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| am delighted to bring AIMResearch 2024 to success-
ful publication.

In November 2024, Tohoku University was officially
accredited as a University for International Research
Excellence, and the accompanying Research System
Strengthening Plan was approved by the Minister of
Education, Culture, Sports, Science and Technology
(MEXT) in December. With 2025 marking the full-scale
launch of the plan, a critical year lies ahead, and we
are committed and ready to rise to the level of the
expectations vested in us.

As a University for International Research Excellence,
Tohoku University is focused not on the promotion
of individual research, but on systemic reforms that
enable the University to grow as part of the world’s
leading institutions. What role should the Advanced
Institute for Materials Research (AIMR) play in this
extremely ambitious plan? | believe our main contribu-
tion will lie in working to achieve the organizational
internationalization embodied in the strategies of
“comprehensive internationalization” and “attracting
diverse talent from around the world.” The plan iden-
tifies specific goals such as boosting ratios of interna-

tional researchers, female researchers, and staff with

international expertise. As AIMR has been working
toward these very goals since our establishment, | feel
that AIMR's role will be to feed that experience back
to the University.

AlMResearch 2024 is in fact a great reflection of AIMR’s
efforts to date. Considering that around half of the
18 articles contained in this issue are research results
from international researchers, and that many have
been produced by young researchers, AIMR’s future is
looking bright.

I hope you will enjoy reading this new issue, and | look
forward to hearing your frank opinions.

CODE.AlMResearch 2024%=EET)TT DA TEXLIZCE
E S WANAERBLEBOTEDEY,

2024F 1M B RIERZRBEBRSBHRKRFZE LTERBESN,
B128CIFEEEE LD RS ARS8 EHE (CDWTXER
BERELDBAZNIEER L. 2025F 3 DH L WED A
DNERBHICRAY —hIZEBLFICHDERHLTED.FELT
Wl W REBBFICHDTHDIEMEDBNNNLET,

RIERENEREMARKZE LTBIT 2RO EH S BEFI DR
RETREKREMEREALTRRIEEH DD VT L
BEICEREBEVNTSDE T, COFBICERNEFEDLEHNT
AIMRARICINEREEFBICHEEZFT L, EROMREE
BEDIDHARRER & 2HUOERL ICRREIND EBD
EBRECEF/ERDEATRIBEVNNERBVE T AEAMEELE
PLEERRELE EENIENDHDRY VI LEESIELIFD
CEENBEGNBRRELTEFONTSEDEIA . NS
AIMRDRRIZLURBIE L TCEEDTH D ZDREE KFIRTT
IBIEIEAIMRICROSNTNDEIEEEZ KT,

SEIBEIFTFTDAIMResearch 20241Z(E AIMRDZNE THED
HANENTVNDERELTHDEIT ASICWHONIL18FHD
SEMEBPNEAMEECLIDIMERRTHD . KIZEFH
RELCLDEDNE<ZHDTVNDIZEN D SEOEFTOEES
RWCHFWREFDEDEBWET,

ASEEOC—HWERE BRBOBVWIERREBNIIEEL
T3,

About AIMResearch

AlMResearch features articles that provide an accessi-
ble 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 interdisci-
plinary materials science research, AIMR researchers
publish hundreds of papers every year. Research High-
lights presents outstanding 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(d, BRI REH BB EEEMEAM (Advanced Institute
for Materials Research; AIMR) D EINEEB/EN N D P I <BN
TORELE T HROREREOEBENEMRBLA RN S THD
AIMROIARE EBEMNHREOBIERERLCHD VY —F/I\13
ARIZOFTERICEBLIZEDICDOVT AXEIIESIERNST
BALTVED,

AERFILT YA M TRIDRBEECE WL ENERET e
A—VEEICCERVRE CERDOX -7 RLRICERATEES
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Ordered carbonaceous frameworks:

A strategy
for tandem catalyst design

HRAERFECIEER

2 0T LRRIRERET O BT EE

22 April 2024

Corresponding Researcher

Takeharu Yoshii
&HH X

Assistant Professor

Bh¥

website »»

Unlocking the potential of metal-coordinated porphyrin-derived
carbon for efficient CO2 conversion

Ordered carbonaceous frameworks (OCFs, i.e., car-
bonized metal-coordinated porphyrins) are well-de-
fined, microporous structures with high specific sur-
face areas, narrow pore-size distributions, and
immobile, atomically dispersed metal species.

Because these unique properties can be tailored
through molecular-precursor design, OCFs are also
ideal platforms for exploring energy storage, con-
version, and electrocatalysis applications’.

In a 2023 article, an AIMR team led by Hirotomo
Nishihara and Takeharu Yoshii used this strategy to
make a breakthrough in OCF research?. By select-
ing Co- and Cu-coordinated porphyrin precursors
with otherwise identical molecular structures, the
team successfully synthesized new OCFs including
single-metal Co and Cu OCFs, as well as a bimetal-
lic Co-Cu OCF.

“One important result was that our energy-disper-
sive X-ray spectroscopy elemental mapping and
cyclic voltammetry measurements indicated the Co
and Cu atoms in the bimetallic OCF were not only
homogeneously dispersed, but they also exhibited
synergetic effects,” says Yoshii.

Currently, the team is investigating how a single
Co-Cu bimetallic OCF catalyst can sequentially con-
vert CO2 to C2 compounds via CO.

“We know that immobilized single-atom Co cata-
lysts excel at reducing CO2 to CO, while their Cu
counterparts are great at converting CO to C2
compounds,” says Yoshii. “If we can use the syner-
getic effects of bimetallic OCFs to isolate an effi-
cient tandem catalyst, the impact of this research
will be significant for advancing CO:z conversion
technologies and beyond.”

MEHLRCOEMORBICH Tt BREFMBEOAH KN 2R3

AR R YHEER (ordered carbonaceous frameworks;
OCR) [F #BRILT 1 Vv FiERERRILT DI EICKIDESN
BMRITHD BRFRICHMUICRBEICINZ II—EIIOMILE
BVWHREEEET 2 ETREET B,

COLIAZ— 0 R D FRIRADRE C I O THECHE
AIRETH D COENBSOCFEFITRIVF — TR - B P EmAE
NDISAICEIFTRBENETSY R4 —ATHDENZD,

20234, FRFMBURE SHLBEENENDAIMROMRF —
LlE COEBERWCOCFRICT L —I R —EE5T M
XERRUIZMRF—LIF A—DBEEEEIS DRI U5
FICCoB KUV CuERMEE. CNZERIBRAEE LTCodh DL ECu
DT IVAZIVOCF. EBICIFCo-Cu/ M AXFILOCFDERITHL
1710y

EHHBETEARAROEELRIT. TRILF —DBEXED L
(EDX)EICLD RN YEVIBIUY 17w o RILT Y X b
U—RIEICE ST /A RZILOCFHRDCoE CunEFLARILTH
—[CRELTED. COEMDiREE LTHRENICHERLESCE
NRENZETT1EFED,

REMAEF — AlF. Co-Cu/ M XF)LOCFEfEEE L TR, CO.N
5CO, CONBALEYNEERRNICEIRT D77 EFEMFEL TS,

TB R FCoftif(ZCO,ZCOICETI B EICENTLD—A.Cu
ARIEIZCOZEC2IEAMNEETIRT DDICENTVERT /X)L
OCFDy 73 —3R%FAL T, COZCHL YN EREHI Rl
$2YVTLRMEERIRT DN TENS COREDTV/U K
[FCOERMBIMICE L F O BENF DIRIAWVERIC K TRKRT
BEH/FINTT ) EHEHBBIIAMRDREICDOVNTENTND,

2. Chida K., Yoshii T., Hiyoshi N., Itoh T., Maruyama J., Kamiya K., Inoue M., Tani F. and Nishihara H. Bimetallic ordered
carbonaceous frameworks from Co- and Cu-porphyrin bimolecular crystals Carbon 201, 338-346 (2023).

Reference 1. Yoshii T. et al. Chem. Commun. 58, 3578-3590 (2022).
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Topological phases:

Exploring interactions
in non-Hermitian
many-body systems

MROTYHIVE :

EINZI—-FRTHERRORZEZRERTS

27 May 2024

Corresponding Researcher

William Naughton Faugno

Specially Appointed Assistant Professor
RHEBNEK

website »»

A novel approach to unveiling emergent phenomena and symmetries

In recent years, theoretical studies on non-Hermitian
model systems have uncovered a diverse range of to-
pological phases with intricate features. However, be-
cause much of the focus has been on single-particle
systems, the exploration of interactions and correla-
tions in shaping the topology of open, multi-particle
quantum systems remains limited.

In a 2022 article, Faugno and Ozawa at AIMR intro-
duced a novel theoretical approach for studying
non-Hermitian Hamiltonians, aiming to bridge this

gap'.

"Our work focuses of emergent phenomena in
interacting systems, where a system exhibits unex-
pected behavior beyond the sum of its parts. This
idea forms a cornerstone of modern many-body
physics and has improved our ability to understand
complex systems,” Faugno explains.

To explore this theme, the team developed a mini-
mal one-dimensional chain model, incorporating a
density-dependent dynamical gauge field to repre-
sent inter-particle interactions. They then proposed

BIRBAR EMTHHEICEDIH=ET77O0-F

EEREEOEEEBANMERTESEVETILI—MRICEITHE
RN O BMBSHER I 22 RE MROYAIVELIRL E
RHENTVNS. LI L. ZDELH—NFRICERELTLED
THOIIeD AEMDHFHFET 2L EDRFRIDEEEREIE
TILE—FROMROY —EDOBEICET ZMRIFELZ L,

20224, AIMRDWilliam Naughton Faugno$F{EBh# e /JEH]
CHERIF ERONFAFEET DRICIF RO AIENH S
ONBITILI— FREERIICIRIBLIC

FaugnofHEBNEIZC DIARICDVNT, A B HEERRICH

ZDEH DRI EBZ e FRERIDTNERITRROEEIEL
T COBMRISRADSHYIEZDREE B OTHD EMIRICD
WOEBRZERDD L TERLREZRCLTERUI EHAT S,

ARF—ARBRZOT—XICHDBO /e R FEBEEERNEE
[CRBFEIDENGET —IBORTHODENDY Y FIVIETRTT
HETIWZRRELUIC.ZLTIDET I ERRNICRIL S D728

a two-frequency Floquet protocol to experimentally
realize the model system, leading to the discovery
of an emergent sublattice symmetry.

This approach both demonstrated the importance
of dynamical gauge fields in shaping the behavior
of nontrivial topological features, and confirmed
the possibility of controlling the behavior of real
quantum systems through external driving tech-
niques—such as the Floquet experiment.

“The observed emergent symmetry confirmed that
the investigation of non-Hermitian many-body sys-
tems can lead to the discovery of novel phenome-
na,” says Faugno. “This led to our recent study of
the classical Hermitian limit where emergent chiral
symmetry was found to play a key role?.”

Currently, the team is focusing on the out-of-equi-
librium physics of the full many-body limit, where
preliminary results have suggested the emergence
of non-thermalizing scarring effects relevant to
future memory-device applications.

[Z.FloquetEimE WS ZERZAVCEFRNEZRETO N ZR
U B HECHEERELTHT ZIURIEE WS HIREDBIH T D
CERRLU.

CO77O-FICED FEEREANMROYAIEDSDENCHT
BENT —VBEOEBENREN BRI, SEIDFloqueti®
WERWCREDLS (T A EBEREN RN (C K > TEEERNWIETIL
I -hREXRRE TS HARENRENT.

TRAR TR ON D ICRIFIEIIMEC KD FETILE— S GHR
DRRIFLWRKROFERICDBNDCENERENE L. SD
[CRAcB &I COM RN OEBER T HENG(BFHTH
W) TIVE—bRICETDMALITVRIFKT D01 I )LRED
RICTEERZASNC LKL EFaugnofiEB K I3FE D

REMRFT —LIZEURBFROFFEVRICEIEZLTTSD,
FROGHERN S A FEELEVWEFSEGIRED LR
PMREENTND.CS UIEAR B AFRDAEY — - T/ ZAD
ISRBICDENBEHFTEND,

1. Faugno W.N. and Ozawa T. Interaction-Induced Non-Hermitian Topological Phases from a Dynamical Gauge Field

Physical Review Letters 129, 180401 (2022).

Reference 2. Faugno W.N. et al. Phys. Rev. Lett. 132, 023401 (2024).
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Organic semiconductors:

Methylation
for controlling
acene crystal structure

BHYEE
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5 R4S E 11

10 June 2024

Corresponding Researcher

Kazuo Takimiya
e

Principal Investigator
EEHRE

website »»

Towards predicting the effects of molecular aggregation

on product-crystal properties

The performance of organic semiconductors de-
pends both on their molecular structure, and on
how the molecules aggregate into solids via crystal-
lization.

However, while current chemistry can reliably deter-
mine the effects of molecular structure on perfor-
mance, it has a harder time predicting the effects of
molecular aggregation that must account for both
weak intermolecular forces and irregular molecular
shapes.

A 2023 article by Takimiya and co-workers from
AIMR addressed this gap by interrogating how the
introduction of methylthiolate functional groups
at specific positions on parent molecules affects
both their aggregation and their semiconducting
properties’.

“Previously, we had found that the introduction of
methylthio groups at the benzodithiophene mole-
cule B-positions changed the aggregation from the
herringbone structure of the parent molecule to
the n-stacking structure,” explains Takimiya. “Here,
we tested whether this approach on acene-type

parent molecules can also crystallize into structures
with higher r-rt interactions.”

To this end, the team synthesized four anthracene
and tetracene compounds at various extents of
methylthiolation, and used single-crystal X-ray
analysis and single-crystal field-effect transistors
to measure the product crystal structures and
transport properties, respectively.

“Our results showed that methylthio groups can
also be used to change the crystal structure from
the herringbone structure of the parent acenes to
different r-stacking structures of the products—en-
hancing both intermolecular n-rt interactions and
transport properties” says Takimiya. “This suggests
our approach could be adapted for other rigid,
planar molecules.”

The team now aims to gather new experimental
data exemplified above to leverage future, more
powerful quantum-chemical simulations towards
predicting the effects of molecular aggregation on
product-crystal properties.

RFREDVPERMBEROBEICRIETEEOTFACEITT

BREEEOHRIE D FBES HERILCEOTEDLSICAF
MEELCEKICEDDNCEREN D,

U U A FRENEREICKIFTHEICDVWTERADIEFETE
FEREEOBVWFUNITREN A FREDORECDVNTIEHNS
FEAERRUBAFRROTMAZERLAFNEESEN:
S RIZICTFRISHEL L,

COREZBRINSAIMROEERRSZ.HDFDORED
UEBCXFILFABREZHEAL. ZNHDFOREEFEHE
FELCEDLSBREEZRIZINZFMICTHN 2023F(CFHL
ERRUIC

FEEBERE TCNETICRIBE ARV IFAT VR FO B
[EAFINFAREFEATDE RO FOREBENNY Y R—>
BENOTRY Y F VU IBEICEMTDIEERELCVEL,
ZITEHRLTEVIATORD FICCDAEEBATHIET,
LOBWr-rtHEFRZER DOBECHERIELTETZ2DTRELD
EEZRAZETVELI) EFHAT 2,

MAF — LB AFINFACOERENRLZ4EBEOT VNS
BLOTHhI VLAY ERRL. BRESXFBERTE BER
BRAPRNS VIR EBVNTLEY DR RBE XS E
AELT,

[COMRDFERAFILVFARDEACED RO FTHBT Y
LEPDANIYR—VBEN ST AY Y F U IBENEIEREE
EELSEDIENTE A FBn-rBEEREERFEOT A
A LT BTENRENE U, COBRIT. SEOT TO—FH
AELZFHBEZET MDD FICEICATEDZEZERELT
W EERERREAXY LTS,

SHBRARF— LR MOAFICHLTECOT TO—FEEALT
HIcBRBRT — 5= NEL BT ETFFYIaL—ravE
FERALTO FRENERYEROFEICREIREZTFNID
CEERELTWS,

1. Kanazawa K., Bulgarevich K., Kawabata K. and Takimiya K. Methylthiolation of Acenes: Change of crystal structure from
herringbone to rubrene-like pitched m-stacking structure Crystal Growth & Design 23, 5941-5949 (2023).




Metal alloy processing:

Breaking
the strength-ductility
trade-off

£EE2MMI :

MECEED ML — RF 7 21T

24 June 2024

Corresponding Researcher
Hyoung Seop Kim
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. pith
website »> [k

Compositional and microstructural heterogeneities
through maraging and reversion treatments

Metal alloys are versatile materials that can be
tailored to exhibit desired properties. However,
achieving both ultra-high strength and good duc-
tility in these materials has been a long-standing
challenge.

For example, established maraging processes can
enhance alloy strength via precipitates. Howev-
er, the presence of these precipitates also makes
alloys brittle, limiting their ductility and therefore
their applications where both strength and ductil-
ity are required.

In a 2023 article', Kim and coworkers from AIMR
addressed this problem by developing a novel
dual-phase medium-entropy alloy (MEA, FeesNito
Mn1oCo1oTir5Sios (at%)) with a strength of 1.6 GPa
and ductility of ~25% using a maraging and rever-
sion (M&R) process. The strategy used a new rapid
low-temperature reversion method to engender
both compositional and microstructural heteroge-
neities.

“Our M&R process generated both a core-shell
configuration within the reversed austenite grains
of the ferrous alloy, and a dual-phase microstructure
containing a large fraction of metastable austenite”
says Kim. “Respectively, these two heterogeneities
enabled both the precipitation strengthening and
the transformation-induced plasticity mechanisms
simultaneously.”

By transcending the traditional strength-ductility
trade-off that has long challenged the materi-
als-science community, the team demonstrated a
new pathway that utilizes chemical heterogeneity
and metastable phase transformations for devel-
oping advanced structural materials with superior
mechanical properties.

Currently, the team is expanding this approach
to other MEAs and high-entropy alloys exploring
how the versatile compositional landscape of
these alloy systems can be leveraged to improve
hydrogen storage performance as well as mechan-
ical properties.

CIWI—-OVJNBEFSTRELIEICEDHES KUOHMBSEDTH—4

ERBER(E. KROONDFHEICHUTHETEDALAEDE WL
MR THB.—AT. CNODM B TBEBRE BN T ZmIL
SEBCEFREDREETH >/,

BIZE BEFORINT—IVIWB(RILT VT MED KL
B)ETSE BN EN L CEEDBEERHDENTE D,
ULHLED L. CNODITHEYIEEEZER L IEEZFHIRT 2
W leBDORIEEH 7. 2Dzt COFEEREEEEDM A
PNRHONBARTEAT 2 EZRHETH o7,

20234, AIMRDHyoung Seop Kim# & ZDIFRF —Ald.
NIVI—I VT IR SRR (BIR T OB MENIE) (M&R)
[C& D RET.6GPa. EHEKI25%DHF /e /m BT+ 7ALY ~O
E—&% (MEA, FessNiioMn10Co10Ti1sSios(at%)) ZFF T 2
CEICHRMLIE RO DI R (F e a2 RE R EREZ
EAY B ET BB EHMBEDMT DG —HEFR
L7cCETH oz,

TSERFELUCMARICKD . HESDEEEA —RXTF 1 MHF
WNICOAT7 Y TIVEEEEREA—RTF1 hELZL<ESE B
BEOMAZERSEDICENTELLIZ.CNH2DDRY—
MEICED TR ERFRBEOM AN R IC RS D E
L& KimBE(FE TN D,

MRBZDHETEREICDED BEELEEDRL —RATD
BREICERLCTE /L LA L KImBROFRF — LN ZDRE
ERRUICCETALZN T~ EREREEZFALT
ENEBNSEER DOBELSBEMRZRRETDEVWSHI
BFEEOBRAMENRIESNI,

REMEF—LZTOFEZEMOMEAD/\1 TV hOE—&®
[CETHRU.CNODEERDZHRTMEMZER LT KRR
TR DS AR LSRR EERLTWV S,

1. Haftlang F., Seol J.B., Zargaran A., Moon J. and Kim H.S. Chemical core-shell metastability-induced large ductility in
medium-entropy maraging and reversion alloys Acta Materialia 256, 119115 (2023).



2D transition metal dichalcogenides:

Elucidating the interplay
between fermiology and
exotic quantum phases
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Corresponding Researcher
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website >  [E4]

Insights from the unique correlated metallic state

in monolayer NbTe,

The ability to manipulate exotic quantum phases
—such as the Mott-insulating phase and the
charge density wave (CDW) metallic states—in
two-dimensional (2D) transition metal dichalco-
genides (TMDs) promises novel electronic and
quantum device applications.

However, realizing this vision requires a deeper
understanding of the fundamental mechanisms
behind the CDW-Mott phase in TMDs.

In a 2023 article, Sugawara and coworkers from
AIMR addressed this gap by demonstrating that
the monolayer 1T-NbTez is a new class of 2D TMD
exhibiting a metallic ground state characterized
by a sparsely occupied star-of-David lattice'.

“Other TMDs, such as 1T-NbSez, were known to
exhibit a Mott-insulating ground state coexisting
with CDW order,” says Sugawara. “In this study, we
wanted to investigate the ground state properties
of the isostructural monolayer 1T-NbTez, which was
unknown at the time.”

Using angle-resolved photoemission spectroscopy,
scanning tunneling microscopy, and first-principles
calculations, the team found that hidden Fermi-sur-
face nesting and associated CDW formation are
the primary causes of a unique correlated metallic
state with no signature of a Mott gap—in contrast
to the gapped Mott-insulating nature of isostruc-
tural 1T-NbSea.

“Qur results highlighted the key role of underlying
fermiology in characterizing the Mott phase of
TMDs,” explains Sugawara. “They provided in-
sights into the interplay between fermiology, elec-
tron correlation, and exotic quantum phases in 2D
materials.”

The team continues to collaborate with other AIMR
research groups to explore quantum phenomena
and functionalities in monolayer TMDs that have
yet to be discovered.

ERFENbTeAH I 3RHRLEFHEZTTERRBHSRE LAEHELZANR

2RTT(2D) BBEBY A NS F A R(TMD) ICBEVWT. EY
MEGECPEBFOBREER(CDW) W IFVFvy
BEFHEHETIRMIFLLWEF EFT /NIRRT T
T—2aVORBICRARTH D,

—AT.INSERBITBICIETMDDCDW: v MMEigEx e
DYHEDBERICHDIBAMNBEXN I LELDRIERIT DN
BB ol

AIMROEREBREVNDHAAT —L BRFEDO=TILIL
{E=AZ7 (1T-NbTe2) [CEB L. COXN =X LADERICEND
ATEIZ.ZULT2023F BHDONDRFICL>TREASNLTS
ETDOE  MBENREEZEITRIITHIET. EFHNEAIC
BRFENEZHEOMDENTEDLSICAD EBELTOME
BERYCEERESMICUILCNEFREREFRBDF LB
HEHD2D TMDD¥ETH o7,

ERAERRIS. TEBRFEIT-NbSe DD TMDIE, CDW
EEY MEBRIENHFETDIRTHDIENMMONTNRL K
ARIF BREFEESNTOVED DIT-NbTe2 OB FIRREZHA

DHCTBIETENSDRBEHBERAIZEZEANEL
TWRLTc & 7EDo

AIMROHEBMARF —AIZ 1T-NbTe2 0B FREICDOVT Y
TOOEXBESTBRAEBFDIOE(U-ARPES) EERE YR
JVEERERER (STM)  B—REBHEZAVWTRANLCHER. EV H
FrovTOBBERESBVEREGEBHERREL VWD %
BEUL. ZOREN BN DI)VZAORRAT A VI ICHSY
ETDECEELZCODWOFRTHDEERE LD N
F A—DERBEEFTIDIT-NbSe:NNFETDECKST
Ty MERGELTRIMEZEHROTH o7,

"FAIcBEOMEFBRIF. TMDDEY MEKHEZHRS(FD LT
EREBDZTIIIAOY-DEELREERCT CEEFE
FZOICLE L e F e 7o)V A0Y - BFIHE. 2DYEICH
F2IFVFVILEFHOBEERICOVWTHLLAMRES
e LELI EVEREBIRIIFHAYT 2.

BREMRT — LI AIMROMDHAEF —LEHBAL KEHERE
NTVWEVWERFETMDOEFREPEEEZRRLTND,

1. Taguchi T., Sugawara K., Oka H., Kawakami T., Saruta Y., Kato T., Nakayama K., Souma S., Takahashi T., Fukumura T.
and Sato T. Charge order with unusual star-of-David lattice in monolayer NbTe2 Physical Review B 107, L041105

(2023).
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Complex borohydrides:

Exploring the factors
controlling anion reorientation
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Towards room temperature fast ion-conducting materials
through molecular dynamics simulations

Complex borohydrides (CBHs) are promising elec-
trolyte materials for all-solid-state batteries (ASSBs),
provided that their phase-transition temperatures
can be lowered to room temperature (RT) to enable
the practical application of their outstanding Li- and
Na-ion conductivities (= 10’ S cm™).

Because the high conductivity phases of CBHs com-
monly show anionic rotational motions, understand-
ing the factors affecting anion reorientation can
significantly advance the design of future RT fast
ion-conducting materials.

“Recent experimental and first-principles molecular
dynamics (FPMD) works tried to capture the reori-
entation of CBH anions.” explains Sau. “"However,
the limited scope and FPMD timescale of these ap-
proaches could not capture the anion reorientation-
al motions in their entirety.”

In a 2021 article, Sau et al. from AIMR used force-field
based MD simulations to overcome these limitations,
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investigating the Li2B12H12 and LiCB11H12 systems’.
This strategy allowed for accurate reproduction of
structural and dynamic behavior, capturing the entro-
py-driven order-disorder phase transitions and anion
reorientational motions—not feasible with FPMD and
experiment alone.

“The results of this work had enabled us to investi-
gate other factors determinant of future designs
of ASSB and solid-state cooling/heating materials,
such as the role of cation size on CBH phase transi-
tion?, or the significance of cation diffusion on the
CBH colossal barocaloric effects (ability to change
temperature when applying pressure)?,” says Sau.

A current direction of the research team focuses on
investigating the barocaloric properties of the relat-
ed closo-borate compounds and other disordered
materials for the development of efficient and envi-
ronmentally friendly cooling solutions.
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1. Sau K., lkeshoji T., Kim S., Takagi S. and Orimo S. Comparative Molecular Dynamics Study of the Roles of Anion-Cation
and Cation-Cation Correlation in Cation Diffusion in Li2B12H12 and LiCB11H12 Chemistry of Materials 33, 2357-2369 (2021).
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Breaking

the spatial inversion symmetry
of one-dimensional crystals
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for studying precise one-dimensional nanostructures

Transition metal dichalcogenides (TMDs) are two-
dimensional materials with properties that can be
shaped by their structural symmetry.

However, while concrete examples—such as the
enhanced photovoltaic effects in multiwall WS:
nanotubes, or the nonreciprocal transport in chiral
WSz nanotubes—illustrate this structure/property
relationship, precise fabrication of desired TMD
structures remains a technological challenge.

In a recent article, Kato and co-workers from AIMR
explored the fabrication of nanoscrolls using Janus
monolayer TMDs'.

“Typically, TMDs have a structure where a transition
metal-atom layer is sandwiched between identical
chalcogen-atom layers above and below,” explains
Kato. “The 'Janusification’ process aims to replace
the upper chalcogen layer exclusively to break the
TMD spatial inversion symmetry, yielding precise
nanostructures with new properties not observed
in the symmetric monolayer TMDs."”

To maximize the fabrication precision, the team
used plasma-assisted surface atom substitution
to prepare Janus WSSe and MoSSe monolayers,
followed by a solution treatment that rolled the
monolayers into one-dimensional nanoscrolls.

“In this work, we not only achieved the direct
observation of the TMD Raman spectra for tuning
of the Janusification conditions during reaction,
but we also developed a simple liquid application
and drying process that produced uniform, precise
nanoscrolls of unprecedented small diameters,”
says Kato.

Using this new strategy, the team is collaborating
with theoretical and experimental research groups
of AIMR and beyond, to develop a research field
dedicated to elucidating new structure/property
relationships of low-dimensional materials.
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Topological data analysis:

Unveiling heat conduction
in amorphous germanium
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Persistent homology reveals structural features
influencing thermal properties in disordered materials

With no periodic atomic configurations, amorphous
materials exhibit unique properties, distinct from
those of crystalline materials, that promise novel
applications—provided that the physical model bridg-
ing the microscopic structure and the macroscopic
properties of these materials can be understood.

However, the lack of periodic structure is also a
major challenge to elucidating which microscopic
structural features impact macroscopic properties
such as thermal conduction.

“Conventional methods (e.g., X-ray diffraction) provide
convoluted information on the local atomic structures
of amorphous materials,” explains Kazuto Akagi, a
member of an AIMR research team. “Without a clear
idea of the local network of atoms, determining the
features that impact thermal properties is practically
impossible.”

In a recent article', Akagi and co-workers overcame
this challenge with a new approach that used
topological data analysis (TDA) based on persistent

homology to analyze the structural features of
amorphous germanium (a-Ge), providing a clearer
understanding of the atomic network's influence
on thermal conductivity.

Using the persistent homology (i.e., a mathematical
framework to quantify the given discrete data based
the "holes” within) to investigate a-Ge structures
obtained both by transmission-electron microscopy
and by ab-initio molecular dynamics simulations, the
team uncovered the presence of larger atomic rings
(five or six vertices with longer bond length) that may

play a key mechanistic role in a-Ge heat conduction.

“In a subsequent paper?, our team used the same
method to generate the structural descriptors
that affect CO; adsorption in metal-organic frame-
works—a type of material completely different from
a-Ge—demonstrating our approach’s versatility,”
says Akagi. “Further, both results'? illustrated how
the microstructures reflecting composition and fab-
rication process affect the macroscopic properties
of materials through physical or chemical models.”
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Bilayer graphene:

Quantum-device design
enables high-frequency
electronic characterization
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Unlocking the potential of 2D materials
with innovative high-frequency measurements

For two-dimensional (2D) materials—such as bilayer
graphene—the path toward practical device appli-
cations that promise to revolutionize electronics
must first go through the precise characterization
of their exotic electronic properties.

Because the properties of these 2D materials often
involve changes in electronic states on very short
timescales, their characterization requires high-
frequency measurement methods, such as radio-
frequency (RF) reflectometry.

However, conventional quantum-device setups used
for this kind of measurement typically use SiOz as an
insulator and highly doped Si as back-gates; these
materials increase the stray capacitances that lead
to substantial RF signal leakage.

In a 2023 article, Otsuka and co-workers from AIMR
addressed this problem with a new quantum-device
design that excludes SiO2 and doped Si'.

“Our design integrated a microscale graphite back-
gate using undoped Si as the substrate and hexag-
onal BN as the insulator,” explains Otsuka. “This
approach produced a bilayer-graphene device that
not only improved the matching condition of the
tank circuit but also enhanced the sensitivity of the
RF reflectometry measurements.”

The research team probed the quantum dots
formed within the bilayer graphene of the device
and observed the Coulomb blockade using both
direct-current and RF reflectometry measurements.
The detection of Coulomb diamonds by the latter
method further suggested that real-time characteri-
zation of 2D material properties can be achieved
with the new quantum-device design.

"By demonstrating high-speed, precise measure-
ments in bilayer graphene-based quantum devices,
our work has opened new avenues for interrogat-
ing the quantum dynamics of 2D materials,” says
Otsuka. “We look forward to exploring new 2D
quantum systems with this approach.”

ZREMHBOTREYE 2 < EHH LS RKAEE

TEVSTIVOESBIRTMAF. ILI SOOI RICER%E
BT EHMHFEINTND, LD L EAMET/ A AANDIGAIC
BHoTR FIZOIFYFVIBBEFYEELRES Z2LEN
HD.ZDHDERITAEFEN KD SND,

ZRIMBOBFREBFECEVKERAT—ILTETDIE
NEWeh ZOREEFTEY 272 IFBER R AEEEZE
DEERAEENDEELD,

UL RERDBABUEECERSNZEFT /I XDy
T YT TIEMFAEELTSIOA /NNy I —hELTEBER—TSI
ZRVTED. COBETFEREEIBASERLH. BRAKES
DU—UHEEEE D,

CORBEEMRRT D728 AIMROKIFESIE S (320234, Si0,
ER=TSIEAVWVEVWERAKAZBI ST VEFT/\1 R%ZH
B2

TR B EIRICT Y R=TSiHERIKICAARELRIR /Y
I —MIRAOART—IDI ST 741 heBWe BRIKREZ
BUS7tVEFT)I M AZEREGFLE LI, CO7 TO—FICLD,
BARESDU—UZERL. SOCHIREIBESFEDLEY
BEARRGUEDRER ENAIREEEAD KU EREUERIRE
HEAT D

MERF—LAS ERERAEESARRIPUEDOHA ZANTZ
BUS7VvAICERENICEFRY MEBEL. /—O0v 70Oy
T—R(EBEFN—DIDEFRYIENLTRNDCEERIER
BE) ZHA L. BRRRETANETY —OVIIVEY REREH
TETVWDIENS SERELLT/\A ABEEERI2IET,
RO ESEICTHECS 2 e REE N,

KEFEABRE SE. ZBI STV ZBWEF T/ R THEA
BOBBITAENKRIECTECET. ZRTMBDOEFY 1=
U REBRT DHIEEAEINE L. COFTO—FICED
T INETICBVWZRTMBEFRDSDEVNDESNCEDE
BRELTVWET I ESROERNDRFZEOTND,

1. Johmen T., Shinozaki M., Fujiwara Y., Aizawa T. and Otsuka T. Radio-frequency reflectometry in bilayer graphene
devices utilizing microscale graphite back-gates Physical Review Applied 20, 014035 (2023).

22



23

Metallic glass crystallization:

Unraveling polymorphic
growth near glass-transition
temperature
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In-Situ TEM reveals faster-than-expected crystal growth rates

in a Ti-Ni-Cu-Fe metallic glass

A fundamental understanding of how metallic
glasses undergo polymorphic crystal growth near
their glass-transition temperature (Tg) can lead
to the design of novel composite crystal-glassy
materials with precise property control.

Further, due to the slow and decoupled atomic
diffusion near Ty, experimental studies on metallic
glass crystal growth often yield unexpected results.
The exact crystallization mechanisms and growth
rates—whether controlled by short- or long-scale
atomic diffusion—remain to be fully understood.

In a recent article', Louzguine et al. from AIMR ad-
dressed this problem using a combination of in-situ
transmission electron microscopy (TEM), analytical
TEM, differential thermal analysis, and differential
scanning calorimetry to study the crystallization of
a Ti-Ni-Cu-Fe metallic glass at 703 K.

“The key advancement of this work lies in our use of
in-situ TEM at 703 K—near Tg of the TisoNiz2Cuz22Fes
glass,” explained Prof. Louzguine. “This approach
enabled real-time observation of the crystallization

BRAEFEMROZOBHEREICELY.

process and direct measurement of crystal growth
rates at a temperature where atomic diffusion is
typically slow.”

The study found that crystal growth rates in the
TisoNi22Cuz2Fes glass ("2 x 107° m/s) were signifi-
cantly faster than predicted by standard diffusion
models.

“Our in-situ TEM study measured the crystal
growth rate to be orders of magnitude higher
than that allowed by thermal long-range diffusion
estimated from viscosity indicating a breakdown
of the Stokes—Einstein equation”, says Prof. Lou-
zguine. "We believe the diffusion at the glass/crys-
tal interface, can be accelerated by differences in
thermodynamic and chemical potentials between
the phases."

Future work will use this approach to confirm
this hypothesis and explore the crystallization of
more complex multicomponent alloys, including
quasicrystalline phases.
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Chiral sensors:

Advancements
through hybrid silica nanohelices
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Novel water-dispersible platform enhances
enantioselective recognition and sensitivity

One goal in hierarchical chiral-material design is
to develop versatile water-dispersible sensors ca-
pable of enantioselective recognition in aqueous
solutions. Such sensors would enable practical ap-
plications like chiral separation, catalysis, and pol-
lutant detection.

“Conventional methods for developing chiral sen-
sors typically take an ad hoc approach, where new
sensors must be designed from the ground up to ad-
dress specific needs,” explains Reiko Oda, principal
investigator of an AIMR team. “A better strategy
is to develop a platform that both amplifies chiral
detection sensitivity and enables broader testing
across various chiral and achiral components.”

In a recent article, Oda and co-workers used this
strategy to develop a water-dispersible platform
based on hybrid silica nanohelices that amplifies
chiral sensitivity when porphyrin-based molecules
are confined within the nanohelical structures’.

The team demonstrated that the confinement of
porphyrin derivatives—both chiral and achiral—
within the nanohelical structures amplified by
ten-fold the chiral optical activity of the porphyrin
molecules, significantly enhancing the sensitivity of
chiral recognition, especially for water-dispersible
sensors.

“In this work, we have successfully integrated porphy-
rin-based receptors into water-dispersible silica nano-
helices to obtain highly sensitive chiral sensors,” says
Oda. “But more importantly, our innovative use of
nanohelices provided a generalizable system for test-
ing various chiral analytes without needing a unique
sensor for each case.”

The team continues its collaboration with various
groups from France, Italy, Estonia, Ireland, and Fin-
land, with the ultimate goal of realizing a column
capable of chiral separation.
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Breaking the energy barrier:

Advancements
in phase-change
memory technology
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Nitrogen-doped Cr.Ge,Te, reduces
energy consumption in next-generation memory devices

In the race to develop more efficient non-volatile
memory devices, phase-change materials (PCMs)
stand out for their potential to offer faster speeds,
higher durability, and better scalability compared
to other emerging technologies.

However, due to their high cost and energy con-
sumption, PCMs are still primarily found in high-per-
formance computing, niche markets, and experimen-
tal technologies where their unique properties are
leveraged for faster, more efficient data storage.

“The problem with using PCMs in memory devices
lies in the 'reset’ process,” explains Yi Shuang, a
member of an AIMR research team. “This process
consumes a lot of energy due to the heat required
to melt-quench the crystalline PCM to an amor-
phous phase.”

In a 2024 article, Shuang, Sutou et al. addressed this
issue by investigating nitrogen-doped Cr2GezTes
(NCrGT) as an alternative PCM, by demonstrating
how NCrGT can dramatically reduce the energy
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needed for the amorphization (reset) process in
memory devices'.

Using a combination of advanced contact-resistiv-
ity measurements, microscopic, and spectroscop-
ic techniques, the team found that only a small
phase-change volume (amorphization/crystalliza-
tion) near the electrode interface was observed,
attributed to the contact resistance-dominated
conduction process in memory cells.

“Instead of relying solely on the bulk material
properties of the PCM,” says Shuang, “our ap-
proach to developing a contact phase-change
material enables a smaller phase-change vol-
ume—achieving a 90% reduction in reset energy
compared to conventional bulk resistance-domi-
nated PCMs.”

The team is currently working on exploring more
energy-efficient PCMs, including those capable of
crystalline-to-crystalline phase transitions without
melting, such as a nitride PCM2.
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1. Shuang Y., Ando D., Song Y. and Sutou Y. Direct observation of phase-change volume in contact resistance change
memory using N-doped Cr.Ge;Tes phase-change material Applied Physics Letters 124, 061907 (2024).
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Spintronics:

Bi/Co bilayers untangle

spin currents
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Spin-current generation mechanisms
to reveal relaxation times and optimize spintronic applications

Recent observations of spin currents (SCs) generated
via different mechanisms in different materials have
raised important questions: do these mechanisms
lead to SCs with distinct properties, and if so, can
their relative pros and cons be teased out?

“Both helicity-dependent photocurrent via pho-
ton-spin conversion and spin-charge conversion in
Bi thin films have been reported recently,” explains
Kazuaki Ishibashi, a member of the AIMR research
team. “However, because the two SC-generation
mechanisms occur simultaneously during photo-
current measurements, isolating and studying pho-
ton-spin conversion alone has been impossible.”

In a recent article, Ishibashi, Mizukami and co-work-
ers addressed this challenge by designing a Bi/Co
bilayer system that supports both SC-generation
mechanisms, enabling direct comparison of the gen-
erated SCs on the same sample for the first time'.

Using either circularly or linearly polarized light exclu-
sively on Bi/Co samples, the team analyzed the
respective SC THz signals with a custom-made THz
time-domain spectroscopy with Ti: Sapphire laser?, al-
lowing them to separately study the contributions
from Co demagnetization and from photon-spin
conversion—including the helicity-dependent THz
emission induced by the latter mechanism.

“Our approach enabled us to compare how the
SC-generation mechanisms affect key SC proper-
ties, such as relaxation times,"” says Ishibashi. “By
investigating the thickness dependence of the Bi
layer in the Bi/Co bilayers, we determined that
SCs generated by photon-spin conversion exhibit
significantly longer relaxation times.”

Currently, the team is using this approach to study
helicity-dependent THz emission in other Bi-like
metals with high spin-orbit coupling properties.
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1. Ishibashi K., lihama S. and Mizukami S. Different spin relaxation properties observed in linearly and circularly polarized
laser induced terahertz emission from a Bi/Co bilayer Physical Review B 107, 144413 (2023).
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Lithium-oxygen batteries:

High-energy, durable
graphene-mesosponge cathodes
redefine performance potential
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New graphene-based cathode design achieves
impressive capacity, stability, and sustainability

Lithium-oxygen (Li-Oz) batteries promise both ex-
tremely high energy density and reduced reliance
on finite materials such as Co and Ni used in con-
ventional lithium-ion batteries (LIB). However, the
practical application of these benefits still requires
the development of durable, high-capacity Li-O2
cathodes.

“Traditional LIB cathode designs not only fail to
promote adequate atmospheric oxygen flow but
also rely on binder materials that degrade on con-
tact with reactive oxide species” explains Wei Yu,
a member of an AIMR research team. “These as-
pects lead to limited battery capacity and cycle
life—hindering the practical application of Li-O:
batteries.”

In a recent article, Yu, Nishihara and co-workers
fabricated a Li-O2 battery cathode material using
free-standing graphene mesosponge (GMS)-sheets
with a hierarchically porous, minimally stacked, and

edgeless design'. This graphene-based approach

eliminated the need for oxygen-vulnerable binders.

“Our design’s structural specificity aims to enhance
performance by achieving three objectives: hierar-
chical porosity for better oxygen and Li-ion flow;
reduced stacking to maximize specific reaction
sites; and the elimination of weak graphene edges
for improved stability,” says Yu.

Through a multi-step fabrication process that pre-
cisely controls pore sizes across multiple scales,
the team demonstrated this cathode material can
achieve over 6300 mAh/g mass capacity, 30 mAh/cm?
areal capacity, and 480 mAh/cm?® volumetric capacity,
along with a stable cycle performance surpassing
260 cycles at moderate current densities.

A future direction will focus on the rational design
of Li metal anode to further improve the cycling sta-
bility of Li-O2 batteries under extreme conditions.
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H. Hierarchically porous and minimally stacked graphene cathodes for high-performance lithium-oxygen batteries

Advanced Energy Materials 14, 2303055 (2024).
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Neural research:

A leap forward
with hydrogel technology
and modular networks
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spatial and temporal gaps in neuronal network studies

Understanding the relationship between the struc-
ture and function of biological neuronal networks
is key to uncovering how specific architectures
influence network behavior in healthy and diseased
states—providing insights into brain functionality
and disorders.

To this end, researchers are actively looking for a
way to manipulate neuronal networks into a device
that enables the recording of neural activities with
both spatial and temporal precision.

“Traditional microelectrode arrays can record
neural activities with high temporal precision, but
they ignore fine spatial details,” explains Hideaki
Yamamoto, a member of an AIMR research team.
“We wanted to find a recording method that can
also provide exquisite spatial information.”

In a 2023 article', Yamamoto, Ayumi Hirano-lwata
and co-workers achieved this objective by combining
microfluidic cell engineering with high-density micro-
electrode arrays (HD-MEAs).

“In this work, our strategy was to use a hydrogel
coating technique to seamlessly integrate microfluid-
ic devices with HD-MEAs,"” says Yamamoto. “This
approach stabilized the construction of complex neu-
ronal architectures on HD-MEAs that facilitated neu-
ral-activity measurements, while providing precise
structural information on the neuronal networks.”

The demonstration of a neuronal-network manipula-
tion and recording method capable of providing pre-
cise information on both structure and activity has
expanded the team into a fifteen-university research
consortium, including AIMR, RIEC, Oita University,
Waseda University, and Future University Hakodate.
Funded by the MEXT Grant-in-Aid for Transforma-
tive Research Areas (A) program, the consortium
is entitled “Multicellular Neurobiocomputing?.”

A recent result from the consortium explored the
possibility of replacing artificial neuronal networks in
reservoir-based predictive coding with biologically
inspired neuronal network models®.

ATwiZMREEROEDAZZERE - BRERSICEBEELL

AIMREE®DA / NX= 3y

YO EER T 2HEMEBAEDLSICDEN>TVNT. ED
SOBHEEEHFHLTVWDIDONZEBET D EF EERREE
REREICBIDRY T = DEEDEVNZHESNCL KD
BECHIBEBDAN AL ERPT D L TCEERRELD,

O ULz Bl B DEE EHBEEDBIRZRDIH (T KRNICE
EENCEBVRRE CHIEEB ZRHRTEDT/MAD LT,
RIS EBECIRIES DRMORRENMED SN TS,

EEDL REBBY LA F BVEEEE CHRESZLRCED
EOD, ZBBERECERANHDE U KD IBBEEBIERE
FEFICIRFTEDAEEERUICEN SEIOHRDOEFKRT
Y& AIMRDIIARZEBEZIRISHAY Do

20235, |UAARIR, FHESHRSOMRF — AR X1IORME
TIRARERVWCHRERERTESEESRE@T7 L
(HD-MEA) Z#AEHEDZET . CORENEER L,

TRAFE B8\ ROT IV &S e REEMiE M2 IS L. HD-MEA
ETRAOORMGTI\A REBRICKRZDESICLELI EIUE
EHREFED.  COKIMICK>T BEEMIEZEHD-MEALICBTE
[CECE L RA S BE D REIRZEND LS D ER LI ZD
ERAIER T OERIERN D SN UhAh o IoHHREIE (A T
RIS DEB EMICREIT I 2 FIAEIC D TzD T Yoy

COMBRERMOEBEREZIKICDIED MRF—LAIF
AIMR, RIEC (RALRFESEENIUN) . KO KFE RIRAKXE,
NIFTIETRERZEET SHBIDWI T E L HE LT XXEBRIE
A RIPAREB KRR PIMEEREEHME (A) THEIILTE
WIINA A B DB ) A A BEANOHE2, %115 LI,

COFEENSE2024F108. UYN—OvEa—F1 VI EFH
FStzma UIHERRLEETIVCEVWT EREDAT
Za1-JIRYbT—=0% HD-MEA ETOREZEE Lo tiiE
iRy RO —UDBBETIVICBESBIAONDCEZRKBT D
BERRVRENRRSNIEBHDTHD

1.Sato Y., Yamamoto H., Kato H., Tanii T., Sato S. and Hirano-lwata A. Microfluidic cell engineering on high-density microelectrode
arrays for assessing structure-function relationships in living neuronal networks Frontiers in Neuroscience 16, 943310 (2023).

References

2. Project page: https://www.mnbc.riec.tohoku.ac.jp/en/about.html

3.Sato Y. et al. Jpn. J. Appl. Phys. 63, 108001 (2024).

34



B5

Biomass-derived electrocatalysts:

A leap towards
sustainable energy conversion
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for biomass-based electrocatalysts

Researchers developing biomass-derived electro-
catalysts (BDEs) faced a critical limitation in system-
atically optimizing these materials. Traditional
classifications, which categorized catalysts based
on biomass feedstocks like proteins or polysaccha-
rides, fell short: this approach did not adequately
account for the diverse functional roles BDEs could
play within a catalytic system.

“Without a clear functional understanding of how
biomass components contribute as active sites,
supports, or fully bio-based systems, new catalysts
with desired purposes remained difficult to design,”
explains Tengyi Liu, a member of an AIMR research
team. “This limitation hindered the broader adoption
of BDEs for sustainable energy technologies.”

In a 2023 review article, Liu and Hiroshi Yabu analyzed
the progress in biomass-derived electrocatalysts
by examining relevant works from the literature, ad-
dressing the challenges of inconsistent performance
through a more systematic approach’.

The team introduced a novel classification system
for these BDEs. Rather than focusing on feedstocks,
the review categorized them based on their roles in
the catalytic system—whether as active components,
carbon supports, or entirely bio-based catalysts.

“To address these challenges, we carefully analyzed
existing studies, distinguishing key insights through a
novel approach,” says Liu. “By thoroughly examining
synthesis processes, identifying true active sites, and
using characterization data to determine scale, we
proposed a new framework for categorizing BDEs.”

The novel categorization of BDEs based on their
roles and component scales provided a foundation
for a biomass-derived database—a resource de-
signed to accelerate the development of tailored
catalysts and help researchers address challenges
in sustainable energy technologies more efficiently.
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to studying periodic structures with crossing matrices

Doubly periodic weaves—entangled structures
with repeating patterns in two independent direc-
tions—pose a mathematical challenge. Originally
conceived to model real-world structures, such
as woven textiles and molecular weaving of poly-
mers, mathematicians have generalized the theory
to include weaves with any number of distinct
directions, extending beyond practical weaving to
a broader topological framework.

However, one major obstacle has been the lack
of suitable invariants to classify periodic weaves
consistently. Traditional knot invariants struggle
to capture the complexity of repeating patterns,
particularly in distinguishing different weaves or
defining minimal units for analysis.

In a 2023 article, Sonia Mahmoudi and co-workers
from AIMR introduced crossing matrices and adapt-
ed the concept of crossing numbers to periodic
structures’. These tools offered a framework for the
topological classification of doubly periodic untwist-
ed weaves, bridging gaps in prior approaches by
including both biaxial and triaxial weaves.

“The use of crossing matrices enabled us to encode
the arrangement of crossings in periodic weaves
systematically and to compute their crossing
number within their minimal unit cells,” explains
Mahmoudi. “This provided a robust combinatorial
method for analyzing and classifying these topolog-
ical structures.”

The team demonstrated this by calculating the
total crossing number of a weave precisely and by
establishing equivalence classes of weaves through
cyclic permutations of matrix rows and columns.
These results paved the way for advancements—be-
yond mathematics—in materials science, such as
creating more resilient fabrics or designing nanostruc-
tures with tailored properties.

Future research aims to extend these methods to
more complex periodic entanglements, opening
exciting new possibilities in both theoretical and ap-
plied sciences, including technical fabrics, molecular
weavings, and metamaterials.
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Micro-ARPES uncovers
exotic NdSb surface states
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Possible mechanism for generating spin-split surface states revealed

Understanding the relationship between electronic
states and crystal symmetries has driven advance-
ments in superconductors, spintronics, and topolog-
ical insulators. In antiferromagnetic (AF) materials,
an open question is how magnetic symmetry break-
ing generates exotic surface states (SSs).

However, AF materials like NdSb are composed of
grains with varying orientations, making SS investiga-
tion challenging: averaging techniques, such as
angle-resolved photoemission spectroscopy (ARPES),
produce convoluted results due to contributions
from multiple surface domains.

In a 2023 article, a team from AIMR used scanning
micro-focused ARPES to distinguish the electronic
structures of NdSb across three types of AF do-
mains, achieving the first identification of do-
main-specific SSs'.

“Qur instrument can scan a micro-focused beam to
collect electronic information across the surface,”
explains Seigo Souma, a member of the research

team. "This capability allows us to select single-do-
main areas for high-resolution, temperature-depen-
dent investigations.”

The key result of this study revealed that in the
low-temperature AF-ordered phase of NdSb, spin-split
SSs completely disappeared at higher temperatures
(T > 16 K, the Néel temperature of NdSb)—suggest-
ing that the spin order of bulk electrons may induce
the emergence of these spin-split SSs.

“Our findings are significant because they demon-
strate that SSs in AF magnets can emerge through
specific symmetry-breaking mechanisms,” says
Souma. “The elucidation of this mechanism could
open the door to dynamically controlling surface
electrons by manipulating bulk magnetic order.”

Future research will focus on confirming the topo-
logical nature of the AF material SSs and harnessing
their external control for applications in spintronics,
catalysis, and quantum technologies.
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