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FAEKRZ HRRZEEMIRT (AIMR)
ik

| am delighted to bring you AIMResearch 2023.

Since its foundation in 2007, the Advanced Institute
for Materials Research (AIMR) has welcomed outstand-
ing researchers from around the world and produced
numerous innovative research results in materials
science. In 2012, we introduced a mathematical per-
spective with the aim of identifying universal principles
common to different material systems.

This approach of bringing mathematicians and
materials scientists together to conduct their research
under one roof has been highly successful and has led
to the establishment of materials science based on
predictions. Building on this collaboration between
mathematics and materials sciences, in 2024 we
launched a new “3 Fields x 3 Tops” strategy, which
will drive the further evolution and development of
the institute.

This is a strategy to conduct research in three key
fields (3 Fields): Quantum/Spin, Bio/Soft, and Energy,
with a focus on achieving Top Science, Top Fusion,
and Top Innovation in each field (3 Tops).

CODE.AIMResearch2023ZEKRICEBEITT BV EADELRE
CEem REERLLBO>TEDET,

MR ZEEMEF (AIMR) (£, 2007 FDAIR LR HRFHS
BECMEEZDI . MHRZIBFCELOERNBMERRE
HEHHUTERU.2012F(CF BHRDMBIRICHBT 2EER
BrRBHIN BEOERZHAREEEMRRZENT VY —
DV —T THERZTIETREBERINZWNS. FRICEDHME
BRI ZELISEE L. CORF - MRBZEEZEBEELDD,
MRADESSLDENMERKEEZEIRLT. 2024FHBIE3Tr—)LR
X3IMY T BB ERY — RSB THEDET . CNIF. BEF/AEV N\T
AT IRIVF—D3DEESAMEDFCEZ 3T r—ILR).
EBRBICEVWC MY TIHAIVR by T Ta—Iay byvT1/
N=23VD3DDRYTILARNVICHEIFZ T —XBrvT) THE

In Top Science, we pursue world-leading cutting-edge
scientific principles. Top Fusion aims to create innova-
tive scientific principles by combining cutting-edge sci-
entific principles across disciplines. In Top Innovation,
we aim to address the challenges facing society by
putting the innovative scientific principles generated
through our research to practical use through start-ups
and collaborations between industry and academia.
From basic research to fusion research and social im-
plementation, AIMR brings together the fruits of all
the research produced at the institute and will contin-
ue to make steady progress toward creating materials
that truly contribute to society.

AlMResearch introduces particularly noteworthy
papers from among the numerous research projects
carried out under this strategy at AIMR, and looks at
subsequent developments and other aspects of the
research from a different perspective to the papers
themselves. | hope you will enjoy this opportunity to
experience some of the world’s top-level research
and look forward to hearing your opinions.

EBRETSBIETI. Ny T IVATIE. FECHSITDHERE
HEBRKUET MY T 72— 3V TR ZOREKDFZEZNE
EMHCRESEDCEICLD EFHNEFEORHZEZEELED,
Ry A/ R=2 3V TlE EFR SN EFNREERY - Ty
WO CEREECEESBRE T HERBEORAREEIELET,
ERARHDOMAEMR. TLUTHEREANEAIMRINSEHESN
PINTCOMRDRERZHEL. ECHRICEMT DM BAIRZE
FHRLTCWKZEZBELTC AIMRIECNDOEEERBRSHETHESD
TEh&Ed,

AlMResearch TlE. CD K SEEIED TAIMRTITON/IZHZ <D
ARDBENDSEEINSHIEND LIF ZORDERBEZ. HX
C(FESLYDOTTB/NALTHEDFIT . EOHERNYTLALD
MREO—IHICHMN TN S CRREBNFETEENTY,

About AIMResearch

AlMResearch features articles that provide an accessible
introduction to some of the most noteworthy research
being done at the Advanced Institute for Materials
Research (AIMR), Tohoku University. As one of the world’s
leading centers of research in interdisciplinary materials
science research, AIMR researchers publish hundreds of
papers every year. Research Highlights presents outstand-
ing examples of this research, from a perspective different
from those taken in the papers themselves.

The latest articles are available to read on the institute’s
website. Readers can also sign up to receive the latest
articles to their registered email address.

AlMResearch 13 . R KXKEM BB EZBEMRA
(Advanced Institute for Materials Research; AIMR)
DRFEINSEBEDNDVI<BNT DHELETT,
HRDREHZDSZBENEMRBZRRNLRTH D
AIMROHREBBFEAEREDMIEREKLTHED.
VY —FINASAREZDOHRTERCEBLILEDICD
WC X EITESREN D THBALTNET,

MEAITTYA MCTRIDEF BN LI e

HRET, KX VRECSEHFVLLELE TERD
X=)L7 RLRICERHEEEBREIFVLET,

AlMResearch Q Search %%
https://wpi-aimr.tohoku.ac.jp/en/aimresearch/
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A strategy that aims for rare metal-free catalysis and

global resource-circulation

Thermal biomass upgrading is a potent strategy
towards synthesizing rare metal-free, multifunc-
tional catalysts for reactions such as the oxygen
evolution reaction (OER) and the oxygen reduction
reaction (ORR).

One relevant example is a 2022 article by Yabu et
al. from AIMR, who synthesized a rare metal-free
electrocatalyst capable of simultaneous OER/ORR
catalyses’. The strength of this work combined the
selection of pig blood biomass and sea-pineapple
cellulose-nanofibers starting materials known to
produce desired functional structures (i.e., Fe
complexes and N- and P-doped carbon fibers) with
the detection of these structures following pyroly-
sis. Complementary OER/ORR performance tests
confirmed the success of this approach.

The strategy of the 2022 article is further illustrated
by the follow-up work from the same group?
Adding vitamin B12 as a third starting material, Yabu
et al. introduced Co-complex structures to the final
product, synthesizing a trifunctional electrocatalyst
that also catalyzes the hydrogen evolution reaction
in addition to OER and ORR.

“Currently, we are testing our multifunctional cata-
lysts as high-performance zinc-air secondary-bat-
tery materials,” says Yabu. “Ultimately, we believe
this biomass upgrading approach will help replace
rare-metal electrocatalysts such as carbon-sup-
ported Pt, contributing to the realization of global
resource- and energy-circulations.”

L7ZXENT7 ) —mBEOEHREMKRERDIERZ B L MEEHR

HEED/I\AANREFERLTHEONDRERS BRERERIS
(OER) PR FRETTRIG (ORR) LRI B ENTED LT XIIL
EREELBVWSEEERMEE LTRSS BRREEZWH TN D,

20224F([CAIMRDBUE RIS DRI IV —THFaR LToiwmT S,
ZDIFPITH 2. KX TIF. OER/ORRDMW A (TEREHFITD
L7 XZ)I T —BEBMEDERICHRILIECEZRELTND,
COMERTIER ARVEEOLILO-R-F/T7AN=PTHD
FIRMMBEDREE/ A AVAZEEMBELTRR.CNHE
BE-BEITDET RADBICKDR BRIV BEDTRE
R—TUTRRDERICR UTcAER LT RRMRHIERIC
BEN/ZORR/OERMREZRL . BEELBEMAME TH DN RR
SNz

BABESF.COTF IO FZ2E5ICHEBERIHREI TIC
ERLTWDLMETIE BIOHEYPEELTEYZIUBI2%E
MNZ . S&HARERPC/UL SEFREBA LT, CNICKDORRE
OERMEEDA LICINZ KRFAERINEMET Z3DDHEE
BYrBEMETARLI.

BARIRIE. TRE. COSHEMEZSHELEIEIRN_RE
HMOMBELTTARLTWDEC AT &MENIC(F CDFEE
JNAATRBERDIEN RRBHEAEBED LT AY )V E@EfR
BEORBERD MIKBRRDOER - TRILF —ERORECER
TEBDEEZTCVWERT I ESERDERZEODT D,

1. Yabu H., Ishibashi K., Singh Grewal M., Matsuo Y., Shoji N. and Ito K. Bifunctional rare metal-free electrocatalysts
synthesized entirely from biomass resources. Science and Technology of Advanced Materials 23, 31-40 (2022).

Reference 2. Ishibashi K. et al. Adv. Energy Sustainability Res. 3, 2200107 (2022).
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Amorphous materials:

Towards understanding
the glass-transition
phenomenon
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Corresponding Researcher
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Visualizing the structural changes of a fundamental process

Amorphous/glassy materials have superior mechan-
ical, chemical, biological, and magnetic properties
because of their unique structures and lack of
long-range order. However, these unique structural
features also make the formative processes of
amorphous materials (e.g., glass-transition, structur-
al changes in a liquid upon supercooling, etc.)
difficult to understand.

Recent works on liquid-to-glass transitions have
made tremendous progress, such as the 2022 arti-
cle by Louzguine and Ojovan'. This paper combined
molecular dynamics simulation, theoretical calcula-
tion, and X-ray diffraction to relate the structural
changes of cooling Cu melts in terms of configurons
(broken Cu-Cu bonds). This strategy was able to
depict the reverse transition of Cu from glass to the
supercooled liquid state on heating as the onset of
configuron percolation clusters.

Since the 2022 article, the authors have expanded
this approach to investigate the structural changes
of metallic glass-forming liquids in general, focusing
on understanding liquid fragility (non-Arrhenius
temperature dependence of the liquid viscosity)>
Current research explains the liquid fragility of
glass-forming materials using the structural changes
in liquids upon supercooling.

“"How exactly do liquids undergo glass transition
is still a subject of intense research interest in
condensed matter physics,” says Prof. Louzguine.
“A breakthrough that can visualize this process
will also bring us closer to understanding other
effects, such as liquid fragility, making the fabrica-
tion of amorphous materials with tailored proper-
ties possible.”

EEBEICE TRBEXL 2 HILT 5D DR B

FREMBOASAMBUI I — I BBEERRLTHD RFE
A REERDRAMEZ R BN EH S BN, 2R,
EYFNBIHEEZEL NS, — AT . COLSLEEELD
R S AGB LRSS REDEEZE R FFREM
BOFBBRCN T DEREH L <TDERTESHD.

2022F(CAIMRD LouzguineHEE AV RUF)L-ALvP -0
YV RYDOjovanBEHBENERLIcHXICRRENDLSI(C,
EECREDASRAGBICET DMRIIFEE CRSBESZXIT
TWB T ARXTId. AV T FaOy (TS N/Cu-Culs s
DEENONFENF VI ol -3y B8 XRERER
HEDEDIET HHBEOCURRADEEZ(LEFBALTY
2 COFMIBART TO—FICED MEREDCuD T RIKEE
N O@BHBAENDEEB DR, AV 71 Fa2 OV DRBENEC
BTENBESNTEDT,

2022F DX UBE, Louzguine#iR S (FRIEFED TSI U T« (R
FHEDFT LD RBEKRFE) OBRBICERELT.COF
EE—RNBEBASAERREDEEE(ICETIEERLR?
RERGBSHEBORAROEEZLZAVWT HSRAEBRED
TI5IYUT 1 ZHRATDMRICEDEAT NS,

—EDOMEEEELTNDLouzguine iR (L "M ERICH
WTBRENEDKSICUTHS AEGEBZS ISR T DN E WE
RICEWVELEEDTVWIHRZEEDI DT . COTOLR%E
AR TED T L= A —HDERRTENE B/EDTZIY
TABEMORRICH T DEBERHICHED FIEZRIE LI
SEMROERN TR EDET I & SHROEREE O TV,

1. Ojovan M.l. and Louzguine-Luzgin D.V. On structural rearrangements during the vitrification of molten copper.

Materials 15, 1313 (2022).

Reference 2. Louzguine-Luzgin, D.V. Materials 15, 7285 (2022).
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Complex hydride electrolytes:

A platform
towards divalent
metal-ion batteries
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RzESEHERE

24 April 2023

Corresponding Researcher
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website »»

From demonstrating Ca?* conduction to implementing

Zn%* and Mg?* conductions

To address the ever-increasing demand for porta-
ble energy, scientists have been exploring alterna-
tive battery chemistries that can both surpass the
energy density of lithium-ion (Li*) batteries, and
use abundant, environment-friendly materials for
battery production. One such strategy focuses on
isolating solid-state electrolytes (SSEs) that are
highly conductive to divalent ions such as Ca?*,
Zn%, and Mg?".

One pioneering example is a 2021 article by Kisu,
Orimo et al. from AIMR, who designed a SSE using
the closo-type complex hydride system'. Here, the
authors demonstrated a new monocarborane coun-
terion-based electrolyte that conducts Ca?* ions
without harmful byproducts (e.g., CaFz), opening a
new path towards studying divalent-ion conduction.

Since then, Kisu, Orimo et al. have made significant
progress, notably in promoting of Zn?* and Mg?
conductions using a neutral-molecule addition app-
roach. Recently, the authors have shown that in the
MB12H12:-nH20 (n = 0-12 and M = Zn, Mg) complex
hydride system, the inclusion of water molecules
into the crystal structure promotes divalent-ion
conductivities compared to the anhydrous crystal?.

“By using the neutral-molecule addition approach
to tailor closo-type complex hydride systems, we
have demonstrated that the conduction of many
divalent metal ions by SSEs is possible,” says Kisu.
"With Ca%, Zn?*", and Mg?* conductions, we have
developed a complex-hydride platform that will
accelerate all-solid-state divalent metal-ion bat-
tery research.”

Caz*{EENXRIED 5Zn?*, Mg2HEEANDRH

BET /A ABEDHEEVAREIRILF—DRENE XD
MREBIZBEEUFILMAY (L) BHICRDZRIEAELD
FRISEALTVND U FILATAVEBIDERSAIRILF—
BEEEEIDERBEE52A.BiEBl I 2MRIE LT . ERY
EETHREICELLIEANROONTND. CNOZHIZIT AR
ELTHEERISERESNTNS DAY Ca?' Zn*  Mg> & D —ffi
DEBA AV ERIHANIEEWRERE (SSES) TH B,

AIMRDAZEBN, FXBIR S DRI I —F 13, I OV EERKER

2021 AFARIIN—T 3 B AV ERDEIRIF D5
XEFRUIC COMITRIE/DVRSVERNA AV &S DER
BN EEZEETDCaF B EDYEERESED B (TVER
TU=) QP AV EHRLLIGE TED L ERE L TVND A
RERS ZEEEA A BRI HITEZER N,

Z 0% FEHERTIL—T (. PEDF ORI Zn2dMg> DIRE
A ECENTHDEZMBI DHE ZMEBA AV EEHDR
BILKE<EMUTE L. REDHAE TIE. MB12H12-nH20 (n=
0-12 and M =Zn, Mg) $#&#KRIEPICHNT FERBIEPICK
DFERDAD & EAERICHNT ZASE AV EENRE
INBEZEROSMCT LI

MRZEZELUCTESICAABDEIL. D FERNT 2% ToO
VAR ARIKRIEMERRT D EICKD SSESTE LD HEE
AAVGEEN AR TH D EERILELF U, Flc. Cazt Zn2,
Mgz DI ERZEIZ LTV CET HFKREDRAAVEE
BOBBICHEITDTIY NI A —LAERKBSEDENTEERT,
COBRICK DT 2EFZMiEE AV EDRRICHIF /TR
RENKE<HET D ENPERFEINKT 1 EFEOTND,

1. Kisu K., Kim S., Shinohara T., Zhao K., Ziittel A. and Orimo S. Monocarborane cluster as a stable fluorine-free calcium

battery electrolyte. Scientific Reports 11, 7563 (2021).

Reference 2. Kisu K. et al. J. Mater. Chem. A 10, 24877 (2022).




Quantum computing:

Towards the spectroscopic
observation of
Majorana fermions
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Using topological proximity effect
to fabricate topological superconductors

One strategy towards quantum computing focuses
on the isolation of topological superconductors
(TSCs) that can host Majorana fermions. Such an
experimental realization would enable the use of
the Majorana fermions’ exotic properties for creat-
ing topologically protected qubits that are resis-
tant to small errors and perturbations.

However, current approaches for fabricating TSC
samples mostly rely on the superconducting prox-
imity effect (SPE), which must expose the induced
properties of the adjacent material by complex
depositions of thin layers. These constraints pro-
duce structural inhomogeneities that hinder the
observation of Majorana fermions by local spec-
troscopies.

In a 2020 article, Sato and coworkers from AIMR
directly addressed this sample fabrication problem
by inducing topological properties in a regular

superconductor using the topological proximity
effect—instead of inducing superconductivity in a
non-superconducting material using SPE".

With this new approach, the AIMR team fabricated
a Pb(111)/TIBiSez sample by straightforward depo-
sition of Pb on TIBiSe2, and detected the sub-
strate-hosted superconductivity on the Pb surface
using angle-resolved photoemission spectroscopy
(ARPES).

“Our experiment has demonstrated that hetero-
junctions between topological insulators and regu-
lar superconductors can be useful for making new
TSCs,"” says Sato. "In the future, we will combine
this approach with the higher energy and spatial
resolutions of the next-generation synchrotron
‘NanoTerasu’ (currently under construction at
Tohoku University) to aim for the first ARPES ob-
servation of TSC-hosted Majorana fermions.”

FRODHIVEZRHDREFALE RO HNVEBEREFEDER

EFAVE1—Y—DOERICHIF/IZEHD—DEL T NIATTHL
FeEY D NROIAIBIEEE(TSCs) DEFBRIEFRNEERE
NTWB.YASHRFERBNCEATENI. ZOTFVF VY
HEEZFALCUNESATS—PEEISRL MROYAIVICRKRE
SNIBTFEY MEERT D ENTREBD,

UH LA BSIRIEDTSCOERTEDFE AL S BIREAN MR
OYAigEEORE=BREN T 2 BImERENR (SPE) 1 &
FIAL T\, COBE TR EREEMICEHH T2 ETHRS
NI EM RO NI T BIHAD DD . CDIDBIEHIETY
—ENECTRADAEICE DN AT NFOERUNREE 5D,

AIMRDEBEZSIE 51320204, SPEORD DICHBIRERIC RO
HIVEMEZAINS DTS ROYAIEEDR, ZFIBI S ET,
TSCIERICH T DREERRT DIchDAROES R fcEFHKRUIZ

ARF — LAZTOF /BT TO—FICLD MROIAIVIEEAT
5TIBiSe: EICPbZEZHELTPb(111)/TIBiSeEF R L . AESD
RHEBFIH (ARPES) [CK O TPOREA L TO MROTVAILEREIR
EICBI2BLEZRHET &L LIz,

MREFEUCEERREE TSROERRICKD, MROY AL
MR ECBEEAREDREMEHES ICL > TEBOBEEFZ b
ROIAIBEER LT D EN FIBTSCEERTZDICER
B7 TO—FHETHDENERIFEINE LIz IFRMISIE S DR
RFRC. BIRIF— BEENREETE T RIS M
15/ 752 (RERIEKEZHBEILF v/ \ATREF) T H
AHE T TSCCHFEET DEEONDINVASFTRFOERAEZBEL
TEWEEZTWET 1 EE>TWD,

1. Trang C.X., Shimamura N., Nakayama K., Souma S., Sugawara K., Watanabe ., Yamauchi K., Oguchi T., Segawa K.,
Takahashi T., Ando Y. and Sato T. Conversion of a conventional superconductor into a topological superconductor by
topological proximity effect. Nature Communications 11, 159 (2020).
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Scouting the paths of
Hg° oxidation
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Theory assisting experiments determines promising catalysts

The single-atom catalysis (SAC) approach aims to
minimize the complexities of heterogeneous cata-
lysts by reducing the size of the active metal surface
particles down to the atomic level. Recent advances
in SAC have demonstrated increased catalytic ac-
tivity, selectivity, and cost-effectiveness compared
to traditional nanoparticle catalysts, promising a
wide range of industrial and environmental appli-
cations.

However, SAC research often run into one of two
types of obstacles: on one hand, experimental
discoveries of effective catalysts are time-consum-
ing, because they rely on trial and error; and on
the other hand, theoretical simulations of realistic
competing reactions require prohibitive comput-
ing resources.

In a 2022 article, Li and coworkers from AIMR dem-
onstrated a way to address the first obstacle type

for the SAC oxidation of Hg?by O2'. By comparing
the calculated reaction kinetics and thermodynam-
ics, as well as properties such as the Bader charges,
d-band centers, and electronegativities of the
3d-metal SACs (Sc to Zn), the authors determined
that the Fe-based SAC is most efficient for HgP oxi-
dation—confirming recent experimental results.

"By integrating theoretical calculations and model-
ing of the 3d metals, we not only have identified
the activity trends of the SAC oxidation of Hg® by
Oz, but we have also provided the first comprehen-
sive catalyst-design guidelines for this reaction,”
says Li. “In the future, we will focus on designing
the optimal Fe-based SAC with maximum Hg-oxi-
dation activity, selectivity, and cost-effectiveness.”

BRERBEHEASDET. BENMBEOREZHR(L

BRFEESAO R CEHEBREZER T DR FEE—R
FLANNETNESLKE B ET HBHERERRELIZEDTH
D EF KD T /R FRBEIDE AEEEGRRE. DR
NTA =XV RAOETENISACHRESN EEZRVPRED
HTOBANPEFINTND,

UNULIBH B ELSACERRT BIRIC.2DDRELREICE
HI2.1DHIE. HIRERRNICASAITY RIS —ZHEH
BERZVENHDE2DBR HEERGDYZaL—23VIC
BREFEERNDEELDIETH D CNODFEBENSAC
MEDEREHITZ2EREEOTND,

AIMRODLIEHIE 5320224, 021 £ DHG DAL RIGZ /R B
I210ERDIIBBEESAC(Sc~Zn) ZREH L BERED

IRNF-—REZHEIDFEZRELLLESIE.3dEES
EBSAC(Sc~Zn) D/\—4—&B. d/\> Rl EXEIEER
EDWEICINZ . RIGREPRNZZ LB U F R R 3T
ZTW FeZ XM E LICSACH HE DB L RIGICREIER
THBICEZRH U CNBUGEFRESNCRBREREE—
EERN

ARZEFBLUTCSLIABIRE. EHRAEC3IBEREEDTE
TUVILED. 0K DHE BAL DSEMEERZRESMC LT
I TEBEL CORBICEWTIENE R 2B SR D
BHERBITICENTER L. SEIFFeEERDE L. HG®
BB BRI QXN T A=YV RER KL T DSACDH
FFERRECEALTVEXR T EEO>TVD,

1. Yang W., Chen X., Feng Y., Wang F., Gao Z., Liu Y., Ding X. and Li H., Understanding trends in the mercury oxidation
activity of single-atom catalysts. Environmental Science Nano 9, 2041 (2022).
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Towards a new dynamic
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Molecular dynamic disorder may help
future organic semiconductor design

A new trend in organic semiconductor (OSC) resea-
rch is challenging the old assumption that charge
transfers occur within static molecular lattices.

Recent studies have shown that, even at low tem-
peratures, many OSCs exhibit a high degree of mo-
lecular motion. This type of dynamic disorder can
locally affect charge transfers, and globally affect
the materials electronic properties, questioning
how high-performance OSCs should be designed.

A 2022 article by Takimiya et al. from AIMR exem-
plified this trend. By measuring the carrier mobili-
ties using single-crystal field-effect transistors
(SC-FETs), and by simulating the dynamic disorders
using the band-like model of two dinaphthothieno-
thiophene (DNTT) regioisomers, the authors found

that the transport properties of OSCs are correlat-

ed with their susceptibilities to molecular motions’.

“Using traditional approaches—such as thin-film
FETs and the static hopping model—we could not
distinguish the two DNTTs either in carrier mobili-
ties, or in dynamic disorders,” says Takimiya. “Our
results not only support the new dynamic picture,
but also suggest the use of dynamic-disorder
simulations as a complementary tool for isolating
and designing the next high-performance OSCs.”

The AIMR team is now developing a crystal-structure
simulation method that can interrogate solid-state
properties such as the dynamic disorder using only
on the molecular structure of a target OSC.

RUEROFHFEFETORZIEDHFHNEDEN

BERFEEROSOMRICEVNTF RENOEHESNTEL
TBNEERR TR CERBBNELDIEVWSEREEITH/C
BRIRMRRISRELTWVND,

EFEOMRADERICED . OSCOELIFERETH>THMESR
TRELDFEHETO>TVWDIIENHELSNELO>TVND D
DFOBNEEAN(FIFIVY T XA =5 —) BN
BEREBHCLAOBEFREICEETIARENRREINTN
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1. Takimiya K., Bulgarevich K., Horiuchi S., Sato A. and Kawabata K. Bandlike versus temperature-independent carrier
transport in isomeric diphenyldinaphtho[2,3-b:2',3'-ﬂthieno[3,2-b]thiophenes. ACS Mater. Lett. 4, 675-81 (2022).
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Towards the development of magnetic systems
in unconventional computing architectures

Researchers in the field of magnetism and spin-
tronics are actively investigating the physics of
magnetic structures to uncover their potential ap-

plications in unconventional computing paradigms.

To this end, one area of investigation is the behav-
ior of “magnon parametrons,” where parametrical-
ly pumped magnons in magnetic disks exhibit Ising
spin-like characteristics'. A 2022 article by Elyasi,
Bauer et al. from the AIMR explores the theory of
this behavior, emphasizing the importance of
thermal and quantum statistics?

“The controlled stochastic switching observed in
the magnon parametron makes it a promising can-
didate for probabilistic bit operations; further-

more, at low temperatures, quantum effects are
predicted to come into play,” says Elyasi. "By un-
derstanding the underlying physics of this particu-
lar device, the authors are one step closer to the
development and implementation of magnetic sys-
tems in unconventional computing architectures.”

The team is now finalizing a joint experimental/
theoretical article that explores a new strategy to
overcome magnetic damping, an important stum-
bling block for quantum applications of features
such as magnon parametrons.
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2. Elyasi M., Saitoh E. and Bauer G.E.W. Stochasticity of the magnon parametron. Physical Review B 105, 054403 (2022).

Reference 1. Makiuchi T. et al. Appl. Phys. Lett. 118, 022402 (2021).
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Elucidating self-assembly in reverse

Materials discovery and optimization increasingly
involve “inverse design.” Using computational
models, simulations, and machine learning algo-
rithms, this approach works backwards—starting
from the target properties—to determine the
model that can reproduce the optimal atomic or
molecular structure of a material.

Combined with the conventional forward methods,
inverse design is expected both to accelerate
discoveries, and to provide a clearer understanding
of the property/structure relationship of materials.

A 2022 article by Lieu and Yoshinaga from AIMR
illustrates the current progress in inverse design
by formulating a patchy-particle system that can
reproduce two-dimensional self-assembled struc-
tures, such as the kagome lattice or the dodecag-
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onal quasicrystals’. Using a relative entropy-based
machine-learning algorithm, the authors were able
to determine the patches necessary for obtaining
the desired target structures.

“This system created by inverse design has enabled
us to interrogate specific aspects of self-assembly,
such as the kinetic path of the structural formation
of quasicrystals?,” says Yoshinaga. “Our next step
is to use this system to investigate the effects
of dynamic processes such as temperature and
pressure changes, or time-dependent flow and
deformations.”

Currently, the team is using reinforcement learning
to study the temperature control of the self-assem-
bled quasicrystal structures.
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1. Lieu U.T. and Yoshinaga N. Inverse design of two-dimensional structure by self-assembly of patchy particles. The

Journal of Chemical Physics 156, 054901 (2022).

Reference 2. Lieu U.T. and Yoshinaga N. Soft Matter 18, 7497-7509 (2022).
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Elucidating a unique sequential catalytic mechanism

Lithium-oxygen batteries (LOBs) hold great potential
as the next-generation energy-storage devices due
to their high theoretical energy densities. However,
unlocking their full capabilities relies on understand-
ing how catalytic carbon cathodes effectively miti-
gate the issue of high overpotentials in LOBs.

To explore this, a 2023 article by Yu, Nishihara and
co-workers from AIMR investigated the effects of the
graphene basal-plane (topological) defects and of
the loaded Ru nanoparticles on the oxygen reduc-
tion/evolution reaction at LOB carbon cathodes’.

By synthesizing, characterizing, and monitoring the
electrochemical performances of edge-site-free
graphene mesosponge (GMS) cathodes with abun-
dant defects and Ru loads, the team determined that
while all GMS-based cathodes improved the dis-
charge capacities compared to conventional carbon
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cathodes, the presence of Ru enhanced the cathode
cycling stability. Moreover, the detection of two
charge plateaus suggested a sequential catalytic
mechanism involving both features, effectively reduc-
ing overpotential.

“The demonstration of sequential mechanisms was
a significant step in LOB research,” says Yu. "It
prompted us to use GMS to further study the cata-
lytic effects of topological defects independently?,
enabling us to confirm the two charge plateaus cor-
respond to the decomposition of LizO2 nanosheets
by the topological defects, and the decomposition of
Li2O2 toroids by the Ru nanoparticles.”

Future directions by the research team will focus on
the design of free-standing and highly porous cath-
odes to realize practical high-performance LOBs.
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1. Shen Z., Yu W., Aziz A., Chida K., Yoshii T. and Nishihara H. Sequential catalysis of defected-carbon and solid catalyst
in Li—-O2 batteries. Journal of Physical Chemistry C 127, 6239-6247 (2023).

Reference 2. YuW. et al. Adv. Sci. 10, 2300268 (2023).
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Appreciation from the twisted bilayer graphene community
inspires topological-insulator researchers

Sometimes it pays to find out who is reading your
work; unexpected attention can often expand ideas
to new directions.

In a 2021 article, Ozawa and Mera from AIMR explo-
red the relationship between the topology and
the quantum metric—two measures that capture
very different aspects—of two-dimensional Chern
insulators’.

Using various Chern insulator models, the team
found that the inequality relationship between
the Chern number (topology) and the quantum
volume (quantum metric) not only holds true, but it
also approaches equality under certain conditions.
Further, they determined that the condition for
equality is related to the mathematical structure
studied in the field of complex geometry called
Kahler manifold?. These results were expected to
address researchers interested in characterizing
two-dimensional topological insulators.

However, after publication, the team found that the
article was often cited by researchers working on

the fractional quantum Hall (FQH) effect in twisted
bilayer graphene (TBG).

“When we wrote the paper, we did not make the
connection with the TBG system,” says Ozawa.
“But seeing the interest from this specific communi-
ty made us realize that the condition for inequality
becoming equality might have direct implications
on phenomena such as the TBG's magic angle.”

In a follow-up article, the team related their results
to the TBG system by introducing the concept of
Kahler bands to describe topological insulators
that satisfy the equality conditions, focusing on
bands with constant curvatures that are conducive
to FQH states.

“l am grateful for the unexpected appreciation
from the TBG community,” says Ozawa. "It drew
me into a new field, enabling me to expand my
expertise to this day?.”
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Towards an iterative method with low communication cost

for solving large linear systems

Many scientific and engineering challenges—in-
cluding structural analysis, image and signal pro-
cessing, fluid dynamics, etc.—are addressed by
solving linear equation systems Ax = b (where
A is a coefficient matrix that is often large and
sparse, b is a known vector, and x is the unknown
vector). These equations often require high-per-
formance computing (HPC) systems to obtain ac-
curate solutions within a reasonable time frame.

However, the increased computing power of
HPCs is a double-edged sword: while the sheer
number of processors offers the potential for
solving complex problems more efficiently, it
also introduces time-lags related to communica-
tion and synchronization.

In a 2023 article, Huynh and Suito from AIMR
addressed this issue by proposing a new method
based on two recent approaches: the pipelined

BiCGStab (p-BiCGStab) and the single-synchronized
BiCGSafe (ssBiCGSafe)'. The proposed method
inherits advantageous characteristics from each
approach, namely, hiding communication latency
and utilizing only one global reduction phase per it-
eration, respectively. By merging these strengths,
the proposed method offers enhanced benefits for
application in HPC systems.

“Through numerical experiments, we have shown
that our proposed method significantly improves
both convergence behavior and execution time
when compared to either the p-BiCGStab or
ssBiCGSafe approaches,” says Suito. “In the
future, | anticipate these results will contribute to
the development of a more universal algorithm
capable of addressing a wide range of complex
scientific problems such as numerical simulations
of large-scale fluid flow using supercomputers.”

ARERTFER R H0BFEIR POEBEVREEDORR

RIERIT. BR-ESLE RENZELZEORZEN - TZNEE
DEL(EGEIREAER Ax = b (A | KRITCERAREITI
b:BERINT L x: RHAINRD BV) Z@B<EICRESND,
CNoDARAZERBECERCBRIIHICF NANTA—X
VR AVE =T A VI (HPO Y AT LN RDOND,

U LEBAS HPCOBERREADEA LEFERBIL YN ERA
TW2,ZNE. TOLYTDENZVWEE BEMBHEEZLD
BERNICBRTEZAHRENBIDN EBEPRBICETD
GALTITNRELPI<LRENSTETH D,

CORBEMBRINAIMROHuUynhB ¥ & KEEHIR(E
2023FEDFwHXICH VT, /T TS5 1V BiCGStabi (p-BiCG-

Stab) B —RHABICGSafei% (ssBiCGSafe) ZHHAEHE
HIBFEERBELUL . COFEF RES SIS EO KRB
EHOLNMIDBWCETEBERE(LITYY) ZRKL.ZN
TNOFEDAYY b A -RETDET HPCYATAIC
BVTENI-HEEZRT CENTED,

W F — Al THERDp-BiCGStabPssBiCGSafelC kD FikE
ERUT. SEHMICICHAELUCFETR ICRESH EERTREO
MANKECHEENDCENBEHEICLDBESINEHEDE
UTeo RIS R—/A—T0 Y Ea— Y = E > e KBEILRAED
BEYZ 2L -3V DESBRE<EMITBEICHIETES.
KOEBAT IV IV XLBEICERI DEOEHFLTNET
ECHRICDVWTIXYALTWS,

1. Huynh V.Q.H. and Suito H. Communication-hiding pipelined BiCGSafe methods for solving large linear systems

Applied Mathematics and Computation 449, 127868 (2023).

26



27

Layered borides:

New insights
from rhombohedral
boron monosulfide

[BIR& 7 (L

ZFHEAFLEIFD
WERRICETSFEZRRE

23 October 2023

Corresponding Researcher
Katsuaki Sugawara
ER =8

Associate Professor
HEHIR

website »»>

Exploring the challenges of studying materials

with small or powdered crystals

Studying materials with small or powdered crystals
has long been a challenge in materials science.

One such example is the layered rhombohedral
boron monosulfide (r-BS), whose two-dimensional
BS single layers are predicted to exhibit properties
such as high hydrogen storage, efficient photoca-
talysis, and high-Tc superconductivity. However,
current fabrication methods can only produce r-BS
in the powder single crystal form, making spectro-
scopic investigations difficult—even for advanced
techniques such as microfocused angle-resolved
photo-emission spectroscopy (u-ARPES).

“Technically, the small size of the r-BS grains (< 30
pm) is not a problem for pu-ARPES measurements,”
says Katsuaki Sugawara, a member of an ARPES
research team at AIMR. “The challenge lies in how
to reliably select and expose the ideal grain sample
to the microfocused beam.”
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In a 2023 article', the AIMR team achieved just this
by first dispersing r-BS powder onto a Au substrate
before cleaving the sample in the ultrahigh-vacuum
instrument chamber. The team then used optical
microscopy and scanning p-PES to locate and select
the ideal r-BS powder crystals for local ARPES mea-
surements, respectively.

“Our sample-preparation methodology enabled
us to make the first high-quality ARPES observa-
tion of the r-BS electronic structure; our results
show that r-BS may be a semiconductor with a sub-
stantial bandgap (> 0.5 eV) and a valence-electron
effective mass larger than that of h-BN,” highlights
Sugawara.

“As we move on, we will expand this methodology
to investigate the band structure and fermiology
of a wide variety of powder crystals that have yet
to be experimentally probed.”
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band structure for powdered rhombohedral boron monosulfide by microfocused ARPES Nano Letters 23, 1673-1679 (2023).
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Harnessing the large perpendicular magnetic anisotropy of
tetragonal ordered Mn-alloy thin films

In the quest for improved perpendicular magnetic
tunnel junction (p-MTJ) devices for novel spintronic
memory applications, scientists have been explor-
ing novel materials and designs, blending theoreti-
cal predictions, spintronics principles, and iterative
fabrication and characterization processes.

In their 2023 article, Suzuki and Mizukami from
AIMR showcased progress using a tetragonal
MnGa(001) ordered alloy thin film, aiming both to
surpass the high tunnel magnetoresistance ratios
(TMR) of established MgO barrier and FeCoB
electrode-based p-MTJs, and to gain fresh insights
for magnetic-device design'.

“Ordered Mn-alloy thin films, such as MnGa(001),
are known to exhibit large perpendicular magnetic
anisotropy (PMA) and low Gilbert damping?, and
are predicted to yield high TMR p-MTJ devices®,”
says Mizukami, the principal investigator. “Leverag-
ing our experience in p-MTJ design*, we fabricated
p-MTJs with a thin CoMn interlayer between the

MgO barrier and the MnGa electrode, and a Mg
ultrathin film between CoMn and MnGa.”

Combining magnetoresistance measurements with
advanced structural-analysis techniques, including
high-angle annular dark-field scanning transmission
electron microscopy and energy-dispersive X-ray
spectroscopy, the team observed a maximum
enhanced TMR (> 100%) in the p-MTJs at the Mg
thickness range of 0.4-0.5 nm, and the annealing
temperature of 260 °C.

The team also observed a temperature-induced Mg
migration away from the CoMn/MnGa interface
which could correlate with TMR deterioration.
These results suggest the presence of a Mg inter-
layer may help preserve the epitaxial growth of
CoMn and MnGa, enhancing coherent tunneling.

Future directions will use the insights gained from
MnGa(001) and Mg ultrathin films to explore the
PMA of more intricate alloys, such as CoMnFe®.
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1. Suzuki K.Z. and Mizukami S. Tunnel magnetoresistance exceeding 100% in magnetic tunnel junctions using Mn-based
tetragonal alloy electrodes with perpendicular magnetic anisotropy AP/ Advances 13, 035225 (2023).
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Redesign of the direct epoxidation of propylene

for sustainable organic synthesis

Electrochemical synthesis of organic chemicals is
proving to be a powerful strategy for reducing
greenhouse-gas emissions from traditional fossil
fuel-driven chemical processes. This approach not
only seeks to replace less efficient thermochemical
methods but also offers opportunities to redesign
catalytic reactions, leveraging unique strengths
inherent to electrochemistry.

In a recent 2022 article, Li et al. from AIMR exempli-
fied this by revisiting the synthesis of propylene
oxide through direct epoxidation of propylene (DE-
P)—a process known for its low selectivity and high
temperature demands’.

“"One key advantage of electrochemistry over
thermochemical processes is its potential-depen-
dent activation kinetics,” says Li, the first and
corresponding author of the article. “We used this
aspect to model individual reactions associated

7O0ELVERIKRF MERIGEB#RE.
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with DEP to interrogate which catalyst surface fea-
tures and reaction environments can both enhance
selectivity and lower reaction temperatures.”

Combining density functional theory calculations,
surface Pourbaix diagram analysis, scaling relation
analysis, and microkinetic modeling on Ag, Au,
Cu, PbO2, PdO2z, PtO2, and TiO:z surfaces, the
team determined that, in the presence of atomic
oxygen provided by water activation, DEP is facile
on weak-binding catalysts such as PtOs:.

“Our results suggest that more catalytic features
could be finetuned to promote highly selective
electrochemical DEP at room temperature,” con-
cludes Li. “Currently, we are collaborating with
experimentalists from the University of Sydney to
realize the catalyst capable of replacing thermo-
chemical DEP.”
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Insights into the dynamic transport of

ferroelectric polarization

The unusual complexity of ferroelectric materials
(FEMs) makes their fabrication, characterization,
and modeling challenging. Unlike their magnetic
counterparts, whose dynamic and transport prop-
erties whose physics are well understood through
the magnon quasiparticles, FEMs and the corre-
sponding “ferron” quasiparticle concept remain
relatively unexplored.

“Theoretical work on the dynamics of FEMs often
focuses on the harmonic regime of these materials,”
explains Ping Tang, a member of an AIMR research
team. “This practice neglects the non-linearity in the
equations of motion unique to ferroelectric polar-
ization, completely missing the ferron concept.”

In a 2022 article, Tang, Bauer et al. addressed this
discrepancy by systematically including the anhar-
monicity in displacive FEMs to capture the elusive
ferrons'. Using the Landau-Ginzburg-Devonshire
theory, the team calculated the static electric dip-
ole carried by a ferron, analogous to the spin or
magnetic moment carried by a magnon in magnetic
materials.

Further, the identification of the ferron excitations
that carry both heat and electric dipole currents
opened the path to predicting FEM properties,
including low-temperature pyroelectric and elec-
trocaloric coefficients, the Peltier and Seebeck
coefficients, field-dependent thermal conductivity,
and ferron drag thermoelectricity in ferroelectric
van der Waals heterostructures.

“Until recently, researchers have paid little atten-
tion to the dynamic transport properties of FEMs,”
says Tang. “By producing the first descriptions of
ferrons, we hope to kick-start the new field of
‘ferronics’ to close the gap with the magnetic ma-
terials’ head start.”

A future direction will involve collaboration with
the National Institute for Materials Science in
Tsukuba, aiming for further experimental obser-
vation of ferron excitations.
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Engineered lubrication for precise control

and broadened adaptability

Controlled oil-water separation is critical to solving
problems concerning environmental contamination,
water resource management, and industrial liquid
separation. To this end, one approach focuses on
the isolation of extremely thin membranes as the
filtering medium.

“In conventional oil-water separation media,
thicker membranes usually improve separation,
because the mechanism relies on the adhesion
of one of the liquids to the membrane surfaces,”
says Hiroshi Yabu, the principal investigator of
an AIMR research team. “In this work, we ask
whether a lubricated thin membrane can be engi-
neered to stop either oil or water from diffusing
through—achieving separation.”

In a 2022 article, Yabu's team used the breath-fig-
ure technique to fabricate single-layer (~10 pm)
honeycomb porous polymer films'. Using ultravio-
let-ozone treatment to change the surface compo-
sitions, the team was able to control the pore

size and wettability of the thin films, inducing
lubrication by either oil or water. The team further
demonstrated that these micron-thick films are
capable of performing milliliter-scale gravimetric
oil-water separation.

“While previous reports used the membrane
surface property itself (e.g., superhydrophobicity)
to separate oil from water, we use the surface
property to control which liquid fills the membrane
to let that liquid through,” explains Yabu. “This
approach significantly broadens the adaptability of
the separation process using external stimuli such
as the ultraviolet-ozone treatment.”

Earlier work by the same group had suggested
the possible use of the honeycomb membrane in
gas-liquid separation? and in lithium-ion conductivi-
ty applications®. A future direction will use this te-
chnique to address PFAS (per- and polyfluoroalkyl

substances) removal from water resources at large.
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1. Chen B., Wada T. and Yabu H. Amphiphilic perforated honeycomb films for gravimetric liquid separation Advanced Materials

Interfaces 9, 2101954 (2022).

References

2. Chen B. et al. Langmuir 36, 6365-6369 (2020).
3. Grewal M.S. et al. iScience 25, 104910 (2022).

36



37

Spintronics:

Entropy probes
stochastic relaxation times
of nanomagnets

AeErbOzZV R
I hOE—@#FwicKY)
7/ BAOHERROENBEZRS

22 January 2024

Corresponding Researcher

Shun Kanai
&£ B

Associate Professor
HEHIR

website »»

Uncovering design guidelines for probabilistic computing devices

As neuromorphic applications such as machine
learning and artificial intelligence continue to
expand, progress in p-bit research’ 2 promises to
use probabilistic computing to meet their escalat-
ing energy and efficiency demands.

To this end, a recent approach that directly
contributed to the p-bit hardware implementation
focused on the switching volatility of stochastic
magnetic tunnel junctions (MTJs). An example of
this is a 2021 article by Kanai et al. from AIMR,
who investigated which MTJ features control the
relaxation time between the “1” and “0” states of
stochastic nanomagnets®.

“Our idea was to model the stochasticity of mag-
netic systems using entropy,” explains Kanai. At
the time of this work, this method had never been
used to study magnetization dynamics.”

Deriving a universal equation governing the entro-
py in magnetization dynamics, the research team
discovered that the entropy rapidly increases in
nanomagnets with an in-plane magnetic easy axis
and larger magnitudes of perpendicular magnetic
anisotropy, suggesting the in-plane easy axis to be
conducive to shorter relaxation times.

These theoretical results later enabled the team to
fabricate stochastic MTJs with relaxation times in
the nanosecond range—100,000 time faster than
the contemporaneous standard MTJs*.

“Our theoretical work on relaxation time did not
only help us realize faster MTJs,” says Kanai. "It
also provided design information on how to tailor
the input-output properties and robustness against
external magnetic fields of these devices®¢.”
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to create mesoscopic chiral objects with chiroptical properties

Chiral optics aims to understand and manipulate
interactions between chiral light and chiral mate-
rials, with the goal of advancing applications
in chiral sensing, optical communication, bioimag-
ing, and drug development. Because chirality in
light provides complementary information to that
characterized by wavelength and intensity, one
emerging strategy uses this approach to target
mesoscopic chiral structures, as their size range
within the visible light wavelength (10 nm to 1 pm)
promises enhanced chiral optical effects.

However, a major challenge to this strategy is the
difficulty in fabricating mesoscopic structures with
precise morphologies, because the scale of these
objects lies just out of reach of the capabilities of
both traditional bottom-up and top-down fabrica-
tion methods.

In a 2023 article, Oda and co-workers addressed this
problem with a unique approach that utilizes the
nanospace within self-assembled nanometric helical
silica ribbons as templates for growing perovskite

nanocrystals (PNCs) by recrystallization methods’.

Using supersaturated solutions of Cs*, Pb?*, and
Br- precursors, the resulting helical PNCs not only
had precise chiral morphologies at nanometric
level, but they also showed remarkable chiroptical
properties, including strong circular dichroism and
strong induced circularly polarized luminescence.

“Our work showed that mesoscopic helical PNCs
with tailored chiral optical properties can be fabri-
cated by combining established self-assembled
templates with straightforward recrystallization
methods without any chiral-ligand or chiral-mole-
cule precursors,” says Oda. “To the best of our
knowledge, this is a feat that has never been
demonstrated before.”

A future direction will use this approach to fabri-
cate 2D or 3D supra-object structures to target
chiral-light chiral, including the exaltation/annula-
tion of chiral optical signals.
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Cyclic heat treatment probes abnormal grain growth

to enhance Mg-Sc superelasticity

The quest for the next shape memory alloys (SMAs)
for transformative applications in aerospace and
medicine requires a departure from conventional
alloys based on heavy metals such as Ni, Fe, Co,
and Cu. To this end, Mg-Sc alloys, with extremely
low densities and inherent biocompatibility, prom-
ise to be the ideal candidates—provided that a
mechanism conducive to shape memory can be
demonstrated in Mg-based alloys.

In a recent article, an AIMR team led by Yuji Sutou
and Daisuke Ando addressed this problem by fo-
cusing on the effects of abnormal grain growth on

the superelasticity of polycrystalline Mg-Sc alloys'.

“Grain enlargement is a known approach to improv-
ing superelasticity in conventional Cu- and Fe-based
SMAs,” says Sutou. “"Here, we use cyclic heat treat-
ment (CHT) to investigate the mechanism of the

abnormal grain growth in Mg-Sc alloys—aiming to
improve the alloys’ superelasticity.”

The analysis of each stage of the CHT revealed that
a lower holding temperature, longer solution heat
treatment time, and slower heating rates resulted
in more effective grain growth, lager and more uni-
form grains, and sharper subgrains, respectively,
improving Mg-Sc superelasticity.

“The understanding of how CHT controls Mg-Sc
grain enlargement is an important step towards
isolating the ultra-light biocompatible SMA,”
explains Sutou. “It gave us the ability to use the
composition and microstructure to control Mg-Sc
properties such as high strength and larger elon-
gation?>—all relevant to the design of future SMAs
and related materials.”
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The impact of public engagement on biological neuronal networks

and reservoir computing research

In cutting-edge research, capturing the general
audience’s imagination can lead to unexpected
exposure and collaborations.

In a 2023 article, Sumi et al. from AIMR combined
optogenetics, calcium imaging techniques, and
reservoir computing modeling to investigate how
the functional modularity of biological neuronal
networks (BNNs) influenced their information
processing capabilities—demonstrating that, when
integrated into reservoir computing frameworks,
BNNs can identify commonalities and patterns in
diverse inputs, acting as general filters'.

Having received initial responses within the
research community, the AIMR team followed up
with a press release? that triggered an unexpected-
ly enthusiastic reaction from the general public.

“In describing how we designed, grew, tested, and
modeled our BNNs using everyday language and
compelling figures, our press release resonated
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with the public, providing a futuristic image of the
science we are doing,” says Sumi.

The response to the paper continued to grow,
leading to an invitation for the researchers to
appear on the Japanese science-documentary TV
program Galileo X.

“When we wrote the press release, we did not
expect to appear on television,” says Sumi. “In
retrospect, the recent spread of technologies
that mimic human behavior such as ChatGPT must
have helped attract the interest in biomimetic
computation.”

The increase in visibility further shaped the next
steps of this research. A future direction involves
a new collaboration with the Chiba lab at AIMR,
aiming to elucidate the link between neuronal
dynamics and functionality within the reservoir
computing framework.
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