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Observation of Current-Induced Lattice
Distortion in Spin—Orbit Coupled Iridium
Oxide CasIr;On2

Recently, a nonlinear electrical conductivity has been re-
ported in single crystals of 4d and 5d transition metal (TM)
oxides. In the layered perovskite oxides Ca;RuOs and
Sr2IrO4, conductivity is increased when current is applied
and nonlinear electrical conductivity is observed [1-3]. In
the layered structure, the TM—O—TM bond angle, which is
important for conductivity, is changed by the application
of current. It has been reported that the crystal structure of
these materials under the application of current is in a non-
equilibrium state, which is different from the thermal equi-
librium state. Spin—orbit coupling is thought to play an im-
portant role in the nonlinear electrical conductivity of these
4d and 5d transition metal oxides. Therefore, such spin—
orbit coupled materials are expected to have applications
in devices based on a new mechanism.

We have reported that CasIr;O12 exhibits nonlinear electri-
cal conductivity along the c-axis [4,5]. Caslr;O12 has a hex-
agonal crystal structure without centrosymmetry, in which
one-dimensional chains of edge-sharing IrOs octahedra
along the c-axis form triangular lattices in the c-plane (Fig.
1). Recently, to investigate the effect of current application
on the crystal structure, Raman scattering experiments on
Caslr;012 were performed under the application of DC cur-
rent [6]. Changes in the Raman spectrum caused by the ap-
plication of DC current, which are different from the effect
of self-heating due to DC current, were also observed.
These results indicate that the oxygen bonds in the edge-
sharing IrOs chain along the c-axis are strengthened by ap-
plying a DC current.

Fig. 1. Crystal structure of Caslr;O12.

In this study, we report current-induced lattice distortion in
iridium oxide Caslr;O12 with a hexagonal structure that ex-
hibits nonlinear conductivity along the c-axis [7]. Using
the synchrotron radiation X-ray diffraction experiments on
the single crystal, the change in the lattice constant due to
thermal expansion at temperatures above room tempera-
ture and the change in the lattice constant due to the appli-
cation of current along the c-axis were investigated. We
found that the current application along the c-axis caused
anisotropic lattice distortion that expanded within the c-
plane direction. The observed distortion due to the electric

current is not caused by the piezoelectric effect that would
be expected given the symmetry of the crystal structure of
this material; the evaluated piezoelectric constant is a very
large value compared to typical piezoelectric materials.
These results show that the change in the lattice constant
ratio a/c due to the application of current is greater than the
change in thermal expansion caused by self-heating. In
spin—orbit coupled oxides, this result reveals the possibility
of significant current-induced distortion based on a mech-
anism different from the conventional piezoelectric effect.

References

[1] G. Cao, J. Phys.: Condens. Matter 32, 423001 (2020).
[2] R. Okazaki, Y. Nishina, Y. Yasui, F. Nakamura, T. Su-
zuki, and I. Terasaki, J. Phys. Soc. Jpn. 82, 103702 (2013).
[3] G. Cao, J. Terzic, H. D. Zhao, H. Zheng, L. E. De Long,
and P. S. Riseborough, Phys. Rev. Lett. 120, 017201 (2018).
[4] K. Matsuhira, K. Nakamura, Y. Yasukuni, Y. Yoshimoto,
D. Hirai, and Z. Hiroi, J. Phys. Soc. Jpn. 87, 013703 (2018).
[5] H. Hanate, K. Nakamura, and K. Matsuhira, J. Magn.
Magn. Mater. 498, 166203 (2020).

[6] M. Hayashida, T. Hasegawa, K. Kadohiro, H. Hanate,
S. Kawano, and K. Matsuhira, J. Phys. Soc. Jpn. 93,
104704 (2024).

[7]1 K. Kadohiro, H. Hanate, M. Hayashida, T. Hasegawa,
H. Nakao, Y. Okamoto, K. Miyazaki, S. Tsutsui, and K.
Matsuhira, J. Phys. Soc. Jpn. 94, 023601 (2025).

Authors
K. Matsuhira® and Y. Okamoto
2Kyushu Institute of Technology

PI of Joint-use project: K. Matsuhira
Host lab: Okamoto Group, Materials Synthesis Section

ISSP Activity Report 2024 37



Development of Open Data Analysis Tool
for Science and Engineering (ODAT-SE)

We developed open-source software Open Data Analysis
Tool for Science and Engineering (ODAT-SE) [1], by the
PASUMS project in FY2024 as a major upgrade of
2DMAT [2, 3]. ODAT-SE solves an inverse problem, when
one gives a direct or forward model, a physical or statistical
model representing the system under investigation. Cur-
rently, ODAT-SE offers five analysis methods: (i) grid
search, (ii) Nelder-Mead optimization, (iii) Bayesian opti-
mization, (iv) replica exchange Monte Carlo method, and
(v) population-annealing Monte Carlo (PAMC) method.

The code structure of ODAT-SE is drawn schematically in
Fig. 1. The original architecture in 2DMAT was tightly
coupled with specific experimental techniques, limiting its
flexibility and reusability across other scientific fields. In
ODAT-SE, the architecture explicitly separates direct prob-
lems from the optimization or search algorithms. This
modular approach enables researchers to apply ODAT-SE
to diverse fields; users can easily add their own direct prob-
lem solvers or search algorithms tailored to their research
needs.

Direct Direct
) problem problem
Grid Search
solver solver

Nelder-Mead method

Bayesian optimization

Solver program Solver program

Solver modules
for target problems

Replica Exchange MC

Population Annealing MC

Fig. 1. Schematic diagram of the code structure of ODAT-
SE.

Hereafter, we focus on the PAMC method, a massively par-
allel Bayesian inference. In general, the Bayesian infer-
ence gives the posterior probability distribution P(X|Y),
as histogram, where X is the target quantity (vector), the
quantity that we would like to know, and Y is the experi-
mentally observed quantity (vector). The PAMC method is
suitable to supercomputers. Since the PAMC method is a
global search algorithm, one can find the global solution
and local solutions in the data space of X. The PAMC
method was used to determine the surface structure of the
3x3-Si phase on the Al (111) surface by total reflection
high-energy positron diffraction experiment
(https://www2.kek.jp/imss/spf/eng/, Fig. 2(a)) and core-
level photoemission spectroscopy [4]. The analysis finds
the global solution as a flat surface structure shown in Fig.
2(b) and local solutions, which indicates the crucial im-
portance of global search algorithm.

In future outlook, ODAT-SE will be developed further and
used both in plasma and material science, for example,
through our project launched recently in the Moonshot
R&D Program [5]. Notably, a recent study [6] using
2DMAT have successfully demonstrated efficient fitting of
high-dimensional experimental parameters. With the mod-
ular architecture of ODAT-SE, similar complex analyses
can now be performed more easily, enabling broader ap-
plicability across various scientific fields.
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Fig. 2. (a) Schematic diagram of total reflection high-en-
ergy positron diffraction experiment (b) Top view (upper
panel) and side view (lower panel) for the surface structure
of the 3x3-Si phase on the Al (111) surface [4].
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Temperature-Dependent Magnetic, Elec-
tronic, and Structural Properties of

Ba,Fe14012: Effects of Fe?* Localization

In this study, we conducted a comprehensive investigation
of the magnetic, electronic, and structural properties of
high-quality polycrystalline Y-type ferrite BazFei4O2
throughout a wide temperature range [1]. This compound
with a mixed valence state of Fe?* and Fe*" is expected to
display a rich variety of physical phenomena because of
the interplay of charge, spin, and orbital degrees of free-
dom. Previous studies have been impeded by the difficul-
ties in synthesizing phase-pure samples since ferrimag-
netic impurities like BaFe2O4 and Fe3O4 can contaminate
BaxFe14022. We were able to synthesize high-purity poly-
crystalline samples that are ideal for studying the mate-
rial’s intrinsic characteristics by fine-tuning solid-state re-
action conditions.

A ferrimagnetic transition was detected at 662 K, which is
somewhat higher than the values reported in previous lit-
erature [2,3], according to magnetic measurements. Dis-
similarities in oxygen stoichiometry are probably to blame
for this disparity. The finding of a precipitous decrease in
magnetization at 160 K points to the existence of a phase
transition. The magnetic moment per formula unit drops
from 9.4 pp before of the transition to 8.8 up below it. Mag-
netization curves above the transition and below 160 K are
also significantly different.

Above the transition, the magnetization curve indicates
planar-type collinear ferrimagnetism with saturation oc-
curring at around 20 kOe. In contrast, the magnetization
grows ferromagnetically at lower temperatures; it keeps
growing linearly all the way up to 70 kOe, though. We can
infer a non-collinear magnetic structure from this unsatu-
rated field-linear behavior near high fields.

Electrical conductivity measurements indicate semicon-
ducting behavior with moderate conductivity at room tem-
perature (p~ 33 Q-cm). On cooling, conductivity gradually
diminishes and shows a drop near 160 K, suggesting car-
rier localization. The conductivity exhibits Arrhenius-type
behavior at lower temperatures, with two distinct activa-
tion energies: 98 meV between 105-125 K, and 50 meV
below 105 K. This implies a reduction in carrier population
and mobility at low temperatures.

Figure 1 illustrates the powder X-ray diffraction pattern
obtained using Cu-Koi radiation on a SmartLab diffrac-
tometer with a He closed-cycle refrigerator system. The re-
sults revealed a structural phase transition at 160 K from a
high-temperature rhombohedral to a low-temperature tri-
clinic crystal system. The site-selective localization of Fe*
ions is thought to be the cause of this structural change.

Owing to the larger ionic radius compared to Fe**, Fe** ions
preferentially occupy octahedral sites, particularly those
with an up-spin alignment in the magnetic structure. The
magnetic moment per formula unit decreases from 9.4 us
above the transition to 8.8 us below it, consistent with the
theoretical value assuming Fe*" localization among spe-
cific octahedral sites.

In summary, this study elucidates the intrinsic temperature-
dependent properties of Ba:Fei«O2: by combining struc-
tural, magnetic, and electronic measurements. The first or-
der structural transition at 160 K, linked to Fe?" site-selec-
tive localization, leads to a reduction in magnetic moment
and a marked change in magnetic anisotropy. These find-
ings highlight the intricate coupling between charge, spin,
and lattice degrees of freedom in mixed valence hexafer-
rites.
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Fig. 1. X-ray diffraction pattern of 1 0 13 reflection (in-
dexed by high-temperature phase manner) near the phase
transition at 160 K. The reflection splits into three with the
02-13,11 13,1 -1-13 reflections (indexed by low-tem-
perature phase manner).
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Neutron Scattering Studies on the Room-
Temperature Altermagnet FeS

Antiferromagnets with broken time-reversal symmetry,
which are also termed altermagnets, have been attracting
marked attention in condensed matter physics in recent
years [1], because they potentially show emergent phe-
nomena, such as large anomalous Hall effect or spin-cur-
rent generation, which would be applicable to novel
spintronics devices in the future. We have recently discov-
ered a new altermagnet FeS, which exhibits antiferromag-
netic (AFM) order and spontaneous Hall effect at room
temperature [2]. This system is known to exhibit a spin re-
orientation transition at around 190 K. We found that the
spontaneous Hall effect disappears at this transition. To in-
vestigate the magnetic structures above and below the tran-
sition temperature, we performed unpolarized and polar-
ized neutron scattering measurements with a single crystal
of FeS.

Unpolarized neutron diffraction measurements were car-
ried out at High-Resolution Spectrometer HRC(BL12) in
the Materials and Life-science experimental Facility
(MLF) in Japan Accelerator Research Complex (J-PARC).
A single crystal of FeS was mounted in a closed-cycle “He
refrigerator with the (H,H,L) horizontal scattering plane.
The sample was exposed to a pulsed polychromatic inci-
dent neutron beam. Bragg reflections from the sample were
detected by the *He position sensitive detectors. Figures
1(a) and 1(b) show the comparison between the tempera-
ture variations of magnetic susceptibilities and the inte-
grated intensity of the 002 Bragg reflection, at which nu-
clear scattering is expected to be very weak. Since the neu-
tron scattering cross section of a magnetic peak is propor-
tional to a square of Fourier-transformed magnetization
projected onto the plane perpendicular to the scattering
vector, the intensity of the 002 reflection at high tempera-
tures is attributed to the easy-plane type g=0 AFM struc-
ture as illustrated in the inset on the right side of Fig. 1b.
At around 190 K, the intensity of the 002 reflection was
abruptly reduced, which is exactly coincides with the sharp
drop of the magnetic susceptibility along the ¢ axis. These
changes can be interpreted that the system undergoes the
spin-reorientation transition from the easy-plane type AFM
to the easy-axis type AFM shown in the inset on the left
side of Fig. 1(b).

To further corroborate the easy-axis type AFM order at low
temperatures, we also performed polarized neutron scatter-
ing measurement at the POlarized Neutron Triple-Axis
spectrometer PONTA installed at Japan Research Reactor
3. Similarly to the experiment at HRC, the (H,H,L) hori-
zontal scattering plane was selected. We measured polar-
ized neutron scattering profile of the 112 reflection at 100
K. The polarization direction of the incident neutron beam
was set to be parallel to the vertical direction. As shown in
Fig. 2, we observed a strong spin-flip (SF) scattering,
which arises from the Fourier-transformed magnetization
perpendicular to both the scattering vector and the vertical
direction, in addition to a non-spin-flip (NSF) scattering,

which includes the nuclear scattering. By combining the
results from HRC and PONTA, we confirmed that the sys-
tem exhibits the g=0 AFM structure with magnetic mo-
ments parallel to the ¢ axis at low temperature.
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Fig. 1. (a) Temperature variations of magnetic susceptibil-
ity parallel and perpendicular to the ¢ axis in FeS. (b) Tem-
perature dependence of the integrated intensity of the 002
reflection measured at HRC in MLF of J-PARC.
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Fig. 2. Polarized neutron scattering profile of 112 reflec-
tion of FeS measured at 100 K.
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Gapless Magnon-Driven Anomalous Hall
Conductivity in the Collinear Kagome Anti-
ferromagnet YbFesGes

YbFesGes is a kagome-lattice intermetallic whose Fe**
moments order antiferromagnetically below Tn= 500 K.
Neutron diffraction shows an A-type structure with spins
along the c axis above the spin-reorientation temperature
Tsr = 63 K; on cooling the moments rotate into the kagome
plane while the propagation vector remains k= (0, 0, 0),
preserving inversion—time-reversal symmetry and elimi-
nating static scalar chirality [1]. Magnetotransport reveals
that this reorientation generates an anomalous Hall con-
ductivity Acxy=30Q'cm?! at 10K for in-plane fields,
whereas no signal appears for out-of-plane fields or
T > Tsr, confirming its anisotropy dependence rather than
any coupling to net magnetization [1].

Low-energy spin dynamics were resolved by inelastic neu-
tron scattering. As shown in Fig. 1(a) [1], magnetic inten-
sity at Q =(0, 0, 1) in the spin-reoriented phase is continu-
ous up to=0.6 meV, defining a gapless magnon branch
above the 0.14 meV resolution. The temperature evolution
of intensities at 0.55meV and 2.55meV, plotted in
Fig. 1(b) [1], demonstrates that the gap remains closed
throughout the easy-plane phase and reopens abruptly at
TSR, growing to 1.34 meV by 80 K. The concomitant loss
of Aocxy, reproduced in Fig. 1(c)[1], shows a one-to-one
correspondence between gapless magnons and Hall re-
sponse: whenever the sub-meV continuum vanishes, the
transverse conductivity collapses. A 7T field also
quenches Acyy; its Zeeman energy for the 1.5 us Fe mo-
ment is 0.6 meV, matching the upper edge of the gapless
band and reinforcing the causal link.

Because the combined space inversion and time-reversal
(IT) symmetry eliminates equilibrium Berry curvature and
the magnetization never exceeds 0.3 us/Fe even at 50 T,
conventional intrinsic or skew-scattering mechanisms are
excluded. Instead, propagating magnons transiently cant
neighboring Fe moments; coupling to partially polarized
Yb3* spins biases the distribution of local scalar chiralities,
creating a net dynamic Berry phase that deflects itinerant
electrons. When the magnon gap opens thermally or via
Zeeman splitting these fluctuations are suppressed and the
Hall signal disappears [2]. Comparable fluctuation-driven
Hall effects in kagome ferromagnets AMnsSne [3] and in
FesSnz2[4] require non-collinear ground states, yet
YbFesGes shows that collinear antiferromagnets can host
the same physics provided that low-energy magnons are
gapless. The absence of any Hall signal in FeSn, whose gap
stays near 2 meV at all temperatures, underscores the ne-
cessity of near-zero-energy modes[5]. Only the
quasi-acoustic branch softens across TSR; higher-energy
magnons up to 40 meV remain unchanged, indicating that
anisotropy rather than exchange drives the soft mode. In-
tegrating the inelastic intensity yields a fluctuating Fe mo-
ment of = 1.5 ps, consistent with diffraction and validating
the local-moment picture.

These results demonstrate that centrosymmetric, magneti-
cally compensated antiferromagnets can exhibit field-con-
trollable topological transport when anisotropy collapses
the magnon gap to zero, extending antiferromagnetic
spintronics beyond systems with static chirality and sug-
gesting that engineered soft-mode transitions could enable
chirality-mediated charge—spin conversion at terahertz fre-
quencies [6].
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Fig. 1. (a) Low-energy spin excitations at (0, 0, 1) at se-
lected temperatures, offset for clarity. Horizontal dashed
lines indicate the zero intensity for the data above 2.5 K.
Dashed curves are the fits to 65 K and 80 K data [36]. The
light blue region shows energy resolution, and the arrow
marks 0.6 meV, below which gapless excitations emerge.
(b) Temperature dependence of the intensities at (0, 0, 1) at
0.55 meV and 2.55 meV. (¢) Temperature dependence of
the maximum magnitudes of Acxy. The bold gray curve is
a guide to the eyes. Inset illustrates electron scattering by
the spin fluctuations.
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Visualization of Electrically Controllable
Magnetic Domains in a Quasi-One-Dimen-
sional Quantum Antiferromagnet
BaCu:Si2O07

Quasi-one-dimensional quantum antiferromagnets (q1D-
QAFMs) consist of chains of magnetic ions with a small
spin quantum number (S'= 1/2 and 1), where intrachain an-
tiferromagnetic (AF) interactions dominate over interchain
ones. They have attracted attention for their potential to ex-
hibit exotic phenomena and their possible application in
quantum spintronic technology. Like other AFMs, q1D-
QAFMs will form a pair of domain states when undergoing
an AF transition due to interchain interactions, typically
represented by an “up-down-up-down” state and a “down-
up-down-up” state. These domains are randomly distrib-
uted in a single crystal sample, and their observation and
control are critical for device applications. However, ob-
serving domain patterns in q1D-QAFMs appears to be
challenging because of the absence of net magnetization
and strong quantum fluctuations reducing the ordered spin
components. Indeed, there has been no experimental ob-
servation of the domain pattern in q1D-QAFMs.
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Fig. 1. (a) Schematic illustration of visualizing AF domains
in a q1D-QAFM via NDD. Yellow transparent cylinders
denote light beams along the thick black arrow, with diam-
eter indicating intensity. In the AF phase, spins or magnetic
moments (green arrows) are antiparallel, though parallel
alignment can appear as a defect called a domain wall (red
line). (b) Optical microscopy image of a sample at 5 K. (c)
Visualization of electric-field-driven displacement of AF
domain walls. (d) Schematics of a domain wall parallel
(DW]|) and perpendicular (DW_L) to the spin chains.

In this study [1], we successfully visualize AF domains in
one of the most representative spin-1/2 q1D-QAFMs,
BaCu2Si207, which orders antiferromagnetically below Tn
=9.2 K with reduced moments of only 0.1 s per Cu*" ion
[2]. We use a recently developed optical imaging technique
based on nonreciprocal directional dichroism (NDD) [3], a
change in optical absorption upon reversing the light

propagation direction or the sign of magnetic order param-
eters. Thus, AF domain patterns appear as differences in
transmitted light intensity, as illustrated in Fig. 1(a). NDD
requires breaking both space-inversion and time-reversal
symmetries, which in BaCu2Si2O7 arises from AF order
combined with the zigzag chain arrangement of Cu?* ions.
We used single crystals of BaCu2Si207 grown by the Ma-
suda group using a floating zone method.

Figure 1(b) shows an optical microscopy image of a thin
plate sample at 5 K below 7n. A clear two-level contrast
appears in the AF phase, indicating the coexistence of the
opposite AF domains. The image reveals that the domain
walls (DWs) separating opposite AF domains run predom-
inantly along the spin chains. After heating above 7n and
cooling, the domain pattern was changed but the DW ori-
entation was maintained, indicating the robust DW anisot-
ropy in BaCu2Si207. Furthermore, the AF domains can be
controlled by an applied electric field with a small bias
magnetic field. As highlighted by the dotted lines in Fig.
1(c), positive and negative electric fields shift the DWs in
opposite directions. This displacement can be explained by
a magnetoelectric coupling allowed by broken space-in-
version and time-reversal symmetries. Importantly, the di-
rection of the DWs is maintained during the displacement.
Thus, the DW anisotropy also governs the electric-field
driven DW motion in BaCu2Si207.

Qualitatively, the observed DW anisotropy can be at-
tributed to the anisotropic magnetic interactions. Figure
1(d) schematically shows spin arrangements near DWs
parallel (DW]||) and perpendicular (DW.L) to the spin
chains. The formation of DW.L costs the energy from
strong intrachain interaction, which is two orders of mag-
nitude larger than the interchain interactions governing
DW]||, making DW|| favorable, consistent with experiment.
However, the interaction anisotropy greatly exceeds the
DW anisotropy estimated by the ratio their lengths: Lpwy/
Low. ~ 10. This suggests another factor contributes to the
DW formation. To our knowledge, no relevant theory ex-
ists, and future work is required to clarify the microscopic
origin of the DW anisotropy in the q1D-QAFMs.

In conclusion, this study advances understanding of do-
main physics of q1D-QAFMs and raises the interesting
question of whether the domain pattern in BaCuzSi207 is
material-specific or intrinsic to q1D-QAFMs.
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Tough and Elastic Ion Gels Reinforced by
Strain-Induced Crystallization

Ton gels, containing a polymer network and an ionic liquid
as their solvent, are deemed one of the most promising soft
materials for stretchable electronics, which may supersede
incumbent rigid wearable devices in the future.
Developing tough ion gels is indispensable for applications,
including, but not limited to, conformal wearables or soft
actuators. One of the mainstream strategies for
materializing tough gels is introducing a sacrificial
polymer network. Therein, noteworthy work includes that
of double-network (DN) hydrogels [1], and successful
fabrication of tough DN or self-healing ion gels followed.
However, the very nature of the “sacrificial” network in
those gels deteriorates their instantaneous mechanical
reversibility. Aiming to overcome this shortcoming, we
turned to strain-induced crystallization (SIC, Fig. 1) in gels.
Although SIC itself is a long-renowned reinforcement
mechanism within vulcanized natural rubber or certain
types of polymers, it proved equally valid in polymer gels,
which was found in slide-ring (SR) hydrogels of a high
polymer concentration and a high molecular weight
between cross-links [2]. We implemented this SIC strategy
for fabricating tough ion gels. In this presentation, we will
overview scattering patterns of in-situ wide-angle X-ray
scattering (WAXS), small-angle X-ray scattering (SAXS),
and small-angle neutron scattering (SANS) obtained from
the ion gels being stretched, and discuss what is inferred
about the structural deformation of the polymer network
therein. We will also discuss the paths to designing an ion
gel of better mechanical performance, from the results of
the complementary scattering experiments.
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Fig. 1. SIC of highly exposed and oriented PEG chain(s)
in an SR ion gel. SIC is formed when the gel is stretched
beyond its threshold strain, and it disappears as soon as the
load is removed.

We fabricated SR ion gels, in which polyrotaxane (PR)
supramolecules possess dynamic crosslinking points via
their ring-shaped molecules. The PR was comprised of the

axial component, polyethylene glycol (PEG), and the
annular ones, (2-hydroxypropyl)-a-cyclodextrin (hpCD).
We used an imidazolium-based ionic liquid, 1-ethyl-3-
methylimidazolium  bis(trifluoromethanesulfonyl)imide
([C2mim][NT{2]), as their solvent. Since [C2mim][NT{2]
has an X-ray scattering length density close to that of
hpCD, the SAXS patterns reflected the contrast derived
from PEG, suppressing the one from hpCD. On the other
hand, no contrast matching was realized in the gels for in-
situ SANS between the three constituents: deuterated
[C2mim][NTf2]-ds, PEG, and hpCD. SANS
measurements were performed at SANS-U, JRR-3.

At a large strain (4 = 10, A represents the extension ratio),
as shown in Fig. 2, scattering spots corresponding to the
planar zigzag crystalline structure of PEG were confirmed
in the WAXS patterns, and a vertical streak perpendicular
to the stretching direction was identified in SAXS, which
we concluded as an indication of highly oriented PEG. The
SANS patterns suggests that hpCDs form aggregations and
that the aggregates are deformed by stretching [3].
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Fig. 2. In-situ WAXS, SAXS, and SANS patterns from SR
ion gels being stretched in the horizontal direction.
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Observation of The Mexican Hat—Shaped
Valence Band of ferroelectric o-In.Ses

This study investigates the electronic band structure of the
van der Waals ferroelectric semiconductor a-In-Ses using
nanoscale angle-resolved photoemission spectroscopy
(ARPES), magneto-optical transmission under high mag-
netic fields up to ~60 T, and Density Functional Theory
(DFT) [1]. These experiments reveal that a-In.Ses hosts an
indirect band gap and a distinctive inverted Mexican hat—
shaped (IMH) valence band - featuring a nearly flat central
region surrounded by a hexagonal ring of maxima and sad-
dle points. This topology results in van Hove singularities
and large hole effective masses, validating long-standing
theoretical predictions.
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Fig. 1 (a) Temperature-dependent transmission spectra of
o-In2Ses. Insert: band gap energy as a function of tempera-
ture fitted by an empirical model. (b) Color plot of mag-
neto-transmission spectra of o-In.Ses with magnetic field
up to 60 T. (b) Electronic band structure of a-In.Ses calcu-
lated from DFT. (d) Energy dispersion of a-In.Ses as meas-
ured by ARPES for the uppermost valence band.

Figure 1 highlights the temperature and magnetic field de-
pendent optical properties of a-In.Ses. At zero magnetic
field, the transmission spectra (Fig. 1(a)) exhibit a clear
blue shift in the indirect absorption edge from 1.35¢eV at
293K to 1.54eV at 4.2 K. These values align well with
previous reports [2-3] despite prior claims that a-In.Ses ex-
hibits a direct band gap [3-4]. An inset in Fig. 1(a) shows
the temperature dependence of the band gap energy, fitted
by an empirical model that commonly applies to indirect
band gap semiconductors. This excellent agreement rein-
forces the assignment of a-In:Ses to an indirect band gap
semiconductor.

Figure 1(c) presents the magneto-transmission spectra at
T=4.2 K, normalized to zero field spectrum (/(B)/1(0)). At
high field (~60 T), five distinct absorption features emerge.
The lowest-energy feature is attributed to an excitonic tran-
sition, whose diamagnetic shift is well described using a
binding energy of 18 meV and a shift coefficient ¢ =
3.3 ueV/T2 The higher-energy features correspond to two
sets of interband Landau level transitions: one from the va-
lence band maximum located at the M-point, and another
from a saddle point in the K-point of the valence band, de-
noted as Eir (black) and Ei2 (red) in Fig. 1(c). The extracted
effective reduced masses (1 = 0.11 m.) and energy separa-
tions (AEi = 23 meV) are in excellent agreement with
ARPES (Fig. 1(d)) and DFT results, confirming the IMH-
like valence band structure.

The evolution of the interband optical transitions with
magnetic field provides direct experimental access to the
effective mass and band-edge topology, consistent with the
features predicted by DFT calculations. These optical sig-
natures serve as a fingerprint of the complex valence band
landscape and illustrate the power of magneto-optical
spectroscopy in mapping electronic structures in layered
van der Waals semiconductors.

These results validate theoretical predictions about IMH
bands in layered semiconductors. The combination of fer-
roelectric behavior and tunable electronic structure opens
possibilities for engineering van der Waals devices—such
as low-power, memory, and neuromorphic systems—by
tailoring band topology, carrier mass, and density of states.
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Magnetic Shape Memory Effect in a Heavy-
Fermion System CeSb;

“Magnetic shape memory effect”, the phenomenon that de-
formed materials returning to their original shape upon ex-
ceeding a certain magnetic field, can be adopted for appli-
cations such as field-tuned actuators, as it offers much
faster controllability than the temperature-driven shape
memory effect. The magnetic shape memory effect has
been studied predominantly in Heusler alloys composed of
transition metals using magnetic and structural properties
of martensitic and parent phases. Similar effects are well
studied for the f-electron compounds RCuz (R: rare-earth
elements) [1]. Applying a magnetic field along the hard
magnetization axis causes a rapid increase in magnetiza-
tion that results in the direction of the field becoming the
easy magnetization axis. However, such memory effects in
RCu: are stable only at low temperatures, and no f-electron
compounds that maintain memory at room temperature
have been identified. This study revealed that the heavy-
fermion compound CeSb: exhibited easy-axis switching
accompanied by crystal-axis conversion under a magnetic
field. Remarkably, this magnetic shape memory effect re-
mains stable, even at room temperature.

As shown in Fig. 1(a), CeSbz exhibits a sharp metamag-
netic-like increase in magnetization near 34 T, and signifi-
cant hysteresis is observed during demagnetization when a
magnetic field is applied along one of the in-plane princi-
pal axes [2]. Subsequent measurements revealed a memory
effect, that is, the magnetization approached its previous
maximum. The measurements obtained by applying fields
along the other in-plane axis revealed a reduction in mag-
netization, indicating that the direction perpendicular to the
field becomes the hard axis. These observations were sur-
prising because the applied field direction was changed by
rotating the sample by 90° after heating the sample to room
temperature. Moreover, the change from the hard to easy
axis is reproducibly observed through the higher-field
magnetization measurements. These findings demonstrate
that the “magnetic memory effect” remains stable up to at
least room temperature. This easy-axis switching accom-
panies crystallographic axis conversion, which can be con-
firmed as a domain rearrangement through a polarizing
light microscope. Thus, this phenomenon constitutes a
“magnetic shape memory effect” that is remarkably stable
at room temperature.

CeSb: crystallizes in a nearly tetragonal orthorhombic lat-
tice that consists of Sb layers and Ce-Sb layers stacked
along the orthorhombic c-axis. Ce atoms in the ab-plane
form a distinctive “pantograph” structure [Fig. 2]. Adjust-
ing the pantograph angles allows the lattice constants to be
swapped between the a- and bh-axes. The Sbz sandwiched
between the Ce pantographs forms dimers and acts as
hinges during axis transformations. The magnetic

anisotropy inherent in the pantograph structure is a key to
the magnetic shape memory effect of CeSbo.
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Fig. 1. (a) Magnetization [M (H)] curves of the as-cast
CeSha (#A”) at 4.2 K by applying the fields along one of
the in-plane axes. (b) M (H) curves measured at 4.2 K after
rotating the same sample 90° at room temperature to
change the applied field direction. The number indicates
the order of measurements.
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Fig. 2. Schematic drawing of the Ce-pantograph network.
By changing the field direction, the pantograph angles
change accompanied by the easy-axis switch.

Although the relationships between the magnetic shape
memory effect and heavy electron states remain unclear,
the characteristic feature of CeSb2, which memorizes the
magnetization values corresponding to the maximum ap-
plied field, indicates its potential as a magnetic memory
material. This discovery opens new avenues for exploring
materials for practical applications under moderate mag-
netic fields and temperatures.
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Photo-Induced Nonlinear Band Shift and
Valence Transition in SmS

Strongly correlated materials near quantum criticality
show unique phase transitions—metal-insulator, magnetic
to nonmagnetic—when pressure or magnetic fields are ap-
plied. Recently, photo-excitation has emerged as a tool to
create nonequilibrium states, including transient metallic
[1] and superconducting phases [2], with potential applica-
tions in ultrafast electronics. SmS, a black semiconductor
at ambient conditions, transitions to a golden semimetallic
state above 0.65 GPa via a Sm** to Sm** valence change.
Optical excitation may mimic this phase by generating
electron—hole pairs, offering a new pathway to study va-
lence dynamics. Time-resolved ARPES (TrARPES) ena-
bles visualization of such transient states, having revealed
phenomena like Floquet-Bloch states [3] and excitonic
transitions [4].

Figures 1(a) and 1(b) show an angle-resolved photoelec-
tron spectroscopy (ARPES) image and the corresponding
angle-integrated photoelectron (AIPE) spectrum. The three
peaks at approximately 1, 1.7, and 2.5 eV indicated by
dashed lines in Fig. 1(d) are the Sm 4f multiplets of bulk-
6H [6H(b)], the overlap of bulk-6F [6F(b)] and surface-6H
[6H(s)], and surface-6F [6F(s)], respectively.
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Fig. 1. (a) Band mappings of SmS with ARPES without the
photo-irradiation of a pump laser. (b) Angle-integrated-
photoelectron spectrum of (a). The multiplet structures of
the Sm?" 4f final state are visible. The peak positions of
Sm 4 multiplets are indicated by the dashed lines

The colored solid lines in Fig. 2(a) labeled as different
fluences show the AIPE spectra of the multiplet structure
of the Sm?" 4f° final state, obtained immediately after the
arrival of the pump pulse. Meanwhile, the spectrum ob-
tained immediately before the arrival of the pump pulse is
shown as a black dashed line. After photo-irradiation, the
spectrum shifts toward low binding energies but in the op-
posite direction to the shift at At < 0, that is, a nonlinear
shift in time. To investigate the time development of the
energy shift after photo-irradiation, the spectra were fitted
by the same procedure mentioned above, and the peak shift
was plotted as a function of delay time, as shown in Fig.
2(b). The AIPE spectrum shifts towards the Fermi level
within 0.1 ps and then gradually shifts back in the follow-
ing several picoseconds to the position before pumping.

To obtain a more quantitative understanding, we fitted the

time-dependent energy shift to a single-exponential decay
function convoluted with a Gaussian function, as shown in
Fig. 2(b). The fitting parameters, that is, the maximum en-
ergy shift (Esmax), recovery time t, and rise time T at
different pump fluences, are plotted as functions of the
pump fluence in Figs. 2(c)-2(e). Figure 2(c) shows the
pump fluence dependency of Esmax. Esmax initially increases
as fluence increases up to a pump fluence of approximately
1.2 mJ/cm? and then saturates at a certain value. The satu-
ration value of Esmax was evaluated as 58 + 4 meV by as-
suming a single-exponential function. The recovery time t
and rise time 1: are shown in Figs. 2(d) and 2(e), respec-
tively. Both parameters remained constant at each fluence;
T was as long as 1 ps, and 1. was several tens of femtosec-
onds, which is comparable to the time resolution.
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Fig. 2. (a) AIPE spectra of the multiplet structure of SmS
4f final state before the arrival of the pump pulse (At < 0)
(black dashed line) and just after the arrival of the pump
pulse (less than 0.1 ps) under irradiation of the pump laser
with a fluence. (b) Time structure of the energy shift of the
three 4f multiplet peaks at various pump fluences. (c)
Pump fluence dependence of the maximum energy shift of
the 4f multiplet structure at At > 0. (d) Relaxation time of
the fitting function in (b) as a function of pump fluence. (e)
Energy shift time after photo-irradiation as a function of
pump fluence.

The Sm 4f band shifts upward rapidly and soon shifts back
within several ps. Photo-induced band narrowing, SPV
shift, or heating effect of the pump pulse are possible can-
didates to explain this ultra-fast band shift. However, this
band shift happens in ps, which is much faster than the ex-
citation of the thermal phonons. Therefore, the photo-in-
duced band shift seems to be the most possible scenario.
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