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Process informatics as a key technology for
strengthening the industrial competitiveness and
the role of supercomputer “Fugaku”
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FINA AR TEHBINTWEREE EENICHETES
£OTBHILEERLET, S5, ChETEHEIX LD
158 T. DFTORMBEEMT LA TAL D > - ZEETHIC,
Hartree-Fock &® Hybrid ® GW IR B4 &, S EEL0
HAWAAHBRENICE>TEE L. KTIL—T Tl SHBE
EEAAAH, STETESNAERMBEOEIMEDNEEMLE
FLEIEZZEICHIM)BAET,

[1] K. Hirose, T. Ono, Y. Fujimoto, and S. Tsukamoto:
First-Principles Calculations in Real-Space Formalism - Elec-
tronic Configurations and Transport Properties of Nanostruc-
tures -, Imperial College Press, London, (2005). [2] S. Ilwase,
C. J. Kirkham, and T. Ono: Intrinsic origin of electron scattering
at the 4H-SiC(0001)/SiO: interface, Phys. Rev. B 95(4)
041302 1-5 (2017).
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Order-N DFT study of Si/Ge core-shell nanowires
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AHCENFREE LB, BROLEHEF/ NE(TELT 7
ZEEEESD) HPOBRINB TN BEICHIBATO
RETOWEREN. EFHUEPSHEIEECLS, 2hD
DRERP O/ BENEORBLITAZ LIS,

L [2: Strain (bond length) distribution in the cross sec-
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@ [@4: Molecular orbital distribution of Ge/Si core

g:J . (3.6nm)-shell(1.6nm) nanowire.

w (a) The interface with intermixing and (b) The per-

fect interface.
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GaN is a promising semiconductor material for next

FRENBE

Development goal

generation power device, and the crystal growth of
high-quality GaN by MOVPE has been intensively
studied for the mass production. One of the main
issues in GaN-MOVPE for vertical power devices is
carbon contamination during the growth procedure.
Fig.1 shows that carbon forms levels of 0.90eV from
the Valence Band Minimum(VBM). Such a level due
to a carbon atom behaves as an p-type dopant [1]. In
order to realize high-quality low concentration n-GaN
in GaN devices, a low C concentration of 1016 or
less is required. In this study, we theoretically investi-

3
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P First-Principles Calculations and Thermody

We define the gas phase reactions as in +

Table I. The direction of each reaction is ,‘,D.‘r

determined by the difference of Gibbs free S

energy between reactants and products

namic Analysis

1 2
—_ Oy —, 0,‘,

Figure 2: Image of TMG decomposition reactions.

(formation energy), which can be calculat-

ed by the statistical-mechanical approach together
with the first-principles calculations [2]. We used the
calculation software VASP to calculate the molecular
structure optimization and the energy of electrons in
the ground state, and used the exchange correlation

gate the origin of carbon contamination from the view-
point of gas phase reaction by comparing CH4, Ga
(CH3) and HCN which are candidates for the origin
of carbon contamination.

005 for bulk Gal
cam

-1 R ]
Energy (eV)

Density of States (1/eV)

1
] : levels of carbon Impurities

Figure 1: DOS for bulk GaN and levels of carbon impurities.

P The equilibrium partial pressure of each molecule near the GaN MOVPE substrate was

calculated by methodology above.

Fig.3 and Fig.4 show that the temperature depen-
dence of equilibrium partial pressure of molecules
containing Ga atom and Carbon atom, respectively.
The equilibrium partial pressures of gas molecules at
1300K, which is the typical growth temperature in
GaN-MOVPE, are listed in Table II. We immediately
find from Table Il that Ga and GaH are the main
sources of Ga in GaN-MOVPE at 1300K [4]. On the
other hand, the equilibrium partial pressures of CH4,
Ga(CH3) and HCN are , and (atm), respectively. Next,
the V/III ratios dependence of the ratio of the partial
pressure of CH4, Ga(CH3) and HCN to that of GaH
are shown in the Fig.5. The ratios of the partial pres-
sure of CH4 and HCN to that of GaH have no V/III
ratio dependency. However, the ratio of the partial
pressure of Ga(CH3) to that of GaH has V/IIl ratio de-
pendency. The result that the ratio of the partial pres-
sure of Ga(CH3) to that of GaH decreases as the the
V/Ill ratio increases, is consistent with the experimen-
tal result Fig.6 [5]. This suggests that Ga(CH3) is the
origin of carbon contamination.

Table 1I: Equilibrium partial pressure(atm) at 1300K
™G DMGH MMGH, MMG GaHy GaH
2.65x10% | 5.87x101 | 2.13%107° | 3.16x107 | 2.25%10% | L46x10%
Ga o, NH, NH, H, N,
1.71x10% | 4.90x10% | 0165 | 167x107 | 0.500 0.33a
CH, cH, €3Hy HEN
2.18x10% | 2.60x10" | 1.07x107 | 7.35x107

Figure 3: The temperature dependence of equilibrium par-
tial pressure of molecules containing Ga atom.

r T 1

17 ||

Pt st

Figure 4: The temperature dependence of equilibrium par-
tial pressure of molecules containing Carbon atom.

CHA/Gal 1

MMG/GaH |

[
I
|
L
]
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Figure 5: The V/IlI ratios dependence of the ratio of the par-
tial pressure of CH4, Ga(CH3) and HCN to that of GaH.
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Figure 6: V/IlI ratio dependency of carbon concentration in
GaN films.

functional GGA-PBE. Each formation energy is relat-
ed to the equilibrium constant of each reaction which
can be written by the partial pressure of reactants
and products. Setting the partial pressures of source
gasses: Ga(CH3)3 and NH3, and carrier gasses: N2
and H2, to the experimental condition, we can obtain
the partial pressures of gas molecules. The details of
thermodynamic approach are given in Ref. 3.

Table I: List of the gas phase reactions. No.1-7 are the main de-

composition processes of TMG. No.8-11 are reactions of hydro-
carbons molecules.

1 GalCh + 2NHs > HGalCHsh +

2 HGalCHil: + 2NH3 > HiGalCHi) + 2NH;  + CHa
3 HiGalCHi) 2 GaltH)  + Hy

4 HiGalCHi)) + 2NHy > GaHy + INH;  + CHa
5 GalCHi)  + 2NHy > GaH + INH; 4 CHe
[ GaHs £l GaH + W

] GaH EY Ga + gy

8 2CH + W S GHe  +  INH;  + 3Hp
] CiHe + W Citg

10 CHa 3 M +

11 CHe + 2NHy = 2ZHCN + 3H;

ANV [EE] TRVEEERE
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1

P Collaboration of gas phase reactions and sur-
face reactions.

Calculation of surface reactions is more expensive
than gas phase reactions and solid calculations. We
currently consider only gas phase reactions, but using
"Fugaku" directly enables large-scale surface calcula-
tions. Although currently calculations are performed
assuming that the reaction has reached equilibrium, it
will also be possible to calculate non-equilibrium state
directly.

[1] L. Lyons, A. Janotti, and C. G. Van de Walle, Appl.
Phys. Lett. 97, 152108 (2010). [2] Y. Kangawa, et al.,
Surf. Sci. 493, 178 (2001). [3] Inatomi, et al., Jpn. J.
Appl. Phys. 56, 38002 (2017). [4] K. Sekiguchi, et al.,
Jpn. J. Appl. Phys. 57, 04FJ03 (2018). [5] N.A. Fichten-
baum et al., J. Crystal Growth 310 (2008)
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EE. 7T R —E XX loT t;éf?)"iﬁ& LSE BRIt
THRIHBIIHVWT, EERDP D, T2 RBICBEHPLET
HOWRERMEDOAEY @M\E'ﬁf)‘ ¥oTW3, ZALS
THBIEF GeTe/SbaTes 1E, FULWRBRMEDIHEIL X E
1) T& % iPCM(Interfacial Phase Change Memory) 0 3
#HMELTEREN TV S, GeTe B SheTes B EBIN /-8
RFEEEES. GeTe BICH 2 Ge BEFNAVAHICL->
TESEMNPELZ 4G EBENPEZSN [1]. EERHICIE
ERNFICLS>THEEEILYBIZER SN TERIBERI R
BBRNDREANRTY FTHERDHTWVS [2], AllISIE
{RAEAUIRRE (LRS) &S IRAE (HRS) @ﬁ#ﬁ:;@?ﬁfﬂt;{
Ty FLIADZZLER ER2DESICRELE [3]. B
NS R=IWIS Yy TOFEP A1y F L TICKECEAET
BEEZ. GeTeBE I A LICRBLA-TRENLEE
5. B—RESFHHAFZHELAVTEEEEZE VN, L
MU, ZNSDIEBEDE TEEZ X1y F oI &R TIE
B ZITAMRTCRBENEBECLIE—RESF
Eh 7% (MD) SHEICL>TERENAIEFD Y 2 —ILETHNELE
NWRKEERBT ST AINSDRELAZAHZZ LA
ICEDWT T 2= EFR—ILFAILE - TREE BIKIE
- SIEMREOED XA v F oV ERATEEILH B,
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First-principles study on switching mechanism of superlattice-like phase change memory.

77V r=ay 0%

Application development

2

P E—FEHEI-NVASPILLBEE
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Ab initio Simulation Package)[4-7] & A\ 7z, ¥ /-8
#&F GeTe/SbzTes (2 1& GeTe B & SbaTes BOR IS vdW
NZEBBENRBNTND, ZD/=H—MBRALDEEELS
vdW H#1E% Ah /- PBE-D2 3 #:1HRIABI % [8] £ H
WTCMD EtHE 21707 BFRZEBFOMEERELT
PAW(Projected Augmented Wave) K 7> > +JL [9] &
Aok, AERBRTFEEEETHY . hy b+ Tl
218.7eV TH 3, SbeTes lE RO HIVIEZEAETH S 7=

1: #B1&F GeTe/SbeTes N KA 71y FOERE, KETHL N GeTe BONF
FroTWETEIELBR—NVENT Y TTRBEDHEEN HY . AIISDAHZZLIC
$BER—IEIS YT LBV NIELRS HFBRRE. by T ThIE HRS PRETEDIBE L

1

BIETRAyFLIT B,

P BiEFGeTe/SheTesDAT vy F I & BT HIC Lo TIRAL

MD EtEICL->TE/ONA#ERERT, M3 IEHRS »
5LRS ANy FLJ T, BERHPMDIREDEF 900K
ThE L& & 150ps » I TAPLEBERETT>TW
%, Z\C$H3 HRS £#)HIIRREE T3, c 8 (BIZEFDTE
EBARE)ICA-EERFOEENHTERZE. 20D Te
DE—TDE - H-BIHHLTVWD, EFOREBEER
BETTIVIEMEIC/NS RE v o THEIE. HRS TH
%, MD StEIC&->TESNEEEZDAICTT ., BE
PHEE2ODTe lICLBE—TDRIC2 DD Ge DE—7
PHv) . AllISDIRELEZLRSANEZI Yy FL T LIEEEZ
5h3, BFOREBREERTHN KX vy THEAC.

DTe DE—I D%k Al Ge DE— 75853 HRS »5
220 Te DE—IDHIZ 2 DD Ge E— 7155 LRS A
EBAELTVWS, EFORERELXRTH, 7T V3B
R Bo7/52 K%+ o THBL. LRS KA~ E RS
ZENTEB,

Z0&312. HRS 75 LRS A, H&L U LRS 75 HRS
ADZSyFL %MD BHETEZET, RISy Fo
GBI EERE LT, £7- LRS 75 HRS ~ZE{E L7276
o BULRS AR-T B2 EN TR ER N 70 HRS
»5LRS AX Ay F L
F%. HRS AR T m

RBESGEICEOCE—REMDEE

HEERWEhE»10meV D4 —4—DHREERTHIH
5 MDETE Tl ChaEHR L,
BHISDAH=ZZLICENE, Ay FLTICIET 21—
HICMATHE—IZEADNRRAIRGERTH B, 2D
VASP IZBEWTHA—IEAERYANS - HICEFHRER
fEL%e ThbE. LRS 5 HRS ADZAy FL JIZHL
T LRSONURA Ty M) DEIIHR—ILERT Y
TEREEN TE, ZhIZL) HRS DIFSHFREEHEE
EBOTRAYyFLTTBEEZOND /-0, EFH%E 18

HAECEEHREERANEREVVIETHZY. che  ERVUBROVTE—ILEAEBRU:,
ZRITDEFHAXMFERICKRE, ELIECHER
Band offset of HRS (BIEHLHEM) Band offset of LRS(EIEHLNE) IR
E : = r o o Du nu oa .
BT R %,
N ":'";'o‘qsn o®
%" 0|0’ 0 o | O«OWO=
SbTe,  Gele  SbyTe, GeTe  Sh,Te, HR3 : .,\ LRS
. eeoeoouou Qooob l‘lel'.‘°
o* & ol 6% 5 LI U
- .no‘n';ae o‘ L o® 0¥ ,' At
Joule heating only Hole trapping and Joule heating .' & T To a ol o o
H, Shirakawa, M. Araidal, and K. Shiraishi, Jpn. ). Appl, Phys. 57,04FE0S (2018), S L SR L ‘:-

M. Shirakaws, M. Arsidai, and K. Shicsinhi, ln. 1. Appl. Phys. 57,04F608 {2018).

2: hEEE (£) 13 GeTe B 7ELT 7 ZIRIC
BEFNREIN-HbOEE-THY . ThEMHIRGE
ELTBRPMEM THLEBEDY HRS( £ ). BEF
EEUTESNEDY LRS(AH) EB-TW 3,
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and Y. Asai, Nanoscale 9, 9386, (2017) [2] R. E. Simpson,
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DEBCFESTIREMAS ICTN AT TZAZAEY)
BWETHE-TWD (K 2), RIERART> > vIVIZEEL
R vI)VELTHELRE. LR+ T7BHEL
LTEEAERTEREIND, —H. REBAT Vv
WERFEMEDDx + ) 7REZ(CEKEF. BT NAX
DEEEFICIEL TEET B0 RT Vo ARRKICE N
TEBL. BixAREANTX AU TOERICHEERIZ
THDOTHD, BH. BHEART I vbid, NIV 7¥E
FRICEWT, BEPERGFERLEBCXFYUTICES
TEBRINT (LRI F AR OR T vV 2R

1: Fin 2L MOSFET (L& 3 R MM DBERIE, BRT /T2 BE:
108cm? EMBELAHE, FrRIVRICEET D777 2@ Fin ig
10 nm, Fin && 30 nm. FvxJILE 20 nm I LT6ERREELS,

WCETIEENS /-0, RIEBER D S EFRMEEHET
EREZSIRT LDy IVEEMTHZ, DI ENDE
BICEDIX v VT HHERMMDIEZERAHELT
R7ILHREKXTERTEILICLY . RIEHERS DA
FRABRROBELTYIAL—Y a3 ICHlAAHETD
ZEWTED, NIV EFRPTHhIE, RTo vl
FrUTICEoTORERKESIDH, ik / 1@FE
REEFEICAMMPEETIHE. FEREICEAL
IPBICEDERDREBATIVEN HZ, COFE
ETINAZY A THNELEBICHVIEE LD 72 HE)
WD QBEAEELED, COMBICHL. PHEHREERL
FREBMAT v VICHTEIRAMMNEBEROYIEEET IV
EHELE 1] ZOEFITIR., BRFMIREICES TS
ERICEADIXF U THHENEEROTEEMHAIAA
FERETEHTZZET. BRMHERMMOERTHL
CRBEDEMBIVBEREZOHEBMELCRRBETES
. FNARYZI 2L =3 ICHAMABTBER ETIV
ERH-TWVWD,

2: FNAAY I 2= 3> OREH BTN D ES
J—A KT OBMYFEOOREFR, 7—O> KT+
IVOREBBED T SHBTMNICH T IBEHAHET
I ERLIRBBRKIFE,

ANV [EE] TRYHEEHRE
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PRBET/NA R 2ab—2av/IlLB3T N1 REHE

Research & development results Problem target to work on in supercomputer “FUGAKU"

cFUZMEHY I 2L -4 DOEK

R/ HBIRIERE T O MBI R &R AR T
FILVAWT Fin & Si-MOSFET IS LT R 7 ME&AIY I 2
L—2EAVWTEMENS DERICH T 2B ETE-2 (K
3)o 7—OVRKRTLIHIILORIEBERA I T 5 B
MOBENTERTV AR TERT 3720, BEIAM
MICLZERHTE. FENEFORLICBETIOTIE
K BENICESP N EE Db DELED, /- RAICK
BB RICLIEFAHICH T EMIERS IFFREEE
T REPSEIAZICRVZIOZELHRELTV
o BEBFRONSREBHEDFEEZICLVRES
h EBEROFERL)HBBIRFERSAE L (NEW)
BETIE. PBICEZERYREET D120, FANE
FAMELWNE (REL) TRLICRESh TS,
INSPBDEELEETHIEICKY BICERDBEILE

B TIRES. BEMICERTZPBIRICEDZT/NA
ZENEREMEANDREBEBAS I ICL .
CEVTFANOYIAL—-EAOERE

FE / MERRERE TOMMBNR 1 F AR FH 2
THEL,. BF - EFEOREMBEERICH L TREE
RIZTZEPBEEND, ZZCRETIVEETHFEDE
FAICHEGL 3R TACEER T T HIVOEADE
BrfThol BFPEIRTIAIVDOEEDHIZER
T30, REMOAHIE—1THDE Lz, BLitizE
% SiO2 ELEBRICHENBHROBEEICLE KT Vv
WRHEADEBERAIIRT, Si0 DFE=IF Si &)
HNEW®, FBEAMEICHTIHEICLSYREERFETK
EHRBRBEIEZON, RTLIvIHFENAREEST
W3, -, FEH/BRINSL LB EEERPRTIEH
BHRICLIEEREEAERSNE L,

R

AFRTR THEEE L - BE BN 44 € 7V IS R4 O B A%
EERTHEH., —EREMIPVAY I (ERREE)
ERBELTWD, /. WSO EXRMBICH THMETTIE.
FUALICRMMERE L2 Z DY TLEICHULTTFN
1231 —Ya e RBTIVENHD-HDAREL S
22— a EIZEPRARTHD, SHICH—DF
NAZEFTRELEROFinB®H LG F/T71F
MOSFET #8737 N1 R LTEHEETHT & T,
MOSFET BOEEEREICODVWTHRY T MEEIY I 2
L—2EfAVWTEBTES, ¥ GFEIXFOFV3R
TELTHNOSI AL =23 lHVTHEBEARMMIC
WMTBESDEMBERERENS 7N XIEEICKH L TERE
T3,

[1] N. Sano, K. Yoshida, C.-W. Yao, and H. Watanabe, Materi-
als 2018, 11, 2559.

L & H 5 Contact information

Emﬁiﬁ Katsuhisa Yoshida
yoshida@bk.tsukuba.ac.jp

3 FUTMEBTNA RS I 2L — 2L 45 BT, Si DLEFE
ER11.8 (LT Si02 LU HfO2 ZhZh 3.9, 239 THBZ
NS, TIETERTHICKH U THEDRANSEHAL TN S, Na'lE
HWENRDEVGEDT I T25HERT

4 3RTEELTHNVATFNAIZLIaL—2EAVEHEBRT
TCH T EBEABHR OB BFICHTIBHAHOHE
Bt ERUAMMICOVTR—BEFVERA VL, FEHMBICLY
BEFICHTIRTL Vv AREL LB,
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Development goal

IR, AL NI F Y= AMBER KB E L EHF

5h3d, ChoNEEEIEALRETT 210 B~%+nm
BEOEEOF/BEFICHEIIRBEBFIIFIVAD
BEANERIN . F—REHEICL>TEDOFEMERAS LIS
LR RBIBTAEFEL BV, ZZTHLAREFH1FIY
ZANKIREWFIFHETOT I LEMREL. F/iEEFKH
BAMFIVRSHEAT S, ZLT. Z2»5BSNEHMR
ICEVHER - BF TN ARADRIREBET

TRAFAFERR

Research & development results

3

PEEISEREICKY, DA OF/VRIEEZER

DU EERERENC Y vy TRONETH D1
. AIRKICLBEZENEMEETEIIENF TEL L, L
L. BOTIRVEREERICBET DREBXOSVE
BEAEAVKIE, BeEHEICSWTHEENICER
BTEBEEAOSND, Hald%T. BMETIVERVTE
BN R vy TRNE * BEENICKRIE GERR) T&
32 EERLIZ[5]le ZZTAMRTIE, SWBRENLDY
O DR B EE—RIBSHEIC KU L7 [6].

E—REHETC—MRICAVWSNh 3 Bloch DEREMET
3. BEZEBEDEBRERRIDZIZENS TELWVED
AT T3 Born-von Karman OIEREGEA W, 2
DEREMETIE K RICHAIL - ZREEES EEEE T3,
AMETIEKEFRIGY > 3bilayer & A W 7=,
Born-von Karméan DR E4 & EHATEE. XT7TDFR
BT 12 nmX11 nm && Y EILIZIE 8192 BF A E
FND, ZZT. FEICERREAEICEL VB[R] %
Auwr. ZOB EESOREH—DOFHEICHLT
4096 /—RT13 BFEEEL,

ERREREESRICIZHBRIDOVTHE EIT 7,
ZOFER. BN EAVEHEDOFEEHORINIED 2.1
eV TH 23D U, EIEH T & 2RI DRI I+
1.6 eV ThY)  EEHKEMVDZ ETRINHIE< LS
ZENBASPICHE T H 2 ICRIGRAEDLEEERT
TSR TIE 1.6 eV fHEICE VT, ZIFEDB A
RTINS E M BT A E TV D, ZOBEDHEKX
3. EERKRADEMEL/NC FEEICHRLT. BA3EK
BEDBEIPSHFRINDHTHY . KDTSXE
ILEPEBWEEILRED, BBRRBEROBF, S,
TSI LDRHETIRREZEBEDOMEIRELT
WBZENREINA(KI), ThoDBRIE, BEDE
AKA 4 M DEZIZELRBIOTWVD, 2D &l . nm T —
H—TRELEESHOSVEHBS IS L->TREmER
PRI->TWAZEERLTWD, UEDKERIES VR
MEREFDLIALKBREBROREEREL TV S,

TRREEE

P7)r—=ay 0%

Application development

First principles calculation of direct wave excitations on silicon

2

P EBFR - REMAREEF S M1F3I7 27055 LSALMONERI 5

He 3B - RREABEEFL1F3I7X7077F
Ly SALMON D B3 %47 >T& 7= [1,2]c SALMON (23
m’(li?%ﬁift:éﬁ(%E’Qfﬁlbj')xlefﬁﬁb‘Bﬂ'(t,\
370, BIUEH R
8. 2B TO MPI ﬁ’iUﬂ:t\ OpenMP L._ckéﬂﬁb'l]ﬂ:
PEVSATNRD, H2eMRRICHULTERCSY
RITHEECHETIRNREE TS, —HleLT. K1 ICH81L
FHREARIRI TAEL-L2BBEBEFRDONFI—T
ERTH, 9216 /—RETRVWAT—FEUT 1 &R 5T
B BTMEDNTR EHTWBZEDP LB, 70T
AL EELE OIS RIS OMETEREBICEL -
F1-Z TBRETHY . [RISHDI—N—0>E 21—
42 (BHEB K% FX100. A5 E X Oakforest-PACS.
KU SGI ICEXA %) TbaWIEFHMEIRIESN TS,

ATATILTIE. WILR- IRTABRPSRE R
EECT. WRREFIBRLTRIBIEN AJRETH D, &
TR REES L E . e BERUEIZ &N
TE2, BRI BEELBEBEFROD FO_IEEH
FNDYI2L—Y 3%, MoSz-graphene IZ$F55%¢5%

20 25 3.0 35
IZILE— (eV)

10 15 4.C

2: {aif SRS ORIVEE DL E

3.0

IaILF— (eV)

40 5.0
TRUTEREE (x10°5)

6.0

3: 1.6 eV DILIFIBAMEICH 5. RUVBWVEBTFH, 52
EBIEWEEFADEBBEER.,

REFBEOAH X LDEHE%1T-7-[3,4]e A70O
TILIEARINTEY) . Web R—TICHFMEIEBERY
EHINTWS,

(a)

{b) 300
— 200
g 138TFLORS
2
=
g
g
15.9% T RiTHE
* 2304 4808 9216
J—FE
B 1: () B BHEE. O)BILEMRARIRITT AN F

<=V RIERER,

1

P LUREMERRBHEBRTOL) I ORIGEEE

1REE

SEOMETIR, HEBHBERTRENZEFIL
HBRELTE-TND, = BEORICHEVTIESY
ACOLICEF/RFFAEV (H4), L-—HF-RBHETOL
F/RFIRBFRAIBRE LD, €F/RFLPORET
B3TIXE EFATILICLN . SADEELYHE
PEREN B AR EN TSNS, A KEMEIDE
ESEOEENEFE—HRECERTI 0. HEBREIS
F/RFOMIRICEKFTHEFHEIND, ZDEI%
ROFEETIETRREDLB N ES. SNWRENE
K- BFTNARADRENFIREE LD

ANV [EE| TRVEERE

Problem target to work on in supercomputer “FUGAKU"

4: YU EREDS S/ KT

[1] http://salmon-tddft.jo [2] M. Noda et. al., Comput. Phys.
Commun. 235, 356 (2019) . [3] M. Noda et. al., J. Phys.
Chem. C 121, 11687 (2017) . [4] K. lida et. al., J. Phys.
Chem. C, 122, 21651 (2018) . [5] M. Yamaguchi and K. No-
busada, Phys. Rev. B, 93, 195111 (2016). [6]M. Noda et al.,
Phys. Rev. Applied 11, 044053 (2019).
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Large-scale ab-initio simulation of interaction between intense laser pulse and solid material

NN

ARG maxenmuenares 5-)
HEREE

KIE—iE GREAEHENETRES 5—)
WA B cukssusemnes 5—)

1

SRR BRE/NVADL Y =S e E (4T R —
IVEEY) OHEERORRIE. SAOXRZAHOTA
CTFATELTGEEIN TV, ChH BRI AENRE

BEOER

Development goal

2

P7)r—av 0%

Application development

PYINFRT=NEEICLIERNPEOR RS

ATOTIVRCIR ABZLBOLDDOE—REEHE
Y 7 k7 SALMON (Scalable Ab-initio Light-Matter
simulator for Optics and Nanoscience) [1] DEIFE %%
DT3B,

SALMON JI—FRI(Z(3, TDDFTICLBEFE1FIVX
StHE®IE». 2 h % FDTD (Finite-difference Time-Do-
main: BRI ZE ) ICLPBRASEE‘EE ST
IV F X — )b & (Maxwell+TDDFT multiscale method)

THY, B0, AZ—a7 7Oty HEDBBLAERIEE
STEBRIEE 1F1C OpenMP/MPI IZ &% Hybrid S 511{E &
NEZI-FORERZET->TWVWB, AKETIE.
Ehrenfest B FEIVNREICL DR FE1FIVREMREARS
722 F R4 — )b ik (Maxwel+TDDFT+MD Multi-
scale)[4] &V T4/ EBMIRSIZEN TED LI
EABEN, Qe—LI T/ BEIIUMELE VS
TEMEAHEREIN TN S,

HEWEFHERTNA ZDRIEP ., BEMEOIESL —
MI7OEZADMEBE V-T2 ELECHADENSHEE
ERETHD,

[2-3] PEESNTHY ., BRIOMEICLEDK
B REEADSIAL—V a3 HEEETH .
3, BIIPEDHBRHEAZICEIEBRELD

systom | pic system

ot}
AFR T B k77 B AL B 532 5 (TDDFT-Time BREL—F-BTTONELY, EROB iy -
Dependent Density Functional Theory) IZ% & D < & — WRBH TR RELNRICHNER 2a . ?1“’1:."‘?‘.“«...;“
FRET 41 I REEEBREAS. &OICHIETFH(F WY 5o AFETH. EROBEBIIDD 10,0 i Taiat 0ot - oo

[ [Time-tagenders Ko Sham sa |

IVAEREESELBEEER I 2L Y3 OFERR
EfToTWD, A—/N—O E21—2%bbVERREEH
EERELC. [RoT-T7A-TH%] [ae—LbTx/ 2
RE| [BRERERE]L [F/BECLIIAEESR
L ESICE LY -INITOMNEBRICOVTHEEL
BB AMERI XX —BEH | SHEMRERRIC
BE-EEHEICHEDRRICBIBATNS,

3

PARBETIVFRT—IETEOER
2017 F 4 BIZ. 3 &t Maxwell+TDDFT L F X4 —
WEICEBAREREF v Lo S ORSEET, YO A—N—=3>rEa1-%2[8El TE Max-
FIBEDL —F—BEES 2L~ B EM LA, B well+TDDFT+MD o> 7L 27 — L&t (B S &
BB £ LT, Intel Xeon Phi 2b5WAERN 2 05 BFNRER—ZMAT LTy RTHRS)ICEY
WkBEE 5D JCAHPC (RRASIEHER b> 5—EH BREL Y- ICLSBRNEMIOE—REYIa
EAFHENEME L 2—) TERTAARMEA=—2 L=Ya L ERBILTN S, T LML —F—I2L3
7325 I Oakforest-PACS |2 51132 % (98000 ./ — WM THEAOERICHGLFELVESERL. 7
R) £ EMALE (B 2), /& EHE nm F— 5— 0¥ DYIab—Yar FRAFEOHREIIE
(X THBF2FOTIOALSHMEENS (BEN BT BLRECHB, FRETH. NVIE
LEBTFHAF IO RBBEEMIBHI50E). /i HESLERBA-N-ENNOBERE
DB ERPERBI L) BRSNS S K TFIIBIEH L=¥-AM(E3)06LT. REBLN
BEanL (2F5). FBEFAAFIROBRRRESHL .
£ BRTF/HFORMI. BEANHAS SR L= V-REOUROE—RENFAE
EU—H— I LAOEHREMEERRS EHOBED HAD
ToTW3[5le ATAOYVIIMIBAELTYYIXT S
TR (RR) EREAS ) ORBMREED T
HV), Zh%TSALMON
- KELBLAET MBS
KEROHEHS I L

Maxwell 58X %# FDTD ;A CETE L. BE1tL ‘
ANEER(Z7OR)ICHEIBMENSDF
BIbE%. TDDFT 26 6WHBNEEF S
1FIVZEEDPSRETS (K1),

Hell BEENERGHEER 4T RT
MEHb-LMBEB(I~2KkT EE-SFA
H-#EIE—L, 3RT:F/HTF) ICEA
TEEAELIICTNFRI—IVEDILKRET->

1

PEGEREOIARL - —IMTICHTIHE—RES
Iab—-vav

T
Coupled method: Maxwell+TDDFT multiscale mathod

1: 3Rt Maxwel+TDDFT )L F R —ILEtE O ER: S UL F/BHD
St

FRFFASERR

Research & development results

ANV [EE] TRVIEEERE

Problem target to work on in supercomputer “FUGAKU"

PEBEYMEDF /AT TV AT EE—RIEDY
Iab—yav

Maxwell+TDDFT+MD %)V F X4 — VSt E 13, B
B BT BFIRE (T74/2) DI —YaAR#S5N
TWB, A== 21— 2 [EE]IDOERENEENP LT,
F/BEDIREAZISEEFAELL L—Y—/XILZD
BRERTNAXFZEAANDISH®. 74/ NELEER
BIRERE - TINIVYRBEAOBREEI TN S,

[ 3: A##& Maxwell+TDDFT+MD FH5 : BIfFREANDL —HF—AHO 14— I

32,416 Macro points (individual TODFT calculation)

L—ya ke, BiRE e s
WEERELCKERTAR M R 45 #6 L #213 a2ee

L e o P o e o S o
. =3 ] ¥ ¥} Eiil

REB/BTVWSB, AL L

Maxwel#TDDFT+MD  « 7 0l —" —

S FR—LEHE . K iR e [1] M. Noda et al. Comm. Compt. Phys. 235, 356 (2019) . [2]
e N MPI #1 MP| #2 MPI #8104 i : l.’s’ K. Yabana etal, Phys. Rev. B 85, 045134 (2012) . [3] S.A.
RS RTH T RS oD i e sl acropointsiproc) Sato etal, Phys. Rev. B 92, 205413 (2015) . [4] A. Yamada,
(Z2/2)DY 32l — T T ¥ ok A Bovey ' 2 Top 256 OMP threads/proc K. Yabana, Phys. Rev. B 99, 245103 (2019). [5] 4 7 ¢ iA.

PEPEA- T LY (N o #A FAE—ik. BE20EEM MM R =R X E. pp.205-208 (2018)
EURICHEVWTHFEI T | i J
BELIC LD T~ NIV N 8104 Computation Nodes.

DREDHIRE - BETICKIH

LTW3 [4],

B & H 5 Contact information
*E**’;ﬂ Mitsuharu Uemoto

uemoto@ccs.tsukuba.ac.jp

20 KBERINF Ry —VEHE I8 A2 Fv/AmEMVAYIab -3 2—/N—O E21—%
[Oakforest-PACS] & XRIZ &3,
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1

EEOAMESHEETER G, xZ—a7bIicLB XLy
R &R SIMD 1EIC & B X7 MLIEFI D KRS
LTV, —A T Byte/FLOP I3{ETF LT3, EHEHED
MEEESIEHE T 20 (21E. STERZ L HPC (High Perfor-
mance Computing) NDAFH A U NIL>TT7TUr— 3>
DRREESRILELTERTIVELPHD, AARIE. &
BRER7—XTI7FvOMREES RBT12HDT T 47—
Ta DRBIEICDOVWTEBLTW S,

FREDBR

Development goal

FHREFAFERLSR

Research & development results

3

P AGAFX7 Oty HIcx§3RBEILICL B R

ZER

AR T, BIERMARAR P HEEFFMIBEE & LTR
HULTWAEBHEE] 70ty IaL—2%FAL.
SALMON DEBHHE THIBEFDHEBEAKIH T/
IIWRZTUTEEEIND 25 EXTUVIETEOREE
EVIAL—2ETOMREREET %0

[BEE|ICEHINZ 7Oy % A64FX 3. Arm
T—%7U7F v %% HL SIMD % % SVE (Scalable
Vector Extension) Z#1® TE&E T 3, AB4FX Tk
512-bit £ O SIMD & # 8] 8 T. Z h iE Intel Xeon
Phi EEU SIMD RTHY) . £/x=—-a7 7Oy ¥ T
HBdZEPL. KANIhETICERLTE L Intel
Xeon Phi ND&EIL/ I/NTEZX—/)N—>E21—4
[BEE|TERTEZ /IS,

F 4« 13 Intel Xeon Phi TEHE L 7= 512-bit SIMD %

) KRBT A A F 2 4 AT K BEE T\ REEDER

AG4FXTDt YT AR TFENET 7! =3 /SALMONOITHA Y

Co-design of the electron dynamics application SALMON for A64FX processor

PV r—=av0m%

Application development

2

PEFEHFETTIT—3SALMONDIFH 1

AYTRBSNE - HAEEROICHREE
ToTW2E—BRBEAEEBKE 500
Kohn-Sham 512x) ICE I BFHNET 700
T1)4r— 32 SALMON (Z3xf L. aAF ¥4
LB BERERT XTI F v A ADRE
EEEBLTVS (1), 2hETICIERE]
Y Ea1—%, FX100 ¥ X7 4, Intel Xeon
Phi (Knights Landing) %#EANDT 71) 4 —
23 AT ERB L,

412, Intel Xeon PhiiCxf LTIEEA 2
RIDEHEMEEEHED JCAHPC (RRAZIE
MERE L 4-EREAZHERNEZRR
Pa—) TEBRTIAREA =TT
L Oakforest-PACS IZ& 112 & RETHER P
L. ABESIL—Y 3 2FHLAL “
TEITABETH DI EERLE(R2),

Performance [GFLOPS]
BN oW oA U
S o & 8 8 8
s & 8 8 8 8 8

Dynamics time / ltration [msec]

128

Better

Xeon Phi 7110P
(Knights Corner)

Computation time

93.6% efficiency | o,

mVectorization code by Intel compiler 2018
®Hand-code vectorization by AVX-512 intrinsics

Xeon Phi 7250
(Knights Landing)

Latest (final) Xeon Phi

38% HPL perf.
25% peak perf.

Xeon Gold 6148
(Skylake-SP)

10 FZFUVIVETEO Intel Xeon/Xeon Phi 7Aty ¥ TOMEEE

Hamiltonian performance

16% peak perf. —
30% HPL perf. |

[ 94.4% efficiency

.

32
512 2048 8192 128 512 2048 8102

~+-Graphite_ -Silcon

#of compute node #of compute node

[ 2: x=—27 X5 L Oakforest-PACS TDMEERTE

AN [EE] TRHBEERE

Problem target to work on in supercomputer “FUGAKU"

1

PEEINORELICLIIRENRHHESETA

EMIEE] 70€y %32 —4¢& Intel Xeon Phi
AOFRBEL/INTEFRL. FESFEORKELERHIC
R TEo ARRRBICELY . Z—/N—2E1—4[E
E|0RHERERRAIHEOEMEMICER THEDZZ
ENTEIEEZTWD,

BILEEREL. MEEFFMEIT 7%,
DIAL—2RELY L Xy V2 IXAWRTRET
BREEY A X THEEFMERELLHER. BRI RE

LU 18R/ - U EEShBEHBERE IR TH
FAULZEXIC, SALMON W HARF S W BB (ED TE B,
SETCRREP P/ /—RRREP R ML Ry TEE
S5HEVD, ol &EIC SALMON B ED LS ICHAT
EB3DD. KENRBELTEFSN B,

BRLTVWA[EEIMIIL/N(T (T, @3/
13)IC3L. 2.8 fEDMEEEEMR LA (R 3),
AARKRRIE. SHERZT TV S—2 3 > CIRERT
BEENG—THIRATOVILEEICHTEIHDTH
D AEDT7 T =3 T3 RERMBEAZNE

—HETERLEAL NI SEDY TN T SREEROEDTHY). [B
| FABAMOMEEC R G DRI REMN $2, FIRLAYIRIZTO
FRIGITDESY,

Fujitsu compiler version 0.28 (20190110)

B IAL— 2O RISHEETHY). [ E ] HBAROMEE

SONRA=FLTICEBRTMEI-RE &5

FISMIBL AT AGAFX 2T 5 SVE ICEH#] - HiFTZ3, REETDHDTIEE,
REM. BERRINR IOty Y I2L—20OFHE] BHRLEF=.
IERNIBF S MERE/N\(/NT+—7> A0 E1—T 127 (HPC).

2019-HPC-168(5), pp. 1-7 (2019-02-26)

[1]SALMON: https://salmon-tddft.jp/ [2] Yuta Hirokawa, et al.:
“Performance Optimization and Evaluation of Scalable Opto-

Fujitsu C Fujitsu Fortran .

[Excoution tme [msec] 07 05

Number of Instructions

3 3 Fuiitsu C Fuiitsu Fortran Hand- electronics Application on Large Scale KNL Cluster” , ISC High
Sz I reomance 2016, Franciurt, June 2018 hutpsi//-
S » TR EEEE Bl = doi.org/10.1007/978-3-319-92040-5_11  [3] & JIl #h K, ftb:
%15 "AVX-512 Intrinsics CE & & 7227 > ILEH H DScalable Vector
: 0.22% 0.6% 1.22% Extension~DEBY", %168E HPC HIE 2, Vol. 2019-HPC-168
! 22 22 20 No. 4, flll, 2019#3R, http://id.nii.ac.jp/1001/00194686/
0.5 I L2 miss rate 0.01% 0.02% 0.01%
0

C Fortran Hand
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Ab initio study on cuprate superconductor by high-precision many-body numerical solvers
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Information technology is a fundamental issue of

FREDBR

Development goal

our rapidly evolving global environment. Novel

phases of matter, like quantum spin liquids, offer a
new type of dissipation-less spin carriers, so-called
spinons, which can be utilized for information trans-
port with future application

in e.g. spintronics.

Recent studies show that pyrochlore iridate com-
pounds - Mott insulators with notably strong spin-or-
bit coupling [Fig.1] - are candidate materials to pro-
vide such a spin liquid ground state [1]. To quantify
this statement, we employ state-of-the-art many-vari-
able Variational Monte Carlo (mVMC) [2,3] simula-
tions to investigate the quantum S=1/2 Heisenberg
model with Dzyaloshinskii-Moriya (DM) interactions
on the pyrochlore lattice [Fig.2]. Our goal is to show
clear evidence of a spin liquid ground state in this
model, and to predict a corresponding, well-deter-
mined range of model parameters in order to specifi-

cally search for future device materials.

3

RAFFRRR

Research & development results

P The ground state phase diagram for the S=1/2 Heisenberg model

P7Vr—ay 0%

Application development

2

P Large-scale many-variable Variational

Monte Carlo simulations

We make use of the many-variable Variational Monte
Carlo (mVMC) [2,3] quantum solver package, particularly
optimized for the K-computer. In order to distinguish a
spin liquid ground state from a conventionally ordered
ground state, we extended the source code to obtain high-
er-order correlation functions, namely 4-body Green's
functions. With those 4-body Green’s functions we are
able to calculate the spin-singlet order parameter on the
lattice bonds, as shown for O(q) in Fig.3 on the checker-
board lattice, and in Fig.4 for the pyrochlore lattice.

real material

3

Magnetic Irt* jons form pyrochlore lattice

Figure 2: minimal model to study pyrochlore iridates

on the

2-dimensional checkerboard and 3D pyrochlore lattice

We use the highly parallelized many-variable varia-
tional Monte Carlo (mVMC) [2, 3] quantum solver
package to benchmark our results on the 2-dimen-
sional checkerboard lattice. In Fig.3 we present the
normalized system energy as a function of Dz-
yaloshinskii-Moriya (DM) interactions and confirm 3 or-
dered phases, All-in/All-out phase, plaquette Valence
Bond Crystal (pVBC) and Non-collinear phase, as
found in the literature [5, 6].

By stacking the checkerboard lattice along the third
dimension we allow for a transition from the 2-dimen-
sional checkerboard to the 3-dimensional pyrochlore
physics. For the bilayer pyrochlore case we could
re-obtain for large values of |[DM| the two magneti-
cally-ordered states (All-in/All-out and Non-collinear)
[Fig.4], as found on the checkerboard lattice [Fig.3].
Those two states are adiabatically connected along
the whole phase diagram (red and green data points in
Fig.4).

However, for small DM we find a lower energy state
by optimizing from a random trial wave function (blue
data points in Fig.4). This state shows a diffuse scat-
tering pattern in the dipole-dipole correlation function
S(a), indicating the absence of magnetic order. On the
other hand, the singlet-singlet correlation function O
(q) shows intensity singularities which indicate dimer
ordering, as proposed in the past [7,8]. But, if those
features will remain in the thermodynamic limit is still

an open question.

043

o
-0.45
-0.50
-0.55

PG e purmemcter

proel

078 ,-/\

-0.80 / ~
=04 -02 00 02 04 06
DM

-awh""'_.;-\_‘ 1:

SN im ok n e 1w

=0 ss_W

ad. st
“%i s a7 o8 o7 G4 wa
w

& Iysterroi el in enegy reveah meta-slable states gy amal

et PR e ————
& avibercr o st orbes ph [y

& Lo 1 ey orsbeond phases

Figure 3: phase diagram for the checkerboard lattice model
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Problem target to work on in supercomputer “FUGAKU"

1

P Optimization and further development of
many-variable Variational Monte Carlo sim-
ulations
We plan to push our calculations to larger system

sizes (N>1000 sites), in order to perform proper finite

size analysis. We plan to extend our analysis to the full

3 dimensional pyrochlore lattice case, which is current-

ly on the K-computer only possible to a limited level.

We need more available memory per node to store

4-body Green’s functions for such large system sizes.

We also plan to optimize sub-routines in mVMC like the

conjugate gradient (CG) method, to retain its efficiency

even for the super computer Fugaku.

[1] D. Pesin and L. Balents Nature Physics 6, 376-381
(2010) [2] Tahara et al. J.Phys. Soc. Jpn. 77, 114701
(2008) [3] Misawa et al. Comp. Phys. Commun. 235
(2019) 447-462 [4] Elhajal et al. PRB 71, 094420
(2005) [5] Morita and Shibata, PRB 94, 140404(R) (2016)
[6] Capponi, PRB 95, 014420 (2017) [7] Tsunetsugu,
JPSJ 70, 640 (2001) [8] Moessner et al., PRB 73, 094430
(2006)
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Exploration of high-performance magnetic materials by large-scale electronic-structure calculations

O D o

COO0CO00000!

500000 0e00:

&
mwwﬁ.
5

4000 RFRED XA T LHWAD 4 x
FH-BARAEORFEELRE

[100]

QN ©F o8B

1: £ 8463 EF»5%% . Ndz2FenuB/ 7EILT 72X Nd-Fe HHOREFEE, AHLIEEHED

L7 %7-. 8500 RFMREDR BEARESSDT.
ERICHLTI-ROEFERERL » . . .
7 (E1), ° L ) \/W

MR EX T -IV TR’
SHHEEERTHIXBRIEEDE
—BREEEENRRETSTE
WOBRAICLY . TENLT 7 B

L0 2Tt
J

45

EMBBMTAHMAR (M2 E ., o,

.LW

2 X VLHAEMPHARRERETE

BEUE 1] =
|Ji| [meV]
a 0.1
(a) =
H dhcpe q, °
3 2L
NN
I,
8
[\]
o1 005 0.1 0.15 02
oxygen occupancy
(b) 25
2 02000
15 Dfo octa
3 00000
E 0.5
w -05 °°°‘?°
. O tetra
0S890
_1'50 0.05 0.1 0.15 0.2 0.25

oxygen occupancy

4 : (a) Nd&EARICH T REMNDERREEKRIFM.
(b) fec NdOx HRIC 5 U BBAR AT BOBEFRIREKRIFIE.

[001]

[ 3: Nd2FewB 18IC 5T, 4c ¥4 b (Nd-Fe-B(001)EAD Fe ¥ 1) D Fe BF 1 8% CuTERLIIBELBH#R
LBEWSEICHL. 4 BFLUAOBFEBESHOEERY) . CuBRICLNEFREDHALLEILE. Nd-Fe-B(001)

EEFEOEBICH LTRLAEDO [3].

045

BlLSh BB EERDOFIRE,

ANV [EE] TRBEERE

Problem target to work on in supercomputer “FUGAKU"

1

P B EHC ST AR R E RS OB S A
ABEICSVTHMEMBREOARIRE R EE(T
I1HDRMEBEBM LIz, R—N—2LE1—Z[EE]
Tl 2 A VLBEAEERO01) AW TELSIEF
EAREEELEICHVT, REDICH I DTHBIG O
S[EAMORIFOEBETIHICLY . MEHAROIRMRE
EZDEREHEHOBEMERET S, AR FERE KA
BRE—REHEEEAED Y. BEOLREMBOBIER
SR EIRRERT S,

RAEMPHRZOHE L EOREMBOTHF I ICBWT
3. BAFHMEOEBBRIRIPEE LV, EROFEHTIE
KRS RIRR GO LD 7w T/ > - FERINE TR
B LU ZTNhSOBEEEALGEDERBEHMEOE—R
BHFEMIC &Y . BTPEE TED MM B ORI ETE
BiEd. ZDFE. Bayes B LA EDEMEBDFEHH
A3,

ABEE—REHEDO— 5L HPCI[R] (FRE % Shp170269,
hp180206, hp190169) . R KFE MMM AT X /NI BLUVERR
TEAFTSUBAMEIC BV TETIN DN THB,

[1] A. Terasawa and Y. Gohda, J. Chem. Phys. 149, 154502
(2018) . [2]Y. Tatetsu, S. Tsuneyuki, and Y. Gohda, Phys.
Rev. Appl. 6, 064029 (2016). [3] Y. Gohda, Y. Tatetsu, and
S. Tsuneyuki, Mater. Trans. 59, 332 (2018) . [4]1 N. Tsuiji, H.
Okazaki, W. Ueno, Y. Kotani, D. Billington, A. Yasui, S. Kawa-
guchi, K. Sugimoto, K. Toyoki, T. Fukagawa, T. Nishiuchi, Y.
Gohda, S. Hirosawa, K. Hono, and T. Nakamura, Acta Mater.
154, 25 (2018). [5]1 T. Nakamura, A. Yasui, Y. Kotani, T. Fuk-
agawa, T. Nishiuchi, H. lwai, T. Akiya, T. Ohkubo, Y. Gohda, K.
Hono, and S. Hirosawa, Appl. Phys. Lett. 105, 202404 (2014).

L E H 5 Contact information

A'EFESA Yoshihiro GOHDA
gohda.y.ab@m.titech.ac.jp




i) B—REHBRICKD T —2ZBEREAY - 7 ONDER

AMER-FEHRICLARFOURHENRRCRRFT L NER

Large-scale first-principles calculations of grain boundary properties in bcc Fe and the combination with machine-learning techniques

1§ B @Exnnnawam

FIUEE Esuasamzm
EEHE A (- s
A#HRE @spIx®)
HAPEE (Esmnsamam
RIEET] (EsrwBamEm
FiE—E (axmm

EHEZEAA (axnm)
RBHFBAS *mxs)

FRANBE

Development goal

1

REHICEN-SBRBEMHORER. B2 200D
HEALTIPIXNX-—DOEHEFNAL EFRAIEGS
DBEICERT 2. EERRBEMHTE., I/O0D0EFHE
EEDMEICHA. AT CHHE, §2TRPHLBED
SHEZMMBBEM RS Y, BAPRBOBZEHEM TS
ETBLEEPHBBNMEEERRYT S, o7, R¥-

3

TRAFFRERRR

Research & development results

PV r—=aynm%

Application development

2

PQVASIZ & 3 E—RIEFBH I 2V — - BABNEORRE L ER

FEKEERPAWEY 78 QMAS ICHWT, BRI %
¥ —-BRRCHESETIREMOBR. S5 ICRHET
EERUIRR L EEANZBTFEFIO T RILF —F R
DRREEED TV D, BEDE—REBEHETCIHI—/N—t
LEEFEDIRIF—XIEALIKESL L, QMAS 2LV
IXNX-BE-CHEEOE—REHELZTV. SBE
CEEND gauge KIFEFPTEN L TGHAS LS LBATES

BFPS5AJ-ITVADTIFRI—IVTORROERERK
PR EELD, KBEFEROFAT. BBHEROERK
BEFRXIITOEE(BHE) TROEH L L, KREBED
F-REAEEZERL. BT BETOEHEBU/BEAER
BHBEEDIC, BRET -2 EMERLFETAY - Y/ODX
ToIVDERICERETEIET. BREETIVFRI—ILEE

P EPDERHR TOIEBEREEREF ORI
BB DRREA

BETREONRFEMIRINF — IR RILE -5 (4]
PEMNTHD, WL —Id. BEEANEDIHNRD
BHEEFOIXILX—ZL(T). RFLEBERETFESD
IXIF—Z(T2). MBI FEETIIEICLIRARDE
EOBHEEFDOIRINF—ZL(TI). NIV IHRICHEFELE
BHEFIRRICBETEIECLZNIVIFORBOR
HEFOIRINF—ZL(T4) OMEOFMTRIN, FHLT
X —DERBESPNTED, ORI EIICHT (K
1) DZFDY 1 b (looser site, tighter site; RFAHIENKE
M) AND—ED 3d BELBBIEADREMEHK -7, QMAS

K&<LB, 3dEBEBOHWFENI RN ¥ —FEAEE
3d BB BAENHEENEH (6] tEHL. ZDOHEEEHA
BEKOEIEEEZISNS,
PERIRXNFHEBMEBOERBICLIIHNR
ITRIVF—F R
EREAEEAY - 7OICRICFEELT. QVAS &
BuWT, HRDOLICEN B FESIDRDOERFDF/AIT
FNF—2KD, EEFORAMEE REOFREDHERE
HMFE (RPRRES) TAEBTZZ LT, APENL
BRFEFIDRDIXIINF —FRFMIRS 2 PFS
hd, MANERICHRICOVWTRYEAPEATLS
[7le BNDOKRELE—RAFCHRLLRME, TENVT7REE

ICEBRATIINF S (X 2) ERPMREREICLSE
FHEEDTH SLITDOHEAEH FIBA (5], Early TM (Sc, Ti,

&

EREV TSNS,

V) |4 looser site ({F#f. ¥ FDEBED Fe BT % d-d B (@) 04f s singie 3a-Tht atlooser sto 1a of £11(332)
TRELSEBIETRATTS (T3, Late T (Co, Ni, o 02 L il Se T aocuer st 1ot 04Ty
Cu) i, 15V Y Fe #@TAEBED Fe &0 d-d BRH B gof shaleadTMattatter o 2013111)
ETHL. AED Fe BFERLE(LE € (TAE), BH Tl RS SRS
ﬁ?ﬁﬂ(litightersite'(*'i'z“iﬂ:?‘é:t(T2IE)’(“ﬁ*ﬁT 04 g4k —8 S
%o 3d EHOHED Mn IMMEHIRILF—DEFROICKE T vV Cr Mn Co HNi Cu
Ve Fe ST Mn dBFHERED Fe dBFERMTS ® " Pt I
SUEACCRECETERCREL LA REC LY 2 SN
< 04
(Hund Bl) . BB O Fe RRE(LT 3 (T418) #, AT 3 ¥ %
— N . . 02 A
FEED Fe d BT ELBITRR T 3D TRATL IV F — 1 " v
00 B Ry TR
v
o . i X
1(a) A2 T ¥ Cr Mn Co Ni Cu
1 1 b 1
991-69903393 © 1o M
e %% o, *° e .
® o
P 31b3 11%@ @@11 S oz " :87
R e
=20 P ool i o
7 1 7 1 7 o8 ot
L @ e ® @ ® @ @ e Ti V Cr I\IJn g éo Ni Cu
00
@0%@@@@@@ !dlm,"
) ]
@ @ &5 i ® @5 @ @ < 04 2
¢ 1 7 L
;E-O.B o
H1: % OHRDEFEINEFIL(X—/N— L), (a)11(332) K. 08 ey
(b)Z3(111) #ifR, [110] FEIL 5 DHREE. AREEF. Bid [110] 5 A0 . P .
Ti V Cr Mn Co Ni Cu

FANEINEN, ESERA,SOEFEOIE, 1a. 1b. 1. 1" #FRE
BEFEEER. REGEAREBEEES. -~/ RIC—FBRI»E
N, REETHE ZRED Z—/N—wIVRICTFTE, RBIFY 1 M (@) TR
ta& b, (b) Tl 1 &2, 1a& 1 HEFFIED KA Z 4 looser site. 1b
& 2 WEFFIED/NE L tighter sites

2: SRR TOHO—ED 3d BELBRFORTLFILX—DF
FITXI X — DR, RITIXILF—FI1F (ADME) £mMEOMIC
2. @T1IE, (T2, (T3 E. T4 BO—EDAETH
ICh73 T b —RBEORRDELD_FEDY A FZEIZRT,

ERATEBEEHEATHIET, LIVADBAEENT
FIVF— SN KES [1-3]o KFRPEN - R - REF
DEE, BERFEOHEFAERY T TRIATES,
Fho KR RMBOE N ARFES TORFOBIT XV
F-LEFORFREDIERE DR 2 #AHF T TLIE
TBHIET RAMDKFPENABENTI RV X —EBE
FORFRE,PS TR TE BRI H S,

ERBTS, FARETIH, ARGELT. HOWFEBET
FOMEFR(RFI RV Y —) EBFEHICEDEHEAT
3, TEBE—REHEEAV - IVOICERTIRMELT,
FE-REFBAIXIVF-FHEEEEABOERE T, RO
SOBEANZRFEINDEED T XX — % F BT 5547
DFFEEITI .

!

PERRBEMHOTINFRAT—NHEEFZAZE—
FRIZEtE B
L2EREBEMROMMBBOBIPEXEDLHDOTILF

R —IVEHERITE LT, KBRS F8HF (MD) FE AR

WIT—XT1—IVK (PF)EDERZE A I UERRREY

TREETEDTVWS, YILFRT—ILEEESNERE

L. BAGVWHB (GRS - BEDEH. 52RNDIT >

FAE—-%2ETEAIXNX—FE) 2RABLIICTE0

ICE—REAERHMEDEHEI RAIR, YEITIN—TDE

—REHERMEAVT. QSR X BEDEE % fEER

L. BEBEEEL TV -7 7OICRITE QEMEL R

FARRBEEDIXIVF — /AT RN EEEMER

EDEFEIC L) KAFEMD A, ABREPFEICRITS,

QRBEAEPERMERA TCORTERT L vILPHEE

TEAETIVOBEEE—REAECBHZBENEREE

BUCEDD. GEDRBNEE,

ANV [EE] TRVIEEERE

Problem target to work on in supercomputer “FUGAKU"

QMAS : Quantum MAterials Simulator, EE¥EFTE S MR CH
REINTVBFEEREPAWENI-R, FoMREEIAHBES,

[1] S. Ishibashi, T. Tamura, S. Tanaka, M. Kohyama and K. Ter-
akura, Phys. Rev. B 76, 153310 (2007) [2] Y. Shiihara, M.
Kohyama and S. Ishibashi, Phys. Rev. B 81, 075441 (2010)
[3] H. Wang, M. Kohyama, S. Tanaka and S. Shiihara, J. Phys.
Condens. Matter 25, 305006 (2013) [4] S. Kr. Bhattacharya,
M. Kohyama, S. Tanaka and Y. Shiihara, J. Phys. Condens.
Matter 26, 355005 (2014) [5] Z. Xu, S. Tanaka and M. Ko-
hyama, J. Phys. Condens. Matter 31, 115001 (2019) [6] M.
Wakeda, T. Tsuru, M. Kohyama, T. Ozaki, H. Sawada, M. Itaku-
ra and S. Ogata, Acta Mater. 131, 445 (2017) [7] T. Tamura,
M. Karasuyama, R. Kobayashi, R. Arakawa, Y. Shiihara and I.
Takeuchi, Modelling Simul. Mater. Sci. Eng. 25, 075003
(2017)
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1

- Develop the "First-Principles (FP) Phase-Field (PF)
Method" as a new technology for predictable multi-scale

2

(1) Development of a PFFP Simulation Code. Using the
stepwise free energy function (Fig.1), we succeeded in de-
veloping a code that that adopted "Modified Chan-Hilliard

FRANBE

Development goal equation’, which evaluates the chemical potential as its

concentration difference. The code can be paralleled
easily, and as an application to the Exacomputer, 100%
parallel execution under different composition ratio condi-

simulation without using any experimental parameter. The tions of multi-component alloys is efficient, which makes it

“first principle (FP) calculation” , “potential renormalization possible to obtain all the results at once in a short time.

theory” and “cluster expansion theory” are used in combi- (2) Development of an Automatic Submission FP-Calcula-

nation to calculate the free energy function, then map it to tion Protocol. Using Pipeline Pilot made by Dassault Sys-

the PF model.

+ Apply the new method to simulate and predict the micro-

temes, Inc., and CASTEP for FP calculations, we devel-
oped a protocol that automatically submits a huge number
of FP calculations to find the step function of the free

F—FE(FP)71—X71—IVF (PF)i&ENEI3

Development of First-Principles (FP) Phase Field (PF) Method

P FPPF Simulation Code and Automatic Submission FP-Calculation Protocol

tial atoms in each minute cell by finely dividing the space
(Fig.2). Based on potential renormalization theory, the par-
tition functions of discrete space Z is set equal to that of
continuous space.

7= f Uy, 1z, 1)

oT drydry ...dry =

S1.52,-SN

. [_ F(Sl,iz,;.,s,,,)]
B

Here U(ry,m, .., my) is the original potential in the continuous

space, then one can calculate the local free energy F(S,S,, ..., Sy).

From the continuity equation d¢x/dt= -V-Jx and the flux:

Jx = —MxVuy, the the generalized Cahn-Hilliard equation is

9¢x
ot = MyV?uy

Where @x is the concentration of element X, My is the

derived as

mobility and MWy is the chemical potential.

structure of alloys.

3

» FPPF Simulations of Ni-Al and Ti64 Alloys

energy F in the cases of FCC, BCC, and HCP, which are

NigAl,
o e

(3

required as inputs for the FPPF simulation.

TR FAFERLR

Research & development results

In the FPPF method, local energy is calculated by cluster

expansion method including atomic vacancies and intersti- Ol o)

s,

(1) FPPF Simulation of Ni-Al Alloy. The present method was = -
successfully applied to reproduce evolution of microstruc- E'“

ture of Ni-Al alloy at 1027°C as shown in Fig.3. Micro- L . ‘

structures corresponding to the experimental phase diagram

were successfully obtained without using any thermodynam- Figure 2: Pictorial representation of cluster expansion and

Figure 1: Stepwise free energy function potential renormalization theory (Ni-Al alloy).

ooy "
ol
sl
)
)

moaow e om

ic parameter. Fig.4 compares the calculation for Ni 82%
and the experiment [1], and it can be seen that the corre-
spondence of patterns is very good. Fig.5 is the spatial dis-
tribution of , free energy F, stress |VF| at 60% Ni, and it

ANV [EE] TRYVEEERE

4{ Problem target to work on in supercomputer “FUGAKU"

'

can be seen that local stress is concentrated at the y/y
interface. Thus, this research method excels at the point

that local stress distribution can be calculated non-empiri-

g
B e
2

cally. The research results will be published in Nature Com- e P FPPF Prediction for Steels and High Entropy
Figure 5: ¢ Ni, Free energy F and magnitude of free Alloys

energy gradient for Ni60%.

munications [2].

(2) FPPF Simulation of Ti64 Alloy. This method is applied
to a practical Ti alloy Ties (90 wt%Ti-6 wt%Al-4wit%V) alloy
at 977 °C, and succeeded in getting the microstructure

Although the FPPF method can be applied to multi-ele-
Initial

ment alloys without any problems, there will be a huge

number of the required first-principle calculations, and it be-

(Fig.6) which is very similar to the experiment (Fig.7) [3], Al comes difficult to perform FPPF simulations for all composi-

without using any thermodynamic parameters.

tion ratios. Therefore, it will be necessary to use the

o 8 s 58 @

“Fugaku” supercomputer. Using “Fugaku”, we carry out first

]

principles phase-field simulations of steel materials, six-ele-
ment transition metal alloys, transition metals, and multiele-
ment alloys with Al and Mg, calculate the composition ratio

o B & 3 8

dependency of and clarify each feature. This makes it pos-
sible to elucidate the essence of steels, high-entropy alloys,
and other alloys that have been discussed only by empirical

rules, and to realize the necessary properties such as

3 & 83 @

strength, toughness, ductility, plasticity, and lightness to the

-

maximum. It will help to predict and design alloys quickly.

i
.

-
E

Free energy

Figure 3: Microstructure of Ni-Al alloy at 1027 °C at vari- L o

ous composition by FPPF method.

0om o4 om0 ow L]

Figure 6: The simulation microstructure of Ti64 alloy
at 977°C and the free energy distribution.

[1] D. Li, et al., Intermetallic 16, 1317 (2008). [2] S. Bhat-
tacharyya, R. Sahara, and K. Ohno, Nature Comm. to appear.

[3] R. Pederson, et al., Mater. Sci. Tech. 19, 1533 (2003).

BILVvE H 5 Contact information

7L, T4 X=— PHAM, Thi Nu
pham-nu-xg@ynu.ac.jp

0 X 40 S0 80 100

Figure 4: Compare the simulation results with available

experimental microstructure [1] for Ni82%. Figure 7: The experimental microstructure of Ti64 alloy[3].
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1 FREDBR

Development goal

This project mainly focuses on clarifying the mech-
anism of the competitive growth of columnar grains
during directional solidification. To realize this goal,
the development, test and optimization of phase-field
program for both two-dimensional (2D) and three-di-
mensional (3D) simulations should be firstly complet-
ed. Based on the well-developed phase-field program,
we can investigate the process of microstructure evo-
lution during competitive grain growth in both 2D and
3D conditions and relate the overgrowth outcome
with the mechanism of competitive grain growth.

RAFIFRRR

Research & development results

T7Vr—av 0%

Application development

2

Competitive growth of columnar grains during directional solidification: A phase-field study

P Development of scaling-well phase-filed program

The phase-field model is a powerful tool for studying
the microstructure evolution in directional solidification.
Some previous studies based on the phase-field model
clearly illustrated the mechanism of competitive grain
growth under some special configurations. The scal-
ing-well phase-filed program which can be performed effi-
ciently in supercomputer has been written to simulate the
competitive grain growth during directional solidification.
Fig. 1 shows the strong and weak scaling test results of
the MPI phase-field program. The strong scaling tests
were executed in a computation domain with 512 X 512
X 512 grid points. The weak scaling tests were executed
in a computation domain with 16 X 16 X 16 grid points
in a single CPU (Central Processing Unit) core. It can be
seen that in both strong and weak scaling tests the per-
formance increased linearly with the increase in the
number of MPI processes, which proves that the present
phase-field program is well scaling. Further, we have

Performance(Tflops)

proved that the present program can be optimized by
using OpenMP (Open Multi-Processing) and also have got
excellent acceleration results.

100 T T T
—e—Strong-scaling test (512*512*512)
—e—Weak-scaling test (16*16*16/CPU core)

10 100 1000 10000
Number of MPI processes

=
=

100000

Figure 1: Strong and weak scaling tests of the MPI
phase-field program

ANV [EE] TRVIGERE

Problem target to work on in supercomputer “FUGAKU"

3 1

P Dendritic growth: from the single crystal

Based on the scaling-well phase-filed program, the
simplest cases, i.e., single crystal growth in 2D, were
firstly simulated to clarify the reliability of the present
program. Simulation results of single crystal growths
with different inclination angles (6 = 0°,15°and 30°)
are shown in Fig. 2.

Previous studies of competitive grain growth mainly
focused on the uniplanar configurations, which means

primary arms of bi-crystals are in the same plane or

growth to bi-crystal competitive growth
parallel planes. Compared to the uniplanar growth,
the non-uniplanar configuration is a more common
bi-crystal configuration encountered in real solidifica-
tion process, so it is needed to extend the study of
competitive grain growth to the non-uniplanar growth
in 3D. The converging competitive growth of bi-crys-
tals with the non-uniplanar configuration in the thin
sample was investigated and the microstructure evolu-
tion process is shown in Fig.3. With the dendrite
growth, the unfavorably oriented
(UO) dendrites grew towards the fa-
vorably oriented (FO) dendrites, the
UO dendrites UO1 and UO2 were
overgrown by the FO dendrite FO3.
However, with the further growth of

P The competitive grain growth in real pro-
duction processes

Present studies about the competitive grain growth
during directional solidification mainly focus on the
theory study such as the mechanism of grain growth.
Actually, in many real production processes the com-
petitive grain growth also exists such as the additive
manufacturing, which is also called 3D printing. Addi-
tive manufacturing is a very hot topic in material pro-
cessing fields, the competitive growth of multiple grains
in the laser molten pool is a key factor influencing the
final microstructure and mechanical properties of prod-
ucts in this process. In the next step of research, we
plan to use phase-field method to investigate the mi-
crostructure evolution of multiple grains in the laser
molten pool of additive manufacturing.

bi-crystals, when the calculation
time was 2420000 step, the FO
dendrite FO1 was overgrown by the
UO dendrite UO3, which is called
unusual overgrowth. This phenome-
non was also observed in previous
ideal converging growth of bi-crys-
tals during directional solidification

e

[1] Li J J, Wang Z J, Wang Y Q, Wang J C. Phase-field study
of competitive dendritic growth of converging grains during
directional solidification. Acta Mater. 2012, 60: 1478-1493.
[2] Takaki T, Ohno M, Shimokawabe T and Aoki T. Two-di-
mensional phase-field simulations of dendrite competitive
growth during the directional solidification of a binary alloy
bicrystal. Acta Mater. 2014, 81:272-283. [3] Tourret D and
Karma A. Growth competition of columnar dendritic grains: A
phase-field study. Acta Mater. 2015, 82:64-83.

Figure 2: Simulation results of single crystal growth under different
inclination angles 6 during directional solidification in 2D.

RILVE P FE Contact information

Figure 3: Process of bi-crystal converging growth under the non-uniplanar condition during directional solidification
in thin sample.

Chunwen Guo
guocw@kit.ac.jp
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sa Development of high-speed calculation method of long chain polymer's chemical potential using molecular dynamics simulation

I —ff mxmsen

BH{RE mARERT)

1

RUT—=TL2 RHEHE, SRR E LTE D FEE
RTELLFIAIA TN S, ZOR HENDREZR)Y—F
THBEAIEDIETEELVWYIM - HEZRBTI59T
MRERRETZIZEN TED, RUT—TLROWIEILE
EEADEBRIT—DBEEVADB IR T I THBEEMIC
TETHIEPMONTSY  BEAZROEBMLERE
HB3FEDHIALIPKOONTVD, REBERERTER
Uv—%2ER-REL. MERAERKRETICETTLUR
DEEEINITHONTELD,| STHEMEORREICLY . #IR
HRVT=TLo MR EFEt T 2R MAFBRE LTEHER
KEREAVLBBEEORTETIFENBHIA TN S,
L LEPS REOY FEAFIHEICEDIBENTIE,
SR FREOERMEBOMBELEICEY, FEIX M
KeEG->TLESRIBEN B o7 ARBETIR. BROMEE
BRI IESDELEFEEMI TSI eBIET., &5
I BEATER - BRTT7 VAR F/ AT —ILDR
UR—TLr FEESHREOFMIBERED)ANALZ AT
SrVHAEFEORREE . AFEEAV - FRSHES
FMEORREBIZEL TV S, SHEIF—LICEALTE.
RBYI Y17 R BHEDEDZ ET—MRICILFIAREE
ThdZELEBEELTVS,

3

PERFIERT v VOESHEFHEFENFRH

RHEHESFIR—E/v—DRELTHZEVHIEEN
HHEICEBLT BHARFPLEZ R —ROLFEF
DFEHFEEEBRERICEOEAIRNV Y —EHEM
HEDETERYT—EDE/ I—BHEDILFERT v
(BHEIXIFX— ) SHEETIRF—LORRET . KR
12, EfFRE%EFILE LT polyethylene(PE), polypropylene
(PP), poly-methyl methacrylate(PMMA), polyvinylidene
difluoride(PVDF) & W -tk 4 L TBFEDEH Fiam % ($H
& N=100) £ RIC. D FEHFEEICLZTFE L FEHIK
BY T B LVBHIXINY —EEE T2 &2 F
NF1351213 GAFF(General Amber Force Field) #{EH U 7o
BRIXLVX-FHEOKR. 80 FA4EELTDHET
incremental chemical potential D&/ ~—1 > 7 v 7 Xk
FHENZIFBRETEII LN HBALA (K 2., 3), BERIX
NEX—CRBIC. BEIE/ v— -[B] T/ ~—FEEEE
AIZNX—ICEALT. B/ v— 1 Ty IREFET—FE
DiEEEDEEERLZe TNODIERIE, T/ v—5FH
NEERNHEBEHEICLIFAEEN BE]IE/ v—D1
STy RMEIELEVEWSBETIER »
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P ARBRIRNF—EEY7ERMod D EEIEIR

RRDEFEFHFHNAFZHETR. &9 F 2408
HEOAZS - BMBEBORILEORBENI ST
TEENAEAREES>TLEVL, SHEIXMEATLED
ZEPLERTFALFERT OV EERTT T &I H
LW ZZTARBETR. 89 FHNE/X—D#UERL
W& THER SN 3 A ICEB L 7 “incremental
calculation method” 2B L. 84 F2ETIEELE
NFDOERERTHIE/ X—DILFERT S vV EE
HIDZELeEA o TDBE NRE/ -2 [[BHEIHH.
ThADER FE[BRIBAPERETIETE/ -
DBFFEMEBRIRIE - (EZRT Vv ILDBRIES)
EHETZ. COBE [BEIBATHIE/ Y—HF
FEAFLBICERTBO TN IR FEREED
YAXEBD, TN, LTRREZSH FAENER
BEDORESPHEMEBEORBIIAEIND, 2DEIE,
BAFIEBTSIE/ X —BUOEERT I vl ik
incremental chemical potential EFEIEh, #4)iRLE
IR—DBNFZN HRORVWEAFRE-FEICHESZZ
EPERFENB (1] &R FHEFDIELERT> Y vb
[$E/ v—BA{bFE KT > vIL incremental chemical
potential D E/ v —Z DM TH B0, LEHD
incremental chemical potential 5t & /> 5 & & DL F K
Trir NV ERBLHBIZETEDRIIED FDILERT
DrVEFET A LN HIEEE BB,

KBECHEI>T7TVr—Yald. B8 FOLEREFH

!

RICEBERELET—EELRDIIE. BLU. 8O F LR RTY
Y NERICEERE BT DD o ZOFE
R AFI2L—2a TEHETIZENHLVEROR
WEAFICELT. $3REHEROEVES FICOWVT
incremental chemical potential #51& L/-fER &5 ET 2
ZETENDERDES FOILFER TV vIVERTH TSI L
PERETH B EHTFEL TS,

IS, PE- KBBRRCEBLERAI XY —SEETH
% widom insertion method & ERmod O #& &£ # kb &k L.
ERmod StHEDERDEHEMEEIRILL/=c ZDFER. SHL
72 TDE/ = LT, ALFEFEE T B 0.1kcal/mol DFE
ET2OMFETEHE L7 incremental chemical potential
P—HTHIEEHRLE, D&, BRIRILE—EY
St® Y 7 bz 7 ERmod IZ & 3 incremental chemical
potential PEFETEZBERTHBIEERLTV D,

LI ED#ERPS . +HRVEROESFICOVWT, AFE
# T incremental chemical potential #5t& 332 &
TERFLEDILERTL Vv ESRICBHEG 22N
BETH DI EHRLI,

FEOFHECSLZFEREBY TV IHEV IR E,
BoNAIIT IR EAL Ty MELTHRIRIVY —
EEETOAHRIFIVY—EMEEY 7 b (ERmod) D2
DICRIND, ABRETE. RREROHDFEHFEHEV I
JITEBBRIXANX-—EHEVIRNIITICHADFEE
EBMTEH CERAEDREEEIT o720
PFHAZHECRALC AR FEHHFEHEY T
ICEFZEDHFA -5 FREBEERAD on/off BEIRHEAE
EBMTEIETHLADRELAZRF —LEHMAAL,
%72, T'-REMD CREL T UH S F8HF) G EMELE
ML, 2BEFH FENZHAEOY LT IR E Lt
EER L, B/ v-HBUOBHEIXLX-FEICELT
. AESEEHIXILF—ETEY 7 ERmod[2] &
python X7 7 hafiAEHEZZET. BEIRILF—
SEY IR ERmod DA 2Ty b7 7 1V ERIELT
[BEIE/ ~—BREEYCIEETSFMEEREILL
foo RISV EED Gromacs FZ VT 7 MJICHL
T incremental chemical potential 5T %17 > Ffc & &
WAL EN TE 2o F/2, ERMod I—FORZ M H ]
T—X77FvLOTTIVSEILOBERETL. Kb
[RIZBELEI-—ROF2—Z> T 5D,

nteract with solvents
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ith monomer

[1: i&B D E/ ¥—N0incremental chemical potentialo
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BAMbZE AR T v % ERmod £ AVWEHBEI XX -5
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JR—BICBERBITIErSEDE F 10T F S0 1 [1] Kumar, S., Szleifer, |., Panagiotopoulos A., ; Phys. Rev.

RPSHPALL, 20 b . it ] 60 L Lett. 66, 2935 (1991) [2] Shun Sakuraba, Nobuyuki Matu-
X502, PEICEILTEEE N=25,50 T 0 20 40 60 8O 100 0 20 40 60 80 100 bayasi,; J. Comput. Chem. 35, 1592-1608 (2014).

monomer index monomer index

BHRIFXIL¥—%EHL. incremental
chemical potential & & 8 & k77 14
& A N fzo % O #& R. incremental
chemical potential DE./ v—Ft9(3§8

[ 2: polyethylene AR R ICH 13
incremental chemical potential
DE/Z—A 2Ty 7 RRIFH
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Application of simulators for organic/inorganic interfaces in adhesion problems
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PERE ERREOVHEMEICETEIZONII2L—%hybridQMCL & FE-CLIP

hybridQMCL : H# EERE COFHANS Ty
RETEEZRHW EEFIXr =22 -3 2 E{Tal6E
EFTBT7TUS—3>E LT hybridQMCL #BE%E L 7=,
EFARZICEICEFREFEICEHEADIIV—-TTH
RULAEXZHBENAERBEROYILNTH B
DC-RGDFT [1] #FHV\TW3, EEKORENBEEIER
DIIWVNTRBEFEO=ZFOA—4—CEEEVENT
3MDIZ3 L. DC-RGDFT TlAEIMAZEERATEZE
TEHEEEEFHOA—F—ICMABZENRIREETH DT
HAMMRETEICEL TV S, #. DC-RGDFT OARRE
ANDERICEL, 7095 L0F1—Z>JEERL. I
BEPSHERENSRILEEZER LTV S, BFHEN
GETEERBTHEBEETRNFNTHEDNAEBT S5
18 0 # 4t (1 13 Buffered cluster & [2] ##F A LTV
%, Buffered cluster AT B FHEIRICEETIRTF
CHABEKICEETIRETOMICHER - RIFADE
B #A N TS, SRFICEASCNERET
BIENWBELZIDFENEII2L -3 C#L
TWb, %7, KZEBET Buffered cluster Ex B~
ERAEOERATS-OICES FRTOEFHEKEHH
PR OBERICH A BEEEALL,

FE-CLIP: BlfA—& AN EBEHDFli% S FEHFES
L=V ICENEBTIFETIE. ATHICEAX
hERTL v VERWCEREBGRRED SEIEHHF T
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BRTEADOO, EBENEFRFECAZVMEE LTV,
ZNIFEBIIR) Y —ERO IR I EIPAELFTEERIZL
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W EREBRNCAMEINSBLENC L) TRF D ENEBIC
RIZTRBIINENEEZOND, ZZTEEEE1EL. KY
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ET2HEEEEL. ZOHETHARIXIF—FRDOE
EEMFITEDEERB U, COHEREAVSZET L
DREKLTEERIC/STA—2ER/HT BN FEEE
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hybridQMCL : ZhE TOMEICHVWTHENOERICHIS
SUBZENTREL I AL —Ya A ERTBICEEEIC
HOEFULTEFICENEETHHIEN AL ER
fo ZOEEPSRZE, BEAVWTVREFIL b E L EH
{fELFETWBEEALND, BIAKEAIhTVBIERER
ICIREEEEI D RS THY | HIEOFRY v — 3 IEH I
ICRALTV S, COLILEREBH FEECRENE
BELIIAL—V I EFIEDICE. REOKREHEENE
BICAZEBBEN Y SHEBPBAICLD, kX
NAV[EEI TR, SOLIICEWEHTEEIOLVEE
SERREOMMETMOS I 20— a3 BB LAV,
FE-CLIP : XE LD FEAF I 2L —2a > TIFHEE
HEEERL. MPIEFICL)ERIEEZERLTVWSS ]
fF 5 T FE-CLIP (3 $EE A EI 2 &8 MD ICHIEL TV AL
ZENRBEELTEINTWS, 5T, FE-CLIP 2 K&
MD (SERBRREL L 12— IVICHEL. BEICEHRINZ AR
H—ICEMHIN A EIRRELEAREMD P LEELDIR
EOEHIRIX -z [EEICHVTEET S,

ERICEBBICRBEISEVETIVEIRBTEENEETH
BIEERBLTND, o, KR FHEFEETIIET, 73—
HIEREICEL TOBNOIEREE R ROV ELE 1
HAIXVE—DPREETLIVWBZEHREL:,

FE-CLIP : RUIFL>F)I—ILZ &) ERSh - EIRE
E—KREICI L FE-CLIP #EAL. BHIXILX—IRO
TEEITITELSC. BEOBERD URT I vIUCETh (ez::s_)
BINGA=BET Y TTF— N DHEICDVWTHREI L. ZOFR
HEBALEEICIE, RUIFLLF) - TEEREIERT
BIETHIINIBNPRELEVWEERY EREE L EWHE
MIFTCHERLREEMIFENH5, FE-CLIP TEBALT

[1] N. Ohba, S. Ogata, T. Kouno, T. Tamura, and R. Kobayashi,
Comput. Phys. Comm. 183, 1664 (2012). [2] S. Ogata, Phys.
Rev. B 72, 045348 (2005). [3] M. Uranagase, S. Ogata, K.
Tanaka, H. Mori, and S. Tajima, J. Chem. Phys. 149, 064703
(2018). [4] S. Ogata and Y. Takahashi, J. Phys. Chem. C
120, 13630 (2016). [5] S. Ogata and M. Uranagase, J. Phys.
Chem. C 122, 17748 (2018).
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Development of All-Electron FLAPW Calculation Code HiILAPW
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[1] E. Wimmer, et al., Phys. Rev. B 24, 864 (1981) . [2] J. M.
Soler, A. R. Williams, Phys. Rev. B 40, 1560 (1989) . [3] K. Na-
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Crystal structure prediction by assimilating incomplete experimental data
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SHEEM Bl HTWBY, ZTRDIILEHELRP. EERL S IEAK
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BIEH: ERBELAL ) . IhETEIREDEMMSH S, Molecular Dynamics
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#iA : Nose-Hoover

FEBRE 1 5000 K

BEEIZIA 1 fs / step

BEZH 1 K/ step
FBERMFICHLTI00 BF 27X MetHE T/, B
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26 [deg]
H4: a—H% A FDOSEXRD/YZ — >

—— Bath temperature

—— Kinetic energy

—— Cost function: F~ {Eq +aNDyg)
—— Potential energy: £ - Ey

4 & 2 38

[1] N. Tsujimoto, D. Adachi, R. Akashi, S. Todo, S. Tsuneyuki,
Phys. Rev. Materials 2, 053801 (2018) [2] D. Adachi, N.
Tsujimoto, R. Akashi, S. Todo, S. Tsuneyuki, Comput. Phys.
Commun. 241, 92-97 (2019)
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1 FREDBR

Development goal

Phase diagrams are a fundamental tool in materials
design but thorough experimental investigation can
be challenging, expensive, and time consuming. This
work aims to develop a thermodynamic evaluation
system whereby physically meaningful phase dia-
grams based on the underlying thermodynamic de-
scription can be obtained from first principles calcu-
lations only. Such descriptions have the potential to
reduce time and cost in phase diagram assessment
and thus in materials design, by providing insight for
unknown systems at the prediction stage, and thus
providing guidance for experimental investigations.

Generally, using only first principles information in
a CALPHAD database does not give a proper descrip-
tion of the system. One reason is that the Gibbs
energy models neglect atomic correlation. By combin-
ing insight from several theoretical techniques in a
modified CALPHAD framework, non-ideal contribu-
tions can be directly included in the thermodynamic
description.

3

P Examination of the first-principles Al-Ni
phase diagram

The phase diagram from the above method can be seen

TRAFAFERLR

Research & development results

in Figure 1(b). It can be seen that all major features of Al-Ni
are reproduced.

As liquid has not yet been considered using first princi-
ples calculations, the same liquid description is used in
both Figures 1 (a) and 1 (b) (from the experimentally-based
description). As a result of this incompatibility, the calculat-
ed liquidus is too high. This is an artefact of the liquid de-
scription in the experimentally-based database being deter-
mined relative to the solid phases.

The blue ordered bcc and green fcc phases have under-
estimated solubility as a result of the scheme used to fit the
disordered phase data to the required polynomials, which is
extremely sensitive. Usually this fitting is done with refer-
ence to the resulting phase diagrams, and development of
an objective fitting scheme is ongoing. The blue B2 phase
does not show the experimentally observed Al-rich solubility.
While the Ni-rich solubility is facilitated by antisite atoms,
the Al-rich solubility is known to be facilitated by vacancies.
Vacancies are not yet included in the models and so this
feature does not appear in the phase diagram. Magnetic
features are also not yet considered directly, but will be in-
corporated in the future by using spin-polarized and
non-spin-polarized calculations to directly populate magnet-
ic models.

Other future work includes development of a high through-
put system based on the AFLOW structure library and
OpenMX to determine all relevant stable phases in the
ground state convex hull to reduced the required prior

053
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Development of a thermodynamic evaluation system to produce physically meaningful first-principles phase diag
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P Obtaining the required parameters from first-principless

The Al-Ni system was chosen as a prototype system as
it exhibits various commonly occurring features, such as
order-disorder transitions and a variety of invariant reac-
tions. The widely accepted experimentally-based Al-Ni
phase diagram [1] is shown in Figure 1(a).

DFT calculations: Combining theoretical techniques in-
cluding density functional theory (DFT) , phonon calcula-
tion, cluster variation method (CVM) , cluster expansion
method (CEM) , and special quasirandom structures
(SQS), a methodology has been developed that reproduc-
es all primary topological features of the phase diagram
using minimal prior knowledge of the system.

Gibbs free energy model: In the CALPHAD approach,
the Gibbs energy of each phase is modelled as a function
of temperature and composition, where composition de-

pendence is usually considered using ideal, regular, or
subregular solution models. Non-ideal solution behavior
is usually obtained from experimental data and indirectly
contains non-ideal configurational entropy contributions
relating to atomic correlation. We used reciprocal inter-
action parameters [2,3] in a structure based on the com-
pound energy formalism (CEF) . Appropriate sublattice
models were then chosen.

The ground state convex hull was partly obtained from
fcc and bcc CEM calculations. Other stable or near
stable phases were taken from prior knowledge of the
system. Higher accuracy ground state and finite tempera-
ture calculations were then performed for the stoichio-
metric stable structures and their corresponding antisite
end-member structures (e.g. for AINis, the same structure

was considered for secondary end

= =)
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Figure 1: (a) Experimentally-based phase diagram from Dupin et al. [1].

L members AlAls, NiAls, and NiNis) .

The disordered fcc and bcc phases
were considered by considering SQS
at 12.5% composition intervals. The
temperature dependence of the
Gibbs energy of each phase (includ-
t ing vibrational and thermal electron-
ic contributions) was considered
using phonon calculations.

(b) First principles-based phase diagram (solid phases only) from this work

combined with liquid description from Dupin et al..
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Problem target to work on in supercomputer “FUGAKU"

P Development of a first-principles only thermodynamic evaluation scheme

The methodology outlined above will be combined into a
software, “Thermodynamic Evaluation System Supported by
Ab initio (TESSA)” that will integrate directly with input and
output files for first principles calculations (e.g. VASP,
OpenMX) and provide a consistent scheme to produce first
principles only thermodynamic descriptions, as displayed in
Figure 2. The output will be the standard thermodynamic da-
tabase format (TDB) . Integration with thermodynamic soft-
ware such as Thermo-Calc or CatCalc will be available
during the parameter adjustment stage and at the end to cal-
culate the phase diagram. The high throughput process will

knowledge of the system.

use machine learning to determine correlations between
parameters across various materials systems, which will
feed back into the adjustment of parameters when pro-
ducing an “optimized” database.

( Software schematic: TESSA
Thermodynamic Evaluation System Supported by Ab initio

Direct use of Specific system

High throughput ATy

| High throughput ground
| state convex hull
AFLOW, OpentX

High throughput ground
state convex hull
1
;
Density Functional
Theory (DFT) /
phonons |

Density Functional

Theory (DFT)
phonons

VASP, OpenhX, ATAT

'

Generale a
;‘jg o thermodynamic
database (TDB)

thermodynamic

Generate a sty
database (TDB)
]

Cakulatons | salcatation
— qI\lll - Choice of number of

— . adjusted parameters
Comparison of descriptions

(adjustment of parameters)

Comparison of descriptions.
(machine learning)

The above features will be incorporated into a general
methodology in the future. A method has also been devel-
oped whereby CVM calculations can be directly incorporated
into the CALPHAD description to further improve the descrip-
tion of atomic correlation, which maintaining consistency with
other databases. CVM calculations for Al-Ni are ongoing. Ad-
ditionally, other systems, such as Fe-Ni, Pd, Pt, will be con-
sidered.

Considering several systems simultaneously, machine
learning approaches will be applied to determine any
trends in the parameters with periodic table features or
mechanical properties. Identifying systematic variation may
allow prediction of quantities such as non-ideal configura-
tional entropy, reducing the long-term computational cost
of producing such diagrams.

“Optimized" \
thermodynamic database

Figure 2: Schematic flowchart for the proposed TESSA
software, indicating the single system evaluation process
and the high throughput process incorporating machine
learning techniques.

- J

[1] Dupin, N.,et al. (2001) Calphad, 25 (2) 279 [2]
Lindahl, B., et al. (2015) Calphad 51, 211 [3] Kusoffsky,
A., et al. (2001) Calphad 25(4) 549
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