom is
calculated to be 4, if a nitrogen atom is located in the
center of the polyhedron formed by Cr and Fe atoms.
Howeyer, provided that a nitrogen atom is situated in
the center of the polyhedron formed by only Cr atoms,
due to the stronger chemical affinity of a nitrogen
atom with a Cr atom than with a Fe atom, the
coordination number around a nifrogen atom furns out
to be 6. This result may imply that the nitrogen atom is
located at 2 center not only of the tetrahedron but also
of the octahedron formed by metal atoms to stabilized
the amorphous phase,
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Mechanical alloying (MA) technique has been used
for the production of oxide-dispersion strengthened
super alloys. Recently, MA technique has been proved
to be applicable to the preparation of an amorphous
alloy from a mixture of pure elemental crystal
powders. MA may be continued to a stage where the
starting elemental powders are mixed to dimensions of
an atomic spacing or the formation of an amorphous
phase. During the process the crystal structure loses a
long-range periodicity. In this report, we present the
structural change subjected to MA for the Ti-Al
system powders that have a large negative heat of
mixing(AHmix=-30kJ/mol).

Pure elemental powders of aluminum(99.9%,
average size 50pm) and titanium(99.9%, average size
50pm) were mixed so as to give an average
composition of Tis;Alg. Since the composition is
chosen as so-called a neutron zero scattering alloy,
only the concentration-concentration correlation
function can be extracted by an advantage of neutron
diffraction. MA was carried out in a conventional ball-
milling apparatus, where the rotating speed is 110
rpm, under the Ar gas atmosphere.

Figl'xrc 1 shows the X-ray diffraction patterns
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Fig. 1 X-ray diffraction patterns of Ti5;Alsg powders after
0, 400 and 800 hours of MA,

before and after MA for 400 and 800 hours.
Braggpeaks of the fcc-Al crystal disappeared and
those of hep crystal remain but broaden and slightly
shift jo the higher angle side afier 400 hours of
milling. This hep crystal means TizAl-type crystal
containing excess Al element. After 800 hours of MA
a halo pattern characteristic of an amorphous phase
can be observed. The results clearly indicate that the
amorphization proceeds after formation of the TisAl-
type (=(Ti,Al)3Al) crystal,

Figure 2 shows the radial concentration correlation
function RCF(r) observed by neutron diffraction for
the (Ti,AD)3Al crystal and the Tis)Al4e amorphous
alloy. The negative peak at 2.8 A in both RCF(r)
reflects the formation of the unlike atom correlation
between Al and Ti atoms in the nearest neighbor
distance and its position coincides well with that of the
first Al-Ti atom pair in the Ti3Al crystal. This result
strongly suggests that the atomic arrangement in the
nearest neighbor of the Tis;Alyo amorphous alloy is
much similar to that of the TizAl crystal due to a
strong chemical affinity between Al and Ti atoms. The
difference of the atomic arrangement between the
Tisy Alsg amorphous alloy and the TizAl crystal exists
in the region over the second nearest neighbor as
shown in Fig. 2.
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Fig. 2 The radial concentration correlation function
RCF{r} of the (Ti,Al}3Al erystal and the TigsAlsg

amorphous alloy.
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The mechanical alloying(MA) has been considered
to be driven by two possible processes: one is an
energetically down-hill process driven by chemical
reaction between the atoms of different species and the
other an energetically up-hill process driven by
accumulating strain and defects, The amorphization
subjected to MA in the Cu-Ta system with a positive
heat of mixing (AHmix=2kJ/mol), which is
characterized by up-hill process, has been reported
from the viewpoint of the thermodynamics, atomic
structure and electronic statesl:23), In this report, we
present the structural change subjected to MA in the
Mg-Ti system with a larger positive heat of
mixing(AHmix=16kJ/mol) than that of the Cu-Ta
system.

Pure elemental powders of magnesium(99.9%,
average size 750um) and titanium(99.9%, average size
50pm) were mixed so as to give an average
composition of TigzMgsg. Since the composition is
chosen as so-called a neutron zero scattering alloy,
only the concentration-concentration correlation
function can be extracted by an advantage of neutron
diffraction when the mixing goes on into an aiomic
level. MA was carried out in a conventional ball-
milling apparatus, where the rotating speed is 110
rpm, under the Ar gas atmosphere.

Figure 1 shows the Bhatia-Thomton type structure

7 m 7 1 T

Oh MA,
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Fig. 1 Bhatia-Thornton type structure factor S(Q)
observed by neutron diffraction for TigaMgag

powders after 0, 800 hours of MA

factor S(Q) observed by neutron diffraction for
TigzMgag powders after 0, 800 hours of MA. No clear
Bragg peak is observed in S(Q) of the MAZ0Oh
sample. However, the X-ray diffraction patterns show
the formation of a HCP-type solid solution and the
amorphization could not be detected. A small angle
scattering definitely became observed after 800 hours
of MA, indicating concentration fluctuations, as
shown in Fig.1.

Figure 2 shows the Bhatia-Thornton type radial
distribution function G(r) of TigpMgsg powders after 0,
800 hours of MA. A positive peak is seen at the
nearest neighbor in G(r) of the MAB0Oh sample. This
result and the small angle scattering in S(Q) teach us
that there is little formation of the unlike atom
correlation between Ti and Mg atoms during milling
and so the preference for like atom neighbors yields
the concentration fluctuation in the TiszMgyg powders
after 800 hours of MA
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G(r) of TigaMgag powders after 0, 800 hours of
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Small-Angle Thermal Neutron Scattering from a Crown Ether

18-Crown-6 Molecule in Heavy Water
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An important consideration in
understanding the recognition of metal
ions by macrocyclic hosts is concerned
in the change of the conformations
between the free host and the metal-ion
complex. The scattering function I(Q)
measured in the Q range 1072-30" 141 by
using the small-angle neutron scattering
installed at thermal neutron sources
{SANST)} was different from that in the
Q range 1074-10734"1 by the conventional
installed at cold neutron sources
(SANSC). Thig will
preliminary results and analyses of the
data
host

paper give
for a
of

18-crown-6 (18C6) in solution.

scattering typical

macrocyclic crown ether

Experimental
Materials: 18CH was recrystallized from
hexanes dried in a vacuum desiccator.
a SANST

experiment was performed on 18C6+D,0

Diffracation measurements:

solutions by using the time-of-flight
spectrometer named as WIT, installed

onto a thermal neutron beam line.

Results and Analyses
Guinier plots were derived from the
scattering functions I(Q) for 18C6 in
with the different
The abrupt decrease of

heavy water
concentrations.
I{Q) at very low Q may originate £from
the intermolecular interaction because
at 444 mg

The radius of gyration Rg for

of the high concentration
18C6/ml.
a 1BC6 molecule is calculated by using a
least-squares fitting of Guinier plots
in the Q range 0.1-0.3 A-l at the

In {Q)

different concentrations of 18C6; Rg is

egqual to 3.9+0.3 A. If a 18C6 molecule
in a gueous solution is assumed to be of
ellipsoid with semiaxes &, b, and c, Rg
is given by Rgzw(a2+b2+c2)/5. With the
help of CPK molecular mocdel and tle
b,
are roughly evaluated to be 4.5, 4.5
and 6.0 A,
equal to 4 A.

crystal structure of 18C6, a, and c

respectively and Rg becomes

of
structure of the uncomplexed host 18C6

Comparisons the crystal
with that of its Na® complex indicate
that the
accompanied by host reorganization and
Thus,

we can expect the effect of the host

complexing act must be
desolvation in aqueous solutions.

recrganization on Rg.

Q2/ A-2
Fig. 1 Guinier plot of a host 18C6
molecule in the heavy water for the
different concentrations (a) 27.8 mg
18c6/ml, (b) 55.5 mg/ml, (c) 11i mg/ml,
(d) 222 mg/ml and (e) 444 mg/ml.
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Structure of liquid CCl4 near the liguid-gas critical point

H. Akatsuka, M. Misawa*, T. Fukunaga and U. Mizutani

Department of crystalline Materials Science, Nagoya Univ., Furo-cho, Chikusa-ku, Nagoya, 464
*National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, Ibaraki 305

Previously we measured the structure factors
Sm(Q) of liquid carbon tetrachioride CCly in the
temperature range from -20 to 160°C1), The aim of the
present experiment is to obtain the Sp(Q) of liquid
CCly at the higher temperature close to the critical
point by using the HIT and SAN instruments. The
measurements were carried out at 20, 195, 215, 235,
255 and 275°C for the liquid and at 275°C for the gas
along the liquid-vapor coexisting curve. Figure 1
shows the coexisting curve on the P-V diagram and
experimental points. The critical temperature and
pressure are Te=283.1°C and Pe=45atm,

The sample was kept in the guartz glass cell
(5.7mm in inner diameter and 2.0mm in wall
thickness) instead of the Ti-Zr null alloy cell used in
the previous experiment, because the alloy was
chemically attacked by the liquid CCly above 200°C.
Figure 2 shows the diffraction pattern from the sample
in the cell and that from the empty cell at 20°C. We
confirmed that the scattering intensity from the cell
could be subtracted with sufficient accuracy, since the
Sm(Q) of the liquid at 20°C obtained in this work is in
good agreement with the previous onel) within
experiment error. The experimental $,(Q)'s are shown
in Fig.3.

Since the HIT instrument can not observe the
Sm(Q) in the lower Q region, the lower Q part of the
Sm{Q) was measured by using the SAN instrument.
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Fig. 1 The liquid-vapor coexisting curve and the experi-
ment points.

Both patterns were joined at the Q region near
0.6A-1. The details of the SAN experiment and data
analysis are given in a separate report 2,

Some characteristic features of temperature
dependence of the S$;,(Q) are observed: (1) the first
peak becomes broader and shifts toward the lower Q
region as temperature is raised; (2) a small peak
located about 2.2A-1 and a valley following, which are
related to the orientational correlations, also become
broad ; and (3) the small angle scattering is getting
greater and greater over 200°C. The characteristics (1)
and (2) are already observed at lower temperaturel).

The radial distribution functions obtained by
Fourier transform of the experimental Sp(Q)'s
truncated at 20A-1 are compared in Fig.4. The
intramolecular structure does not depend largely on
temperature, while the intermolecular structure
depends on temperature and the number of
neighboring molecules is decreasing as temperature
increases,

In a previous reportl) it was found that the
orientational correlation between CCly molecules
exists in the liquid even at 160°C. It may be interesting
to examine whether or not the orientational correlation
L —
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Fig. 2 A comparison of the experimental S(Q) with the ax-
perimental diffraction patterns from the sample plus
cell and from the empty cell. The fatler two curves
are shifted in vertical scale by 3.0. Estimated
incoherent and multiple scattering are also shown.
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still exists in the liquid neat the critical point. The
Sm(Q) can be written as

Sm(Q=Sm™(Q+ASm(Q),
where S°(Q) is a structure factor for the liquid of
completely uncomrelated molecules and ASR(Q) is a
correction for the orientational correlation. Sp¥(Q) is
‘given by

Sm(Q=Fi{QHF(Q(S(Q)-1),-
where F1(Q) and Fu(Q) are intramolecular and
intermolecular form factors, respectively, Fi(Q) is
experimentally determined from the experimental
Sm(Q) in a high Q region. S¢(Q) is a molecular center
structure factor. Figure 5 compares Sn(Q)'s of the
liquid measured at 20 and 275°C and that of the gas at
275°C with Fi(Q) and Fu(Q). About the liquid at
20°C, the measured 5,(Q) and Fy(Q) do not coincide
with each other in the range of Q from 2 to 3.2A-1,
where Fy(Q) is very small. Therefore, the orientational
correlation exists in the liquid at 20°C as reported
previouslyl). About the liquid at 275°C, we still find
discrepancy between S$;(Q) and Fi(Q) in the same Q
region, suggesting an existence of the orientational
correlation in the liquid even at 275°C. On the other
hand Sp(Q) of the gas at 275°C is similar to Fj(Q) in
the Q region where Fy(Q) is very small. Therefore, we
can conclude that the orientational correlation still
exists in liquid CCl4 near the critical point while it
does not in the gaseous state near the critical point.
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! 215 Lig.
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Fig. 3 Experimental siructure factors S,(Q) of the liquid at

20, 195, 215, 235, 255, 275°C and that of the gas at
275°C.
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Fig. 4 Exparimental radial distribution functions of the
fiquid at 20, 195, 215, 235, 255, 275°C and that of
the gas at 275°C.

1.5

Sm(Q)

Fig. 5 Experimental structure factor Sg,(Q), intramolecular
form factor F1{Q), and intermolecular form factor for
uncorraleted molecules Fy(Q).
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Small angle scattering measurement on ligunid CCly near the critical point
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During the measurement of S(Q) by use of the HIT
instrumentl), small angle scattering was observed
from the liquid CCly above 200°C. We intended to
make more accurate measurements on the small angle
scattering by using the SAN instrument, The
measurements were carried out for CClq both in the
liquid and gaseous states along the liquid vapor
coexisting curve close to the critical point. The critical
temperature (T¢) and pressure (P;) of CCly are
Tc=283.1°C and P.=45atm. Experimental structure
factors S(Q) for the liguid at 195, 215, 235, 255 and
275°C and for the gas at 275°C are shown in Fig.1.
Small angle scattering was observed even at 195°C
which is far below the critical point, and increased
with increasing temperature.

According to the Omstein-Zemike approximation
theory, S(Q) due to density fluctuations near the
critical point is given by a Lorentzan,

S(Q=S0)/(1+£2Q?),

where € is a correlation length which characterizes the
density fluctuations. Near the critical point, the small
angle scattering is much stronger than the scattering
intensity? due to the atomic scale structure. On the
contrary in the present case, small angle scattering is
not 5o large that we can not neglect the scattering
intensity from the atomic scale structure. It is,
however, hard to estimate the latter coatribution
accurately. Therefore we simply extrapolated the value
of S(Q) measured by HIT at the higher Q region, and
subtracted the extrapolated value from the value of
S(Q) measured by SAN.

Ornstein-Zernike plots, i.e. 1/S(Q) vs Q2, are
shown Figure 2. The value of & calculated from the
plots increases with increasing temperature; 7.7 A at
215°C and 16.8 A at 275°C for the liquid and 17.5 A
at 275°C for the gaseous state. The value of & may
have some ambiguity because of the reason described
above, but we believe the order of the value is
meaningful. Since the effective diameter of CCly
molecules is about 5A, the present values of &
correspond to the several molecules.
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Structure of liquid SbX3 (X=Cl, Br and I)

M. MISAWA and T. FUKUNAGA*
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Structure factors S(Q} of liquid antimony trihalides
SbX3 (X=Cl, Br and I) have been measured by using

HIT instrument. Since the SbCl3 molecule has a
trigonal pyramidal shape in the gaseous state and a
large electric dipole moment (3.93 Debye), the local
structure of liquid SbX3 is expected to be largely
affected by both the anisotropic molecular shape and
strong dipole-dipole interactions between the
molecules.

The structure factors S(Q) of liquids SbX3 (X=Cl,
Br and I) measured near their melting points are
shown in Fig.1.

LIQUID SBX3

S.{Q)
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0 5 10 15 20

QA

Fig. 1 Structure factors $(Q) of iiquid antimony trihalides:
liquid SbClg at 80°C, liquid SbBrg at 110°C and
liquid Shig at 180°C.

Figure 2 shows the radial distribution functions
RDF(r) of the liquids obtained by Fourier transform of
the experimental S(Q)'s. The first peak is clearly
separated from other atomic distributions in each of
the RDF(r) curves. This experimental fact as well as
the characteristic behavior of S(Q)'s in the high Q
region concluded that the liquids consist of trigonal
pyramidal molecules. Analysis of the present S$(Q)
combined with the X-ray S(Q)1) by using the same
method2) as used for simple molecular liquids

suggests that there are at least two different
orientational correlations in the SbCl3 liquids: cne isa
parallel orientation in which the pyramidal axis (C3
axis) of one molecule is nearly parallel to that of the
neighhoring molecule; and another is an anti-parallel
orientation in which the axis is nearly anti-parallel to
the neighboring one. Strong dipole-dipole interaction
expected for SbX3 molecules as well as the pyramidal

shape of the molecules may play an important role in
these characteristic orientations of SbX3 molecules in

the liquid state.
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g{r}

0 2 4 8 B 10 12
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Fig. 2 Radial distribution functions RDF(r} of liquids
antimony trihalide SbX8 {X=Cl, Brand I).
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Structural analysis of liquid teflurium by short chain model
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Structure factors S{Q) of liquid tellurium (Te) were
measured at 490, 670 and 800°C by using the HIT
instrument. The local structure of liquid Te as a
function of temperature has received considerable
attention because of its characteristic behavior
regarding electronic and thermodynamic properties. A
structural evolution from a twofold atomic
configuration to a threefold one with increasing
temperature was proposed as being a structure model
of liquid Te so far. Another possible structural model
may be a short-chain model, since the Te atoms form
infinite helical chains in the crystalline state. The
latter model has not been examined in detail, however.
The aim of this study is to examine experimentally the
short-chain model.

Figure 1 shows the experimental structure factors
S(Q) of liquid Te. Figure 2 shows a pair distribution
function g(r) of liquid Te at 490°C.
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Fig. 1 Structure factors S{Q) of liquid tellurium at 490,
6§70 and B00°C.

The S(Q) and g(r) are analyzed in a following way:
Teq long chains are decomposed into Te) dimers; then
the dimers are distributed at random; finally they are
repolymerized into short chains and redistributed so as
to reproduce the experimental S(Q) and g(r). The
average length of the short chains and the interchain
configuration are fitting parameters, The g(r)
calculated by the above-mentioned method is shown
by a dotted curve in Fig.2 in comparison with the
experimental one (solid curve).
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Fig. 2 Comparison of the experimental pair distribution
function g(r} {solid curve) with the fitted one
{dotted curve) for liquid tellurium at 490°C. Curve
(a) is an intrachain distribution, (b) the interchain
distribution between correlated chains, and (c) the
intarchain distribution between uncorrelated
chains.

The calculated g(r) is composed of three different
distribution functions (a), (b} and (c) as shown in
Fig.2; the curve (a) is an intrachain atomic
distribution; the curve (b) is an interchain atomic
distribution for chains correlated in orientation; and
the curve (c) is that for uncorrelated chains. The mean
chain length <L> evaluated from the intrachain
distribution (curve (a)) obtained at each temperature is
rather short: about 14, 8, and 6 (Te atoms/chain) at
480, 670 and 800°C, respectively. The temperature
dependence of <L> suggests that the enthalpy of
scission of a Te-Te bond in the liquid state is about
14.5kcal/g-atom (0.63eV). The details will be
reported in a separate paper?),
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Pattern Formations in Polymer-Surfactant Systems
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Dynamics of phase separation processes is
one of the widely investigated problems using
the neutron scattering technigque. Use of the
polymer systems as a target enabled us to study
the dynamics of pattern {formation processes as-
sociated with the phase separation throughout
the whole time range from the early sta,gé to the
late stage, because the dynamics is considerably
slowed down in such polymer systems.

Another important method to investigate
the problem is the computer simulation tech-
nique. Considering the highly complex nature of
the polymer systeins, one can understand that
theoretical approaches to the dynamics of poly-
mer systems Tequire extensive computer simu-
lations wusing appropriately simplified models
which retain some minimal features of the sys-
tem. The validity of such computer simulations
as well as the modelling can be checked by com-
paring the simulation results with experimental
results like neutron scattering experiments.

In this article, we report the results of the
computer simulations on the phase separation
dynamics of polymer blends to which an am-
phiphile, i.e. a surfactant, is added. In the
polymer case, the most familiar example of such
amphiphiles is the block copolymer, which is
composed of two distinct polymer chains con-
nected at the ends. H an A-b-B block copolymer
is dissolved into an immiscible A/B homopoly-
mer mixture, the block copolymer chains are ad-
sorbed onto interfaces between A-domains and
B-domains and lower the interfacial tenston con-

siderably. In view of the fact that the driving
force of the phase separation is the interfacial
teusion, the added blockcopolymer is expected
to have an important effect on the phase sepa-
ration dynamics. Now we consider an A/B/A-b-
B three component mixture, which is quenched
from above the critical temperature down into
the coexistence region. The dynamics of the
phase separation should be discussed for the
early stage and the late stage separately. As we
will see below, the amphiphilic effects in these
two stages act i different manners.

Our computer simulations are based on the
Hybrid Model, where the binary polymer mix-
ture is described by a continuous scalar field, i.e.
the local composition, while the blockcopoly-
mer is described by discrete molecule. Since
the details of this model have already been de-
scribed elesewhere,]) we only give some impor-
tant results and also give a comparison between
the simulation results and experimental results.
Computer simulations have been done for a 2-
dimensional system without the hydrodynamic
interactions. Such a situation can be experimen-
tally realized by a thin layer of a polymer melt
mixture containing block copolymers placed be-

tween two parallel glass plates (Hele-Shaw cell).
In Fig.1, we show a snapshot picture of the sys-
tem obtained by the computer simulation. The
shaded regions and the white regions show A-
domains and B-domains, respectively. A block
copolymer molecule is shown by a small square
with a short line, which points the direction from
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the center of the B-subchain to the center of the
A-subchain. In this figure, one can see a bicon-
tinuous domain structure similar to those found
in real polymer systems.

First, we consider the early stage dynam-
1cs. It is well known for polymer systems that
the scattering structure function grows exponen-.
tially in time in the very eatly stage, i.e.:

S(k,t) ~ exp(At) (1)

where S(k,t) is the spherically averaged scat-
tering function (or circularly averaged scatter-

Fig.1 A bicontinuous domain structure obtained
by the computer simulation using the Hy-

brid Model.
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Fig.2 Temporal evolution of the peak height of
S(k,t) calculated with the Hybrid Model.
¢ shows the number density of the block
copolymer.

ing function in the present 2-d case) and A is the
growth rate. Such a behavior can be understood
by the so-called Caln's linear theory of fluctua-
tions. A similar analysis for the Hybrid Model?)
tells us that the growth rate A is increased by
the dissolved block copolymer. This accelera-
tion originates from the composition fluctuation
in the initial homogeneous state induced by the
block copolymer chains, which is due to the am-
phiphilic nature of the block copolymer. Such
an acceleration effect is detectable only when the

gyration radius of the block copolymer chain is
the same order as the charcteristic wave length
of the initial phase separation. When the block
copolymer is not long enough, it acts as an im-
purity, and deccelerates phase separation.

In Fig.2, we show the temporal evolutions of
the peak height of S(k,t) in the very early stage
obtained from the computer simulation using
the Hybrid Model. One can find the acceleration
of the phase separation due to the added block
copolymer as is predicted in the linear analy-
sis. Such an acceleration has not been found in
real experiments,?) where the chain length of the
block copolymer seems to be too short to detect
the amphiphilic effects.
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Fig.3 Temporal evolution of < k(t) > for differ-
ent values of the block copolymer density.
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Next, we consider the late stage dynamics.4)
In Fig.3, we show the temporal evolution of the
characteristic wave number < k(t) >, which is
defined as the first moment of S{k,t). When
there is no added block copolymer, < k(t) > de-
creases as £~ /3, which is peculiar to the spin-
odal decomposition without hydrodynamic ef-
fects. As the amount of the added block copoly-
mer is increased, a slowing down of the coarsen-
ing takes place and the growth exponent is con-
siderably reduced in the very late stage. Such a
slowing down is also observed in a real experi-
ment.%)

We also found that the dynamical scaling
holds in the late stage even in the case with the

added block copolymers, where the scattering
function S(k,t) shows the following scaling be-

havior:

S(k,t) =< k(1) >~ S(k/ < k(t)>)  (2)
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Fig.4 Scaled structure functions for (a) ¢g = 0.0
and (b) ¢g = 0.694 in double logarithmic
polts.

where d is the dimensionality and G is the so-
called scaling function. In Fig.4, we give the
scaling functions in the double logarithmic plots
for (a) the case without block copolymer and
for {b) the case with block copolymer added. In
the case {a), one can see a second peak besides
the main peak, which is regarded as a sign of
the local periodic structures, like a local lamel-
lar structures. On the other hand in (b), the
main peak is broadened and the second peak be-
comes less pronounced. Such a broadning of the
main peak can be understood as a comsequence
of the interfacial undulation due to the adsorbed
block copolymers on the interfaces, which form
an almost incompressible fluid layer.

In conclusion, we performed extensive com-
puter simulations and investigated the early
stage as well as the late stage dynamics of the
phase separation of the systems containing
amphi-philes. Pronounced effects of the am-

phiphilic nature have been found. Some pre-
dictions still have not been confirmed by real
experiments and therefore further experimental
studies on this problem are desired.

On the other hand, the present model need
to be improved to be more realistic. For the
Hele-Shaw cell, effects such as wetting of various
components on glass plates have to be included.
Por 3-d systems, hydrodynamic effects are indis-
pensable. These should be our next goal.
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Recently, bariva ethyl(octyl)phosphate (EOP),
a new surfactant, has been synthesized.1> EOP is
a double chain anionic surfactant having a very
short ethyl chain and a relatively long octyl
chain. A siructural ordering problea of the two
chains in the EOF aggregates is particularly
interesting.

In the present paper, we report the
gicrostructure of aggregates in the EOP-water
binary system studied by small angle neutron
scattering (SANS).

A phase diagram of the binary EOP-water
system is shown in Fig. 1. It consists of four
regions (I ,H,0 and W), 1In region I,
a critical micelle concentration (CHC, 1.2wt{) was
found, indicating the presence of a monomer &
pmicelle equilibrium, Region I is a two-phase
area in which regions I and W coexist. Region
Il is a homogeneous transparent solution, and the
lamellar-like aggregates are preferentially
stabilized in this region.!’ 2’ However, in region
W the aonomers and micelles may also coexist in
addition to the lamellar-like aggregates.

In region I, the EOP anions are in the
gonomer state below the CHC and a monomer &
mpicelle equilibrium exists above this limit.
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Fig. 1 Phase diagram of EOP-water systen.
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SANS spectra of the EO0P1.2wt%-D20 solution
and the EOP2wi%-D.0 solution were measured in this
region. For the EOP2ZwitX solution, the neutron
scattering intensity (I(Q)) differs from that of
the monomer solution (1.2wt%). A Guinier plot for
the scattering of the 2wi% solution provided &
straight line in the small § region at around room
temperature to 56°C. This cbservation indicates
that the EQP micelles are mono-dispersed in
regionI. The I(Q) of the ZwtX EQP solution is
shown in Fig. 2. Contributions from the monomers
were subtracted using the scattering from the
1.2wt% solution.

0.4
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Fig.2 Observed (o) and fitted (solid line) SANS
intensity profiles of EOP-D.0 { 2wt¥ ) at
323'K. 1Insert shows an EOP micellar model,
which consists of a core of semimajor
radius a, semiminor radius b, and a
hydrophilic head layer (thickness:r).
Geometric parageters of an EOP anion are as

follows.
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The I(Q) for the proposed micellar structure
were calculated byegquation (1) *

H{Q=NP@) 8@+ - (D)

where J1(Q) is a neutron scattering intensity per
unit volume, N, the number of micelles per unit
volume, P{Q) the fore factor containing the
effect of micellar size and shape, and 3(Q) the
interparticle structure factor. In the present
study, S{Q) was assumed to be unity. To evaluate
P{(8), an EOP micelle was assumed to be a prolate-
ellipsoidal oil drop in a mono-dispersed state.
Apparent molar voluses (V,) of an EOP anion in
water were measured by a Lipkin-Pavison type
pycnoreter. Va.(EOP anion) = 347.14 A3,
Va(hydrocarbon part) = 316.52 A3 and Va.{pelar
part) = 35.62 A® were used to caleulate the P(Q).
The calculated profile best-fitted with the
observed intensity pattern is alse shown in
Fig. 2. It was estimated from the fit that an EOP
picelle has an aggregation number of 50 and is
prolate ellipsoid in shape. The micellar model is
inserted in Fig. 2.

SANS spectrug in region I0 is shown in
Fig. 3. The scattering intensities arising from
gonoeers and micelles were subiracted. The
best-fit profile wusing a randoazly oriented
paracrystal model 4’ is also shown in the figure.
The parameters obtained from the calculation are
listed in Table I. The lamellar sodel and its
structural parameters are shown in Fig. 4.
The thickness of the hydrophilic layer implies
that the layer contains the polar part of EQP
golecules and 2 water-layer. The calculated value
(13.7 A) for the thickness of the hydrophobic
layer is very close to the suemation of the length
of the octyl-chain and that of the ethyl-chain.
It provides evidence that the hydrocarbon parts in
the lamellar structure may be densely packed in a
manner which alternatively coebines ethyl and
octyl groups.

In conclusion, the SANS intensity profiles
of regions I and I were successfully explained
by a prolate-ellipsoidal micelle having an
aggregation number of 50, and the randoaly
oriented lamellar structure, respectively.

X-ray low-angle diffraction studies shows
that the aggregate structure of EOP in region I
strongly depends upon its cencentration.?®’
In order to elucidate the microstructure of
aggregates in region M, concentration~ and
tegperature-dependence of the SANS spectrum in
this region are highly desirable.

Twiy d L{0) L(P)
85.0 26.6A  13.7A 12.9A

Table. I Fitted values of the paracrystal
parameters for the E0P65wt%~D.0 solution.
d :interlamellar distance
L(0):thickness of hydrophebic layer
L{®):thickness of hydrophilic layer

Relative [ntensity

Fig.3 Observed (o) and fitted (soclid line) SANS
intensity profiles of EOP-D,0 (65wi¥) at

323°K.
L(D) L(P) L(D)
13.7A 12.9A 13.74

L “\1
polar head and water layer

ethyl chain
octyl chain

Fig.4 Lamellar model for aggregates and its
structural parameters in region 1.
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It is well known that solutions of poly(vinyl
alcohol) (PVA) show a transition from sol to
gel on cooling in various solvents. The PVA
physical gels exhibit interesting mechanical
properties and they are developed to important
applications in industry. Recently, it was
reported that PVA gels formed in mixtures of
dimethyl sulfoxide (DMSO) and water show
very interesting features, e. g., the gels obtained
below 0°C are transparent, the elasticity is very
high, and the gelation rate is very fast compared
with the case of aqueous solutionsD). However,
the structure of the gels is not well understood
from microscopic viewpoints. In this study,
structural change of the PVA gel upon heating
is investigated by small angle neutron
scattering.

The gel sample was prepared as follows.
PVA with degree of polymerization Pn=1640
was dissolved in a mixture of deuterated
dimethy! sulfoxide {DMSO-dg) and D,O (60/40
vol/vol) in a sealed test tube at about 130°C in
an autoclave to be homogenized. The PVA
concentration is 5 g/dl. Before the
measurements, the sample solution was heated
in the test tube above 100°C for ca. 15 min,
shaked well and transferred to quartz cells of 2
mm beam path, and then quenched to 23°C to
allow to stand for 28 h. SANS measurements
were made at 23, 40, 55, 70, 85 and 100°C.
The sample was kept at the given temperature
for more than 30 min. before the measurement.
SANS measurements were carried out with the
SAN spectrometer installed at the pulsed coid
neutron source at KENS. A 2-D detector was
located at the 3m-position, corresponding fc
the Q range of 0.01 to 0.2 A-f. The observed
scattering intensity was corrected for the
incident neutron spectrum, detector efficiency,
sample transmission and background scattering,
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Fig.1. Small angle neutron scattering intensity
I{Q) from the gel formed at 23°C as a
function of temperature.

Incoherent scattering contribution from
hydrogen atoms in the gel samples was
evaluated by measuring the scattering intensity
from methanol dissolved in the mixed solvent
with the same hydrogen concentration as the
gel samples.

Observed scattering intensity I(Q) is shown
in Fig.l as a function of temperature. The
intensity I(Q) decreases gradually with
increasing temperature up to 70°C and
decreases drastically in the temperature range
between 70°C and 85°C, and decreases slightly
even above 85°C. Macroscopically the sample
shows a transition from gel to sol at about
75°C. As reported in this volume?), the Bragg
peak intensity of PVA crystailites in the gel
decreases with increasing the temperature and
is no longer observed above 80°C. This
suggests that the crystallites are dissolved
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Fig.2. Temperature dependence of the
correlation length x and the exponent (-n}.

gradually with increasing temperature. Because
the main contribution to I{Q) should be from
crystallites, the decrease in intensity is due to
the dissolution of them.

As reported before®), I(Q) of the gel can be
described by I(0)/[Q2E2+1] in the Q ranges of
0.01 to 0.04A-1 where £ is a correlation length,
and Q" in the range of 0.05 to 0.1A-1. The

correlation length and the exponent are shown

in Fig.2. Both £ and -n decrease gradually with
increasing temperature and dropped around
80°C associated with the transition from gel to
sol.

For the gel sample, the correlation length £
is related to the distance between the the nearest
neighboring crystallites and the exponent n to
the surface fractal dimension Ds through
Ds=n+6. The distance between the crystallites
slightly decreases with increasing temperature
and the surface fractal dimension changes from
2 to 3.. It suggests that the smooth surface of
the crystallites becomes rough with increasing
temperature.

For the sol sample, the exponent n is no
longer related to the surface fractal dimension
Ds because Ds is lager than 3 (see Fig.2). The
main coniribution to I(Q) may be from the
solutions but not from the crystallites.
However, I(Q) at 85°C still shows stronger Q
dependence and higher intensity than 1(Q) at

100°C,. It indicats that the system contains
some of large crystallites which are not
dissolved even at 85°C.

Distance distribution functions P(r) for the
gel and sol states were calculated by inverse
Fourie transformation of I(Q) as shown in
Fig.3. In the case of the gel, the two peaks or
shoulders at about 70 and 220A in P(r) have
been assigned to the intra- and intercrystallite
correlations, respectively. In order to separate
the contributions from the infra- and inter-
crystallites correlations, P(r) in the r-range
smaller than 100A was fitted with the
theoretical function Py.(r). In the model
calculation, it was assumed that shape of the
crystallites are spheres and the radius
distribution is Gaussian. In the case of 23°C,
the average radius AR and the standard
deviation ¢ were determined to be 77.1A and
18.7A, respectively. The radius distribution at
23°C is shown in Fig.4. For the fit at higher
temperatures above 23°C, it was further
assumed that the crystallites with radius less
than lower limit radius LR(T) in the distribution
at 23°C are all dissolved. In the case of 40°C,
for example, the dissolved part of the
crystallites is shown by shadow in Fig.4.
LR(T) at 40, 55 and 70°C were calculated to
give the best fit so as to P(r) in the r-range less
than 100A. The resulting LR(T) are 60, 70 and
79 A for 40, 55, and 70°C, respectively (see
Fig4).

In Fig.3(a), the calculated Pipeq(r) and Pigger(r)
is shown in thin dotted lines and Py (1) in
thin dashed lines. It is noted that the peak
position of Piuer(r) are almost independent of
temperature, suggesting that the characteristic
distance between the nearest neighboring
crystallites may not be changed upon heating.
If the crystallites are randomly distributed in
the system, the distance between the nearest
neighboring crystallites should increase with
temperature. Therefore, it is considered that in
the gel there are clusters each of which consisits
of crystallites larger than about 80A (see Fig.4).

The distance distribution functions for the
sol sample were also analyzed in the same way
described above.  The results are shown in
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Fig.3. Distance distribution function P(r) as a
function of temperature for the gel (a) and
the sol (b) of PYA. Dotted and dashed
lines are the distance distribution function
due to the intra- and inter-correlations
Pintra(r) and Pinter(r). respectively. For
details, see text. Bold dashed line is P{n)
of homogeneous PVA solution.

Fig.3(b). The lower limit radii LR(T) are 99
and 109A for 85 and 100°C, respectively. The
difference between P(r) and calculated Piptea(r)
shows two peaks at about 20 and 200A. The
peak at 200A may correspond to the correlation
Pinter(r) between the nearest neighboring
crystallites which still remain even above the
macroscopic sol-gel transition temperature.
Pinter(t) for 100°C is negligibly smali,

LR(70°C) AR=77.1A
3 r o =18.7A

LR(s5°C) /|

LR{40°C}

LR(85°C)

LR(160°C)

Distribution of radius of crystallile {a.12.)
(¥}
T

Fig.4. Distribution of the crystallite radius for the
gel at 23°C. The lower limit radius LR(T)
at each temperature is indicated in the

figure.

suggesting that the crystallites are isolated in
solution. The peak at about 20A may come
form solution part Pson(r) of the system
because it is almost identical with P(r) of the
solution, which is indicated by bold dotted line
in Fig.3(b). The peak position of Piper(r) at
85°C and 100°C are almost identical with those
evaluated for the gels. It is suggested that finite
clusters of PVA chains, which may be formed
at the early stage of the gelation, still remain
even above macroscopic sol-gel transition
temperature.
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Structure of crosslinking points in physical
gels is concerned to the whole physical
quantities of the gels. Therefore, various
methods have been applied to investigation of
structure of the crosslinking points. Poly(vinyl
alcohol) (PVA) is one of typical crystalline
polymers so that the crosslinking points in the
gel are believed to be crystalittes. However, it
has never been confirmed directly so far. In
this study, we have investigated the structure of
crosslinking points in PVA gel by wide angle
neufron scattering.

Deuterated atactic-poly(viny!l alcohol) (at-
PVA-d,) was employed for the scattering
measurements. The number-average degree of
polymerization is 2000 and the molecular
weight distribution Mw/Mn is 2.01. The
solvent used was a mixture of deuterated
dimethyl sulfoxide (DMSO-dg) and heavy
water (D,0) with the ratio of 60/40 by volume.
The gel samples were prepared as follows. A
given amount of at-PVA-dg was dissolved in
the mixed solvent at about 130°C to be
homogenized in a sealed glass tube. After the
homogenization, the solution was transfered to
a scattering sample cell and quickly quenched
in a bath kept at 23°C and allowed to stand for
3 days and 20 days.

Wide angle neutron scattering
measurements were carried out with the TOF
type high intensity total scattering spectrometer
HITD installed at the pulsed thermal neutron
source in KENS. The observed neutron
scattering intensity were corrected for
attenuation in both sample and cell, subtraction
of cell intensity, normalization of the incident
neutron spectrum and neutron emission delay
time.
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Wide angle neutron scattering intensity
Q). (a) at-PVA-d4 gel, (b) solvent:
mixture of DMSO-d6 and D20 (60/40 viv),
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PVA-d4.



First of all, we conducted wide angle
neutron scattering measurements on the at-
PVA-d4 gel with concentration of 10g/di,
which was obtained 30 days after quenching to
23°C from the homogeous solution. The
observed scattering intensities I(Q)'s are shown
for the gel and the solvent in Figs.1(a) and (b),
respectively, in the Q range of 0.8 to 10 A-L
Both the scattering curves are very similar to
each other especially in the Q range above
2.0A-1 while we can clearly recognize a weak
shoulder at about Q=1.40 1{,‘1 in the scattering
curve of the gel, but it is absent in that of the
solvent. We then subtracted the scattering
intensity of the solvent from that of the gel
taking into account the volume of solvent
molecules replaced by PVA in the gel. The
result of the subtraction is shown in Fig.1(c),
where the strongest peak is observed at Q=1.39
A-1 which corresponds to the Bragg diffractions
from (101) and (10T) planes in PVA crystals.
For comparison, scattering curve from a PVA-
d4 solid film measured by the HIT spectrometer
is shown in Fig.1{d) . The difference scattering
curve between the gel and solvent {Fig.1(c)] is
basically identical with that of the solid film
though the widths of the peaks of the gel are
rather broader than those of the film. It is
confirmed that in the PVA gel there do exist
crystallites though it is not proved at this stage
whether or not they are the cross-linking points
in the PVA gel. It should be noted that the
scattering curves at 23°C are almost identical
for the gels obtained 30 days and 3 days after
quenching to 23°C.

In order to confirm that the crystallites are
the cross-linking points, wide angle neutron
_scattering measurements were conducted as a
function of temperature, focusing the strongest
Bragg peak at Q=1.39A-1, Temperature
dependence of the scattering intensity I(Q) from
the gel is shown in Fig.2 where the scattering
intensity from the solvent at the corresponding
temperature has been subtracted. The Bragg
peak at Q=1.39A-1 is clearly observed at 23°C.
The scattering intensity gradually decreases
with increasing temperature and the Bragg peak
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Fig.2. Wide angle neutron scattering intensity
Ign(Q) of at-PVA-d4 gels a function of
temperature. The solvent contribuiion has
been subiracted.
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Fig.3. Temperature dependence of the scattering
intensity at the Bragg position (Q=1.30A-1)
and the off-Bragg position (Q=1.22A-1),

is no longer observed in the scattering curve
above 80°C. The scattering intensities at
Q=1.39A-1 were plotted against temperature in
Fig.3. The intensity decreases approximately
linearly with increasing temperature and
becomes independent of temperature at about
75°C. This temperature agrees well with the
melting temperature T,, of the PVA gel
determined by macroscopic observation,?)
indicating that the cross-linking points in the
gel are crystallites. The scattering intensity at
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Fig.4. Bragg scattering intensity lgragg(Q) from
the crystallites at 23, 40 and 55°C. Sdfid
lines are the best fits with sum of two
Gaussians.

off-Bragg positions near the Bragg peak at
Q=1.39A-! also decreases with increasing
temperature. This decrease of the intensity is
too large to explain by a temperature factor.
The off-Bragg intensity at Q=1.22A-1 is plotted
as a function of temperature in Fig.3. The
intensity decreases with increasing temperature
and becomes independent of temperature at
about 75°C. This temperature dependence is
identical to that of the Bragg peak intensity at
Q=1.39 A-1, This result suggest that
amorphous-like structure of PVA exists near or
around the crystallites and it is dissolved in the
solvent in accordance with the melting of the
crystallites. The intensity at the off-Bragg
position near the Bragg peak may be assigned
to the amorphous parts of PVA in the gels,

In the next step, we evaluated size of the
crystallite from the width of the Bragg peak. In
the gel states, some parts of a PVA chain
between the cross-linking points must be
dissolved while some other parts are in the
crystallites or in the amorphous parts. It is
natural that structure of the dissolved parts of
PVA chains in the gel is identical to that in the
sol. Therefore, assuming that the scattering
curve at 80°C can be regarded as a scattering
from the dissolved parts of PVA chains, we
then subtracted the curve at 80°C from those at
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the lower temperatures. Next, we subtracted
the contribution of the amorphous part, which
was evaluated from the average intensity in the
Q range of 1.20 to 1.24A-1, The resulting

Bragg diffractions are shown in Fig.4 for 23°C,
40°C and 55°C. In order to evaluate the widths
of the diffraction peaks, these diffraction peaks
were fitted by a sum of two Gaussians
representing the two Bragg reflections from the
(101) and (101) planes. The solid lines in Fig.4
show fhe best fit with the experimental curves.
The apparent widths of the Bragg peaks
evaluated here include broadening effects due
to the Q-resolution of the spectrometer HIT,
which is AQ/Q=0.13 at Q=1.4A-1. Using this

value, we evaluated the real broadening due to
the finite size of the crystallites, which give us
the sizes of the crystallites perpendicular to
(101) and (107) planes. The sizes are in the
range of 46~71A and almost independent of
temperature though they are rather scattered
due to the experimental errors. It should be
noted that we neglected the effect of defects in
the crystallites which also broaden the width of
the diffraction peaks. Therefore, the fact that
the apparent size is independent of temperature
suggests that the size increases with
temperature because the defects in the
crystallites should increase with temperature.
This picture agrees well with the results
obtained by small angle scattering reported in
this volume3).

We can directly confirm that the cross-
linking points of the PVA gels in the mixed
solvent of DMSG-dg and DO are crystallites.
This gives us a basis for interpretation of the
small angle scattering data of the same
system.3)
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The glass transition is a universal pheaomenon not
only for amorphous polymers but also for other
amorphous materials. Many investigations have been
performed on the glass transition, though most of
them have been so far engaged in phenomenological
models for the macroscopic nature such as mechanical
and thermal properties. Recently, a microscopic
theory, the so-called mode coupling theoryl)?), has
been developed based on an equation for the density
autocorrelation function confaining a nonlinear
memory function and gives some detailed pictures and
predictions for the dynamical process involving in the
glass transition.

The aim of this work is to study local motions of
amorphous polymers near the glass transition using
quasielastic neutron  scattering technique and to
elucidate the relation between local motions and the
transition.

Quasielastic neutron scattering measurements were
carried out with the two spectrometers LAM-40 and
LAM-BOET installed at the pulsed spallation cold
neuiron source in the National Laboratory for High
Energy Physics (KEK), Tsukuba. The sample used for
this work was trans-1,4-polychloroprene (Tg~228K).
The measurements were carried out in a temperature
range between 129K and 30{K.
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Fig. 1 The mean-square-displacement <u?> measured
by LAM40 (Open circle) and LAM-80ET(Solid
triangle).

The elastic scattering intensity decreases with
increasing temperature and begins to decrease steeply
around Tg. The elastic scattering intensity L(Q)
shows .the Debye-Waller type Q-dependence;
Li(Q)~exp(-<u?>Q?) , so that the mean square
displacement <u2> was evaluated at each temperature
(Fig.1). The <u?> from LAM-4( data increases
linearly with temperature and begins to deviate from
this linear relation ca. 30K below Tg . On the other
hand, the <u?> from LAM-80ET data exceeds the
<uZ> of LAM-40 data above Tg. The linear relation of
<u?> vs. T at low temperatures shows that the
dominant motion is vibrational.
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Fig. 2 Dynamic scattering laws S{Qw)s
measured by LAM-40. The spectra wers obtained by
summing up 6 spectra at scattering angle 24, 40, 56, 88
and 104° and the average Q value is 1.54 A-1. The spectra
are shifted by 0.01 fot each. Dashed linas are the values
expected from the Bose factor, which were calculated
bassd on the spectrum at 129K.
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Dynamic scattering laws S(Q,w)'s measured by
LAM-4) are shown in Fig. 2 as a function of
temperature. In the spectra low enough below Tg, a
broad "low energy excitation” peak is observed, which
is universal for most of all amotphous materials. The
temperature  dependance of the "low energy
excitation” intensity can be normalized by Bose-
factor.3) On the other hand, the quasielastic scattering
intensity below 3 meV begins to exceed the expected
value from Bose-factor about 30K below Tg (see Fig.
2). This excess quasiclastic scattering intensity
corresponds to the decrease of <> from LAM-40.
This motion may correspond to f-relaxation of mode
coupling theory.

In the case of LAM-80ET measurement, we can
observe the slower quasielastic component with the
width of several ten peV, which appears just above Tg
as shown in Fig. 3. This appearance coincides with the
deviation of the <u?> of LAM-80ET data from that of
LAM-40 data (see Fig. 1).
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Fig. 3  Dynamic scattering laws S{Q,w)'s measured by
LAM-80ET. The spectra were obtained by
summing up 3 spectra at scattering angles 35, 80
and 135° and the average Q valus is 1.21 AL,
Flat dashed lines are the contributions of the
faster quasielastic component observed LAM-40.
The solid ines are the resolution function of LAM-
80ET.

The excess quasiclastic scattering component
observed by LAM-40 was fitted with a Lorentzian
convoluted with the resolution function of LAM-40.
The estimated HWHM is ca. 1 meV and almost
independent of temperature in the examined
temperature range.

We have found similar fast motion in PB melts and
assigned it to the damped vibrational motion in the C-
C-torsional potential. The activation energy for this
damped vibrational motion is ca. 0.5 keal/mol. On the
other hand, we found that the energy barrier height of
the asymmetric double well potential is in the range of
0.1 to 0.4 kcal/mol in the study of "low energy
excitation", This height is very close to the activation
energy observed in the melts, Therefore, we may
consider the asymmetric double well potential to be a
frozen state of the distorted potential in the melts.

The observed motions LAM-80ET (several tens
ueV) may be related to local conformational
transition.)

We might picture the process of the grass transition
as follows. The atomic groups are gradually activated
as temperature increases and begin to surmount the
bottom barrier of asymmetric double well potential at
critical temperature which may be observed by LAM-
40. As temperature increase furthermore, the atomic
groups are activated enough to surmount the C-C
torsional potential barrier, leading to structural
relaxation at Tg (Fig 4).

jump dlstance of hydrogen
for conformational transitions
=50 ps n maita 1

e, |

Ea=2~3 kea¥mol

ampritude of damped
vibration {thermal cloud}
twips In melts

Fig. 4 Schematic potential representation for local
conformational transitions =zlong the reaction
coordinate. The atomic groups begin to surmount
the bottom barrier of asymmetric double well
potential at critical temperature which exists below
Tg. At higher temperaturethe atomic groups
begin conformational transition, leading to
structural relaxation at Tg
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Thermoreversible Sol-Gel Transition of Atactic Polystyrene/Carbon Disulfide Revealed by
Neutron Quasielastic Scattering

Y. [zumi and M. Kobayashi
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Yonezawa-shi, Yamagata-ken 992

The purpose of the present work is to study
the molecular mechanism of the sol-gel
transition of aPS/CS. system, using neutron
quasielastic scattering, and to reveal yhe
molecular origin of the local segmental motion
appearing in this system.

The normal aPS (aPSH) (M,=100,000,
My, /Mp<1.06) and the purified CS, were used.
Neutron quasielastic scattering measurements
were performed with the inverted geometry
TOF spectrometer LAM-80ET? installed at the
pulsed spallation cold neutron source in KEK.
The neutron scattering measurements on aPS in
CS, were carried out in a range of temperature
from 170 to 300 K over a range of
concentration from 0.01 t0 0.20 g/fcm?3.

The temperature dependence of the time-of-
flight spectra showed the following features:
The spectrum around room temperature is a
typical one for a diffusive mode reflecting the
sol phase. The diffusive mode rapidly
decreases in the gel phase. Two types of
spectra narrowing ( central and background
components ) are observed. Both components
are quasielastic components and described by
the Lorentzian, Therefore, these are based on
the random molecular motion.

After maling corrections for background,
counter efficiency, and the incident neutron
spectrum, the observed TOF spectrum was
converted to a differential scattering cross-
section. The latter quantity can be directly
related to the dynamic scattering law, from
which we can estimate the full-width at half-
maximum (FWHM). Apparent HWHM (I') is
linear in q2. ® The temperature dependences
of apparent diffusion coefficient (Dypp Iapp/a®)
are shown in Fig. 1, where they are plotted in
the Arrhenius fashion. We can observe two

straight lines. The slopes give the apparent
activation energy of about 4 kcal/mol for sol
and about 2 kcal/mol for gel. The molecular
origin may be ascribed to the difrence of the
apparent friction constant between monomer
and solvent. Analysing the whole energy
spectra of the scattered neutron, new aspects of
the dynamic behavior of the sol-gel transition
of the present system will be revealed.

1000
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Fig. 1 Temperature dependence of the apparent
diffusion coefficient Dapp at c= 0.043
g/cm3 ( the broken lines) and 0.10 giem3 (
the solid lines) The apparent activation
energy is about 4 kcal/mal for sol and 2
keal/mol for gel, respectively.
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Thermoreversible Sol-Gel Transition of Atactic Polystyrene/Carbon Disulfide Revealed by
Neufron Small-Angle Scattering
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Since the discovery that certain chemically
inactive polystyrene solutions can exhibit
gelation, there has been a growing interest in
the phenomena of physical gelation. Among
many solvents, carbon disulfide (CS,) was
revealed to promote atactic polystyrene (aPS)
gelation at highest temperature.  Recent
neutron scattering studies’? have furnished
strong evidence that the aPS chain in CSs
behaves like a branched polymer with
increasing cross-linking points, as the
temperature is lowered. However, this result is
based on the data analysis in the intermediate
scattering vector q. Therefore, more direct
determination of the conformation from the
Guinier region has been desired.

In this study, the conformation of the
deuterated aPS ( aPSD, Mw=27,000,
M/M,<1.06) in CS, over a temperature range
from 170 K to 300 K has been investigated by
neutron small-angle scattering. The
concentrations chosen here are 0.002 and 0.004
glem?, far below the overlapping concentration
c* of this system. The scattering intensity
I(q,T) at low q was analyzed using the Guinier
equation: 1(q,T) = I(0,T) exp[ - Ry(T)?q%/3],
where I(0,T) is the square of the total particle
scattering length and R, (T) is the apparent
radius of gyration. The results were compared
with the results of the Kratky plot.

In Fig, 1, the values of I1(0,T) and Ry(T) of
aPSD in CS; at 0.002 gfcm? are plotted as a
function of temperature. We can distinguish
three domains: the chain branching, the
formation of the branched polymer with a
constant cross-linking density (droplet), and the
interference between droplets. The
temperature dependence of the Kratky plots in

the same system also indicated the

corresponding three behaviors.
250
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Fig. 1 Temperature dependence of the apparent
i0,T) and Ra(T).

Ra(T): heating (&), cooling (O0)
(0, T): heating (@), cooling (©).

We note that the branching in the present
system appeared at low temperature and even in
the dilute solution. However, any effect of the
branching did not appear near room
temperature. The resuit suggests that the
strength of the interaction, which promotes the
branching, is the order of thermal energy and
that the appearance of the branching at low
temperature is the reason why CS, promotes
aP$S gelation at highest temperature,
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Small-angle Neutron Scattering Studies of Proteoglycan from Shark Fin Cartilage
in 100% and 0X D20O/H20 Solution
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INTRODUCT ION

Chondroitin sulfate, one of natural. cagses. The radius of gyration, obtained
acid mucopolysaccharides, composes the are 17.5nm for 100% D20/H-0 and 18.2nm
primary paert of the cartilage, together for 0% D20/H20, respectively. These g-
with collagen-like protein, and is pre- ranges observed in the present SANS
sent as proteoglycan in connective tig- experiment correspond to the second pesak,
sues and in various biological membranes, if the molecular shape 1is approximated
giving the charge and the anisotiropic as a hard sphere model. Therefore, the
structure of biclegical membranes, and radius of gyration ebserved may be small,
controlliing the itransport of the drugs The reasonable radius of gyration was
through the membrane. The maintenance of obtained by using the more long camera
the integrity connective tissue is, in length such ag SANS-U (JRR-3M)instrument
part, dependent on the macromolecular of the JAERI.
properties of its constituent proteo- " s
givean. b

In this study, the gross structural a

properties of mucopolysaccharides and "
their neutron scattering length density,
the size and shape of the isolated pro- L

teoglycan complexes in native state were
determined by the small-angle neutron
scattering (SANS) method 1in aqueous
solution of 100% and 0¥ D20/H20 ratio,
where a unii of the ratio is molX.
MATERIALS AND METHOD ‘] "
The native complexes of proteoglycans
vwere isolated from shark fin cartilage N
by means of cold ethanol fractionation ﬁr&
method. The molecule may be composed of
three major components: a protein back- o
bone in the center, chondroitin sulfate Q
(mainly C-type) and other mucopolysaccha~
rides (small gquantity) in the core part.
The molecular weight determined by the
Zimm plot with laser 1light scattering
method was 3.7 x 106,

SANS experiments were performed at the
ingtrument SAN(5m position) of the KENS, a
Tsukuba in Japan. Sample thickness was
selected in accordance with D:O/H:0 ra-
tio by taking transmission into account,
and was 4mm quart cell for 100% and 2mm 2
for 0% D20O/Hz20, vrespectively. Sample
concentration was 10.4, 1.04, 0.52, 0.26
mg/ml and pH of the solution is kept at
7.2 with using 10 mM phosphate buffer
(ionic strength is 0.02).

RESULTS AND DISCUSSION

The scattering function 1{(Q) obtained
are shown in Fig. 1. At this concentra-
tion of the protecglycan complexes (10.4
mg/ml}y the scatter o¢f the data was
relatively small and I1{(Q) monotonously
increased at the smallest Q-range. Q*Q

The Guinier plots derived from the Fig. 2. Guinier plot of proteoglycan com-
above I1{(Q) are shown in Fig. 2 and plexes (10.4mg/ml) in agueous solution at
showed a good straight lines in each 100%(a) and 0%(b) D20/Hz20 ratio.

Q)

Fig. 1. Scattering functions of proteo-~
glycan complexes (10.4mg/ml) in agueous
solution at 100%(a) and OX(b) D20/H20
ratio.
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Solution Scattering Study of Bacterial Histone-like Protein HU and DNA Complex
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The DNA double helix in eukaryotic cell would
span thousand times of the cell nucleus if it were
streched out. Histones play an important part in
packing this very long DNA molecule in an orderly
way into a nucleous of only a few micrometers in
diameter. A major advance in our understanding of
chromatin structure came with the discovery of the
fundamental packing unit known as the nucleosome.

In prokaryotes, although the genome is much
smaller, it has been made clear that there is a sort of
DNA packaging. Following the gentle lysis of
Escherichia coli cells, chromosomes can be isolated in
a folded and supercoiled conformation. In addition,
several DNA-binding proteins have been identified for
which a histone-like role has been proposed. One of
these proteins exibits clear histone-like properties. This
small basic protein has been shown to induce the
formation of bead-like structures along double-
stranded DNA in a manner similar to the histones,
which has been confirmed by the electron
microscopyl). In Escherichia coli such a protein has
been referred to by several authors as HU protein.

The crystal structure of HU-protein has been
determined by one of the applicants<), but the structure
of HU protein-DNA complex is not yet known. This is
mainly because the HU-DNA complex cannot be
obtained independently, since the complex exists only
under the equilibrium

HU + DNAZ=HU-DNA, (1)

so that in an acqueous solutions three kinds of
solutes (HU, DNA and HU-DNA complex ) coexist.
We have tried to determine the structure of HU-DNA
complex in solutions by using small angle X-ray and
neutron scattering method.

HU protein was extracted from the thermophilic

bacterium Bacillus stearothermophilus and purified. -

20 base-paired double stranded DNA bound to HU
protein was synthesized so that at both ends are CG
bases and inner 80% of base pairs are AT,

At first small angle neutron (SANS) and X-ray
(SAXS) scattering of HU protein in solutions were
carried out by using SAN ( pulsed neutron scatterinf
facility in Japan) and WIT at KENS and LOQ at ISIS

Ini(Q)...arb.uniis

( pulsed neutron scattering facility in U.K.) and X-rays
at PF (synchrotron radiation at KEX in Japan.).

The results obtained using each SANS instrument
are more or less similar each other and one example is
shown in Figure 1, which shows Guinier plot of HU
protein in D70 solution, the concentration of which is
8.1 mg/ml. The radius of gyration (Rg) is obtained as
17.9A. The concentration dependence of Rg is
measured by using X-rays at PF and the result shows
that there is no concentration dependences and SANS
resultwas found to coincide with that of SAXS. Rgis
calculated by using the atomic coordinates of HU
dimer which have been determined by X-ray
crystallography and is obtained as 18.4A. The value
coinsides with one of SANS and SAXS very well, and
this indicates that HU protein exists as a dimer in the
solution.

The solution scattering of HU-DNA complex was
carried out by using SANS-U in YAER!, and the
preliminary result of Rg is obtained as 34.2A. The
more complete experiment is scheduled,

-1.5

HU protein
Conc. : 8. lmg/mifD20)
Buff, : HEPES 10mM
20 Temp. :25C )
SAN : 10 hos.

-2.5F

Rg=17.9(4)

-0
(N1

4.008 0,011

Q*Q(HA*=2)

Figure 1. Guinier plot of HU protein.
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Structure study of phosphatidylinositol diphosphate and bovine serum albumine complex
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A wide variety of extra cellular signals which
activate cellular functions and proliferation throug
hinteraction with membrane receptors have been
shown to provoke the break-down of
phosphatidylinositol diphosphate (PIP2) in their target
tissues. The primary products of the reaction are
diacylglycerol (DG) and inositol triphosphate (IP3).
Because of this reason PIP7 is considered to be
important material even though it is a very minor
component in membranes.

On the other hand, from the biochemical
viewpoints PIP7 itself has several distinctive features
compared to other phodpholipids. PIP? is a highly
hydrophilic phospholipid rich in nnervous tissues, and
it is soluble in water and becomes insolubleby adding
Ca2+, In water-methanol and chloroform solvents
PIP? is distributed to the upper water-methanol phase
and by adding Ca2%+ it transfers to the lower
chloroform phase. PIP2 forms a complex with proteins
such as bovine serum albumine (BSA) which is
soluble in the upper phase, and on adding Ca2+
precipitatesbetween the interfaces. These facts suggest
that PIP7 itself is not only the source of DG and IP3,
but aiso PIP2 might play an important role inthe nerve
excitation through the regulation by CaZ* ions via
PIP2- protein complex.

A small angle neutron scattering study of PIP2-
BSA complex has been carried out to examine the
structural role of the complex.

PIP2 was extracted from bovine brain and
purified by conventional methods. 1)

Small angle neutron scattering of PIP2-BSA
complex has been carried out by the use of WIT
installed at KENS. Figure 1 shows the Guinier plot
obtained by the scattering profiles of PIP2-BSA
complex. Here, the number of PIP2 molecules per one
BSA molecule is varied as a parameter. The square
root of I(0) is extracted from Fig. 1 and is shown as a
function of the number of PIP7 in Fig. 2.

In our experiment concentration {number of the
complex) is kept to be constant, square root of 1(0) is
written as

VI(0) = MBSA + NPIP*MPpIP
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Fig. 1 Guinier plot of PIP2-BSA complex.
PIP2/BSA is 400, 200, 100, 75, 50, 25, 4 and 0,
respectively, from the top.
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where MBSA and MpIp mean molecular weight
of BSA and PIP2, which are about 36kDa and 1kDa,
respectively and Npfp is the number of molecule
which binds to one BSA molecule.

As shown in Fig. 1, Guinier plot of each solution
is obtained as a straight line, and this suggests that the
complex solution is monodispersive. Moreover, Fig. 2
indicates that the complex is stoichiometric.

Figure 3 shows Guinier plot of 50 PIP2/BSA
complex under the contrast variation technique, Here,
50 PIP2/BSA means that 50 PIP2 molecules and one
BSA molecule are mixed to produce PIP2-BSA
complex. The scattering at D20 40% is the result of
the matching point of BSA and PIP) head group and
only PIP2 tail group can be seen, and the Rg of the
system is 11.4A. This value is very small and this
means that PIP7 does not bind uniformly on the suface
of BSA ( Rg would be 35-40 A fo a uniform
distribution of PIP2 on BSA surface), but locally on
one portion of the BSA. This is also demonstrated in
the Stuhrman plot . Figure 4 shows the Stuhrmann
plot of the 50 PIP2/BSA complex . The plot is fitted
with a hyperbola and the curvature of the hyperbola
means the distance between the geometrical center and
the scattering length densities center of gravity. As
shown in Fig. 4 , the crvature is rather large, and this
indicates that the binding of PIP2 on BSA surface is
asymmetric.

It is well known biochemically that PIP2 forms a
complex with BSA and this fact is confirmed’ by
SANS experiment and the nature of the complex is
indicated as follows:

(1) PIP2 combines with BSA stoichiometrically
such as (PIP2)25-BSA, (PIP2)50-BSA and so on.

(2) PIP2 binds outside of the BSA surface, and
apparently on one region of the BSA surface.

In order to conclude whether these findings are
related to the production of DG and IP3. further
investigations are under way.
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Fig. 3 Guinier plot of (PIP2)50-BSA complex under
the contrast variation technique.
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Small-Angle Neutron Scattering Study of Ovotransferrin in Aqueous Solution
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Transferrins (Tfs) comprise a group of
homclogous diron binding glycoproteins ubiqui-
tously distributed among cells and physioclogical

l).

fluids of vertebrates They include serxum

transferrin (seroTf), ovetransferrin (ovoTEf)
and lactoferrin (lactoTf)
Each Tf

mclecule consists of a glycosylated single poly-

from avian egg white,

present in the milk of most mammals.

peptide chain with a molecular weight approxi-

mately 80 kDa, which has two major homologous

2)

domzins and a short connecting part ’. Two
globular lobes correspond to the N- and C-termi-
nal halves of the molecule. Fach domain has
one site capable of binding various metal ions,

such as iron, copper, and aluminium, with the

3)_

different binding affinities The amino acid

sequences of the two domains show considerably

4)

homology ‘, and the vresidues in the metal-

5)'

binding sites are the same The concomitant
binding of a particular divalent anion, physio—

logically (bi)carbonate, is required for the

6).

formation of a stable metal-Tf complex Fur-

thermore, recent X-ray crystallographic studies
have revealed that structure of each domain with
an ellipsocid structure consists of two subdo-
mains and two peptides connecting these two
7,8)

subdomains These connecting peptides play

a role of a hinge. With regard to the confor-
mational change induced by metal binding, the
model that metal ifon is trapped at a wide open
cleft formed by the twe subdomains and then the
cleft is closed through twoe hinges has been
presented. From the small angle X-ray scat-
tering studies of seroff and ovoTf, it is fairly
recognized that the radius of gyration of di-
ferric transferrin is smaller than that of apo—
transferring).

Although the amino acid sequences of the
two domains in Tf and the ligand environments

for the two binding sites are homeclogous, there

are significant heterogeneity between the N and
¢C—domains for metal binding properties and the

11
stabilization of the metal-Tf complexeslo’ ).

12) have reported from the dynamic

Sasaki et al.
light scattering study of ovoTf that the con-
traction of ovoTf originates predominantly from
a metal-binding to the C-site compared to the N-
site.

In otder to rationalize the heterogeneity
between the N- and C-domains, we have scruti-
nized the change in the structural characteris-
ties of ovoTf due to iron binding with small-
angle neutron scattering.

OveTf from chicken egg white was obtained
from Sigma Chemical Co.  Apo-ovoIf of 20 mg/mL
in aqueous solution of different DZOIHZO ratio,
i.e. 100%, 80%, 60%, 20%Z, and 0%, was prepared
in 10mM Tris-HCLl buffer containing 10mM NaHCO3
at pH 8.0, and then Fez—ovon by adding excess
amount of Fe(I1I) as a aitorilotriacetate com-
plex. A unit of the D20/H20 ratio is a volume

Small-angle neutron

fraction of D,0 (d.).
2 D
13)
for

scattering measurement was made using WIY
apo— and Fez-ovon in aqueous solutions with

various ¢D. Sample thickness was selected in

1.2
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Fig.1 Scattering functions of apo oveT{ in
agueous sofutionat differert D20/Ho0 ratio.
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accordance with ¢D by taking transmission dinto
account, and was 4mm for ¢D=1002, 80% and 60%,
and 2mm for ¢D=202 and 0Z.

The measured scattering functions I(Q) for
apo-ovoTf of different ¢D are shown in Fig.1,
where Q is the scattering vector, Q¢ = A&Tsin(
8/2)/\, and the base line of the each function
is shifted arbitrarily to see easily.

The Guinier plots derived from the above
function I(Q) are shown in Fig.2. A radius of
gyration Rg of apo-ovoTf at each ¢D was calcu-
lated wusing the least square fitting of Q range
0.05 - 0.074 A}

wise, the Rg value of Fe

at the different ¢D. Like-
z—ovon at each ¢D was
obtained in the same manner as with apoTE.
Contrast matching points for apo- and Fez—
ovoTf were estimated to be 43.83% and 46.91 % in

¢D’ respectively, using 1'(0)1/2

vs ¢D as shown
in Fig.3, where I{0) was an extrapolated inter-
cept of the ordinate of Guinier plot. The mean
scattering densities B'of the scolutes, i.e. apo-
and Feznovon were determined as 2.49 and 2.71 %
10_14 cmA_3 from the relation p =p - I where p
is the mean excess scattering density and Pg the
mean scattering density of solvent given by
p,=(-0.00562+0.0697¢_)x10™ % cma ™.

The relationship between Rg and p is given
by

Rg? = Rge” + a(1/F) - B(1/p)?

where Rge, ¢, and B are the radius of gyration
of the particle at infinite contrast (p=0)}, a
radial second moment of the scattering density
distribution and a displacement of the center of
the scattering density distribution with respect
to the center of the geometrical shape, respec-
4)

tivelyl The plots of Rgz vs 1/p  (Stuhrmann

plots) for apo- and Fez—ovon are shown in
Fig.4. The obtained values of parameters are
summarized in Table I,

The Rge walue was decreased by  iron
binding. This behavior is in agreement with
the previcus results of the small angle X-ray
seatteringg), although the magnitudes of Rgc
were appreciably smaller than the previocus ones:
Rg = 31.4 A for apo~ovoTf and 30.4 A for Fez—
ovoTf, because of the lower limit of the obser-

vable Q-range in WIT,
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Table. 1 Rge, a and 8 of ovoTft
Rgec (A) a (A™') B (A7)

apo—ovoT*t 25. 0 111 171
Fe: —ovoTHt 22. 6 68 205

In view of the fact that the parameter B

has a significant value and the B value for Fez—
ovoTf is larger than that for apo-ovoff, it is
inferrved that the structure of the ovo~Tf mole-

cule is intrinsically disterted in aqueous solu-

tion, dirrespective of the presence of metal
ions, and the distortion is elevated by iron
binding. The structural distortion of apo-

ovoTf would be attributed to the differemce in
chain flexibilities between the N- and C-do-
mains. In correlation with this suggestion,
the X-ray crystallographic studies of apo-

lactoTf presented that the binding cleft in the
N-lobe is wide open, whereas the cleft inm the C-
lobe is

closed even in the absence of metal

ion8). However, mo clear—cut interpretation has
yet established with regard te the structural
distortion of iron bound ovoTf.

On the other hand, the o value is decreased
by iron binding. This implies that the exter-
nal distribution of proton in ovoT{ is increased
by iron binding, compared to the internal one.

To elucidate the structural heterogeneity
between the N~ and C-domains in the Tf molecule,
small angle

more extensive experiments of the

neatron scattering, in particular for N~ or C-

domain fragment is required,.
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Magnetic Excitations fron Ordered and Disordered FezPt Alloy
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Fe4Pt is a ferromagnetic alloy with f.c.c. structure
and exhibits a typical Invar charactor. The Curie
temperature of the ordered Fe,Pt alloy (CusAu type
structure) is about 500 K which is almost 200 K higher
than that of the disorderd afloy. Another magnetic
properties as well as the Invar properties are not so
much sensitive to atomic ordering. The study of the
exchange mechanism in FesPt is quite interesting to
understand both magnetic and Invar properties, The
spin wave dispersion relation in prdered Fe;Pt was
measured using a triple axis spectrometerl),
Experiments were performed up to about 80 meV,
however, the dispersion relations along the [110] and
[111] directions could not be obtained up to the zone
boudary.,  The results were analyzed based on a
Heisenberg model, but clear understanding about the
exchange mechanism in the alloy was not obtained.

In order to elucidate the exchange interaction
mechanism in Fe;Pt, the experiment has been made
to observe the defference of the spin wave dispersion
relation between ordered and disordered Fe;Pt ailoy.
The dispersion relation up to 40 meV has been
observed along the [111] direction using MAX
spectrometer. Typical examples of the TOF spectrum
in both ordered and disordered sample at T=20K are
shown in Fig.1. These two spectra were observed with
the same detector No.8 and with same collimations. It
is interesting to note that the appreciable difference of
the spin wave energy as well as the line width between
ordered and disordered states was not detected within
the observed q range, although the difference of the
Curie temperature of the two states is about 200K,
The observed spin wave constant D is about 90 meVA
for both atomic ordering states. The results indicate
that the spin wave with the long wave length is
insensitive to the atomic ordering, therefore, the
exchange interaction of Fe in FeyPt may be rather
uniform in distance and is not affected sensitively by
surrounding atoms. Further observation of the spin
waves at large q region is required to understand the
mechanism in more detail.
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Fig.1. TOF spin wave spectra observed with a detector
No.8 : (a} ordered , and (b) disordered alloy. The
peak channei of the spectra corresponds to the
excitation energy of 23 meV.
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Magnetization Process of Multilayer Films with Giant Magnetoresistance Effect
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Electric transport properties of some multilayer
films in the extermal magnetic field have attracted
much attention. Several kinds of multilayer films,
such as Fe/Cr, Co/Cu, NiFe(Permalloy)/Cu/Co/Cu
etc., show a "giant magnetoresistance effect”. This
means that electric resistance indicates a huge change
as a function of cxternal field. In a typical case, a
relative change of electric resistance AR/R is more
than 50%, which is about fen times larger than the
anomalous magnetoresistance effect in ferromagnetic
materials. The giant magnetoresistance effect was first
reported in Fe/Cr multilayers”?. The condition in
which the giant magnetoresistance effect occurs is
now well known. The enhancement of the resistance is
observed when the magnetization vectors of adjacent
ferromagnetic layers spaced by a non—magnetic layer
take an antiparallel alignment during the
magnetization process. The antiparallel alignment is
realized by two different mechanisms. One is the
RKKY-type magnetic interaction between adjacent
ferromagnetic layers through the non-inagnetic layer
with appropriate thicknesses. The other is a difference
in the coercive fields of two magnetic layers.
Muitilayer films of Fe/Cr and Co/Cu correspond to the
first type, and multilayer ilms such as NiFe/Cu/Co/Cu
correspond to the second one. The antiparallel
alignment of the magnetization vectors in adjacent
magnetic layers is confirmed by several experimental
techniques with magnetic/non-magnetic/magnetic
trilayer samples.

We have carried out polarized neutron diffraction
experiments of Fe/Cr and NiFe/Cu/Co/Cua multilayers
with using the TOP spectrometer. The direction and
strength of the magnetization vector in each magnetic

layer of the nuwitilayer film were determined in the

presence of varous external fields. From these
experiments, the magnpetization process of each
magnetic layer is elucidated. This enables us a
quantitative comparison betwecen the magnetic
structure apnd the enhancement of the electric
resistance.

Fe/Cr multilayer

As detailed reports were published elsewhere™?,
we will discuss the main points of the results. The
nominal layer structure of the Fe/Cr multilayer film
used for the measurements is [Fe(27A)/Cr(12A)]x30.

The measurements were carried out at room
temperature. The external field is applied parallel to
the film plane and the scattering vector is
perpendicular to the film plane. The time-of—flight
spectra below the external field of SkOe show the half
and first order diffraction peaks, which are assigned
to the chemical period. The half order peak disappears
above 5kOe. These facts indicate that the
magnetization vectors of the adjacent Fe layers form
antiferromagnetic structures in weaker fields, as is
expected. The intensities of the half and first order
peaks and the magnetization curve are well
reproduced with a model that the magnetization
process is a rotation of the Fe magnetization vectors
with keeping the length of the vectors constant. If the
magnetization vector of some Fe layer tums
clockwise, the magnetization vectors of the adjacent
Fe layers tum anticlockwise. Therefore the
antiparallel structure is formed by a component of the
Fe magnetization vector perpendicular to the applied
field, which is mnamed the transverse component.
Polarization analysis of the half order peak in the field
of 500e indicates that about 80% of neutrons are
scattered with a spin-flip process. This fact also
proves that the antiparallel structure is formed by the
transverse component of the Fe  magnetization
vectors. Furthermore it is indicated that the resistance
change AR(H) is proportional to the square of the
transverse component of the Fe magnetization vector
in the field of H except a very weak field region. In
summary from the neutron diffraction measurements,
the resistance enhancement is quantitatively related to
the magnetic structure of the Fe/Cr multilayer film.

NiFe{CufCo/Cu multilayer

The giant magnetoresistance effect of this system
was found by the authors' group”. The existence of
the antiparallel alignment state is supposed from the M
vs. H loop of the sample, which shows steps during
the magnuetization process. We used the sample of
[NiFe(104)/Cu(364)/Co(104)/Cu(36A)]x20 for
measurements. In this sample, temperature
dependence of resistance change AR(77K)/AR(300K)
is 1.91. On the other hand, temperature dependence of
the saturation magnetization M{77K)/M (300K} is
1.12. This means that the resistance change is much
larger than the change in the magnetization. One may
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think that temperature dependence of the surface
magnetic moments is much larger than that of the
bulk. However this conjecture was denied by
Massbauer spectroscopy”. We have two purposes for
the neutron diffraction experiments of NiFe/Cu/Co/Cu
multilayer films. The first is to elucidate the
magnetization process of NiFe and Co layers
separately and confirm the antiparallel alignment state.
The second is to make clear the origin of the large
femperature change in the magnetoresistance AR.
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Fig. 1  Neutron diffraction intensities of ist order Bragg
peaks at 300K (O} and 77K (). After applying
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field,
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Fig. 2 ~ Magnetization curves of the NiFe (O} and Co

layers ([J) at 77K determined from the neutron
diffraction and magnetization measurements.

Neutron diffraction measurements were performed
at 77K and 300K. The diffraction geometry is the
same as that of the Fe/Cr case. Figure 1 shows the
diffraction intensities of the first order Bragg peaks as
a function of the applied field. In the figure, I, is
defined as I, +/_ and I,,, as (J,-I)/Py, where I, (1)
is the diffraction intensity with neutron moments
parallel (antiparallel) to the applied field, and Py
polarization of initial neutrons. If the NiFe and Co
layers are uniformly magnetized, I, is proportional
to (Myr—M) + a nuclear scattering term, and
T My Mg, where M, is a magnetization
vector of j layer and M; is a parallel component of the
magnetization vector of j layer to the external field.
We define (AM)’=max((My;.~Ms)>) and
AM =max(|Myg,~Mg,)  with  respect to the
applied field. From the analysis of the intensities, it is
found that (AM(77K))/(AM(300K))% is  1.840.32
and AMA(7TTK)/AM*(300K) is  1.55x0.15. As
AR(77K)/AR(300K) is 1.91, it is known that
(Myz—Mc)’, which can be regarded as a measure
of antiparallel degree, i5 1elated to the
magnetoresistance change. If we neglect x and y
components of the magnetization vectors, the
magnetization curves of NiFe and Co layers can be
determined from the neutron diffraction and
magnetization data. The results at 77K are shown in
Fig. 2. It is clear that the antiparallel alignment is
realized around the field of 1500e¢ during the
magnetization process. The present neutron diffraction
studies make clear the relationship between the giant
magnetoresistance effect and the magnetic structure of
NiFe/Cu/Co/Cu multilayer films.
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Observation of the time evolution of the 1st order magnetic phase transition in Dy-4% Yalloy
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The 1st order temperature-induced
magnetic phase transition of spiral to
ferromagnetic structure in Dy-4%Y alloy was
studied by means of X-ray
diffraction.1):2)Below the transition temperature
Tc of spiral to ferromagnetic structure, ferro
and spiral phases coexist down to low
temperature and the development of the
ferromagnetic phase exhibits a time dependence
which is proportional to log t. The observation
of the magnetic transition was made through
the hexagonal to orthorhombic crystal
distortion accompanying the 1st order magnetic
phase transition.

In order to observe the magnetic transition
in Dy-4%Y directly,neutron diffraction
experiment has been performed using MRP
diffractometer installed at KENS.

The (002)% satellite peak and magnetic part
of the (002) reflection has been studied to
detect the phase transiton. Observation was
made after decreasing temperature from the
spiral phase.Comparing the satellite peak
intensities normalized by monitor counts with
that of initial state,the volume ratio of spiral
phase could be obtained. Below Tc=55K, ferro
and spiral phases coexist as has been observed
in the previous work.1»2) The time evolution of
the (002) reflections has been also observed and
the results of the time evolution of the
ferromagnetic phase at T=45K is illustrated in
Fig.1.

These results were found to be consistent
with the previous X-ray measurements 1) and
Synchrotron X-ray measurements.?
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Fig.1 The time evolution of the spiral phase of Dy-
4%Y alloy when the temperature was
lowered from 70K to 45K,
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Neutron Diffraction in Pulsed High Magnetic Field
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Some magnetic materials which show magnetic
phase transitions in high magnetic fields have been
studied. As is well known, in order to determine
magnetic  structures, neutron diffraction
measurements are very useful. Usually, a
superconducting magnet system which generates DC
field is employed to observe the field induced
structures in the neutron diffraction experiments.
However, the complicated configuration of
apparatuses limits the field strength up to about 10T.
On the other hand, the great part of magnetic phase
transitions are induced in a very high field. Our system
is capable of producing fields up to 20T every 2 sec.
Investigation of PrCo2Si2 in pulsed high magnetic
fields have been reported[1]. In these experiments a
solenoid type magnet, which provides a horizontal
field almost parallel to the neutron beam, have been
employed. Recently we have developed another split
type magnet. As shown in Fig.1, the magnetic field
direction is vertical and perpendicular to the neutron
beam. This new type magnet has some advantages.
For example a scattering angle becomes large, so
that a minute resolution is achieved. We bring these
magnets into use in order to study high field magnetic
structures of Mn28i0O4. Mn2S5i0O4 is an
antiferromagnet with an orthorhombic structure. In
specific heat measurement and Neutron diffraction
experiments in zero field, two transitions are
observed. The upper transition (47K) comresponds
to the change from a paramagnetic state to collinear
antiferromagnetic ordering of the Mn moments along
a-axis, another transition (12K) corresponds to the
change from the collinear to a canted spin
structure[2]. Recently, high field magnetization
measurements at 4.2K bhave predicted a magnetic
transition at 13.5T [3]. We have carried out neutron
diffraction measurements in a puised magnetic field
at liquid He temperature. The magnetic fields is
applied parallel to the a-axis. Fig.2 shows the field
dependence of the normalized integrated intensity of
magnetic (001) Bragg peaks. At 94T, the integrated
intensity is slightly smaller than that at zero field. But
at 14T, increase of Bragg peak intensity is observed.
This change indicates that a transition of magnetic
structures occurs. On the other hand, the intensity of
(011) Bragg peak grows monotonously as the field

increase up to the transition field. Behaviors of
(011) and other Bragg peak above the transition
field is now being examined.
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Reentrant Spin Glass State in Niz7Mng3
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QOur previous neutron depolarization analysis
brought out a peculiar behavior in the reentrant spin
glass Niy7Mngs; enhancement of local induction B
was observed at temperatures below the spin glass
temperature Ty (=65 K)1,2). Frustrated spins in spin
glass state should cause decrease in B with decreasing
temperature which was verified for typical reentrant
AuFe3), To clarify the origin of such behavior in
Ni77Mngy3, we would like to obtain information about
intra-domain spin configaration. However, the spatial
resolution of the depolarization technique (> 1000 A )
is not sufficient to investigate such spin correlation. In
comntrast to it, typical resolution of SANS technique is
around 10 ~ 1000 A. Hennion et al. found the intense
diffuse scattering centered at g = 0 in zero field and q
# 0 in magnetic field in reentrant NiMn#*5). Therefore,
we measured SANS in Niy7Mn3z3 sample which was
used in our previous neutron depolarization
measurements.

SANS measurements of polycrystalline Niz7Mnas
were performed in a field of 0 < H < 4 kOe at
temperatures above 15 K using SAN spectrometer at
KENS. Magnetic contributions were separated using
scattering intensity obtained at R.T. as nonmagnetic
contribution.

Figure 1 shows the wave number dependent
scattering intensity I(q) of Niz7Mnas at various
temperatures in zero field. The scattering intensity
rapidly decreases with temperature for q < 0.03 AL
whereas weak temperature dependance was observed
for q>0.03 A-1.
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Fig. 1 Wave number dependent neutron scattering
intensity of Niz7Mn23 at various temperatures in

zero field.

The scattering curves in low q region (q < 0.03A-1)
can be fitted with Lorenzian at temperatures below the
Curie temperature T¢ (=160 K)

lg)=A/[g?+¥?, 4y

where A and x are the scattering amplitude and the
inverse correlation length, respectively. In Fig.2
inverse of intensity are shown against square of g in
the g range of 0.008 < q < 0.03 A-1. Temperature
dependence of A and x is shown in Fig.3.
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The amplitude A obtained from the fit under ZFC
condition monotonically increases with decreasing
temperature except around Te. The inverse correlation
length x decreases with decreasing temperature down
to 60 K and becomes almost constant (0.005 A-! at 60
K) at temperatures lIower than 60 K . We should note
that the spin correlation grows with decreasing
temperature without critical behavior around Tg.
Sample cooled under H; = 1 kOe shows a small hump
centered at q = 0.03 A-l at 17 K as shown in Fig.1.
The FC scattering curves can also be fitted with
Lorentzian in the q range of 0.008 < q < 0.024 A-1,
The decrease in A shown at temperatures below 50 K
reflects the domain orientation under field cooling
condition!-2), On the other hand, we must mention that
k2 obtained under field cooling condition has negative
value in temperature region between 30 and 80 K
(these values of k are not shown in Fig.3(b)). These

extraordinary behavior of x suggests that the
Lorenzian with peak centered at q = 0 is inadequate to
fit the FC data.

Figure 4(a) shows the spherically averaged
scattering intensity in a field with 0 < H <4 kQOe at 19
K. With increasing field, the intensity centered at q = 0
decreases and an intensity peak at a finite q becomes
more pronounced. The x-component gives dominant
contributions to the peaks as shown in Fig.4(b), where
magnetic field is applied along the x-direction. This
would indicate a modulated structure of transverse
spin components induced in an applied field. The
small hump in the FC scattering intensity at 17 K
suggests that an induced spin modulation in field can
be partly maintained even in H = 0 due to the stable
unidirectional magnetic anisotropy induced under FC
condition®).

Finally, we discuss our previous results of neutron
depolarization measurements of Niy7Mna3 on the
basis of the information obtained from SANS studies.
Since the polarization measurement is performed in
magnetic field, the neutron depolarization analysis
should include contributions from the induced spin
modulation detected in SANS measurement. In
neutron depolarization measurement, we obtained the
wave length dependent polarization of spins in a weak
field (H = 30 and 90 Oe} and deduced B from period
of oscillatory polarization as a function of wavelength.
Assuming that Larmor precession of neutron spins in
sample is accelerated due to some spin structure
modified in field, the growth of modulated spins
would be identical to increase in the local induction. A
candidate for such spin modulation would be helical or
vortex type’) one of transverse spin components. The
peculiar behavior of local induction can be explained

in terms of transverse spin correlation induced in
field.

In conclusion, the transverse spin correlation in
reentrant spin glass state of Niz7Mny3 is perturbated
by application of field as characterized with intensity
peak in SANS. The temperature dependent local
induction estimated from the neutron depolarization
measurement would reflect the spin configuration
moedified by applied field.
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Reentrant spin glass properties of Nij_xMny have
been interpreted by the idea of the domain-anisotropy
modell). The domain model was well supported by the
transmission electron microscopy observation2) and
the neutron depolarization analysis3-3), which gave the
basis of the mean field picture for reentrant phase in
Nij.xMnx. Recently, the induced anisotropy was
investigated by the electron spin resonance (ESR)9),
the transverse ac susceptibility”?) and the rotational
magnetic measurement8), while insufficient
information about the field dependent domain
configuration has caused some inconsistency in the
interpretation for nature of the anisotropy. Then, we
tried to investigate the field dependent domain
configuration in Niy7Mnj3 using the neutron
depolarization measurements in some fields larger
than those used in the previous work.

Neutron depolarization measurements of a plate
Niy7Mn33 sample of 1.04 mm thick were performed
using TOP spectrometer at KENS. All the incident
neutron spins were polarized along the z-direction.
The polarization P(A) along the z-direction is
measured as a function of the wavelength (3-9 A) just
after the neutron passes through the sample along the
x-direction. Magnetic field was applied along the z-
direction up to 1020 Oe. Further, the procedure of -
rotating the sample in the y-z plane is performed to
apply an external field antiparallel to the anisotropy
field Hp induced by cooling field. Hereafter, we will
regard a field applied antiparallel to Hpa as being
applied in the - direction. The geometry of neutron
depolarization measurement is described in Fig.1.

Figure 2 shows the ficld dependent neutron
polarization after cooling down to 15 K in H = 1020
Oe. The polarization in a field along the - direction
was measured after applying magnetic field up to
+1020 Oe. The damped oscillation, expected for a
ferromagnetic sample in the mono-domain state®), is
observed in fields between -90 and 90 Oe where larger
depolarization is recognized in a field along the +
direction. On the other hand, the wavelength
dependent polarization in H = -315 Oe is fitted by
following equation

P(A) = exp{ -c1[1 - cos(ezMexp( - c3A2)]}, (1)

while the following simple form

P(L) = e-042 2)

gives only insufficient agreement. These field
dependent polarization data give some important
information about domain configuration, i.e., the
mono-domain configuration can no be retained in
negative field with amplitude larger than 315 Qe
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Fig. 1  Gsometry of neutron depolarization measurement.
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Fig. 2  Field dependent neutron polarization P(A) at 15 K
of NizzMnggas a function of wavelength.
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in which the magnetization reversal is attained as
recognized in magnetization curve. In other words, the
idea of rigid rotating magnetization with rotating field
under the field cooling condition should be denied
from viewpoint of the neutron depolarization analysis.
Further, we note that no oscillation was observed even
in H = -90 and -30 Oe after field was applied down to
-1020 Qe.

The damped oscillation of polarization can be fitted
with the following form

P(A) = ¢1 + caexp(cai)cos(csh + Cs). (3)

Figure 3 shows the external field dependence of
parameter ¢4 which is practically proportional to the
local magnetic induction B?. In fields larger than +90
Oe, c4 is scarcely dependent on field, while the
decrease in ¢4 with increasing amplitude of field is
observed in fields along the - direction. Considering
that the induced anisotropy field is antiparallel to the
external field along the - direction, the decrease in c4
should be attributed with decrease in average length of
spins and/or disordering of spins due to weak effective
field which contains anijsotropy field.

Sample cooled in zero field down to a temperature
below spin glass temperature Tg (=65 K) shows the
small polarization with no oscillation in field lower
than 320 Qe. Typical ZFC polarization data shown in
Fig.4 can be fitted by Eq.(1), which suggests the
nonrandom domain orientation due to application of
comparatively high field. Mircbeau et al. found that
the magnetization in a domain is essentially identical
to the spontaneous magnetization even under ZFC
condition on the basis of the neutron polarization
measurements of Niz7Mnaa in very low field3).
Therefore, our ZFC field dependent polarization
should reflect the behavior of domain metion. The
field dependence of parameter ¢j at temperatures
below Ty given in Fig. 5 has the following feature:

1) The increase in ¢ starts at lower field with
increasing temperature.
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Fig. 3  The parameter c4 of NizzMnag in & field.

2) Irreversible behavior with cycle of field is large
at 33K which is considerably below Tg.

These feature is consistent with the idea of a
slowing down of the domain mobility below Tg and
the temperature dependance of the hysteresis loss in
NigiMnz10).

In conclusion, we claim that the neutron
depolarization analysis gives detailed information
about the domain configuration in NiyyMna3 in
magnetic field for the first time.
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Fig. 4 Neutron polarization of NizzMn23 at 33K under
ZFC condition.
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Fig. 5 Field dependent ¢4 at various temperatures of
Ni7z7Mnogs.
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The B-20 type compound CrGe shows nearly
ferromagnetic behaviorl), and the substitution of Mn
for Cr causes diversity of magnetic properties?-5), The
Cry.xMnyGe shows ferromagnetism for x € 0.15 , and
higher Mn concentration (x = 0.24) leads to spin glass.
While a transition from ferromagnetic to spin glass
phase at low temperature would be expected for 0.15 <
x < 0.24, we have not obtained definite evidence for
the reentrant transition from the magnetic data. Recent
neutron depolarization measurements of
Crp.81Mng.19Ge using TOP spectrometer suggest no
ferromagnetic domain in low field (H < 100 Oe)6), To
investigate nature of the magnetic transition, we
measured small angle neutron scattering (SANS) of
Cro 3:1Mng 19Ge.

SANS studies of polycrystalline Crg giMng,.19Ge
were performed in a field of 0 < H £ 2 kOe at
temperatures from 5K to 20K using SAN spectrometer
at KENS. Magnetic contribution was separated using
scattering intensity obtained at 50 K as nonmagnetic
term.

Figure 1 shows the scattering intensity under zero
field cooling condition in zero field. Peaks were
observed at finite g at all temperatures below 14 K.
They were fitted by Lorentzian:
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Fig. 1 Temperature dependent SANS intensity of
Crp.g1Mng 19Ge under ZFC condition. Data are

fitted by Lorentzian.

I(q)= A/ [(q-qo)2 + Ag?], (1)

where gg and Aq are the peak position and the full
width at half minimum, respectively. Temperature
dependent integrated intensity lior, o and Aq were
obtained from the fit as shown in Fig.2.
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The intensity peak centered at a finite q suggests a
possible spin configuration other than ferromagnetic
ordering in reentrant spin glass like Crg gi1Mng 19Ge.
Magnetic behavior of our sample resembles to that of
the itinerant electron type helical magnet MnSi?), i.e.,
no spontaneous magnetization, spin flip like behavior
in magnetization curve and insufficiently saturated
magnetization in high fields at low temperatures.
Therefore, the SANS data suggest the helical spin
structure in Crg g1 Mng,10Ge at all temperatures below
14 K which is regarded as the order-disorder transition
temperature. From temperature dependence of the
peak position qg, period of helical spin structure is
obtained. It increases with increasing temperature
from 360 A at 5.1K to 420 A at 12.5K.

There are intensity maxima at 11 and 7K, while qg
and Aq do not show any singular behavior at both
temperatures. The former temperature corresponds to a
temperature at which a cusp is observed in the
temperature dependent magnetic susceptibility. At
temperatures below the latter temperature, an
irreversible behavior in magnetic susceptibility is
pronounced. This correspondence suggests that
another magnetic ordering coexists in addition to the
helical magnetism. Although we can not mention
about detailed picture of the coexisting spin ordering,
the origin should be ascribed to spin glass like
interaction.

Figure 3 shows x- and y-components of neuiron
scattering intensity at 5.1 K in a field below 2 kOe,
where the magnetic field was applied along the x-
direction. The intensity in 100 Oe is essentially
identical to that in 0 Oe. Applied fields of 200 and 400
Oe result in complex changes in g dependence of the
both components. The x-component has two peaks
centered at finite values of g where qg of the low g
peak is essentially identical to that in H = 0. The y-
component at a finite q rapidly decreases with
applying field, and intensive scattering at very small g
appears. Higher field above 1000 Oe suppresses the x-
component. The field dependent scattering of
Crp.g1Mnp, 19Ge is interpreted as follows:

1) Below 100 Qe, spins of helical structure are
restricted in planes perpendicular to the crystal axis,
therefore, the scattering is isotropic in polycrystalline
sample.

2) Applied field of 200 Oe changes the direction of
the g-vector to the magnetic field, resnlts in the rapid
increase in x-component.

3) Under 400 Oe, the helical spin structure changes
to the conical type structure. The magnetization
component induced along x-direction causes scattering
in the y-component at very small q.

4} The higher q peak of the x-component around q
= 0.025 A-1 in H = 200 and 400 Oe suggests

appearance of higher harmonics originated from the
interaction of two helical structure with different g
vector?),

5) Application of high field above 1000 Oe results
in transition to the ferromagnetic spin ordering via the
conical type spin structure.

These interpretation is consistent with the magnetic
measurements. In conclusion, Crp g1Mnp.10Ge is the
itinerant electron type helical magnet, and the spin
glass like interaction gives additive magnetic
contribution to the spin configuration at low
temperatures.
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Fig. 3 X- and y-components of SANS intensity of
Crp.g1Mng,19Ge in magnetic field at 5.1 K.
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Oxygen ( Oz ) molecules physisorbed on graphite
form an ideal two-dimensional ( 2D ) lattice. The
interaction between O molecules is a Heisenberg-like
antiferromagnetic one which is ascribed to the direct
exchange interaction. So, we can regard the Og
monolayer system as a good model of the 2D Heisenberg
antiferromagnet with a small anisotropy.

In a simplified phase diagram of this system there are
two principal phases depending on coverage C; C=1 is
defined so as to form the triangular Y3xV3 superlattice
referred to the graphite lattice. The dense phase, {-phase
( € > L.8 ), has the in-plane triangular lattice
incommensurate with graphite substrate, in which the
molecular axis of 09 is normal to graphite surface, while
the dilute phase, B-phase { C < 1.3 ), has the centered
rectangular lattice with the molecular axis parallel to the
surfacel-3), By neutron diffraction experiments Nielsen
et al. revealed the structural phase transition of {- to &-
phase , and reported that &-phase which has a deformed
triangular lattice is a antiferromagnetic long-range-
ordered phase, although the observed intensity of the
magnetic Bragg diffraction was of the order of the
statistical deviation!).

This neutron diffraction measurements were carried
out at MRP port in KENS using the time of flight
technique. 3He detectors were placed at Iow angles ( 20
= 15% 35° and 45°) for observation of the magnetic
diffraction peak and at high angles ( 26 = 60°, 80° and
120° ) for the nuclear diffraction peak; three detectors
were set up at each angle. The sample was set in such a
way that the scattering vector is parallel to the graphite
surface. The O monolayer crystal was prepared on
Grafoil ( a exfoliated graphite ) sheets of about 35 g,
which has a specific surface area of 24 m2/, 2. O7 gas was
introduced at T=54 K and the sample was cooled
gradually as annealing at the melting temperature.

We could clearly observe the magnetic Bragg peak at
Q=1.17 A in e-phase. Figure 1 shows the magnetic
Bragg peaks of C=1.90 at some temperatures. We
obtained these spectra by subtracting the spectrum at
T=17 K from the original ones. The magnetic peak

decreases with increasing temperature and completely
disappears at T= 12 K. This is a direct evidence of the
magnetic long-range-order in &-phase. The line-shape is
not symmetrical and has a tail at high Q. This is ascribed
by a mosic feature of the substrate. The higher order of
the magnetic peak is not clearly observed, which may be
attributed to the finiteness of the spin correlation.
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Fig. 1 The magnetic diffraction spectra of C=1.90 at
some temperature.
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Fig. 2  The temperature dependence of the square
root of the integral intensity, i.e., the sublattice
magnetization. The inset shows the spin structure in &-
phase.
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Figure 2 shows the temperature dependence of the
square root of the integral intensity of magnetic peak,
that is, the sublattice magnetization. The transition
temperature is determined to be TN=11.7 K, which is
consistent with the previous works!-3). However, the
intensity decreases abruptly above T=11 K; this
temperature dependence is not consistent with the result
of the previous neutron experiment, in which they
showed a continuous change of the magnetization with
temperaturel).

In Fig. 3 we show the nuclear peaks for some
temperature at C=1.90. Below Ty we observe two peaks
at Q=221 A and 2.34 A, and above TN a single peak at
Q=225 A. This splitting comes from a magpetically-
induced lattice deformation. The Q value of the high Q
peak below TN is just twice as large as that of the
magnetic peak. The two splitting peaks are in the ratio of
the integral intensity 2:1. These facts is consistent with
the spin structure proposed by the previous neutron
experiment!) shown in the inset of Fi g2.
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Fig.3 The spectra of the nuclear peaks of C=1.90 at
some temperature.

Figure 4 shows the coverage dependence of the
nuclear peaks at T= 3.0 K. The peaks at C=1.00 and 1.70
E:ozrespond to those of &-phase and of e-phase first layer,
respectively. When we increase coverage, O molecules
make the second layer of e-phase. The nuclear peak of
the second layer appears at Q=2.30 A, but this peak is not
split below TN. The structure of the second layer is a

little dense one compared with that of the first layer in {~
phase. Meanwhile, the magnetic peak of the second layer
is mot observed clearty. These facts indicate that the
second layer is not ordered, which is consistent with the
susceptibility measurements2),
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Fig. 4  The spectra of the nuclear peak for some
coverage at T=8.0 K.

In conclusion, we have observed the magnetic Bragg
peak in g-phase which is a direct evidence of the
magaetic long-range-order. The coverage dependence of
the nuclear peak shows that the second layer in e-phase is
not distorted alike the first Iayer and the magnetic peak is
not observed, which implies the second layer is not
ordered.
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A neutron depolarization measurement on an iron
small particle system!) was performed on the TOP
spectrometer. In this system small iron particles are
dispersed in an alumina matrix by the spultering of
iron and alumina onto an aluminium matrix. In the
present measurement we used a S12 samplel). The
iron particles are about 30 A in diameter. This system
shows a superparamagnetic behavior at room
temperature. Small angle neutron scattering and
neutron depolarization measurements were performed
using a monochromatic beam?). With decreasing
temperature, the small angle scattering intensity
increased and the neutron beam was depolarized.
These results have been interpreted as a strong
correlation between the magnetic moments of the
particles at low temperatures.

In a monochromatic beam only one point in the
wavelength-dependence of the polarization of the
transmitted beam, P(L), was measured; and the result
has been discussed assuming an exponential
dependence P(A)=exp(-aA2)2). The present experiment
clarifies the wavelength-dependence using a
polychromatic beam.

The P(A) of the sample S12 was measured in a
weak external field (70e) of the guide magnet after
cooling the sample without an extemnal field, Figure 1
(a) shows the typical result. The neutron
depolarization was very little at the lowest temperature
in the measurement (5K) and at the temperatures
higher than 60K. On the other hand, depolarization
was observed at intermediate temperatures and peaked
at 20K. Each data fitted well to the following
wavelength-dependence;

P(A)=Cy+(1-Cy)cos Cy A.

The solid lines in Fig.1 (a) are the fitted curves. The
temperature dependence of the coefficient C; was
obtained by fitting the data to the above dependence
and the result is shown in Fig.1 (b). C1 was fixed to
0.95 in the fitting because the constant value of
C1=0.95 was obtained by fitting the data at the
temperatures between 10 and 40K.

In the system of small particles dispersed in a
nonmagnetic medium the coefficient C; in P(A) is
proportional to the mean magnetization over the
sample if the time of flight of the neutron through the

particle, T, is less than the period of the Larmor
precession of the neutron spin around the
magnetization within the particle, Ty3). This condition
is realized for the present system because the typical
values are tp=10-lsec and T =107sec for an iron
particle of 102A in diameter and 10A of the neutron
wavelength, Therefore C; should be proportional to
the sample magnetization. In fact C; has the same
behavior as the magnetization and AC susceptibility.
The peak in the temperature dependence of C,
corresponds to the cusp in the susceptibility around 20
- 25K1. The cusp is interpreted as the blocking
temperature in the superparamagnetic Néel model4).
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and the temperature dependence of Cais
indicated in (B).
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BaNi,,W,;,05is an oxide which has so-called
ordered perovskite structure. In this structure, Ni2+ and
W6+ alternately align in the B positions of cubic
perovskite ABO, structure and therefore the edge of
the unit cell is doubled!). Magnetically this oxide
shows antiferromagnetism below 50K. Since Ni ions
are separated by two O% and one W6+, there exist
extremely long range (8.06A) superexchange
interactions between them. It has been reported that
the antiferromagnetic (AF) structure is of type-II with
the spin direction perpendicular to [111]-direction,
which is similar to NiO, and that the magnetic moment
is 1.9115 at 4.2K2. The crystal structure is cubic at all
temperatures. Note that there are two types of
interaction path, i.e. 180°(J,} and 90°(J,) interaction
interposed by W6+ ,which is considered to be
diamagnetic. It has been speculated that these two
interaction have nearly the same strength?), contrasted
to the case of NiO. It seems, however, that this
speculation is not always evident. It has also shown
that the effect of covalency on the superexchange
interaction should be treated more correctly), It is
therefore interesting to determine the accurate
magnitude and the sign of these two types of
interaction by measuring spin-wave dispersion
relations.

Neutron inelastic scattering measurements were
carried out with MAX spectrometer using a single
crystal sample grown by the floating-zone method.
Inelastic peaks have been observed at 18K and their
energies are plotted in Fig. 1.

The spin-wave dispersion relation for the type-II
AF structure has been calculated from the
Hamiltonian,

H= % J

mom, momLr.g m,y m.,;

* 2-{01(‘9:.;)2 * Dz(sr:.j)z] :
m, j

where D, and D, are easy-plane and inplane type
anisotropy constant respectively. D, would be much
farger than D,. The dispersion relation is

() =(Ae= Ba* By)(4e* Be* )

where A, and B, are Fourier transforms of the
exchange interactions. Ji{,/;and D, have been
determined by fitting this expression to the
experimental data;

J=+14 (K), J,=-8.4(K) and D,=2.6 (K).
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Fig. 1 Plot of the measured peak position and the
calculated dispersion relation along [100), [110]
and {111] direction.

Splitting of the energy due to D and D, has not
been detected. The values of two exchange
parameters are significantly different. Although the
data is not sufficient at this moment, smallness of J;
seems to be consistent with the lack of contamination
from different domains in the type-II AF structure®).
As a result the role of W+ on this super exchange
interaction should be correctly taken into
consideration.

We wish to thank Prof. A.Itoh of Ochanomizu
Univ. for help of the single crystal preparation.
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Mn,Pt(cubic Cu,Au type crystal structure) is a metallic
antiferromagnet having relatively large magnetic moment.
[t shows very interesting first order magnetic phase transi-—
tion. According to Krén et al.V the magnetic structure of
the low temperature phase has a triangular spin structure
with the spins lying in (111) plane and it transforms at
about 356K to a layered structure in which the crystallo-
graphically equivalent Mn site is divided into two magnet—
ic sites; the one with Oxy/Mn and the other with
3.4u,/Mn. The change of the spin structure from the
triangular one to the layered one does not accompany any
change of the crystal symmetry except a large increase in
volume.

In order to elucidate the anomalous magnetic phase
transition of this compound we investigated spin wave
excitations by neutron inelastic scattering using MAX
spectrometer>>,

The single crystals of Mn,Pt used in the present exper-
iment were grown by the Bridgman technique using a RF
furnace in He gas of 5 atm. pressures. The size of the
crystal is 10¢pX30L and the mosaic width is about 0.6
deg.

Spin waves has been measured along the [100] direc—
tion on {001) reciprocal plane scanning through reciprocal
points (010),(110 ),(210) at several temperatures in both
of the low and high temperature phases. This scanning is
the best one for measuring higher energies in the present
experimental configurations. Dispersion relations of spin
waves have been obtained from the peak positions of
TOF neutron scattering data. Figure I shows dispersion
relations measured in the low temperature phase at 383K.
Below 20meV the dispersion cone was not resolved into
doublet peaks due to a steep slope dispersion and a broad-
cning of spin waves, however, above that a singlet peak
was found to split into a doublet, and the line width was
not broad compared with that in an itinerant antiferro—
magnet like Mn,Si%. The spin wave have a q-linear
dispersion relation in low—q region except an energy gap
at g=0. The gq-linear coefficient is determined to be
155meVA in smali q region at 383K and 166meVA at
room temperature. In reference 2 the ¢c-value at room
temperature is reported to be 136meV A which is a little
small compared with the present value. We believe that
the present value is more reliable. The spin—-wave ener—
gies at the zone boundary is 55meV in triangular phase at

room temperafure and keeps almost same value at 383K,
showing small temperature dependence.

In the high temperature phase the Brillouin zone
reduces to half of that in the low temperature phase along
[100] direction. The inelastic peaks have been observed
mainly in (3/2,1,0} zone in this phase. Figure 2 shows the
acoustic branch of the spin wave at 431K which is just
above the fransition temperature. The stiffness constant is
¢=127meVA and the energy at the zone boundary is
estimated to be about 30meV or so. At 459K the stiffness
constant is e=120meVA and the energy at the zone
boundary is about 30meV. The spin-wave dispersion
relation in both of the low and high temperature phases is
not much temperature dependent as suggested in reference
2. This is one of the most important result in the present
experiments. In addition to the acoustic spin—-wave branch
we observed several inelastic peaks probably comrespond-
ing to the optical branch, but intensities of these peaks
are not enough to identify the optical branches. It seems
that [arge reduction of the spin wave energy is mainly
due to the reduction of the exchange energy, but the
change of the zone boundary could have large effect on
the dispersion relation of the acoustic mode. These points
must be confirmed by theoretical studies and also by
experiments measuring along another directions with
much better counting statistics.

In the high temperature phase we observed pronounced
enhancement of the back ground level around zero energy
transfer in neutron inelastic scatiering data. As easily
seen by comparing figures 3(a)and 3(b) which are meas—
ured by counter 6 with almost the same scanning condi-
tion along {100] direction, the back ground scattering in
the high temperature phase has a broad peak around
energy zero. This paramagnetic—like scattering appears
in the high temperature phase. In spite of the ordered
phase the presence of such a scattering is very interesting.
The layered spin structure proposed by Krén et al.” con-
tains a Mn atom which has a magnetic moment of O . If
the disappearance of the magnetic moment is due to the
spin fluctuation, then which contributes to the paramag-
netic-like scattering. However, the layered spin structure
is questioned recently from the isotropic nature of spin
wave dispersion relations determined by Yasui et al.¥ by
using steady reactor in lower energy region (energy trans—
fer less than 23mV}, so in order to discuss the magnetic
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excitations and phase transition of Mn,Pt, correct spin
structure is essential.
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Intermetallic compound Mn,Sn (hex.DO , type crystal
structure) shows complicated magnetic behavior. Kouvel
and Kasper" revealed that Mn,Sn have a triangular spin
structure and is accompanied with a weak ferromagnetic
remanence above 270K, below the temperature corre—
sponding to the decrease of the remanence, magnetic
satellite peaks appear in the neutron diffraction pattern.
By using polarized neutron diffraction the spin structure
at room temperature has been determined to be a so called
inverse triangular spin structure in the c—plane®. This
triangular spin structure was shown to be stabilized due to
the Dzyaloshinski—-Moriya (D-M) interaction. Since the
inverse spin triangle has the spin symmetry incompatible
with the crystal symmetry, it deforms, resulting in a weak
ferromagnetic remanence in the c—plane. Recently,
Ohmori et al. showed that single crystal samples of
Mn,Sn annealed at 850°C had a transition from a triangu-
lar structure to a triangular helix structure at 250K in
agrecment with the early powder neutron diffraction re—
sults given by Kouvel and Kasper?. The triangular helix
of Mn,Sn has a propagation vector of q=1/12¢ along the
c—direction and the g—vector is almost independent of
temperature.

As the origin of the triangular helix, two mechanisms,
j.e. the DM interaction and the balance of the exchange
parameters, are considered. The helix arising from the
former origin has an unique q-vector direction, and that
from the latter one has degenerate states with +q and —q
veetors, so by observing satellite peaks by polarized
neutrons with the neutron polarization parallel and anti-
parailel to the scattering vector we can very easily distin—
guish the mechanisms. In the present work we investigat—
ed the helix of Mn,Sn by using polarized neutron diffrac-
tometer TOP. The single crystal we used in the present
experiment was Mn,,Sn which has the transition from
the triangular spin structure to the triangular helix at
250K,

The most important point in the present experiment is
to attain single q—state. Because M, ,Sn has weak
ferromagnetic component in the c~plane above 250K, the
domain structure in the triangular phase can be controlled
to a single domain by applying the magnetic field in the
c—plane, and cooling through the transition point the
single domain structure in the triangular phase could be
transformed to a single g-state in the helix.

The single crystal was mounted with its a—axis vertical
to the scattering plane. The sample was cooled from
room temperature through the transition point in the mag—
netic field of 9.4kQOe along the a*-axis and then was ro-
tated about 90 deg. to observe the magnetic satellite { O,
0, 1/12¢ }. The polarization of the incident neutrons is

changed parallel and antiparallel to the scattering vector
by using spin flipper .

Figures 1 and 2 show Bragg peaks corresponding to
magnetic satellites of ( 0, 0, 1/12¢ ) at 26 channel position
as a function of wavelength measured at 35K and 270K,
respectively. The peak at 35K disappears at 270K, so it
corresponds to the magnetic satellite peaks. As is shown
in figure 1 appreciable intensity change between flipper
off and on has not been observed. This result shows that
the domains with +q and —q have the same population in
the triangular helix corresponding to the degeneracy of
the helical state with +q and —q vectors. So the triangular
helix of Mn,Sn is an usual proper screw originating from
a balance of the several exchange interactions. However
we must also consider the field cooling effect. If it is not
completely perfect it would produce no effect on the flip—
ping ratio. Such a situation may occurs because the direc-
tion of the ferromagnetic remanence is perpendicular to
the propagation vector of the helix, which may lead to
equal g-vector population. But some unbalance in the
experimental condition will produce unequal population
of the gq~domain. So from the present results it is reason-
able to consider that the triangular helix of Mn,Sn is the
usual proper screw.
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1. Introduction

The e-TiNiSi type inter-metallic compound
CeNiSn attracts attention because of its anomalous
magnetic and transport properties [1, 2]. The
compound shows no magnetic ordering down to 0.4 K.
Its electrical resistivity shows a Kondo-like anomaly
above about 100 K though strongly anisotropic. The
magnetic susceptibility, which is also anisotropic,
shows clear deviation from that expected for a
trivalent Ce compound though its temperature
dependence is rather strong. These experimental
results indicate that this system is located just on the
boundary of the VF regime and the Kondo regime.
More interestingly, the compound shows additional
anomalies below about 10 K which are characterized
by the gap formation at the Fermi energy. The energy
gap was estimated lo be about 6 K. No clear
explanation for the origin of the gap formation has
been given yel.

Compared to CeNiSn, the isomorphous compounds
CePdSn and CePtSn are rather normal. Both are
metallic, and show quite similar magnetic properties
(antiferromagnetic below about 7 K [3]) although the
crystal field in CePtSn has been suggested 10 be much
stronger than that in CePdSn [4]. The Kondo anomaly
in these materials is rather weak [5].

We performed neutron scattering experiments on
CeNiSn as well as on its reference materials CePdSn
and CePtSn [3, 6] {0 investigate the difference of the
4f electron states in these materials from the micro-
scopic point of view.

2. Experimental details

Polycrystalline samples of CeNiSn, CePdSn and
CePtSn of about 60 g to 100 g were used in the
experiments. They were made by arc melt. The X-ray
powder diffraction analysis showed that there is no
appreciable other phases than the target material in the
samples.

The inelastic neutron scattering experiments were
performed on the chopper spectrometer INC and the
crystal analyzer spectrometers LAM-D and LAM-40
at KENS.

In the experiments at the INC spectrometer, the
incident neutron energy was chosen at 60 meV. The

resolution (FWHM) was 3.3 meV at elastic position
(E=0). The raw data were corrected for monitor
normalization, background subtraction, absorption
correction and detector efficiency, and put to the
absolute scale by using the data obtained for a
vanadium standard sample. The phonon contribution
in the raw data was estimated from the high scattering
angle(~120°) data and subtracted from the low angle
data[3].

The high resolution neutron scattering expetiments
at the LAM-D and LAM-40 spectrometers were
performed only on CeNiSn. Both spectrometers
employ several large-solid-angle energy-focusing type
analyzers composed of pyrolytic graphite, each with
its own beryllium filter and detector and with final
energy of 4.6 meV. LAM-D views an ambient
temperature water moderator, whereas LAM-40 views
a solid-methane moderator. Thus, the former has a
high sensitivity at the energy transfer of the thermal
energy region, whereas the latter at the lower energy
region, but with same resclution of 0.35 meV
(FWHM) at E=0.

3. Results and discussions

First, we show the result of the INC experiment on
the compounds. Fig. 1{a), (b) and (c) show the
inelastic magnetic response of CeNiSn, CePdSn and
CeP1iSn, respectively, at about 20 K taken in the low
angle bank of detectors (20 = 5° to 12°). The estimated
phonon contribution is subtracted from the raw data.
The insets in the figures show the raw data and the
estimated phonon contribution for each compound.
The rather high level of the phonon contribution in the
CeNiSn data comes from the large neutron scattering
cross section of Ni nucleus.

Welil-defined crystal field excitations were
observed for CePdSn and CePtSn. The solid curves in
the Figs. 1(b) and 1{c) show the best fits to the data
using a sum of two Lorentzians as the spectral
function. The obtained excitation energies for CePdSn
are 17.4 and 25.8 meV with the iinewidths (HWHM)
of 2.2 and 2.7 meV, whereas those for CeP1Sn are 23.6
and 36.6 meV with the line widths of 2.0 and 3.6 meV.
The observed overall crystal field splitting in CePtSn
is about 40 % larger than that of CePdSn.

- 170 —



{mb/sr/meV/formula)

1(0,w)

0
0

Energy (meV)

Fig. 1 Magnetic responses of {a}) CeNiSn, (b) CePdSn
and (c) CePtSn al about 20 K observed with the INC
spectrometer. The sclid curves indicate the results of
the least squares fitting to the data using Lorentzian(s})
as the spectral function. Insets show the raw data and
the estimated phonen contribution for each compound.

The spectrum of CeNiSn is rather structure-less
above about 5 meV. The solid curve in Fig.1{a) shows
the best fit to the data using a single Lorentzian
centered at E=0 as the spectral function. The fit gives
the width of 2.2 meV.

Fig.2 shows the spectra of CeNiSn at 3 and 15K
obtained with the LAM-D spectrometer at the
scattering angle of 35°, The raw data were correcied
for the wavelength variation of the incident spectrum,
detector efficiency and absorption effect. No
correction was done for phonon contribution because
of the limited Q range which is covered by the LAM-
D spectrometer. The result shows that the spectrum
below about 10 meV is not a monotonous function of
energy but has a peak at about 4 meV which is
strongly temperature dependent and cannol be seen in
the INC data at 19 K because of the resolution
limitation of the spectrometer. The overall features of
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Fig. 2 Spectra of CeNiSn observed with the LAM-D
specirometer,

the spectrum above about 10 meV is not so different
from the raw data of the INC experiment (see the inset
in Fig, 1{a)). The apparent difference between the two
spectra is due to the difference of the scatiering
triangles, of phonon contribution and of the resolution.
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Fig. 3 Spectra of CeNiSn observed with the LAM-40
spectrometer. The thick solid, dotted and chained lines
indicate the results of the Lorentzian fit to the data
between 0.7 and 2.5 meV at 3, 15 and 50 K,
respectively. Broken line represents the estimated
phonon contribution.

Fig. 3 shows the response functions of CeNiSn at
3, 15 and 50 K at small energy transfer obtained with
the LAM-40 spectrometer. After the same correction
as the case of LAM-D data, the raw data, each of
which is the sum of the counts at 24°, 40°, 56° and 72°
detectors, were corrected for the kgk; term and the
temperature factor 7w /[1- exp(-F@f)] in the cross

section 10 get the response function (= Im[x(Q.0)/®] +
phonon background). In this correction, we neglected
the resolution effect because it is small enough for the
present purpose. The data at the energy transfers less
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transfers less than 0.7 meV are omitted in the figure
because of the strong contamination of the incoherent
elastic scatiering. The broken line in the figure
indicates the phonon contribution estimated from the
measurement on LaNiSn with the same experimental
condition as the measurement on CeNiSn. The phonon
contribution is clearly small in this energy region,

The overall height of the observed magnetic
response function decreases with increasing
temperature. This is qualitatively consistent with the
behavior of the reported temperature dependence of
the bulk susceptibility. Each spectrum below about
2.5 meV increases monotonically with decreasing
energy transfer though a small hump is seen around
1.1 meV. The solid, dotted and chained lines in the
figure show the best fit Lorentzian function centered at
E=0 to the data between 0.7 and 2.5 meV at 3, 15 and
50 K, respectively. The agreement is rather good in the
energy region. The obtained widths of the Lorentzians
are 1.6, 2.1 and 3.0 meV, respectively. Note that the
width of 2.1 meV at 15 K is comparable to the result
of the Lorentzian fit to the INC data at 19 K which
gives the width of 2.2 meV.

However, the spectra show more complicated
features at higher energy transfer. At 3 K, the
spectrum starts to deviate from the Lorentzian above
about 2.5 meV and show a broad peak around 4 meV.
At 15 K, the spectrum also shows broad peaks around
4.5 to 7 meV, as also seen in the LAM-D data(Fig. 2).
However, the intensity around 4 meV is considerably
smaller than that at 3 K, whereas the intensity around
7 meV is the same as that at 3 K. At 50 K, no peak is
seen around 4 meV. Instead, the spectrum starts to
deviate from the Lorentzian around that energy.

The experimental results demonstrate that the 4f
clectron state in CeNiSn is quite different from those
of CePdSn and CePtSn. In the latter compounds, two
well-defined crystal field excitations were observed,
and this indicates that the 4f electron is well localized.
The reason of the rather large difference of the crystal
field splitting between them is not well known.

No well-defined crystal field excitations were
observed for CeNiSn. Instead, it shows a Lorentzian-

Iike broad response centered at E=0 with a broad peak
at about 4 meV. The temperature dependence of the
peaks is quite anomalous. Similar anomalous spectra
for CeNiSn were also reported by other groups[2, 7]
but the agreement with our results is not satisfactory.
The magnetic response might be understood as that of
over-dumped crystal field excitations, but, it is
difficult to explain the temperature dependence of the
peak around 4 meV by a simple model. It is clear,
anyhow, that the hybridization effect in CeNiSn is
much stronger than in CePdSn or CePtSn and that its
4f electron state is more like valence fluctuating. We
suggest that the anomalous temperature dependence of
the peak around 4 - 7 meV indicates the development
of a short range magnetic correlation at the low
temperatures.
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1. Introduction

Ce-monopnictide CeX (X=P, As, Sb, Bi) is a low
carrier system which exhibits unusual magnetic and
transport properties with Kondo anomalies. Thus, it
has been a target of many experimental and theoretical
works[1]. So far the studies of this system were
mainly concentrated on the heavier Ce-monopnictides
CeSb and CeBi because these compounds exhibit
highly unusual properties such as a very small crystal
field splitting or a complex magnetic phase diagram,
and it has been realized that the unusual properties are
due to the strong effect of the mixing of Ce 4f electron
with the valence p electrons on the pnictogen atoms
(p-f mixing effect). Recently, the lighter compounds
CeP and CeAs have also attracted attention since it has
been revealed that the carrier numbers in CeP and
CeAs are very small, the order of 10-3 carriers per a
formula[2,3], which is a factor ten smaller than that of
CeAs or CeBI, and that these compounds also exhibit
unusual magnetic phase diagrams. Both compounds
show the type I antiferromagnetic ordering below
about 10 K at ambient pressure, However, with
applying a pressure above about 0.3 GPa(CeP) or 1.1
GPa(CeAs), 2 new magnetic phase with a
ferromagnetic component is seen just above the
antiferromagnetic phase in each compound[4]; the
obtained P-T phase diagram is quite similar for both
compounds, but CeP shows the anomaly at lower
pressure. These facts indicate that the 4f electronic
state in these compounds is quite similar and very
sensitive to the atomic distance. Considering the fact
that the crystal field splilting in these two compounds
is also anomalously small[5], the pressure effect of the
p-f mixing is thought to be an origin of the anomalous
magnetic phase diagram. Thus, it is quite interesting 1o
study the pressure dependence of the crystal field state
in the compounds by neutron scattering.

In this report, we present a recent result of the
neutron scattering study on CeP under high pressure
using the chopper spectrometer INC.

2. Experimental details

The neutron scattering experiments were
performed on the chopper spectrometer INC at the

pulsed neutron source KENS in the National
Laboratory for High Energy Physics. The pressed CeP
polycrystalline sample of about 10 g was sealed in 2
thin aluminum cell{the sample space is 1 cm diameter
and 5 cm long) with the non-hydrogencus pressure
media(Fluorinert, Sumitomo 3M Co., Ltd.). The cell
was inserted in a clamp-type high pressure sample
container made by Aluminum. Then, the sample was
pressurized up to 0.8 GPa, The outer diameter of the
sample container is § cm. However, two cuts with the
depth of 2 cm are made on the wall along the neutron
incident beam(1 cm by 5 cm) and the scattered neutron
paths with the scattering angle less than 12° to
decrease the scattering from the Aluminum wall. All
the surfaces of the high pressure container except
those in the neutron paths were covered by cadmium
sheets of 0.5 mm thick, The container was mounted
within a closed cycle refrigerator cryostat on the INC
spectrometer. The neutron scattering measurements
were done at 20, 40, 60 and 80 K. The incident
neutron energy was chosen at 40 meV, The resolution
of the spectrometer for this energy is about 2.2
meV(FWHM) at = 0.

The measurement on LaP was also done at 20 and
80 K with the same condition but only at ambicnt
pressure to estimate the phonon background originated
from the sample its self as well as from the wall of the
high pressure sample container. The amount of the
LaP sample was chosen so that its total nuclear
scaltering cross section becomes equivalent to that of
the CeP sample.

3. Results and Discussion

Fig. 1 {a), (b), (c} and (d) show the pressure
dependence of the magnetic response from CeP at 20,
40, 60 and 80 K, respectively, which were obtained
from the CeP data by subtracting the LaP data as the
phonon background. For the phonon background at 40
and 60 K, the LaP data at 20 and 80 K, respectively,
were used. This may be allowed since the temperature
dependence of the LaP data is rather small. The
pressure dependence of the phonon background was
also assumed to be negligible. Clearly, the peaks

around 13 meV cormrespond to the I'7 - T'g crystal field
excitations in CeP. The solid and broken curves in the

— 173 —



16

i T ; ;
o obs (T atm)
—~ 12 CeP —— calc (1 atm) =
= @ obs (0.8 GPa)
S gL 8K ---calc(0.8GPa)
by
2
2 4F
=
vt
(1]
16 i T T i
5 INC R
o B Ei = 40 meV
& .l ek 20= 5°.12°
ey
)
R
0
16 ] T T ]
—_ 12 =
=
&
= 8F
‘®
g
=
Jrasacg
0
16 T ] T ]
— 12 b= -
=
S 8
= .
=
g 4F
=
Sy
1]
0

Energy (meV)

Fig. 1 Magnetic responses from GeP at (a) 20 K, (b}
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show the observed specira at ambient pressure and 0.8
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results of least squares fit to the data at ambient
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Fig. 2 Results of (a) crystal field excitation energies
and (b) linewidths(HWHM) vs. temperature. Open and
closed circles show the results at ambient pressure and
0.8 GPa, respectively. Open triangles show the
reported crystal field sphitting values at ambient
pressure by Heer et al.[7].

Fig. 1 shows the results of a least squares {it procedure
to the data at ambient pressure and at 0.8 GPa,
respectively, where the spectral shape function was
assume o be a sum of two Lorentzians, one for the
quasi-elastic scattering and the other for the crystal
field excitation. The peak positions of the crystal field
excitations decrease by applying the pressure.
However, no big change of the spectral shape is seen.

The peak positions of the crystal field excitations
and their linewidths obtained from the Lorentzian
fitting are summarized in Fig. 2 (a) and (b),
respectively. The peak position at ambient pressure
decreases linearly with temperature up to 60 K, and
shows a bit faster decrease at 80 K. The values at 20
and 80 X are about 5 % smaller than those reported by
Heer et al. at 15 and 77 K, respectively[7]. At 0.8 GPa,
the peak position also decreases lincarly with
temperature up to 60 K but with about 10 % lower
value than that at ambient pressure, whereas the value
at 80 K is almost same as that at 60 K, thus the
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pressure dependence of the peak position becomes
small(about 5 %) than that at lower temperature. The
linewidth at ambient temperature increases first slowly
from 20 K to 40 K, but becomes to be almost
proportional to the temperature above 40 K. At 0.8
GPa, the lincwidth behaves nearly same as that at
ambient pressure but with about 10 to 20 % larger
value than that at ambient pressure up o 60 K and
again the pressure dependence becomes small(almost
same linewidth) at 80 K.

The above features of the pressure dependence of
the crystal ficld excitation seem to be correlated with
the observed anomalies in the electrical resistivity[4].
At ambient pressure, the resistivity shows a sharp peak
at the Néel temperature(about 10 K). After passing
through a minimum at about 20 K, the resistivity
shows a broad peak at around 70 K, above which it
shows a Kondo-like decrease with increasing
temperature. At the pressure of about 0.8 GPa, the
broad peak shifts to about 10 % lower temperature,
The observed decrease of the crystal field splitting at
0.8 GPa is also about 10 % at low temperatures as
described above. This coincidence suggests that the
broad peak of the resistivity is strongly related with
the crystal field splitting. Another interesting feature is
that, at 80 K which is the temperature just above the
broad peak of the resistivity, the pressure dependence
of the crystal field excitation is small compared with
those at the lower temperatures. This indicates that the

electronic state of CeP at the temperature region below
the broad peak position of the resistivity is more
sensitive to the pressure than that at higher
temperature.

More detailed study including the experiment at
higher pressure is under way.
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1. Introduction

YbX (X= N, P and As), which crystallizes in the
NaCl structure, is a semimetallic compound with tow
carrier density (a few percent per formula). At low
temperatures around 0.5 K, YbX undergoes
antiferromagnctic long range ordering [1]. However,
the saturation moment and cntropy at the Néel
temperature are considerably smaller than the
expected values of the crystal field ground state
doublet. It also shows an anomalously enhanced
specific heat around 5 K. These are considered to be
the characteristic features of the Kondo effect. We
have studied the low carrier Kondo effect in this
system by means of neutron inelastic and quasi-elastic
scatiering. Some results of the inclastic scattering
work were reported elsewhere {2] [3], and the neutron
quasi-elastic scattering (QES) experiments on these
compounds are presented here.

2. Experimental

We performed neutron quasi-elastic scattering
experiments on powder samples of YbX (X=N, P and
As) on both the crystal analyzer type specirometer,
LAM-D, at the spallation neutron source KENS in
KEK, and the triple axis spectrometer, TOPAN, at the
JRR-3M in Japan Atomic Encrgy Rescarch Institute
(JAERID). LAM-D uses a fixed final neutron cnergy of
about 4.5 meV. This condition facilitates the high
resolution experiments in lower energy transfer. The
samples were the same as those used in the inelastic
scaitering work.

3. Resulis and Discussions

Figure 1 shows QES spectra of YbN at a scattering
angle of 35° using LAM-D at 14 K (upper portions)
and room tecmperature(lower portions). Figures 1(a)
and (b) show the same observed spectra and results of
different methods of analysis, as described below.
The observed spectra (open circles) were corrected for
the background, absorption and wavelength
dependence of incident ncutron flux. The resulls of
the least squares fit of the QES spectra to calculated
line shapes are also shown in Fig.1 (chain lincs). The
QES spectra are fitted to either a Gaussian (Fig.1(a))

or a Lorentzian (Fig.1(b)) line shape convoluted with
the instrumental resolution. The dotted lines
correspond to the incoherent elastic scattering parts of
the speelra and indicate the energy resolution as well.
The 'dependence of the intensity on the temperature
cannot be discussed here since the experimental
conditions for the spectra at 14 K and room
temperature are not identical. As seen in the figures,
the QES spectra at lower temperatures below 50 K are
explained well by the Gausstan line shape, whereas, at
higher temperatures, the Lorentzian line shape gives
somewhat better agreement than the Gaussian one.
The QES spectra of YbP and YbAs show exactly the
same features.

YbHN : LAM-D
Gaussian fitting  Lorentzian fitting
¥ ' * ¥ I T
S L1
14K

b

Intensity [a.u.)

a4 0
Energy transfer [meV]

Fig.1 QES spectra of YbN at 28-35° using LAM-D with
E{=4.5 meV at 14 K and room temperature. The
solid lines indicate the Gaussian (a) and
Lorenizian (b) specira convoluted with the
instrumental resolulion. The chain lines and
dotted lines show the quasi-elastic and incoherent
elastic panis of the spectra, respectively.
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The important feature of the crossover from the
Gaussian line shape to the Lorentzian one with the
increase of temperature is scen in the plot of the
temperature dependence of the reliability parameler,
called the R-factor of fitting, which is defined as
follows,

R = Z’(Ijh"—l‘:d z /E}Ic:bx
-\’ i i (1)

obs(eal
, where Ii

channel for an observed (calculated) spectrum. Figure
2 shows the lemperature dependence of the R-factors
obtained by the Gaussian (open circles) and
Lorentzian {(closed circles) fitting for the three
compounds. The lower dashed lines indicate
statistical minimum values of the R-factors. It is quite
remarkable that the behavior of the crossover is
common for these compounds. Furthermore, the
transition point of about 150 K is also the same for the
compounds.

) indicates the intensity at the i-th

In Fig.3, the linewidths of the QES spectra
(HWHM) of YBN (circles), YbP (squares) and YbAs
(triangles) determined from the fitting are plotted
against temperature. Open and closed symbols
indicate the results of the Gaussian and Lorentzian
fittings, respectively. The data below 10K were taken
with the triple axis spectrometer TOPAN with incident
neutron energy of 14 meV. The results observed with
TOPAN are consistent with those observed with
LAM-D at higher temperatures. The resulls of the
Lorentzian fitting below 50 K and those of the
Gaussian fitting above 200 K are not shown in Fig.3,
because the QES spectra cannot be explained well by
these line shapes. The observed linewidths of the QES
spectra of these three compounds are almost the same,
and increase with temperatures up to 50 K. They are
almost constant or even decrease slightly above 150 K.

' f T J I
20 =
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o YbP a YbP
a YbAs » YbAs
0.0 : ' : ' : L
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Fig.3 Temperature dependence of the quasi-slastic
linewidth (HWHM) of YbN {circles), YbP (squares)
and YbAs ({triangles). The open and closed
symbols represent the Gaussian and Lorentzian
linewidths, respectively.

We have also measured the momentum transfer (Q)
dependence of QES spectra of YbN at 10 K and room
temperature and of YbP at 1.5 K and room
temperature using TOPAN for 1.1 AT<qQ<17AL
Figure 4 shows the Q dependence of the linewidth (a),
HWHM, and integrated intensity (b) of YbN at 10 K.
The dotted line in Fig.4(b) indicates the Q dependence
of the square of the magnetic form factor {(Q) of free

I+, . . .
Yb ' ion [41. It is concluded that the linewidth and
integrated intensity are nearly independent of Q. We
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also observed the Q-independent feature of QES
spectra of YbP at 1.5 K. No appreciable Q
dependence of the QES spectra of either compound
was observed at room temperature. Therefore, the
spatial magnetic correlations in these compounds
might not be strong enough to be detectable in powder
samples.

~ 2.0 |- (a) -
% I % ]
E
E 1.0 |- {) + } -
= YbN

- T=10K ]

0.0 —t—f—t—tf—t—y —rt

1zt (b)
g,; L T R
N @ ]

Momentum transfer Q {f\ "]

Fig.4 Q dependence of the linewidth {a) and integrated
intensity (b) of the QES spectra of YbN at 10 K
using TOPAN with E;=14 meV. The dottad line
indicates the square of the magnetic form factor of

3
free Yb ' ion [4].

Now, we discuss the magnetic fluctuations for the
ground state I'g in Yb monopnictides. The c-f mixing
cffects for the ground states are concluded 1o be
common in Yb monepnictides, since the QES spectra
are essentially the same for these three compounds,
The spin fluctuations at low lemperatures are governed
by the RKKY type interatomic exchange interactions
since the observed QES spectra of the YbX
compounds are cxplained well by the Gaussian
function rather than the Lorentzian one below about
50 K. The characteristic energy of the exchange
interactions in these compounds is estimated to be
about 20 K from the linewidih at about 50 K. The big
difference between the actual Néel temperatures (~0.5

K) and the exchange cnergy (~20 K) arises in the
strong suppression of the magnetic ordering by the
Kondo effect. It is also concluded that the
characteristic energy Ty in the YbX compounds is
about the same value due 10 the complete suppression
of the magnetic ordering. This value is about four
times larger than the value previously estimated from
the anomalous peak of the specific heat based on the
impurity Konde model [5].

The gradual change of the spectral line shape from
the Gaussian-like function to the Lorentzian-like one
with increasing temperature indicates that the single-
site relaxation process is not appreciable at low
temperatures, but becomes important at higher
temperatures. The Lorentzian linewidth of 10 X at
room temperature is relatively small compared with
those of the typical dense Kondo materials such as
CeBg, CeAl, or CeCu,Si; [6]. However, if the fact
that the carrier density is very low iIs taken inio
account, it should be noted that the c-f mixing effect in
the YbX system ig rather strong.

4, Conclusien

In conclusion, the experimental results have
revealed that YbX is characterized as a system in
which the magnetic ordering is strongly suppressed
due to the competition between the interatomic
exchange interaction and the single-site Kondo effect
and in which the c-f mixing effect is rather strong in
spite of the low carrier number.

A more detailed study of the QES spectra using
single crystal samples is now in progress.
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NEUTRON SCATTERING STUDIES OF Ce(Zn, ,Cu,),
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1. Introduction

CeZn,, which has the same crystal structure as
CeCu, (Imma space group), orders
antiferromagnetically below 7.5 K with a
metamagnetic magnetization process along the easy b-
axis. It shows a Kondo behavior in the electrical
resistivity[1]. The substitution of 25% of Zn atoms by
Cu atoms suppresses the ordering temperature
considerably (Ty<1.5 K) [2] and yields more similar
magnetic properties as those of CeCu, which shows
typical propertics of Kondo lattice. This indicates that
there is a possibility that there exists a competition
between the Kondo effect and the RKKY interaction
in the mixed compound Ce(Zn,;_,Cu,), . Of coursc
there is another possibility that the phenomena are
caused by a compelition between the different kind
cxchange interaclions or belween differcnt magnelic
anisotropy since both side compounds show different
types of magnetic ordering at low temperatures{3,4].
In order to clarify this point we have performed
neulron scatlering cxperiments as well as
susceptibility measurements. In this paper, we report
the results of the neutron scattering and magneltic
susceptibility measurcments.

2. Experimental details

Polycrystalline samples were prepared by melting
together the required amount of Ce(3N), Zn(5N} and
Cu(4N) in tantalum crucibles in 3 hours at 1150 °C,
cooling at the rate of 1 °C/min. and holding for 24~48
hours at 450 °C. Single crystal samples were picked
from the products. The susceptibilities were measured
on the single crystal samples with x = 0.1, 0.15, 0.2
and 0.25 along a, b and c axis using a SQUID
magnetometer in the temperature range from 1.9 K to
270 K under applied ficld of 5 kOe. For x = 0.2, we
observed the susceptibility between 0.5 K and 5§ K
using Faraday method in a 3He cryostat. The Néel
temperatures were determined from the cusps of the
susceptibilities.

The neutron scatlering experiments were carried
out on the chopper spectrometer INC and the crystal

' {mol/emu)
E

analyzer spectrometers LAM-D at the spallation
neutron source KENS in KEK. Polycrystalline
samples of Ce(Zn;_xCuy)s with x =0, 0.05, 0.1, 0.15,
0.2 and 0.25 were used in the experiments.

3. Results

Fig. 1 shows the results of the susceptibility
measurements of the compounds with x = 0.1, 0.15,
0.2 and 0.25. The anisotropy of the magnetic
susceptibilities of the compounds is large duc to the
low symmetry of the crystal structure. The casy axis
changes systematically from b-axis to a-axis with
increasing x.
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Fig.1 Temperature depandence cof the reciprocal
susceptibilities of the compounds Ce{Zny.,Cu,}»

with (a) x = 0.1, {b) x = 0.15, {c) x = 0.20 and (d) x
= 0.25. The solid lines indicate the results of least
squares {it to the data using the CEF model.

The solid lines in fig.1 are the results of least squares
fit to the data with the theoretical magnetic

susceptibility, %' = xcgp? + A. Here, A is the
molecular field parameter and % cgp is the
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susceptibility derived from the crystal electric field
{CEF) Hamiltonian :

0
2

2

00 4 .4
03 +B404

+B4O +B 04 (1)

0
B, 0,

Hepe=

where BY' and OT are the CEF parameters and

Stevens' operalors.

Fig. 2 show the inelastic magnetic response of the
compounds with x= 0, 0.05, 0.1, 0.15, 0.2 and 0.25 at
about 20 K observed with the INC spectrometer in the
low angle bank of detectors (28 = 5° 0 12°), The
phonon contribution is subtracted {rom (he raw data,

2F(a) | S o newaqF (d) 15 = -|.,
[ x=0.0 b 5P 1 x=0.154 |
17 K M%‘\m 19 K ’-“"M

{mb/sr/meV/formula)

Intensity

00
Energy (meV)

Energy (meV)

Fig. 2  Inelastic magnetic responses of Ce{Zn;_,Cu,lp
with {a) X = 0, {b} x = 0.05, (¢} x = 0.1, (d) x = 0,15,
(8) x = 0.20 and (f) x = 0.25. at about 20K
observed with the INC spectrometer. The solid
lines indicate the resull of the least squares fitling
to the data using Lorentzian as the spectral
function. Insels show tha raw dala and the
astimated phonon contribution for each compound.

The solid lines in the fig. 2 show the best fits to the
data using a Lorentzians as the spectral function, The
insets in the figures show the raw data and phonon
contribution estimated by scaling the high angle data

(20 = 112° to 130°) using a scalng factor which was

obtained from the measurement on a non-magnetic
reference material LaPdSn.

Well-defined CEF excitation from the ground state
to the first excited state was observed for CeZng at
l6meV. With increasing x, the excitation energy
decrease lineally, while its linewidth increases with
vpward curvalure. Table 1 lists the CEF excitation
energics from the ground state to the first excited stale
obtained {rom the fit together with those obtained by
the susceptibility measurements.

Table 1-Concentration dependence of the CEF excitation

anergy from the ground state to the first excited
state. Egq(neu.) is determined by the neutron

inelastic scaltering experiments. Egq(sus.) is
obtained from the fit 1o the susceptibilities.

X 00 } 0.1 10.15] 0.2 | 0.25
Eot || 16.1 | 125 10.7 { 9.1 7.0
(neu) | £0.4 | £0.5 | £0.7 | 0.8 | +1
Eo1
(sus) || 12.51| 10.3 | 49 | 56 | 3.4

1 From ref, [2] {unit:meV)

Fig. 3 shows the quasi-elastic spectra of the
compounds with x =0, 0.1, 0.15 and 0.25 at scattering
angle of 35° at 30 K, 23 K, 24 K and 24 K,
respectively, The raw data were processed for
background subtraction, incident flux normalization
and absorption correction.

8 ¥ L 8 1 ] ]
5 oL@ x=0.0 | | (¢ x=0.15
S R O T 24 K
a8 4 4k \ 4

e total LAM.D

Intensity

(a.n.)

Intensity

Energy (meV)

Energy (meV)

Fig. 3 Specira of Ce{Zny4Cu,)o with {a) x =0, (b) x = 0.1,
e} X = 0.15 and {d) x = 0.25 observed with the
LAM-D spectrometer. The lines indicate the result
of the least squares filting to the data bstween
-4meV to 4meV using Lorentzian as the spectral
function.
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The lines in fig. 3 show the best fits to the data with a
Lorentzian as the spectral function of the guasi-clastic
scattering, where the thick solid lincs and the broken
lines correspond to the quasi-elastic and incoherent
clastic scattering, respeclively. We also tried to fit
with a Gaussian, but the agreement with the data was
not satisfactory,

Fig.4 summarizes the results of the ncutron
scattering experiments. The closed and open circles
arc the linewidths of the CEF scatlering and quasi-
elastic scattering, respectively. The Néel temperatures
determined from the susceplibility measurements are
also plotted by open squares. For x=0.2, no magnelic
ordering was found down to 0.5 K.
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Fig. 4 Concentration dependence of the line widths of the
CEF scattering and the quasi-elastic scattering,
and the Néel temperature.

4. Discussion

As seen in table 1, (he CEF excitation ¢nergies
obtained from the susceptibilitics by using the least
squares fit procedure are qualitatively in agreement
with those determined by the neutron inelastic
scatlering experiments. This indicates that 4f electrons
in this system are well localized and the susceptibility
is explained rather well by the crystal field model .

The result of the quasi-elastic scatiering
experiment shows that the spectra of Ce(Zny_,Cuy),
are reproduced well by a Lorentzian spectral {unction
at around 20 K. However the linewidth of the specira
remains constant with increasing x (HWHM = 04
meV) . This means that, though the spin fluctuations
of the the ground state in this system are mainly
caused by the single sile spin rclaxation process at
about 20 K, the energy spread of the spin fluctuations
does not change with increasing x. It indicates that the
Kondo temperature of this system is almost constant
with increasing x in spile of the sudden decrease of the

Néel temperature. The Kondo temperature is estimated
lo be less than 5 K from the linewidths of the quasi-
elaslic scallering.

From the result of the present experiments, we
suggest that the suppression of the ordering
temperature in Ce(Zn;_,Cu,), is mainly caused by the
competition between different kind exchange
interactions or between different magnetic anisotropy
due to the substitution of Zn atom by Cu atom rather
than the competition between the Kondo effect and the
RKKY interaction as expected earlier, since there is no
sign of the increasing of the Kondo temperature with
increasing x. Thus, the broadening of the linewidth of
the CEF scattering is thought to be a result of disorder
effect caused by the random substitution of Zn atom
by Cu atom. However, it is still possible that the
Kondo effect exists at a certain amount in this system.
Since the total exchange energy becomes small around
x = 0.2, the competition between the Kondo effect and
the RKKY interaction will be significant in the
compound Ce(Zn;_Cu,), with x around 0.2.
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Fe/Cr artificial multilayers are known to be the first
multilayer system that shows a giant
magnetoresistance (GMR) effect]). Experimentally it
has been concluded that antiferromagnetic coupling of
magnetic moments in adjacent Fe layers is essential to
the GMR effect?) and that the magnitude of the GMR
effect osciliates as a function of the thickness of the Cr
layer3). On the other hand, the origin of the
antiferromagnetic coupling and of the GMR effect
were still unknown. Recently several theoretical
models were proposed which claimed that interfacial
roughness between the Fe layers and Cr layers played
an important role?). Neutron reflection and diffraction
studies are a powerful tool in invesiigating such
interfacial roughness. We have performed neutron
diffraction measurements on Fe/Cr artificial
multilayers in order to clarify the relation between the
GMR effect and Lhe interfacial roughness.

A sample was prepared by MBE at NEC Corp.,
consisting of an Al203(1102) substrate upon which is
grown first a Nb(100) chemical buffer of 2000A
thickness and then an Cr{100) sced layer of 750A
thickness. A [Fe(100) -30A /Cr(100) -10A] bilayer is
grown 80 limes on the seed layer. The shape of the
sample is rectangular, the crystal face being the (100)
plane of bee-Fe and bee-Cr atoms. The dimensions
were 30x40 mm2. A neutron diffraction study has
done at TOP spectrometer at KENS. Two bands of
incident neutrons, 3-9A and 11-18A, were used for the
experiment, The scattering vector of neutrons was
perpendicular to the (100) plane.

100 T T T Y 4 T
Incident neutrons
| [(11A-184)
Incident angle 2.7°
| Room temperature

o
[=]

&

Counts (arb, )
8

g
(]
L]

T T I
The position channel number of PSD
Fig. 1. Counts of total neutrens at each position channels of PSD.
Band of incident neutrons is 11-18A with the incident angle of
2.7°

[~

Figure 1 shows the counts of neutrons at each
position channel of the PSD when incident neutrons
from 11A-18A band were directed to the sample at an
incident angle of 2.7°. The peak at channels 32 and 33
in the spectrum are due to the direct beam, which did
not pass through the sample and transmitied neutrons
which underwent small refraction. The reflected beam
observing the specular condition ( the incident angle is
equal to the reflection angle ) was detected at channel
51. The geometrical condition of the experiment is
displayed in Fig. 2.

PSD——

sample

Incident neutrons =1 32ch.

reflection

| 164ch,

Fig. 2 Geometrical configuration of the PSD.

It is noted that clear reflection under off-specular
conditions was visible at channel 57. At this position
the reflection angle is equal to 3.6°. When the band of
incident neutrons was shifted from 11A-18A to 3A-
94, two Bragg peaks were observed under the same
conditions as in Fig. 1. One is the diffraction peak
from the superlattice of [Fe(30A)/Cr(10A)] bilayer
itself, and another corresponds to the
antiferromagnetic diffraction peak of the Fe layers
with twice the lattice spacing of the bilayer. In this
case only reflection under specular condition was
observed, however, the divergence of the reflected
beam seemed to be large. It is convenient to make a
contour map of intensities of reflected neutrons in

— 182 —



which the horizontal axis is the number of position
channel of the PSD (reflection angle) and the vertical
axis is the number of time channel (wavelength of
neutrons) {(Fig. 3).
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position channel number
Fig. 3 Contour map of intensitics. The horizontal axis
corresponds Io reflection angle and the vertical one to wavelength

of neutrons, Two Bragg peaks are observed at points (51,2) and
(51,16).

2.7° (51ch.){specular condition]

Window of Fig. 1
18A

7.3" {57ch.)

11A
9A

TOF channel ( A )

3A
2.6 (41ch,

9.3° (64ch.)
Window of Fig. 3

position channel (20 )

Fig. 4 Schematic representation of the wavelength-reflection
angle window in Fig. 1 and Fig. 3.

Since the incident angle was fixed at 2.7°, specular
reflection was observed at channel 51. The peak at
(51,16) is due to magnetic Bragg scattering and that at
(51.2) corresponds to the superlattice of the bilayer.
The map shows that the peaks, especially the magnetic

Bragg one, are widely spread. The difference of the
reflection angle-wavelength window  between Fig. 1
and Fig. 3 are schematically displayed in Fig,. 4.

1t is obvious that the extra reflection at channet 57
in Fig. 1 is the foot of magnetic diffuse scattering
around the magnetic Bragg peak. Such large magnetic
diffuse scattering suggests that there exists an in-plane
magnetic disorder at the interface between the Fe
layers and the Cr layers. This is the first observation of
in-plane magnetic disorder in Fe/Cr superlattice
structures. In order to get more information on the
magnetic disorder at the interface and on the relation
between the magnetic disorder and the GMR effect,
we are currenlly measuring the magnctic field
dependence of the magnetic diffuse scattering. The
results will be reported in the near future.
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Methanol forms a crystalline monolayer at low
temperatures on the surface of graphite. Since
graphite is hydrophobic, the system has been
expected to have hydrogen bonds within the
monolayer as the bulk solid does. An X-ray study
reported that the monolayer has zigzag chains of
alternating weak and strong hydrogen bonds.l) It
is now interesting to know the molecular
vibrations for such system by molecular
spectroscopy. ¥hile the heat capaci&y
measurement at low temperatures enabled us to
estimate an averaged frequency for the
librational modes as well as that for the two-
dimensional lattice modes.Z) the incoherent
inelastic neutron scattering would give us the
direct information.

The spectrometer LAM-D was used to obtain the
spectrum in the energy range up to 30 me¥ at 13
K. Sinece the graphite specimen {(Grafoil MAT)
which we used has a preferred orientation, ve
first tried tc observe the modes parallel to the
surface (Q//).

cylindrical shape was used.

An aluminium container of
[t has a needle
valve which is workable zt low temperatures. The
cell contained t6 g of graphite which had been
degassed at 408°C.

adsorbed was only 80 mg, corresponding to the

The amount of methanol

coverage well below the monolayer.

The result is shown in Fig. 1. The
contribution from the adsorbed film amounted to
the same magnitude as that from the background
including graphite. Overall, the spectirun
clearly indicates that the system is in a
crystalline phase. Among several discernible
peaks, two modes peaked at 7 meV and 12 meY can
be assigned as a lattice mode and a librational
mode, respectively. The latter seems to be

consistent with the result obtained from the heat

capacity measurement {(13me¥). There also seens
to be a shoulder around 15 meVY which can be
ascribed to another librational mode.
Unfortunately, however, any evidence of the
existence of short hydrogen bonds could not De
obtained. We should know the complete structure
including the position of the hydrogen atoms by
neutron diffraction. Nevertheless, the present
demonstrative result would encourage us to
investigate the molecular vibrations of such

dileted system successfully with LAM-D

spectrometer.

Density of states
==

0 i 20 a0
E/meV

Fig. I. Density of states of the monolayer
nethano! adsorbed on the surface of

graphite obtained at 1% K.
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Quasielastic Neutron Scattering in Methyl Chloride
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Methyl chloride forms two types of the
monolayer on the surface of graphite, depending
upcn the coverage.l'Z) ¥hile the low-density
phase {ca.5 molecule/am,) melts at 120 K, the
high-density phase {ca.7 molecule/nmy} melts at
148 E and has a phase transition at 128 K in its
two-dimensional solid phase. Since the bulk
solid has no phase transition, it is interesting
te know the dynamics of both the methyl groups
and the whole molecule, particularly in the high~
density solid phase.

The purpose of the present experiment was to
see the dynamics of the adsorbed molecules in the
high-density phase by neustron scattering. Ye
used two spectrometers LAM-40 and LAM-305T. The
spectra obtained at 110 K for LAM-40 and LAM-80ET
showed that the system has at least two
quasielastic components as illustrated in Figs. 1

and 2. respectively. The former indicates that

T ! T T T

S(Q,w)

1 ] ! 1 ]

- 0 2
E/meV

Fig. 1. A guasielastic component abserved at 110
K for the high-density monolayer of
methyl chloride on graphite (LAM-40).

the correlation time would be around sx107 12 5

which is presumably due to the rotational motion
The latter

indicates that the correlation time would be

of the methyl group of the molecule.

around 8x10” 1 s which can be ascribed to the
overall rotation of the molecule. It is
necessary to investigate those conatributions
carefully and more in detail by looking at the Q
dependence as well as the temperature dependence.
In this stage, however, we can safely conclude
that the molecular motions should be much nore
vigorous on the surface of graphite compared with

those for the bulk solid.

E/meV

Fig. 2. A quasielastic component ocbserved at 119

K for the high-density monolayer of
methyl chloride on graphite (LAM-BOET).
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Monclayer methane on graphite is in many ways a

odel

system for the study of physisorption.

Methane adopts a commensurate sirtcture at

coverages vwell

below a monolayer and

molecules are orientationally ordered at

temperatures,.

the
low

The rotatioral tunneiing of CHy in

the commensurate phase is the only spectrum of an

adsorbed moliecule that has

guantitatively to obtain

1)

potential.

CH4 molecule,
forbidden:

been

treated

the rotational

There azre three spin species 4, T and E for a

A calorimetrice

The conversion between them

investigation

is

)]

demonstrated that for pure CH4 on graphite the

spin system never reach equilibrium at

temperatures,

is added as a magnetic impurity,

to equilibrium.

depends

upon the

concentration of Uy.

The purpose of the present experiment

the catalytic effect of oxygen

the conversion.

detailed balance in

the

tenmperature

and

To do that we look at

low
fhen some small amount of oxygen
the system comes
The rate of the spin conversion
the

is to see
in accelerating
the

tunneling spectrun

F ST T BN B

P BTV SUTSEE BETT RS )

gt

L
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-0.

Fig. t.

20

T T
-0.10 e.G5

Enaxrgy transfer E1-E2

o.io

{meV)

Rotational tunneling spectrum obtzined at

.32 X for the pure CHd menolayer.

obtained at sufficiently low temperature.
We first designed a helium-3 cryostat of an
It was installed at the

zdsorption type.

spectrometer LAM-80ET. The bottom temperzture we
cbtained was £.3 K and it lasted for one day.
Fig. 1 shews the spectrum obtained at 0.3 K
for the pure CHy monolayer, whereas Fig. 2 shows
that obtained at 0.32 K for the Cll4y monolayer
deped with 1 % of 0.

remarkable effect of 0

The results demonstrated a

as a catalyst. The

2

system reached complete equilibriam. It is now

important to follow the equilibration process
(time evolution}) to clarify the mechanism of the

spin coaversion. [t is also interesting to know

the concentration dependence of 0. Further

experiments ought to be done.

m‘ffgw—lL.‘l . i w UMM
-0.20 -0.10 v.95 0,10 0.15 0.z¢
Energy txanafer E1-E2Z (meV}

Fig. 2. Rotational tunneling spectrum obtzined at
$.32 K for the CHy monolayer doped with 1
% of Oz
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In the previous paper, we reported two
crystal analyzer type quasielastic neutron
scattering spectrometers LAM-40 and LAM-30
which were installed at the KENS spallation
cold sourcel). The pyrolytic graphite (PG)
analyzer mirrors were used in these
spectrometers. Applying mica crystals as the
analyzer mirror, we have recently made a great
progress on LAM-80 in the energy resolution.
This new machine, LAM-80ET, has been
reported elsewhere?). The energy transfer
ranges covered by these spectrometers are not
so narrow compared with other machines which
have the same order of the energy resolution.
However, it is often essential to measure in a
wide energy range up to several hundred meV
for some physical phenomena. Therefore, we
designed and constructed an inelastic scattering
spectrometer, LAM-D, to cover the energy
range up to 300 meV with the energy resolution
of Ae/E; less than 6 % in the energy range
above 10 meV. The basic principle of LAM-D
is the same as LAM-40 and LAM-80, while
some special considerations have been made on
the design of LAM-D for the high energy
transfer measurements.

Fig. 1 shows the configuration of the LAM-
D spectrometer. The LAM-D is installed at the
H-9 thermal neutron beam hole at KENS. The
flight path from the moderator to the sample is
evacuated and the length (1;) is 7.25 m. Each
analyzer mirror is made from 56 PG crystal
pieces of 12 mm x 12 mm x 2 mm in size with
a mosaic spread of 1.2°. The distance between
the sample and the crystal analyzer mirror is 27
cm. The distance between the mirror and the

detector is also 27 ¢cm. The flight path of the
scattered neutron is thus fixed to be 54 cm.

MONITOR *He COUNTER
Be FILTER
- MIRROR

2N

X VACUUM
//; CHAMBER

o] 0.5m SHIELD
SAMPLE

Fig. I The inelastic spectrometer LAM-D.

As seen in Fig. 1, two analyzer mirrors are
symmetrically mounted at the scattering angle
359 and the other two at 85°. The 20 cm
beryllium (Be) filters, which are cooled by
liquid nitrogen, diminish the higher order
reflections from the analyzer crystals. The
length of the Be filter was determined by Monte
Carlo simulation for transmission of neutrons
with total atomic-cross section of both =0.3
and 7.5 barns, which corresponds to those
below and above the Be cutoff wavelength.
The results of the simulation is given in Fig. 2.
In the case of 20 em, the ratio of transmission
P{ot=7.5)/P(0t=0.5) is about 10-?, which
seems enough to remove the higher order
reflection from the PG mirror.

The set of the mirrors and Be-filters is
housed in an evacuated container surrounded by
neutron shield made of borated resin and

— 187 —



cadminium sheets. Moreover, each analyzer
mirror has its own inner shield.

10 "y T T 10
T =O.éu°“--
10°F {14!
P75/ P,{0.5)

Ton® {162
- o
(g4 {163
o m— ' 16*

0 5 10 15 20
Thickness of Be {cm)

Fig. 2 Results of the Monte Carlo simulation for
neutron transmission through Be-filter.
Calculation was performed for neutrons
below and above the Be cutoff
wavelength. The corresponding atomic
cross sections are 7.5 and 0.5 barns,

respectively.

TOF spectra of vanadium measured with
LAM-D are shown in Fig. 3 for the scattering
angles of 35° and 85°, respectively. Each
spectrum was obtained by summing up two
spectra measured at the symmetrical position
with the same scattering angle. The thickness
of the vanadium sample is 2 mm and the
measuring time is 8 hours. The counts of the
elastic peaks are 241/us and 269/us for the
scattering angle 35¢ and 859, respectively.
which enable us to estimate the intensity
performance of the LAM-D. Expanding the
spectra by a factor 12 in the elastic region,
inelastic scattering from phonons in vanadium
i1s cleary observed. Background levels for the
expanded spectra are indicated by dashed lines
in Fig. 3. Full-width at half-maximum

(FWHM) of the elastic peak evaluated from
vanadium spectrum is 0.40meV, which agrees
with the theoretical value.

300

* Counts /s

Counts / s

ol Nesoeoo et iyl BT T S

0 2000 4000 6000 BOOO 10000
Time {us)

Fig. 3 TOF spectrum of vanadium measured by
LAM-D.

LAM-D has been applied to studies of
molecular motions in condensed matters 34,
LAM-D in combination with the pulsed thermat
neutron source has demonstrated satisfactory
perfomance for the measurements of inelastic
scattering in the energy range up to 300 meV.
The basic principle of LAM-D is the same as
that of the quasielastic spectrometers LAM-40
and LAM-80 so that the data reduction methods
developed for LAM-40 and LAM-80 can be
applied to data of LAM-D with small
modifications. Combinations of these
spectrometers allows us to cover the energy

range from 1peV to 300 meV.
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The CAT spectrometer is a time-of-flight type
crystal analyzer spectrometer with an inverted
geometry at KENS, and has been used for the
measurements of incoherent neutron scattering at a
large energy transfer (€ > 100 meV). A layout of the
CAT is shown in Fig.1, in which a white neutron beam
is scattered upon a sample, and then scattered neutrons
at a fixed energy Ef are selected by the analyzer

crystal with Bragg angle Oa.

Neutron sowrce

- LT

Incident Newtron (B ;v i,A5)

Li

Detector bank
Semple Scaitered Neutron

(Ewvnie)

Analyzer

Detector bmnk in CAT-I

Dectector bank in CAT-1
Fig. 1 Layout of CAT,

In order to adopt a lime focusing principle, the
planar sample and the planar detector are set on the
same plane which is parallel to the planar analyzer
crystal, as shown in Fig.1. A beryllium filter cooled
down to 30K is installed between the analyzer and the
detector with a post cross-collimator made of
cadmium. It eliminates neutrons due to the higher
order-reflection of the analyzer crystal. By adopting
the time-focusing principle and the beryllium filter,
the high energy resolution of Ag/e = 2% at &€ > 100
meV and the low background were realized in the
CAT. However, it has been recently desired to
measure the local vibration spectra of hydrogen in

metals, hydrogen-bonded ferroelectric compounds and
biological materials in a low energy-range of £ < 10
meV. Based on this demand, the CAT spectrometer
was improved to achieve the higher energy-resolution
around € = 0 and the lower background. This paper
reports the details of the improvements in the CAT
spectrometer.

In a detector bank of the old CAT (CAT-I), cight
3He neutron counters (1/2"-diameter, 12"-active length
and 20 atm) had been installed horizontally (see
Fig.1). In this case, the energy resolution is given byl

(o = 8 ot (a0 o P

32
o
2
V_? (Atg-i-At%n"‘At?é)] 1)

¥

where m is the neutron mass, V¢ the scattered
neutron velocity, V; incident neutron velocity, L;
incident flight-path length and 4 the d-spacing of the
analyzer crystal. A20 corresponds to the ambiguity of
fa. Since the detectors are set horizontally, A20 is
fairly large. Aa is a distance between the analyzer
plane and the sample plane (same to the detector
plane). Al and At are the neutron pulse-width and the
channel-width of the time-analyzer, respectively. Here
no mosaic spread of the analyzer crystal is assumed. In
a case of CAT-], all terms in Eq.(1) are calculated and
drawn as solid lines in Fig.2. Obviously, the

contribution of AL; is almost constant and very small
in a wide energy range; that of A28 islarge only at£<
200 meV; that of Aa is dominant only at € > 200 meV.
From these results, it is easily concluded that the
smaller A28 is indispensable for realizing the higher
energy-resolution around e=0. Therefore, twelve
detectors (1/2"-diameter, 6"-length and 10 atm) in the

new CAT (CAT-II) were set vertically (see Fig.1). In
this case, the energy-resolution can be described with

(A28); for a detector (j) which is much smaller than
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A20. Since Vij or B4 for the detector (j) can be
determined by a time of the elastic peak, the neutron
scattering spectrum I(g) can be determined by each
detector (j}. By summing up the obtained I(g)'s, the
neutron scattering spectrum with the higher energy-
resolution around &£=0 can be obtained without
decreasing the intensity. Dashed lines in Fig.2 show

the contribution of (A26); and the total resolution in
the case of CAT-1I.

AE/e(%)

Intensity{arb. units)

L ]
r b !
0.4 ; R
[ : HE |
3 H 1]
0.2} oo
rj -
[1] sy oL L
RAATL St OY e S| Y S S Y-S S WA
g(meV)
Fig. 2 (a) Total and partial energy-

resolutions and (b) observed elastic peaks.

In order to test the performance of CAT-II, local
vibrational spectrum in T;H, was observed. The
observed elastic peaks in cases of CAT-I and -1I are
also shown in Fig. 2. A solid line shows the elastic
peak observed by CAT-1I and a dashed line shows that
of CAT-I It indicates that the energy-resolution
around £=0 was improved from Ag=1.4 meV to
Ae=0.35 meV,

In an inverted geometry spectrometer such as the
CAT spectrometer, the energy of the detected neutrons
is fixed (a fixed energy of the CAT spectrometer is
about 4 meV). Therefore, if the neutron detecting
efficiency of the installed detectors is high at about 4

meV but low at the other energy region, the low
background can be realized. Generally, the detecting
efficiency of 3He-detector, D(E), is given by

3
)= 1-erp Mo 207

where pg is a pressure of 3He, 0, absorption cross
section of 3He and x the thickness of detector. Figure 3
shows the energy-dependence of D(E) in cases of
po=6, 10 and 20 atm (x=1/2") and pp=10 atm (x=1/4").
From these results, the 3He-pressure in detectors for
CAT-II was selected to be 10 atm. in spite of 20 atm.
It was expected that the low background could be
obtained by this change. Figure 4 shows the actual
neutron scattering spectra of TjH» observed with
CAT-I and CAT-II, respectively. It is clear that the
lower background has been realized in CAT-IL

1.2 . S
I SN s, Ttmea : \E
0.8f TNl el :
& 0.6 Talteel TN
a ; e
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G4k |-owe10 atom 1/4 ~a3
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E(meV}
Fig. 3 Efficiency of 3He-detector.
1 T
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0-8; ----CAT-I
B0
E
5
5
PP TP ST
800 1000
Fig. 4 neutron scattering spectra of TiH2

observed with CAT-1 and CAT-IL
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When we consider an intense pulsed
spallation neutron source, a high intensity
proton accelerator such as compressor ring,
synchrotron or FFAG is indispensable
combined with a high-current proton linac of a
full energy or an appropriate injection energy.
From an accelerator point of view, a higher
energy but with a modest current is more
feasible due to the existence of space charge
limit. Merits and demerits for using higher
energy protons (Ep>0.8 GeV, which is typical
in the existing large-scale facilities) are being
discussed extensively at various laboratories
(e.g. for ESS, a next generation European
spallation neutron source). We had a similar
problem in the choice of the proton energy in
Japanese Hadron Project (JHP) where KENS-
II, a next-generation pulsed spallation neutron
source in Japan, is involved. The neutron
society stressed to adopt a lower energy, say 1
GeV, while the nuclear physics society claimed
a higher energy, at least 2 GeV (hopefully 3
GeV). We performed some neutronic
calculations(1X(2} to understand the proton-
energy dependence of neutron intensity using a
hadron transport code NMTC/JAERIG) and
some low-energy neutron fransport codes. Our
results was very much unfavorable for higher
proton energies. Based on this result we chose
1 GeV as a proton energy in the first-phase
JHP.

Recently we have found our earlier
calculation which was reported at ICANS-X(2)
to be some misleading. NMTC/JAERI gave
smaller neutron yields at higher proton
energies (above 1 GeV). After that, the code
was revised and confirmed to give consistent
results with those using an HETC code in some
benchmark calculations(®) and with some
measured rtesults(3). We performed re-
caiculations using the revised NMTC/JAERI on

the target-moderator-reflector system same as
in the previous calculations, since the results is
so important for the strategy of a new source.
The present paper reports briefly the new
calculated results, mainly focused on the slow-
neutron intensity with 3 GeV protons
comparing with 0.8 GeV case.

Figure 1 shows the calculated results of the
intensities of O5R neutrons as a function of
proton energy for various target materials with
a size of 32 cm long and 10 ¢m in diameter.
O5R neutrons mean those below 15 MeV
directly obtained from a hadron transport
calculation, which dose not include neutron
transport below 15 MeV. However, O5R
neutron will be a simple but good measure of
the neutronic performance of a target (full
calculations are given later). In the present
results the intensities are increasing more
linearly with proton energy. It turns out that
tungsten is one of the best candidates for the
target material among the non-fissile materials
studied. The lower intensities in the lead target
are due to its lower number density; i.e. the

diameter of 10 cm is too small for lead.
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Fig.1 O5R neutron intensities for various target
materials as a function of proton energy.
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Axial distributions of O5R neutrons in the
uranium (depleted U) target are shown in Fig.2
for various proton energies. In the present
results, by increasing proton energy the peak
position shifts towards the downstream and the
peak intensities increase, contrasting with the
previous results where the shifts of the peak
position were not small and the peak intensities
were almost saturated at higher energies (say
above 2 GeV).
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Fig.2 Axial distributions of O5R neutrons in a
uranium target at various proton energies.

When we utilize higher energy protons the
escape of energetic hadrons from the target,
especially at the downstream, might be a
problem from neutronic point of view. Figure 3
shows the radial distributions of the OSR
neutron intensities for 3 GeV protons. The
result shows that neutrons are mainly produced
within the proton beam size (2.35cm in radius),
almost independent of the axial position in the
target, suggesting that the present target radius
is sufficient for a proton-beam profile of this
size. However, when a higher current of 3
GeV proton-beam is utilized, the larger leak of
energetic hadrons from the target will result in
reduction of the neutron production, since the
beam size is approaching a target size in order
to keep the heat density at an acceptable level.

Next, we calculated the intensities of
escape fast neutrons from the cylindrical

o.¢]

B

O5R Neutron Intensity {n/4sw/cm 3/p)
o [27]

r {cm)

Fig.3 Radial distributions of O5R neutrons in a
uranium target at proton energy of 3 GeV
at two axial positions.

surfaces of the various targets, since the slow-
neutron intensities from the moderators are
directly related to those neutrons. Figure 4
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Fig.5 Contribution of each process (escape and absorption) as a function of target radius.
The curve indicated by "NMTC" is intensity of O5R neutrons.

shows the escape fast neutron intensities as a
function of target radius. In this calculation the
secondary neutron production below 15 MeV
during neutron transport in the target was
included.  Although the total number of
neutrons produced in the target increases with
target radius, the intensity of escape neutrons
from cylindrical surface does not increase
monotonically due to the escape from the end
surfaces and the absorption in the target.
Figure 5 shows contributions of each process
(escape and absorption) for uranium and
tungsten targets. The absorption in the uranium
target is considerable compared to the tungsten
case, since cross sections of (n,f) and (n,xn) are
significant.

We calculated slow neutron intensities (Ep<
0.9 eV) from the moderators in the model
target-moderator-reflector system shown in
reference (3 ). In this model two reference light
water moderators were put on the target,
although in a real system it will be typical to
put four moderators with different neuntronic
characteristics (2 above, another 2 below the
target). This model will be sufficient to
examine the slow neutron intensities from the
moderators.  The slow-neutron intensities as

a function of target radius are shown in Fig. 6
for proton energies , 0.8 and 3 GeV. The
neutron intensity increases with target radius
and forms a peak.  This is partly due to the
fact shown in Fig.4. However, the peak
appears at a smaller radius than in Fig.4. This
is due to the fact that the coupling between
target and moderator becomes loose with
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increasing target radius. The optimal target
radius is 4-5 cm. We chose aradius of 5 cm in
the following calculations.

In Fig.7 the sum of the slow-neutron
intensities from the two moderators set at the
optimal positions are plotted as a function of
proton energy. The intensity increases almost
linearly with proton energy. The proton
energy dependence of the slow-neutron
intensity IS(Ep) at higher energy region (say
E;20.8 GeV ) is expressed to a good
approximation as

IS(E,)=AE".

Vassil'kov(5) showed that the total neutron
yield from a target Y (Ep) can be expressed as

Y (Ep) =C+BEpy,
where A, B and C are constants. The values of
y determined by the measurement for a lead
target (20 cm in diam.) was y=0.75~0.85. The
present value of x for slow-neutron intensity
turns out to be close to this value. The ratio of
slow neutron intensity for uranium target to that
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Fig.7 Sum of slow-neutron intensities from
reference moderators optimally placed as
a function of proton energy.

for tungsten one is about 1.7 at 0.8 GeV,
while it seems to be decreasing a bit at higher
proton energies.

In summarizing the results, the slow-neutron
intensities can be increased by about factor 3
when the proton energy is increased from 0.8 to
3 GeV. This number should be compared to the
increase of the proton beam power, 3.75
times. The slow-neutron production efficiency
per beam power with 3 GeV protons is about 80
% of the 0.8 GeV case. This value is very
acceptable, If it is difficult to construct a higher
current pulsed accelerator, the use of 3 GeV
protons but with a reduced current will be a
good choice. The lower efficiency with 3 GeV
protons can be compensated by taking full
advantage of the wider axial distribution of the
fast neutrons. Studies for such possibilities are
under progress.
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Some Possibilities for Increasing Slow-Neutron Beam Intensity from Flux-Trap Moderators
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Flux-trap moderators were proposed by the
Los Alamos group{l) and discussed
extensively(2)3)4), However, we found that
this configuration has various possibilities for
increasing the slow-neutron beam intensity in
comparison with a wing one. We examined
such possibilities by computer simulation.

The calculations were performed for a
proton energy of 1 GeV since this proton
energy is proposed for KENS-II, the next
generation pulsed-spallation neutron source in
Japan. For simplicity a cylindrical beam profile
of a radius 2.35 cm was assumed (a reasonable
size as in existing facilities). The calculational
model of the target-moderator-reflector system
is shown in Fig.1. The target is split into two
parts; the first target on which protons are
injected and the second target after the void
space. The length of the first target was kept at
7.5 cm, optimal length, and the target radius at
5 em@). For simplicity, the targets are assumed

REFLECTOR
TARGET

\z
n =

2 11

[

s

MODERATOR

(4
i)
R

DECCUPLER

) e 1n

Fig.1 Calculational model of the flux-trap type
target-moderator-reflector system.

to be made of pure tungsten metal, being not
diluted by coolant and cladding materials as in
LANCE, Los Alamos National Laboratory.
The total target length is fixed at 34.5 cm
which is sufficient for 1 GeV protons. As a
reference system, four decoupled light-water
moderators (10 x 10 x 5 cm3) are placed around
the void space between the two target halves
with a distance between moderator and target
center-line, d, 7 cm. A beryllium reflector, at
least 30 cm thick, is used as shown in the
figure. The beam holes in the reflector are lined
with B4C decouplers. The decoupling energy
was adjusted to 20 eV. The moderators are also
covered by the same decouplers except for the
viewed surfaces. The height and the opening
angle of the beam holes in the reflector are 10
cm and 25 degrees, respectively. For the low-
energy neutron transport calculation a Monte

Carlo code, MORSE-DDGX6), was used
combined with a high-energy hadron transport
code, NMTC/JAERI()). An SN neutron
transport code, TWOTRAN-II(®), was used for
the calculation of the spatial distributions of
low-energy neutrons. For both calculations the
cross section library, ENDF-B/IV(®), was used.
What will happen if we increase the height,
h, of the moderator with a larger separation, /,
of target halves? Figure 2 shows the calculated
results. The beam intensities are normalized to
that for the reference case { =14 cm,d =7 ¢m,
10 x 10 x 5 em3 moderators at the center of the
void height). Although the beam intensity
decreases with a larger separation of the target
halves, it increases almost linearly with
moderator height (up t0 2.3 at h = 26 cm with /
= 30 cm). One can take full advantage of a
higher beam intensity obtained with such an
extended moderator in some classes of
experiments in which the beam collimation is
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Fig.2 Slow-neutron intensities from extended

moderators,

not so important. In order to understand the
above results we calculated the spatial
distribution of neutron intensities on the viewed
surface along the proton beam direction. Since
a three-dimensional Monte Carlo calculation is
much time consuming to obtain required
statistics, we performed a two dimensional
calculation using TWOTRAN-II for a two
dimensional model as shown in Fig. 3, where

Target Ref lector

\ /

e
Height of ’ —n
Beam Hole ;
Decoupler D Moderator
Fig. 3 Calculational model for the two-dimensional
calculation.

the moderator is an annulus with a thickness of
Scmatd=7cmand/=h+4cm. Figure 4
shows the results of the distributions of slow-
neutron beam intensities along the proton beam
direction, Z. The distributions are rather flat
and symmetric than those for a wing geometry
moderator where the asymmetry (peaking
towards the target) is more enhanced. This is
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Fig.4 Vertical spatial distributions of slow-neutren
intensities on extended moderators .

the reason why the intensities increase linearly
with moderator height h. For reference, the
calculated results of the spatial distributions on
a moderator of h = 10 ¢ during the slowing-
down process are shown in Fig. 5. The
distribution in the fast neutron region
(Ep=0.821-1.35MeV) strongly reflects the
distribution of the first collision density of
neutrons in the moderator. With decreasing
energies the distribution becomes more flat.
Even in the case that neutrons from such
extended moderators cannot be utilized due to a
required angular collimation of the neutron
beams, those moderators with a limited viewed
surface of 10x10 cm? will give a higher slow-
neutron intensity than the reference moderator
of 10x10x5 cm?- by overlapping the moderator
with the target as shown in the inset of Fig. 6,
keeping the separation of the target halves at 14
cm. We examined such moderators and
obtained the results as shown in Fig. 6. A
moderator with a larger height gives higher
intensity by about 10 %. When the width of the
moderator, w, is also increased to 12 cm, a gain
about 1.3 comes out in total for the case of
10x10 cm? viewed surface and about 1.5 for a
larger viewed surface of 10 cm high and 12 cm
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Fig.5 Spatial distributions of neutrons during
slowing-down process.

wide. Vertical spatial distributions are also
calculated. The results are shown in Fig. 7.
The increase in the intensity is to be mainly
due to the more flat distributions with the
unchanged peak height.

For a direct comparison of the flux-trap
moderator to the wing one, we calculated the
relative intensity for each reference moderator.
The relative values was about 0.94; almost
comparable. However, by adopting extended
moderators we have a relative intensity of about
2.3x0.94 and by overlap moderator about
1.5x0.94 to the wing.

The combination of a slab moderator with a
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Fig.6 Slow-neutron intensities from overlap
moderators. W is moderator width. Areas

of viewed surfaces are indicated in
parentheses.
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Fig.7 Vertical spatial distributions of slow-neutron
intensity on the viewed surfaces of the
overlap moderators.

burst suppression chopper and/or a curved
guide tube is sometimes discussed for a higher
intensity. Qur calculation showed the relative
intensity of a reference slab moderator to the
reference flux-trap one is about 1.5. An overlap
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moderator in a flux-trap geometry will be much
better than the slab: the intensity is comparable
to the slab, but with much less fast and high-
energy neutron backgrounds.

We reported(10) that a coupled liquid
hydrogen moderator with a hydrogenous
premoderator at ambient temperature in a wing
geometry can provide a much higher cold-
neutron beam intensity; about 6 times higher
than a typical decoupled one. Such moderators
at a flux-trap geometry are expected to have
similar advantage to the ambient temperature
moderator in this geometry. This possibility is
to be studied experimentally,
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Isosurface of 3-D Fourier map obtained by
neutron diffraction (CD3;ND;BF,).
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Low-energy Excitation in Superionic Conductors

— 209 —



1992-B2-25 HIT/WINK Kanaya T Kyoto Univ,
Structure and Gelation Mechanism of Syndiotactic Polystyrene

1992-B2-26 LAM Inaba A Osaka Univ.

Molecular Motions in Buthyl Alcohol Monolayers Adsorbed on the Surface of Graphite
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Structure Refinement of Metal Hydrides
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1992-B2-54 SAN Okano K Shinshu Univ.
SANS from Semidilute Ageous Solution of Poly(N-isopropylacrylamide)
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Tunneling of Methyl Group in Sc(CH3COO)3 Crystal
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1992-B2-64 LAM Kohgi M Tohoku Univ.
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1992-B2-65 LAM/HRP Kohgi M Tohoku Univ.

Study of the Low Carrier Concentration Heavy Fermion System YbgAs3

1992-B2-66 INC/LAM/MRP Suzuki T Tohoku Univ,
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Quasielastic Neutron Scattering Study of Sol-Gel Process on Silica Glass

1992-B2-69 WINK/LAM Sai A Tohoku Univ.
Neutron Scattering Study of Amorphous and Quasicrystal Al75CujsViyg

1992-82-70 LAM/HRP Kohgi M Tohoku Univ,
Magnetic Excitation in UX7 (X=Ga, Ge)
1992-B2-71 WINK Okabayashi H Nagoya Inst. Tech.
Phase Structure Study of the Barium Ethyl(octyl)Phosphate-Water System
1692-B2-72 HRP Akimitsu J Aoyama Gakuin Univ.
Structural Refinment of Low-dimensional Magnet
1992-B2-73 INC/LAM  Kasaya M Tohoku Univ.

Determination of Crystalline-field Splitting of Ce3Au3Sb4 and Ce3Pt3Sb4 by Means
of Neutron Scattering
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Neutron Scattering Study of Local Structural Change on Soda Silicate Glass
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1992-B2-75 LAM Ikeda S KEK

Hydrogen Bond under High Pressure
1992-B2-76 LAM Arai M KEK

Low Energy Phonon Measurements of High-Tc Superconductor YBa2Cu307
1992-82-77 HRP Arai M KEK

Medium Angle Diffraction on High-Tc Superconductor YBazCu3O7
1992-B2-78 HIT Endoh H Kyoto Univ.

Structure of Strongly Supercooled Tellurium Nano-droplets
1992-B2-79 HIT Ichikawa K Hokkaido Univ,

Intramolecular Structure of Homopolyatomic Species in Liquid State; Coordination
Structure of Biological Important Molecules around Metal Ions

1992-B2-80 SAN Ikeda H KEK

Small Angle Neutron Scattering from Percolated Magnets with Fractal Geometry
1692-B2-81 MRP/HRP  Ikeda H KEK

Magnetic Structure of One-dimensional Systems with Competing Interactions
1992-B2-82 INC Ikeda H KEK

Quantum Effects on One-dimensional Antiferromagnet with S=1/2 Including Magnetic

Impurity

1992-B2-83 WINK Seto H Hiroshima Univ.

Structural Phase Transition in Microemunlsion
1992-B2-84 MAX Takano M Kyoto Univ.

Inelastic Neutron Scattering of CsCuClz Having an Incommensurate Spin Structure

1992-B2-85 LAM inaba A Osaka Univ.
Rotational Tunneling of the Methyl Groups of Tribromo-trimethyl-benzene Diluted in
Hexa bromobenzene Crystal

1992-B2-86 LAM Kearley G J ILL
True Free Rotation of NH3 Groups in Ni(NH1)aNi{CN)42[CgDgl

1992-B2-87 LAM Fillaux F LASIR, CNRS
Quantum Tortional Dynamics of Methyl in p-Tert-buthylcalix[4]arene(1:1)toluene

1992-B2-88 HRP Tsutsumi K Kanazawa Univ,
Study of the Crystal Structure in the Low-temperature Phase of «-TiCl3
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1992-Urg-3 LAM Kajitani T Tohoku Univ.

Dynamics of Protons in an Organic Superconductor
1992-Urg-4 LAM Achiwa N Kyusyua Univ.

Incoherent Inelastic Neutron Scattering Study on 1-Br-Adamantane
1992-Urg-5 SAN Imae T Nagoya Univ,

Investigation of Molecular Asgsemblies by Small-angle Neutron Scatiering
1992-Urg-6 SAN Murani A P ILL

Paramagnetic Response in CePd3_xNig
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Proc. 4th Symp. on Accelerator Science and Technology (RIKEN, Nov. 24-26, 1962)21
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