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* Ver.3.3
EELS (SCF), 3D-RISM-SCF, 18X zmekcal, Virtual Shift, QEq;%, %% T ZF &0

* Ver.3.4
GGA M. EG%X (RPBE, revPBE, PBEsol, Wu-Cohen)
BoltzTraP & O EH#E[1]

e Ver 3.5 [1] BoltzTraPD 7 = 7
. https://www.imc.tuwien.ac.at//forschungsbereich
ConStant'wf theoretische chemie/forschungsgruppen/prof d
Wannier90 & D EH#E[2] r_gkh_madsen_theoretical _materials_chemistry/
ekcal & epsmain Dk = 514k, boltztrap/ )
[2] Wannier90dD 7 = 7
http://wannier.org/
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@ Prep. ion panel
= general basic settings atomic configuration post processing  structural evolution
o
'_ atomic y y
input e cell scheme
% | ‘mstﬂm \il D convert 'a,b,c,alpin,beh,mm A “:l convert
exe
h a b [ alpha beta gamma
Feiskitta unit_cell 5.58472 558472 |18.4379 90 90 |120
&b atomic coordinates
close no. element (33 y rz mobilex mobiley ™
3 |:| apply to all |:| apply to all |:| apply to all
1 Pd 0.00 0.00 0.24988
2 Pd 0.33333 0.16667 0.12494
3 Pd 016667 0.33333 0.00
4 Pd 0.50 -0.00 0.24388
5 Pd 0.83333 0.16667 0.12494
6 Pd 066667 0.33333 0.00
T Pd 0.00 0.50 0.24988
8 Pd 0.33333 0.66667 0.12494
i) Pd 016667 0.83333 0.00
10 Pd 0.50 0.50 0.24988
11 Pd 0.83333 0.66667 0.12494
12 Pd 066667 0.83333 0.00
13 o 066667 0.33333 0.32241 ] 0
v
coordinate system view configuration
| Import ” Export I :interml e | |:| convert View ]
edit atomic configuration
| editor H save I undo new input :
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atom_list{
atoms{
#taz element  rx rz mobile mobilex mobiley
Pd 0.00 a. UU 00.24988 1
Pd 0.33333 0.16667  0.12494 1
Pd 0.16667 0.33333  0.00 1
atom_list] Pd 0.50 -0.00 (0.24938 1
atoms! Pd 0.83333 0.16667  0.12494 1
4 Pd 0.666E7 0. 33333 0.00 1
Pd 0.00 0.5 0.24988 1
Pd [0.33333 a. 6668? 0.12494 1
Pd 0.16667 0.83333  0.00 1
Pd 0.50 0.50 0.24988 1
Pd 0.83333 0.66667  0.12494 1
Pd 0.66667 0.83333  0.00 1
0 0.66667 0.33333  0.32241 1 0 0
coordinate_swstem = intermal
I—}U (SR 1N R T LR P e Te) T s s
Fd 0.83333 0.66GEY  0.12494 1 % ¥
Fd 0.6BEGT 0.83333  0.00 1 % ¥
0 0.BBEET 0.33333  0.32241 1 0 0
: coordirate_svstem = internal

mobile& AL LK D ICERETZE %,
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k% === Momic coordinates ==1
Ikt id ( coordimates_in_Intrnal_svs ) { coordinates_in_Cartsian_svstem ) weisht imdt vy
e O ry rz X rv rz ) i mdt o itve species!
Lk 1 0.000000  0.000000  0,249880 0.0000 0.0000 3.7085 1 111 1 112 Pd 4
Lk 2 00.333330  0.166670  0.124940 2.56383 1.5233 4,30532 1 111 1 112 Pd 4
Lk 3 0.1e6670  0.333330  0.000000 0.0001 3.0465 0.0000 1 111 1 112 Pd 4
e 4 0.500000  0.000000  0.243880 5.2768 0.0000 3.7085 1 11T 1 112 Pd 4
Lk hooo0.833330  0.166670  0.124840 7.9151 1.5233 4,332 1 111 1 112 Pd 4
Lk 6 0.eege70  0.333330  0.000000 h.2768 3.0465 0.0000 1 111 1 112 Pd 4
Lk 70.000000  0.500000  0,249880 -7.635%4 4.5693 8.7085 1 111 1 112 Pd 4
e g 0.333330  (0.BBBEYD 0.124340 -0.0007 £.0931 4.3032 1 11T 1 112 Pd 4
Lk 9 0,160  0.833330  0.000000 -2.6383 7.6164 0.0000 1 111 1 112 Pd 4
Lk 100 0.500000  0.500000  0.249850 2.06334 4.5693 3.7085 1 111 1 112 Pd 4
Lk 11 0.833330  0.666670  0.124940 h.2767 6.0931 4,30532 1 111 1 112 Pd 4
e 12 0.BBBETD  0.833330  0.000000 2.6385 7.6164 0.0000 1 1111 112 Pd 4
kx 13 D.BEBBYO0  0.333330  0.322410 H.2768 3.0465 11.2336 1///,1 o0 1Jr o
_

mobile mobilex mobiley mobilez

fERE LT, BERELTORFICEI K DD « v D DY ER
SN, ORFEIZDXES « YA ADEHENAE W &2 5,
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p'(t + At) = p(t) + ao(p(t) — p(t — A1) + Bo(p(t — AL) — p(t — 2At))

T, pt+AD)IIIMF I N EREE., p(t) IZSCFEHA TS & 41 5 &l
BETH D, R, EB, & X, |ti(t +dt) —t;(t + dt) | Z &=L T B & 5
RO D, it + d) I FHADEFDORFIOEDEEZ, )(t + dt)HE LA D
A TEONBIRFEETSH S,

aip = % |7 () — T, (t — d)|?,
a;p = XlTi(t) — 7;(t — dt)] [7;(t — dt) — 7;(t — 2dt)],

biaz;—byaq;

% =" deta Az = % |t (t — dt) — 7;(t — 2db)|?,
a1 = Adq2,
B, = 22811—badz1 by = =Yl — 7t + dO)] [t;(t) — 7;(t — db)],
detA by = = Yilt:(t) — T (t + dO)] [1;(t — db) — 7;(t — 2dD)],

detA = A12071 — A110423.

[1] D. Alfe, Comput. Phys. Commun. 118, 31 (1999).
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Pt + A = P(t) + o (Y (&) —p(t — AD)) + Bo(Y(t — AL) — P(t — 2A1))
22T, PUIIME I N2 IEIREE. IESCFRtRE TR o N 3 IKBIBIE TS 5,

o HamiltonianX{ A L THK NV FOJEF IZEEGED AT IZ 7 > T 5 53,
JRFREEIC N Y PR 2R 2B 56, RNy FEEEZFEHLZS
BB D ASEREE 4 U <. AMEE iﬁxﬁiﬁﬂzﬁ* A SR

« Kohn-Sham#i:& & {7 fH DA =14 xtAfbic 96 N7z BRI EUE
MAHOEEWELRH 2 (YpE-pD b b ?bftﬁq:) o DT, HMEIEE
TH27-01c, ZOHEEMEZ R TLELRD B,

— Band alignment’" W ETH 5, Z DU T, KEFELTH
ETIRMEIE ONBWEEDLH B,

S MR ¢ T. A. Arias, M. C. Payne, and J. D. Joannopoulos, Phys. Rev. B 45, 1538 (1992);
J. Fang, X. Gao, H. Song, and H. Wang, J. Chem. Phys. 144, 244103 (2016).
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structural_evolution {
sw_extrapolate_cd =on
sw_extrapolate_wf = off

sw_extrapolate cd : &% (charge density: cd) Z A& 5 H
EIDDRA Yy FT, T 74/ ~Zon.
sw_extrapolate wf : B %X (wavefunction: wf) = 2\&$ 5 H
EINDRA yF T, T 7 A FIToff.
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EELSDnon-SCFETE

(EELS: Electron Energy Loss Spectra, & F L /L ¥ —18K 7 E%E)
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* SCF: Self-Consistent Field (B 2 E#iE 5 15)

BFRE (EERRE

BHEE) &R B EIL
(1) BHEEIESENE TR >N D,

2) BOME (X7 MLERE) LN T, EREEDE
ERICBWT, KEBDOKREEIEIRIIZ/IE W

* Non-SCF

SCFAHETKO-BEEEZAWVT, FEDKATOEFEN

KoL b,

(1) ZEEEHEZ VWS ITWVIECTUHENDH D & &

(2) FEEKR TDMHEE,

IIkRIKFEZ RD20ELH D EF

Non-SCEIZEHERFE DEMEC X EY OFINN T TCE 3
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Input = apsout
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< :_ S |
= l — — — l = farm
to clipboard  export  toggle selection mode Xy -lqmﬂ:pﬂ:r plot HE
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reload : Cemt s
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non-SCFDEXXRKkRETE ClE B/ & RO S

non-SCFETE Z HEXE L 72 Uy,
* ek_convergence DX €

AN HEFE-> TS,
DE L BAJEESEDDH D D T,

delta_eigenvalue [{HY|F#3%F L £9. ##ik,
l.e-6 rydberg FEIEEAA K WTL &£ 5.

IR R D B
(7_ a

513 1.e-4 rydberg f2/E, #lROH5 &L
77 )L)

ek _convergence{
delta_eigenvalue = 1.e-4 Rydberg

}
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LDOS: BFTIRREEE
(RF D BATIRAER

Ek}
U[V

- B RIRFTRREEE)
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;

PDOS: SIEIRRERE
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Density Of States

The density of states is defined by
p(e) =) (bnltn)d(e — £n),
n

where &, is the eigenvalue of the eigenstate |7,L'n)

Inserting a complete orthonormal basis, this can be rewritten as

p(e) =>pi(e),  pi(e) =3, (nli){i|thn)d(e — €n)
p(e) = [drp(r,e), p(r,e) =D, (nlr)(rltn)d(e — en)

using that 1 = > |¢)(¢|and 1 = [dr|r)(r

pi(€) is called the projected density of states (PDOS), and p(r, €)the local density of states
(LDOS).

https://wiki.fysik.dtu.dk/gpaw/documentation/pdos/pdos.html
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= | AA = | A v sen
SCFETE vs. Non-SCFEHE :
* SCF: Self-Consistent Field (B 2 E#iE 5 15)
BFIRE (AEREBCEREE) =Kk BH51HE,
(1) BEREEILISBIETRO NS,

2) BOME (X7 MLERE) LN T, EREEDE
ERICBWT, KEBDOKREEIEIRIIZ/IE W

* Non-SCF

SCFATE CROT-BREEZAL T, AEDOKR TOEHFED
KHLND,

(1) FEGBEHEZ V> ITWECTRENDH S & =
(2) BTk COHE., HIIknikFEEZR20ELH B & =
Non-SCFIZETERFE DEMmC A EY OFNA T TE 3
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LDOS/PDOSETE (ekeal) DGUIEX E =

- kst project {whcal =

m Proparatinn jsl
A genetal  basic seitings  POSE processing
| DOS  charge
(T berkal D03
0 E output mraifead
ﬁ' on w | tetrahedrs -
Exn
B ntaemie laenl DOS
ALDDE oulpul crilical dislamce Froam alom o abuen
ety I
an w0 Buohr o (A 18
&
chose ler 003 = e L AL
L AYERDOS output alising vy T SCF E‘l‘ﬁ_ t == <
an = | by_ntomie_pasitions W Ehack e |§J D ?J_L'E
iy eritienl dintnnse marmial aeis DX
10 | Angsbiom 15 |Bohe vl 2 | [ igrar irr. wyetem
Projected DOS
PO S outpat
7 srunfifpir e P i
. ednrra et L ] ny ] alelies naim_kayer
| [ apaly tw ai | [Jappty toall | [T awply 1o al
| L il ] poy e J0OF = W
|f2 o .50 000 |08 % [
1 Ha ] L |45 12
| 8 2 il R s O SES W )
|f8 Ba .00 250 0.25 q |2
L L 050 e jras I
Ifr ] 0,00 050 038 I & 1
1] ] oo (] 040 L] &
A . _ B o d 0 S —.
L B 0.0 0 e S S
|{r0 i 0.50 050 060 & |T
1" 5l ] (L] |55 1 L]
edilar Bave [T ] e il
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LDOSETE (ekcal) D #&5 L2 HT

= m e,
‘ info general list of files DOS band Image files
! dos.pl
] run dos.pl  dos_a018.eps - | view | XD H
input
‘ . ':'-. fi !
i ALDOS 14 AD{f IR TATETS BRENATO e |Enmszuvennna3._.u
& s Mo 18 =1 S AL
results  No. g = —_— SCFEtRE & &<
. P : L gl
16 - " 1
close 26 I
36 - s E
46 4
sc P! Il =%
66 - g
76 - ik 4
86 -
% n | B S ‘ l L ]
106 - ! ‘
116 - - I Y T C o LAy
126 - -3 ] 20 18 -1l | -] L] 1
Enaeqy (o)
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PDOSETE (ekcal) D R AZMT

- © : fﬂﬁulﬁ viewer panel
info | general list of fies DOS band image fles
dos.pl
2 run dos.pl dos_a00110m0itieps [ view | [ D H /]
input
&  C:\Usersihulphase-viewer-projectsisam >
exe | i i
| pos pog MIKTRTHTS IEIEN T3 Te 111 m:3t:1 PDOS fa:2 kO m:A ... .,
] | data POOE atorm 1 =l mat 11
= | /<&
resulls No. .0 : . . : : : : - . SCF E_I_E— b /i\ <
6 | 000000 | = L 1%
& 16 oo 1 1000000 |_J ?*'ﬂz
close 26 ‘ 000000
36 13 5 4 1000000
16 £ ' 000000 \
56 i ams | - , 1 loooooo | T — X
66 g 000000
76 b | [ ! 1 |ooooo0
86 | | it 000005
96 e | R L\ Y | |099107
106 \ el 208674
116 L O T S 884970
126 " -8 5 o B T i 2t = M 726621
Enafgy [0V
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Code for Investigating Atomic Orbitals

DR RT V> v IILDOVERR

m/ L LR EFR
w7 Zy 7 N
@ PAWZ

NRREE T 7 1 )L DYERR

NREFLEET 25K T2 ¥ ILDOYER | XPSF. EELSH
@ PAWZY
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Windowshi: ciao.exe
Linuxif: ciao

e Y _ a2 )l

advance_ciao_manual.pdf (PHASE

AfVRAM=ILT4L 27 FVETD

doc|Z &)
e GUISTIG
Y TILTF—4&

N

AT] - AT - RO DHE
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\£:| Advance/PHASE:

Project Module Process Wmdow(s)
projects 1

#HOsurface ~ 1
HOneb
Horb
THacClA0 T
~As_gga_us_pcc :
~C_gga_nc I
-Fe_gga_us_pcc :
~(Ga_gga_us_pcc I
~H_gga_nc !
~H_Ilda_nc :
~N_gga_us [
~Na_gga_nc_pcc :
~Q_gga_us |
I

O meta_dynamics

jobname Mg_ggapbe_paw_core_hole

atom_number 12 12.0
electron_config 6 srel restricted
1s 1.0 1
2s 2.0

2p 6.0

1s =2 3p:

O 7 hie

3s 2.0
3p 1.0
3d 0.0

oOr P RF

Xc_potential ggapbe

pseudo_potential nc
local special polynomial

rcut 2.50
vcut 0.00
orbitals 3
3s 2.50
3p 2.50
3d 2.50

Copyright (©2018 AdvanceSoft Corporation. Allrighis reserved.
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Advance/CIAO D
A7 74

core_correction pcc polynomial
rcut 1.40
np 4
gmesh 400 9.0d0 40.0d0

solve_pp_spin
spin polarized manual
3s 1.0 1.0
3p 1.0 0.0
3d 0.0 0.0
mix 0.3

sw_paw 1

end
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clA0 70> 7 b DERR

1. Create sub-project & V)
ciao & 3E R,

2. Template file=Zk [Zelement
name’ 8§ 7E o

ARRIETLEH T > > v L
ERLDIZE, ABRER L
DB,
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AT

|+ Mg-core-hole (ciao)

\input exe output

general pseudo potential electron configuration core correction switches
electron configuration

orbital occupation calculate
1s 1.0 1
2s 20 1
2p 6.0 1
3s 20 1
3p 1.0 1
3d 0.0 0
add row  remove selected row(s)

template  editor generate default input  save input

register pp file to : dismiss

GUITTDZELT

http://www.advancesoft.jp/

1
Advance Folt
Lk

. Mg-core-hole (ciao) e el
input @x& output |jm———— -
|
: run CIAO
summary file : Mg_ggapbe_paw_chole.sum
5 B d 2
5 1000000 0146844 0. 7068561
= 0.244235 1.000000 0.373622
d 0. 3726756 0. 255606 133218
present 0.283144 0123722 =0.346518
Kleinman-Bylander local energy levels @ Eloc[KBI(i, 1)
[ u] d
local=1 -0.374578 =0. 107398 0. 000000
local-2 0.021137 0. 000000 0. 000000
E[KE] ¢ '
eigen 0.274430 0.103918 0.000000
ehost rane rane urik nown
ot (ma ———3 3 AG4NNN_ sar h
£ >
register pp file to : dismiss
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.| Mg-core-hole (ciac) ==

input exe output

summary file tools

subdirectories

Mg_ggapbe_paw_chole_ldr.eps
Mg_ggapbe_paw _chole_ldr_std.eps
Mg_ggapbe_paw_chole_pcc_ggrho.eps

Mg_ggapbe_paw_chole_pcc_rho.eps }ELTZ /_J—S '7__ \/ :/ «\7 ) [/

Mg_ggapbe_paw_chole_sol_rho.eps R
Mg_ggapbe_paw_chole_sol_rphi.eps 0) I|‘§E B % ?:L§ —a_
Mg_ggapbe_paw_chole_sol_vloc.eps H b
Mg_ggapbe_paw_chole_wf_phi.eps -/ ~
epsHZ =l
pPS/T>x

resolution{ps,eps,pdf): | 250

select directory show selected image(s)

register pp file to : dizsmiss
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: Core
0.06 M : Valence -
! Total - 3

0.05
0.04
= 0.03

v, (1)

0.02
0.01

0.00 EENZHY bF 7HEERERT

.0.01 1 I | 1 I 1 I 1 1 1
0 1 2 3 4 5 0 1 2 2 4 5 6 7 & 9 10

r r
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2. VILIN—~DORIGEEE R L2 14. 3DDYHEBTR
3. VIIIN—~DRGERE R L3 15. RRUVEOEEL
4. AVTIYNDFyoRERIEL 16. BRPZERIHRDOE
5. AVTIRDFyoREEE2 17. 3DH A D:EN (0B )

6. BoltzTraP2[Zxt s 18. parallel projection CMzoom# HE
7. FAEVHEEDRE 19. NLTDER

8. TILEBEILEFTEANDXIE 20. NILTTAATDEM

9. ekcal DEHIK DT RKE 21. restore projectstéBED IRIE

10. dosT—ARMD—IEE 22. A—)LAEREDIEZ]

11. XFORREEDBBEDEHE 23. £Dfth

12. RFEZET—TIEEEERL
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> phaseY/ )L/ A\—T®DkshiftF|

[ 5cr tpnane = o hem|
m | Preparation panel
ol general DESK SETNOS  mismes configuralion past processing  siructural svndetion
%] control BECUMBEY  comrergence criboria  sobrer and charge mixing  hunctional
inpat weave: Tunction cutol! tharge density cuioll rum, bands
i w0 Rydberg = | 3.00 Rydberg ~ B G in
exe K poin
h merthod nx ny ne
menk mesh 4 4 4
resuils l[_l'nuﬂlﬁmpml.mwl-
@ [ k3 k3
cloae
Smeaning
Methes weideh i
= [ ] enatie AW when possibie

Monkhorst-Pack;E (& FHBE(Z

REASERINET
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Preparation panel

general pasic settings atomic configuration post processing structural evolution

input file 77
: element_list{
nfinp.data - c . .
#tag element atomicnumber standard _deviation
Si 14 1.83
pseudopotential file(s) }
element info
no. element atomicnumber mass (au) zeta deviation ~
1 Si 14 1.83
L

JILIN—TEZ BT EGUITHFEZADLSIZLELS !
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st initial velocity read atomic welocities
w | om e
registered ihermosiats
na, temg g

1Emg AR
aad delete froam fise
Irlq elemenl (1 " [F} "‘I
| apphy 1o all ] ]
1 o AAIIM00001 01458000001 5145 wreight
3 o ABSLEANIGY [0 MATEMANE  S4SXM aldos
1 o ATIEY 05288 aTREES
4 o AIETENNIANY DBSASSMMSS  asarry  Memlwer
& o X CXIED ARRANT| & thermo_gromp v
deEiE s prE_griap
muleciie
mokden
ey
miobdez
e
Vi
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Copyright (©2018 AdvanceSoft Corporation. All rights reserved. 5

(VT DF ULl T

http://www.advancesoft.jp/
» REGF—T—FDFIvy
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g structureq{
Ep— unit_cell type = primitiv

E=. ARNEFEZ TG SIS
INFO - input saved. %&if(hé&r)':bib - '

ERROR - ! check the input file !! unit_cell_type — invalid: Primitiv
INFO - select from the option list

T ot weved -
BRI i e et Ve ¥ el qwl Py svsied P e kg
P ———— i
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Q_‘ e e
il e =] ksampling{ M—
runaliy
- » mesh{
f;. E i nx = 4
=T ny = 4
::’w'l nz = 4 ]
& :::“ } T ————
o e method = monk
T F (ML= B A -
! FEHREDEEZL TGS
=1 smearing{ axX ll < al-
S, e L R TCRAKSITLELL: !
e - . BZ 212 =
i Ty et i _ . L) L =
j... WARN - dos method: tetrahedral, requires smearing method: tetrahedron.
:’E WARN - dos method: tetrahedral, requires k sampling method: mesh.
ot
—
g T e
MELFE  duw ertinsf et e e e i
-
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@ RuBuRS viewer panel
= peneral il of files DOS Band  amage files

m inla

num_kpoists = 188

ATEOEBIKNRZE
o RXgdLELE!

ingut num_basds = B
& nspim = 1
T r e
o data
B - e o e ™ ot el oigd o
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Ui a0 5 (phase) ® &=
o [ Rrsults swwnr parsel 1
ko oendral Wstoffiles log BU% charge structural evaluben M eey goc 3001.data 2018/08/24 16:12 DATA 771 )| 105 KB
o
P i ©0 dos_a002.data 2018/08/24 16:12 DATA J74 )l 105 KB
O,
L o o ¢ ©0 dos_a003.data 2018/08/24 16&:12 DATA 774 )l 105 KB
& DOS ALDOS1 ALDOSE ALDOSI ALDOS4 ALDOSS ALDOS6 ©© dos aD04.data 2018/08/24 16:12 DATA J74 )i 105 KB
: it @0 dos_ab05.data 2018/08/24 16:12 DATA J74 ) 105 KB
" lincnmin ©0 dos_a006.data 2018/08/24 1612 DATA 774l 105 KB
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S|zZ Ny AZTHRDTIRFE. no: RSTHDORFH

Noui1ic / NIV R DTIRF . Ny o8 /LT FRDORFH

3. kKAEFHEDES

4. EHEFIEDEZ

5. EZrifskiF It DRERE
v

ZEFEEEBIR/ILF—E
FDRETLTLR/LF—TEES

Eads = Ewt(AU/TIO,) — Eii(Au) — Eyi(surf.)
Eo(AU/TIO,): IRFEE D EIRILF—., E(Au): AUBRFDETR)LF—

=, DFTETEIZLBAUTION(112) DI E R D fZBA

m@%&m ASTETILERBEIEDHRN

, OO 4 t

i i - . . M
?-9;1& ‘;—_‘0 2. F—RFE (/)

PO O . v . =
i ) ) KEEEE IS /LF—Tles!
Optimized unit cell Gy (surf.)
= Ego(surf.) — = i E¢ot (bulk) — %(_n:nﬂ + no) Eiot(02)
3. bulk,Ti bulk,Ti

(11 2)E D EHRTT A Ei(surf.): AT DEIRILF—, Ey(bulk): /NILIDETHRILF—
MNzEh A MIZED K E(0,): O, FORTHILFE—

Sz Ny AZTHRDOTIRFH. no: RSTHDORTH

Noui 1t / ML R DTIRFEL. Ny or 7 VILTHDORFH

3. KAKFHEDREZ
4, EHEFIEDES
5;52%%%@%%@&%?

FEHEERBIR/ILF—E
FDRELLR/ILF—Tres

Eads = Etot(AU/TiOZ) - Etot(Au) = Etot(surf-)
Eo(AU/TIO,): IRFEH D EIRILF—, E(Au): AUBRFDEIR)LF—
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wEEe.  RSTETIRBLEOFN

1. /YA ODEBEIE, [Flé;

y L %
& 3 é FKEE THesT
Optimized unit cell G (surf.)
i 1 i Mbu
. = Euoe(SUrf) = - Eyg(bull) — 5(— Tl n0>Etot(02)
(1;] 2)@ D EH#R T3 [ Ei(surf.): 25TDRIFLF—, Eoi(bulk): NLIDEIHILE—
MNzEA A M 2D & E(O,): O3 FORTHILF—
512254 N AZTHRDOTIRFH. ng: RSTHDORFH
= Npuierit Z SILTHRDTIRF . Ny o0 /LR DOREFH

3. kKAkFEDREE

4. EHEFEDEZ
5. EZF DS
v

ZEFEEEBIR/ILF—E
FTORETLTLRILF—TEST

Eads = Ewt(AU/TIO,) — Eii(Au) — Eyi(surf.)
E(AU/TIO,): IREEDEIRILF—, E(Au): AUBRFDET R ILEX—

DFTETEIZLBAUTION(112) DI E R D fZBA

]
T F—RFEOREN)

« REICEHLTWARELGFE—RFEZDFT
STENORET DMBEND D,

FH 2 (Tilsel)

Titoel
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W E— R FRBORE(2) :122DRS5T

MEASTETIL RERASTETIV

?‘} ; @ wa @

/Nx}: [111] [111]

:94}\ Zﬁ L3 ll;‘jp Vicw Stl::‘:c\\ L.[::s]» View S:i“\':\\'

- FTEIZCACEN/ESED  FEOACBMEZ DS,
l:*%%@lﬂﬂ&l:*ﬁfrubh\i# e 1SR AHOEREL/NILY
MENKE), RIED=HOIZETET S,

- FHEaXMAELY,

o FTEOXRAVELY,

° IEIEJEJ@RIFEL&@E
- RFHEDHEZENE,

MWMM

DFTETEIZLBAUTION(112) DI E R D fZBA

—[RFRBDRE(I): KERITETI

l112) I112 E (112)
EFIL1 side EF)L2 side ETIL3 side
E—RFE: O E—RFE:Ti*d —RFf@: 0l

[& 7 J& : Ol'cl-Til5cl-Ql2cl

& %E & : Ol1cl-Tjlscl-Ol2c]

EIEEE - Ql1el-Til5cl-Ql2c]
(112)

EFIL4 side top ETIL5 side EFIL6 side
F—[RFE: 0l F—FFE: O F—IRFE: Til5
@EE : O[2c]_o[1c]_'|'i[50] @EE : O[20]_O[1C]_Ti[5c] EEE : O[20]_o[1c]_Ti[50]
112) 112) (112)
top EFILT side top EFIL8 side top ET)L9 side

FE—RFE Ticd
[& 5E 2 : Til5l-Ol2cl-Ql1el

FE—EFE: Ol
[& 5E [& : Til5el-Ol2el-Ql1e]

E—RFE: 0=
& 5 & : Til5el-0l20-Ql'cl
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e E—EFBOREQ) R

B8 88 B &

Gyp(surf.) =7.81 eV Gypsurf.) =27.17 eV Ggw(surf.) = 11.61 eV
BRAETIV(E—IRFE: Ol E5EE: O-Tilsl-Ol2)

&8 ER B

Ggp(surf.) = 31.47 eV Gqp(surf.) = 29.26 eV Ggp(surf.) = 48.97 eV
g @ i :
Ggp(surf.) = 32.53 eV Ggp(surf.) =20.13 eV Ggp(surf.) = 17.55 eV
a DFTETEIZLBAUTION(112) DI E R D fZBA

vt RGTETIIRBEDOTIN

9 9 1. WO DEBE 1E., [A] i-
‘ &{z: 2. E—RFE-BIEEDRE

v

i b ) ZE BT /IL+—TtEsT
Optimized unit cell G (surf.)
= Eqor(surf.) - Eor(bulld) — —< 20 Zoulk n0>Etot(02)
3 Mpulk,Ti bulk, Ti
(1‘\12)ﬁ®"j—:‘ﬁﬁﬁ E(surf): 25T DL THRILFE—, Eg(bulk): /LI DETRILE—
MNzEA A W25 &K E(O,): O3 FDRTHILF—
S5|zZ Ny AT HDTIRFH. ng: RS THDOOFEFH

Noui7ic / VIR DTIRFE Ny o / VLT FRDORF

4. BRLEFIEDER

5. ggggg@& DR
KEREE AT+ —E
T s

Eads = Etot(AU/TiOZ) - Etot(Au) = Etot(surf-)

E(AU/TIO,): BREHDETHILE—, Ey(Au): AuBBRFDE TR LE—
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DFTETEIZKBAUTIOL(112) DI EER D fZBA

wimre KRIKFHEORRE () ETL

Ozl

Ofzel
ol

F—RFE Ol E#: 18[FF=

DFTETEIZLBAUTION(112) DI E R D fZBA

e~
e KRREEORR(2) R

0.224 nm

k@2 X 1X1) k(4 X 2 X 1)
E,4(Au) = -0.19 eV E,y4s(Au) = -0.24 eV

0.216 nm 0.216 nm

k(6 X 3 X 1) k(8 X 4 X 1)
E,i(Au) = —0.26 eV E,i(Au) = —0.27 eV
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wEEe.  RSTETIRBLEOFN

s > 1. 2O DRHEIE, [FlEx

-0 -9 . BF—RFE-EIEEBDRE

Rews 2. & [ﬁ?& D

e ] FE R E AL+ —Tle5T
Optimized unit cell G (surf.)

nri ti Mhulk,0

= Eror(surf.) — - Eror(bulk) - l<_— + n0> Eot(02)
! ‘ (M2)E D ;LRI A Mbulk,Ti 2 Npulk,Ti

1 E(surf.): RSTDEIHRILE—, Ey(bulk): 7L DETRILF—
MNzEA A M 2D & En(O,): O, 8 FOETRLE—
512254 N AZTHRDOTIRFH. ng: RSTHDORFH
= N 1ic 2 SILT RO TIRFE . Ny o0 7 SILTHDORFHK

3. kKAkFEDREE

&

T4
Eads = Ewt(AU/TIO,) — Eii(Au) — Eyi(surf.)
Eo(AUTIO,): IRFEHR D E IR ILF—, E(Au): AUBERFD LT IJLFT—

DFTETEIZLBAUTIOL(112) DI E E R D fZBA

oy
TR B M kA DR

k B E_(Au)  Ggy(surf.)

eV eV

e 4x2x1 18 —0.24 7.81
15 ~0.22 7.82

12 ~0.20 7.83

9 ~0.19 7.88

otz 6 -0.17 8.10
6x3x1 18 ~0.26 7.81

15 ~0.25 7.82

12 ~0.22 7.83

9 ~0.20 7.88

6 ~0.17 8.10

ZOMEIX. 18FRFE,
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=, _
daw s e R KFEDOMRESR

RELE=REY A

k EZTMEE  E,(Au) G (surf.)

ofzel /A leV leV

4xX2x%x1 28 —0.22 7.82

23 —0.23 7.82

18 —0.22 7.84

ol2] 13 —0.22 7.84

8 —0.23 7.84

6XxX3X1 28 —0.25 7.82

23 —0.25 7.84

18 —0.24 7.84

13 —0.25 7.85

‘ 8 —0.25 7.85
L. 18FHFE,

@ DFTETEIZ&BAUTION(112) DI E R D fZBA
o TiO,(112)RSTETIL

1 X2 anatase TiO, (112) slab model

—tmX
ozl
fmX—-
o2l
Olzd
ozl
[11-1] .
Olzel: 2F {3k (R RaFIELR)
[1-10] Tilbel: SEARLF A (REAFIF2)
F—[RFE: 2B R DD EEML
B#:15RFE (T3RFEREE) - FE - FENEEER(DFT)
BEZEFEIE: 1.3 nm - RHAERELES % PBE
kmHo T 4x2%x1 o HEEEY: FEIKEE(PAW)

a#lf:0.538 nm. b#E&K :1.112 nm o IRJILF—HyYbAT:400 eV
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m*»é.«‘?‘”ﬁe:é‘,,&m Au/TiO,(112)EAU/TiO,(101) D LB
| Au/T|02(1 12) | Au/T|02(’I 01)

{8 &

STEM{g™ tEE AEE

=X AOp kil

%aﬁ il

AuDEFHZEL Bﬁfl | AuDEFHZIE e BB (2]
SEME :0.0740 . SEfIE:0.0584 E,4 = —-0.56 eV
P#iE :0.0136 EF=-077eV | P#15:0.0101 /Ti-Au-0 = 43.1°
dEfE -0.1542 ZTi-Au-0 = 128.7° d#nsE - -0.1269
> DFTEHEIZ&BAUTIOL(112) DB E £ FA D AZHR
National institute of .
Ty F&H

 Anatase TiO, (112) XS T ET /L Zx&x#E1t,

« (MM12)EDAI(101)EKIYBAUZFEREIET D,

e AUDREIRILFX—LAEFDRAMUEICHBENH S,
e Z¥#l(Z.DOI: 10.1016/j.susc.2017.12.007

L]
-0.3
:; -0.4
ﬁ 0.5 ]

53]

-0.6

Stronger - 0.7

Eads -0.77 eV adsorptlon Eads =-0.56 eV ¢
/Ti-Au-O = 128.7° Z/Ti-Au-0O = 43.1° oE

-0.16 -0.12 -0.08

Au/TiO, (112) Au/TiO, (101) Orbital occupancy
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HCO7 /—RARhHRIL 1) itk
kRFEEEREDOHEE/ERBHTE

Theoretical investigation on the interaction between Rh'"
octaethylporphyrin and a graphite basal surface: A
comparison study of DFT, DFT-D, and AFM

OKohei Tada, Yasushi Maeda, Hiroyuki Ozaki,
Shingo Tanaka, Shin-ichi Yamazaki

MCO7 /—RRARNRIL I« ViR L RR BB R E D HE /AR

a—d
e S FEMELIME (PEFC)

* Fuel Cell: PEFC (target of this work), SOFC, ...
« Schematic view of PEFC

electron electron
H, + CO,

Fu\el Reform Refogrzsanon Polymer 0,
RAEKEH R Electrolyte
products H,O
Anode Cathode

(Pt/C) (Pt/C)
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@ MCO7 /—rRARhRIL I« VAL R R BB RE D HE AR

ST MCO7 /—FRARILI14Y) EElE

« 7/—F(EFZHRHETHEW, BEMDIGEFEE) OPYCIE,

REHRAF DM THAHCOIZK>THEINS (BEFHEY
E73<E5),

« COISHLT. BLMAEZHFO7/—F(MCO7/—F) DF

EHIDE,

o PtOCICIRFEINT-RhRIL Do) s (fil1%) (X, COZER

128 E{L T= 5, [81.32

CO + H,0 —
CO, + 2H* + 2e-

» COZEMYRRLSIEITTIHK, BFETHYHES,

4 MCO7 /—REARhRIL D4 ViEAL R FZEBREDHEIEAEN
National institute of y IR
et S ESASE D)

RhR )LD« 2 I E 1.
— o ERAHREEES.. . HAWLIL. EoEFELAEITNIE. ..

B EGMIBIBHE (2018530) .
http://pro.tanaka.co.jp/library/rate/

755+ =& R JGIOA | OZOA | AUSTA NTTUA
i 3,431 4,599 58.20 3,635 7,200 3,700 760
il 3,264 [ 4,485 55.70 [ 3,320 5,800 L 3,650 J 740
=] 3,329 4,542 57.45 3,420 6,924 3,674 744

BB EDRhRILIA) U RESHH>TCOFEEIEL TNV
DN,

RhiRIL D4 BB (2O RE) DHEBEERELAEA,
— HERE? EBEE? (4UKEE? HEA7
DFTEtEEAFMBIEN SR EERF&RET,
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National Institute of E_I_E e B3
Aadvanced Industrial Sclence _— ——
and Technology I:I L l
AIST

« 2BYDNFEFEERAT, RARILIAUVER
SnRIDEBEIEAIZEET ADFTETEZE .,
— Fi&1: pure-DFT;%BA
s HEHEES. ERER. /AU EEDEIP,. TOHES
RELHENTES,
« NELHDRIFEBYITEDH THE,
— Fi£2: DFT-Di%343%]
* Pure-DFTAICFHIEZMAT=3D,
c PEAIZEBERELLLREBEELND,
c REIRILF—ZBREMIT HIERLHS,

4 MCO7 /—RRARhRIL I BRI R BB REDAEE/F AR
wmm - —
o S SIEETIL

Side view Perspective view
On-top Hollow

HHHHH B REERH
9900804, ro g RERIB R
BSOS I0L 30200 segelat %0363
83020 0. 2<2020 09051 3Cs 12090
eSeSezect=site%e 8080 50:5520858

g8sss BREBEREE

Top views

* d; was varied from 0.205 nm to 0.415 nm in 0.01 nm increments.

» Three adsorption sites were considered: the on-top of C atom, bridge
between C atoms, and hollow of six-membered C ring.

» Theta was varied from 0 degree to 90 degree in 5 degree increments.
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T Pure-DFT(PBE) {52

020 0292020
0002002:0005008

020,00 a0
egeds n}ggt.b

0 SRR
> 3.3. ja&.:s.:.:
= 32 0.29 0.34 0.39 0.44 .......ﬁ. .....
2] 20
® 15
L 10 [
5
; l s o
_5.
0.2 0.25 0.3 0.35 0.4 0.45 d /nm 3 v 1 . . v
2. o ' . .V

| varied the distance between [Rh(OEP)(CI)] and graphite from
0.21 nmto 0.45 nm.

The number of calculated structures is 1425.
The adsorption energy with negative value was not obtained.

There is no chemisorption structure of [Rh'"(OEP)(CI)] onto
graphite basal surface.

4 MCO7 /—REARhRIL D4 VAL R FZEBREDHEIEAFEN

s e DFT-D(PBE-D2) M#ER (1)
AIST

On to Bridge Hollow

3 P 3 J 3 s .—I_d1

PP o0 VU aa LWV Y 05

2 I T o ada s S L ag s DN o 2 \‘f\\.",o 2 ' 0.52

0.53

5 ! 1 1 0.54

80 0 0 ——0.55

LLl ——0.56

- | - 1 | 087

2 2 | ——(0.58

:3 M :3 Wmﬁ :23 W 0,50

L ' L —Dbase
0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90

theta theta theta

 The adsorption energies with van der Waals interaction
between [Rh(OEP)(CI)] and graphite basal surface was
estimated by DFT-D2 calculation.

« The adsorption energies with negative value were obtained.
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T DFT-D (PBE-D2) &8 (2)

( » Ad(Rh-CI)
s 0.56_on-top =+0.0003 nm
’ —=-0.57_on-top
235 ——0.56_bridge Ad(Rh-N)
> ——0.57_bridge =-0.0004 nm
= 24 | —+—0.56_hollow
Ujé)-z.45 —+-0.57_hollow o éfz(l\(l)-oRh-N)
0.556 nm

Geometry

-2.55 optimization

0 15 30 45 60 75 90
theta

) 10.330 nm |

« The chemical interaction is 1.05 eV (repulsion),
and the physical interaction is -3.60 eV (attraction).

 The van der Waals interaction is dominant interaction
between [Rh(OEP)(CI)] and graphite basal surface.

- MCO7 /—RARNRIL I ) UaRE R FEBIBRE DHEEEAFR
v HEFRICEIHROEL

« 2BYDEEFETHRRENEGED,
—Fi&1: pure-DFTABS

LERES. ERES. (AT UEEDRSP. TDMEEZ
RELHIENTED,

* THANDRIBHLYILBH THEE,

— F;%2: DFT-D;%[B4-36] SO a0
* Pure-DFTSEIZHIEZMAT-£D,
s PRNIZLEIREILERFEND,
« REIRIILF—ZFBRTHEST DIERLH S,

) AFM (TR FEREE) DRERRINE B
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4 MCO7 /—rARhRIL I« VAL R FFBIBRE DHEEE RGN
W AFM{G &) 8

0.7
0.6 0.44
0.5

e 0.4

£ 0.3
0.2

0 200 400
An AFM image of [Rh'"(OEP)(CI)] nm
mono-layer on HOPG

T
An AFM image of

[Rh"(OEP)(CI)/HOPG;
[Rh!(OEP)(CI)] aggregates.

0.556 nm

The structure by DFT-D calculation

« The distances between [Rh'(OEP)(CI)] and graphite basal
surface estimated by AFM observation and DFT-D calculation
are similar.

MCO7 /—RRARNRIL I« iRk L RR BB R E D HE /AR

=
werese~[RAI(OEP)(CI)]/graphite LUMO

AIST

« The LUMO of [Rh!'(OEP)(CI)]/graphite has Rh-graphite bonding
orbital and Rh-Cl anti-bonding orbital.

« The 2 electron reduction will cause creation of Rh-graphite
bond and desorption of Cl anion.

« [Rh'(OEP)] will have Rh-graphite bond, therefore electrons
would be transfer to graphite.
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Advanced Industrial Science ——
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« DFT-DiEIFAFMBIEfEREEEMICEVN—BZETT,
e Pure-DFT:ZIEXREICEALTERMICERIFENEL,
e RhRILIA)ETST7ANEMREERIESELS
« LUMOIZ#EBHEELHD, EXTFTHINEER)

« Z¥#AIL. DOI: 10.1039/C8CP02923G

Au/TiO iz (+5
TiO & R K TF 1% D fF R

TiO, Crystal Structure Dependence of Low-temperature CO
Oxidation Catalyzed by Au/TiO,

OKohei Tada, Yasushi Maeda, Hiroaki Koga,
Mitsutaka Okumura
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fhemiEE
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TILyhAk
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EIEDFF
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AU/TIO IR 2 1+ B TIO, &K F I D fZEA

« EEFTEMNSIRIBENTLSCORELEREILZ221TI1C
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##EE'JM%LTJimﬁ . }EIMI:FEEE’C&FB#‘J‘E
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Advanced Industrial Science ——
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AIST

SAUSE. 4 LR o

O, (brookite, rutile, anatase, P25)
=
+ [Au(OH)_J/TiO, > - - AWTiO,
- pHG6-8, 80°C, 1 h ARSI, 1Bk AL, 300°C,
HAuCl aq 4 hour

Fy303)E—3v
v BEREMAFOREAE: EEREFEME(SEM)
v EORBEFE: FHEBATSIXAIRAS IS (ICP-AES)
v TIO, D@ DFER: HERXHEH (XRD)

PR
v B8 BERRBXRIGEB+ARIOTRITS2
v RIEH R: 1 vol% CO in air, 20000 mL/h-g_

AU/TIO AR SEIZE (T D TIO FE R F 14 D 7R

=
~E  SEM{g. @S, RiBHE

£ i
E I )
=\
»lh

w4
w i

-

I B8 |

W

o | I |
Y33 488

e wan

Sample 1: Sample 2: Sample 3: Sample 4:
Au/brookite Au/rutile Au/anatase Au/P25

EHRIE: 2.8 nm EHHIE: 3.0 nm EHRIE: 2.4 nm EHHRIFE: 3.2 nm
EEF=:0.15wt% FiEESE:0.15wt% EEF=:0.12wt% EEEF=:0.17 wt%
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oS COEE{L T

AIST
100 +——i - = R
a0
% 80 “ ¢
< 70
= fe
.S 60 4
So| (b J%: sample 1
g I H:sample 2| Sample TiO, E Vinas
o ¥l g % s 3 (kd mol™) (mol s™' g™")
Swo| A {% sample : brookite 271 39 x 1079
0| 8 % sample 4 rutle 315 28 x 10-9
0

1

2
245 270 295 320 345 370 395 420 445 470 3 anatase 33.2 25 x 107°
T (K) 4 P25 233 1.8 x 10°°

a Au/TiO, fl 1% (2§ 1+ B TIO & R AKF E DA

Ly & T R ETH

* Log-log7 Oy ZTEMSE A% 5T,

125 {E%ﬁ{—l —* iﬁﬁ)ﬁ'i

13 l'&.t y=-18x-11 ﬁﬁﬁﬁ*i%ﬁﬁ
é. * BEFEAT 7 . ST 4
g 135 . RS L pr :” F i
& ” y=-L9x-11 "%, 2 i F AR
i ¢
" Diiiased iicple ™ 7= : Au/brookite
% 0.5 , T : B Au/rutile
In(D) %k Au/anatase
%< Au/P25
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w%ﬁﬁ*%b\b%wmﬁﬁﬂz—mﬂ

o« RYA—ZRITRMEMNLEFHIL., D, FEERBIKFEEL
HIZVERE (ETIL)NES,
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IKFIEDH D) .

[21]

a Au/TiO Al BE (235 (+ B TiO, K& R AR E D 2T
National institute of E——
e &0

o Au/TiO fitE M COB LB mIXTIO,DHE &
2R I57ELY,

o RYA—R“THIF"NEETE=IHERBNZ Y,

« S¥#A(%. DOI: 10.1246/cl.170989
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Estimation of spin contamination error in dissociative adsorption of Au,
onto MgO(001) surface: First application of approximate spin projection
(AP) method to plane wave basis

Effect of spin contamination error on surface catalytic reaction: NO
reduction by core-shell catalysts

High NOx Reduction Activity of an Ultrathin Zirconia Film Covering a Cu
Surface: A DFT Study

Potential of Titania-covered Ag Catalysts for NOx Reduction: A DFT Study

OKohei Tada, Hiroaki Koga, Akihide Hayashi,
Yoshinori Ato, Mitsutaka Okumura, Shingo Tanaka
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The AP method [13-15] removes spin contamination errors in unrestricted
calculations via the projection to the energy using the two-site Heisenberg
Hamiltonian,

HHg = 2 Jgp Sa Sp
Jab: effective exchange interaction
Sx is a spin operator on site x
The square of the total spin operator is

§2=83+52+258,5,
From equations (1) and (2),
O m = 2 _a2_a2
Hug = - Jab (S —Sa-— Sb)
The expectation values of the two-site Heisenberg Hamiltonian of the low-spin state
(equation (4)) and high-spin state (equation (5)) are

EHB = (¥Ha[Aue|HB) = - Jap (675 RS- H)S)
e = (WHB[AB|¥HE) = Jab (SRMS- SHHS- SHHS)
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R APZDEH (2/3)

In the AP method, the magnitudes of the spin at each site of low and high spin
are approximated to be the same:

From equations (4-6), Jab is

LS _ gHS
- EHB —EHB

J =
ab
(SZ)HS _ (SZ)LS
The AP method assumes that Jab estimated using the Heisenberg Hamiltonian and
unrestricted calculation Hamiltonians are the same; this is spin projection to the

Heisenberg Hamiltonian. Moreover, the method assumes that Jab of the spin-
adapted wavefunction is also equal, i.e.,

The spin contamination error of the high-spin state is small; thus, we use the
following approximations:

RELZFHRICBITHIRAEVREAREDZE

AT APZDEH (3/3)

Using equations (8-10), the energy removed the spin contamination by AP
method is obtained as follows:

a2\HS _ ,a2\L a2\L a2\L
AP — E§§= (STW™- 6 >exact EIUS + (S >exact (s >U EUS
<§2)US_ (SZ>|DS (52>US _ (SZ)bS

Then, the spin contamination error (SCE) is defined by the difference between EAP
and ELS,

_ (Sz)exact (52>DFT

SCE = E4? —Eff =
Y <52>DFT <52>DFT

(EDFT EDFT
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Peak Performance
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Kohn-Sham eq. in r-space

(—%v%v(r)j@(r):e,-@(r) EE) SRETUSE o> EHFER (REMB)

Plane-wave expansion : o(r)= Z f(G)e'“”
G
Kohn-Sham eq. in G-space :
| Matrix ] - -
EGz f (G)-I—ZV(G—G') £(G') = & (G) representation Heo fl=¢ f
el
Fast Fourier Transform
V(G-G') (G __FFT | yivemyzamy —FFI, aG
g‘ O(NlogN) (r)g(r) =a(r) O(NlogN) ©
Reciprocal-space O(N?) Real-space O(N) Reciprocal space
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Recursive algorithm

Gram-Schmidt procedure

V=
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RSDFTIZEFBGram-SchmidtE 381k ok X

- N

Si4096, computational time and performance (PACS-CS 256 CPUs)

Time (sec.) GFLOPS/node
Old algorithm 661 0.7
New algorithm 111 4.3

Theoretical peak : 5.6GFLOPS/node

O(N?) bottle necks of DFT calculations can be performed
with 80~90% of the theoretical peak performance !

. L
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Vector X Vector
doiln - data size: 2 X n x 8 byte
¢ = c+ali)*b(i) # of operations:2 x n
end do
— 8 byte/flop

Matrix X Vector

doj=1,n
dortn A data size: (n2+2Xn+n)x8 byte
e,ff;’d;“"’ 200700 # of operations: 2 X n?

end do — 4 byte/flop ( for large n )

Matrix X Matrix

do k=1,n

30!?“ data size: (3%xn2+n2) x 8 byte
O I1=1,n H . 3
cli) = (i) + ali k) *bik.]) # of operations:2 X n

end do — 16/n byte/flop

end do CDFEETILEL,

enddo  ZhZEBLASZETEITTHEEL
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Vaday = /=
FE—RIEBHEODO—Fv—,(RSDFT) .00
BFRE0A~1000A 1) DRTDITHDOEERIMILETMOEFH(1F~108) Ko KRHB
B> 22l e 185% (Rayleigh-Ritzi&) [T K A KRB BT EH EE B ENEHND

h
( CG ) Conjugate-Gradient method &, :M E=) minimize

(4n]0)

ﬂ ( GS ) Ortho-normalization by Gram-Schmidt method

E Density and potential update O(N)

( SD ) Subspace Diagonalization

Diagonalize h, within a small dimensional space

spanned by g, (1), ¢, (1), -, ¢y (r)f
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Real-Space finite-difference pseudopotential
method

BT , pr')  Eylp] _
[ oV Vi + [ dr ‘r_r,+ v ]¢j(r) £,0,(r)

J. R. Chelikowsky et al., Phys. Rev. B50, 11355 (1994).
J.-I. lwata et al., J. Comp. Phys. 229, 2339 (2010).

0’ &
> Derivatives — (higher-order)finite difference W;ﬁ(r) ~ ZCm¢(x+ mA,Y,Z2)
m=—6

Ngrid

> Integrals — summation over grid points _[ ¢ (1), (r)dr ~ Z¢:1(l’i )@, (r)AV
i=1

1 .
» lonic potentials — Pseudopotentials _F—_)Vion
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Real-Space Method .. (.

h
J. R. Chelikowsky et al., Phys. Rev. Bsdf 11355 (1994).
J.-I. lwata et al., J. Comp. Phys. 229, 2339 (2010).

g N
Real Space Grids CPU Space -

S
CPUG [ CPUT [T CPUS € MPI ( Message-Passing Interface ) library
EEDEN MPI_ISEND, MPI_IRECV — finite-difference calc.
@-’Jﬁ_ MPI_ALLREDUCE — global summation
CPU3 [ ] CPU4 [[|2][] CPU5
4 OpenMP

Further grid parallelization (within each node)
is performed by multi-thread parallel

[FRJI=1./.=F1CcPU(8a7)
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 Sinanowire with 107,292 atoms 6 nm

# of Grid points : 576 x 576 x 192 [
20 nm
= 63,700,992

# of Orbitals : 229,824
« Total number of parallel processes : 55,296
18,432 ( grid parallel ) x 3 ( orbital parallel )

» Total peak performance : 7.07 PFLOPS
55,296 nodes (442,368 cores )
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Performance of a step of iteration ...

4 )
« Time for a step of SCF iteration is 5500 sec.

« Sustained performance is 3.08 PFLOPS /SCF.

* 43.6 % efficiency to the peak performance.

e  Communication cost is 19.0% of all execution times.

SCF (total) 5456 3.08 43.6
Conjugate-Gradient 209 0.05 0.74
O(N?)

Gram-Schmidt O(N3) 1537 4.37 61.9
Subspace 3710 2.72 38.5

diagonalization O(N?3)
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full-node test @K

system : Si nanowire ( 107,292 atoms )
grid :576 x 576 x 180 = 59,719,680
band :230,400

nodes: 82,944 ( 10.6 PFLOPS peak )
cores : 663,552

Elapsed time for 1 step of SCF iteration

O(N?) O(N3) O(N3)
time (s) 2931 160 946 1797
PFLOPS 5.48 0.06 6.70 5.32
peak% 51.67 0.60 63.10 50.17

Y. Hasegawa et al., J. High Perform. Comp. Appl. 28, 335 (2014)
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Structural property of bulk Si crystal...." ...
(< ™
0.07
L 0.06 10,648 atomsm
g 000 21,952 atomsm
- 0.04
E 0.03
> 0.02
E) 0.01
[0)
c 0
LIJ 18 18.5 19 19.5 20 20.5 21
Volume / atom
. . . Volume of Si crystal
10648-atom cell of Si crystal and its electron density \ vs. Total Energy )

LDA = Local Density Approximation (exchange-correlation functional)

LDA LDA LDA Expt.
(21,952 atoms) (10,648 atoms) (2 atoms)
Lattice constant 5.39A 5.39A 5.39A 5.43A

Copyright (€)2018 AdvanceSoft Corporation. All rights reserved. 28/20

- 100/103 -




L
Advance Soft

twisted bilayer graphene oy B

Wiwist nngle B=30" Wiwist angle B=25" Wrwist nngle B=00" K. Uchida et aI.,Phys. Rev. B (2014)
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