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Executive Summary

In this proposal, we show that the construction and utilization of a "digital twin for materials
creation” is extremely effective in accelerating the materials R&D process and achieving
innovation. In the digital twin, the entire materials development process is modeled in cyberspace,
and the development process is carried out only in cyberspace as much as possible.

In most industrial fields, there is a growing expectation to improve the properties of the
materials used in each field. However, the materials currently in use have been discovered
because of improvement long time to provide the best performance for each application, and
it has become extremely difficult to discover new materials that surpass the performance of
these materials through conventional materials research and development methods. Materials
Informatics (MI), which uses Al including machine learning to search for materials based on data
obtained from experiments and materials science calculations, has been expected to be a key
technique to overcome such situation since around 2010. Although MI has successfully provided
its effectiveness in some fields, it has not yet fundamentally improved the efficiency of materials
research and development, as it often fails to synthesize predicted materials or, when it does
synthesize them, fails to achieve the expected performance. A reason for this is that the results
of the material science calculations that Ml uses for learning do not currently coincide the actual
material properties with the desired accuracy.

The material development process in real space is executed by repeating the "design-synthesize-
evaluate" cycle. Since the digital twin for material creation requires the cycle to be modeled in
cyberspace, it is necessary to create appropriate model of not only the material itself, but also
the environment surrounding the material and the interaction between the environment and the
material. To achieve this, the following issues in current computational materials science must be
resolved.

R&D Subject 1: Development of Modeling Methods for Realistic Systems

The first target is to build an appropriate model of the real system in cyberspace. In
computational materials science, some kinds of computational processing are performed on
models of atoms, molecules, or groups of atoms or molecules created in cyberspace to obtain
information about the state of matter and its time variation. When proper modeling is obtained,
the calculation results should predict the result of physical property measurement and state
changes of materials in the real world. The appropriate modeling methods depend on the target
material and the information we want to know, so modeling methods need to be developed for
each purpose.

R&D Subject 2: Development of computational methods for frontier areas

In first-principles calculations, which are the basis of computational materials science, there
are certain objects and phenomena for which it is difficult to obtain realistic calculation results.
Among such difficult targets and phenomena, the particularly important "electronic correlation,"
"excited states," "dynamics," and "multiscale" are called frontier areas in this proposal. To handle
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frontier areas in cyberspace, it is necessary to develop new computational principles and
methods.

R&D Subject 3: Development of Multi modal Method

For objects that are difficult to handle with a single calculation method or modality, it is
important to combine them. The combination approach includes the combination of different
computational methods in computational materials science (e.g., mixing multiple frontiers), the
combination of computation with experimental and data science (e.g., data assimilation, machine
learning models), the combination of different types of computing machines (e.g., CPU and GPU,
classical and quantum computers).

To promote R&D in this area, national research programs to develop the methods listed in the
subjects 1 to 3 will be necessary. Moreover, a research center, which is a long-lived organization
that takes in new software developed in R&D projects and continuously improves it and
provides user support, will play a crucial role. Since developing new materials science theories,
computational methods, and software and making various technical contributions to their
dissemination require different kinds of skills, motivation, and time management, it is effective
to have both short-term intensive R&D projects and long-term sustained research center
operations. Furthermore, to ensure the permanence of developed software, commercialization
in the broad sense of the term is necessary. It is necessary to take measures to support business
development for social implementation, for example, by creating a framework for venture
support and a licensing mechanism, as well as efforts to foster the industry. It is also extremely
important to conduct the necessary human resource development within each of these

measures.
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(1) BREEEOETILAEYAN—EBICEBAEYYIUEETILEER TS ZE. (2) YAN—EBDOET
IDIEEZEREERUBEET AL ORERAYIaL—YavaREBETSIE, (3) BEEBEY /-2
DEDORABDERICE>T, BEETILOBHFEITADLIIITEE. =E(FT-,

NH3DNBHREVTIVTZIIAIEIOCADBEICYTIHD L, REZBTOYTUTILRAETITHON
TW3 [t — (& - (59 OYA2ILOETILE, HAN—ZBICBELLZEDEVWZS (K
2-2)e MINE@EULT, [FZEZ L TEERNTEAVIBEIR. EREETYTUTILHEY 1 2)ILH YA /\—
ZERICBIMNMTWSZETHRTZZENHEFINED, BIROBZEMOBEAANTCINERIRETZ_E(EE
FECETULRLY,

X 2-2 TTVTINRIRD=ODTIIINI AV DAA—=D

1 Piascik, R., et al., Technology Area 12: Materials, Structures, Mechanical Systems, and Manufacturing Road Map.

2010, NASA Office of Chief Technologist.
2 CRDS-FY2017-SP-01, https://www.jst.go.jp/crds/pdf/2017/SP/CRDS-FY2017-SP-01.pdf
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2.1.2 WFFERHFEEREL DR

B EISRARIRZ R EOMBZ RS 572023, MaYERZ LOREBREABTFEORED
DE(CD, MAELLHEFEEERICESOICE, FEZTILODOVIRNIVITHFELROONDA,
UTDOESBIHRFAFEZNMDERE LOMEDL H 2.

QHBY 7 I T HRRRIE

DHAETIE. 2002FEN DD CREST/IENFEEHEE [VIaL - aVRNOEHEERCERDOE
F|. 2005FENHD CREST [WILFRT—IL - RILF 714V v I RABROFESIaL—>a V] L3I,
2000 FRICIF. FILWEHHEFEZFAR T 2ODARRENETIN TV, BEELEIEDNTND LS
BREEODHERZY I NI ITOBEFIEZORBICEEL WS, LML, A—/=0vEa1—% [R] H'%E
Y %2010 /&N L, [RIERF/HEEVI2AL—Ya VY I N IITZOMERMFEITHPCIBEETO0 5 L
[RANRESRTOTIL] EWwoley, A==V Ea1—%DN\—R7x7HEEIOT 7 MIARELEY 7
ROIFRREF—LP, XTUT7IILEEOHEREEL} OFOHEF—L. H2VE MPIDLSHITY
TILR c AV IARTAVRAEEABEUHEREF—LDAIDEEICMMEST 2L5HKF T BEIODTY
ETONDZENE oIz LWLIDESBRETIE, BEVINIITOHBRHIFIITATE, 2<FH
LWYIRNIIT7EFAKT I3 L. MARZARICTIRENEHINTIRN 51,

OV I R IOIT DR

2000 FRDOFARFEAHETIE. W<OEDIZ—IBRFLWY I NI IT7HRREINIA, BEE THREMNIC
EASNTVWREDIETLK—ERICRAN S, RSNV INIITHIMENICEET S0121E /N—R
VITPRFEORBEL(ISEYICN-YI3 YTy T L, BEREUADIHRE CELLEDNEESIZLTNL
REDHZ, LHL, BERZIE--7OV 7 MOKRTRIS, KEZEDOMREREM CRERDIARZITVE
Do, VIRNIITDRERBICHDEBRAVTF Y EESEITH>TWK ZEIERETH T2 75 LIZEIZIBSZ
EMEBHICTTRE CTH D ENLMRAREAC—TOBEAREZRIFIE, o <ERLEY 7NV IT7H
FHISERASNDZERCHATW FENBEELLTWS,

ORELAMDERE

SAEMERZEOVINIITHNERT DEHED—DOTHD. FIE/N—RITT7AORIGZIT>TTIZIE,
MERZ - SIERZOMBICINA. AER—FT7I7F v —IOVWTORVEREREER D, LML, V
ThOIT7EREDN— R 7 ETHRIKEESEZODMD BRI, BXEEDTHTIT7 TOERRE
([ZEFRBOONUIKCW, FHLUWERPLEHEZILTV XL ZRE VB (CHRETHMAEL. ARLALYIRIDT
TaEBRABRERAL G LWICAZHABLEAREICER, COKIBREDEHEZIES AMHBDPBARATRI S 3
VER - FrUTTYTTHIERBEUVERERNH D, ERTHIDNBFTERO TV LIS BRIBDOMEET
IH. BT AMAMA IOV METRIC, RORAMZERDIFHIENTEY, 25 LIEFIFRDOHE
KO ZDRFZBERTEFR—VaVOETICEEELTLED,

3 PIZEXERZEAOTREE IO FARUAERE). BKERE [TREBREEME LIRBEOZTR - B8 - £2
EVERBEZEBOME] TTTbnlz, SZAF. CREST. YTUTIR AV TAITAVR ITVFILDX TSy b 74—
LBRICS T —YAIH - FREMEREE IO LY ML,
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NEDOD@BB /O 7 b, HIFLOIHK - MEPEZEROMBIARELERLTI/20(2EEIT 2% BIE
ELTW=DEZD=HTH S,

LhL., HRNICEYTU7ILHERBEERIEETH I EDRHIIHBINTEZEDD, ZNHOTO
VIV MIELTIRTDOYT I TILHENEN—RICALIEONEZ LS ITBRST=0IFTIERWN, ZDEREE
(3. STEVERZOYEFTAEANTTDTHEZ P, HHEREERICYENFATEELTE, Tl
LIEMBEZERICER TEDNIOVWTUE, ELWFRANRINGWI EREICHD, RIREIFZDIRHE S
[CFEANTNISEVWSEDTH S,

(2) EBHHLVITUTILOMEETH

TIZIWYAVHBERTENL, YT IVTIILEABEOREEDHEEERLTA/N\—2F LICERDATIENT
E578, REORBCHANHLUWERICBEALTT AN AEICLS, SESE. BRME, FH. BBV
IBRIRE ST A 2 MBI FE. ZDFHEZTO RBRRBBE(CZKAIARXNERATIDENH D, ZD
LADRY )= T2 TAN—EE LETITAZIET, FHEICHDZ IR - BREEKIBICENT SN
TED, MAT. AERPHERREORENICHIEEERGFUNTELLS CANIE, REYIKEES
[CITRAB LS8 %,

oo YTUTIILDELE - REZTOIEELIMIEUT DL S BHRERIET,

(3) FABEEMM B DRI KB TIBMA - EEEM

INETEREICESTWMRIOMBRKEDORRZ, HLIBEMRBENICRRE - FTATSHILT. INET
FELUAD STHTIISHE, TiSORECHEEBRICONN S, FIAIE FLUVWEBMEICLZKER -
MBEHDRER E KBRHESADER) |, [BIEOIRICKDHERE < /0T v IANOBRRLKIG] [E
FTAMRI - G - EHEELE(CISATRGHIRCESRBLEGRERR] REODREFENHD, 5 UIH
FICIZAB LT, HIRRBERE2, ACORREGLEMR. £RT 7/ AT —PZNzBWY —EXDER.
Erom#ib. 52, 25 LERICERT2EREXORFNOA L, BRENPRFTE2, AKIC.
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BADYT 7 IVEEDEREZIEKTE S,
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2.3 FEEdh EohR

(1) 72V T4 7HEBOHRLI SFHLVWYERIZEEHRL

HRRAERE2 (LS 242070V T« 7. 8B, [MEREl. [§F1F-3I0R], [WILFRT—
L RTVTIVBIEOEODTIZIVYAVERICHDEBERGHAE CO7AY T4 7 CHZHERRKFIC, YT
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WINDOBREERTONEYERFORTCERABZZAHI IR THD., £, RETERIL M
THIELHLWHRTEH D, NOEELLIRL, FEODRETCOVEDHEEZFATESLS>HEDHIK
WA TENE, YEICETIEENLERAEELI-ZEAERL. WERE LOXTER(ICHEYT 5,

(2) HBRYPERKOER

TTFIVTIBIEDIODTIZIVYA VL, T UTILOHRT. BE. EF - BFICEMITZ2EDTHBH
RTVTIVRARZDEDET AN —EETTASAEENH D, TNETD, YTIVTIYAIVRIZEITS
SHEEERIE. K2-30EMIICRTESIC. (a) ERNICKREIN-FHFTLREKOBERZHETIERET
IWEBEL, ZOETILICHUTHBEHEZTVWERBEREEIZLAER TS, HHWLE (b) HILE
REINYBERICEOVWCHAETREAEDFAMEZHEFTEL. EERNICZOFAENESONIHZIRIE
T35, DELLAID/NY—VZWD, RIFDOEFEIFBEEF TORR., FKEFABOBENEE. RIIFE
BORTITONZ AR EZNENEKT, BL. TIYILVAUHBETENL K2-3 () [TRITLIA.
RTVTILROZDELABYBERT VYILYA VU EBWTURENICRIBIE, ZORNLBEEOERLER
DHORATERVERRERDITHL, ZNEABICRET 205, FLLWEBBEORNINEENEEZ
bND, IBED, ER-ER HEEBROTA2)L (KM2-3 (a)) (26, BR-HE-RBR-EBHROY A
7L (K2-3 (b)) 126, ABICKZREEH TOERPBEICLZERDTOELANEGEND=H. U1
IINEBRLEITZENBUN Tz TNITHL, TIPILYAVEESY AL (K2-3 (c)) (FEtEEDH
FIITHERREET O, EDEVWTAIINERRTELAREUENH D, NIZED. ABDEENEIRRL.
H-RERELPIKTEHIENEAFINS,

X 2-3 NETORTITIIAIVRE, TIOIIWIALVZRAWEITITIVGAI VR
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TCiRND, 2.1T(CEBRRZES (2 FIZILYAVICIZN(1) BREEMOETILET /NN —2Z=R(ZHEE] [(2)
HAN—EEDETILNIREZREAZMERIFMNICIELCER], [ (3) BEEE—Y/N\—ZHOBDBERR
BTHENICETILEEH] O3DDERNVRETHD. COIBROPRTIE, REEB TOBERDEIF P
ITVTILICH T 2 MIRIEDE N E. RESDHEZBZ SN, ZNUNDTREIRT, SHEVER
PRI O N D, LUT3.1~33(28IF23 >OMBRAEREEAR2-2D EICYyEV T LEEDON
X 3-1T#H 5,

X 3-1 RTUTZILREDEHDTIIIVIA Y ICHERIRT AR FE

3.1 HHEZRDETY v I FEOBR

PAN—ZEETORFLAF. HHWVEIZOEHICH LT, MEREZTICLALSHIDOEENREFTEL
BTV SOoNBERRNS. DEORECHEZECBREDRODBEEREZELOETIIENFHEYE
RZED—DODWRETH D, CZTHENS [RERDET VT ] Ll WREBBYTUTILOBEEPRELE
DHEBEERZBITT 2OICRE+ABRYEBNETILETAN—EBICBRERIT DL THD, BYRETY
VIHERRTELGE. BESENSBONENREOERDAEECREZICHBMLFSHND,

REZRDET VY ID BT THEIDEIMIHNRETDEBICE>TRLRZ ZEITERLARITNILLS,
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BERICHENRFZND Uz, THOUEREOMBEL FELRZBEDETILIINLT, EFREOHEZTV. B
FBREICHTDRFOLDFORBEIRILF =P, REDFOREBTRILF—WRENDZDERHRDEEE %
BRIDENTONTE ., BELRLBIBECREOTTTOY I aL—YaVERIE. REMNITEEMA
EAERTZENTETCE, ERELGBRUSZIEERDHIBREITO_EIFZE LN STz, TNITHULEET
(&, STEHEOFEENIDALICED, XKERTROBFREFENTREICA 15X, BFAREDETRE
MEEENCHE S  NFORFOLVEBEENZZELTEDLSITH>TVS, ZDESIZ. BEDF/
HTFDORFEINBEZDEDICFHLT, SHEARITTE, DFORE - BHEIRILTF—POREDAHZIXL
REEZBTHIELABITHR 125, ZOFITIE, REOEEEFEETILICRALIZIE T, RREDBR
P, RISEANZ X LDBEPEERRADELWRBESZ 2 ZENTED LS 1Tz, ZOBIICHITEE
PR ] BTV L. [BREREBRIOEBONAYERUBEETILOZEAIB LTV,

—7. BHEOEBETOBRILERDZMICEDE, BBDTCIELTIE, BRF - #FLANILTOE—R
BEEOEANFELVWA, EROMBRIEDGEGERLRD, RELUZERTF - 2 FOIRILEF—H, EBD
BUICKET 5, BBMOBADEEN, BEBHIOIYIART — /L THNIEERBROPICETRATWSTZO,
FILKEREZERIGZEET 57-HC1F. CORSBREMRENOBNIEIRE TOIRTEZFENRET D
REDLHD, LNILZZICEFNZIREFRIIEIICERTHZ-0H. EMRENOEBRBRANIRNTOD Fi&
WREUEHEZEFARLEIFICEOVWTITS ZEETERL, ZOMRBEIZH L, BAEICEALTELLE
—REBEHEAZTV., EENOHNERE (AU UIHEBRE B THOIRVWELSL, ZOBE EFLORC
CECRBE B RBERESCENYMEEE ROT-AES A H D, ZOBAEDEYRET VL, KEE
BEDRF - PFHNRADBHEEREZERAELTEDIRS A Z LEF<ORCIRELEIEICHEYET 5,

Frz. BHEAOXRMBEICEET 2YMEZBARLWGER. BET2EROREICERICE>TERT HEN
EREABZEBRLI-WESRESE, INTOREFMABESADLOIBRET IV IEEZTLEUITHRL, 201
ZNDGZEIC. BERZBEUICETV VI TEFENFETDIEEZIOND, LIS WEZDEDIZDOWT
I3 TR ER7OEAREA7OCRICELTUTI. Z207O0CRICHELBRREEOHEEERZENA
ATEET IV HETSRENH S,

HENRIEIC, SHELAWVYEEZEIL, HREBDZI—VDOBEYIARET) VI DEIEBRLELNS, Z
NOEDOHEBRFEMHL—BIELTWK ZENMERIZICE T2 ZEBEICIIDEITA S,

K3-1TlE. CNHDETIVIICEATZREZREZENOY AN\ —ZH(ICBCALDREITRLTWS,

3.2 7v v T 4 THHBOHEFIEDBFE

BYIRETVVINTELELTH, ZNAERICFHEARE LIRS AW, SFEMERZICE VW TERKE
ROBRENIMIELUVWHRCEKNGFET 2720 TH 5,
ARETIEERZHBELUIKLNR - BROS5, BERZIOIKRS LTHLEER [FFHEE]. [k
B [F1FI0 ] [RILFRT—ILZEEMERZO 7OV T4 7HEBELTWS, BITIRENRKHE
FTHIN]. [RFAFTH N BEBETZ2YED [—EEN]. [EHH] THEIDIENI-2D4RE
Iy TSN, ZNZNDORRBICEITHELDFAENREZRL VWS, Ty 7OFLIIRLEZOD, 70V T+«

5 Takayoshi Ishimoto*t and Michihisa Koyama, J. Phys. Chem. Lett. 2016, 7, 5, 736-740

6 S. Nishihara and M. Otani, Phys. Rev. B 96,115429 (2017), J. Haruyama, T. Ikeshoji, and M. Otani, Phys. Rev.
Materials 2, 095801
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NTE, L. NWA=REFILERVWTEERDEH L WIBECYEDFEENH D, o, ERNITEDHS
ZEDREEABR/NIA—9EBATEEDZYUREDETHHEZVEDTH ST,

FIEIREE L. FRROEFHIEERELINEFVIXILEF—AF ->TLWHRET, WEIZBLWIXILT—D
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BFENDERELNRICETBIMFIVREVILFRT—ILE. BF - DFINEZ(FEASEEE>T
WBRRBDI 1L —23rpv/ARBEICETI2HEZ. B IT2EFOFICEATHRHRE DWLCEDER
BTHD, F1FIVR . LHDODRF - DFOEBEZARABRIERICKL. BONIHENOERE
K CE2ARRBEREENL TSI EHE RN BREE RS, VILFRAT—ILIE. BRERECEREAT L,
BRZYBHETILICHLTITONSG Y I 2L —Y 3V OfERE, SELORVTWK IENBEE LS,

70VT4 7B, BEOBEOYE. MERR. HEYECSRVWEREZRF>TVWSEH. FEEBICE
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EZDHN B,

X 3-2 HEVERZO4>O7AYTA4T

7  DFT : Density Functional Theory
8 LDA : Local Densty Aproximation
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OIRDEBICHFENDIN D, £lo. AEYEOHEEERICEAODZRFRAT—ILOIIaL—2a VA alREE iR
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128, IR ROILENRBETH S,

FAFIUR VILFRT—ILICEALTE, BIRDOBSILFEREELCEDFEZ AR, CVD (Chemical
Vapor Deposition) TOXEFFEEZSE. REALH. HREROELIYEETI/ILEEZEVNTYIal—
FUIBIAREDNRE 2ENTWNSD, £z, F—REHECMMEELZHALTARELRFERDES %>
SAL—FIBRIEERABTRICHLUTITOND LS IZHHTETCEN, TS5 LIEHRGIEEA LEIF. EATA
BEMEARTREEOPL TV ZENREER S,

T—YRZEFRALEMIDS F<HEELAVWERIEZ. ZOLSBRRICEALTREBEDOYTI7ILT—%
PRELTWS=HTHD., T—YRZEQOBMINAT TO—F LT TIESEBERDDZENTERNWI L
&P, ZAVTA7HBORERRICKIFAEVERZORNDILERICED, EETE25EMET —5H
REZBONMNE, FRLTWREDDT — Y2 EENICKOZ ZEICHET R0, T—YRIZEFRADYT
Y7 )LREREEILT B EIZDEND,

3.3 wAFE— X NLFEORHFE

SAEYERZORREEEZAITSI-OHICE. HOFE (EFVT1) COBRHPEDENEEICLRD, HAE
DEBEY VT LTI, STEVERZOFEARATOEAEOELANI. STEEER - T —IRZDEH
Eht. ERPHEN—RIIT7OEFEHLERENEZIONS,

S5 LEESUTADRAEDEAIL. TITILIYAVIZEWT2D2DEKREWDH D, SHEFEDEHIE
HEld, WREARREE2 CRREZ7OVT 4 PHEBICEIT2EAEDEREN—DDFIERZH. NEFH
N—FEATORERBREADA LICEMT 5, ER. WRELTWSERMEICE, BIEEREFRTED
EREREDES (2. 22U EDOT7AY T« FEBEREICE ZBITNLBLBWT —INEFET %, 7OV T4
THEEBD—D, YILFRT—ILE, SFEVMEREROVILFE—YILEO—ETHS,

9 Imada, Miyake, J.Phys. Soc. Jpn. 79 112011 (2010)
10 J.A.Flores-Livas et al., Phys. Rep. 856, 1 (2020)

11 K.Yabana .et.al,Phys. Rev. B85, 045134 (2012), Y. Hirokawa et.al, Int.J. High Performance Computing
Applications, 36,182 (2022) &

12 T. Akiyama, T. Ito, Y. Kangawa, T. Nakayama, and K. Shiraishi, Springer Series in Materials Science, vol. 269, 2018
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ERPT —YRZEDOEAEDEIIOVTIE. HEERICEIBEFERREZERELBRLUTEREZR
AIBIER, FHEICAVS/N\SX—YZRRENLEBTSHIE. HE—REHENGTEONLT —FZHEM
FEDINMT -7 LTRWS ZEREMTONTE L, EFETIE, F—REABEZAVHEDRRER
EZRHBHERIC, BEIERBROT -7 ERZzHNFGE L IREEBSEZESRICRE - RETSHVIal—>3
VERLREINTWS?, E—REHENORFIIRILF—HELINORTEBEERDLISIET R,
FBICELDOBMIMEZR OIRILF —BERERDD. (FEALDHE, EOBELZELIEBEETILIC
fE>TLESe CNICHL., RRERZHHIEEMKLUIcRBCEHERBVD LT, RBELIZRLRHTN
EICHESZ <, ELWVEBEZRDIFZZENARELS>TETWS,

NonflE, BEROREEZY AN —ZHICRMRIBIEVWSEKRT, TIVIWYAVTRAERD []
REE - YAN—ZBEOER] [REZENODAATHAN-EHDETILEZRRT 5] ZRBRICIT>7
DTHN., ITIVTILBIEDI=HDT IZILYAVDOERICAIFEBREATHDEWZD,

REBZFEDRBEVD RTIE. FEROCPULIFICKZEFETIZNRL, CPULGPUZBEAGHERD.
HHRIOVE1—YeE8FIAVE1—Y2lAAaDERD, BRE2T—FTI/Fv—DFEN-FIT7%ZED
TTUESHAELBENEDNRSINTWS, CPULITZAWEEYERZOFERISEISERSNTWSIET
(2. BRULTWZERD RN RHERERDIN, BRIMBEERON— RV 7 OREZRARRICFIEHL
HAHAEHDEDIET, SHEENZALEIEZZENHFIND,

3ODERNLMRRARELN HIEREES TN, ZNOZAWITUTILBIEDIZODTI5ILY A
VOERENREEL D, FIRDESICTIZILYAUEICE, SHEVERZUADT I/ O bR BEELD

28, FHAIPERICET MO TRV hEERETEIENRETH D, CNOICDOVWTIELIEDHES
ROPTHND,

13 N. Tsujimoto, D. Adachi, R. Akashi, S. Todo, and S. Tsuneyuki, PHYSICAL REVIEW MATERIALS 2, 053801 (2018)
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4.1 WF7EpHFE DHEME HTE

FEIBCHBIT-MERERREEETIDRICIE. EE. BN, REDELRS3D2DOAKICK>TITH>ZL
NEETHD, £7 (3. SAEYERFOFERARELZTOMEER IO/ bOER (4.1.1). STEYER
B —FEUI—DEE (4.1.2) HERE(IZAFEYVRIEOXE (4.1.3), [22W\WTHERD, ZDHE.
3DODARDEBICEVWTRERR, ZHRBEAMDER (4.1.4) (2DWTHENDS,

4.1.1 FIEWEREOTEPAFEZ TS MR T vy =7 F D FHiti

BERDETUVY. 7OV T4 7EBORE. VILFE—FIULHEEEZTRE LH LW EF EEMAR
I5HD, FI-BHRER IOV MNEERTDENEETH D,

RREDIODDOMRHABELRRTZICIE. WERZICZHL., INERHTI2E0EHINRELL D,
BFRPHFROERERDERD, TNEEENICERTIREETZ7ILITVILOWERFE. REEET
DEHAARCERBREEDETHRFIETRERT 2 7L —LT7—7 - FIEORGFFELE., SEMERFEZ
DEDDIAEREATOTTIMTHD, ZH5LETAY TV ME, EEFTOSSBR/BEEEWVWFT75VY
DY IRIVDIRRAREEHEDE DA TEEINDIDTIIHRL, KDYERITOAERDOMFIILH
LTETRIENDEERD, 7OV MRIBEELTIE, JSTOEBHNAESH I ESERENEESIND,
BE, 2000 FER(CIE. AEVERZOFEFBZENE UZ)ST CRESTHAEEINA, R—/N\—1V
Ea—% [R] ORENMTHONIZ2010FENS(FE. N—RVz7RE IOV 7 MIATTHH T A—/\—
AV 21— 9%2WERFIBITZEICERIPBIMNATOT TV MROER>TE=, T YTUTILIC
BETZNON DAV I N (TREME. YTUTILX AV IAITAIAITITILDX TSy N 74—
LBEICBII2T -7 - SERAMAERE IOV MRE) OFRICEHEYEREAEYTZ2F—LNE
ENTWEHD, ZNZNOTOY T FOBENISA>TEHEMEBERZFEEHE - FHUTWZENENT
H31=H. FHUWHEFEZHETI2HATRETH 7=

BREAICEVWT, SHIEYERZETLL{ELDNTVLWREZNAR IOV S LILBAERNZ L DABEIZHE
AREREBICBLTSVIRYIRELTINGDY TR IIT7EFEWNGEITEZELATETWAWL, YTUTIL
AREDEMRELLD D DRAEMDARAREBNZRIVEINERT 2 EATERVEND, SHEVERE
EERALEITUTZILA/R=2 3 v aEHRICERITTEAENT > TV ZHDHEEB TERVENHLH
%,

4.1.2 FEERFRYV Y —F 2 X —DREE

MUWHEFEZRAEIZLITE BERAOHEMERZNBORRIEH W, TATITICEWT,
MERETAOV I b2BCTRELLYIMVITE. ZOMABETOD 7 FNADEFIOWRE - FHHE
EBHENMEAT SR (IHELCHREZHRELENIRRZ LIT5, LHLEAS, HETEIEONTLS
BRIBYIRIITDESIS, VIRIITZERSERHBENICRRESE W I L2, EBNEVWKEHREOD
BEOMERETIOI LV FATITO ZERETH S,

HRFE HRTVITVILICEIKCY IR VITEZRFELL LT, ROKRETIEIZNEZHERRNICRTE

CRDS EHMRRAEARZRMIREEE TRFARER T — CRDS-FY2023-SP-02



BR7OR—FIL | SEWERAOFER ~7 sy A ic kb RIS o~

B2ZE. WORIEERICEDEBF1— VI EENREL LD, Fa—ZV T ICE > TUIBREHME(C
BNUE, N\—RREN2EHZZEERBUTHD, Fa—ZVIFEIFEEICEEELRD, ZOFEIMIIN—K
BICERZDT, N—REETHHAELVY—FICHBETIEMTH D, LIzh > TIS5 LERBRRICK
IBCEBYIRNVITIVIZTIE, STEYMERZIY—FEUI—ICLoMDERBIT D ENDREEL D,
BNV I RNIITIERARESIL—TREI TR, FZFENMES L TILICZONBOWRHAENEKET
%o ZDORIZIFV IV IT DR RF. BE. WEBSENVELLIN, TNZ2REEVIL—TTiRRRT
BICIFREANHD. EITTI—TDBBUCE>TENETOY I NIITEE (£/0/\D) HEUELTLZE
S2ZEEEL HDND, THOULEERBZBCAOHIC, RATIEAI 2T —R—RATHER., BEZTOAZEL
H3N. BEATEFEI2<ENTWEDNAEETH D, Floo REZDMREBCPENDHAELVY—(2EIT5
BB, EFANEELALIIA T R-—RADEREETEGE., BERNWEEBIFETZ2EDD. Z<0D
BE. DT LEMEEBOBNE LTUIBREINTOWAVWEENREFSH P, MEEEEDMBICL>TER
LNTWS, COBZXRNFBAIEN. BRIEITI2HAEANDETH D, LEALHEYERZHES
(https://cms-forum.jp/) DESHRAMEIHEHZEDD, BRIIBDBICEEFE>TVWDIDONIRRTH 2,
5L, VIRIITOMBGH AR, Fai—=-v) EREETHEDERNTHDOH BN EEN
fEL. INEBBLTI5EVERFV Y —F LV I —DRENDETHD, VY—FLVy—ICIHEEH
BEROMHEAREELIESIFERRY Y I7DOT., ERNEBEEBEEIE YT UTILAIRT YLV A VIZHE}
FRIEMNRARZHET 5. TNERRTE-OD TSV NI —LDBELEE, HAREDHROT
BfiEAEHEL. TIVTILVAVDOBRERTHDY 7RI I 7O - EBEA—TTERICEBL TN Z L
NEFSND, TORREL IV —FEUy—Id. EEZHBIDBEERD,
CITRRBYIRIITZOVY —F Uy —(d. ARIMBREDIAERA V7S EIFELD, YIEBHREFIL
RELVTERT2DEIILRWV, TTICREDOHEYVERZENRELTEETDVODNDTATITOYA
(CEZDEHMEME LTCOEREAETHD. BT LEERDFEYY —REFHOBEHNLR,
VH—FLVy—DEENTEL. BENGHRERENEZHBASENTELERET. VI—FEvy—
[CBEINLYIRNIVITFEBEIEDE T TIVILVAVOEBROBRERICDENDZEEI YV THD,
ERICT VIV AV EEZHICIE, MRRIZEPHERBNZOEMR., 70757 - SERE. Z<DAM
DNRE(CHRZH, KESOHEMERFIY —FEVI—-ZFH . £SICZFDESBAMEINTET Z5H
ELUTHEBES 22 ENHAF SN,

4.1.3 HERFRICH T2 2MED R

MARFEHR IOV MDOEIE]. [V —F U5 —DBE] Z2RBEZRIEIC. VI MIITH RN
[CRELTWIOHICE, RENICEBRAEIBREELS,

RTE. HRENICAFEDONTVWBEHELRZEY 7RI 7 THB Gaussian(d. 1970 F(THKEH—RF —X
AYA®D]. A. Pople IZ&>THFEIAN., LIEOIFEEREBINSZDBE, GaussiantICEFENEND. B
BYITNDITFERST=. BRI BELCHREZRIT. RIF4ETEIIN=I 3V Ty T EREITEHS
RFEZ1T>TW3 (&HhRIF Gaussian 16).

BEANEEEOTOT S LE LTHRANICAAENZ L, VASP (Vienna Ab initio Simulation
Package) &, 1993FICA—RAKUT D4—>KD Jurgen Furthmuller. Georg Kresse 5(Z&>TH
FEINT=, REF. KresseZHRDE LIRAREF —LDMEHNICN—U3 Y7y IUEA L. 74—V RED

14 WHFHEEAOD, EFAVELI—FHDOD, SHITIEFTYIaXBYEEDIOWE>TWSDON, T—7#iaeEhnEDn<
HWERDOHN, BREDHNWHEREKRAERBL(Fa—ZU7952EMTHNTVWS,
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LEEYIRNIIT7ELTRHEINTWS,
FPHATITTEENYINIIT7 %, LRDFEVERZ I —F LU 5 —TAVTFHF VAT BH1BEIL
A——HDRVWDHOERBETIEIEN LAV FaAR— a3V FERTHIN, HEBEZERL-EICE, BER
PHR—MIBENEBS ADNENTHD, ANERETHL )Y —FLry—ld. BEEEDLS(Z/NEDH
DOF<FF - RFBIFTVICKWIEIZIMA, BEVWAMOERRZ#IET L6, REODANERICITZ S,
H-oTC, HEIRENDI—HY—RN—EEEL. BRALDRAHNIDOYINIITHLEBIEDEEESTL
KZED, ZDEDHBRERICITEN THD. ZDRIBEELZBENCLILTEZHDRYFvr—KIEP, V
TRIIT7SAV ADOREHEDLD, EVXREEZEBL W ZIEDNRETH S,
KEEDMRENANNERICE>THELLEVINIITHERBET 578, EVRZAIELLTWBERIL
WEDODBH D, TEAIE, RRRFEERMARAMERN I 2L —YavViAREYY—CIEER /O Y
FEZFELUTREBITCESHRITOYV 7NV IT7ZRE L. TNZEZLDYIRNIITRYT—II571EV 2 H#
ELTW5%, £, AEERZLIHEBHER (UK) 25FEBLLEVYINTIUTZILYZaL—YAE IO
VTV hTIFOCTAZREE L. INEBERDOEEINLLNFIEREZEOBRATIREINTWDS, —/H., EFE
RTCEISULEER7AV IV M TCHE SN TUDOE YRR EEMFETIRE (FEXETRNVARY D
b () BREEBENTWS, LH L. INETOEYRREIEY 7 NI I T7 DRFEPZEMBIFNE THH T,
V1= avig#iEhbEn Bonign -z, STUTILEIRT I ZILYAVYDEVRRLICIZ TSy T4+ —
Lk, &<IZSaaS (Software as a Service) D75y h 74 —L{LIZREAETHD. NIKITEEDHEDT,
MRHE RPN EEDORM N - EENEMLEEL D,

4.1.4 ZERENM OB

RIREDHEMEFZF, TNZTNRFERZFIL - IBEZROAMDBETH S,

EEYERZOOVTATOEKRICE. DERNZETORVWEAREAERZ(CETIMBNRAIRTH
b, KFE, KEETODEE - BTHREZELC TEOEBRMWENNBESINTUVKH, ZOPHFTELZLDOWRE
ENFFTTVREEROPIC, RZICSVW G EYERZZEL I HMAENRDLTVWSEZIENH D, £
DERICIE, FILLWABEYINEE, MY U THRELZEETH2EFHRENBE > CLWRVWEELH 5,
AT TOMERERE IO/ MME, RIERZESEBEFMREOEROHICEERILE, ERICHEZDOSH%
EF| L TVWBIAREDEZ LD, BEDCRESTREDRREEEH TS,

VY —FE vy —TITONBYIRNIITDFa—2VT (KLABN—ROz7 ETTOT S LENENIC
ELERHEAM) (F. FHLWEEERCTILIVILEZRKBETEELIERDIMHE - AFIINDETHD, £
oo VZhIIT7DERZTO>RODTOETE— 3y, A—P—HYR—F - ZEREICE, HREBEIZERS
BRMEEROAMDIKROOND, VI —FLUy—DEEEERKRICKIETH7HICIE, TH5ULESELRRF
ILCERAERFORMEERANICER LW RENRHZD. COLIBRAMOEBIEIMEFROLDTHT I
TTIRTSZENELL, Foo BIRTEZDESBRAFIL - IEAZFOAD. PHTFIVIRY IV AEE
BIDZEEHLV, VH—F LUy —3ZDEBEEZRLEBLD, ZEBRAMEBRY 2EEEFOEDIC
TEIREN DD, BEERAFIVER >IEAMEER T 2HEZITVWO D, KiiEDF v F/IN\REHEILT 57
HIZ, VI —FEVy—CIIRENBERZ LT I2DENH D, CORICEVWTI(L, #REEETIH
MEDEAZ—ERBTERLTVLWSXRIEDARIM (2021 FERK) HREDEFEZBEATHER%
I5RETH 5,

AREETE S TVWI LSO BREBHNBATICE T2AMERTIE. PHTITOHEREICEWT £33
BEPEICMA. BlET2DFAEERLIZIRATLNENTHS, STEYERZORIRTIE. WERF¥L
SHEEEZOREBDY A IV ADBENERL TS, MATFOHA IV RAVDENDTINTEEBLZZA—
N=—TVDERZBIETLNE. ZNZNOEFIDFEFYF ) LEDHIS AT, HFONBOMME IKE
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EDHENEZHNS,

e, VY —FEVI—DEOBIRCGIRE - EFIZHSTAMEER UK 5712O(C1E. ZNZNDR
BISEL (BAKG) Fv )7/ RZBEL HBFCBADNODAMZFORAL LS ICTEIELNDETHS,
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Materials Research Data Alliance: MaRDA
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Center for Hierarchical Materials Design:CHiMaD2

Phase 1:2014-2018 Phase 11:2019-2023, NIST® CoE 7AY' S L. 2019 F(ZHkimARE
Designing Materials to Revolutionalize and Engineer our Future (DMREF)
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Materials Project
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NCCR MARVEL:Materials’ Revolution: Computational Design and Discovery of Novel Materials
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Creative Materials Discovery Project
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Beijing Advanced Innovation Center for Materials Genome Engineering (At RBHEKZ)
Materials Genome Institute (LEiEX)
Materials Genome Initiative Center (LE3EX)
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