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Crystal structure analysis of high temperature neutron diffraction data of novel
oxide-ion conductor SrYbInO4

Kotaro Fujii, Ayaka Fujimoto, Masatomo Yashima
Tokyo Institute of Technology

Oxide-ion conductors, which include
pure ionic conductors and mixed oxide-ion
and electronic conductors, attract signifi-
cant interest because of their varied uses
in oxygen separation membranes and cath-
odes for solid-oxide fuel cells (SOFCs). The
oxide-ion conductivity is strongly depen-
dent on the crystal structure. At present,
several structures, such as fluorites, per-
ovskites, K2NiF4, mellilites, and apatites,
are known to show high oxide-ion con-
ductivities. For further development of
oxide-ion conductors is investigating ma-
terials with new types of structures. Ac-
cording to such background, we are ex-
ploring new structure family of oxide-ion
conductors. For example, we have discov-
ered a new structural family of oxide-ion
conductor BaNdInO4 which has a mono-
clinic P21/c perovskite-related phase with
a layered structure, in 2014. More re-
cently, we found novel material, SrRInO4
(R : rare earths) with CaFe2O4-type struc-
ture showed high oxide-ion conductivity
compared to the other CaFe2O4-type ma-
terials. In order to understand the mech-
anism of oxide-ion conduction, it is nec-
essary to precisely determine the crystal
structure (particularly position, occupancy
factor, and anisotropic displacement pa-
rameters of oxygens) at high-temperature
because oxide-ion conductors are generally
used at high-temperature. In the present
study, we investigated the crystal struc-
ture of SrYbInO4 at high temperature using
high resolution neutron powder diffrac-
tometer Echidna installed at the research
reactor OPAL, ACNS, ANSTO. The mate-
rial was prepared by the solid-state reac-
tion. A pure oxide-ion conduction was ob-
served at 1000 ◦C for SrYbInO4 by electrical
conductivity measurements. For the neu-
tron diffraction experiments, the sintered

pellets of the reaction products were intro-
duced into a vanadium can and used for
the neutron diffraction experiment. The
measurements were carried out from room
temperature to high temperature (1000 ◦C)
at 200 ◦C intervals. Each measurement
time was few hours. The structural anal-
yses for these data are carried out by Ri-
etveld method using the program RIETAN-
FP. The Rietveld structure refinements of
the diffraction data of SrYbInO4 taken at
the room temperature 23 ◦C, and 1000
◦C using the orthorhombic Pnma CaFe2O4-
type structure gave good quality of the fit
and the reliability factors (Rwp =3.78 %, RB
= 3.82 % for 23 ◦C data, and Rwp = 3.33
%, RB = 5.04 % for 1000 ◦C data). The
unit-cell parameters and unit-cell volume
V of SrYbInO4 at 1000 ◦C (a = 10.0522(3)
Å, b = 3.34702(9) Å, c = 11.7502(3) Å, V =
395.335(18) Å3) are larger than those at RT
(a = 9.920206(15) Å, b = 3.309496(4) Å, c =
11.636340(15) Å, V = 382.0313(9) Å3), due to
the thermal expansion. The bond lengths
and equivalent isotropic atomic displace-
ment parameters of SrYbInO4 at 1000 ◦C
are higher than those at RT, which indi-
cates the larger thermal vibration at 1000
◦C. The higher equivalent atomic displace-
ment of oxygen atoms at 1000 ◦C suggests
higher oxide-ion conductivity at 1000 ◦C
compared to RT.
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Fig. 1. Rietveld pattern of the neutron diffraction
data of SrYbInO4 taken at 1273 K.
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Magnetic structure of multiferroics RFe3(BO3)4 (R =Ce, Sm)

Shohei Hayashida, Shunsuke Hasegawa, Shinichiro Asai, and Takatsugu Masuda
ISSP, University of Tokyo

Coexistence of magnetic order and elec-
tric polarization, multi f erroicity, has be-
come a top major topic over the past
decade in condensed matter physics. In
the multiferroic materials, rare-earth fer-
roborates RFe3(BO3)4 (R = Y and rare-
earth metal are a series of new multifer-
roic compounds containing the R3+ (4 f n)
and Fe3+ (3d5 S = 5/2) as magnetic
ions [1]. The crystal structure is a trig-
onal and the space group is R32. The
family of compounds shows diverse mag-
netoelectric (ME) effects as a function of
the R3+ ions. In particular, the rare-earth
ferroborates having the easy-plane type
anisotropy exhibit huge ME effects. Thus
we focus on SmFe3(BO3)4 and CeFe3(BO3)4
which have easy-plane type anisotropy. In
RFe3(BO3)4, the multiferroicity is explained
by the spin-dependent metal-ligand hy-
bridization mechanism, meaning that the
local orientation of the magnetic moment
plays a key role to determine the multifer-
roicity. It is important to identify the pre-
cise magnetic structure.

We performed neutron diffraction exper-
iment to identify the magnetic structures
of the SmFe3(BO3)4 and CeFe3(BO3)4. The
single crystal samples were grown by a flux
method. 99 % of the natural B and 98.9 %
of the natural Sm were enriched by the
11B and 154Sm. The masses of the sam-
ples were 26 mg for 154SmFe3(11BO3)4 and
23 mg for CeFe3(11BO3)4. Neutron diffrac-
tion was performed by four-circle diffrac-
tometer HB-3A installed at ORNL. A ver-
tically focusing silicon (022) monochroma-
tor was chosen to obtain the neutrons with
the wave length of 1.542 Å. A closed cycle
refrigerator was used to achieve 4.1 K as a
base temperature.

The nuclear reflections measured at 4.1 K
are reasonably refined by the trigonal struc-
ture with the space group R32 in both com-

pounds, meaning that the symmetry of the
crystal structure is retained at the low tem-
perature.

Figure 1(a) shows the temperature evo-
lution of the ω-scans of 154SmFe3(11BO3)4
at (−1, 0, 0.5). An additional peak appears
below 33 K, and it is indexed by the prop-
agation vector k = (0, 0, 1.5). This is
consistent with the previous powder neu-
tron diffraction measurement [2]. Unlike
the NdFe3(BO3)4 [3], any incommensurate
magnetic peak is not observed. Analysis
of the magnetic peaks using Rietveld re-
finement, it is found that the magnetic mo-
ments of the Fe3+ ions form a collinear
structure along the crystallographic a axis
and they antiferromagnetically propagate
along the c axis. The Sm3+ moment aligns
in the ab plane but it is not parallel to the
Fe3+ moments.

The temperature evolution of the l-scans
of CeFe3(11BO3)4 at (−1, 0, 0.5) is shown in
Fig. 1(b). Additional peaks appear around
l = 0.5 below 30 K, meaning that a mag-
netic long-range order occurs at 30 K. This
is consistent with the previous specific heat
and magnetic susceptibility measurements
of the polycrystalline sample [4]. The ad-
ditional peak at (−1, 0, 0.5) is indexed by
the commensurate propagation vector k =
(0, 0, 1.5), whereas the peaks at (−1, 0, 0.45)
and (−1, 0, 0.55) are indexed by the incom-
mensurate vector k = (0, 0, 1.5 + δ) where
δ = 0.042 at 4.1 K. This incommensurabil-
ity δ decreases with the increase of the tem-
perature as shown in Fig. 1(b). From the
measurement of the detailed temperature
dependence of the l-scans, it is found that
the transition temperature of the commen-
surate magnetic peaks differs from that of
the incommensurate ones. This indicates
that the phase separation between the com-
mensurate and incommensurate magnetic
structures occurs in the magnetic long-
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range order. The detailed analysis of the
magnetic structures in both compounds is
now in progress.

References
[1] A. M. Kadomtseva et al., Low Temp.
Phys. 36, 511 (2010).
[2] C. Ritter et al., J. Phys.: Condens. Matter
24, 386002 (2012).
[3] M. Janoshek et al., Phys. Rev. B 81,
094429 (2010).
[4] Y. Hinatsu et al., J. Solid State Chem.
172, 438 (2003).

Fig. 1. (a) A temperature evolution of ω-scans of
154SmFe3(11BO3)4 at (−1, 0, 0.5). (b) A temperature
evolution of l-scans of CeFe3(11BO3)4 at (−1, 0, 0.5).
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Investigation of nano-precipitates in Ti-Al-Zr-Sn based alloy

Hiroaki MAMIYA
NIMS

Commercially titanium alloys are widely
used for aircraft as a material having light
weight (density being 60% that of steel),
high strength, and excellent corrosion re-
sistance. Many studies have been carried
out to develop near-α titanium alloys
for compressor discs and blades with im-
proved tensile strength, fatigue resistance
and creep performance at temperatures.
However, it has been reported that solute
partitioning in primary α grains causes
formation of the α 2, Ti3(Al, Sn), phase. It
is known that the low cycle fatigue resis-
tance is reduced due to promotion of strain
localization as a result of the presence of
such α 2. This is a significant issue be-
cause the resulting lowered fatigue resis-
tance can reduce the lifetime of compres-
sor discs. IMI 834 is a typical near-α Ti-Al-
Zr-Sn based alloy where small amounts of
Si are added, consequently, the formation
of fine ordered precipitates (Ti,Zr)6Si3 on
the lamella boundaries improves the high-
temperature strength. As stated here, the
precipitates critically affect a combination
of creep and low cycle fatigue properties,
but the precipitation process is still not well
understood. Hence, it is essential to clarify
the nucleation and growth of the precipi-
tates for further advances in aero-engines.
Our scanning and transmission electron
microscopy (SEM, TEM), and three-
dimensional atom probe tomography
(3DAP) show small α 2 precipitates with
size of a few nanometers in equiaxed alpha
grains and slightly larger silicide precipi-
tates with size of several tens nanometers
on the lamella boundaries. However,
SEM, TEM, and 3DAP are not suitable
for detecting small variation in average
size and in precipitate number density
during heat treatments. For this reason,
we measured small angle X-ray scattering
but could not find any structures related to

such precipitates in the obtained profiles.
The reasons are that the scattering length
density of α 2 for X-ray is similar to the
matrix and that the scattering from the
silicide exists outside the measuring range
of our Lab-SAXS. For this reason, we mea-
sured wide q-range small angle neutron
scattering using QUAKKA in ANSTO, to
investigate mean size and number density
of the nano-precipitates in variously aged
IMI834, near-α Ti-Al-Zr-Sn based alloy.
The IMI 834 material has a composition of
Ti-5.8Al-4.0Sn-80 3.5Zr-0.7Nb-0.5Mo-0.3Si-
0.10O, in wt.%. The alloy was forged, then
heat treated above the beta transus temper-
ature. Finally, some were aged for various
periods of 0, 10, 100, 200, or 400 hours at
650?C and of 0, 10, 100, 1300, or 2000 hours
at 700 ?C. The samples are stable metal
plates with thickness of approximately 0.5
mm. The measurements were performed
in an atmospheric pressure at an ambi-
ent temperature using the sample auto-
changer. The observed q-range is from 6 x
10ˆ-3�ˆ-1 to 0.6�ˆ-1.
The obtained results are shown in Figure.
We can find double shoulder-like anoma-
lies on each profile for the samples with the
aging treatments. The observations of SEM
and TEM indicates that the anomaly in the
low q region is caused by the precipitation
of the silicide, while the anomaly in the
higher q region is attributed to theα 2 pre-
cipitates. The positions of both the anoma-
lies shift toward lower q with increasing
the aging periods. This behavior is con-
sistent with the results of microscopy. We
are able to discuss their size distributions
strictly when the compositions of these pre-
cipitates are determined by our on-going
3DAP measurements, then we can clarify
nature of the precipitation in near-α tita-
nium based alloy from differing points of
view.
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Uniaxial-stress-control of competing inter-chain exchange interactions of
isosceles-triangular lattice Ising magnet CoNb2O6

Setsuo Mitsuda, Ryuta Henmi
Department of Physics, Faculty of Science, Tokyo University of Science

The isosceles triangular lattice Ising an-
tiferromagnet is characterized by the ra-
tio of exchange interactions defined as γ
=J1 (along the base direction) /J2 (along
the equilateral direction), and its magnetic
property dramatically changes, depend-
ing on whether γ is larger than 1.0 or
not. As one of the model materials, we
have studied an Ising magnet CoNb2O6,
where the quasi-1D ferromagnetic zigzag
chains along the c axis form a frustrated
antiferromagnetic isosceles-triangular lat-
tice (ITL) with γ ' 1.33 in the a-b plane.
If the exchange ratio γ can be controlled
in CoNb2O6 via anisotropic deformation
of ITL by uniaxial pressure, variety of in-
teresting magnetic features intrinsic to γ
would be observed.

Actually along this context, we suc-
ceeded in crossing the Wannier point (γ= 1)
and providing access to the region of γ < 1
by further applying uniaxial pressure p up
to 1GPa along the c axis, where AF-II mag-
netic ordering with q=1/2 is switched to
AF-I magnetic ordering with q=0 at the crit-
ical pressure p ' 0.8GPa at which the ex-
change ratio γ becomes 1.0. This is what ex-
actly suggested by Stephenson’s exact cal-
culation for 2D ITL, as is in the experimen-
tal reports 22 (N0 1802).

In present experiment, as a continua-
tion of the proposal, we obtained entire
H//c − T magnetic phase diagram ( with
γ∼0.91) at p= 1.1GPa, including determi-
nation of magnetic structure of magnetic
state with q=1/5 newly appearing between
AF-I magnetic ground state and field in-
duced ferrimagnetic (FR) phase, as shown
in Fig.1. How the IC phase appears in
H//c − T magnetic phase diagram at p=
1.1GPa is entirely different from that at
p= 0 Pa, corresponding to that one ex-
change J1 (along the base direction) wins

two exchange J2 (along the equilateral di-
rection) and there is essentially no com-
petition among spins on isosceles triangu-
lar lattice for γ < 1. Level-crossing con-
siderations using experimentally obtained
four magnetic transition fields between AF-
I, 5SL,FR,HHFR and IF phases as well as
γ∼0.91 suggest that ten times smaller neg-
ative exchange J4 and J′3(compared with J1
and J2 ) is necessary for the appearance of
5SL and HHFR phases, respectively.

Fig. 1. H//c-T magnetic phase diagram at p=
1.1GPa.
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Magnetic Ordering in S=1/2 Frustrated Square Lattice C20H19F6N5P

Minoru Soda
RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan

Frustrated magnet has been extensively in-
vestigated both experimentally and theo-
retically. For quantum spins on the geo-
metrical frustration systems, such as the
pyrochlore, triangular, and kagome lattice
systems, non-trivial ground states are ex-
pected. The simple quantum spin systems
having one or two kinds of magnetic inter-
actions have been reported in many solid
materials while we can modify the mag-
netic interactions by using simple chemi-
cal modifications in organic radical com-
pounds[1].
We focused on a verdazyl radical with de-
localized pi-electron spins extending over
the molecule, [o-MePy-V]+. The [o-MePy-
V]+ molecule has a spin S=1/2 and forms
the square lattice where six kinds of the
magnetic interactions exist. From ab ini-
tio calculation, we can estimate the val-
ues of the magnetic interactions and found
that the [o-MePy-V]+ square lattice has
both ferromagnetic (F) and antiferromag-
netic (AF) interactions. The [o-MePy-V]+
square lattice has the frustration induced
by six kinds of the magnetic interactions,
suggesting that exotic ground states are
expected. In the specific heat measure-
ment, the transition was observed at 1.8
K. However, the magnetic ground state in
in C20H19F6N5P is not clear. Then, we
try to clarify the magnetic structure of [o-
MePy-V]PF6 (C20H19F6N5P) having the
frustrated square lattice. The themes of
(1) magnetism of pi-electron spin and (2)
quantum spin in frustrated square lattice
are very interesting,
We have carried out the neutron diffrac-
tion measurement in the single crystal
C20H19F6N5P by using CORELLI (Elastic
Diffuse Scattering Spectrometer) to exam-
ine the magnetic structure.
At 5 and 250 mK, the neutron intensities
were measured in the wide Q-region. Fig-

ures 1 shows the neutron intensity mea-
sured at 250m K for Q=(H,K,H). The neu-
tron intensities were observed at the fun-
damental Q-points. We examined the ex-
istence of the magnetic intensity by sub-
tracting the neutron intensity at 5 K from
that at 250 mK. As a result, we could not
observe the obvious magnetic reflection.
At this moment, we are trying the further
analysis.

[1] H. Yamaguchi et al., PRB 88 174410
(2013).
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Fig. 1. Elastic neutron intensities measured at 250
mK for Q=(H,K,H).
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Topological superconductor beta-PdBi2

Nao Kagamida
Ochanomizu University

In topological superconductors, it has
been predicted that special particles, so-
called Majorana fermions, will appear
on the surface of the material. Recently,
spin- and angle-resolved photoemission
spectroscopy measurements revealed that
Palladium-Bismuth Superconductor, β-
PdBi2 (tetragonal structure, space group
I4/mmm, Tc = 5.4 K[1]), has topologically
protected surface state[2] and it attracts
much attention.

In order to study bulk properties of PdBi2,
we performed a small-angle neutron scat-
tering (SANS) experiment and measured
diffractions from vortex lattice. For the
measurements, we grew single crystals of
PdBi2 by a melt growth method and Tc of
the crystals was evaluated to be Tc = 5.2 K
by magnetization measurements. The pre-
vious neutron diffraction measurements at
SANS-1 instrument in FRM-II (from 17th
to 22th August, 2017 ) showed us clear
spots. Q-dependence of the intensity indi-
cates the system has hexagonal vortex lat-
tice. Then, in the present study, to confirm
the anisotropy and superconducting par-
ing symmetry, we performed experiments
at same instrument.

Four single crystals of PdBi2 (0.972 g, 0.856
g, 0.746 g and 0.506 g ) were set with [010]
axis vertical in a 3He insert, and it was in-
stalled into a magnet with horizontal fields.
First, we checked positions of the crystals
by neutron camera and set masks with Cd.
After confirmation of a direction of field by
using Nb single crystal, we measured vor-
tex lattice created in field cooled process. A
magnetic field was rotated from parallel to
[001] towards [100] of the sample, in steps
of α = 0, 15, 30, 45, 60, 67.5, 75, 82.5, 90
degree. Incident neutron beam was almost
parallel to the magnetic field. We used neu-

trons with λ = 8 �. Figures 1(a)˜(c) show
diffraction patterns from vortex lattice atα
= 0, 45 and 67.5 degree, respectively. Clear
spots were observed. We determined a, b
and anisotropy factor γ ( = a / b ) which
were illustrated in Fig.1(a). We found that
γ is highly dependent onα.
Next we measured temperature depen-
dence of integrated intensity at H = 0.1 and
0.3 T by rotating the sample with the mag-
netic field around omega angle (around a
vertical axis) at α = 0 degree. We will de-
termine gap structure of this material.

This travel was done with a financial sup-
port by ISSP, University of Tokyo. We ap-
preciate it pretty much since it could not be
done without it.

References
[1] Y. Imai, F. Nabeshima, K. Miyatani, R.
Kondo, S. Tsukada, & A. Maeda, J. Phys.
Soc. Jpn. 81, 113708 (2012).
[2] M. Sakano, K. Okawa, M. Kanou, H.
Sanjo, T. Okuda, T. Sasagawa & K. Ishizaka,
Nature communications 6, 8595 (2015).
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Fig. 1. Fig.1 SANS patterns atα = (a) 0°(b) 45°(c)
67.5°at T = 0.87 K in H =0.3 T.

16



Structures and microscopic miscibility for nanoparticles of
palladium-ruthenium-based alloys

O. Yamamuro(A), H. Akiba(A), K. Kusada(B), D. Wu(B), H. Kitagawa(B), D. Keen(C)
(A)ISSP-NSL Univ. Tokyo, (B)Kyoto Univ., (C)ISIS, RAL

Nanometer-size particles of alloys are at-
tracting researchers in various scientific
and industry fields. Recently we are fo-
cusing attention on PdRu alloys since they
are expected to be high-performance and
low-cost catalysts to remove CO and NOx
in exhaust gas of cars. Pd and Ru atoms
form bulk solid solutions only at much
higher temperatures than room tempera-
ture (RT). This is mainly because Pd has
an fcc structure while Ru has an hcp
one. We have found that PdxRu1-x with
a diameter of 5-7 nm are miscible in the
whole composition range around RT [1].
However, the fcc and hcp phases coex-
ist in a single nanoparticle. The present
large problem is that the catalytic activ-
ity decreases due to the vaporization of
Ru atoms at higher temperatures. In this
study, we have performed the neutron
powder diffraction (NPD) experiments on
PdRuM (M = Rh, Pt, Ir) nanoparticles to
investigate the miscibility improvement by
adding the third metals M. The third metal
may stabilize the alloys state due to the
mixing entropy effect. These nanoparti-
cles are covered with a protective poly-
mer polyvinylpyrrolidone (PVP) to avoid
adhesion between the nanoparticles. The
NPD measurements were performed using
the high-intensity neutron powder diffrac-
tometer (Polaris) installed at RAL, ISIS.
NPD is powerful to distinguish between
neighboring atoms in the periodic table
such as Pd and Ru.

Figure 1 shows the atomic pair corre-
lation function G(r) of Pd0.5Ru0.5 and
Pd0.33Ru0.33M0.33 (M = Rh, Pt, Ir)
nanoparticles obtained by the Fourier
transform of the S(Q) data. The contribu-
tion from PVP has been subtracted. The
red and green bars represent the positions
and intensities calculated from the fcc and

hcp structures. Both fcc and hcp peaks ap-
peared in Pd0.5Ru0.5, Pd0.33Ru0.33Rh0.33
and Pd0.33Ru0.33Ir0.33, while only the
fcc peaks in Pd0.33Ru0.33Pt0.33. This
result demonstrates that adding Pt atoms
is the most effective to stabilize the fcc
structure and improve the miscibility of
the alloy nanoparticles. Furthermore, we
have found that the presence of much
interface between fcc and hcp phases
enhances the catalytic performance in
PdRuM nanoparticles.

[1] K. Kusada et al., J. Am. Chem. Soc. 136,
1864 (2014).

Fig. 1. Atomic pair correlation functions G(r) of
Pd0.5Ru0.5 and Pd0.33Ru0.33M0.33 nanoparticles.
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Magnetic diffuse scattering in pyrochlore antiferromagnet Na3Mn(CO3)2Cl

K. Nawa(A), D. Okuyama(A), M. Avdeev(B), and T. J. Sato(A)
(A)IMRAM, Tohoku Univ, (B)Bragg Institute, ANSTO

Spin systems with geometrical frustra-
tion have attracted much attention in
the field of magnetism since they can
exhibit unique magnetic structures, rich
quantum phases, and critical phenom-
ena. From this viewpoint, new compounds
Na3T(CO3)2Cl (T = Mn, Co) should give
an insight to approach the new quan-
tum phases expected in pyrochlore anti-
ferromagnets. This compound consists of
TO6 octahedra linked by carbonate ions
(CO2−

3 ), forming pyrochlore network of
T2+ cations. For Na3Co(CO3)2Cl, previ-
ous macroscopic measurements and neu-
tron scattering experiments [1] have re-
vealed successive phase transitions in at Ta
= 4.5 K and TN = 1.5 K, described as a spin-
glass like transition and all-in-all-out long-
range magnetic order, respectively. How-
ever, the origin of the all-in-all-out mag-
netic order below the spin-glass tempera-
ture is still unknown. We believe that or-
bital degeneracy should be a key, since a
coupling between the orbital degeneracy
and a spin S = 3/2 for Co2+ (d7) leads to
a Kramers doublet of pseudo-spin 1/2 as a
ground state. In fact, the temperature de-
pendence of magnetic susceptibility is well
reproduced by using high-temperature se-
ries expansions of spin 1/2 pyrocholore an-
tiferromagnet.

To confirm our assumption, we prepared
a new Mn-analogue, Na3Mn(CO3)2Cl. Its
ground state should be different from Co-
compound and may be intriguing because
of the higher isotropy in magnetic inter-
actions. In fact, the temperature depen-
dence of magnetic susceptibility exhibits
no clear anomaly down to 0.6 K, in contrast
to Na3Co(CO3)2Cl. To investigate whether
a magnetic order is present or not at low
temperature, we performed neutron pow-
der diffraction measurements using high-
resolution powder diffraction spectrometer

ECHIDNA at Bragg Institute, ANSTO. A
dilution insert was used to reach down to
45 mK. Figure (a) shows diffraction pat-
terns measured at 45 mK and 2.0 K, and
difference of them. No additional magnetic
Bragg peaks are present below 2.0 K, in-
dicating the absence of a long-range mag-
netic order down to 45 mK. Instead, we
find a diffuse scattering which develops be-
low 50 K, as shown in Fig. (b). The bot-
tom curve represents the intensity differ-
ence between 1.5 K and 200 K. A broad
peak is clearly present at Q ∼ 0.85 Å−1,
which is roughly close to Q ∼ 2π/d(110)
= 0.63 Å−1, where d(110) = 10.04 Å cor-
responds to a doubled distance between
nearest Mn-Mn atoms. This suggests that
nearest neighbor antiferromagnetic corre-
lations are dominant. Since the small dif-
ference in the spin correlations can be due
to additional interactions such as dipolar-
dipolar interactions, a further analysis for
the diffuse scattering is necessary, which is
in progress.

Our results reveal that Na3Mn(CO3)2Cl
has a disordered ground state in contrast
to Na3Co(CO3)2Cl which exhibits an all-in-
all-out order. Since the former compound
is a spin 5/2 system with isotropic mag-
netic interactions, the latter compound,
which is pseudo spin 1/2 system, should
have an anisotropy in magnetic interac-
tions to exhibit the magnetic order. Af-
ter analyzing the diffuse scattering patterns
of Na3Mn(CO3)2Cl, reanalyzing those for
Na3Co(CO3)2Cl using almost the same
model except for single-ion and exchange
anisotropy should reveal the origin of the
unique magnetic transitions.

In summary, we conclude that a mag-
netic long-range order is absent down
to 45 mK but antiferromagnetic short
range order develops below 50 K for
Na3Mn(CO3)2Cl. We are now analyz-
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ing the diffuse scattering patterns to clar-
ify magnetic interactions present in these
unique pyrochlore compounds.

[1] Zhendong Fu et al., Phys. Rev. B, 87,
214406, (2013).

Fig. 1. (a) Neutron powder diffraction patterns mea-
sured at 0.045 K and 2.0 K. (b) Diffraction patterns
measured at 1.5, 10, 50, and 200 K.
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Switching the magnetic order in CaBaCo2Fe2O7 using magnetic field

J. Reim (A), M. Valldor (B), W. Schweika (C,D), T. J. Sato (A)
A IMRAM, Tohoku University, B Max- Planck Institut, Dresden C JCNS, Forschungszentrum

Juelich, D ESS ERIC

The layered kagome system in the
hexagonal Swedenborgite structure dis-
plays similarly to the Pyrochlores a highly
frustrated network of tetrahedral coordi-
nated magnetic ions. However, its broken
inversion symmetry raises further the com-
plexity of ordering due to non-vanishing
Dzyaloshinski-Moriya (DM) interactions.
The crystallographic structure of the com-
pound CaBaCo2Fe2O7 was successfully
refined in P63mc symmetry (a = 6.36 Å
and c = 10.28 Å) and determined to be
structural invariant under temperature
within the resolution limits. Neutron
scattering evidenced the coexistence of a
seemingly commensurate K-type and long
periodic (lp) modulation within the AFM
phase (below 160 K). The latter one can
be described with the 3-q star q∗s of the
propagation vector qs = (0.342, 0.342, 0)
noted in the crystallographic unit cell. This
corresponds to a splitting of δ ≈ 0.017 Å−1.
Based on information from polarization
analysis a spin structure was established
using a model of superimposed cycloidal
waves along each arm of the star q∗s . The
structure factor of the resulting spin struc-
ture corresponds semi-quantitatively with
the observations. This model of the spin
structure itself is an AFM skyrmion-lattice
with a winding number of w ≈ −1 indicat-
ing a topologically protected swirling.
In contrast to most ferromagnetic
skyrmion-lattices, here no external mag-
netic field was applied to stabilize the
long periodic modulation. This rises the
question for the nature on the intrinsic
stabilization mechanism. Magnetization
measurements evidenced a non-vanishing
field-hysteresis concluding a net magnetic
moment at all measured temperatures
(2 K up to room temperature). Depending
on the sample’s magnetic field history

two different state exist (basically zero or
non-vanishing net moment). In a more
recent neutron scattering experiment, the
intensity close to the K-point was dis-
covered to be split, too, and corresponds
to another lp modulation with a longer
periodicity (inner li ≈ 1100 Å and outer lp
lo ≈ 320 Å). Furthermore, these two differ-
ent lp modulations appeared to coexist in
a wide temperature range within the AFM
phase (cf. Fig. 1a). In correspondence with
magnetization results, two states could be
distinguished below 20 K: coexistence of
two lp modulations (state A) or only the
one with shorter periodicity remains (state
B). Previous neutron scattering experi-
ments hinted at the possibility to influence
the magnetic order with an external field.
In that experiment at the start the state
A was observed, however applying an
oscillating, decreasing magnetic field at
room temperature led to a stabilization
of state B. Yet, this change could not be
reversed with magnetic fields up to 2 T.
The samples measured in the present
experiment have been in state B at the
start of the experiment, showing a coex-
istence at 80 K (see Fig. 1a) and a single
lp modulation at 4 K (see Fig. 1b). The
application of 5 T parallel and anti-parallel
to the c-axis did not have any notable
influence in the temperature range 4 to
80 K, however cooling in an applied field
of 5 T from 160 K slightly changed the
scattering pattern at low temperatures (see
Fig. 1c). While, a complete switch to A
could not be achieved, with the outer lp
remaining dominant, this still underlines
the possibility of a switch from state B to
A.
Thanks to the improved resolution and
decreased background, the two different
modulations could be told apart clearly
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and even the peak splitting of the inner
modulation was resolved. Selected mag-
netic peaks have been measured at various
temperature steps. From the 2D fits of
these scattering maps we extracted not
only the splitting magnitude but also the
peak intensities of each individual peak.
The resulting temperature dependence
evidences the clear change of the dominant
lp modulation for a sample in state B (see
Fig. 1d). Since the inner lp modulation
nearly vanishes at low temperatures, it
can be hardly fit. Otherwise, both modu-
lations’ periodicity slightly increases with
decreasing temperature, indicating both
modulations to be incommensurate. Fur-
thermore, for the first time an electric field
of up to 0.5 kV/mm was applied along
the high symmetry c-axis, however, at this
field strength no change was observed in
the scattering pattern.

Fig. 1. Magnetic peak (2/3, 2/3, 0). (hk0)-scattering
map at 80 K (a) and 4 K (b). (c) (hk0) map of the dif-
ference between measurements using FC and ZFC
at 4 K. T dependence of the lp modulations’ peak
intensities (d) and splitting (e).
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Study of the Magnetic Structure of the Noncentrosymmetric Heavy-Electron
Metamagnet CePdSi3 under Magnetic Fields

M. YoshidaA, D. UetaA, T. KobukeA, Y. IkedaB, H. YoshizawaA

AISSP-NSL, University of Tokyo, BIMR Tohoku University

Noncentrosymmetric f -electron materi-
als have attracted much attention because
the absence of inversion symmetry leads
to nontrivial and interesting effects upon
physical properties. Recently, we have
reported that the non-centrosymmetric
BaNiSn3-type compound CePdSi3 exhibits
successive magnetic transitions, multi-
metamagnetic transitions, and weak ferro-
magnetism, yielding an unusually complex
H − T phase diagram [1]. We defined three
phases as the Phase III, II and I as elevating
temperature. From elastic neutron diffrac-
tion experiments at zero field performed
in the last April, we found that magnetic
peaks indicate a spin density wave (SDW)
structure. In addition, the H and K do-
mains coexist in CePdSi3 at zero field.

In order to determine magnetic struc-
tures in CePdSi3 under fields in the next
step, we performed elastic neutron scatter-
ing experiments at BL-09 (CORELLI), SNS
in Oak Ridge National Laboratory. A single
crystalline sample of CePdSi3 was grown
by a flux method in the Institute for Solid
State Physics. The sample was mounted on
an Al pin such that both the a and c axes
set into the equator plane and installed in
SlimSam. Temperature was set to 1.9 K,
and the magnetic-field was applied from 0
to 25 kOe along the H direction (the a axis).

We have succeeded in observing clear
and interesting field dependence of the in-
tensity of magnetic peaks as shown in Fig-
ure 1. The K domain disappears by 3 kOe,
and only the H domain survives up to 12
? 13 kOe where the phase changes I’ to IV.
Surprisingly, in the field range from 10 to
15 kOe, our results indicate that a magnetic
moment turns its direction perpendicular
to the magnetic field with keeping the same
modulation period. We have reported that
a jump appears in the magnetization curve

in the same field range [1]. Therefore, this
behavior can be interpreted as a spin-flop
transition. Finally, all magnetic superlattice
peaks disappear above 20 kOe because of
the forced ferromagnetism. We are in the
middle of elucidation of a mechanism of
such magnetic structures in field.

Travel expenses were supported by Gen-
eral User Program for Neutron Scatter-
ing Experiments, Institute for Solid State
Physics, The University of Tokyo (proposal
no. 17507), at JRR-3, Japan Atomic Energy
Agency, Tokai, Japan.

Referenece
[1] D. Ueta et al., J. Phys. Soc. Jpn., 85,
104703 (2016).

Fig. 1. Figure 1 The magnetic field dependence of
the integrated intensity related to two propagation
vectors in H- and K- domains. Blue and green indi-
cate the H and K domains, respectively.
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Study of the Magnetic Structure of the Noncentrosymmetric Heavy-Electron
Metamagnet CePtSi3

M. YoshidaA, D. UetaA, T. KobukeA, Y. IkedaB, H. YoshizawaA

AISSP-NSL, University of Tokyo, BIMR Tohoku University

Noncentrosymmetric f -electron materi-
als have attracted much attention be-
cause the absence of inversion symmetry
leads to nontrivial and interesting effects
upon physical properties. Recently, we
have found that the non-centrosymmetric
BaNiSn3-type compound CePtSi3 exhibits
successive magnetic transitions, and multi-
metamagnetic transitions in fields, yielding
an unusually complex H-T phase, which is
very similar to the H-T diagram of CePdSi3
which we have recently reported [1]. We
identified three phases at zero field and la-
beled them as Phase III, II and I as ele-
vating the temperature. In order to deter-
mine magnetic structures for three phases
at zero field in CePtSi3, we performed elas-
tic neutron scattering experiments at BL-
09 (CORELLI), SNS in Oak Ridge National
Laboratory. A single crystalline sample of
CePtSi3 was grown by a flux method in the
Institute for Solid State Physics. The sam-
ple was mounted on an Al pin such that
both the a and c axes set into the equator
plane and installed in a Helium 3 insert.
Temperature range was from 0.25 K to 5.5
K.

We found three magnetic peaks whose
propagation vectors are τ1 ∼ (0, 0.27, 0),
τ2 ∼ (0, 0.255, 0), and τ3 ∼ (0, 0.75, 0).
The τ1 peak was observed clearly in the
Phase I and II, and disappears in the Phase
III. On the other hand, the τ2 and τ3 peaks
rapidly develop through the boundary be-
tween the Phase II and III. The tempera-
ture variations of the integrated intensity
of these peaks are shown in Figure 1. Note
that all the peaks vanish in the paramag-
netic phase above 5 K, indicating that they
are of magnetic origin. From these observa-
tion, we expect that two different spin den-
sity waves are formed depending on tem-
perature.

Travel expenses were supported by Gen-
eral User Program for Neutron Scatter-
ing Experiments, Institute for Solid State
Physics, The University of Tokyo (proposal
no. 17904), at JRR-3, Japan Atomic Energy
Agency, Tokai, Japan.

Reference
[1] D. Ueta et al., J. Phys. Soc. Jpn., 85,
104703 (2016).

Fig. 1. Figure 1 The temperature dependence of
the integrated intensity of three magnetic peaks. τ1
: Circle(red), τ2 : square (blue) and, τ3 : triangle
(green) indicate the propagation vectors related to
these peaks.
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Magnetic structure of pressure-induced ordered state in CsFeCl3

Shohei Hayashida and Takatsugu Masuda
ISSP, University of Tokyo

CsFeCl3 is an easy-plane type antiferro-
magnet having an integer spin. The crys-
tal structure is a hexagonal with the space
group P63/mmc. At ambient pressure and
at zero magnetic field, a singlet ground sate
is realized because of the strong easy-plane
type single-ion anisotropy [1]. Recent mag-
netic susceptibility study demonstrated
that applying pressure induces a magnetic
long-range order [2]. Thus, CsFeCl3 is
an interesting compound exhibiting the
pressure-induced quantum phase transi-
tion. In order to investigate the pressure-
induced magnetic long-range order, we
performed a single crystal neutron diffrac-
tion under pressures at ZEBRA diffrac-
tometer in Paul Scherrer Institut (PSI).

A single crystal sample was grown by
the vertical Bridgman method. The sin-
gle crystal was aligned so that the crystal-
lographic ab plane was in the horizontal
plane. We measured (h k 0) and (h k ± 1)
planes. The crystal was installed into the
Hard Al-alloy piston cylinder pressure cell
in PSI, and the cell was set in a 4He cryo-
stat. We used the tilting mode of 1D detec-
tor. Ge(311) monochromator was chosen
to obtain the neutrons with the wavelength
of 1.178 Å. A collimator of 80’ was installed
between the sample and detector.

The pressures were estimated by mea-
surement of the lattice constant of NaCl
crystals mounted under the sample. We
used the equations of state V(P, T) for
NaCl from Ref. [3]. The absolute accu-
racy of the pressure measurement was es-
timated to be ±1 GPa. The obtained lattice
constants of NaCl and calibrated pressures
are shown in Table 1.

We observe additional peaks at (h, k, 0)±
(1/3, 1/3, 0) by applying pressure P = 0.9
GPa. Figure 1 shows a temperature evo-
lution of the intensity at (1/3, 1/3, 0) and
at P = 1.8 GPa. The intensity of the

peak increases with decreasing tempera-
ture, meaning that it is a magnetic Bragg
peak. From the indices of the magnetic
peaks, it is found that a magnetic prop-
agation vector kmag is (1/3, 1/3, 0). The
temperature evolution of the intensity was
measured at several pressures. As a result,
it is found that the transition temperature
TN increases with increasing the pressures
as listed in Table 1.

In analysis of the magnetic structure, we
use a representation analysis. The space
group P63/mmc and the magnetic propa-
gation vector kmag = (1/3, 1/3, 0) lead to
four irreducible representations (IRs) Γ3 +
Γ4 + Γ5 + Γ6. The basis vectors for Γ3 and Γ4
provide an easy-axis type magnetic struc-
ture along the c axis, whereas those for Γ5
and Γ6 provide a coplanar 120◦ structure
in the ab plane. As the result of the Ri-
etveld refinement, we find that the mag-
netic structure for Γ3 or Γ6 is the answer.
Since CsFeCl3 has the strong easy-plane
anisotropy, it is concluded that the struc-
ture for Γ6 is the answer. Thus, the deter-
mined magnetic structure exhibits the 120◦
structure in the ab plane.

In summary, the single crystal neutron
diffraction under pressure provided the ev-
idence of the pressure-induced magnetic
long-range order. Analyzing the magnetic
reflections, the magnetic structure is the
120◦ structure with the propagation vector
kmag = (1/3, 1/3, 0). In addition, the tem-
perature evolutions of the intensities at sev-
eral pressures shows the pressure depen-
dence of the transition temperature.

References
[1] H. Yoshizawa et al., J. Phys. Soc. Jpn.
49, 144 (1980).
[2] N. Kurita and H. Tanaka, Phys. Rev. B
94, 104409 (2016).
[3] J. M. Brown, J. Appl. Phys. 86, 5801
(1999).
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Table 1. Experimentally obtained lattice constant of
NaCl and applied pressures at room temperature.
Calibrated pressure referred by the table in Ref. [3].

NaCl lattice Applied Calibrated TN
constant (Å) P (GPa) P (GPa)　 (K)

5.6948 (300 K) 0 - -
5.5853 (1.6 K) 1.4 0.9 2.8
5.5588 (1.6 K) 1.6 1.3 3.8
5.5491 (1.6 K) 1.8 1.5 4.5
5.5351 (1.6 K) 2.2 1.8 5.5

Fig. 1. A temperature evolution of the intensity at
(1/3, 1/3, 0) under P = 1.8 GPa.
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Electrical control of magnetic moment on multiferroics Ba2MnGe2O7

S. Hasegawa, S.Hayashida, R. Sibille, T. Masuda
ISSP, PSI

A multiferroic material Ba2MnGe2O7 ex-
hibits an easy-plane type antiferromagnetic
order below TN = 4 K [1], where the spin di-
rects along crystallographic a axis and the
antiferroelectric state is realized along the
c axis. The electric polarization appears
along c axis when magnetic field is applied
along [110] direction [2]. Its multiferroicity
is explained by the spin dependent d − p
hybridization mechanism. In this mecha-
nism, since the local direction of the mag-
netic moment is related to the electric po-
larization, we can locally control the orien-
tation of the magnetic moment by electric
field. Although the study on the electrical
control of the spin has been reported in an
isostructural compound Ba2CoGe2O7 [3],
the magnetic moment has not been fully
controlled from [100] to [110] directions
because of its large magnetic anisotropy.
In order to demonstrate the electrical con-
trol of the magnetic moment by the elec-
tric field in Ba2MnGe2O7 having smaller
anisotropy than Ba2CoGe2O77, we per-
formed a single crystal neutron diffraction
experiment under the electric field at ZE-
BRA diffractometer.

A single crystal sample was grown by
the floating-zone method. The single
crystal was aligned so that the crystallo-
graphic ab plane was in the horizontal
plane. For the single crystal with a thick-
ness of 0.85mm, aluminum electrodes were
deposited onto the faces of (001) to ap-
ply the electric field. Maximum voltage in
the used equipment was 5.0 kV. We mea-
sured (h, k, 0)-plane and (h, k, 0.5)-plane by
using tilting mode in 1D detector. Ge311
monochromator was chosen to obtain the
neutrons with the wavelength of 1.178A.

Magnetic Bragg peaks are observed be-
low 4 K. From the analysis of the peaks,
it is found that the easy-plane type anti-
ferromagnetic structure having a magnetic

propagation vector kmag = (1, 0, 0.5) is re-
alized, which is consistent with the previ-
ous research [1]. To investigate the electric
field dependence, we performed the omega
scan at (h, k, l)= (-3, -4, 0.5), (5, 0, 0.5) and its
equivalent reflections. Figure 1 show elec-
tric field dependences of the omega scans
at (h, k, l) = (-3, -4, 0.5), (3, -4, 0.5) and (5,
0, 0.5) at 2.9 K. The intensities at (-3, -4, 0.5)
and (-4, -3, 0.5) increase with the increase
of the electric field, whereas ones at (4, -3,
0.5) and (3, -4, 0.5) decrease. On the other
hand, (5, 0, 0.5) and (0, -5, 0.5) are con-
stant. In the analysis of the data, we as-
sume that the magnetic moments continu-
ously rotate from [100] (or [010]) to [110] di-
rections when the antiferroelectric state be-
comes the ferroelectric state retaining an-
tiferromagnetic structure by applying the
electric field along the c axis. Under this
assumption the intensity variation at (-3, -4,
0.5), (5, 0, 0.5) and its equivalent position is
represented by the sinusoidal curve as fol-
lows:

I ∝ 1 + sin 2θ sin 2ω

where I is the intensity of the each mag-
netic reflections, and the ω is a rotation an-
gle of the magnetic moment from [100] or
[010] to [110]. The θ is the angle between
the scattering vector and a axis. The rota-
tion angle of the magnetic moment is eval-
uated from the amplitude of the sinusoidal
curve. From fitting the data, we obtained
the rotation angle of magnetic moment
against the electric field at several tempera-
tures. Compared with the rotation angle at
same temperature of 1.7K in Ba2CoGe2O7,
the one at 1.7 K in Ba2MnGe2O7 is small.
This is may be caused by the smaller elec-
tric polarization on Ba2MnGe2O7 than that
of Ba2CoGe2O7. However, the rotation
angle with temperature evolution is dra-
matically enhanced because the magnetic
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anisotropy is strongly suppressed with the
temperature evolution. The maximum ro-
tation angle of spin direction is 21◦ at 2.9
K and at 5.9 MV/m. On the other hand,
in over high temperature region, the rota-
tion angle is likely saturated. Further anal-
ysis is needed to elucidate this behavior.
In conclusion, the neutron diffraction ex-
periment under electric fields has demon-
strated the control of magnetic moment by
electric field. In addition, the controllabil-
ity is enhanced by the temperature evolu-
tion. In this experiment we achieve the
maximum rotation angle of 21◦ at 2.9 K and
at 5.9 MV/m.

References
[1] T. Masuda et al., Phys. Rev. B 81,
100402(R) (2010).
[2] H. Murakawa et al., Phys.Rev. B 85,
174106 (2012).
[3] M. Soda et al., Phys.Rev. B 94, 094418
(2016).

Fig. 1. The electric field dependences of the intensi-
ties at (-3, -4, 0.5), (3, -4, 0.5) at T =2.9 K.
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Magnetic structure of Weyl semimetal candidate NdGaSi

Minoru Soda
IKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan

Dirac and Weyl fermions have attracted
great attention in condensed matter
physics. In two dimensional graphene,
massless Dirac fermions are realized, and
the unique behaviour in the physical
properties such as quantum Hall effect is
observed. In three dimensional topological
system, Weyl semimetal with an inversion
symmetry-breaking is recently discovered
for several semimetals. Weyl fermions
induce the unique transport properties,
such as the magneto-resistance induced by
the chiral anomaly and the anomalous Hall
effect. Then, the study of Weyl semimetal
is very important for both foundation and
application. On the other hand, the many
reported Weyl semimetals with the polar
structure have no magnetism. Although
the relationship between the magnetism
and the Weyl semimetal phase is discussed
for several materials, such as Nd2Ir2O7,
GdPtBi, and YbMnBi2, it is not clear.
We focus on the Weyl semimetal candi-
date having the magnetism, RGaSi (R=Pr,
Nd, Gd, and Sm) [1]. In RGaSi, the crys-
tal structure is classified by order/disorder
of Ga/Si sites. The crystal structure with
the order of Ga/Si sites belongs to the
polar space group I41md same as the fa-
mous polar Weyl semimetal TaAs. Indeed,
the realization of Weyl semimetal state has
recently been suggested in the isostruc-
tural compound with the first principle cal-
culation. Although many Weyl semimet-
als have the polar crystal structures, the
relationship between the Weyl semimetal
phase and the polar structure in RGaSi is
not clear. Furthermore, RGaSi has the mag-
netism originated from the magnetic mo-
ment of R-ions, and the antiferromagnetic
or ferrimagnetic transitions are observed at
around 15 K. In the coexistence of the prop-
erties of the Weyl semimetal and the mag-
netism, the novel physical properties are

expected. However, the magnetic structure
of RGaSi is not clear. Then, we need to ex-
amine the magnetic ordering at low tem-
perature. In order to clarify the relation-
ship between the magnetic ordering and
the physical property of Weyl semimetal,
we carried out the magnetic structure anal-
ysis in Weyl semimetal NdGaSi.
We have carried out the neutron diffraction
measurement in the single crystal NdGaSi
by using HB-3A (Four Circle Diffractome-
ter).
Figure 1 shows the temperature de-
pendence of the integrated intensity at
Q=(1,0,1). A small intensity at the Q=(1,0,1)
exists above TN=12 K, which is originated
from the nuclear reflection. With decreas-
ing T, a large-intensity component due to
magnetic ordering appears below TN. The
magnetic diffraction measurements on the
NdGaSi single crystal were carried out in
order to clarify the magnetic structure. At
20 and 5 K, the neutron intensities were
measured at many Q-points. The magnetic
intensities were obtained by subtracting
the integrated intensity at 20 K from that at
5 K. As a result, we observed the magnetic
reflections at the fundamental Q-points.
At this moment, we try to analyze the
magnetic structure.

[1] G. Darone, et al., JSSC. 201, 191 (2013).
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Neutron diffraction study on magnetic structure in CaCoV2O7

R. Murasaki (a), K. Nawa (a), M. Avdeev (b) and T. J. Sato (a)
(a) IMRAM, Tohoku University, (b) ANSTO

Among transition metal oxides, cobalt ox-
ides provide a unique playground for
the correlated electrons because of un-
quenched orbital angular momentum. In
most cobalt oxides, a coupling between
residual orbital degrees of freedom (L =
1, effectively) and spin S =3/2 is present,
leading to an effective total angular mo-
mentum Jeff = 1/2. The collective mag-
netism of Jeff = 1/2 of the cobalt oxides can
be interesting, since anisotropy of magnetic
interactions between Co ions can be tuned
by a distortion of the octahedra [1]. From
this viewpoint, we have explored mag-
netism of cobalt oxides and found a cobalt
oxide CaCoV2O7 [2]. This compound con-
sists of two CoO6 octahedra which are
crystallographically inequivalent. The two
octahedra share their edge and form a
dimer of Jeff = 1/2. Our preliminary mag-
netization measurements revealed possi-
ble complicated successive magnetic tran-
sitions at TN1 = 4 K and TN2 = 3.2 K.
As the magnetic structure of the ordered
phases are totally unknown, we performed
neutron diffraction study.

The experiment was performed at
ECHIDNA high-resolution neutron pow-
der diffractometer of Australian Nuclear
Science and Technology Organisation.
The Ge 311 reflections were used for the
monochromator to select neutrons with the
wavelength 2.44 Ang. The powder sam-
ples were set in the 4He cryostat with the
base temperature being 1.6 K. Diffraction
patterns at several temperatures were mea-
sured between 1.6 K and 4.5 K to elucidate
evolution of the magnetic structures in this
temperature range.

As an representative result, Fig. 1 shows
the neutron powder diffraction patterns
measured at T = 1.6 K and 4.5 K. There

are quite a few Nuclear Bragg reflections
observed in the whole 2-theta range. Pre-
liminary structural analysis confirms good
quality of the sample used in the neutron
diffraction study. At the base temperature
T = 1.6 K, we can clearly see the devel-
opment of the new peaks at low 2-theta
region, indicating magnetic reflections ap-
pear below the magnetic ordering tempera-
ture. We are presently working on the anal-
ysis of the magnetic diffraction pattern us-
ing the representation analysis.

[1] M. E. Lines, Phys. Rev., 131, 546 (1963).
[2] E. V. Murashova et al., Zh. Neorg.
Khim., 38, 1446 (1993).

Fig. 1. (a) Neutron powder diffraction patterns mea-
sured at T = 4.5 K and 1.6 K using ECHIDNA high-
resolution diffractometer at ANSTO. (b) Magnified
plot for the lower 2-theta region.
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Detection of magnetic scattering of Zn-Nd-Zn single ion magnet using xyz
polarization analysis

Maiko Kofu1, Takashi Kajiwara2, Michihiro Nagao3, Osamu Yamamuro4

1J-PARC Center, JAEA, 2Nara Women’s University, 3National Institute of Standards and
Technology, 4ISSP, University of Tokyo

A single-molecule magnet (SMM) is a
metal complex that behaves as an individ-
ual nanomagnet. Each molecule, contain-
ing several metal centers with unpaired
electrons, possesses a giant resultant spin.
Given that the giant spin exhibits easy-
axis anisotropy (D>0), the magnetization
reversal between the ground states with
Jz = ±J is hindered by the potential bar-
rier of DJ2

z . The over-barrier activation is
a diffusive process that requires the sys-
tem to absorb phonon energy to be ex-
cited over the potential barrier. This is
a spin-phonon relaxation mechanism (Or-
bach mechanism). Early SMM researches
have focused on the complexes contain-
ing multiple transition metal ions. During
the past decade, lanthanide SMMs have re-
ceived much attention as promising mate-
rials with high blocking temperature, i.e.
stable SMMs [1, 2]. Owing to a large contri-
bution of angular momentum, lanthanide
complexes can become SMMs containing
only one or two magnetic ions. How-
ever, the relaxation behaviors of lanthanide
SMMs are rather complicated and several
types of mechanisms are discussed, for ex-
ample Raman, direct and quantum tunnel-
ing processes. Clarifying the mechanism of
magnetic relaxation is a key issue in lan-
thanide SMMs and assists formulation of
designing strategies for engineering long-
living SMMs.

We have previously studied a Tb-Cu
dinuclear SMM by inelastic (INS) and
quasielastic neutron scattering (QENS) [3,
4]. We are now investigating trinuclear Zn-
Ln-Zn complexes (Ln = Ce, Pr, Nd) [5, 6].
The system has only one magnetic center
in a molecule, in other words, which can be
regarded as“ single ion magnet”. Interest-

ingly, the complexes with Kramers ion (Ce
: J = 5/2 and Nd : J = 9/2) exhibit the su-
perparamagnetic SMM behavior while that
with non-Kramers ion (Pr : J = 4) does
not [6].

We have made INS experiments on AM-
ATERAS at J-PARC to search for magnetic
excitations. There exists a strong magnetic
excitation at 3-4 meV in the Pr complex but
several weak excitations in a wide energy
region (2 to 30 meV) in the Ce and Nd com-
plexes. The feature of magentic excitations
is closely related to whether it exhibits non-
SMM or SMM behavior. QENS measure-
ments were also made for the Nd complex
using DNA and AMATERAS at J-PARC
and a weak QENS contribution (about 1 %
of elastic intensity) was observed. An over-
all dynamical map ranging from 1 ps to
10 ms, which is obtained by combining the
QENS with ac susceptibility data, suggests
that the magnetic relaxation does not sim-
ply follow the Arrhenius behavior. It in-
dicates that the magnetic relaxation is not
governed by the Orbach mechanism in this
system.

However, one may consider that the re-
laxation observed in the QENS measure-
ments is not from magnetic scattering of
Nd but from incoherent/coherent scatter-
ing of other non-magnetic atoms. In fact,
the complex contains many non-magnetic
atoms (C, D, N, O, Zn…) and deuterium
atoms can possibly move even below 100
K. In order to confirm that the relaxation
observed in our QENS measurements is of
magnetic origin, we have carried out an ex-
periment with polarized neutron on NGA-
NSE at NIST. Since there exist incoherent,
coherent and magnetic scattering in Zn-Ln-
Zn systems, a xyz polarization analysis is
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necessary to extract the magnetic scattering
component. The NGA-NSE spectrometer is
suited to perform the xyz analysis, since it
uses polarized neutrons and Q-coils.

Figure 1 shows the evaluated magnetic
scattering in the temperature range from
3.5 K to 125 K. The fraction of magnetic
scattering ( fmag) at 3.5 K is about 0.8 %
which agrees with that of QENS contri-
bution. The fraction gradually decreases
upon heating due to the activation of mag-
netic relaxation and a decrease in popula-
tion of ground state. We have also mea-
sured charcoal (non-magnetic) as a refer-
ence and its magnetic scattering is esti-
mated to be 0 ± 0.2 % from the xyz analy-
sis. Therefore we could argue that the re-
laxation detected in QENS is really mag-
netic.

We are now undertaking further analysis
to probe the hybridization of ground state
in the Nd SMM. Since the intensity of elas-
tic magnetic scattering is proportional to
J2
z of the ground state, the estimate of the

intensity enables us to understand the de-
gree of hybridization of states. Particularly,
the comparison of the elastic intensity with
the excitation ones (obtained in the INS
measurements) is helpful to discuss a spin
Hamiltonian. We consider that our com-
prehensive study using neutron scattering
techniques can characterize the Zn-Ln-Zn
complexes and understand the mechanism
of magnetization reversal.
References
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Fig. 1. Fraction of magnetic scattering as a function
of temperature.
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Magnetic Order of magnetoplumbity-type cobalt oxide SrCo12O19

Asai S., Kikuchi H., and Masuda T.
Institute for Solid State Physics, the University of Tokyo

Various physical properties of cobalt
oxides has been intensively investigated,
which comes from the variety of the elec-
tronic states for Co ions. 2+, 3+, and 4+ are
stable for the valence of Co ions in oxides.
Additionally, the Co3+ ions surrounded by
oxygen ions octahedrally can take two dif-
ferent electronic configurations, high-spin
state (S = 2) and low-spin state (S = 0).
SrCo12O19 has the magnetoplumbite-type
crystal structure as shown in Fig. 1(a)
[1]. There are 5 equivalent sites for Co
ions in the unit cell. From the bond-
valence sum analysis, the valence of the
Co ions in Co(3) and Co(4) sites is pre-
dicted to be 3+ and 2+, respectively [1].
On analogy of SrCo6O11 [2], the Ising-like
character is expected for the spins of the
Co(3) ions. The uniaxial colossal magne-
toresistance was observed in the insulat-
ing phase [3]. Ishiwata et al. suggests that
the origin of the magnetoresistance is that
the charge order in the conduction paths,
which is formed by the Co(1), Co(2), and
Co(5) sites, is destabilized by the applied
field [3]. The magnetic susceptibility has
a sharp increase in the case that the mag-
netic field is perpendicular to the crystallo-
graphic c axis at 80 K [3]. It suggests the
magnetic long-range order. The magnetic
structure should be investigated to clarify
the origin of the magnetoresistance. Neu-
tron diffraction experiment was performed
on High-Intensity Powder Diffractometer
WONBAT installed at ANSTO. We used the
orange cryostat for achieving low temper-
ature. The PG filter is located in front of
the sample. We used 0.9 g of the sample.
We chose the neutron wavelength of 2.41
Å. Figure 1(b) shows the neutron diffrac-
tion patterns at 1.5 and 100 K. We observed
the magnetic peaks indexed by (004), (101),
(103), (006) or (104), and (105). It sug-
gests that the magnetic propagation vec-

tor kmag is (0, 0, 0). The temperature de-
pendence of the integrated intensity for the
magnetic (101) peak is shown in Fig. 1(c).
The peak intensity gradually increases with
increasing temperature below 80 K, which
is the magnetic transition temperature de-
termined by the magnetic susceptibility. It
indicates that these magnetic peaks are in-
trinsic. The magnetic structure analysis is
still in progress. [1] S. Ishiwata et al., J. Solid
State Chem. 181, 1273 (2008). [2] S. Ishi-
wata et al., Phys. Rev. Lett. 98, 217201
(2007). [3] S. Ishiwata et al., Phys. Rev. B
83, 020401 (2011).
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Fig. 1. (a) Crystal structure of SrCo12O19. (b) Neu-
tron diffraction patterns at 1.5 and 150 K. (c) Tem-
perature dependence of the integrated intensity for
(101) magnetic peak.
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Current driven motion of skyrmions in MnSi

D. Okuyama(A), M. Bleuel(B), Q. Ye(B), P. D. Butler(B), A. Kikkawa(C), Y. Taguchi(C), Y.
Tokura(C,D), D. Higashi(A), J. D. Reim(A), Y. Nambu(E), and T. J. Sato(A)

(A)IMRAM, Tohoku Univ., (B)NCNR, NIST, (C)RIKEN-CEMS, (D)Univ. of Tokyo, (E)IMR,
Tohoku Univ.

Emergent electromagnetic field out of a
topological spin texture is a novel concept
in condensed matter, and has been inten-
sively studied recently [1]. The skyrmion,
a nontrivial swirling spin structure carry-
ing a topological quantum number, is an
intriguing example of such spin texture[2].
Its finite scalar spin chirality Si·(Sj× Sk)
generates fictitious magnetic field acting on
the conduction elections, giving rise to the
nontrivial topological Hall effect in elec-
tron transport phenomena [3]. Inversely,
it can be expected that the skyrmion mo-
tion is driven by the current flow, resulting
in deformation, rotation, and translation of
the skyrmion lattice. Recently, indeed, this
current-driven rotation of the skyrmion
lattice is experimentally observed at very
low current density of 1 MA/m2 [4]. Al-
though this first experiment is tricky, re-
alized only under temperature gradient,
such low current density threshold for the
skyrmion motion attracts special attention,
as it opens a new way to manipulate spin
structures by ultra-low electric current, a
key technology to realize spintronics.

To investigate the deformation of the
magnetic skyrmion lattice under the elec-
tric current flow, we performed SANS
experiment with suppressing the thermal
gradient as much as experimentally achiev-
able. SANS experiments were carried out
at NG7 (National Institute of Standards
and Technology). The single crystal MnSi
samples were grown by the Czochralski
method, and were cut in the rectangular
shape. The incident neutron wave- length
was selected using the velocity selector as
λi = 6 Å. To further reduce the tempera-
ture inhomogeneity in the measured region
only a small part of the sample was illumi-
nated by using narrow beam. An electric

current was applied along the [0 0 1] direc-
tion. For such a large electric current, due
to the self heating the sample temperature
slightly deviates from the sensor temper-
ature. However, the maximum difference
between the sensor and sample tempera-
tures was 0.16 K at j = 2.7 MA/m2. The
temperature gradient along the current-
flow direction was also estimated, and was
confirmed to be less than 0.035 K/mm
at the sample region investigated in the
present study under the maximum current
density 2.7 MA/m2. This is at least one or-
der of magnitude smaller than the earlier
work [3]. The sample mount was attached
to the sample stick, and was installed in the
horizontal-field magnet with the magnetic
field applied along [1 -1 0] parallel to the
incident neutron beam.

The magnetic skyrmion reflections were
observed at the two temperatures, T =
28.3 K and 28.6 K, respectively, under B
= 0.2 T and j = 0 MA/m2. The six-
fold magnetic reflections characteristic to
the skyrmion lattice were observed in a
temperature range of approximately 28 K
< T < 29.2 K at B = 0.2 T. This obser-
vation is identical to those in the earlier
works, and confirms the reproducibility of
the present measurement. The integrated
intensity shows its maximum at T = 28.6
K, and then decreases at lower tempera-
tures. The SANS patterns were also ob-
tained under the finite electric current flow
j = 2.7 MA/m2 at B = 0.2 T. By comparing
to SANS data at j = 0, one can clearly see
considerable broadening of the skyrmion-
lattice peaks in the azimuthal direction.
The peak broadening is apparently temper-
ature dependent; the width is considerably
larger at T = 28.3 K compared to that at T
= 28.6 K. This result clearly indicates sig-
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nificant deformation of the skyrmion lattice
under large electric current.

In summary, we clearly observed that the
skyrmion peaks in the SANS pattern signif-
icantly broaden for j > jt (threshold current
density), indicating that the skyrmion lat-
tice considerably deforms when the lattice
starts to flow.
Reference:
[1] N. Nagaosa and Y. Tokura, Nat. Nan-
otechnol. 8, 899 (2013).
[2] S. Muhlbauer, B. Binz, F. Jonietz, C.
Pfleiderer, A. Rosch, A. Neubauer, R.
Georgii, and P. Boni, Science 323, 915
(2009).
[3] A. Neubauer, C. Pfleiderer, B. Binz, A.
Rosch, R. Ritz, P.G. Niklowitz, and P. Boni,
Phys. Rev. Lett. 102, 186602 (2009).
[4] F. Jonietz, S. Muhlbauer, C. Pfleiderer, A.
Neubauer, W. Munzer, A. Bauer, T. Adams,
R. Georgii, P. Boni, R. A. Duine, K. Ever-
schor, M. Garst, and A. Rosch, Science 330,
1648 (2010).
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Magnetic phase transition and magnetic structure on chiral magnetic Pr5Ru3Al2

D. Okuyama(A), J. D. Reim(A), K. Makino(A), N. Booth(B), E. P. Gilbert(A), and T. J.
Sato(A)

(A)IMRAM, Tohoku Univ., (B)ANSTO

Non-centrosymmetric materials are of
growing interest recently, because of the
possibility for a number of novel phe-
nomena, such as parity-mixed supercon-
ductivity in metallic systems, bulk Rashba
spin splitting of electron bands in polar
materials, and non-trivial spiral or helical
spin structures in magnetic materials origi-
nating from asymmetric spin-spin interac-
tions. Nonetheless, materials that realize
such intriguing phenomena are quite lim-
ited, and hence, new non-centrosymmetric
materials have been actively sought out re-
cently.

Pr5Ru3Al2 is one of such new non-
centrosymmetric materials, first synthe-
sized by Murashova et al. [1]. Their first re-
port includes magnetization measurements
down to T = 4.2 K; possible ferromagnetic
order was suggested at T ∼ 24 K. Re-
cently, we have succeeded in improving
sample quality of Pr5Ru3Al2 by employ-
ing several different heat treatments [2].
By using such high-quality single-phased
polycrystalline sample, we have revisited
magnetic properties, in particular, at fur-
ther lower temperatures below 4.2 K. We
found an antiferromagnetic ordering was
observed at T ∼ 4 K in the magnetic sus-
ceptibility for Pr5Ru3Al2. Interestingly, fur-
ther phase transition was observed above
the 1000 Oe magnetic field for Pr5Ru3Al2,
suggesting a formation of a complex mag-
netic phase diagram. On the other hand,
the ferromagnetic anomaly for Pr5Ru3Al2
at T ∼ 24 K in the earlier report was not
detected in our high-purity sample, and
hence is attributed to the impurity contam-
ination. Powder neutron diffraction exper-
iment in Pr5Ru3Al2 has been already per-
formed. The diffraction data measured be-
low the magnetic transition temperature
∼ 4 K shows additional satellite magnetic

reflections with long-period incommensu-
rately modulated structure as shown Fig. 1
(b). Magnetic structure for Pr5Ru3Al2 in the
zero magnetic field and in 1.5 K < T <4.2 K
is helical structure [2].

To investigate the magnetic structure of
the Pr5Ru3Al2, we performed SANS ex-
periment at QUOKKA (ANSTO). The sin-
gle crystal Pr5Ru3Al2 sample was grown
by long-time-anneal method. The inci-
dent neutron wave-length was selected us-
ing the velocity selector as λi = 5 Å. The
sample mount was attached to the sample
stick, and was installed in the horizontal-
field magnet with the magnetic field ap-
plied along [1 -1 0] parallel to the inci-
dent neutron beam. Figure 1 shows the
magnetic phase diagram determined by the
magnetization measurement and the ob-
tained SANS pattern. We found four mag-
netic phases. In phase II, we found four
hold reflections at (q q q), which is consis-
tent with the result of the neutron pow-
der diffraction data [2]. At phase III, the
two hold SANS pattern with the propaga-
tion vector (q q 0) was observed. 10 % in-
crease of the Q-length at the phase transi-
tion from Phase II to Phase III is observed.
From these results, it is also expected that
the magnetic structure is changed.

In summary, we performed SANS exper-
iment using Pr5Ru3Al2 single crystal. It is
clarified that the chiral magnetic Pr5Ru3Al2
exhibits the complicated magnetic-field-
induced phase transition. In phase II, the
helical magnetic structure with incommen-
surate modulation was concluded. In con-
trast, in phase III, the different-type antifer-
romagnetic orderings with long-period in-
commensurately modulation vector takes
place.
Reference:
[1] E.V.Murashova et al., Materials Re-
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search Bulletin 45, 993 (2010).
[2] K. Makino, D. Okuyama, M. Avdeev, T.
J. Sato, J. Phys. Soc. Jpn. 85, 073705 (2016).
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Antiferromagnetic order in the Au-Al-Tb quasicrystalline approximant

Sato T. J.(1), Avdeev M.(2), Ishikawa A.(3), Sakurai A.(3), Tamura R.(3)
(1) IMRAM Tohoku University, (2) ANSTO, (3) Tokyo University of Science

The Au-Al-Tb quasicrystalline approxi-
mant attracts growing attentions recently
because of possible novel magnetic order-
ing inferred in the macroscopic measure-
ments. This system has magnetic clus-
ters consisting of nearly-icosahedrally ar-
ranged Tb magnetic moments, and thus is
of considerable interest in its magnetic or-
der. From the susceptibility measurements,
a possibility for the antiferromangetic or-
dering has been proposed, however, no mi-
croscopic information on the magnetic or-
dering was obtained to date. We, hence,
undertook the powder neutron diffraction
experiment on the Au-Al-Tb approximant
crystalline phase. The powder diffrac-
tometer ECHIDNA, installed at the OPAL
reactor of ANSTO, was used, and the mag-
netic diffraction patterns in a wide temper-
ature range from RT to 4 K were recorded.

As a result, we have clearly observed
magnetic reflections below T < 11 K. It
may be noteworthy that the appearance
of the magnetic peak perfectly coincides
with the ordering temperature determined
in the macroscopic susceptibility measure-
ment. We found that the magnetic re-
flection was observed at Q = (1,1,1) posi-
tion, indicating that the system undergoes
antiferromagnetic transition with breaking
bcc centering-translational symmetry. The
24 Tb-atom sites in the unit cell are all
crystallographically equivalent, and hence
we expect that the magnetic representa-
tion analysis would work well for the mag-
netic structure analysis of this kind. By
using magnetic representation analysis, we
found that the lowest temperature diffrac-
togram is well reproduced by using two
basis vectors belonging to one single irre-
ducible representation. In real space, the
basis vectors correspond to a noncollinear
and noncoplanar spin structure defined on

one single icosahedron, as shown in Fig. 1.
The spins are found in the mirror plane of
the Im-3 space group symmetry of the crys-
tal, indicating that the local crystalline elec-
tric field effect plays deterministic role for
the magnetic structure stabilization.

Further study on the magnetic symmetry
and possible consequence of such nontriv-
ial magnetic structure is in progress.

Fig. 1. Magnetic structure in one single Tb icosa-
hedron determined in the present study. Note that
the icosahedron on the vertex is depicted; the body-
center icosahedron has antiparallel spin configura-
tion.
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Short-range correlations in the new quantum kagome-lattice compound
Yb3Ni11Ge4

M. Takahashi(A), K. Nawa(A), M. Frontzek(B) and T. J Sato(A)
IMRAM Tohoku University(A), ORNL(B)

Quest for quantum spin liquid state
in two dimensional frustrated lattice has
been at the heart of the condensed matter
physics for decades. To detect such a ex-
otic state, experimental research has been
primarily conducted on insulating com-
pounds where the quantum spin S = 1/2
is realized by the 3d1 or 3d9 state of the
transition metal ions, such as Cu2+ or Ti3+.
Recently, Yb3+ based magnetic compounds
attract growing attentions as a quantum
frustrated system, because the ground-
state Kramers doublets of Yb3+ may be re-
garded as pseudo spin S = 1/2.

In this work, we study the ternary in-
termetallic compound Yb3Ni11Ge4, which
has a breathing kagome-lattice structure
where the quantum spin liquid state has
been proposed theoretically[1]. First, we
performed the magnetization and specific
heat measurements. In both the experi-
ments, anomaly due to a phase transition
has not been observed down to 0.5 K. In-
stead, the C/T showed log-T increasing be-
havior below 2 K, and concomitantly mag-
netization curves indicated the develop-
ment of in-plane antiferromagnetic corre-
lations at low temperatures. To elucidate
the log-T behavior and concomitant anti-
ferromagnetic short range order, we per-
formed powder neutron diffraction exper-
iments using Wide-Angle Neutron Diffrac-
tometer (WAND) at ORNL. Neutrons with
wavelength λ = 1.488 Å were selected by
a monochromator using Ge 113 reflections.
The powdered sample loaded in a copper
can was set in the dilution refrigerator.

We measured powder diffraction pat-
terns at the base temperature (∼50 mK) and
two higher temperatures (0.8 and 4.5 K) be-
tween 2θ = 1.4◦ and 122◦. Figure 1 shows
Q-dependence of the intensities at T = 50
mK and 0.8 K from which the high temper-

ature (4.5 K) data were subtracted. Mag-
netic bragg peaks were not detected down
to the lowest temperature. On the other
hand, we can see the development of broad
peaks due to antiferromagnetic short range
order at the Q-position near 0 Å−1 and 0.88
Å−1, which correspond to the scattering
vectors Q = (0, 0, 0) and Q = (1, 0, 0). It
is likely that these fluctuations would be
related to the q = 0 structure; the lattice
in a crystal unit cell is divided into three
sublattices where the direction of spins on
one sublattice differs by 120◦ from that on
other sublattices. The increase of intensity
near Q = (0, 0, 0) indicates the existence
of ferromagnetic spin fluctuations. To de-
tect the spin excitation spectra due to those
spin fluctuations, and to confirm the ex-
act Q-position of the diffuse scattering, we
are planning to perform further neutron in-
elastic scattering experiment using a single
crystal.

[1] R. Schaffer, Y. Huh, K. Hwang and Y. B.
Kim, Phys. Rev. B 95, 054410 (2017).

Fig. 1. Magnetic neutron-scattering patterns at T =
50 mK and 0.8 K obtained by subtracting a high tem-
perature (4.5 K) data. The dashed line indicates the
Q-position corresponding to the scattering vector Q
= (1, 0, 0).
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Magnetic Excitation of S=1/2 Breathing Pyrochlore compound Ba3Yb2Zn5O11

Tendai Haku and Takatsugu Masuda
ISSP, the University of Tokyo

We studied low energy excitation in breath-
ing pyrochlore compound Ba3Yb2Zn5O11
to identify the effective spin Hamiltonian
using PELICAN spectrometer. The poly-
crystalline sample with the mass of 17.1
g was prepared by solid state reaction
method. We used two setups for the inelas-
tic neutron scattering (INS) experiment;
setup I for high energy resolution using in-
cident energy Ei of 2.1 meV, and setup II
for coverage of wider Q -�w space using
Ei of 3.6 meV. Here Q is magnitude of scat-
tering vector and � w is energy transfer.
Instrumental energy resolutions at the elas-
tic position were 0.059 meV for setup I and
0.135 meV for setup II in full width at half
maximum (FWHM). Closed cycle refriger-
ator was used to control the temperature T
in the wide range, 1.5 K < T < 150 K.
Figures 1(a)-1(f) show INS spectra in the
setup I measured at various temperatures.
Three flat bands are observed at 1.5 K.
The absence of dispersion suggests that
these bands are approximately cluster ex-
citations. The effect of the intercluster in-
teraction is small and hidden in the instru-
mental resolution. At 6 K the intensities are
suppressed and new flat bands appear at
different �ws. The intensities are small at
80 K, and the excitations are smeared out
at 150 K. Several streaks observed in the
range of � w < 0.4 meV in all the panels
are acoustic phonons. Figures 1(g) and 1(h)
shows the INS spectrum in the setup II.
One-dimensional energy cuts from the INS
spectra in Figs. 1(a) and 1(c) are shown by
symbols in Figs. 2(a) and 2(b), respectively.
The peaks are fitted by Gaussian functions
having FWHM of instrumental resolution
to estimate the peak energies and the in-
tegrated intensities. The peak energies at
1.5 K are estimated as 0.39, 0.52, 0.73, 0.78
meV. At T = 12 K new peaks are observed
at 0.21, 0.98, 1.03, 1.24, and 1.37 meV in

Fig. 2(b). Temperature dependences of the
intensities of the four peaks at 1.5 K are
shown in Fig. 2(c), and those of the addi-
tionally observed peaks at 12 K are shown
in Fig. 2(d). The formers monotonically de-
crease with the temperature and, in con-
trast, the latter increase with the temper-
ature. This means that the probabilities of
the initial states of the excitations observed
at 1.5 K decrease with the increasing tem-
perature and, therefore, the excitations are
from the ground state and/or the excited
state with small energy compared with 1.5
K. The additional excitations observed at 12
K are from the excited states.
Figure 2(e) shows one-dimensional energy
cuts from the INS spectra at 1.5 K in Fig.
1(g) in setup II. A peak is observed at 1.75
meV in addition to the peaks observed in
setup I. Q dependence of the intensity in-
tegrated in the range of 0.25 meV < �
w < 0.95 meV in Fig. 2(f) exhibits broad
maximum at Qmax ˜ 1.25�-1. This means
that antiferromagnetic correlation between
the spins, the characteristic length scale of
which is pi/ Qmax, is enhanced. The dis-
persionless excitations with the Q depen-
dent intensity means that the neutron spec-
trum is dominated by an antiferromagnetic
cluster within the instrumental resolution.

We analyzed the data on the basis of
spin S=1/2 tetrahedron Hamiltonian in-
cluding anisotropic and asymmetric inter-
actions. The calculations are indicated by
solid curves in Figs. 2(a)-2(f) and the data
is reasonable reproduced. Detailed descrip-
tions of the analysis and discussion are de-
scribed in the paper [1].
[1] T. Haku, K. Kimura, Y. Matsumoto,
M. Soda, M. Sera, D. Yu, R. A. Mole, T.
Takeuchi, S. Nakatsuji, Y. Kono, T. Sakak-
ibara, L.-J. Chang, and T. Masuda, Phys.
Rev. B 93, 220407 (2016).
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Fig. 1. Fig. 1 (right panel) INS spectra in false color
map. Fig. 2 (left panel) 1D cut of INS spectra.
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Novel magnetic state in a series of new square-lattice magnets

Tendai Haku and Takatsugu Masuda
ISSP, the University of Tokyo

Layered metal oxyfluorides/oxychlorides
A2MO3X (A = Ca, Sr, M = Mn, Fe, Co,
Ni, Cu, X=F, Cl) are members of a new
family of 2D square lattice antiferromag-
nets [1,2]. In this study, we have paid atten-
tion to Sr2NiO3Cl and Sr2MnO3F. Neutron
diffraction measurements on both sam-
ples were performed at a powder diffrac-
tometor Echidna in ANSTO. Although the
ground state of Sr2MnO3F at 3 K is a con-
ventional antiferromagnetic phase having
q = (1/2, 1/2, 0), the magnitude of a mag-
netic moment was 3.04 μ B, which is sup-
pressed from that of a free Mn3+ ion 4.0μ
B. The result suggests that magnetic fluc-
tuation plays important role and disturb
a magnetic order. We cannot understand
the suppression with a simple 2D dimen-
sionality. Hence we can expect that there
are other type quantum fluctuations some-
where. On the other hand, we have not ob-
tained experimental evidence for magnetic
ordering on Sr2NiO3Cl by using a neutron
diffraction technique.
We performed the powder inelastic
neutron scattering on Sr2MnO3F and
Sr2NiO3Cl at MERLIN in ISIS to reveal
the magnetic excitation. On Sr2MnO3F,
the measurements performed on a couple
of temperature which is under and over
the N � el temperature. The Gd chopper
was used and the speed was 400Hz. Ei
were 50.1 meV, 26.2 meV and 16.0 meV.
The measurement for Sr2NiO3Cl was
performed under the N� el temperature.
We use the Gd chopper and the speed
was 250Hz. Ei were 109 meV, 30 meV and
13.8 meV. The dispersion curve of which
local minimum has at q = (1/2, 1/2, 0) and
energy gap is 8 meV was observed. Since
it is a typical behavior of a classical spin
wave excitation of antiferromagnets with
magnetic anisotropy, we are analyzing
the data by the two-dimensional square

lattice model with XXZ-type anisotropy.
We cannot obtain any excitations on
Sr2NiO3Cl. Combined with the diffraction
data, Sr2NiO3Cl has no magnetic order
or a magnetic order with a small ordered
magnetic moment which cannot measure
by using neutron scattering techniques.
In any case, a magnetic order was dis-
turbed by quantum fluctuations raised by
both of low dimensionality and magnetic
frustration.
[1] C. S. Knee et al., Phys. Rev. B 68, 174407
(2003).
[2] Y. Tsujimoto et al., Inorg. Chem. 51, 4802
(2012).
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Detecting quantum critical fluctuations in the distorted kagome Kondo compound
CeRhSn

Takahashi M.(A), Adroja D. T.(B), Demmel F.(B), Yang C. L.(C), Kim M. S.(C),
Takabatake T.(C), Sato T. J.(A)

IMRAM Tohoku University(A), ISIS (B), Hiroshima University(C)

Geometrically frustrated spin systems have
been studied extensively for decades be-
cause of many intriguing phenomena, ex-
emplified by the non-magnetic quantum
disordered states. Also studied are non-
magnetic ground states originating from
Kondo-lattice-effect, such as those ob-
served in Ce- and Yb-based intermetal-
lic heavy-fermion compounds. Recently, a
combination of the Kondo-effect and geo-
metrical frustration becomes a new topic,
both enhancing quantum fluctuations in
different routes. This opens a new play-
ground for the solid state physicists, and
hence attracts special attention.

In this work, we study the heavy-fermion
compound CeRhSn, which has a distorted
kagome-lattice structure, a distorted ver-
sion of a typical geometrically frustrated
lattice. Recently, it has been reported that
CeRhSn is indeed quite close to the quan-
tum critical point, where divergence of
quantum critical fluctuations were found
below 1 K [1]. To elucidate the origin of this
quantum critical behavior, we have per-
formed neutron inelastic scattering experi-
ment in this energy range (E < 0.1 meV) us-
ing the backscattering spectrometer IRIS at
ISIS. The experiment was performed using
PG 002 reflections as analyzer, resulting in
the energy resolution of 19 ueV at the elas-
tic position. The sample was loaded in the
dilution refrigerator with which the lowest
attainable temperature was approximately
30 mK. To reduce the neutron absorption
effect (of mainly Rh), the sample was cut in
a thin plate shape.

We have measured the magnetic excitation
spectra at the base temperature (˜ 30 mK)
and high temperature (500 mK) on several

representative loci in the Q-space. Fig. 1
shows the result at the base temperature on
the Q-locus passing through Q = (1, 0, 0)
and (1, 1, 0) at the elastic position. In addi-
tion to the single straight line observed at
0.25 meV, which is apparently the prompt
pulse contamination, we see weak excita-
tion intensity at 0.13 meV and Q ˜ (1, 0,
0). This inelastic intensity disappears at
500 mK, suggesting that it is indeed related
to the quantum critical fluctuations. How-
ever, since the observed inelastic intensity
is too weak to conclude its existence, we are
planning to perform further experiments in
future.

[1] Y. Tokiwa, C. Stingl, M.-S. Kim, T. Tak-
abatake and P. Gegenwart, Sci. Adv. 2015;1
e1500001 (2015).

Fig. 1. Inelastic spectrum measured using the
backscattering spectrometer IRIS at ISIS. The tem-
perature was ˜ 30 mK. The locus at the elastic po-
sition was set to pass through both the Q = (1, 0, 0)
and (1, 1, 0) positions.
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Field-induced magnetic correlations in chiral lattice semimetals Ce3Co4Sn13 and
Ce3Rh4Sn13

K. Iwasa1, Y. Otomo2, K. Suyama2, A. Goukasov3, B. Gillon3, J.-M. Mignot3

Frontier Research Center for Applied Atomic Sciences, Ibaraki University, Japan1

Department of Physics, Tohoku University, Japan2

Laboratoire Léon Brillouin, CEA-CNRS, CEA/Saclay, France3

Electronic correlation phenomena have
been central topics of solid-state physics.
In the case of f -electron systems, the c–
f hybridization effect has been a key is-
sue. In addition, topological natures of
electrons have recently been attractive re-
cently: the electronic state of topological
insulators of surface states and graphen
are expressed as massless Dirac or Weyl
fermions. A theoretical study have pro-
posed a way to find three-dimensional (3D)
bulk Weyl fermions in chiral symmetry lat-
tices (J. L. Manñs, Phys. Rev. B 85, 155118
(2012)). It is an attractive subject to find
such chiral fermion systems and electronic
correlations between the chiral fermions
and the f electrons.

Ce3Co4Sn13 has been reported to un-
dergo a structural phase transition at 160 K
(C. S. Lue et al., Phys. Rev. B 85, 205120
(2012)), and similar phenomena are also
suggested for Ce3Rh4Sn13 (A. Ślebarski et
al., Phys. Rev. B 86, 155122 (2012)). We
evidenced low-temperature crystal struc-
ture categorized in the chiral space group
I213 below the structural phase transi-
tions at 160 and 352 K in Ce3Co4Sn13
and Ce3Rh4Sn13, respectively (Y. Otomo
et al., Phys. Rev. B 94, 075109 (2016)).
The electrical resistivity data of Ce3Co4Sn13
and Ce3Rh4Sn13 are almost independent
of temperature, in contrast to metallic be-
haviors of the La-based reference materi-
als. These structural finding and transport
property are expected to be signatures for
the formation of Weyl semimetal state. The
electronic Sommerfeld coefficients of these
compounds reach approximately 4 J/(mol-
Ce K2) at 1 K (A. L. Cornelius et al., Phys-
ica B 378–380, 113 (2006), A. Ślebarski et

al., Phys. Rev. B 86, 205113 (2012), E. L.
Thomas et al., J. Solid State Chem. 179,
1642 (2006)). This fact was understood
as HF systems. However, our recent in-
elastic neutron scattering experiment re-
vealed the emergence of spin excitations
in the range up to 1 meV below 20 K (K.
Iwasa et al., Phys. Rev. B 95, 195156 (2017)),
which originates from the crystal-electric-
field (CEF) doublet ground state. There-
fore, coherent spin dynamics emerge in the
semimetal chiral phase. On the other hand,
Ce3Co4Sn13 and Ce3Rh4Sn13 do not exhibit
any magnetic ordering down to 0.5 K (K.
Iwasa et al., in preparation), and previous
study on Ce3Co4Sn13 reported the field-
induced antiferromagnetic correlations at
4.2 K (A. D. Christianson et al., Physica B
403, 909 (2008)). Based on the I213 struc-
ture, the two inequivalent Wyckoff sites for
the Ce ions take different CEF schemes (K.
Iwasa et al., Phys. Rev. B 95, 195156 (2017)).
Thus, the magnetic-field-induced antifer-
romagnetic correlation can be understood
different magnetic moments at the two Ce-
ion sites. In order to examine such sce-
nario for the Ce 4 f -electron state, we per-
formed polarized neutron diffraction mea-
surements under the magnetic fields up to
6 T below 20 K, by using the hot-neutron
diffractometer 5C1 installed in the Orphée
reactor of Laboratoire Léon Brillouin.

Figure 1 shows measured intensity maps
within the [1 0 0]-[0 1 0] reciprocal plane
perpendicular to the applied magnetic
fields of 6 T at measurement temperature
of 2 K for Ce3Co4Sn13. The measured re-
sults for the up (upper panel) and down
(lower panel) spin polarizations of the in-
cident neutron are not identical with each
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other, in particular for the reciprocal-lattice
region with h and k < 10. Similar po-
larization dependence was also observed
for Ce3Rh4Sn13. Such results indicate
characteristic magnetic-moment distribu-
tion, the magnetic-scattering neutron wave
from which interferes with the nuclear-
scattering wave. Preliminary analysis for
the flipping-ratio data shown in Fig. 1
based on the Cambridge crystallography
subroutines give the magnetic moments of
1.5 and 0.9µB at the two inequivalent Ce-
ion sites. This result is consistent with
the aforementioned structural and mag-
netic properties in the chiral phase.

We thank J.-L. Meuriot for technical sup-
port on performing the polarized neu-
tron diffraction measurements. The exper-
iments were supported by General User
Program for Neutron Scattering Experi-
ments, Institute for Solid State Physics,
The University of Tokyo, at JRR-3, Japan
Atomic Energy Agency, Tokai, Japan.

Fig. 1. Diffraction-intensity maps within the [100]-
[010] reciprocal plane perpendicular to the applied
magnetic fields of 6 T at measurement temperature
of 2 K.
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Topological superconductor beta-PdBi2

H. Furukawa(A)(B), N. Kagamida(A), M. Soda(B)
(A)Ochanomizu university, (B)RIKEN Institute, Japan

In topological superconductors, it has
been predicted that special particles, so-
called Majorana fermions, will appear
on the surface of the material. Recently,
spin- and angle-resolved photoemission
spectroscopy measurements revealed that
Palladium-Bismuth superconductor, β-
PdBi2 (tetragonal structure, space group
I4/mmm, Tc = 5.4 K [1] ), has topologically
protected surface state [2] and it attracts
much attention.

In order to study bulk properties of PdBi2,
including superconducting paring symme-
try and other characteristic behavior of
this material, we performed a small-angle
neutron scattering (SANS) experiment and
measured diffractions from vortex lattice.
For the measurements, we grew single
crystals of PdBi2 by a melt growth method
and Tc of the crystals was evaluated to
be Tc = 5.2 K by magnetization measure-
ments. The experiment was carried out at
the SANS-1 instrument in installed FRM-II
from 17th to 22th Aug. 2017.

A single crystal of PdBi2 (0.75 g) was set
with Nb (Fig.1) in a 3He insert with its
cleavable c-plane vertical, and it was in-
stalled into a magnet with horizontal field.
We first measured vortex lattice created in
field cooled process. A magnetic field was
applied parallel to the c-axis of the sam-
ple. Incident neutron beam was almost par-
allel to the magnetic field. Depending on
the fields, we used neutrons with λ = 6,
8, 12 �. Figures 2 (a) and (b) show typi-
cal diffraction patterns from vortex lattice.
Clear spots were observed. Q-dependence
of the intensity indicates the system has
hexagonal vortex lattice.Next we measured
temperature dependence of integrated in-
tensity at H = 0.15, 0.2, 0.3, 0.4 and 0.45 T by
rotating the sample with the magnetic field

around phi angle (around a vertical axis).

This travel was done with a financial sup-
port by ISSP, University of Tokyo. We ap-
preciate it pretty much since it could not be
done without it.

Fig. 1. Sample setting on an Al plate. From the top
two single crystals of PdBi2 and one single crystal
of Nb (bottom). Fig.2 SANS patterns at T = 0.47 K
in (a) 0.3 T and (b) 0.45 T
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Magnetic-field dependence of spin correlation in chiral lattice semimetal
Ce3Co4Sn13

K. Iwasa1, Y. Otomo2, and J.-M. Mignot3

Frontier Research Center for Applied Atomic Sciences, Ibaraki University, Japan1

Department of Physics, Tohoku University, Japan2

Laboratoire Léon Brillouin, CEA-CNRS, CEA/Saclay, France3

It is an attractive issue to investigate
electronic correlation phenomena associ-
ated with topological symmetries. For
example, massless Dirac/Weyl fermions
have been extensively studied, which are
characterized by linear dispersion for elec-
tron bands and have been identified for
the two-dimensional systems. Recently,
Dirac/Weyl electrons are also searched in
three-dimensional (3D) bulk systems. It
was discussed in a theoretical study that
such 3D Weyl fermions intrinsically appear
in chiral symmetry lattices [J. L. Manñs,
Phys. Rev. B 85, 155118 (2012)].

In the case of f -electron systems based
on rare-earth alloy compounds, the c– f ef-
fect has been a key issue. Kondo semimet-
als or semiconductors exhibit band gap
features as a consequence of such a hy-
bridization effect. We expect that the
Weyl fermions are formed in a Kondo
semimetal taking a chiral symmetry struc-
ture. Considering such electronic state, we
have investigated a class of Ce3Tr4Sn13 (Tr:
transition-metal elements).

Ce3Co4Sn13 undergoes a structural phase
transition at 160 K [C. S. Lue et al.,
Phys. Rev. B 85, 205120 (2012)]. We ev-
idenced that the low-temperature crystal
structure takes the chiral space group I213
[Y. Otomo et al., Phys. Rev. B 94, 075109
(2016)]. The electrical resistivity data of
Ce3Co4Sn13 is less dependent on temper-
ature compared to metallic behaviors of
La3Co4Sn13 without 4 f electrons. These
facts are expected to indicate the formation
of Weyl semimetal state in Ce3Co4Sn13. The
electronic Sommerfeld coefficients of these
compounds was evaluated to be approxi-
mately 4 J/(mol-Ce K2) at 1 K [A. L. Cor-

nelius et al., Physica B 378–380, 113 (2006),
A. Ślebarski et al., Phys. Rev. B 86, 205113
(2012), E. L. Thomas et al., J. Solid State
Chem. 179, 1642 (2006)]. This fact was un-
derstood as HF systems. However, our re-
cent inelastic neutron scattering (INS) ex-
periment revealed the emergence of spin
excitations in the range up to 1 meV be-
low 20 K [K. Iwasa et al., Phys. Rev. B
95, 195156 (2017)]. On the other hand,
Ce3Co4Sn13 does not exhibit any magnetic
ordering down to 0.5 K, and previous study
on Ce3Co4Sn13 reported the field-induced
antiferromagnetic correlations at 4.2 K [A.
D. Christianson et al., Physica B 403, 909
(2008)]. Based on the I213 structure, the
two inequivalent Wyckoff sites for the Ce
ions take different CEF schemes [K. Iwasa
et al., Phys. Rev. B 95, 195156 (2017)]. Thus,
the magnetic-field-induced antiferromag-
netic correlation can be understood differ-
ent magnetic moments at the two Ce-ion
sites. In order to obtain microscopic infor-
mation for the Ce 4 f -electron state, we per-
formed INS measurements under the mag-
netic fields up to 6 T below 20 K, by us-
ing the cold-neutron spectrometer 4F2 in-
stalled in the Orphée reactor of Laboratoire
Léon Brillouin.

Upper part of Fig. 1 shows INS spectra
at the scattering vector Q = (1, 0, 0) for
the original high-temperature unit cell of
Ce3Co4Sn13 measured at 1.6 and 20 K un-
der magnetic fields of zero and 4 T ap-
plied along the [0, −1, 1] axis. The data
at 1.6 K and 4 T show a slight inten-
sity enhancement near the excitation en-
ergy of 0.25 meV. The data measured at
Q = (1.25, 0, 0) also show an increase in
the inelastic-scattering intensity, although
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the result is not shown here. In addition,
we observed a drastic increase in inten-
sity in the elastic scattering region of Q =
(1, 0, 0), as shown by open marks of Fig. 1.
Asymmetric spectral shape is considered to
be due to alignment of four single-crystal
samples. This intensity enhancement oc-
curs below approximately 10 K. In contrast,
such elastic-intensity enhancement was not
observed at Q = (1.25, 0, 0), (1.5, 0, 0),
and (1, 1, 1), where the signals of collec-
tive spin excitation were observed in pre-
vious zero-field INS measurements. Lower
part of Fig. 1 shows a temperature depen-
dence of the elastic-scattering intensity at
Q = (1, 0, 0). The intensity at 1.6 K
(red circles) shows a convex curve of mag-
netic fields, and is saturated above approx-
imately 5 T. In contrast, the intensity at
5 K (green squares) follows a function of
the squared magnetic field, as shown by
a solid line fitted to the data. The data at
20 K (blue diamonds) exhibit no magnetic-
field dependence. The data at 5 K indicate
that the magnitude of field-induced mag-
netic moment shows a linear relationship
to the magnetic fields, which corresponds
to a paramagnetic behavior. However, the
convex behavior of the data at 1.6 K is in
marked contrast to the paramagnetic-like
behavior. This phenomenon is rather close
to that of a ferromagnetic spin correlation.

The spin correlation of the 4 f electrons
in Ce3Co4Sn13, which is characterized by
the signal near Q = (1, 0, 0), is enhanced
by applied magnetic fields below 10 K.
According to the study on electrical resis-
tivity [J. R. Collave et al., J. Appl. Phys.
117, 17E307 (2015)], the resistivity is sup-
pressed by applied magnetic fields. This
phenomenon indicates that the magnetic-
field induced increase in carrier number
causes a stronger RKKY-type interaction.
Therefore, we expect magnetic-field tun-
ing of the quantum criticality in the chiral-
lattice symmetry of Ce3Co4Sn13.

We thank P. Boutrouille for technical
support on performing the neutron scat-
tering measurements. The experiments
were supported by General User Program

for Neutron Scattering Experiments, Insti-
tute for Solid State Physics, The University
of Tokyo, at JRR-3, Japan Atomic Energy
Agency, Tokai, Japan.
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Fig. 1. (Upper part) INS spectra at Q = (1, 0, 0) mea-
sured at several temperatures and magnetic fields.
(Lower part) Magnetic-field dependences of elastic-
scattering intensity at Q = (1, 0, 0).
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Determination of the magnetic structure in weak ferromagnetic superconductor
Tb0.47Y0.53Ni2B2C

M. Takahashi(A) and H. Furukawa(A)(B)
Ochanomizu University(A), RIKEN(B)

Tb0.47Y0.53Ni2B2C is a system to show
a coexistence state between the weak fer-
romagnetism and the superconductivity
and, in such a coexistence state, one can
expect to have a “ spontaneous vortex
phase”by an internal magnetic field me-
diated by the ferromagnetic components
[1,2]. It is one of the issues that have not
been confirmed yet. In Tb0.47Y0.53Ni2B2C,
weak ferromagnetic transition temperature
Twfm is higher than superconducting tran-
sition temperature Tc. With such a system,
one can investigate the occurrence of the
spontaneous phase without being affected
by pinned vortexes.

In previous experiments, weak ferromag-
netic order is confirmed below 4 K by
polarized neutron diffraction experiments
at HB-1 HFIR in ORNL and its magnetic
structure in antiferromagnetic phase under
zero magnetic field is determined as a spin
density wave with a propagation vector q
= 0.550a* by using a cold neutron spec-
trometer, CG-4C HFIR. We also measured
a field dependence of a magnetic peak and
found that the peak disappears above 2 T.
2 T is too small to attribute this change to
saturation of the moments to the field di-
rection. In order to investigate the change
at 2 T, we performed a neutron diffrac-
tion experiment at cold neutron triple axis
spectrometer MIRA, in FRM-II. The sam-
ple was mounted on a cupper plate, with
a (h 0 l) scattering plane and was installed
in a helium 3 insert and both of horizon-
tal and vertical magnetic fields. Then mag-
netic field and temperature dependences of
magnetic Bragg peaks were measured. Fig.
1 shows field dependence of a (0.56 0 0)
peak in a field increasing process. There ap-
pears a difference between intensities with
horizontal and vertical fields. The detailed
analysis of the magnetic structure is still in

undergoing.

Travel expenses were supported by Gen-
eral User Program for Neutron Scatter-
ing Experiments, Institute for Solid State
Physics, The University of Tokyo (proposal
no. 17504), at JRR-3, Japan Atomic Energy
Agency.
References?
[1] H. S. Greenside, et. al., PRL 46 (1981) 49.
[2] M. Tachiki, et. al., Solid State Commun.
31 (1979) 927.

Fig. 1. A single crystal of Tb0.47Y0.53Ni2B2C and
magnetic field dependence of (0.56 0 0) peak.
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Neutron spin echo study on the iron-based ladder compound BaFe2S3

Y. Nambu1, M. Nagao2,3

1IMR, Tohoku Univ., 2NCNR, NIST, 3Indiana Univ.

Since the discovery, research on iron-
based superconductivity (SC) has become
the main stream in condensed matter
physics. The interplay between structure,
magnetism and SC is one of most intrigu-
ing subjects of this field. To gain further in-
sight into the mechanism of SC and vari-
ation of magnetism, investigation of Fe-
based compounds over distinct spatial di-
mensions is important. This is because the
dimensionality strongly influences mag-
netism and can control itinerancy of elec-
trons by changing Fermi surface topology.

We have examined magnetism of Fe-
based ladder compounds AFe2X3 (A = Rb,
Cs, Ba; X = S, Se) [1-3]. This is known as
the one-dimensional analogue of the iron-
based superconductors, and we have re-
cently found the first SC in BaFe2S3 [3]. As
for parent compounds of the 2D Fe-based
superconductors, this 123 family shows
magnetic long-range ordering. However,
anomaly at the magnetic transition is in-
visible by bulk properties. Only neu-
tron diffraction can determine the transi-
tion temperature. For BaFe2S3, we have
clarified stripe-type magnetic structure and
TN = 119 K through powder neutron
diffraction [3]. Magnetic moments (1.2 µB
at 4 K) are arranged to form ferromagnetic
units along the rung direction, stacking an-
tiferromagnetically along the ladder direc-
tion.

However, collaborative Mössbauer ex-
periment concludes that there is no clear
transition at TN = 119 K. Instead, there
is a gradual formation of magnetic order-
ing, and it finally falls into the completely
ordered state at 9 K, being consistent with
the hindered entropy release evidenced by
the specific heat data [3]. This behavior
could be originating from the difference
in timescale of the experimental technique;
neutron has 10−13 to 10−12 sec timescale,

being faster than Mössbauer (10−7 sec). It
should be worth tracing temperature evo-
lution of spin dynamics through the neu-
tron spin echo technique, whose time reso-
lution spans from 10−12 to 10−8 sec.

Neutron spin echo experiments was per-
formed on the NGA NSE at NCNR, NIST.
The incident neutron wavelength was set
at λ = 5.0 Å, and shorty setup was also
adopted. Data taken at 3.6 K was used as
the instrumental resolution.

Figure 1 shows temperature dependence
of the intermediate scattering function
(ISF). The ISF shows some relaxation be-
havior at longer timescale and elevation of
the averaged ISF as a function of temper-
ature. This may be interpreted as the vol-
ume fraction of spins with slower dynam-
ics beyond the given Fourier time. Together
with other neutron and muon data, quanti-
tative analysis of the dynamical magnetism
in BaFe2S3 will be discussed.

[1] Y. Nambu et al., Phys. Rev. B 85,
064413 (2012). [2] F. Du et al., Phys. Rev.
B 85, 214436 (2012). [3] H. Takahashi et al.,
Nat. Mat. 14, 1008 (2015).
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Fig. 1. Fourier time dependence of the intermediate
scattering function.
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Search for magnetic reflection in CeRhSn under uniaxial pressure

M. Takahashi(A), D. Okuyama(A), J. Fernandez-Baca(B), A. Aczel(B), T. Hong(B), C. L.
Yang(C), M. S. Kim(C), T. Takabatake(C) and T. J. Sato(A)

(A) IMRAM Tohoku University, (B) ORNL, (C) Hiroshima University

Geometrically frustrated spin systems have
been studied extensively for decades be-
cause of many intriguing phenomena, ex-
emplified by the non-magnetic quantum
disordered states. Also studied are non-
magnetic ground states originating from
Kondo-lattice-effect, such as those ob-
served in Ce- and Yb-based intermetal-
lic heavy-fermion compounds. Recently, a
combination of the Kondo-effect and geo-
metrical frustration becomes a new topic,
both enhancing quantum fluctuations in
different routes. This opens a new play-
ground for the solid state physicists, and
hence attracts special attention.

In this work, we study the heavy-fermion
compound CeRhSn, which has a distorted
kagome-lattice structure, a distorted ver-
sion of a typical geometrically frustrated
lattice. It has been reported that CeRhSn
is indeed quite close to the quantum crit-
ical point, where divergence of quantum
critical fluctuations were found below 1 K
[1]. Recently, possible magnetic ordering
was inferred from the macroscopic study
under uniaxial pressure [2]. In this work,
we search for the signal of magnetic or-
dering at the dilution temperature range
under uniaxial pressure. The experiment
was performed at CTAX cold neutron triple
axis spectrometer installed at HFIR, ORNL.
The hand made uniaxial pressure appara-
tus was used for applying pressure along
the crystallographic a-axis, and the scat-
tering was observed in the (0kl) scattering
plane. Fig. 1 shows the handmade uniaxial
pressure apparatus designed for this neu-
tron experiment.

Although we thoroughly searched mag-
netic signal at the base temperature
(roughly 150 mK) in the (0kl) scattering

plane, we could not find any magnetic
reflection in this plane. We presently think
that the scattering plane selection was un-
fortunately wrong, and are now planning
to repeat the same type experiment for
the (hhl) plane using much high-efficiency
diffractometer.

[1] Y. Tokiwa, C. Stingl, M.-S. Kim, T. Tak-
abatake and P. Gegenwart, Sci. Adv. 2015;1
e1500001 (2015).
[2] R. Kuchler, C. Stingl, Y. Tokiwa, M.
S. Kim, T. Takabatake and P. Gegenwart,
Phys. Rev. B 96, 241110(R) (2017).

Fig. 1. A photograph of the handmade uniax-
ial pressure apparatus designed and used in the
present experiemnt.
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Dynamics of super-high entropy liquids alkylated tetraphenylporphyrins

O. Yamamuro(A), M. Nirei(A), M. Kofu(B), T. Nakanishi(C), G. Avijit(C), M. Tyagi(D)(E)
(A)ISSP-NSL Univ. Tokyo, (B)J-PARC, (C)NIMS, (D)NIST, (E)Univ. Maryland

Recently, Nakanishi group in NIMS
found that large molecules, 3,5-C6C10-
tetraphenylporphyrin and 2,5-C6C10-
tetraphenylporphyrin, exist in liquid states
at room temperature. Taking account of
the fact that tetraphenylporphyrin (TPP)
has a melting temperature of 723 K, the
liquid phases of alkylated TPP should be
stabilized by the large entropy effect which
is caused by the conformational disorder of
long alkylchains. This situation is similar
to that of ionic liquids which are in liquid
states in spite of their strong inter-ionic
interactions. We call this type of liquids
”super-high entropy liquids”.

The purpose of this work is to clarify
the dynamical feature of the alkylchains
in 3,5-C6C10-TPP and 2,5-C6C10-TPP by
means of QENS. This method can effec-
tively observe the motions of alkylchains
with many hydrogen atoms. Following the
work on AMATERAS at J-PARC (energy
resolution: 0.01-1 meV), we have carried
out the QENS experiment on HFBS (en-
ergy resolution: 0.8 micro-eV) at NIST. The
QENS measurements were carried out at
200, 220, 240, 260, 280, 300, 325, 350, 375 and
400 K on both spectrometers. We have com-
bined the I(Q,t) data, which are the Fourier
transformation of the S(Q,E) data, obtained
by the two spectrometers. Then, the I(Q,t)
data were fitted to the two KWW func-
tions corresponding to the relaxations of
alkylchains and a whole molecule (alpha-
relaxation). The non-exponential parame-
ter beta is a fitting parameter for the alkyl
relaxation and fixed to be 0.5 for the alpha
relaxation.

Figure 1 shows the Arrhenius plot of the
averaged relaxation times and beta values.
The alpha-relaxation of 2,5-C6C10-TPP is
faster than that of 3,5-C6C10-TPP. This may
be related to the fact that the viscosity of
3,5-C6C10-TPP (75 Pa s at 298 K) is ca. 5

times larger than that of 2,5-C6C10-TPP (16
Pa s at 298 K). On the other hand, the relax-
ations of alkylchains are almost the same.
And the alpha-relaxation time seems to di-
verge at the glass transition temperature,
but that of alkylchains seems to be linear
and independent of the alpha-relaxation.
From the Q-dependence of relaxation time,
we have found that the alkylchain motion
is diffusion in a confined space of ca. 0.6
nm, while the alpha-relaxation is continu-
ous diffusion.

Fig. 1. Arrhenius plot of averaged relaxation times
and beta values for alkyl relaxation.
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Fast Dynamics of Alkylammonium-based Ionic Liquids with Plastic-crystalline
Phases

O. Yamamuro(A), M. Nirei(A), M. Kofu(B), T. Yamada(C), M. Matsuki(C), M.
Tyagi(D)(E)

(A)ISSP-NSL Univ. Tokyo, (B)J-PARC, (C)Kyushu Univ., (D)NIST, (E)Univ. Maryland

One of the characteristic and interesting
features of ionic liquids (ILs) is nanometer-
sized structure (nanostructure). For exam-
ple, imidazolium-based ILs (ImILs) have
nanostructures consisting of the polar-
domains with imidazolium rings and an-
ions and the non-polar domains with
alkylchains of the cations. We have re-
vealed that the nanostructure is essen-
tially the same as that of a liquid-
crystalline (LC) phase [1-3,5] and in-
vestigated the dynamics of ImILs by
means of quasielastic neutron scattering
(QENS) [1,2,4,5]. Recently, Yamada et al.
found that some of alkylammonium-based
salts, which are another popular ILs,
have plastic-crystalline (PC) phases that
are the counterparts to the LC phase;
the LC phase has an orientationally-
ordered positionally-disordered structure,
while the PC phase an orientationally-
disordered positionally-ordered one.

We have measured the DSC, neu-
tron diffraction and QENS data of
methyldiethylisopropyl-ammonium
bis(trifluoromethylsulfonyl)imide (ab-
breviated as N1223 ’Tf2N) and the
methyl-ethylpropylisopropylammonium
salt (N1233 ’Tf2N) in a temperature range
between 4 and 400 K. They have crystalline
(C), liquid (L) and two PC phases; one
may be a normal isotropic PC phase and
the other an anisotropic PC phase where
the cations undergo uniaxial rotations. In
this work, we have conducted the QENS
experiment on DCS, NIST (time range:
0.1 ps to 100 ps) following the previous
experiment on HFBS, NIST (time range:
100 ps 10 ns).

Figure 1 shows the Arrhenius plot of
N1233 ’Tf2N obtained by both DCS and
HFBS experiments; a similar result was ob-

tained for N1223 ’Tf2N. There are basi-
cally 5 relaxations in a wide time range of
4 orders of magnitude. By analyzing the
Q-dependence of the relaxation times and
elastic incoherent structure factors (EISF),
we have succeeded to specify the relaxation
modes as given in the figure.

[1] O. Yamamuro et al., J. Chem. Phys., 135,
054508 (2011). [2] M. Kofu et al., J. Phys.
Chem. B, 117, 2773 (2013). [3] F. Nemoto et
al., J. Phys. Chem. B, 119, 5028 (2015). [4]
M. Kofu et al., J. Chem. Phys., 143, 234502
(2015). [5] F. Nemoto et al., J. Chem. Phys.,
in press.

Fig. 1. Arrhenius plot of N1233 ’Tf2N and assign-
ment of each relaxation.
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Dynamics of K+ aqueous solution confined in [CuZn(CN)4]- host

O. Yamamuro(A), M. Nirei(A), S. Nishikiori(B), M. Kofu(C), T. Kikuchi(C), W.
Lohstroh(D)

(A)ISSP-NSL Univ. Tokyo, (B)Univ. Tokyo, (C)J-PARC, (D)Tech. Univ. Munich

Our target material is K+ aqueous solution
confined in a coordination polymer host
[CuZn(CN)4]-, which was recently synthe-
sized by our group [1]. The chemical for-
mula is [K(H2O)n][CuZn(CN)4] where n
= 7.5+/-1.0. The host has nearly-spherical
”cavities” of ca. 0.63 nm in a diameter.
The confined K+ solution keeps electric
charge balance with the negatively charged
host framework. Our DSC and 2H NMR
works revealed that the K+ solution in
the host is not frozen at 273 K but ex-
hibits an ordering transition at ca. 170 K
and additional transitions at higher tem-
peratures. The quasielastic neutron scatter-
ing (QENS) data taken by AGNES (JRR-3,
energy resolution: 120 micro-eV) demon-
strated that the motion of water molecules
in the [CuZn(CN)4]- host is as fast as that
of bulk water and reproduced well by the
jump-diffusion model.

The aim of this study is to investigate
the dynamics of water molecules more pre-
cisely, especially at low temperatures, by
means of TOFTOF which has a higher en-
ergy resolution and a wider energy win-
dow than AGNES. The QENS data as func-
tions of momentum transfer and tempera-
ture will provide important information on
not only the relaxation time but also the
mechanism of the relaxation. By combining
the TOFTOF and AGNES data, it will be re-
vealed how the rotational and translational
motions of water molecules are activated as
a function of temperature.

QENS measurements were performed
at 3 energy resolution modes, 8 micro-eV
(wave length: 1.2 nm), 40 micro-eV (0.6
nm), 110 micro-eV (0.5 nm), at 10 tempera-
tures, 170K, 185 K, 200 K, 215 K, 230 K, 245
K, 260 K, 275 K, 287 K, 300 K. Clear peak
broadening owing to QENS was observed
at all temperatures above 185 K, indicating

that water molecules diffuse in a time scale
of 1 ns in the cavities of the [CuZn(CN)4]-
host. This result is quite different from that
of the pure water in nanoporous materials
such as MCM-41 [2]; water is much slower
than in the present host and exhibits a well-
known liquid-liquid transition around 220
K. This may be due to the fact that K+
ions break the hydrogen-bonded network
of water and enhance the mobility of water
molecules.

Figure 1 presents the result of the mode
distribution analysis [3] on the QENS data
at 300 K. This analysis basically gives infor-
mation on the number of relaxation modes
and their Q dependence. There may be 1
diffusion mode and 2 or 3 more localized
modes. On the basis of this result, more
precise analysis on the QENS spectra is
now in progress.

[1] H. Dan et al., Dalton Trans., 40, 1168
(2011). [2] L. Liu et al., Phys. Rev. Lett. 95,
117802 (2005). [3] T. Kikuchi et al., Phys.
Rev. E, 87, 062314 (2013).

Fig. 1. Mode distribution analysis on QENS data of
[K(H2O)7.5][CuZn(CN)4] at 300 K.
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ATP-dependent functional domain motion of multi-domain protein MurD

Hiroshi Nakagawa (A), Michihiro Nagao (B), Tomohide Saio (C)
(A) Japan Atomic Energy Agency, (B) NIST, (C)

In structural biology, precise determina-
tion of three-dimensional structures of pro-
teins has been focused, and the structures
with an atomic-resolution have given solid
platforms to understand their biological
functions. Some proteins constitute multi-
domains, and each domain is considered
relatively rigid, while the linkers between
domains brings flexibility of the molecule.
It is thought that dynamical structures of
multi-domain proteins link to function-
ally relevant phenomena, such as enzyme
catalysis. Some domain motions have been
explored on nanometer and nanosecond
scales, where neutron spin echo (NSE)
spectroscopy plays unique roles.

MurD (UDP-N-acetylmuramoylalanine–
D-glutamate ligase) is a typical multi-
domain protein, which is one of the ATP-
driven Mur ligases that are responsible
for peptidoglycan biosynthesis. The crys-
tal structures of MurD have suggested that
one of the three domains of MurD, D3,
undergoes drastic conformational change
from open to closed state upon ligand bind-
ing, which should control the process of
the enzymatic reaction. Our recent molecu-
lar dynamics (MD) simulation showed two
modes for the conformational change of
D3; one“ open-to-closed” and the other
“ rotation”. The recent NMR results sug-
gest that the protein domain motions are
significantly suppressed upon ligand bind-
ing and the proteins take a unique confor-
mation, but no other experimental verifica-
tion has been shown yet.
In this experimental report, we focus our

attention on the observation of the effect
of ligand binding on the domain motions
of 47 kDa multi-domain protein MurD by
NSE. If we successfully observe the ligand-
binding related domain motions, we can
understand the role of domain motions in
biologically relevant functions. The experi-

ments were carried out using NSE at NIST
in USA.
We measured NSE of MurD in the ligand-

bound and unbound states at a fixed tem-
perature of T = 25 degrees C at about
60mg/ml. An incident neutron wavelength
of 6, 8 and 11 angstroms was used to cover
fourier times up to 100 ns in a q-range
from 0.05 to 0.25 inverse angstroms. Inter-
mediate scattering functions for both states
were successfully obtained (Fig.1). The ef-
fective diffusion constants (Deff) were ob-
tained by exponential fittings at each q.
Deff should include translational and rota-
tional diffusion as well as internal domain
motions. The detail analysis on the ligand-
bind dependent dynamics of MurD is on
progress. We are trying to analyze the NSE
data combined with computational analy-
sis to observe the functional domain mo-
tions of MurD.

Fig. 1. Intermediate scattering function of ligand-
bound MurD. Solid lines indicate the exponential
fitting.
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Subunit dynamics of alpha-crystallin under crowding condition

Rintaro Inoue and Masaaki Sugiyama
Research Reactor Institute, Kyoto University

In-vivo environment is highly crowded
due to the presence of proteins, nuclear
acids, and lipids, constituting the condi-
tions of so-called “ crowding”. One of
the representative organs attaining highly
concentrated system is eye lens. Eye lens
are composed of three different types of
crystallins, α-, β- γ- crystallin and α-
crystallin is the dominant crystallin among
them.α-crystallin exists as oligomers con-
sisting of approximately 20˜40 subunits.
At present, the quaternary structure of α-
crystallin has not been determined due
to the unavailability of its crystal struc-
ture. It is considered that the failure of
availability of its crystal structure might
be originated from dynamical aspect of
quaternary structure: “ dynamic quater-
nary structure” induced by subunit ex-
change between α-crystllin oligomers. In
order to reveal the mechanism of sub-
unit exchange in α-crystllin,we applied
deuteration-assisted small angle neutron
scattering (DA-SANS) on α-crystallin at
the concentration of ˜ 1 mg/ml. On the
other hand, the crowding environment is
expected to be totally different from dilute
system, in which the excluded volume ef-
fect or osmotic pressure is negligible. It is
then postulated that the presence of close
contact neighboring oligomers would alter
the subunit exchange inα-crystallin. In or-
der to mimic the crowding, we have pre-
pared 75% deuteratedα-crystllin, of whish
scattering length density was estimated to
be equal to 100% D2O. Fig. 1(a) shows
the scattering profiles from hydrogenated
α-crystallin at the concentration of 0.45
mg/ml and 75% deuterated α-crystllin at
the concentration of 28 mg/ml in 100%
D2O buffer. It is clearly seen that the scat-
tering contribution from highly concen-
trated 75% deuterated α-crystllin is dras-
tically suppressed in 100% D2O buffer. In

order to find out the possible effect of
crowding on resulting subunit exchange
in α-crystllin, we have prepared two sys-
tems. One is consisted of the combination
of hydrogenated α-crystallin at the con-
centration of 0.45 mg/ml and 75% deuter-
atedα-crystllin at the concentration of 0.45
mg/ml in 100% D2O buffer (dilute sys-
tem). The other is comprised of the com-
bination of hydrogenated α-crystallin at
the concentration of 0.45 mg/ml and 75%
deuterated α-crystllin at the concentra-
tion of 28 mg/ml in 100% D2O buffer
(crowding system). Both of kinetics study
was performed with Quokka installed at
the Australia nuclear science and technol-
ogy (ANSTO) at 37 C. at the time inter-
val of 20 min. Fig. 1 (B) and (C) shows
the time evolution of forward scattering
intensity (I(0)) from dilute system and
crowding system, respectively. After mix-
ing 75% deuearted α B?crystallin and hy-
drogenatedαA?crystalline decrease of I(0)
was observed, implying the existence of
subunit exchange in α?crystallin. It was
found that both system reached equilib-
rium state after 12 h after mixing. Inter-
estingly, the exchange rate evaluated from
crowding system is the same as that from
dilute system within experimental error.
This experimental observation reinforces
our idea that subunit exchange progresses
through not the collision between α?crys-
talline oligomers but the librated subunits.
The supporting works with analytical ultra
centrifuge and small angle X-ray scattering
(SAXS) are on going.
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Fig. 1. (a) scattering profiles from crystallin. (b)(c)
Subunit dynamics under dilute and crowding sys-
tem.
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Quantitative evaluation of uniformity of various polymer networks by small angle
neutron scattering (SANS) with contrast variation technique

Nobuyuki Watanabe1, Ken Morishima2, Xiang LI1, and Mitsuhiro Shibayama1
1 The Institute for Solid State Physics, The University of Tokyo 2 Research Reactor Institute,

Kyoto University

Polymer gel is a material with flexibil-
ity and non-flowability, which has many
applications in food industry and bio-
medical fields. The mechanical properties
and swelling behavior of polymer gels de-
pend on the network structure of the poly-
mer gels. Recent studies by our group re-
vealed that the influence of the homo-
geneity of the network structure plays a
very important role on these physical prop-
erties. In 2008, our research group suc-
ceeded in fabrication of a homogeneous gel
“ tetra-PEG gel” by a terminal crosslink-
ing reaction of two different types of tetra-
branched poly (ethylene glycol) (Sakai et
al., Macromolecules, 2008). As a result
of small angle neutron scattering (SANS)
measurements of tetra-PEG gel, the up-
turn of intensity in the small angle re-
gion, which represents the heterogeneous
network structure, was not observed in
tetra-PEG gel (Matsunaga et al., Macro-
molecules, 2009). In addition, tetra-PEG
gel exhibits excellent mechanical strength
and its elastic properties are well consis-
tent with rubber theory. Although all of
the scattering and rheological results sup-
port that the tetra-PEG gel is much more
homogeneous than conventional polymer
gels and we understand the impact of its
homogeneous networks, it is still difficult
to“quantitatively”evaluate the homogene-
ity of the structure of the tetra-PEG gels.
A method to visualize the network struc-
ture has been attempted by measur-
ing the deuterium-labeled crosslinkers by
SANS measurements with contrast varia-
tion technique. The average distance be-
tween crosslinkers were obtained in a res-
onable size range for various swollen con-
ditions (Benoit, H. et al. Journal of Poly-
mer Science 1976, 14, 2119). In this study,

in order to quantitatively evaluate the poly-
mer networks of tetra-PEG gels, Follow-
ing the strategy of Benoit, we have syn-
thesized the tetra-PEG gel with deuterium-
label near the branching point and con-
ducted SANS experiments with contrast
matching method (Figure (a) ). However,
we failed to observe any peaks (Figure (b) ).
The reason is likely due to the labeled part
was too small to scatter enough neutrons.
In the next study, we plan to measure
a newly designed tetra-PEG gel: hy-
drogenated tetra-PEG polymers are
crosslinked with a fully deuterium-labeled
linear PEG. By using this study, the scat-
tered intensity enough to observe and we
will estimate of quantitative evaluation of
uniformity of gel.
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Fig. 1. (a) An illustration of tetra-PEG gels, in which
deuterium atoms were introduced in the vicinity of
the branching point and in the center of the branch-
ing point. (b) The result of SANS by matching con-
trast methods.
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Structural characterization of DNA-module gel by SANS

Yusuke Yoshikawa(A), Xiang Li(A), Yui Tsuji(A), Mitsuhiro Shibayama(A)
(A) ISSP-NSL, The University of Tokyo

Physical gels (e.g. gelatin gel, agarose
gel) are familiar materials in our daily life
(e.g. foods, diapers). However, it is difficult
to control the polymer network of them be-
cause the physical crosslinking (branching)
occurs randomly and the network struc-
ture becomes very heterogeneous. In chem-
ical gels, our group succeeded in fabrica-
tion of tetra-PEG gel, which is synthesized
just by mixing two mutual reactive four-
arm polyethylene glycols together (Sakai,
T. et al. Macromolecules, 2008). Because the
branching point in each tetra-PEG is uni-
formly distributed in the network, the ho-
mogeneous network will be formed. Pre-
vious our SANS study has confirmed the
excellent homogeneity of networks of tetra-
PEG gels (Matsunaga, T. et al., Macro-
molecules, 2009).

Recently, we have applied the strat-
egy of tetra-PEG gel into physical gels
by modifying the chemically reactive end-
group on each arm of tetra-PEG to a phys-
ically reactive end-group: sense and anti-
sense single-stranded DNA (Figure 1(a)).
Because of the highly selective hydro-
gen binding between sense and anti-sense
DNA, reproducible sol-gel transition is ob-
served.

In this study, we carried out SANS study
to investigate the temperature dependency
of the structure and sol-gel transition. As
the result is shown in figure 1(b), there are
several interesting features. (1) No signif-
icant upturn at low-q region is observed,
which suggests that this gel has homo-
geneous structure as conventional Tetra-
PEG gel. (2) Elevating temperature, scatter-
ing intensity becomes bigger, however, no
significant change was observed at sol-gel
transition point (Tgel ˜ 60℃) and the melt-
ing point of double-stranded DNA (Tm ˜ 65
℃). (3) Unpredicted peak around q = 0.02
Å-1 was observed at T > 85℃. The corre-

lation distance is estimated to be ˜ 30 nm,
which is much larger than size of tetra-PEG
polymer and that of single-stranded DNA.

In the next experiment, we plan to fo-
cus exclusively Tetra-PEG or DNA struc-
ture by using contrast matching technique.
In addition, by DSC measurement along
with SANS, we plan to obtain more accu-
rate thermodynamic information of associ-
ation and dissociation of double-stranded
DNA.

Fig. 1. (a) An illustration of DNA-module gel (b)
The SANS profiles of DNA-module gel at various
temperature
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Structural analysis of conversion-limited critical cluster gel by small angle neutron
scattering.

Takako Noritomi, Kazu Hirosawa, Xiang Li, Mitsuhiro Shibayama
The Institute for Solid State Physics

A polymer gel is a single polymer
with complex three dimensional network,
in which a large amount of solvent can
be trapped. Polymer gels can be synthe-
sized by various chemical methods: rad-
ical co-polymerization of monomers and
cross-linkers, cross-linking the linear poly-
mer chains by gamma-ray irradiation, cou-
pling end-groups of star polymers, etc. Al-
though there are many different chemi-
cal systems for various physical quanti-
ties (e.g. size-distribution, weight-averaged
molecular weight, correlation length).

Recently, we established a gelation system
by mixing two type of tetra-functional pre-
polymers, which have complementary re-
active end-groups with the other type of
prepolymers. In our study in ANSTO, we
measured a series of critical polymer clus-
ters by mixing these two types of prepoly-
mers at off-stoichiometric ratio (Figure 1).
With this systematic study, we have con-
firmed the strong universality of critical
polymer clusters in in terms of fractal di-
mension, and for the first time found that
size- distribution is actually a tunable pa-
rameter, which has been misunderstood as
a universal property (Hayashi, Li et al, Na-
ture Biomedical Engineering, 2017).

In this study, we carried out SANS
study to investigate the critical clusters
on way become a gel by quenching the
gelation reaction near the gel point. First
of all, we prepared Amine-terminated
tetra-functional polyethylene glycol and
N-hydroxysuccinimide-terminated tetra-
functional PEG are mixed by stoichiometric
molar ratio in D2O buffer(50 mM sodium
phosphate, pH 3.0, 3.5, 4.0) at the various
final concentration of 15, 30, 60 g/L. The
reaction bath quenched near the gel point

by adding small amount of HCl solution
into the reaction bath to make pH close
to 0, in which the reaction of amine and
NHS stops. According to our previous
study in ANSTO, each resultant critical
solution should be diluted into different
level (60, 30, 15, 7.5, 3.75, 1.88, 0.94 g/L)
to fully characterize the structure and the
size-distribution of the critical clusters. As
the result is shown in figure 2, there are
several interesting features. In the next
time, we will be executed detailed analysis.

Fig. 1. Figure 1. (a) The critical clusters synthesized
by imbalancing the prepolymers (b) The scattered
intensities of different critical polymer clusters in
previous study. Figure 2. The SANS profiles of criti-
cal cluster.
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Effect of variety of alkanes on uidity and inter-lea et coupling of lipid membranes

Hatsuho Usuda1, Mafumi Hishida1, Elizabeth Kelley2, Michihiro Nagao3

1Dept. Chem. Univ. Tsukuba, 2NIST Center for Neutron Research, 3Dept. Phys. Indiana Univ.

[Background] In biomembranes, vari-
ous kinds of small organic molecules, such
as sterols and fatty acids, regulate the phys-
ical properties of lipid bilayers to main-
tain cell functions. One of the typical ef-
fects of these organic molecules is on mem-
brane fluidity, which has long been an im-
portant topic in biomembranes. Studies
in biologically relevant systems have sug-
gested that membrane fluidity affects var-
ious cell functions, such as enzyme activ-
ity, transport process, hormone action, and
immune response.[1] Not only the bilayer’s
fluidity itself, but also the dynamic cou-
pling/decoupling of the outer and inner
leaflets of bilayers is possibly controlled by
such small organic molecules. However,
the effects of small organic molecules on
the bilayer fluidity and the inter-leaflet cou-
pling have not been fully understood.

The inter-leaflet coupling is known to
connect the elastic bending modulus, κ,
and the area compressibility modulus, KA,
in a thin elastic sheet theory.[2] As ex-
plained more in detail in the following sec-
tion, recent neutron spin echo (NSE) stud-
ies start to measure both κ and KA inde-
pendently by measuring both bending and
thickness fluctuations in a lipid bilayer.[3,4]

In this experiment, we investigated the
effect of small organic molecules on the
membrane fluidity utilizing NSE. We used
synthetic lipid bilayers with and without
n-alkanes as a model system. The effects
of n-alkanes on the phase behavior, the bi-
layer structure, and its elasticity, have been
extensively studied by us.[5,6] Change in
the phase behavior of the lipid bilayers
strongly depends on the alkane length.[5]
We speculated that the membrane fluid-
ity also relates to the intermolecular force
in the membrane. For the systematic un-
derstanding of effects of various organic
molecules on the membrane properties, the

alkane length dependence of the mem-
brane fluidity will be an ideal system to ex-
plore.

[Methods] The NSE technique has
been traditionally used to determine mem-
brane’s elastic bending modulus, κ. How-
ever, recent development of membrane the-
ories and experimental techniques started
to shed light on more detailed membrane
properties. [7,8]

Recently, thickness fluctuations in lipid
membranes have been successfully mea-
sured using NSE,[3,4,9] and this tech-
nique was shown to be potential means
to access β, which characterizes the inter-
leaflet coupling.[4] The bending fluctua-
tions have been modeled by Zilman and
Granek [10] as the intermediate scattering
function decays following a stretched expo-
nential function with a stretching exponent
of 2/3. The decay rate Γ(q), where q is the
momentum transfer, follows q3 for bend-
ing fluctuations, while the thickness fluctu-
ations are seen as a peak in Γ(q)/q3 with an
underlying q3 dependence as follows: [4]

Γ
q3 = 0.0069

√
kBT

κ

kBT
η

+
(τTFq3

0)
−1

1 + (q − q0)2ξ2

(1)
where the first term indicates the contribu-
tion from the bending fluctuations and the
second term represents the thickness fluc-
tuation contributions. η is the solvent vis-
cosity, τTF represents the relaxation time for
the thickness fluctuations, q0 denotes the
peak location in Γ/q3 representation which
is identical to the dip location of the bi-
layer form factor measured by SANS, and
ξ indicates the half width at half maximum
(HWHM) of the Lorentz function. The frac-
tional change in the thickness, σh, is ex-
pressed as σh = ∆h/h = 2(q0ξ)−1, where
h represents the bilayer thickness. Neglect-
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ing changes of the molecular volume, σh is
compensated for by the fractional change
in the area, σA, as σ2

h = σ2
A, and a sim-

ple statistical mechanical relation connects
area compressibility modulus KA and σh
as KA = kBT/σ2

h A0.[11,4] Therefore, the
measurement of the thickness fluctuation
amplitude yields to estimate KA. On the
other hand, in a thin elastic sheet theory,
a relation between κ and KA is formulated
as KA = βκ/d2

t , where dt is the thick-
ness of the hydrocarbon region of the mem-
brane.[2] These two independent measure
of κ and KA by the bending and thickness
fluctuations, respectively, allows one to es-
timate a change in β if any.

[Results] We have performed an NSE
experiment on the NGA-NSE, NIST, in di-
palmytoylphosphatidylcholine (DPPC) bi-
layers with and without alkanes. We mea-
sured the cases for n-octane (C8) and n-
tetradecane (C14). We independently mea-
sured the bending and thickness fluctua-
tions by using protiated lipid and alka-
nes in D2O for the bending fluctuations,
while the thickness fluctuation measure-
ments were performed by employing tail-
deuterated DPPC, deuterated n-alkanes
and D2O.

κ value were found to be similar for the
samples with alkanes. On the other hand,
strong effects of the alkanes were recog-
nized in the thickness fluctuation measure-
ments (Fig. ??). Γ(q)/q3 have peaks at
lower-q for DPPC with alkanes than the
pure lipid, indicating the thickness of the
bilayer increased by the addition of alka-
nes. It is emphasized that the peak inten-
sity and HWHM for the samples with alka-
nes are smaller than that for pure DPPC,
and they exhibit an alkane length depen-
dence. This implies that thickness fluctua-
tions are depressed by alkanes, and the de-
pression is stronger for the shorter alkane.
By considering an almost constant κ but
different peak width ξ, the order of the cou-
pling constant β becomes C8<C14<pure
DPPC, meaning a more coupled mem-
brane state with alkanes, especially with

the shorter alkane.
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Fig. 1. Γ(q)/q3 for DPPC with and without alkanes
(C8 and C14).
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Elucidation of the Mechanism of the Solvent-Dependent Switch of Helical
Main-Chain Chirality of Poly(quinoxaline-2,3-diyl)s in Alkanes by Small Angle

Neutron Scattering

Yuuya Nagata, Rintaro Inoue, Sota Sato, Kathleen Wood, Masaaki Sugiyama
Kyoto University, University of Tokyo, and Australian Nuclear Science and Technology

Organisation (ANSTO)

Single-handed helical polymers have at-
tracted much attention because of their ap-
plications for asymmetric catalysts, chiral
stationary phase, and chiroptical materi-
als. Recently, we developed the synthesis of
helically chiral poly(quinoxaline-2,3-diyl)s
(PQXs) bearing chiral side chains. Interest-
ingly, PQXs exhibit solvent-dependent he-
lix inversion, which can serve as effective
scaffold for chirality-switchable polymer
ligands and chiroptical materials. In order
to reveal the mechanism of the solvent-
dependent helix inversion of PQXs and
control it, it is highly desirable to clarify
the structural change of the PQXs before
and after the solvent-dependent helix in-
version.

In our previous report, we have suggested
a hypothesis that conformational changes
of the side chains caused by solvent ef-
fect induces the helix inversion of the PQX
backbone. When the solvent could be incor-
porated into the side chain moiety, the side
chains are extended and induce the right-
handed helical conformation of the back-
bone. On the other hands, when the solvent
could be excluded from the side chain, the
side chains are shrunken and induce the
left-handed helical conformation.

In this study, in order to prove this hy-
pothesis, we focused on the temperature-
dependent helix inversion of a PQX bear-
ing (S)-3-octyloxymethyl side chains dis-
solved in n-octane-d18 to clarify the change
of the side chain configuration by small an-
gle neutron scattering (SANS). Before the
SANS experiments, we have carried out
circular dichroism (CD) measurements of

the PQX dissolved in n-octane at various
temperature, which exhibited the helix in-
version between 313 K and 333 K. The ob-
tained SANS patterns of the PQX dissolved
in n-octane-d18 at 313, 333, 353, and 373 K
are shown in the figure. Now, we are try-
ing to reveal the conformational changes of
the chiral side chains of the PQX through
molecular dynamics calculations.
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Fig. 1. SANS patterns of the PQX in n-octane-d18 at
313, 333, 353, and 373 K
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Visualizing the correlation between branching point of homogeneous polymer gels

Yui Tsuji, Xiang Li, and Mitsuhiro Shibayama
The Institute for Solid State Physics, The University of Tokyo

Polymer gel is 3-dimentional network
structure containing solvent. For usual
polymer gel, branching point is introduced
randomly. Hereby, a network structure of
gel becomes heterogeneous. However, our
research group succeeded in the fabrication
of a very homogeneous gel recently. This
gel was named“ Tetra-PEG gel”. (Sakai,
T. et al. Macromolecules, 2008). Tetra-PEG
gel is fabricated by combining two 4-arm
poly (ethylene glycol)s which are able to re-
act mutually. It is confirmed that Tetra-PEG
gels have homogeneous structure by small
angle neutron scattering. (Matsunaga, T. et
al., Macromolecules, 2009).
In the present study, our purpose is to

quantify homogeneity of Tetra-PEG gel.
For this purpose, in the previous exper-
iment, we synthesized the tetra-PEG gel
with deuterium-label near the branching
point and carried out SANS experiments.
However, we could not observe any peaks
(Figure (a),(b)). This may be because the
labeled region was too small to scatter
enough neutrons.

Accordingly, we planned to measure a
newly designed Tetra-PEG gel polymers
were crosslinked with fully deuterated lin-
ear PEG (Figure (c)). By contrast matching
of deuterated PEG, we expected to observe
only the correlation peak between each hy-
drogenated Tetra-PEG. We fabricated 3 dif-
ferent concentration samples: 60 mg/mL,
30 mg/mL, and 15 mg/mL. Solutions and
gels were prepared each concentration. So-
lutionswere prepared by combining non-
reactive deuterated PEG and hydrogenated
Tetra-PEG.
The observed SANS profiles are shown

in the Figure (d). Open circles are solu-
tions and filled points are gels. Peaks were
not observed about solutions. On the other
hand, about gel, peaks were appeared. This
is because correlation appeared at a specific

position with forming crosslinking. These
peaks become slightly broader with de-
creasing concentration. This is due to in-
complete network, void of network struc-
ture.
We are going to analyze this result further

and write the paper.

Fig. 1. (a) An illustration of Tetra-PEG gels. (b) The
SANS profile in previous study.(c)An illustration of
prepolymer and gels. (d)The SANS profiles of PEG
gel crosslinked by deuterated polymers.
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Dendrimers are highly branched organic
macromolecules with successive layers or
generations of branch units surrounding
a central core. They can be regarded as
polymeric nanoparticles. Dendrimers ex-
hibit internal degrees of freedom and show
rich structural and dynamic features. In ad-
dition to scientific interest, dendrimers are
also excellent candidates for metal accumu-
lation carrier, and drug and gene delivery
agents.

Recently, the layer-by-layer, periodically-
branched structure of the dendrimer has
been attracting attention because of atom
mimicry, with each dendrimer genera-
tion level resembling the traditional Bohr
atomic orbital（Yamamoto, K. et al.; Acc.
Chem. Res. 2014, 47 (4), 1127-1136.）. Our
group has succeeded in synthesizing a den-
drimer ligand with this electron density
gradient showing a layer-by-layer stepwise
coordination, and one of these is the pheny-
lazomethine dendrimer (DPA) (Yamamoto,
K. et al.; Nature 2002, 415 (6871), 509-511).
DPA is a Schiff base dendritic ligand that
coordinates to Lewis acids

In this study, we carried out SANS study
to investigate the dendrimers with metal
ions. First of all, we added metal ions to the
dendrimers. Then, we observed a differ-
ence in scattering results between samples
with low and high metal concentrations in
the low q-range (Figure 2). The profile in
the low q-range looks rough since the scat-
tering intensity of sample was weak. How-
ever, we observed significant difference in
SANS profiles with the number of metal
concentration.

Fig. 1. Figure 1. Illustration of DPA as an atom
mimicry: Comparison of the DPA and Bohr atom
model. Figure 2. The SANS profiles of dendrimers
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