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JETED) REDRENHD, FHEBHELLTOZDOIHRMME NS % DFIBITITSLETHY,
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IS FWSNAATREMER BN EE 2 TVND,

BB D& D/ S =R OAFFRIL <700, ZIUTZERFZEL TEET &L
JVRNZE IO TEHEE BAARAT L THR BB BRI R 35720, BEAF O KRR ILATHIEHA
TTYR L TITAFRRE 2T 5B TLEINDTH D, 7V a7 4y 22 /%, Shifted
COCG + Seed Switching EIZ— N RATINZH T HH LW T ILIVRATHD, 2D
ft g, TR CHRLT KA & O BRI BEAR N AT REL 720 | A MNE 7 —u FHAEAEH. AR
VT DN BIFHEN . BB LAY L DANGIA S REIE AL Z L CWA AT BEE DN
W, FTEARBFICED, B2 RIS T 2 LW EE X LD FIER G 2 6, LRI
R A Z IO Z &N TE DI T,

AFREZ AL T, RERJBEZBORD HiEL LT, KAEE S 2T 2550 L (H 8)) I 41
HEIZOZRFHDLDO T/ FILWT VIV R LA THIEN, REBEE THHIELRT
TEMNTET, FRIC, EEER TO=—X T, REGHREEITHED O Tld7e< | R F Hk
T(16 AHNFREDOWHET) +07eit HEITHZETHY, ZOEM TH AN (4) TOFE
BREITHEECHD (REBCR TR RR 32),

4.2 KEBRO BT 25BN EIEORSE CROURZFEIT S v —7)
(DWFFEFEREN A B OVR

O —fb Y ==RFE AW KEEE M FiE (1000 HIRFROFHE) :
Si Faxtgl Liz—by ==fRmae AW r# Rk E Mo FEEANA 7
Uy FLEFERBRR L, ZOHECE0FHEZHTSZLCX D 1000
HSiEFROFHENAETHD Z L Em LT, ZD%RIE 100nm A7 —/L DR IZH
BL, BUED T /T 7 ) a P —0F/MEF (4bnm & R) LD RELRAROFHE
NAETHDLZ L ERLTZZ LD, BT FRHEOFE L QT RGE&ETH A

95,
10*
103 .” / / f
LA
102 ] ﬂ /

1t // /
10 y/ —e -EIG (Cu; 1 CPU)

Computational time [sec]

‘
——KR-SD (Cu; 64CPU)
0 y{ ——KR-SD(Si, 1-C; 64 CPU)
10 WS-VR (Si; 32CPU)
/ —=—WS-PT (Si; 1 CPU)
107! / ——WS-PT (Si; 512CPU)

10! 102 10° 10* 10° 10° 107 108
Number of atoms

8 1% vs 1MD-step D7=® DFRHEREM, MAINERDITHIRMHA{LIE (EIG) |
fIIAZE R R OFE 2~ O J5ik (U =Bk WS, PT=HE#E, VR=4n51L)., 7
Va7 iy zEMxtfAikiE (KR-SD), 1 CPU (3 —~7 1+ v #—_ 32 CPU, 64 CPU,
512 CPU ZH 2« 0z -5 < W FHEEHE,
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©@ 7V v T7HSERRAEE BV RBER M FiE
B2 NIV =T onb 7 )a 78nEMezAsm L, TnEsfmbd s L
ICL VA —F—NIEEZER LT,
a. SifEfOAZYCHE
Si OFFEREMOLEME Zikam L. ET-RMIESHRA A ~— TR OB )15 % i
L7, HFIZSi (100) iDL ERIE DK & ELOMAENER. BI/1%52 062
L. BEUGIROBGENEL D Z &2 R L,
b. SifEfROBIUSIREEER & Kim FEK
Si ZiM4IZH D L L OEAICENS ZEREIT (111) (110) L LTHLID,
1 5mm OKEIOHEFERICHHTHIMDAZFETL, (100) maHis L 5 256l
WCANTBHAHOFHMNRE L, (LFESEEOHAEMICLY, (110) mEiX
(111) mRBEND L b LERLT,

«14nm -

X 9 Si HfEhOBIEEA AT I v 7 A, Mmm I22 U 220 (001) i TR A FE
AR L, T, (110)EICBRHEO TN EN L TV, AR (111)
OXTHENERSEA T oA I 2 —a v OERERLTWVA,

c. CufEFDORFMETHEHE !

7 U g 7ERAyZERR A biER L O shifted COCC N&ER2Th L<HRETHZ L %
RUTE, OB, Fox BB LIZTEN, —RICE D THD L ) 2 -8liR, ik
RIZBRD DO TIHL, ERRICHEHTEL2LOTHLHILEZRLIELOTH S,

@ Multi-shell helical Gold nanowire DIEE LK v& X :

BB Ly ZEZ2EAT 520 0MfEE NI N h=T v EA AR T, &
JBSR TIXBRN R RFTHERNEETH 5, FFlCa&DT /2 T4 YICBE L& 7150957
FENVFEATV, ¥z Ui, BEIEB OB EEELZ A O L, 2EY = VIRHE
T UL NITHKT D 2 BT T VAR Lz, &), A =L ERMl =L
OTEFENE =V . wicFE (001) HOFEARIE-> CTERIEOFKEN (111) -like 1
HEIZEDY | [RIFHCERIICT 2 U A YllGICIERENEA S ND, Tl K&
PR TEANINDL KM EICE L ChEmEIT -2,
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L\ e\ %2
LA\R

W e

" ey

2y ROA10) @S QD EEICER L, 7/ UA T OREBENEHR SN D, €D
FERL S UL T ORI NS, O IFTLVEWVWRTEER oA %2 I 21—
va LR, (11D EOERR E T, BEx 2R EANIND,

@ BEEMERE (A—E)x=b) ~® shifted COCG =R LN Seed—Switching EDRHZE .
BEAMEMEEZITH O AETFEE LTIV E S ERF5H 5 WITeiuEEREE N &
LT, N2 ZHHI U CRIBREM 2 5, — . (A-E) 1x0 (0=1,2,..., x JHEE
R MWNZ K-> TERSND T FVZERIE, ZRAXF—FITIRF L7\,
IR EZ 2 F =07 F e LTBRIICHES Z &2k, 7—%—N GtE
RERIZS VICHBI L CHERT2) 73y Xzl (7 b HREAR), £
BONZED L I RV F—%RATIOHBREREMS D E WV ) BT
TN, FIERINCBEWESED Z L AREIC 7 o7z (Seed—Switching),

Z OEEITRD TR b DO TH O | REEMRIZ HFBRAROME L L TRE
FhThHDH, Lo T, REMRETROSFEIIFIERD BN OHR BT, 2K
RICBN DB R FRRROMELE LT, T N TE S, BIE, HxD
RBR L 72 e KROTHIR TIE— (8 TH 5,

=
i
i

=
b
(=]

Im(G);; [eV™]

1

T
2 &
8

=
8

g

L
=

3

Iterations to converge
8

-35

-

0 50 100 150 200 250 300
number of iterations (»)

K11 (a) SiHFESOREEE, (b) £=R/LF—CORGFHE () (332U
WA, RREEE L LT, TANKE VT R AT L, WEREER I A E <
25, BTFRILX—mIT, WHKHEITHIDTIE, A—F—N 713V XL%EELHZ L
IXTERY, (@ REEBEOKFTZRLX— (BV,G,C ) [ZhT 2 XERSEFEE,
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FLIOFFETEBAEHE=RALX—L L GEALGA., E0O VX — X7
HREZEEIIMODTRENZ L&Y NESRFEEETITICEHEZRVE I LT
72 b2V EHIci x5, LA L, seed-switching Oz HWiuX, B»o G 72
CItB 56, TNETORHERBRE T XTUENPLRNLITI ZENTE S,

® ASED (Atomic Superposition Electron Delocalization) 3 X ONEMH C.&EE
EBEDOKRBER~DIEH :
BEfE R0 Tl IRWEIFOBERREZ XN R ETH T L2 EHICE X, ASED 7
NIV RAZEME CEREE A DY -7 0 7T A BB LT-, ASED I8 7T
{EZTEHEIMLHWOLNTWA b 2 v 7Lt 5 Wik, EEO K% V72 LDA
WZHMEZE X, LD TAWERICK LT, & D WIFEEERIEND TR, &
RPWRIC BB FRETH U | HIEN D7 WHIETHY, XA AT 4 VT
RICTDHZEIIESTHDL, L LIS H A "L T o 7T EmM B E)
(2L D7 —u UHRAERICHIS LR TeD  AbEMENE UK L THizic# A b
AT 4 TINTG AR ERRT DN 72T A =2y NEEDDDBR
HTHHEWVWIMBEE TR > TS, ZOMICE L TIL, B E CEREAETE (CSC)
WZED 2EBEHOR T ETMZ — v HAEEREZBET 2 HEZIFHL TS,

® —tEAEMERE (A—ES)x=bh) ~0 shifted COCG 13 &1 Seed-Switching ¥
DBERZE .
ASED 7 v 3V X AIZBWCHEIEREE (AL —%—#LE) ZFHERTHDH, ERD
FEr SMA DT ZHVE THIFR LB HEE A ERBE CILS V2 25H5E L < Tk
BT, A= X —=NOFEIZIT R B2, 2T —bEAEMEIC L TH A
— X —NTFEEELZENTEX LI ENRINT,

@ —BtEEEEELE L TDASEDKEERDA—F—N FiE :
— WAL E BRI shifted COCG 153 L T8 Seed—Switching %% ASDE 7 /L= U X A
(A IAT e,

OBFIERR DA RIS D20 R

ARG TIIFATNA T 4 T NIV =T U AN TN D, RERDOFHFE Tl —
WA, NIVR=T o DOREE L FHERE] ARVEEN N —R A7 OBMRICH D, AFSET
WE ZA NS T 4 T OREEELZFHITEELTLEIDTIH AR, FH—JREHENLZ A
INALT A TNV T 588 (AU T LDA HEZFHHTAXA N T 4T
INT AP — % BREHNCER B L D DB A VAN T D, ) RE D FIETHANA T ¢
VI NIVRET U DR S EA o TOD, BEREEDOMES DT=0IZh | AT 4T
FERXEZBHL TS, 20RO T, —fix{bV =%~k NRLCK[E Naval Research
Lab.) DXANSA LT 4T3 24— TB-LMTO 72812z, —fbeoy 7 varfblind
ZHEAL TS, 2SO R, ST kRO BIURIE R R R, &~ F vzl e~
VAN F ITAT DIERAT =X LD, Cu, 72 ORISHAIN TS, T /80D &1
J1% MD 232l —vald, fEAOFERK, BTG ES OM EAER, 728 & ik
RNERFDEA MD P32l —ar TIIELNARWEEZR M AELH T,

PEERTIX, BEOEWEREIVL ENOT S, WANWARTZENTES, D
FEEITDDNTHRSR D HENDH DO THY, Fex O FIEFIRITZNITIE XD —HZEFF>T
WD, FRIZ, BEOWIGE T, REOMFEE ITHRLZ2WTH, B LRI 2537 A
— X DERNIMET, REMFIEE N RTA—FPHEE By TTELEV)Z I, BT
BT IREL VI BLENDL LTV A THD, ZOXHRERNS, XA A
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VT AT NIV T R0 ke oy VI IR Y MERRE RIS E R SHE T, B
KA A=V HGRT W H BT TREB A TEETHS,

FICRBUEARIE FH R FEE U C R Al R B LTz 7 ) e 73 5y 22 [Tt
{ki%, Shifted COCG £, Seed Switching 72 E %R LT, F-INHD FIEEERIT
— AL E A R SRR LT, BFICBL X, 20T T Y R LORHSIZIRAEfAT T
HHD, BRORWIFFLIZEYOEEZHBEL TRV, FMEOmNLHFFIC B A2
JolcifFcED,

KRR A A — 4 —N TR FEITRSHFHSN TEEN, ThE k&t
BIXRONRD T, AR TERELIZH LD TFEIL, MIRLEE THY, iRk U35
DR CTHL T HREFEOFH R T T HEOMICEIZET HIEERAE L, iR &P T
B OfREDFRZE (F75) % AL D LN TE DL BRBERBMEZRF->TWD, FiZ, =
e —bE A EREICIE C& 28T, L% EOREEMIZFH vy, ZOEKRT
Lt —RBNTIE VR B TSNS REFIETHY, KB RICKRE L L2
HTHDOTHLEMEEL TS,

— RN, BEF R TIEEL T RERHEH L AT A K ERWFIFHREIHES T,
UGB EREIE DO L >0 LTo T LW R T LT X LN EE THD,

KHEFEAMD Ol M #5rHNZIE CREST 7 /v — 712 B S0, ANE o4
TR T M 5eE E L E TR L C& e, FZOEEEITH2DIT, F 4 1% ELSES
(Extra-Large Scale Electronic Structure calculation) Hf2E %74 L L, SINE DFE
TEMERS L OVHTRRM PEHEZ R IR LRV VAR ARSR L C &7, ELSES A2t OHIKEL TiE,
HFEEEORRREOIM L, F2ENERE LT 00T LE 2NN 8 T GETEHED
E) BN T LA THIEOEEIE RERFDLNTND, ZRHDOREICZL
0, LFEEEORE REAEME CHEATIIENTE FHRE2ILA L, FsESFER IS
M BZEEARFAET D, £I27 0T DT L MERERAT L T2 % b LE DR RZM 5L
TR, 7Y 7 KRR LR WEIP CTRRE Th D, 2B EL TUIEWNAO R F TR
e MNTATEOE NPT R OWF e . ENZ2E, KERERE IR T A 7280
WD, ZOEH7, FFEITTEEENFTREN T 0T T LZBIE L. #Eim e TOMR I, R
WCHB L, SR ORBENEHIND, - RIICES:, FEEEOBIEZED | FE O
Bl g2 @B a9 52— 20 F )17 iR L0150 O ThDH, ELSES B
EREEIEEFNETE A (NPO) LU CERIEANET AL, BITEHEE P Th b,

4.3 KR (FERRSESR R FBERT: R v —7)
(DAIFFEFEfE NS B OV

O A& FROESEECEEDRSE

AR 57 1 D KRB 72 56 FE LB B0E % S BT 5 7o DT BT LWWVE o3 Fciii L RS I 4 B
LT, 43 53 T CHERL S VT B 7 VI EE (DNA, /NZ X7 | RS 1Tk LT
BB R IEIC L 0 BV A A TRELC RS & b LT, & BICE T VY RE
IZEENTWRUVMERE D 31 TR Ui ERos b 2170, B b RS & JE
B LIS IS 1T B 0 A ORI 2 Lhlk L7=, T OSSR, Byl b R
JNEAPH OWERET K LT, D W EEERE TR WICR A EZ R > TV D 2 &3
ST, FEEWEREHCKR 2 B b IR OMEIL, AR 123t Lo 7 LK%
ZRTTZICBAZE LI 720 T < A T OB BE (BB 748 A ERERIC L - TiZ
FRE SN TND & E I FHEELE —FEFRICL > THRIOTZHOTHH
Do
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Molecule Bulk

I Gy 1 112 i C (diamond)
£10501 : - L '
£ - i -11.16 '
£10.60 <= sipisipid <+ s+pis+p+d -
i -11.20 : -

-11.24 +

netgy (
o
3
S
Total Energy (Hartree/cell)

w - ' L
310-80r ' 1128}
|_ o =
-10.90 1 N ¥ -11.32 !
—r———F :
_ e
011:1.40 ' —a—r=35(au) o
~ \ —e— r,=4.0 (au) o 3.60f
£ | < stpis+p+d + ——rmbsau) | =
=) —— 1=5.0 (a.0) = r A
% —e— =55 (a.u) 8 9560 R i
—1.32 —— =60 (au) g . : —e— [=35(au)
'E --- Bxp 8 F E —a—r:;w(au) 1
[=} r . —o— 1=45
8 3 352 ; <oy
....................................................... = ' —e— =55
S = : e
-é: | 1 | — 3.48} H --- EXp.
E :
gier oy
0 10 20 30 40 344, 10 20 30 20
Number of Bases per Atom Number of Bases per Atom

X 12 Hex 720 11T 2 BEE BEL & IDURTE,
@ —BiLDERIGA —F —EOBS

Tiwvo steps mapping of the whole Hilbert space into subspaces

r Whole Hilbert 1

(1) Truncate in real space

(2) Map into a Krylov subspace

- (3) Evaluate

(4) Back transform

13 SEIRIRIE OB,

S EFIBIEITBERNC L E LA —F —NIETH LN, SREOTENDZD T LT
7 R=INRE, T ZTEESRE A LS L7010, a7 HEY A X & Kl
L7e — AL BIREEIE A B L, Bx XETHROIC, T KRN
THERFRNCRT 2 a7 % A AOKEEMEIZRORTHEICL LT, Ny 779 A4 XD
Py ThHD I EERITNR LT, ZOMBEICESE | BENBEEHAEIZBS T
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AT YA XNy T 7 A AONICHD 2 LI KV | [F—OFH R T i
fElaiE L R L, BRZ 3EDFEMRLIRD Z L yholz,

Q BRE - - BORBUEESOOOT eV s ¥ BEEDR%

B R ERRE &2 AW 72 B BB EGHH R IS B W CRFE OB O — D 13178 2 5%

%m BT HEER S TH D, &ﬁiw4%#0mﬁf CHBUERE Y %AT O T2 DI,
ZEMANC LD LWRT v v VIEIE 7 — U =22 CERE ICE Y 21TV, T O

ﬂﬁODJ:ti)cE!’Jf)E’?ﬁ BT D TT//’V/VIEJL_ T%%WF’EJV\W) A2 BT

ﬁﬁ%ﬁ?é?%%%t BT Lo, &0 DIFR AT TERZ L DO R Z Wik
DIRT U VeGSR T e 27 X TRETHZLICED BOHAEEHATH

HIKFBHRER R EITK L THERBE - R THEAENHK D L o2k oT,

' ' ' Ver = 2 VxLg + b Vi + Vi + Vi,
| ‘/nal. = z Z |1'1141ng m) (L‘n ‘/lldll
,&T} < IH
g 1 where a set of radial functions {Rg} is an orthonor-
T 1 mal set. defined by a norm 1 r2dr RV, . ' for radial
= functions R and R', and is caleulated by the follow-
-"UE: T ing Gram-Schmidt orthogonalization:
"5 .
o _ -1 _ 1 . 2 _
b R/Q = ng - %: Rlv;;/7'_d'rR/1/I’/;m..l;R/g}
M
— (2 R
3 5 " (') 1 > 3 Cic = 4/7" dTR]Q Lna']\-Rgﬁ.
Bond axis (Angstrom)
T.Ozaki and H.Kino,PRB 72, 045121 (2005)
center integrals with VNA can be transformed to products
of center integrals by the projector expansion method.
B 14 KexigatBshRm EoRL, TrYes ZEIEICEY ., 3 LRSS 2

DS OB TEIN., 2EOHEIROm EXGELND,

@ BA—4FREMEMS Mn4, Mnl12 OB L S
B EPLBIERIC IS R BRI X » TH— MR Mnd, Mnl12 OB G
& BERREE B RO LT, &0 bR E Tk 2 U v Ry T o&KENCE
HL, UH Y RO FICKDBEMEED 7 74 v F a2 —= T O etz iEim LT,
Mn4 12 B W TUFZE IR BRI T EO R E 13 Mn—d #E & SCRBEPMER A BA/ER L,
BHRET— AL P E/NES LT HEANS DM, Mnl2 TIHAERZRF EOAR5E
TR CRRBEMERIC A — 2 — L, R E— A v MR RIFS W Z L2 R
HL7z, ZTHHOmmAIZHESE, 61 )ﬁ/b/\%@aﬁw[ﬁxlﬂ“@jﬁ%ék%%
—¥ F—E U 7k pEEE OB ik LT,
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Mni2

Mni2012 (GH3COO) 16 (Hz0) 4

S @)

156 Mn il 1 2 8% 5 < Ty FREMER ORI,

® F—F—N27Vnr7RyzEREORSE

P PN BB e & K72 RICE A T 5 72 OIS & - 51 A £ U B HUZ L

L7eH LWEE CTale A — 4 —EZ2 B Lc, 7V v 7o MRV RFiE

FRFEFIC L TERSINZ Y U e TEGZEMANTHERI NIV F =T &5t faik

THFETHY, TNETREINTZ Y I — 3 Uik & BIRIBEOR S %2 F £

DFRETHD, BININ =7 &R0 % 5 LB O T 5120 BEL .
FEINZ7 Va7 zElNCTHDIAENT-7 T AX —EEZMH Z&I2k-

T EIBIEOREMEE U I —V a IEOEWGINERMEE BT 5 Z ENA[RE L 72

Slc, @R DAEER, ISR D IRHEH LW ERICEH AIRE FIETHY | A —

Z— (N) BN EE OB A LR T 560 Th S, LM LA LRIk

Bl L CRIARAEIIRE K 2570, REWRIZEBIT 2Tz —2 LD
DIFNZITFEZL L OREAZE L TWD, Bl CTOFERBE TR 4720 %%
mHartree B2 CTH VY | @H OXA(LIEIZE > TEDL DT OIZIT S BIC ZHTOKEE
M ENKETH D,

|

Solve
Divide PN Conquer
FOL R %
6 °0y o9 | ]
® ...o 09 ‘:. o .ﬂ....-.-. :-..'
%5 e° %o ~ @ e "%e__o¢
e®ee”’0 S ow e ® o’ o
L ..'... L :. ::. LB .... o0
' o @ .q. e ®
:.:::..'-. eaoe"/ ® _......
® ......_'\-... | N ..... .... ’.
.. ® Yioe ..\"-.. B o - ® viee
e %9 @ H ’ ® ° ®
.. .... /@ ™ ﬁ... ..
oo o * ee o

Assumption
TDOS can be approximated by the sum of
LDOS of the central atom in each cluster.

TDOS(E) ~ ¥ LDOS;(E)

X 16 SEFIEEOBEER, KE725% 0% (divide) L, ZHEND/NTZIZON
TRV Tz (solve) B &, FFOVERIZEE L (conquer) EARDYM: % BRAET 5,
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® WIKSEEAE ) v a) =T REREREDOR%

Wft, BRI, HFELFEOGERORRTFELN AT L, ottt RehEME, M
RSO 2R T~ LT 7 =0 A v 7 RITH A EEEORBUCE L TE< 0
HEHEED TS, FFICEORFEEMEICROCHERHIVE, B, BHICIVE
BORFELZHET D Z ENAEE 7D, TOMTHREVNDIE, HL< b
LN TWVWDLBERMKIDEME 2R 2T WERETHH. ME ZR L%, BRI
B E I L TRAE M 23BN 2 Bi8:, B X ORI HICHf] L CTES M P
NENDLBERELTHD. EOIEOBES ARG 5I2HBb 5, ME RN REHT 5 2
H= AL ONTIH IS HEHMEN TV, FLITZD ME FHEOE—FE) SO
Mz HIEL, A UVHUEE— AV b EHUERRT— A N ) =T MR
HAEH9 2 HF ST B EPLEAEE Z B LT, STV A MIHE SRz Ay v,
HLUEE— A Y hOZNEICERL DH0EMGZR L, B OBEEICHET 5 FEE
R L7z, ZOFEEZHVTHAT—A Y bOFMEIERELSE, /oal)=T
MR O b & TCOERMIBREL Berry MAHD FIEIZ K> TRHE Lz, @€
7 /L (LaM0,) ,/LaAl0; (M=T1, V, Cr, Fe) IZJRF BN TH AV ODEE N H D &
Z DR E AT L TIRR~0. 01 C/em® FREDBLR DA AT H Z L& R Lz,
INIEBERMEARERTHEICB O CERMICBH S BRI LA —F—T
&%, $=3/2(Cr), 5/2(Fe) DFAEITITER T A B2 OFXHA B3 L CIERLEE
PRV Z R L, ZHIUIELOET LHAETHITE 2D TH D, —J7, Hubk
[RE—AV FRRBT S S=1/2(Ti), S=1(V) TIXBR MBI ELEIIRE O 2R S
TLHLERRT— AV PN ERBREBUCEE 2 RE 2 R LTV D 2 ERiE R
Bz, /oral =T REERKRT— XA BB E ORBMRIZZIVE T+
WZIEREENTE LT, FOA =X LAOMBIIASHORXRHETH D,

823/2, ds (LaCrO,),/LaAlO,

=—o—Eleciric Polarization Pz —i -force an atom O | K e
& relaxed Q, Pz --m--force on atom Cr Eailﬁﬂnﬁéﬁb\

0.012 . . Poceqx(Sfoj)ocstin 12
_ 8107
— 1» =180 —(canting angle) x2
“c 0008 g
o
8
. | tEEm, 5o,
o™ -} -
5 $ [P,-0.005uC/cm2
g7 F
5 0,004 2 CrBOER SRR
e B 400005 A 24t
£ 3
B s

-0.008

®

=

o
@«

P,”-001uC/cm2

-0.012

80 -60 -30 0 30 60 a0
Spin canting angle (deg.) £ ONEMT001 126 fom 2D —5—

180-2x canting angle=6 ,,
17  (LaCr0,),/LaAl0, 0 S=3/2 D54 O BR300 IE LI 3R 2,

@ 7V —BEBROEERIEDBRYE
ARRIRE T TO 7Y — BIEIEIC RS < BB — BB 2 KRR ICE T 5 729
(2. 7 =V A B D E B FRRIZ KL D Green BAER D K - mREEERE VA & B
Lo TERIEL L, 5~ 1 OfSRREOmHELAIHE & /e o7z, ARFIEITR RN
DA DBUR HRAFEFND BRI TH Y . F—HEE FHEFR T TR,
JRFPH 722 3 B COISH B IF S D,
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3 FREMEMR Vn(C6H6) ntl DREKFFEICEE T 2 FE—REEHE

BRI RS WS EEBEEEZ K 0 Vn(C6H6) n+1 & BT~ 2 M- RE O TRELE S s S
TWD, W OMNDOHRHEN ZNETIZAREN TV DR, £ Ot s BE I
BILClE, REFZICEEMZIHAS N E 2> TR, 2 T A 1T GGA+U % AV T,
Z DT REMER DR 2T WORBERAEE O = 3 VX — 2212 B U CREMZi#AT 217\,
Z DRI IS R R B 2 L 2 2R/ ET VERE LT, 0
FER. (@) XUBY pr-VdafERITZ O THEEEZRDOTZDICEETH L3,
KRN F—ZIZEEGE L2 &, () po-dofiaidsn<, do EFITRET S
DICTHEEAE BT 52 L, () pd-do fFEAITTFRINZREI 2R doE T &
D7 v MEGDTZD, do B EBEMEMRAEIEAT2Z2 L, (A pd-dé DD
IZpdBFILdSETE MMM EERAL, =3V X—HGE2E52 L, 25
& LTz, R ERL(d) DB RBLOBE CTH V| KORBMEOSEIZIZ (A IT X D
R XL X — 3B o N2, Z OMBERBEE ISR TFRICI VRSN
HDOTHY . Vn(CBHE) ntl |ZFD—>DBITHAZ ERHALMNE o7,
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@ a-y transitionin Ce :

We have studied the a-yphase transition of cerium using the LDA+DMFT
method. Using a new implementation of multiple LMTO scheme, which allows
the treatment of semi-core and valence states on equal footing, as well as a new
formulation of total energy, we have succeeded in performing accurate total
energy calculations. Unlike previous studies, we found that the electronic total
energy alone is not sufficient to explain the transition at least down to
temperature of 400 K. The inclusion of entropy is crucial to explain the a-yphase
transition. Our results are consistent with experimental data and support the
Kondo-Volume-Collapse picture, confirming the stabilization energy of thea-yas
the quasi-particle Kondo resonance develops.
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@ Calculation of Hubbard Uby the first principles calculatiion :

The Hubbard U of the 3d transition metal series as well as SrVO3, YTi103, Ce
and Gd has been estimated using a recently proposed scheme based on the
random-phase approximation. The values obtained are generally in good accord
with the values often used in model calculations but for some cases the
estimated values are somewhat smaller than those used in the literature. We
have also calculated the frequency-dependent U for some of the materials. The
strong frequency dependence of UUin some of the cases considered in this paper
suggests that the static value of I/ may not be the most appropriate one to use in
model calculations. We have also made comparison with the constrained LDA
method and found some discrepancies in a number of cases. We emphasize that
our scheme and the constrained LDA method theoretically ought to give similar
results and the discrepancies may be attributed to technical difficulties in
performing calculations based on currently implemented constrained LDA
schemes.

18

16
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— Ceo
— Feparamagnetic

U (eV)

E (eV)
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@ Construction of Wannier orbitals:
Following the recently proposed scheme of Marzari and Vanderbilt we have
developed a scheme to construct maximally localized Wannier functions using
all-electron full-potential LMTO method. We have used them also to calculate
the Hubbard U. We have also developed a different method of constructing
Wannier orbitals based on maximizing the on-site Hubbard U.
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@ The electronic structure of VOs:

3 DMET _®
M e

X 21 (color online) M1 VOsz : (a) spectral function A(k, ). (green) dots (in
(a) & (b)) are solutions of the QPE. (b) The (red) dots represent the
eigenvalues of the LDA Hamiltonian plus the effective potential. See text for
discussion.

We have calculated the electronic structure of VOz both in the metallic and
insulating phase using the so-called cluster LDA+DMFT (Dynamical
Mean-Field Theory). We have found that while the metallic state cannot be
described in terms of a one-particle picture, the insulating phase can be well
reproduced by a one-particle Hamiltonian. Thus, our scenario may be called
“many-body Peierls” in the sense that the excitation spectra 1is one-particle-like
whereas the ground state is nevertheless highly correlated.

(® Fully self-consistent temperature-dependent GW approximation: Most GW
calculations are performed in one shot. Apart from some semi-self-consistent
calculations very few calculations have taken into account self-consistency fully.
We have developed a finite-temperature fully self-consistent GW scheme based
on an all-electron LMTO-ASA band structure method. Our preliminary results
on transition metals indicate that fully self-consistent GW may worsen the
one-shot results.

® “Screened Coulomb interaction in the maximally localized Wannier basis” :

Using the constrained random-phase approximation (cRPA) method that we
have developed, we have studied systematically the effective screened
interactions or the Hubbard U for the 3d transition metal series calculated in
the maximally localized Wannier functions.. The values of the Hubbard U so
obtained are generally quite close to the values commonly used in model
calculations, indicating the soundness of our procedure. The frequency
dependenc of the Hubbard U can be significant in some cases, casting doubt on
the validity of model Hamiltonians which use a static U. We have also
calculated the Hubbard U by a new method whereby the on-site U is maximized.
Very surprisingly the values so obtained are very close to the those calculated
using the maximally localized Wannier functions.
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@ “Generalized Hedin's equations for quantum many-body systems with
spin-dependent interactions” :
The original Hedin’s equations were derived for the self-energy of electrons
interacting with the Coulomb interaction without the possibility of spin
interactions. In recent years it has been increasingly recognized that spin
interactions play a major role in determining many physical properties of
systems such as nanoscale magnets and quantum dots. We have derived a
generalized set of Hedin’s equations for quantum many-body systems with
spin-dependent interactions. Unlike model Hamiltonian approaches, this
allows first-principles study of many physical phenomena involving spin
interactions. Effective spin-spin interactions such as Dzyaloshinky-Moriya and
Rashba effects should be encompassed in the spin Hedin’s equations. It also
provides formalism for studying electron-magnon coupling from first-principles.

z,,(12) =0 G, (L4N (42,50, (5.])

ny Y

W, (1,2)=v,(1,2)+ v, (L,3) P, 3.4W,,(4,2)

P,(1.2)=0.,G, (13)A},(3.4.2)G,, (41")
N (1,2,3)=6(1-2)5(2-3)c. —éEﬁgflG (4,6)A, (6,7.3)G_(7.5)
af \ o) O-aﬂ 5G,wz(4’5) U/ A Ky\ "o

X 28 AENURIELT=AT 4 VR, ZoFBERICED, AV KRFELE
LE TFAR . WIEE S DM ~D IS AN AR /2 B,

7267



“Fisrt-principles study of correlation effects in VO2” :

The electronic structure of VO2 has been a subject of controversy for many years.
Experimentally it is an insulator but the local density approximation (LDA)
yields a metal. On the one hand there is the view that VOz is a conventional
insulator and the failure of the LDA is attributed to a well known shortcoming
of the LDA. On the other hand there is a view that VOz is a strongly correlated
insulator or a Mott-Hubbard insulator. Our semi-self-consistent GW
calculations yield the correct insulating gap and suggest that VOz is not a truly
Mott-Hubbard insulator. In agreement with previous calculations, we have
found that self-consistency is crucial in opening up the gap.
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©@ “Downfolded self-energy of many-electron systems™
Starting from the full many-body Hamiltonian of interacting electrons the
effective self-energy acting on electrons residing in a subspace of the full
Hilbert space is derived. This subspace may correspond to, for example,
partially filled narrow bands, which often characterize strongly correlated
materials. The formalism delivers naturally the frequency-dependent effective
interaction (the Hubbard U) and provides a general framework for constructing
theoretical models based on the Green's function language. It also furnishes a
general scheme for first-principles calculations of complex systems in which the
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main correlation effects are concentrated on a small subspace of the full Hilbert
space.

“Effective quasiparticle Hamiltonian based on Lowdin’s orthogonalisation™
Recently several schemes have been proposed to perform self-consistent GW
calculations within a one-particle (quasiparticle) approximation. These
so-called quasiparticle self-consistent GW schemes have been found to be
successful in reproducing band gaps of semiconductors, but there is some
arbitrariness in the choice of the "effective" one-particle hamiltonian in these
schemes and their validity have not been assessed. To avoid ambiguity in
choosing the one-particle hamiltonian, we propose a scheme which is based on
Lowdin's method of symmetric orthogonalization. In our approach we first
calculate the true quasiparticle wavefunctions and energies with the real part
of the frequency-dependent self-energy, and then orthonormalize these states
using Lowdin's procedure to construct the effective quasiparticle hamiltonian.
Lowdin's procedure ensures that the obtained orthonormal orbitals are the
closest to the original non-orthogonal quasiparticle wavefunctions in the
least-square sense and uniquely defines the one-particle hamiltonian with the
same eigenvalues as the quasiparticle energies. Unlike previous approaches,
this approach takes into account the full frequency dependence and the
off-diagonal elements of the self-energy without ambiguity. As test cases, we
perform quasiparticle self-consistent GW calculations on NiO and Gd. We find
that previous results obtained using a different effective hamiltonian compare
well with our results.

“Pressure dependence of the Hubbard U”

We have studied the pressure dependence of the effective interaction (Hubbard
U) in MnO. We have found a surprising result, namely, contrary to expectation
the Hubbard U increases as the pressure is increased. Using a model system,
we are able to understand the origin of this phenomeno. This result from the
fact that although the Wannier orbital does become more extended with
increasing pressure, the weight of the orbital at the central atom increases
resulting in a larger U. To confirm that our explanation is correct we have also
studied a simple but realistic model of hydrogen atoms in an fcc lattice where
the change in the Hubbard U can be readily analysed. We find that our
explanation also holds well in this case.

(OWFFERR R DA EIFRFS DR A

Merging first-principles and model approaches:

Two main approaches have been pursued for merging first-principles and model
approaches. The first is the combination of the GW method and the dynamical
mean-field theory (DMFT), which we call the GW+DMFT method. We have
implemented this method using a suitable common basis which is chosen to be
the maximally localized Wannier functions. A number of approximations are
now being tested. For example, to treat the high-energy effective Coulomb
interaction within the DMFT scheme is a difficult task and we have devised an
approximate way of including this energy dependence. Test calculations are
now being performed on SrVOs. We expect that after successful implementation
and testing, we can study many interesting phenomena associated with
correlated materials. One of our first targets is to study the metal-insulator
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transition in the system Sr/CaVOs and La/YTiOs which have not been studied
fully from first-principles.

The second approach is direct calculations of the effective Coulomb interaction
or the Hubbard U from first-principles. We have been developing our
constrained random-phase approximation (cRPA) method to calculate the
Hubbard U within the maximally localized Wannier functions. This U can then
be used in a model Hamiltonian which can be solved using sophisticated
techniques such as the DMFT or the quantum Monte Carlo technique. The
cRPA method has by now been applied to a number of systems. We have also
extended the method to treat materials where the narrow band is entangled
with more extended bands, a long-standing problem in the field of correlated
materials. A recent application is the calculation of the Hubbard U in the
superconductor iron pnictides. In the future we expect this method to be applied
to complex systems where mapping to a model Hamiltonian is essential. For
example, some insight may be gained into the still unresolved superconducting
problem in the cuprates from the precise knowledge of the Hubbard U.

Generalized Hedin’s equations:

We have derived a generalization of the famous Hedin’ s equations to treat
many-electron systems with explicit spin-dependent interactions. This derived
set of equations allow us to study the correlation effects on for example, the
spin-orbit coupling, a subject which is gaining great interest in recent years due
to the possibility of utilizing the spin-degree of freedom in device applications.
Recently a novel spin-orbit coupling induced Mott state was discovered in
Sr2IrO4 where the insulating state is not driven solely by a strong Coulomb
correlation but rather by an interplay between spin-orbit coupling and Coulomb
correlations. We expect a number of projects to result from the generalized
Hedin’ s equations. Currently, in collaboration with the group of Prof.
Biermann at the Ecole Polytechnique, we are trying to derive Rashba’s
interaction and other known interactions from the generalized Hedin’s
equations. We believe these interactions are contained in this set of equations.

Construction of low-energy models from first-principles:

We have considered a general problem of downfolding the many-electron
self-energy onto a given arbitrary subspace and derived a closed set of
equations for the effective self-energy in which the Hubbard U appears
naturally. The motivation for this work is based on the fact that in many
physical problems the correlation effects are to a large extent confined in a
certain subspace. A well-known example of this is provided by correlated
materials where most of the correlations effects determining the properties of
the materials are confined to a partially filled narrow band. We expect that the
closed set of equations provides a starting point for construction of low-energy
models from first-principles. We also expect that the formal equations provide a
practical means for simplifying computationally demanding GW calculations.
Our proposal is to divide the GW calculations into two parts, one for the
subspace where accurate calculations are needed and the rest where
approximations can be made.
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