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[ BRIoE ]

KBEHEHE R TLOEFHFIZONT

HALRFH A N—P A =2t Z—iF, BUEEH L TWERY pABIRA—/—a B a—H
DEWFEVERRS AARAREOFIAEN O ORWIF AR TEE Lz, ZOTEIIIEZDHT-DIT,
2023 £ 8 HE WA MABIZ—N—a L Vo —& % KIFIZER L, 73 25 . AOBA-S & LT
HEAAEBB L ET,

BUEEM T OH 7 2 27 5 AOBA-A, 35 KT 72 A7 4 AOBA-B (3, 8 HLARE L 5| & e & B %
fie L9,

AOBA-S (SX-Aurora TSUBASA)
4,032VEs (504VHs), 21.05PFLOPS(DP), 504TB Memory, 9.97PB/s

A b L= ZAF Ls (Lustre)
RNEE 4.5PB

StarTAINS / SINET6

HERIHAR 72 A7 In AOBA-A (SX-Aurora TSUBASA)
FH|F 1 B , 45TB Memory, 895.68TB/s

576VEs (72VHs), 1.48PFLOPS(DP)

N7 BIVRA F (VH)+8VE
B401-8

S 4

~7 ML (VE)
Type 20B(8 077, 48GB X E!J)

73 A7 Ls AOBA-B (LX 406Rz-2)
68nodes, 278.5TFLOPS(DP), 17TB Memory, 27.2TB/s

A kL= A7 L (ScaTeFs)
RIEE 2PB

AMD EPYC 7702 X2
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ROMILVB R — /) —aEFa1—4
SX-Aurora TSUBASA O FF/\—FHx7

BHARIE RBERESL O FTOERER R
A AT SR A AL

1. [XL®HIZ

WL RFY AR =P A A2 —T 2023 & 8 A IVH LWV A—/—a B2 —& AOBA-S DiEH
DBIASIVET, AOBA-S 1349 21PFLOPS O BRGR T FAEREL A 10PB/s DFBAEU /N NEA L83
BRI R ORI A Z— )= ¥ a2 —F VAT MR E T, 1 H T _RER L, A REE AT
PERED NT U AN TNWAZETHY, EFRITAE H U2 REO IR RECHERED H Lo~ S D i THEAL
R CEET,

I RSN EHRICEEL THADRKREE (LT HH, 2 —TavE] iu&k?‘éﬂ%&?ﬁ
FFREEIIEFTETRLCWET, — ., TR SE MR BE O 27O 720121k, KE»
O%%f;T—&%%&zém MERERH R EZNAE XX DB FRICENT-HE %ﬂrﬁa‘z&)%niﬂ ZOHE
FEITIEZ D128 NEC TIEEHEDA—\—a V' o —Z B Ths o7 LS Hiflt &5 58 B F2 b H i a4k
£E1L7- PCI Express 77 —FHI® Vector Engine ZZH#5# 7% SX-Aurora TSUBASA /U—X% 2018 4F
MHEELCTEX L, HALKFH AR —HF A 2B Z—TlF 2020 4F 10 A 0BV — R ARl
fh72y AOBA-A (L THEIT THY, A EEEATHI)— R = A0 IT AOBA-S L THEILE
7T

AOBA-S |X AOBA-A LT, 2.5 (G OMBMERES 2 (5O E IR EFHLET, ZOEMERE é
TBIIE, T EOMER (8773516 27) | Level 33 vy aMFHER | fxieiin 7 mt A0 4%
FOEIHLTCOET,

AFETlL. AOBA-S 249 % SX-Aurora TSUBASA ¥ AT LDT —FT 7 F v, VAT LREE, ~—
R = 7R, 727 /0 IZ OV TR LET,

2. SX-Aurora TSUBASA 7—%T9F v

AOBA-S D7 —F77F %L AOBA-A L[RIEED SX-Aurora TSUBASA 7 —F%7 7 F v &k KL £9°,
sx Aurora TSUBASA %, NEC @ 40 4E\CJED R Y M Z— S —a L B a—X SX LU — XD E Rk T
fhE LT 2018 AR5 — AR o B i A AR BR#G L £ L 7=, Vector Engine EFE{E415 PCI Express 7 —FR
_f\ﬁ}\/l/7 oty FEEA L . 2 A Vector Host EFEIEUAIEAERY 7R x86 Y — N ZHEkt 95
LI Lo T AT AR RS VET,

Vector Engine (ZH#HSND 7ML 7 vty B3, 56K D SX 2 —X D7 MLty i k2 1l
LCWET, dlE S — S S5 GPU X2 FPGA D L9572 PCI Express 1 —RB DT 771 —# 13,
RAMACEATEND T TV —va O — i aFETL, 2RO WELRE ] O MEMEZ X0 E3, ji
Vector Engine (%, SX-Aurora TSUBASA 7 —F%77F ¥y O HIZLY v A vEn=7 7V r—yar
FATT7 7 ANERNT N —R ECEITTHILENAH kiﬁ@iﬂ“o

ZDEITET MZIZNL OO A "BHNET, FH—I0, 2 —FIZE > THEVVENZ—AY72 Linux
OS BREMND, SX LU —AXDEHRE/ 7ML me*f%:%lJﬁH'@%iﬁ SX SV —XTIIEk, HHO
OS BrEEAHRHEL CUVEL 7223, SX—Aurora TSUBASA [FHEHER()72 x86 H-—/3& Linux OS BRE) DI A
BT Taey h ER 526N TEET, 3 12, 7'ur T 54 K% Vector Engine 7 —R
ETEITIHIEIZIY, PCI Express Axi@&ﬁ%&fx?‘»—&%é%ﬁ T HEREAR MV R VA fRIE T DT
EMTEET,

AOBA-S [3H4T SX-Aurora TSUBASA D71/ NEFEAKAL THY, AOBA-A THIHL T\ =Y
— AT hEFOFEERATEET, FLREAELTT 78IV —Z AT DO T as T MEIEEFTHIZ LR
<. SX-Aurora TSUBASA A} 7 M & HANTar AN LT 0l T b FDOEEFEITTHILENTE
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F9°, Kkl 7 7 I3 713081 7e< | Fortran, C/CHD 77T haa /A )T HDHT, 7 al Tk
2SHEMICEEES I, mE L TEET (SOIZEWEITIHEREZ 15729 121E, Vector Engine [\liF D=
—RTFa—= %I THZENEELNTT), X 11T SX-Aurora TSUBASA 7 —F 77 F ¥ IZH1F5
FATET N ERLET, TV r—ar2k% VE ETHEITT5 0S Offload E1TET /L DAth, GPU DX
N x86 LTIV r—al DY N AN—FED—EHMEE VE IZ478e—R95 VEO FATET L0,
WHZART AL DR 72 — 5RO AL A x86 (A 71 —R 45 VH call EFTETAAHVET,

0S Offload (&%) VEO VH call

VE
Application

x86 Vector x86 Vector
node Engine node Engine node Engine

1. SX-Aurora TSUBASA 7 —XF7F ¥ D E{TET /L

x86
Application

VE
Application

3. VATLBE

AOBA-S . Vector Engine 7 —R% 8 ##4# L7~ Vector Host (SX—Aurora TSUBASA C401-8) £} 504
B TR S 4., 4 Vector Host I InfiniBand Network (X TS SvEd,
VAT ADEBERFEILER L ITRLET,

# 1. AOBA-S @t

Vector Engine | 7 /4 Type 30A
arE 16
BEmTE A AR (RS | 4.91TFlops
ATVEE 96GB
AE N HeIE 2.45TB/s
AHRT 2 —A PCI Express Gen4 x16
RRIHEE 370W
Vector Host ET IV AMD EPYC 7763
a7k 64
AEVIR & 256GB
Blam A ERE (PG EE) | 2.50TFlops
oS Rocky Linux
#4534 Vector Engine % 8
VA i SN A InfiniBand NDR200 x2
VAT L Vector Host £ 504
Vector Engine %% 4,032
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WaT 32,256(Vector Host), 64,512(Vector Engine)
oo Bl i R S BE 21.05PFlops

WAV & 504TB

AT I 9.97PB/s

4. IN—FOxz 7Rk

4.1 Vector Engine Type30A

Vector Engine Type30A 1%, NEC 23HHRICBARE LI A D I LT SX-Aurora
TSUBASA D IDMEER T 74— L7 77 2 39E K PCL Express (PCle) 1 —R XA 7% HEHEL | PCle
J1—R _EIZ Vector Engine Type30A O_I L7 atya1DE# L Kin Iz komHEISnE7,
2 |Z Vector Engine Type30A I —RDNEG B4, 3 2 [T —FOFREMAREE RLUET,

2. Vector Engine 7 —F (ki Z A7)

3% 2. Vector Engine 71— R 3234k UK AR — A% FR)

I—RE 266.46mm
=R 111.15mm
1 —R g 2 Ak
B W= R & 8-pin EPS 12V

eV T Vector Engine Type30A (VE30A) 7’ 22 OW TR L £97, X 3 |2 VE30A 7'ty
FHIFE TR L OIS 7 vy 7# k2R L QO ET, VE3OA a3, miféfE (VE20B)D 2 f5&72%
16 fHDOa T Z4E#H L, 16 27 ~OF7 —#tfGHe 1% 0] ESE L7 DIZAEI T VAT L —FH L TWE
7, FRLEITIZ HBM2e AEV% 6 [HESH L KT 2.45 7731 N B EVIIEF 1@ AT ik A 5281
L7cfl, a7 EEFRBORE EIhdF vy aBEo RELL KV EL,

BRI, PR BBSEEDL ~ L 1 Fpysa LoUL 2 X vy ia, FARN - ~ULF vy o (LLC) I
ONTIE, LoUL 1, UL 2 Ty i a3 NENFBEE, AN X vy v =l oW IR &
ZHEHRD 16MB 25 64MB IZKIEEFRL TVOET, SHIZ VE30A Tl LL 3 F vy = (L3C) EFEIE
NHaTHIz 2MB OREFEEFFOaT7THHADOF v 2z @ikl a7 ~OXINLT —Z8HE )%
KIFIZEEL CWVET, o, 2OV 3 oy v aldHRD IRV EDOHE /eI NVT — 2 EFEAHT
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550, VM =T I EEE AL COET, Y7 =TI RE L Y T R =T 3Ry v o RITA
MLT — 2 a5 95/ LW A LI B 52 8N TEDHMERE T, ZOREREIC IV ZE MY - RE R Y
JRFHEDH L FFH FTREZR I ML T — 2 D B AR IRAZF ¥y v 2 |TFR T ZENFRE T, AiRE%
HINAERTAZETT I U —ar OMRER B D RN X1,

VE30A 7'rt ¥ LANER DAL 27 =— AL PCI Express Gend ZE:H L. fiEsk D VE20B D 2 (L7325
K 64GB/s DA ETLELT, 7oy HINERTHDMA =V A1 L, 27 OB 3hST
LCHEEICT —XBEE B IO ENARETT,

[ | VE30A(aoBAS) | VE20B (acea &)
" Core | Core
307GFiEmE)
614GF () - e
o T PRI 491TF(545E) 2 ASTF(fEFE EE) 410GB/s x2 (LD/ST)
i Ll 9 83TFmmE)  491TFEAD
| g g g g
L-I Cache for scalar 64KB per core 32KB pEf core
@H/ARTUER) @ RARTY R d s e o
L2 cache forscalar 512KB per core 256KB per core V' 6478/s x2 (LD/ST)
2MB per core DMA
64MB shared 16MB shared
2'45TB/S 1‘53TB/S 2.45TB/ PCle
96GB 48GB L2 2 2N
CElE Gl HBM ||HBM |HBM [HBM HBM (HBM
HEEA(TDP) < 370W 300W )

3. VE30A 7'y D EEASRy 7 Ll 7 my 7 [X]

4 X7 OB E T oy IR AR LT O T, a7 E, A TALPEES (Scalar Processing Unit:
SPU) | ~2 MUALERES (Vector Processing Unit: VPU) Oft, TR ~0o—R /AT &3 27 FLA
FEREER, BRI AN VT T4 702G DR S ET, VE30A TH# O L3 F vy aZffHL T
ST IHDAEY For NI = ~F — SR DR REATOET,

\Ll Inst. / cycle

1 Inst./ cycle

32 elements / cycle

Address generation and translation

Address Translation Buffer

32 Requests / cycle

32 elements /

Request/Reply crossbar

4444444444444444

emory network

4, a7 Tuav¥
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51T SPU OIS 7 0y 742~ L ET, SPU 1E x86 'ty Y REEDOIL 7 oty ¥ OMEREAL £
B, BTOMEDORREAT T2 ETADTMBELIRT DM, XTI vaao/—FEEEMaEEne
LVPU 2 DMA =P ~FEATLET, SPUIL 1 7y A 7NV ER K A D D7 =T /T a—RALEL
DNA[RE T, VPU ~DEH SAZHWT 1 7ﬂ/7*f4’7/l/z§>71 1ODORIT AN ERAITT HIENTE
FT, TV —ar DEEREE EDAIT {Zliﬁ%ﬂﬁﬂ%iojm SPU OPERE BN BB THY,
VE30A TIE L1 Frvi= (ffm A ~_TUK /%IJ) L2 ¥y aDREXZZINEI 64KB, 512KB (Zf5HE L
7-ft, Unified Scheduler &FEIXALH AN 52T HIH O 5RALIZ L0 e KA 45 50 VE20B b 1.33 5128
BRLCWHIEZ ] ES A5 2P tERER LA K-> TnET,

64kB L1 Branch
| cache prediction

Predecode

dd4/49891u|
dd4/49891u|

Vector
coherence
control

Load miss queue

| I 2 2

Vector Memory reply ~ Memory request Vector instruction
address

5. SPU #7227 [X]

X1 6 12 VPU OREE 7 o 782 R L £, VPUIL 32 RKDRT LA FF A (Vector PiPeline: VPP)
MORERL S, % VPP IX FMAO~2 @ 3 &b FMA (8 E g (o NS R mEE s A AL, i KT 3
DO FMA BB 2 WHNZFATTHIENAHETT, Lo T, B~ MU B MEREIT 32VPP X FMA3
By b X 2GERHE + ) X 1.6(GHz)=307.2GFlops LW ) i@V WERBZF T HZ L TEET, iz, FMA{EE
FARTHREE T — & X 2 RO HIEE Packed A A1 THOZEL FRETHY , T DA O I K HFMERRIX

14@ 614.4GFlops 720 E T, 45 VPP 1% 1 70w 7% A7 /UIZ 64bit 5F5E T —XOu—R T 5 A[HETH
A28 AT BPODAFYRURIEIL 8 /SAK (64 B R) X 32 2347542 X 1.6GHz = 409.6GB/s (x2=1—
R+ART) R0 ET,

CNHOEBEIRCT — A AT H72012, SX-Aurora TSUBASA 7—F%727F ¥ £ 64 RKDOTK
NV ABER L, 1 RORT NV DARIEREE T — 2 ThHIUXERK 256 B3R | HIEE Packed 7 —4
THIULRK 512 BRORXIIN T — e RN HIENAIHETT, F72, SX-Aurora TSUBASA 7 —
TIF v ED 64 RORXTNLL D AXIIHL WBLRYIZIE 256 RORTMLVL U AF Bz TR, Tk
WL AR DY) =3I TR L0 S A L ORI MLL D RA B OERAE IR A SR L. X7 MU
B XM ARV T VA S OT UM T A —F — R T2 FEHLTOET,



NY FPVRIA—8—2a ¥ 2 —% SX-Aurora TSUBASA Of#HiN— Ko7 27 — 7 —

Instruction from SPU Load data
|

Inst. buffer 32VPP'§,"""’

L
al

Vector pipeline (VPP)

Renaming

Scheduling

Forwarding

xa|dwo) /2401

Complex
operation

Store data, List address

6. VPU IS 7 2y 7 [X

4.2 SX—Aurora TSUBASA C401-8

AOBA-S O#k 355 (/—F) Téh 5 SX-Aurora TSUBASA C401-8 DAMELL T vy 7 X AaZL N E UK 7
LI 8 1R L E T, C401-8 I Vector Host & 8 ¥ Vector Engine THERXS#1Ed, Vector Host D71
Ty iX AMD EPYC 7763 C. Vector Host 729 1socket, 64 27 %z CWET, Z'atoHoiAsE)
{Ermy7132.45GHz T, ¥ 7NV aT ThiUuTi KT 3.5GHz £ TOT —AMNNMER R TY, ety
4% 4 5D PCI Express switch & 2 20 InfiniBand NDR200 & — R LB A S CUVEd, 4 5D PCI
Express switch 1ZF4F41 2 DD Vector Engine 71— R EHEH SV TWVET, 6D 82ki13 PCI Express
Gen4 x16 T9, SX-Aurora TSUBASA C401-8 IX Vector Host 72V 256GB ® F &L 1.92TB @ SSD
22 CUVWET, AOBA-S 1X AOBA-A @ SX-Aurora TSUBASA B401-8 1Z%fL T Vector Host ® 71t
vV PEREAHE TR, SSD B E AL T\ ET, F7=. Vector Engine OPEBEM)_EIZH 1T, PCI Express
% Gend 12, BIFEREHIECL CWWET, AOBA-S & AOBA-A @ Vector Host 7443 3 1TRLET,

7. SX—Aurora TSUBASA C401-8 411



Vector Engine

Vector Engine

Vector Engine

Vector Engine

EPYC CPU

=== PCle Gend x16
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Vector Engine

Vector Engine

Vector Engine

Vector Engine

8. SX—-Aurora TSUBASA C401-8 7' uv/7[¥

# 3. AOBA-S & AOBA-A @ Vector Host D74y

AOBA-S AOBA-A
ARSI AMD EPYC 7763 AMD EPYC 7402P

64 =17, 2.45GHz 24 =7, 2.8GHz
FELlE 256GB, DDR4/3200 256GB, DDR4/3200
TINAA 1.92TB SSD 960GB SSD
Vector Engine I/F PCle Gen4 x16 PCle Gen3 x16
J—NKT I/F InfiniBand NDR200 (200Gbps) InfiniBand HDR (200Gbps)
IR 2200W PSU x2 2000W PSU x2

43 /—FRAvYET—5

AOBA-S OV AT L3 fcH O InfiniBand NDR v bV —Z 2 X0RERL STV ET, X 9 (2 InfiniBand
T " — 745k Z 7R LU ET, InfiniBand NDR A1 L1 T NVIDIA QM9700 >V —RXZFHLET,
QMI700 X, A>T 1 5729 NDR(400Gbps)64 R —hkFE7=1E, NDR200(200Gbps) 128 "R — 425 vJ
HETHY, EHKD HDR Ay F L A~TR—MEE N EL, LV KB InfiniBand #y bV — 27 &K T

% ij—o

AOBA-S X 504 5 ® Vector Host 22HA% % S31LTIHY ., Vector Host 1 B&H720 2 £ NDR200 &7 —K
ENL Ty AL F 1282k L £ 7, InfiniBand NDR Ry bV —2 &2 H 35281250, 246 Vector
Host 504 B4, v 7 Vin2@EtERE7R, 2 Bt Fat-Tree bV —27 THEALL TWOET,

UKD, J—REERE A N —21%, 7ar R R — R E DR FEY — AN — U E G T
VAT LR TNNAT I al NURIE, ST ay X U T RERRIC IR L, BT — 2 E(E & ]

REELET,
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InfiniBand NDR Switch
NVIDIA Quantum-2 QM9700 x16

InfiniBand InfiniBand InfiniBand
NDR Switch NDR Switch

\ N > 7

InfiniBand
NDR Switch

400Gbps
x2/

. - pa y
InfiniBand InfiniBand InfiniBan InfiniBand
NDR Switch NDR Switch NDR Switch NDR Switch

200Gbps

InfiniBand
NDR Switch

s

SX-Aurora TSUBASA C401-8 x504./—k AN —%-20Y MY RE £

9. InfiniBand > bV — 274 A% [X|

5. SX-Aurora TSUBASA OF%4./AY

Vector Engine VE30A 1%, $E3£D VE20B LET 2 2D EEMRE, 1.6 fZDOAFYFHIEHERED [ I
> TWET, I—RIE, (kL [REE, PCle TRALV I —RDOT7 3 —27 772 % R HL., [FCY AR
TEHLTNET,

5.1 ZFotyHEf

Vector Engine DZEL/2BDNRRIMV T oty T3, TORET o AL, fE3KD 16nm 2>HHSH{L
L7z Tnm ZER AL E LT, ZHUCED 7 — M2 SRAM By M, ZVE b [EBoOEHEEZFZH L FL
77

HBM (%, HBM2 7 555872 HBM2e A2 L. 7ty -0 AEY N RIE 2.45TB/s ZEHLL T
WET,

LSI OEIEFREIL, S Va A R —Y 2 - 2.5 IR FEIETT, s aty3s HBM &34
RINKELIEDFELTZAS, 65x65mm D RXS|ZUNDH AT EMTXELT-,

&7 b R =l

HBMZ2e

10. Vector Engine 7'+ LSI #1ME
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2 AERNB

7°mty%®f§-3§%i‘r$ﬁaazim“éi‘ﬁ'%%ﬁjjttfk I IPE R FR T L XTI EL TR, L, P atky
TFELUCRIZG AT, HEREREICHE R TEEE NI ER->T0ET, 7ty A X KELL>T
ESC VAN “(‘ﬁ’i‘é‘%ﬂ%ﬁ%7mﬁﬁf@*f%zf*uof%mu‘_ﬁuﬁﬁé71@03 i) (BB ) 13 B3> T
b\iﬁ“o IO ERIVB G EMERED @O — LR T L — R E IR E T, Tk Tr 7T
AT FATREDE 1~y 7T HIEICE, BMERFIC T ey OIREN K LD (R b
ARy ) % BFED, ZDORYNAR Y MR EITEDL L), a— AR — oG RE LS SR ERM AT
2L —ar ERIRLUE/RTHI 8L, Kii/ea— VR 7L — e LELT,

53 BROREHKE

W LS KRE N 7oy V2L EICEESE, TOMREAZ R KRS EHT720120%, 2 E
MABNIK L COEBI LA E A -8 {IEMETT%TT BIROLEMAE DD :l ANES %
FlcarF o B FRETAFEN KT, 2T A OERRIZITA L F 72 ARG OB S
BHDHID ., 7Ty OERE Y 7T REAZTEAE IO TR E 228N AITT, aty
FORBEICIZEN, BRSNDZ T ORI LI TETCWET, AT U OENEL/ebe,
Z Y OB E TEAKR0, Bt BED - DIC R I T o OB A LT SV - - AR BR I
M £,

INERRRT DT-61Z, VE30A TlE, PV MERDOEIRE LT R8O RN DX v S 2k
eI A Ir, TV RERNICa T o 2R L LT, 2SI TV MR OFETE R OB RN
ek 4 fEUGELELT,

6. HHYIC

NEC ORI A—/)I—a ' a—H SX V=L, (ML RFEYS A=Y A A
— TSN TEELZ, 2O N AOBA-S LT T D581 SX-Aurora TSUBASA “ A7 AL, i
ZEECRBY — LI E DL DS B TRO HND KBEME IS 22l — g oEt 12 K 00
JIREEE OB E TR E OB R 72 & ORUEE B ~O SR BN D2l — a8 0T, %<
DI % DI RH IR+ D% E A VET, NEC 1345 % b S i ORI ) TR A I &
BRLCVEET,
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[ KRRMPHE AT L]

FIARE EFIAREEICOWVWT

THHRAT S8 VY — & AR L FA SRR

1 EU&HIC

PAN—FA LV 22y y— (DT AL vy —)) 13, W, BEFIR 2RI HET 2 70 D
AENIE, HEAR L 7 2 B OB S O E, % Ot B PSR 2 4T ) ABE B B R S F AT -
HEPFZELR T,

K v ¥ — 3 RBBERAARES 2T L2 BB L, At v ¥ —DHISZD—D>TH 5 NG R » & — O
BE L ARROER Z MK L T, RIelind KEERF AR R REB 3 X NSRBI D feft, M CHAE~D
BASZ 27> TR %9,

(A NP A 2V Ak v ¥ — KEBRERR S R 7 4] https://www.ss.cc.tohoku.ac.jp/

2 FIRRRE

K v —DRBBERAE S 27 L 2R T 2 1IEL T OMMEELR S D 3, FHZEICOWTIEZHh
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N, fixation to produce NHj is vital for fertilizers and energy storage. Converting N to
NH;3 under ambient conditions is challenging due to the stable N=N bond. The industrial Haber-
Bosch method, though effective, requires extreme conditions and generates CO> [1-2].
Photocatalysis and electrocatalysis of N, provide eco-friendly alternatives, improving reaction
rates, selectivity, and energy efficiency while avoiding CO; emissions. Discovering a suitable
N>RR catalyst is crucial for sustainable development [3]. Metal-free carbon materials have
gained significant attention over metal-based catalysts due to their excellent stability, low cost,
high surface area, and environmental friendliness [4]. B atom is electron-deficient atom, and it
has Lewis-acid characteristics, which can drive the “c donation-t backdonation” process when
the B atom is attacked by Lewis base (such as N;) [5]. Thus, in this project, we have
systematically investigated N>RR on B doped g-CoNjo with three doping configurations, i. e. B
substituted N (Bni), B substituted C (Bci), and B anchored (Ba) on g-CoNjo using density
functional theory (DFT) calculations [6].

First, we construct the seven B atom doping structures, namely B substituted C or N and
anchored on g-CoNjo (Figure 1(a-h)). The stability of different doping sites is evaluated by
formation energy, and Bni and Ba (Bc1) are stable at N-poor (rich) conditions. (Figure 1(i)). We
found that for Bci, the N2 molecule is physisorbed at B site due to the large boron-nitrogen
distance (3.298 A), while N, adsorbed on Bn; only has an end-on configuration with an
adsorption energy of —1.53 eV and N, adsorbed on Ba has two different end-on and side-on

configurations with Ea4s‘s of —1.48 eV and —0.91 eV, respectively. we found that N is preferably
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adsorbed in the end-on configuration than the side-on one by a large energy difference of 0.57

eV and the transition from end-on to side-on N» requires a barrier of 1.00 eV by CI-NEB [7-8].:

B
—Bg —Ba —Bg A
- BNl I BNz - BN3 I BA
3 L
S a2t
<
R
=
0 -
15 1.0 F 0.0
Apy (eV)
} } } 600K
P/PY/atm = 100 1020 100
} } 700K
P/P/atm = 10-10 100

Figure 1. The possible site of B doped g-CoN o (a). The optimal structure of B¢; doped g-CoNjg (b), Beo doped g-
CoNip (¢), Bes doped g-CoNio (d), Bni doped g-CoNig (e), Bnz doped g-CoNig (f), Bns doped g-CoNig (g) and Ba
doped g-CoNi (h). (i) The formation energy of seven B doped g-CoNio structures as a function of N chemical
potential. Aun = 1/2(un2 — Ex2) where Exs is the total energy of a gas-phase N, molecule at 0 K. The bottom axes
show the corresponding N, chemical potentials at the absolute temperature 7 and partial pressure P (with P° =1
atm), o = H(T) — H°(0) — TS°(T) + kzTIn(P/P°), where the enthalpy H° and the entropy S° are obtained from
ref. 9.

Then, we investigated the five possible NoRR pathways [10-12] starting by end-on N,
adsorption, including alternating, distal, mixed I, mixed II and mixed IIl pathways. The free energy
calculations show that Bni and Ba doped g-CoNio proceeds via mix [ mechanism (Figure 2) starting

from the stable end-on N, with low limiting potentials of —0.62 V and —0.44 V, respectively. Importantly,

H blocks active site in the case of Ba doped g-CoNigdue to stronger E.¢s of H* (-1.95 eV), resulting in
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lower N2RR selectivity, while By doped g-CoNio can effectively prevent the H poisoning due to the
weaker H adsorption relative to N, adsorption (-0.25 eV vs. -0.9 eV), thus improving the N,RR activity
and selectivity.

Finally, we also perform the band structure and adsorption spectrum to investigate the
photocatalytic activity. The band structures and absorption spectra indicate that introducing B
atom can decrease the band gap and enhance the light absorption ability in the visible range.

In summary, in this project, partly DFT works were performed by Simulation Tool for
the Atom Technology (STATE) program using AOBA-B system of the supercomputer in
tohoku university to study atomistic insights into the N>RR on B-doped g-CoNjo. The
supercomputer offers very effective and time-saving to run the work. We think that our work
would motivate experimental work to prove and explore the more carbon nitride materials for

N:RR. Detailed results are published in reference [6].
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Figure 2. (a) Schematic depiction of distal, alternating, enzymatic and Mixed mechanisms for NoRR. (b) Free
energy diagrams for optimal N, reduction pathway on Bx; doped g-CoN o through mixed I mechanisms with the
optimized structure of each intermediate. (c) Free energy diagrams for optimal N, reduction pathway on Ba doped

g-CoNjo through enzymatic mechanism with the optimized structure of each intermediate.
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In this project, we have studied the reaction mechanisms in NOy purification catalysts using first-
principle calculations. We have studied (i) atomistic insights into the co-adsorption behavior of NO with
H,O on Cu(111) [1] and (ii) metal-support interaction of supported Pd catalysts revealed by machine-
learning enhanced global optimization [2]. In this report, we discuss the importance of intermolecular
interaction in co-adsorption of NO and H,O by means of self-consistent van der Waals density functional.

NOx purification catalysts are essential in three-way catalyst converters to reduce automotive exhaust
NOy gas to non-toxic N, gas [1]. Recently, Cu catalyst has been received much attention to replace scare
and expensive platinum group metal (Pt, Pd, and Rh) catalysts due to its excellent performances in NO
reduction. Elucidating reaction mechanism of NO reduction on Cu catalyst is important to improve the
catalytic activity and selectivity of this catalyst.

As the model for the Cu catalyst, NO adsorption and reaction on well-defined Cu surfaces have been
studied. The interaction between NO and Cu surfaces are well studied but the interaction of NO with other
common gases in TWC likes H,O, NH3, and H, remains ambiguously, which hinders our design of selective
NO reduction systems [3]. In particular, elucidating the interaction between adsorbed nitric oxide (NO) and
water (H,O) on metal surfaces is of paramount importance to uncover mechanistic details of their
competitive coadsorption behavior and to guide the design of new NOy purification catalysts under wet
condition.

Recently, Koshida et. al observed that the H,O exposure to (NO)s-preadsorbed Cu(111) results in the
formation of mixed NO-H,O complexes by scanning tunneling microscopy techniques [3]. We herein focus
on elucidating the NO-H>O interaction strength and compared that to NO-NO and H,O-H,O binding
strengths to prove that the mixed NO-H,O complexes is formed rather than separated NO and H,O clusters
on Cu(111). To this end, we constructed several mixed NO-H>O complexes and compared their binding
strengths to binding strengths of NO trimer and water hexamer. The adsorption energy of mixed #nNO-
mH>0 complex is defined as

Eaqs = E(nNO — mH,0) — [E(Cu) + nE(NO) + mE (H,0)], (1)
where E(nNO — mH,0), E(Cu), E(NO), and E (H,0) are total density functional theory (DFT) energies
of adsorbed nNO-mH,0, clean Cu(111), isolated NO, and H,O, respectively.

The DFT calculations were carried out by using the simulation tool for atom technology (STATE)
package [4]. We employed ultrasoft pseudopotentials to describe the electron-ion interactions with Cu 3d
4s, N 2s 2p, O 2s 2p, and H 1s valance states. Valance states were expanded by using plane wave basis-set
with cutoff energies of 36 and 400 Ry for wave functions and augmented charge density, respectively. We
used self-consistent van der Waals density functional (vdW-DF) method and the optB86b-vdW functional
is adopted [5]. This approach is proved to provide an reasonable accuracy for adsorption and reaction of
NO on three low-indexed Cu surfaces, namely Cu(100), Cu(110), and Cu(111) as indicated in our previous
works [6,7].

First, we study the adsorption of small NO and H»O clusters on Cu(111). We obtain the most stable sites
for NO monomer and H,O monomer are fcc-hollow and atop site with E, 45 of —1.325 and —0.261 eV,
respectively. We find that NO tend to form NO trimer (NO)3) on Cu(111) and (NO); is more stable than
separated three NO monomer by —0.123 eV. The adsorbed H,O also tends to aggregate to form small
clusters on Cu(111). The binding strength of water hexamer ((H,O)s) is —1.369 eV w.r.t. separated six H,O
monomer. Atomic structures of (NO); and (H,O)e are shown in Figure 1.
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(NO)s (H20)6 4NO-3H20

Figure 1. Atomic structures of NO trimer (NO)s, water hexamer (H>O)s, and mixed 4NO-3H,O
complex. Color: Cu, orange; N, blue; O, red, and H, white.

Then, we investigate several mixed nNO-mH>O complexes (n = 1-4 and m = 1-3) and the largest mixed
complex, i.e. 4NO-3H,O0 is shown in Figure 1. The calculated E,45 of 4NO-3H,0 is —7.424 eV, being more
stable than separated 4/3(NO); + 1/2(H20)s state (—6.933 eV) by —0.491 eV. We find that adsorbed NO
tends to received two hydrogen bonds from two water molecules and those adsorbates aggregate to form
large mixed nNO-mH,O clusters on Cu(111). Our results imply that the mixed #nNO-mH,0O complex is more
stable than NO trimer and H,O hexamer. Intermolecular interactions in #NO-mH>O surpass the NO-NO
and H»O - H,O interactions, leading to the formation of mixed nNO-mH>O complex adsorbed on Cu(111).
Our finding is consistent with experimental STM observation [3] and well explains their results.
Intermolecular interactions in nNO-mH,0 composes of NO-H,O and NO - NO interactions. The former is
hydrogen bond where negatively-charged NO driven by back donation process from Cu(111) interacts
attractively with H,O via H-bond. The latter is the covalent interactions where 2nt* orbitals hybridized at
near Fermi level.

In summary, we employed Supercomputer AOBA installed at the Cyberscience Center, Tohoku
University to study atomistic insights into the co-adsorption behavior of NO with HO on Cu(111). Detailed
results are published in reference [1].
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1. Introduction

The exploration of electronic interactions in molecular compounds has led to .
intriguing discoveries in the field of lanthanide complexes. Among these compounds, L
bisphthalocyaninato lanthanide(III) complexes, Pc,Ln-, have exhibited a novel type

of interaction. Previous studies have revealed that an interaction arises between the <%\< i | j

total angular momentum (J) of the lanthanide ion and the orbital angular momentum Q&

(L) of the cyclic n system of the ligand.'? This interaction, called the “J-L

interaction”, can occur in either a ferromagnetic-type or an antiferromagnetic-type g%ﬂ}m i

manner, as illustrated in Figure 1. Notably, this interaction has the ability to alter the

energy ordering of the sublevel structure in the ground state through the \ L
photogeneration of L. Consequently, this present a remarkable opportunity to
manipulate the quantum state of molecular magnets via the excitation-deexcitation

process.

adAy

2dA3-
dnoUSRWOLINUY -0NUSBWOLId ]

Figure 1. Schematic J-L interaction in Pc,Ln~.

2. Research Purpose
This research aims to study the intramolecular magnetic interaction in the excited state of rare-earth-based molecular magnets and propose a new
strategy to control the quantum states of molecular magnets.

3. Methods 4. Research Progress
This research utilizes three primary software packages: (a) Geometry Structure Optimization ( .
> c) The 4f orbitals
GAUSSIAN, OpenMQLCAS, e.md ORCA. GAUSSIAN is Program : Gaussian 16; Level : B3LYP
empl.oyeq for density functional theory with scalar Basis set : Stuttgart RSC 1997 (Tb)
relativistic effects. OpenMOLCAS and ORCA are used for 6-31G** (C, H, N)
relativistic ab initio wave function calculations with the
second-order Douglas—Kroll-Hess  scalar relativistic 4 p
Hamiltonian and ANO-RCC basis sets. State-averaged -
Complete/Restricted Active Space Self Consistent Field —\-;
(CASSCF/RASSCF) wave functions are constructed for i f’/{“’ﬁi
the f, &, x * orbitals, as shown in Figure 2. The Restricted B af
Active  Space  State  Interaction  (RASSI)  and
SINGLE_ANISO modules are employed to compute the Cal, 7
. . . . c. Exp.
oscillator strength and spin-orbit coupling states. The
magnitude of the J-L interaction is determined from the Tb-N(average) 245A 2447
latter ITIOduh? by referring to our pr.evious report.® By Interplanar distance (d,) 2.86 A 2.83A Hya
femploymg this strategy, the relationship between J and L Skew angle (o) anege | AR
is expected to be revealed. »
_____ Opening angle () 108.73°  108.86° _
i | RAS 3 (n* orbitals) iy X
== - . o (b) Ground Multiplet State of Pc,Th- {2
ekt —-! RAS2 (forbitals) Program : OpenMOLCAS V.20.06 o
1 —_— . Basis set : ANO-RCC-VTZP (Tb)
= RAS 1 (n orbitals) .
Lo ANO-RCC-VDZ (Cyuer Ntore) e X
(a) ANO-RCC-MB (Cyigtanes Nagstan H) O
800 = O
FEssmTmmEEEEEE T T 700 3
R N Af 2
: - = (n* orbitals), ol | g % e
1 - %
| ——————— (forbitals)1 RAS 2 B 2 i '
| > 400
I S
= orbitals) | 2 0] g g F
Lo E (rorbial) I . % =
<b> 100 .
. . o] o i [
Figure 2. Schematic RASSCF " Eerment | CAS®7) | CAS(1213)
5. Conclusions
At this stage, the ground multiple states of the terbium complex
have been determined using the CASSCF calculations, followed 6. ACknOWledgement
by RASSI and Single Aniso modules. Expanding active space in This work is supported by the “Joint Usage/Research Center for Interdisciplinary Large-
calculations can influence the energy gap between two states in scale Information Infrastructures (JHPCN)”. All calculations have been done using the
the ground state. Nevertheless, the two lowest substates for the supercomputer system SQUID at the Cybermedia Center, Osaka University, and AOBA-
complex remains the same, with the lowest /, state is +6. B at the Cyberscience Center, Tohoku University.
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