HiLAPW

— FEE —
R R R B R T b7 DRt
SNEEESR

1 BFL®IC

NV REREIIREIC > C, - FBEEHA (first-principles or ab initio calculation) &WEE#L2 2 & 23
% trot, TNE, NVFHEZZOELDIFHELETINHED, HEIERT, ZNEFTOLHLYILINY
P& 2R T2 7200020 6, s OYIEZ S —FH o HENICGGIRE T 2B Y Ebo 7
EERYEEST WS, ZIICEABNY RHEOREICIZ, 3OOBELZBENRLEH-7-EEZSNS, 1213,
EENBIBPEGRICRE SN 2 HEBGR O CTH 5. ZOMGROBAHIC X D, B HEROYBLE KD
K OMMEE oo 72T, ZOEBPEBZ ZHAE~NDEMEZRL TS, 2FHE LT, NV FiEf
HPEOEEIC X 25180 F @R - SEE»ZE T o s, FHEICIE, L 2 2 BN LB
HFTOMERUCINAZ T, AMEEZIATT 220 E E INDEMPINEDH 5. HEOFHEOhTPPL T
UM HE DA S N FTIHER DT I N7 D, H25EICIEMH Z2IRH L GERpED 55 2 L
HbH, LoLiads, HigzEL S FHli LY OMERZIT) 2012, BEICBIT BRI 2 TEER
DAL, ZRUT K BBECRALZH > TESDEND L. £/, WEREDOFRERICED, NRET2
YWERDPETETRBIBEALL, a2 WHBIR LML L T 2BIE, KBUBL 2 BUEE 5 2 R AR 25
FHREMEIRCEMMNICIT T2 20D0FTE - 7L RLADURELEE L 5> TE X, 3HHOERII,
ST LN, FIEERIOREN ETH D, 10 EFNICA— S—a v Ea—% LRI T EHERE L
ML EotE %2 AT 250D, BETEEOMAZEDO T A7 ICbfiNEm(ErNTHs, (1, 2%H
DR & LT 7 B EENBEONR & Ny FEMEFIEORBICBI LTIk, Ny FEEROZFRRE (1] 2 ffie S
NBHTERBEDS.)

D L) o, BFMHEHEO LoD 70 7T MY 2 FEoEEL - mEEL» S BEX
Ry =o bk, $ZOMHADLDITIZL D) OB ELRS>TETNRDS, ZD—HT,
—JFHEIEH R O A FAEL WA O A S 258 KBS, %< oy, WEREOMAE TRADHET
BLBE-oTET02b00, ®LETEHO X IR MM HBER 7 7V r—>a vy 7 bBIEEAL
HFHELROGIRITH o7, ZORWZIIET 272012, 2O 104EIFE, HRDL L DRI NV—TI12XD
FFHGE o — oy r =2 fibiy, 200w O»oEAbE D, 4y —%v b ENL
TR D2 —F —ICHHTEER L HIcA— 7y —24{p5tED ST 3,

Z TN T S HILAPW 2—Fi3, ZD X9 BN, KERADOEFHEGE 7 LV—712kD
B INAEA VO F VDRI —FTH 2. 6 24iTid HILAPW OIEAMEZ ST 5. HILAPW 1348
BOFET7 7 ANDERD, ZNE2VAVALAGOE S 2 L THHIEFHEZETT % 2 L2VAlHE
75, B 77ANVERBEDITET =87 7 A MBI L TS 3HiCHHT 2. FHA4H TV A=)
HRAHL 728, BB T Sy r =PI ST B IS 2 HENT 5.



2 EXRSR

HiLAPW (Hiroshima Linear-Augmented-Plane-Wave) 2 — F (%, % EEINBIEEE R IC KD < 55 HE
TIREEIREZ T T 2 0chlFE SN, ZORBIIUTOE) TH 5.

2.1 REAEETFEHREERE

FRIE AR (LAPW: Linear Augmented Plane Wave) B%0%, #ER 7 v > v bz b ni— i B
AAFEOTTRHE X, $73H0 L WEKEEZ 52 %, S LS NR\wIis O APW 3, Pk
SEKBIBOUCANE 24l ) 72 O F DR D IRE S NIZTER (w7 4 T 4 VER) WTZ R X —KEFD
BRI B TR 5 Tk TH B [2].

AR a—FTiE, Andersen[3] % Koelling-Arbman[4] IZ % %4 V) ¥ 71D LAPW OER(b & 1376 ¢ &
7% % Soler-Williams DERAL [5, 6] ZH\W»Tw 35,

2.2 AAT—HExEwEII%LY

JRTR/EDREL 25 NGB LIRS MEHTE 2L 25, HHN R Ny FEEIZ Dirac HfE%
EENCRS 2 EThfE L 523, Aa— FTRRAY VHEHAEFERZEBR SR 2L 7a v A5V F
B B AN 7 —HNGRNR Tk (7 28T 5.

2.3 BCHERZE

Kohn-Sham SRR IIANEWICHOMES (SCF) ICHREZINAIREARTH 2D T, WHIZERDIRLEIC
EOfE»rND, ZogAE, HHHEVIBELTOANEFEEZZNETORDIKELOEHREZ ED L) ITflio
THZ 20 5EMHOEELICKE (LS, Ra—FTid, Hftize ¥ v 71 e Anderson i [8] % #f
AL, WERICED B2 HDOIRDFECICHIG L T3

2.4 TIIRTFrIvIViE

APW % LAPW EEMRET 27 4 VT 4 Y R T V¥ v VEBUI RO RREI « FIART
IIREEIMEL 7 B1E0 D TR, FHERMEMRESINE ST 4 VT 4 VERDOERICKECMRELTLE S,
COWEHZFEDBA, RT3 v VOTRRITRE 2 B 7\ F715DY Weinert D 7 VAT v v )Lk [9) T
H 5.

2.5 RFICE<H

R 7 v v VL TIEHHIC Hellman-Feynman JJ 2518425 2 L THFICEI hE2RKD 5 2 L H30[HE
T, 202 Car-Parrinello D FEICH G- L 72iRTH 523, FLAPW BEOH TR I < hoE iz
112 72D %3 Soler-Williams|[5, 6] TH 5., Z4UZ XD, FLAPW 5T b MG D@ L& FIRE) € — R0
a2 TIEE & R o 7z,



2.6 MHIEMREE#FRDE

HHEDIREEEZ 2L o4 OPBEOHEICIE 7Y 27 v =N TOMIBRETH 2, Aa—
FCld Blochl 1 & 2 A LA PURifAYE [10) 28R L, SfELZM->Tw 5, A 7Y a voiREic kD,
BB 7 2V SO G EEBIC X AT b HREE LT B

2.7 HWICEDCEBREDLSDEINFRE DM

CRRINC @@ﬁfﬁ@f’ i, ZOXIREZANS 2 EBETH B, BIAIL, JEREEIC X 53 FIREE
HDER DA %%Wﬁ?@ﬁﬂ%% LEENZIRINGE & AR O NIMEDNEIRA 2 5.2, HAR7
Fw®%itiﬁk&%. —FETWREBIBICN L CZ ONREZTIRZ N a— F & L TREKo 22
MO 70 77 L) BEALTH 53, HILAPW TIINFFMEICBT 2SO a— 3Ny FLrantnb

3 R{T771I

2O HILAPW &, Gl a—FOKE R 2FfT7 74 L xsets KU xlapw Z S, 47> a vkl
BDOFEIT7 7 AN INTED, Z2027TIE, BT 5 nakefile ZVTa vy ANV KT A VA
F=VHBETH L., EfT 7 7 AN EET = 7 7 A ND—EEL1LITRAT

4 AVAM=I

¥ 3 hilapw.tar.gz 2 ¥ 7B —FLTHA—LT4 L7 PVICEE, XOXIIIFA T LTy Tr—
Z BT 5.

# cd ~
# gunzip hilapw.tar
# tar xvf hilapw.tar

FLE#IZUNIX 2B 270y 7 h2E£ L, ANOKLEIZE,) ZHUCEkDA—LF 4L 27 R FIZXRD
T4 L7 FUREPHEI NS,

hilapw/
bin/
bz/
data/
1lib/
ps/

sources/

bin/ITIFKHY — Va2 v Fofl, 4 ¥ A F—IWEOFET7 7 A VDNEDIND . bz/ I3RS S
X 27V a7y —vDT—F 2L Tws, Ny FEEZMiCEAICIOT RSN,
data/ici¥, JLET—4F X—R (atomdata), JRFETHET—F X— A (atomdens), ZEfIH7T—F X—
A (spgrdata) D7 7 A& EHIT, fecHiED Cu (Cu.tar), ¥4 7E Y FHEED Si (Si.tar), bee
WEXE DRI Fe (Fe.tar) WKNT 27 —A4 77— EIrNLTV 5

:/A4w%ﬁ7mk,VVV?@mﬂﬁ&Fmﬂmmo@:/A47%%17/3/%%ML,3o®
74V 7 bV ( /hilapw/sources, /hilapw/lib, /hilapw/ps) {2 % makefile ZHEIEIET 5. #2



# 1: HILAPW v 75— DEF7 7 A VROBEAR D F—5 7 7 A L—BE

77 AN RITEAR A7 740 WHH7 7400
xsets 7 7 A VDA atomdata wavout
atomdens sets.out
spgrdata
sets.in
xlapw SETHORESE 7 VAT v ¥ v VETEOIAT  wavin wavout
lapw.in ekn
dis
foa
tau
ten
lapw.out
xdoss R LR D FEAT wavin pdos
doss.in pdos.index
doss.out
xnewa kW7 —% DZEH wavin wavout
kpts.in newa.out
xwbox 3D X v ¥ a2 L TOETHEEFR wavin wbox.list
wbox.in wbox.out
xpbox 3D XAy a2 b TORT Ve v VEtE wavin pbox.list
pbox.in pbox.out
xspin A VB DANE wavin wavout
spin.out
xwcon wav 7 7 A4 NVOEALH wavin wavout
wavin.frm wavout.frm
wcon.in wcon.out
xsSymm BERRBLDOFHE wavin ekl
cml
symm.out
xrept WERIZRBUZHE 3 v B A i O P BCIE ekl eigl
cml eig?2

rept.out




fExN2FFEDa—FTHLAPW OEFTHBHERI N T2 DI, Trued FIO 284 7 ZH#4# L 72 Alpha
<V, Compaq Alpha Linux F90 2 /34 5% T 2% Alpha ¥ ¥, Absoft Pro Fortran F90 2 ¥
84 7% L I3 IBM XLF 2 v 234 7 @D PowerMac B (Mac OS X), Intel ifc 284 72HT 54 VT
LWERPCHTHY, TNEDa V4 7DEAICIE nakefile ICIHEWDFLEH 2. hoBREICEWTH,
FORTRANQO 2 ¥ %4 S DA 7Y a v ZMHGIR T 2 2 L Ta vy X{ )VIFHRETH 5 9. % ¥, HILAPW
a— FCIFMIZEIE 7 £ 77 Y LAPACK KO BLAS (http://www.netlib.org/ TRH) ZFHL Tw 3,

makefile DFXEMR, make ZHWTa v A L L K9, (EfT7 74 ViE /hilapw/bin iZA4 Y A F—)b
Iz,

# cd hilapw/sources
# make clean
# make all

# make install
S5, 741V 27 FYps L1ib Thmake L THK.

cd “/hilapw/ps
make clean
make all

#

#

#

# make install

# cd “/hilapw/lib
# make clean
# make all

#

make install

/hilapw/bin IZH BHEIT7 7 A V29 79I,  /hilapw/bin IC/SAZBLTE I ). HIZIE, =
NELTeshd L IEtesh 25TV 3EAICIE, .cshre 7 7 A W Dset path DRFEDITDZIC

set path = ( . $home/hilapw/bin $path)

ZMZ 5.
WL O DOBIEZETT 27201, F—LT 4L 27 PVDNIH %7417 Y (hilapwl £ %)
ZERLTEB I 9.

#cd ~
# mkdir hilapwl

5 fectBED Cu
5.1 SCF ftEDETT

hilapwl D FIZT 4 L7 FYcCu 2L, # I Tgetdata EANTEHET—FR—ATH% 320D
7 74 )V (atomdata, atomdens, spgrdata) 2’2 E—3%., TN 6D 7 74 NDILZ DFTTELITIX
~/hilapw/data TbH 5.

# cd hilapwl
# mkdir Cu
# cd Cu

# getdata



Bl % EITT 2 DI 11D 7 7 4 V%~ /hilapu/data £ h aE—=LTZ k9.
# tar xvf “/hilapw/data/Cu.tar

SCF atH%ZFT3 5 D13
# JOB-SCF

ET N AV YT N EEITTBEETTE, 77 A4 VI0B-SCF D% L RTED X I T THEST
INTOLDPEMERTHI L.

FatER, 37 7 A VRS E Lo TEMiT (A1 °A2) 220 TXHILTw3, ZOHNDD
2, 2 FLAcopy BWHEIN T3, #lZ1X, outAl IJOB-SCF WTDRFID SCF FHHE Dxlapw D
JJlapw.out ZHMAEE L7 bDTH 5.

5.2 JREZE
LIRS % 2T B 12

# xdoss

# mv pdos pdosA2

# getfermi outA2 > fermiA2
# PSP < psp_tdos > tdos.ps

EFATTHE, RARAZYUTE (ps) 774 (tdos.ps) MFS5Ns (K1), ZTIT, getfermi i
7 )V SR 2T 5. PSP ldpsp_tdos DRIRNICHE S T ps BT ZHiK Y — 1 TH B, PSP D71
7' LlE~/hilapw/ps/PSplot.f TH 5.

4.0

3.0

2.0

TOTAL DOS(/eV)

1.0

0.0 T L L L L L L L n L L L L
108 6 42 0 2 4 6 810
ENERGY(eV)

Xl 1: fcc Cu DAIREEE, TRV F—DREIT 7 =)L S HEMIGEATH 5,

o IREEEEZ 70y b9 5121E, §TIC xdoss TREFEIZFFLL TH LD T (7 7 A )L pdosA2 IZ
s Tn3)

# PSP < psp_pdos > pdos.ps

T‘ Ss P ega t2g \@ftﬁéfﬂtflj“ %Ff)%%%h% ( 2),



1O~
fcc Cu
0.8F 1
=z
£ |
g 06F ! 1
e i
3
>
L 04f §
wn
o}
a
0.2F 1
L N R
108 6 4 2 0 2 4 6 810
ENERGY(eV)

4 2: foc Cu OFIRMEEIE, RO, W, M, FRRZAZN, s, p ey lo, DERAEHRT, T3
LE—DEEIE T L S HERIEATH B

5.3 INVKRIBE
Rz, NV FEEEERfiVWTA LI,

# JOB-EK
# JOB-SYM

A2 7 b JOB-EK T, KI3IZART fecHED 7Y 27 ¥ V' — Y DOXFRED kv k B> T L ¥ —[&H
HEWEHEING, £/, A7 Y 7 b J0B-SYM TZNZFNDOIRBBRKRD 5N D, N FidE% ps
VAR N

# PSP < psp_ek > ek.ps

EZA 7T R (K4) .

3: fecEED TV a7 v =V,



ENERGY(eV)

-10
WqQoL A T 5 XK 3 T

4: fec Cu DNV FHE, Z 2V X—DFEIT 7 2L SHEIEALTH 5.

6 Y17EYREBEDSI
6.1 SCF stEDETT

fecc Cu L FBRICE THEMH 21T ).

cd “/hilapwi

mkdir Si

cd Si

getdata
tar xvf “/hilapw/data/Si.tar

H ¥ H ¥

22T, BMTERERLSETRI X VX -2 T 20BHEI N TR 3,
# JOB-TEN

a=520A ~a =560A £TD 11 fHTD SCF i ENFEITEINS, T OFHERED 5GET-TEN 2 H W\ T4
IRV F— BN EZ K EH L, Murnaghan DRESEAIZ7 4y P LTHAL T,

# GET-TEN > TEN
# xefitm < TEN > fit_TEN

xefitm | Murnaghan DIRESGRAUCR/NATE 7 4y F$2bDT, 7077 L~ /hilapw/lib/efitm.f
TH5, FRDT7 7 A NEit_TEN DHEZRTHAS &

Coefficients for Murnaghan fitting

cl = 0.3072618807D+07
c2 = 0.1652098587D-02
E’ = -1156.7411297535
Vo = 266.2218508318
EO = -1156.1556676775
B’ = 4.0200000000
BO = 0.0066414363 97.6955282824 GPa



BB NH 5, INEk BN (YA 7EY FEERO T2 T H72 1) OPEERED 266.22a.u. TH
D, WEHMER By MO Z ORBHKENE B 252 21 98GPa, 4.02 TH 2 Z Lbh 5
BIXNVF —ORBEREEEZ 70y P52

# tail -103 fit_TEN > TEN2
# PSP < psp_TEN > TEN.ps

LT 5L, FEOHET—YRAT, 74y FINFT =y BFERTH»NS (K5) .

-1156.140
-1156.142 1
-1156.144 1
-1156.1461 1
-1156.1481 1
-1156.1501 1
-1156.152 1
-1156.154 1
-1156.156 : 1
-1156.158 1

_1 ] 56' l 6() Il Il Il Il Il Il Il Il Il
220230240250260270280290300310320

VOLUME(a.u.)

TOTAL ENERGY(Ry)

5: ¥4 7E YV PG Si DT+ V¥ —iHE, Py MMIRCREEORKE L GRSz 2L X —
DR ZR L, FEfE Murnaghan ORESH RN [12]) ~ND7 v T 4 v 7 OKIRZ R T,

7  becBED BN Fe

7.1 SCF stHEOR{T
MIflC s 55T, HiehTaL 2 bY RIS F=F2M-TI &I,

cd “/hilapwi

mkdir Fe

cd Fe

getdata

tar xvf “/hilapw/data/Fe.tar

H H H ¥

T ZTIE, fee Cu lEEMPIL T, SCF HEA2ETL7-8, RESEL ANV FE2HIWTALY. 7,
SCF B Z2ETT5DI%

# JOB-SCF

LY AV Y PR EETFTTEEITTEYL, 22 TH, JOB-SCFOHFHZ IS RTED L) LFIETHE
TENTVLDO02MRTDE &,

7.2 REZE
SRBEBE R A ET 21T



# xdoss

# mv pdos pdosA2

# getfermi outA2 > fermiA2
# PSP < psp_tdos > tdos.ps

EZATTHE, RAFAZVTLE (ps) 774 (tdos.ps) 605 (X6) .

4.0
3.0r b
2.0r 7

1.0¢ ‘ L&ﬂ%

W F

2.0r

TOTAL DOS(/eV)

3.0r b

4.0 P I R I P N I N NI I
-10 -8 6 4 -2 0 2 4 6 8 10
ENERGY(eV)

X 6: bec Fe ODAIRAERESE, FEIVBEBAEC NV R, TEGWNEIAE NNV FE2ET, Z2LF—

DI RIE 7 2 )V SHERLITHEATH 5.
MR EEZ 70y ¥ 5100
# PSP < psp_pdos > pdos.ps

TS, P ey tog WCARINIREEEIFONDS (K2) .

1.0
0.8
0.6
0.4
0.2
0.0—
0.2
0.4
0.6
0.8 ‘
1.0‘\‘\‘\‘\“31\‘\‘\‘\‘
2108 6 42 0 2 4 6 810
ENERGY(eV)

DOS(/eV-atom-spin)

7. bee Fe OUSHRAERAIE, BRGS, W, A BREZNZN, s p ey by ORGEET. LE

DML AE VNV R, FEODNEAE YNV F2ET, T2 X—DFESIZ 7 o)L 3 #EAr

b5,

10

- yag

2%

AT



7.3 AEVHEIKE—XrH

xlapw DFFFLHTHIE 7 7 4 )V lapw.out I SN 5, (EM I T2 A2 Y 7k Tld outAl % outA2
DEICT 7 ANEPEBRINT2,) ZOHMHOPITOL ) BT =5 03H 5.

===== ELECPR
NUMBER OF ELECTRONS WITHIN MUFFIN-TIN
TYPE SPIN TOTAL S P D F

1 UP 4.02803 0.09164 0.07447 3.86191
1 DOWN 1.84418 0.09370 0.08735 1.66313
U+D  5.87221 0.18534 0.16182  5.52504
U-D 2.18385 -0.00206 -0.01287 2.19878

ZITE, RESINI2y 74 VT 4 YERNO BRI D I Sl 7 = )V SHERL  TOREIREE
[, $4bbEFEOERVEGZ6NT VS .:m%ﬁékthzwgl%%zkﬁmLT)ﬁmwé
AEVWHRE— AV F3218up TEDOREVAEFICLEDDTHY, sPpBEFEOTLICAICAE Y
i L T2 Z EDah s

CDAEVIHRE—A Y MEIHL FTHLERNTO R VEEDOREIEL O TRE L 72 BROLFRITRET
ZZEICHERTARETHS. (22T 1A IRE.) BEERDOES, Bt 2EG0 2 A v iEE—2

FIENY FOEEED> SR 605, lapw.out FORDI T —F 3% Y FOEEEE Y FOHiH%
N

----- BAND OCCUPATION

UP-SPIN DOWN-SPIN

BAND E-MIN E-MAX WEIGHT E-MIN E-MAX WEIGHT
1 0.06570 0.44910 1.00000 0.09416  0.55769 1.00000

2 0.34063 0.52660 1.00000 0.46359  0.66445 1.00000

3 0.44597 0.68832 0.99998 0.55620 0.84957  0.88590

4 0.51715 0.68832 0.99983 0.65867 0.84957 0.00781

5 0.56364 0.70814  0.89049 0.71533 0.86892  0.00000

6 0.60697 1.38338 0.21600 0.78281 1.41846  0.00000

7 1.17953  2.48901 0.00000 1.26695  2.49821 0.00000

8 1.30182  2.48901 0.00000 1.38167  2.49821 0.00000

9 1.43833 2.50566 0.00000 1.49335 2.51826  0.00000
10 1.83505 3.37425 0.00000 1.92887  3.20781 0.00000
SUM 5.10629 2.89371

U-D 2.21257

INLY, HWALCUNY FOEHEED5.10, /NEAE Y DZND32.90 L5500, fERE L TE/AE VK
R[RE—AVME22lup THE I EDHALEND, Thbh, Fe DA, AEVHRE—XAY FDREH
=74 T4 VERNICETEL T3 LEfEI NS, X DEHINCIE A © VB0 2 FHERTHIC 2 &b
BireEnsr9.

11



7.4 NV RIS

Ny PGS Cu EFABEIC, SCF EFEDOREZ T bee &N 7 a7 vV —r (KM8) IZih>7- k
IR T2 VX —[EAE L EEREE RO, ZOBRNETIZH > TV F2#ZEICT 3,

# JOB-EK
# JOB-SYM

Ny PR ps 13 5121
# PSP < psp_ek > ek.ps

AT R (X9) .

ENERGY(eV)

-10

X 9: beec Fe DN P, SBAE YNV F2KBT, INERAEY NV FEIBTHiVWTH S, =L
X—DFEAIE 7 2L IEMIEATH 3,

12



8 ANTF—HDHE

COffiTlE, fecc Cu DFHEZHNICHD, 3 2D AT —% sets.in, lapw.in, doss.in DOBE % i
ER-R

8.1 AHNTF—%H :sets.in

sets.in (&5 MEE S DO HEHEIE xsets DA T —F THEDONRE TERZHET 5. I I Tl fec
CuDHEDASIT—% sets.in ZMD L%, (01:FZ 7 7 A L TOITEZTEZTRTHDT, EEOT—
FIZREEEFNTVAR,)

O0l:fcc Cu

02:----- nspin

03:1

04:-————- space group
05:Fm-3m

06: 3.61 3.61 3.61
07: 90.0 90.0 90.0
08:-——-- atoms

09:1

10:Cu 1

11:0.0 0.0 0.0
12:-———- k points
13:0

14:8 8 8

0L fTHIZ 80 W FUND a X v MTTH %, FHEFMEEVBHIINE 774 LD~y F—L LTHw LN
3. 02fTHIZ 2 XY MTFTHD, T—F DL —F L LTHWTWS, 03fTHIZZESNSPIN & LTA
NIEN, 2GRV IaIEE, 1 DGR VIESIHEIH 2R T, 04fTHIZ2 XY MTTHD, T—
FDENL—F L LTHOTWS, 05 fTHIZZERMIMEZ AJIT %, spgrdata IZFF S 41TV % 22 [IHED 41
R R OBED BRI R ENT 05, 06 {TH I TER a,b,c ZA BRI TANS. 07 17 H 1341 il
DAE o, B,y RIEHMNTAND, a,b,c P a, B,y 2R HHETEZIONIHREFETLT7—F ELTA
B LU EGAIE, EEBEOMBBERINS, HlZ1E, YARRTHIDICaAbELTTF—FZ2ANL
7B 0 I a DIEPRAI NG, K2 1K TFEREFHHRLOKEFOMOBFRZRT. 08fTHIZa X
YMITHD, T DL =% L THOTWS, 09 THIZFRFNLBER TCORTFOEBEOLE F
L, ZENTTP E LTANINS, 2%, FAUIGETH-TH, WNFHEMETHIEN LA IR ORI L
LTHBA S, 10fTHIZICES L 2 0ESUMINICE T 2R HrEo%, 11 TH1E, FAEZ b, c
B TH 2%, 121THIZaX Y MTTHY, 77— DXL —F ELTHOTWS, 13fTHIZkMRAY
a2 HCHEEEGLEMBEOEAIZ0, FaZ2EE R VLERBEOEAIX -1, BEANE kR A M2
DTIcEZ284601F, 20k mfi252%, 14fTHEkREA Y 2DHED3IRTLA v > 28 kHY A
F DEEFBATIC, k MBEE (21 /a,27m/b, 21 /c Wih) ROk BOOEAE G2 5.

8.2 ANTF—%H :lapw.in

lapw.in (& LAPW &5 xlapw D AN 7 — % CTRtELZlHI T 287 A —=F#iET 5. I TlE, fee Cu
29 % SCF Gt AT T — % lapw.inSCF 2/, (01: %137 7 A L TOITHZZ R T DT, FEE

13



o
4

%2 WBTER a,b,c,0, 3,7, Wik, BTOMOBMRK, BERMTOL=—7l1% c #ilTEA TR S,

st

% a b ¢ o B v IETOH
S a a a 90 90 90 P, LF
TEAE a a ¢ 90 9 90 P,I
B a b ¢ 90 90 90 P,I,F,C
NHE a a ¢ 90 90 120 P
=N e a a a o a P(R)
il o b ¢ 90 90 v P,B
= a b ¢ a B 4 P

DTF=FIFEEFNTVAR,)

01:HiLAPW 1.0

02: 20.0 emax

03: 80.0 egmax

04: -1 lbroad

05: 0.005 deltae

06: 10 ne

07: ¢ 0.0 ¢ 0.0 c 0.0 ezr

08: -1 atomic_loop_mode

09: loop dta scf cmix smix field

10: 10 0.00 5 0.20 0.00 0.00 0.00

01 fTHIZ 80 HEFLAND a X > MTTH 5. 02fTHKI 03 fTHICIZ Z N 1R OV 5%
BEICHOS NGO A Yy P A7 23V X —% Ry i TH 2 5. 04fTHIZ 7V 27 v Y — V5D
HiEERET 5. -1 D& SHIEMNOVUE G, 00 & B OV, 10 & &7 2L I omBIEE, 2
DL EREBEGEE RS, 051THIE, 7 =)V I O0MBEEGE M OBAEREE D £ E DIXH LIEZE Ry HALT
5.2 %, 06 {THIZEZET 2lidE FIREHE 5225, &iEFROYT IV REVEEZL5Z 2081 H 5,
Z DA /IMER N H 2 EY) 2 flHDS xsets DEITHE sets. out FUTRKDEE (fec Cu DH) IT5 2 5T W»
BDTHEIZT S E LW,

NUMBER OF VALENCE STATES
MINIMUM = 6
APPROPRIATE= 9

07 fTH 3K JH ffifg, SHEAEHRBICT RV =N IRA—F 2 EDL ) ICRET H20%2ERT S, W
Wix, ZoFlDLIICs, p, dEDITc 0.0 &L, FEREPEICHE L IIREBEED HEHsOHELICE
%, [FCiuEA#EEEZ D ORONBRENOFET 25GICIET—A PNV FOREZINZ 27 DIC T *
WX —=RIRA=F% 7 )L TN L DD RICRET 206E3H 5, #HlZ21E, 7 =)V IHEM XD 1Ry bicik
T BHEICIE, ZOMEAESRICNT ZERETICHLTE 1.0 95, 08 frHIZEIC@ ot
BEHMT 2, -1 oL FFEFICEDEEEINR Y, 0L FEFICE hasitEs s, 1M Lol
AR T it > TS oE L2 S5 2 EBHWBETH 208, 4D ) I NI 3 HE 1 O Tk,
BIEELRWI L, 09fTHIZa XY MITH B, ZITRENUTOF—ZITOFEHPIZHNT WS, 10
fTHIX SCF BHHEDO N — 72T 2. ZOWEDOHS, 5 ROIERT ¥ =Y v I X v 7Kz D 0.2
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DETEEREALZHOCTI0EOL—7%2FTT3 2 E2EHRL TW3, (BUT OGN Fe 0G&ICH 5
k32, ACVEENGIRICEET 2BAICIE A VEEORAG LR OS2 2 DfFCRlB&IEET 2 2 &
NTES,)

8.3 AHBNTF—%H :doss.in

doss.in IFIRAEEJEETE xdoss DA T —F TEHEZEHIMT 29 XA —FRET S, T2 TlE, feec Cu
IR 5 ANTF—% doss.in ZRT. (01:51F 7 7 A VP TOIFHFESZRTHDT, BEEROF—FICI3E
FNTWVRW,)

Ol:doss.in
02:-0.2 1.8 2000
03:1

04:0 00

01 1TH I3 80 B FLAND 2 X ¥ MTTH 5. 02fTHIFREEEL 2GR 2 =2 0¥ —HiPH (Ry HfL)
EZDRNABEEGZ D, EOZINF —HiHZEE T 20 lapw.out 77 AL (B LIE7 7 A4 L84D
EH I TH Z1E outA2) D1 BAND OCCUPATION DfEH%Z 2% & ZNZFNDNY FOZ 2L ¥ —fiiE
D335, 03 AT HIFERITIRBR L 2 BHE 3 2 AIBIBZ 18 E T 5. 0 DA XKL, 1 0L 1372
B, 2 DB HBIETH 2. 04 FFHIZFRBESIC B 2 FllZ 0HE S8 2 721 47— (o, 5,7)
ZEHHLTHZ 5.

R DOFIEAERIE 7 7 4 )V pdos ICH N 228, EOBMENE DI TH 2% R TEDLT7 74
)L pdos.index ICRK E LR >TIHNEIN DT, REEEORZHH L Z ST 2L kv,

SE R
(1] NAZRER, Nv PG, (NHEHESE, 1999).
[2] J.C. Slater, Phys. Rev. 51, 392 (1937).
[3] O.K. Andersen, Phys. Rev. B 12, 3060 (1975).
[4] D.D. Koelling and G. Arbman, J. Phys. F: Metal Phys. 5, 2041 (1975).
[5] J.M. Soler and A.R. Williams, Phys. Rev. B 40, 1560 (1989).
[6] J.M. Soler and A.R. Williams, Phys. Rev. B 42, 9728 (1990).
[7] D.D. Koelling and B.N. Harmon, J. Phys. C: Solid State Phys. 10, 3107 (1977).
[8] V. Eyert, J. Comp. Phys. 124, 271 (1996).
[9] M. Weinert, J. Math. Phys. 22, 2433 (1981).
[10] P.E. Bléchl, O. Jepsen and O.K. Andersen, Phys. Rev. B 49, 16223 (1994).
[11] W=, 2=t 7v 7 L, (%EE, 1995).

[12] F.D. Murnaghan, Proc. Natl. Acad. Sci. U.S.A. 30, 244 (1944).
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HiLAPW
— JOAHi

JI R REER Bt E BT e Rt
UNSEZSSS

1 BFL®IC

RO IS DI L 72 X 912, FFHEEEOHWIZ /22BNy PEEZ RO 2 2 LIl ES T,
Bk H 2 WEFROMILD 2V EZ K, FEED o156 N HEE & EERIC R L 2 OFBIRER 2,
F2RCIE, ERRICEHRTIEZ TMT2E2AI2H 5. ZOBARTIE, ZO0FBOELT, H5
NNy FREGICH D W TR LY < VG Z)IGH L7258 E SNE Y Foio 7 = )V S ETO
TR CTH 2 7 x )V L &Ny FTED “ RO RED 613 6 1 5 F — VR DETE O SR % HILAPW
DISHME L THRAL &I

FPREITIE, Y~ CHERICE T 2 HEETSR O AR I fila, 25 3EITIE, NV FaOED
WL, MELICEBRT22ODNY F 74y T4 V7 OTEICOWTHWAT 2. H4HITIE, B
FAG & U CHRBERTHELD BT 7z feecCuTD 7 2 )V SHE L A — VREGHE O R 2R T,

Ty < HEmIcBIT 2 K DFEL WEBHE L TiE, Ziman[1] % Ashcroft[2] DEEBIFEZSHICT S L L,

2 RILYY VB
2.1 RILYYYAER
—BTIREODIZZLY =D e, THEZ 6N 3 L E, RE T TOREHHREEIZ

1
e = T e m/e) W

D7z - Ta 7y 7ol cEzZ6Nns,. 22T, pldMPRT vy YL ThH S,

WE, SMGOIREABDIREA & o TRFTNICAMD (1) 26 T 258 GERF#EREE) 258% 35, C
DHIND 7012, Wk % b 2B T ORI 1, (i r TORFNRIEEE GBE) % fi(r, ) TR
LIL, MTFICRT &I =80 OFRIZ XD fi(r,t) ORRIZLARES NS LT 5.

[1] #EES I X 2808 (EH0R)
Wk ZboBETORED v, DL F

fi(r,t) = fi(r — tvi, 0) (2)
B D LD 5, IREUC X % IRE DR Z2{kIZ

0 fx _

B gy —Vik - Ve fx 3)
L%,



[2] ShiRwsss - I X 2200 (JH5H)

SRS E, SRS B 230 otz L &, @i —e 2 b L vy THEB) L Twv 2 HFOEH) T
A, PHEEIC LD

hk = —cE — evk X B (4)
THHH5, k ZWHMEMTORE L EZT
fk(rv t) = fkftk(ra O) (5)

£0, S5 X B IRIEDIFHIZ(G IR

fic

€
= —(E+ vk xB) - Vi fx (6)
Ot |pieta D

&5,
[3] iR TIRENSEIC X 2 HEELOAIR (BELE)
k 6 K ~OHEMEREZ Q(k, k') & T 2 HIEHEL XN TH % 56d

dfic

ot = / i (1= fio) = fi(1 = fir)] Q(k,k/)d?’k (7)

scatt

EHITZ, LeLuads, flc X 27RZ2 BMAMICHESTL, SoIGIREZ2ET T2 Lidken
ABEL . 2 2T, BUT 0 T I3 & B2 BERIRF DI 2 Fl v 5 2 12 5,

D OBP R BB W TS, BESRHEMICZLL 2 iEFREICH L LT3 L
0fx 0fx 0 fx

e I e Y (8)
ot dif f ot field ot scatt
DHDAID, Thbb, FEHEZRALT
0
_Vk‘Vrfk+E(E+VkXB)'kak+ﬁ 0 (9)
h at scatt

DRNY 2V HRRZE2
ZIT, THIREBICBIT 2 0 EHREED 5 KE L IFIF TN AW EREL T

9 = fx — fu (10)
T3, ZOLE, ARD g & vy 13EBREZEZ, ZOBEREET X
_ 2 3
oy | RO )

LhB, BB, WEMTORMERS 7 ) OIRERIE Q/(20) TH 3.

PTFTIR, Ry s b o LCEELREIEET 2 Ba0ERON, T74bbBali
ORAEH L, WEAT IEOEMIA D) 255 2 BA1C 1 LOIBIED 72 0 1 BIRAET 2 (B
) . OISO T MR ST 5



2.2 BEEICKDER

B E OADEET 5 L 20N LE ¢¥ L LT, Ry i (9) Ics e THBTER O
Esc ka2 WAL, (10) Z/H\5 &

af° _ 0 fx
() wE = -G

scatt
0

= 5 (12)

285, 22T, HEHTHEO Vg =0THH, HE- Vigl” 1& B2 ICHHIT 2 DO TRBIL 72
7, XRAOBFEHGE,

0 0
Vifu = Vi f%(ex) = vk5kafT€(€) = hvi 6f85(6)

(12) O & B O 52 I BRISRHE A 350k L, B3] & N B IERBRINEE 7 C gy oc et/ ICRE> TS
THREEA %, #F, BYEICX2EREE IO, (11) Bzt Y 2RALT

(13)

2 9f°(e)
(0) _ 2 Bk [ — .
J e T(27r)3 /d k( 5% vk - E (14)
EHEERE, A—20HENI=cEIZHSTUIDD L, BEET VY IV ol
_ o2 2 / 3 _3f0(5)
Oug =€ 7'(27T)3 d’k 9 UkaVk3 (15)

ERDIEDVTDD, TIT, vka = {Vk}a ERLL 7.

RO SRR 2 6 T 28550, —EHREOZ 3L X — 3EBEMCHEE ey = e THEHH
Vka WIS TBIBCTH . > T, a#BICH L THIEMELD 0,5 =0TH 2. TOERTIE, %
DX FIEIT 0o DHZERET 5 LT 5,

(15) 2B M0, HNFECRHEEOHED 7 2V Il LTOMITZELTW5DT

0
(—ai£@>::5@k—gF) (16)
Z T
v%, D 2Q /d3k5 PV, (17)
IXwo:(;%y/fka&—fF) (18)

WCED 7 2V SHE vp, ZERT 5.

2.3 EBELHMEBICLDER

B E LW B AT 2854, BRRMEEMoHETcoR LY < v AREAIX

o 0
—e <_af€> vi-E = g7k — %(Vk x B)Vigk
= 771 {1 - %(Vk X B)Vk] (% (19)
EFHIT DT, AR OZAEIZEAIC
0
o [1 — %(vk x B)V } (—e)T (—%{;) vk - E (20)



LEE, WS BTEMT L, 200X Eokoont o0 252, 1 REE

o 0
i = ;(vk < Bi-o)r (-0 )i B 21
&b, ZDIR i%%ﬁ%x
3
Jo = e’r? < ) vk X B) - Vi(vk - E)
a 0
- hT ( f ) Vic(Vie X Vi) - B(vy - E) (22)

tEINns,
(22) D&Y BRN R ER 2 A 2720, BHZ JT70, W52 v HEIZPIFE 2D a HAICBHII NS
BizEZ, &S LWHOMICHHT2BICERZEHC ZEICEVBEET VYV oag, ZERT S L

Jc(yl) = Oapy Ep By (23)
3.2 2 8 0
Ot =~ G / Tk (‘Jcas(s)) Via{¥ie X Vieh s 2
2135,
) IZBWT, (a,8,7) BIA 27V v 2 BESTHEET D E
(Vie X Vie)y = Uka(0/0ks) — vies(8/0ka) (25)

THDEHS, 0oy Dok B ORI T

Oafy = —08ay (26)
ThHoEIEVEBIIRING, ZNDBT YN —DEHTH S, 7, TOBHED 040y =0TH 3.

2.4 R—ILIRE

M CORRZHNT, F— R OERRZ RO TAHR LS. BY%E ¢ A, W%z 2 ARtk
LED x HHOERZBIMST 2 L ?5.:@&%,yﬁﬁmu%ﬁ%WDM?%%ﬁowTw&ww
T, ZOHHEOER J, 120 TH5., LorLids, Whckszu—Lryy ooty s nEF o
EIGER LT, zA1micd (W) ESsRET 5, CoRMzEEdHT

Jz = szEm + JzyzEsz (27)
Jy = 0ya By B, +0yyEy =0 (28)
DD ALD, (28) DAUCA VB A —DEH (26) EH VT E, KD

o
E, = CLE ) 29
T oz B, Y (29)

(27) IKfRAT B &

Jp = |2z 4 5o B.|E, (30)
OxyzDz
L. WEEZTLARETO R — VEPLIZ Rfyz =B,/ J,B, TEXINLD 5, WHDERIEZ
LT
RH = w2 (31)
Y OzaOyy
nRkdENG,



2.5 BHEBEFRODESR

IOV X — DRI
2m

IIR2 ) BT OEAICE, EORLARZMBICRIIT 2 2 L ETH 5. IS, #RETZ

FEOTURT,

€k (32)

M h

TR oy = Ek (33)
L 2Q 4w Q

IRFEEL : N(e) = ﬁ?ki" =530 3(2m)3/2£3/2 (34)

dN Q 3
RIEZE . L 3/2°2 _1/2
IR+ D(e) = 0 = gogh ™ (m) e (35)
e2r 2
Ogy = Q§€FD(€F) (36)
e372 2

Oxyz 20) 35FD(EF) (37)
H 1 Q)

Rl = =S (erDier) ™ = — 1 .

3 NVYRTavTavT

ROV FEHETIE, 2526 NEER7 L kISR LTIV =7 o7 GEEEI%mIE
ERDBEICIZELR DR OIAL) B S, 20E2dAald 3 2 LIk ) T 20X —FH X A3k
DoNS, (22T, nZEL k OFTREZXHIT 2N FigfTH 5. UTFoibRTIidRL 2 HiHICT
27:0n%2BMET S, Fio, kE EVFTRLLGAE, AGROBHRZEB kIS L CGGHEI LI L
ZEWKTB.) L2LEDNS, 7))L I cp IZHL W 2L X —[EGMEIIREEER k ©fF 2 34k

E(k) =E€F (39)
Thbt, 7V IfzEfMiBae, TR0 —EAHEO BT oA
v(k) = b ' Vie(k) (40)

Thbb, BHIEERO 504, EROMENA kIS LCHBIC (k) %52 3 N4 28051
B OAAERTH D, RRTIE, 20OHNOEDIC & %505 2 I « (k) CEET 2 FEicou
T 2.

3.1 7—YIRK
WERRET 2 (k) X710y MREOEGMTH 256, WEZEM k CRBIEYS 2,
ek + K) = (k) (41)

2T, KREROMK 7 bLThs, D%, e(k) BIEHTR7 bLERELT, XKADKI
7= I RBDHHETSH B,

e(k) = erexp(ik-R) (42)
R



e(k) IZFEHTH L5, (42) DEEHEEE L ST

ek) = [€(k)]*
= Z “exp(—ik - R)
R
= Z “exp(ik - R) (43)
R

Thbb, REREICIE NI
e-r]" =er (44)
n5BRBH L. 22T, (42) %

k) = Z 8%:5) cos(k-R) + Ze(rf) sin(k - R) (45)
R

IR ), D) 2 RGTEET 3.

3.2 WNHEREGNIME
IR SR 1

K = —io, Ky (46)

0 —2
Uy:<z. 0) (47)

TERIND. TIT, Ko BHENEE L AWHTCHL, ACVHEHEEN AT AI LT
MRS o b SRR LCRETH 2 [3, 4]

KHEK ' =H (48)
FAHR—EIREEDEFIREETH 2 71 v REIE & 1o L TR RIEZ fEH S ¢ % &

Kyl =K (49)
L0, PBERRITRIES ¥ 7REBIZTOREBEF U 2L X —[AEZ AT 5.

e(k) = e(-k) (50)

L7d3oT, ZO8H, (45) O sin HIZKERICN L THTH 2 720 HENIZ 01274 5,

=7, NIV T VICAE VBB LEARE £k A3 A B Y 22 & a2 O R 2 BIR
BV DT, LEZAX—VEPFETIHATH> T, KREKIBZEHEEE NIV P =7 v IcfEH
EH BT LIFHICA Y VRN KBS RIUCHSE T 20T, (50) OBIRIZERZ NS,

fiif, A€ YWEEMHLIEN & ¥ —< Y IHBFEIKICHET 25810 D A (45) O sin HZZREIC AL X
W EDTFD T,

LEATA E VEEGERITIE, A E Y MEET 25410, 21U X NS £ A E Ve — < VTS G T 5 HHh3
SAb=TVICEENS,



3.3 [EEEXHniE
71y AOEM X Y BRI T ORERIE IS
DK (r) = A ala}yk(r) (51)
Alelal)z — 1 (52)

BHMRBD 206, NIV =T Y H DB {ala) X L TARZE

{ala}H{ala}™ =H (53)
THBLEE, HTHER

gk — (54)
DB/ S {ala} ZIEH ST

{ala}Hy* = {ala}y" (55)

H{ala}yk = e¥{ala}y® (56)

b, (51) 205k

HY¥(r) = *¢*(r) (57)
RS, PRI X ¢ 2R T L ¥ — R 13
(ak) = e(k) (58)

IR ILD, Thbb, 70y FRED T 3L X — A EIZ IR I 3 > TR MR I L C
AL (BNR) TH 2.
(45) 1I2B VT (58) DEIRZ V% &

e(ak) = Ze( ) cos(ak - R) +ZsR sin(ak - R)
= Zegj)cos(kﬂz +Ze§f)sm ~IR)
= Zs W cos(k - R) +Ze w sin(k (59)
&, REEFEICEIL <
gﬁ;g) (czS) (60)

2505, (45) ZRDIRICHEEMZ 5,

irr. irr.

=3 e Cr() + D ey Srk) (61)

R R
Cr(k)=g! Z cos(k - aR) (62)
Sr(k)=g! Zsin(k -aR) (63)

22T, (61) IcBTARNE, B (MHEE/ETHR OO 0NIR) ERTXZ7 PV R IZDWVLTDA
Long, Fi, g BEOEME OO OTH 2. (62) & (63) IFMFEREEIEIC L TaMFz R TH D,
[HA I 22 RSB E N B A% (63) IXEHSENIC 0 42 2 LICHBTRETH S,

7



3.4 BRINEBETaVvTaVT

(61) ICB T R8T 2 YE T 2 b MM AT BB NERERZ VL ETHD, Thbb, 54
7o N HOPEAR T PV O k 12 L TEHE I L T2 )L X —[E A ek %2 v

Yol —e)? (64)
k

ZRMET 5 2 & CREDSRD 61 5. ML BB Ny BEIRIETR7 PV R OB, 7L,
sin AL & EN LA Z D 264.) 1F—RIVIC Nyor < N TH 3.

35 RTFA74vTa4VYT

HWHOBA, TR N D X DEHRRH IUTHR/NAFEEIZ AL D WL 7 4y 7 4 v THER%
5%%. LLADS, 74774 Y 7O8E EFEI ELT7 49 74 v VRS EMICHDT L, 52
FEDIRMD R R E R DTS S B, %72, 749 T4 ¥ 7Ry PRI A SN, HIRO®
) 720, FONTED k KD & ZATHIREINAHMHENIEL CHBISN AW LItk b, 22T,
FEEDIREDRIICAS 55 2 L 280, hofti Sk k ACHAIABEIC 3T 3 Fikbb UL,
EORFED k HAE 749 T4 VW& EIck) 2o 0BRIFZINE 2 Lk s, DTIcz
DS R G2 B.

WE, —BHAEALLT, NHOY YT v TS

(In7fn)a n= 17N (65)
BHEZonlE &I, MBED7 4y 74 v 7B F,,(x) Z T

M
f@) =" amF() (66)
m=1
RHRMZRDLMEEEELET L, OFD, R¥a, DIREINIXRERTHS, 2T, HIBRSEHE
f(l'n) :fnv n= ]-»N (67)
DTT
M
> pmaz, (68)
m=1

ERMET 2T EZRADL, 22T, pp BEULEATHS. EHONX (66) 3H 2 M TLEEE L
ZTC05ET2E, MZEBZ2 mIZNLTUIMRE a, DEHTELLLVWNIKBoT0EEEZDL L
MTE, RELEmMIZE a0, WS BB E)ICHEAR p, ZREL ENUT LT EITR S, HIZIE, (61) D
7 =) ZRHOEEICE, Rl D/NSOHLORICMA S ZEIZLT, Y7587 A= ¢, g ZBHWVT

pm =14+ c;R?* + o,R? (69)

LB EREAOND, £, HlREMAZWT2DIIEM >N THE I EPRETH S,
3T, ETotlRMEoRMUIEZ R 201, 777 P2 ORERBE N, L LT

1 M N
m=1 n=1
Dz KD 5 .
ol
o, =0 = fo=f(z,) (71)



or al
G ~0 T Pt = 2 AnFn(en) =0 (72)
(72) 225
1 N
= > AnF(an) (73)
mop=1

&b, (T IfRAT L

M 1 N
fn = Z - [Z )\n/FnL(xn/)

m
n’=1

Fm (xn) (74)

5. BV TV IECDT 49 T4 ¥ I Fo(,) 26755 () 1751

Mo
Appr = Z 7Fm(zn)Fm(xn’) (75)
m=1 """
TERTDHE
N
n’'=1

EHETEZDT, 77702 2DRERBT A DHfTHZEEL T

N
>\n - Z {A_l}nn’fn’ (77)
n'=1
ERED, EHEREIL (73) 225
1 N N
Ay = 7 Z Z{A_l}nn’fn’ Fm(‘rn)
m =1 [n'=1
N
n=1
1 N
U = == 37 Fon(ra A b (79)
mor=1

ERRINS 2 EIckD, 22T, AU Yy 7Y v TR {a,) EZITD 7 4y T4 v TBEBOME
Fo(xn) BIFIHKEL, Y7V v 7RTOREUE f, IC3KELRWI LICHERITRETH S, OF0D,
WEBELTOLINY FEED 7 4y T4 V7 DOEHEICE VT, NV FEHRZFT LY 7Y Tk
MT74y 74 v 7BEEEHEL, U 2L TROTBHE, ETORYFICHTE 740954
VIUREE (T8) ICX DB LISTELDTH 5.

3.6 BEE
(61) DFEBEMH & (40) OREUMIE XM HICFHETRE L %2 5.

irr. irr.

vk) = h DO k) + ey Sy (k) (80)
R R

O (k) = ViCr(k) = —g7' Y aRsin(k - aR) (81)

Skl (k) = ViSr(k) = g7 Y aRcos(k - oR) (82)



4 7r)IEEELR—ILRBOHE
41 AVAh=)

HiLAPW DA » r =123, Hiffilc RNy F 74y 574 v 70V —Lb&EnTEDh, T4 L
27 Y /hilapw/sources_fermi 12V — A 7 7 A VSEDPIN T\ 5, makefile DT IFHMEHR &L T
b5, 7417 Y /hilapw/sources IZE VW THAETICmake WETINTEND AT =27 7 74 DK
SNTVLIRFET, make ZHWTay AL L LI,

# cd "/hilapw/sources\_fermi
# make all

# make install

3DODFEITT7 7 A Wxfitb, xferv, xferm DME I, /hilapw/bin IZIED 415,

4.2 fccBED CudDINVR74a0v b

LRI R U 72 BIREIZHE S T fec Cu @ SCF GIREPBHCETINTwE5DET 5, T4bb, JOB-SCF
128 % 2[AHD SCF #H& (7 7 4 WEHiF A2) OFSEZHWS Z L1235,

T, NURT7 49T 4 v P xfith ZFATTBDDANT7 7 4 )VEfitb.in ZRDOBRIIER T 5., (01:%F
X7 7 A NVPTOIBETEZRT DT, HEOF—FITFEENTHRY,)

01:fitb.in: Energy Band Fitting

02:NB1 NB2 -----

03: 56

04:MODE 1:Least-Square, 2:SPLINE -----
05: 1

06 :Number of Star Functions --———-

07: 100

01 f7THIZ 80 WEFUND a X v MTTH B, 02,0406 (THIZaAA Y MFTHD, T—FDeAL—F L
LCTHWTWS, 031fTHIZ 74y T4 YT DRNREGDZINV ALY Ty I ADIRDB 5 TERDYH6 T
HBZExRT. SCFHDOERoutA2 DT ZERZ EH{ENY FOREYH-DDOEHEEZT L T 35T
BH 5,

----- BAND OCCUPATION

BAND E-MIN E-MAX WEIGHT
1 -0.11418 0.28336 1.00000
2 0.24606  0.35267 1.00000
3 0.31216 0.45213 1.00000
4 0.34935 0.46374 1.00000
5 0.38473 0.46374 1.00000
6  0.40909 1.03489 0.50000
7 0.85113 2.28085 0.00000
8 1.16622 2.43895  0.00000
9 1.21849 2.47459  0.00000

10 1.92685 2.73207 0.00000
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SUM 5.50000

206, 6FHDONY FOPEEET7 2 VI HAEREL TWE 2 EWgh 503, ZZTilicaifa s
NESBRHDON Y FLEDTEE6BHDNAY FZ2 74y P LTABIEICT 2, 05 fTHIZRANHET 4
FTA VY THEEAGWEZEZRT, 07/THIZ, ZDLEZOEBEOEI 100 THB 25425, RINHE
Eoga, BEBOBIE7 4y b T2 75 AR BZ o NG, Thabb, SO YT v TEn
%k SEE 145 M TH B DT 145 £ TOIEEEMEITF S S,

b L, 05fTHT2 & LTAT 74 VILZBEIRL 72856, @R OBIIY 7)) v 7B EL D REL %
FHUR I 2B EICHEBRETRETH 3.

DL ED¥Ef D NIZ, xfitb 2FEITT 5.

# cd “/hilapwl/Cu
# cp wavA2 wavin

# xfitb

7 7 A4 Vfitb.out DD Y DHIZT7 4y T4 v 7 ORENH I NS,

===== VERFIT

NUMBER OF SAMPLING POINTS = 145

NUMBER OF FITTING FUNCTIONS= 100

SPIN BAND K FITTED-E GIVEN-E ERROR
1 1 1 0.41122E+00 0.41111E+00 0.11568E-03
1 1 2 0.41006E+00 0.41033E+00 -0.27112E-03
1 1 3 0.40910E+00 0.40908E+00 0.19304E-04

1 2 143 0.91571E+00 0.91021E+00 0.55017E-02
1 2 144 .91339E+00 0.91142E+00 0.19671E-02
1 2 145 0.10308E+01 0.10349E+01 -0.40912E-02
FITTING RESULT
SPIN BAND SIGMA ERRMA
1 1 0.66828E-03 0.30241E-02
1 2 0.22227E-02 0.77624E-02

o

BH TV TRIETDT 4 T4 ¥ TBEINAT, 2L L TONY FiEOEEDEERZ (SIGMA) &
BAfE (ERRMA) 2SI LT3,

RANEFEEDLA, BREEEEMI G ULURBRZ I T 505, FAOEREFEETPTE ST S 2
DD, TR LEE, AT IA VIEBERTH S, 300 MORRIBTAT 747 4y b LK,
L ERERBTTROMEREES.

===== VERFIT

NUMBER OF SAMPLING POINTS = 145

NUMBER OF FITTING FUNCTIONS= 300

SPIN BAND K FITTED-E GIVEN-E ERROR

1 1 1 0.41111E+00 0.41111E+00 0.26701E-13
1 1 2 0.41033E+00 0.41033E+00 0.23481E-13
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1 1 3 0.40908E+00 0.40908E+00 0.23259E-13
1 2 143 0.91021E+00 0.91021E+00 0.23126E-12
1 2 144 0.91142E+00 0.91142E+00 0.25802E-12
1 2 145 0.10349E+01 0.10349E+01 0.23004E-12
FITTING RESULT
SPIN BAND SIGMA ERRMA
1 1 0.16586E-13 0.52514E-13
1 2 0.23143E-12 0.29032E-12

P77 ETIE (BESEEDOHPT) BRI LT 4y T4 VIR EBRINLZ L3015
AT 74 VIEDOSE, BEBOEIIY v 7Y VI RBE DS R IR S BW T LidhR72, 20
Ziti7e L CHEERPOTIGEIRETS T 7 — T35 2 LGAICE VRIS, fIZIE, RTIRDOX Y
=BT OXDEARE

STOP ***ERROR: (HMATRX) DPOTRF INF0>0

o EF, BREEZHCL TEITLUET EREBMELR (KT 2139 Ths, 2L, Zr5Lwv-o
TEPAICEABZRE (MDD TES 2 LEPR MBI 2P L TLEIMBRERDFEL (AW
ZLITHEBIRETH S,

4.3 fccBED CuD7 TV ZEE ER—IVFRE

O &7 ORI 22 BB TR I NNV P& IR Z DR B HE L 720, £-MRE%E 72V 3\ ET
BOLED T3 EDRBICFHITTES, 2N 2T TE5Dxferv TH S, ZNEFETTBHIC, AN
7 7 A ferv.in ZRDKEIZIERT 5.

Ol:ferv.in: Fermi Velocity
02:Emin Emax Newin -----
03:0.5810473 0.5810473 0
04:NKPT/NQ -----

05: 0

06: 16 16 16

01 fTHIZ 80 T FLUND a X v MMTTH S, 02,04 fTHIZFI XY MTTHD, L —F L L THuTWL
2. KEHETIE, VP FAY FALOHFHT? 2 )L SHEMZAA I T7 2V EELEOHEN T4
DT, 03fTHTIRAIAIES 7 2V IEEDR/IME (Emin) , AfH (Emax) & ZDEIAE (Newin)
#5225, TITIE, outh2 »56Hi0 5 7 =)L THENE (0.5810473) DA% L Z T3, 05,06 fTHTK
BOT27)a7yy—rvEXADEMEANT 74 bsets.in ICHEU TIHET 3. 22T, THZE
D72 16x16x16 SZADA v a, Thbb, A2DSCFRIHEEFAL Ay 2Z2WME I E2FRLTVS,
NYFR749 b3 ELTETCONET7 7 A VEitc 27 4y T4 v 7 OWEWRDH 5 DT, xferv EF A
TG TEITETH 5, IKE L 77 =) I WERERE I IRES S D 1SR

IE = 0 EF = 0.58112
TOTAL DOS TOTAL IDOS
4.11516383 3.00030664
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(/Ry-cell)

SPIN BAND DOS IDOS
1 1 0.00000000 1.00000000
1 2 2.05758192 0.50015332

(/Ry-cell-spin)
7 x )V SHEE DGR

FERMI VELOCITY

Vx 0.58686342 0.64194056
Vy 0.58686342 0.64194056
Vz 0.58686342 0.64194056
VF 1.01647727 1.11187366
Vx| 0.48529835 0.53084360
[Vyl 0.48529835 0.53084360
[Vz| 0.48529835 0.53084360
(Ry.a.u.) (10E8 cm/s)

77 A RE B DT & B — VARB DT

PLASMA FREQUENCY

X 0.66991726 9.11476031
Y 0.66991726 9.11476031
Z 0.66991726 9.11476031
(Ry.a.u.) (eV)

Hall Coefficients
XYZ -29.80131659 -3.89798241
YXZ 29.80131659 3.89798241
YZX  -29.80131659 -3.89798241
ZYX 29.80131659 3.89798241
ZXY  -29.80131659 -3.89798241
XzZy 29.80131659 3.89798241

(Ry.a.u.) (10E-11 m~3/C)

2185, F1IC, SHREINA7 2V SHEE L F— VAREZ DIANCERE S NN v FRFRORER [5) LUHE
B & Lg%, REEZFER 7 2L ST k AEICB W T 16x16x16 A v o 2 TR X CIELTw 3

1 72V SHERTCOOIRRESE, 7 2L S L A — VR HilE, HILAPW(16) XX HILAPW(32)
&, 72V SHEL A= URBOGETH O k A v > 228 16x16x16 KT 32x32x32 DEADKER,
Beaulac (3 PARTD /N> FEHE 5], FEERAEIZ Z DOXEROR T THH SN T b D2, REBHELD L7
\%/Ry-cell-spin, 7 =)V IHEDOHA I 108em/s, H—MREDHAN7IE 107" m3/C TH 3.

HiLAPW(16) HIiLAPW(32) Beaulac expr.

N(er) 2.058 2.036 1.89 —
vr 1.112 1.123 1.080  —
Ry -3.90 -4.52 530 -5.17
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D, F—REBICBIL TR LD E L Dk NEBHETH B N b. ZNEF—VREEE5Z 3 EE
EF > VL (24) SNV RO My 2 G ATH 06 TH 5,

SE 3R

[1] J.M. Ziman, Principles of the Theory of Solids, 2nd Ed., Chap. 7 (Cambridge University Press,
1972).

[2] N.W. Ashcroft and N.D. Mermin, Solid State Physics, Intl. Ed., Chap. 12 and 13 (Harcourt Brace
College Publishers, 1976).

(3] bADE, EEFBE, HLOATA, BLOZ R & 2 e (E3ERE, 1976) 259 %, pp.205.
[4] RHIFRES, HAFTA, NSz, 0T (S¥#5E, 1976) 4 12 %, pp.318.

[5] T.P. Beaulac, F.J. Pinski and P.B. Allen, Phys. Rev. B 23, 3617 (1981).
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HiLAPW
— N—T 3112 —

I B R R S B R B
PNSEE 2T

HIiLAPW FBER S OISR Cld, HiILAPW2002 (S—3 2 ¥ 1.0) 1230 EHEBEOFI R FMEELHIIA X
NTVED, ARETEABRR = a v 112 IS8T 238 NEHFHIE 2 0#H T 5.

1 N—Yzyvi.1EmntHE

HiLAPW (Hiroshima Linear-Augmented-Plane-Wave) /N— 2 » 1.1 TiE/N—Y 3 v 1.0 THRAI N
NIEEDT DDy FITMAT, W 2D ORERLZIT> T 5.

1.1 RFREBEEEE - —AR{b BECE DR BIETH DEIR

N=¥ a ¥ 1.0 TRIVRIITDArE RSl (LDA) DB = 2 L ¥ —NBIEIE 28I 5 2 L 23T
oD, —LARLEE (GGA) DPBIEZI D 2 BHRICHE > 7D 2RI, i IGERH 7 7
A )V excodata # AR LIBIBDIEEZITA 5 L HIc Lz, HHTTRE R LBIETZ 12 excodata ICEEER I 41
TED, 20 1L{THICHRI NP EIR TR I NS, 1474 excodata | atomdata & & b
IZ /hilapw/data 74 L7 F YISO 6N TE D, getdata 27 ¥ FTHIED T4 L7 PJIiIcaE—3n
5, (TCTICFAA7 7ANDH5AEEEEIND))

1.1.1 FIEHEBIRILX—EEADZEIR excodata

FETTHRNMET 4 L7 MY L Tgetdata L9 A 7 T2 2 LIk, HFDT—% atomdata, JHT
DETHE atomdens, ZEFIED T — ¥ spgrdata DEEHER 7 7 4 V% /hilapw/data/7T 4 L 7 b YU
GM->TL BT ENTER, A=Y a v 11 TE, T2 L ¥ — (KOZDXRT V> v)L)
DEBIE 21 EIRT 5 Z EDSA[BE L & D), getdata IC & DEEHENZ: 7 7 A )L excodata 2MEET 4 L 27 F Y
kicavr—3ns, ZOoAFER, UTOLtE)THS,

LDA MJW
GGA PBE
LDA BH
LDA GL
LDA VWN
LDA PZ

Z D7 74 I excodata |3 xlapw FEITIRICHEE 1, ZD 1ITHORBIE LN, B N—Y 3 v ToH
67 BIB0¥ 13 LDA Tl MJW[1], BH[2], GL[3], VWN[4], PZ[5, GGA T/ PBE[6] TH 3.



COERUS, Ak, FHRAIRPFEBICE ) L9 ITATI NI TR A\, LDA ¥ GGA TORAEPRA DR
A2 HITHGERETHS, LrLAars, MiEoRkiEls £ DLE IR D ZE GBI
BIcEDIEL CHBS AW E03dh Y, FEDBEIEZ MW 2 2130 WIRDLSFEE T 5 2 LIdHFEL
LTH3.

1.2 IA7BEBOF/WEEREFICE K HDELE

GGA ZH\ 2854, BB MO N5 720 OB HIEREORIICIZ LDA DA XD
HEEPSNETH S, K2, FLAPW T3 muffin-tin (MT) BkZKE L 2 O/MIllCIE i Es, Wilc
EERIAE LR 217> T 2 O CTEHREEA TOERSPHANORIN 2o AT P TRETIERGRL, Z
NEFTH, MiEFICE 2B FEEHBORIICIIFREZL>TVAD, a7EFOZUTIEIZIUIEDH
EIRTRLTES T GCGA DEAICRIENEL 72,

AT7ETTHOROIEN DA ITIZIINEOBE B MT BRIMC LA T, LA TE FEEI0E 1 & Hik
WP R R 2 T A2DED, 207 —V IETOBICERNIZ—TMHEE LTH->TE LI L2 0 By
WCATYTALR ) ARBZELCZE T LESK, 22T, MTERTARAL—XITHEFE E %25 X912 MT BRINIC
A ABIDNARZREL 72 & 25 GCGA DEFMEICRIEIZAEL o7z, L2 LAaDS, ZokDIZFETFIC
B Mo RERBEERZEL IR, ZOMIEEZO»O I FICEBTINTELE R/, a7ETDOF
RN T 2 2N FETOWDSTIEZ DEEEINI 2o 77 ®, A  IANDFREIL 7D ANAD
Eho kPR a TN ZEOBAICIBEHTEAVLEEOMMEZE L Tn b on, SHoBIETHEE
DEWHZEFHETES X)) IhoT,

2 N—Yayi1.11EmtE

N=Ca v 111 TREN=Ya v 1.1 TREINIEANTBED DD Ny FITINAT, BRFEEDO AT —
BT S BEREIA IR 21T > T\ B,

2.1 EBEFEEF—HIAN

JRFEEED 7 — % % AT 8021, SNEFTHMICEEFNE TR TCORFAET—Y 2 AL, 5
ALREREE DAV AT VY =03 F 2y 7 ENT V1D, HAHEIZS L DR8N 2 560N
ZEE LR PN 2 52 2568 ETANT =Y OEFEPLEENL Z L3b 5. 22T, ZEREFOMEHR
R SN R R TE D ADEEAE AT 5 2 EDTHEE 22 % X ) ICHEBBIRER 2 17 - 72

Bl Z 1, YoCs 2T B AN T —4% sets.in [ ZLFITIIRD L 5 TH -7,

Y2C3 #220 I-43d a=8.18976 x(Y)=0.05017 x(C)=0.29481

————— space group

I-43d

8.18976 8.18976 8.18976
90.0 90.0 90.0



0.05017 0.05017 0.05017 x,x,x
0.30017 0.30017 0.30017 1/4+x,1/4+x,1/4+x
0.55017 0.44983 -0.05017 1/2+x,1/2-x,-x
0.80017 0.19983 0.69983 3/4+x,1/4-x,3/4-x
-0.05017 0.55017 0.44983 -x,1/2+x,1/2-x
0.69983 0.80017 0.19983 3/4-x,3/4+x,1/4-x
0.44983 -0.05017 0.55017 1/2-x,-x,1/2+x
0.19983 0.69983 0.80017 1/4-x,3/4-x,3/4+x
c 12
0.29481 0.00000 0.25000 x,0,1/4
-0.29481 0.50000 0.25000 -x,1/2,1/4
0.54481 0.50000 0.25000 1/4+x,1/2,1/4
0.45519 0.00000 0.25000 3/4-x,0,1/4
0.25000 0.29481 0.00000 1/4,x,0
0.25000 -0.29481 0.50000 1/4,-x,1/2
0.25000 0.54481 0.50000 1/4,1/4+x,1/2
0.25000 0.45519 0.00000 1/4,3/4-x,0
0.00000 0.25000 0.29481 0,1/4,x
0.50000 0.25000 -0.29481 1/2,1/4,-x
0.50000 0.25000 0.54481 1/2,1/4,1/4+x
0.00000 0.25000 0.45519 0,1/4,3/4-x
————— k-points
0
4 4

SED 111 TIE, ZOANTF—IBZDEEZITMNIToNED, XD LX) LHSIFEFMBEZ FTOANTF—
ZTHEENIETH 5.

Y2C3 #220 I-43d a=8.18976 x(Y)=0.05017 x(C)=0.29481

————— space group

I-43d

8.18976 8.18976 8.18976
90.0 90.0 90.0

0.05017 0.05017 0.05017 x,x,x
c 0
0.29481 0.00000 0.25000 x,0,1/4
————— k-points
0
4 4

ZIT, JLEADBRIZH BEUE 0 BHNR P EOADT—YTHBE I EERT.



HEETRERE, ANT—F 2EZTHEMBEHCL 203> TEFAEPERI NS DT, BRI
JRFALERIE LW 2 E LA LD 205035 5,

3 N—Yayi1.12:EMtE

N=2a v 111 TEN—Ya v 11 TRRINEATBIED LD DSy FITMAT, T—ZX bV
HNnZzwE HyBBEORREZ{T> T\ 5,

3.1 BEEDUR

FRIE [7, 8] 1ZIEEBIBUCH W 6 L 2 BB Ry (r, E) O 3 V¥ —{RKFAEMEZ B3R D L ove ) JiTREL
THHETH S, L, =X —I12BT % Taylor &R

Ri(r,E) = Ri(r, E)) + (E — E)Ry(r, E}) + - (1)

Dob0b LI, HBHIFNF— E TOBREKE Z D3N X —OBE R (r, E)) = (dR(r, E)/dE)g,
ZHOE ZEDTOANAGTHL I EEZRL TS, MORKEET 2L, Bl S - BEBEBuc L
TZRNF —WBEBIIBRNTELZ L TE D

S
Ar%ﬂWﬂM&@Eﬂ:O (2)

BB E 2 D 2V X — BB & 2 EAEEI RS IS L TS =V AKEHEEZ 52 Tw5
=R

PRI IR Tk Z o B ERBIE L = 2L X — M BISIC X D PP E AR T 25 TH B8, Z DR
AR O TEEONEMSS D 2 b BB 2T L8 TE 3,

Ry(r, D) = Ry(r, E}) + w(D)Ry(r, Ey) (3)

Z D EIFPIBIEER & OBl S bHEG X v, KT, 213N F— E TOIEL WHERIT D(E)
7z b0 LB O BRN = 2 )L ¥ — FIAHE I X BRI EUC N L TIRES N2 VX —D 3 RETIEL W &
DRINTWV 5,

(Ri(D)|H — E|Ri(D))s = O(E — Ey)* (4)

L LRSS, MIBEICIET—A ANV FEXITNSREPIHENDS ZEBH D, FrRVwaTH#ENZ D
DR TREALME L o T35, TNEEHT S0, TRLX =T X =% B ZEOI 2L X —{7#EIC
WET HREBH L, Do, flifE TR T OB DO LRIE L 2 2 HE»H 5.

T—RA MY FOBNS O EDDRRIZ, flifE RN 2 T 2L X — oy BIELsE v a 7RIS
LI HEREEZ A U ST LEIZ EICL B, K1iZ, B a 7R 3s, 3p) Z2HT 2 TilCH§ 2045
Wy RT, NEMODPAE £ 5 T 2L X —fETHBIREZ S VB 2L HonTED, =2
X o BIBUE s B, p I E HITHiETHHEMTAEMEL B> TV I LD 5,

T—A MY FZBT 27012, ZRVX—WIOEBONBHMI ZEIET 22 L2HE 25, MT BREH
TIRIAZ b 7270 X RTE L 72 a 7 BB BRI X = 2V X — BB L B ICER L T b, L
LD, BV a7REDOLA, AROKRIEZ L ZOELEDENATLE)., ZOLE, ZRLX—
Py BSOS AT TP TR B A L 72 D v a PSP HAERIREEE S 20 THh 205, %
Dk a THER E DERNE E A LGET 28D L. L LAD 5, 2O ICBIERB L DEK
P (2) Ko TN S DTRD & ) ITH LT 2L X — 1Bk R 2T %,

Ry = R, + aRy + BR; (5)
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_20 L L
- 2-10
ENERGY(Ry) ENERGY(Ry)

LOGARITHMIC DERIVATIVES(Ry)
=

wn

s
(.»;
o -

L TSNS 2 s 3%, p OB, SRR BIBRIEIC, mFRDS T 2L X — 3y BABUT R 3 2 ot B
TR, FERBER S e T30V ¥ —HOTBIBUT N 2 W By 2 AN T

22T, o, fF, 2nZa T Ry B X OBREMS L DEREF LD RE S,

_ <RdLR0
* = "TRalRa) — (Ra RO (6)

B =—a(Ral|R) @)

Wi s kg, oLz b —ByBEBUGE Fir s TN Al L 35§, TR
FolloWn Tl uANARELRS 2R (K1 OFEH) . EHE, ZOFECLZ LD VX —RF A —
8 ZAliEFHFIRISEATH T =R MY F8ina v 2 EDHER S Ll

4 AVAM=I

¥ T hilapw_xx.xxx_tar.gz % ¥ 7B —FLTHE—LT4A L7 PVYICEE, XDXIHIIAL T LTy
F—=Y xBTS, 22T, xx.xxx 3NV arvEFEEET

# cd ~
# gunzip hilapw_xx.xxx_tar

# tar xvf hilapw_xx.xxx_tar

FEE#IZF UNIX IZBI 270y 7 2R 1L, ATTOBLEIFRW,) ZUTEDF—=—2T 4L 27 FYTIZRD
T4 L7 FUREEDHEINS.

hilapw/

XX .xx%x/
bin/
bz/
data/
lib/
ps/

sources/



sources_fermi/
bin/
bz/
current/
data/

current IIHFNN—La v DTF4 L7 M) (5OEAIZxx.xxx) ISV RY vy 2 ) vy 7E T4 L7 b
VCTdh3b. £/, bin, bz, data l current FOWIGT ST 4L 7 PJIKT VY ARY v 7 )y 73N T0»3,
AVRANDFERYFIDON=2 a3 v EFRETH S,

# cd hilapw/current/sources/
# make clean
# make all

# make install

HiLAPW G CHEBL I NIz NV R 749 T4 v 7DD a— K3 sources_fermi IZHID 54T\
%, sources TAVAINLTEE, ZIIE2TDATIS I b7 7ANDBHZRMTary {2 $T52
EBTE S,

cd hilapw/current/sources_fermi/
make clean

make all

H ¥ ¥ =

make install
NRAZBTT 4 L7 PVICEHEIZR, #lZ1E, csh Tld.cshre T
set path = ( . $home/hilapw/bin $path)

DBGEZ MATHL.

SE 3
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HiLAPW
— version 1.12 —

Tamio OGUCHI
Hiroshima University, ADSM

The basic and advanced editions of HILAPW document describe practical procedures and
examples based on HiLAPW2002 (version 1.0) and additional issues introduced in version
1.12 are given in this article.

1 Additional Specifications and Tools in version 1.1

In HiLAPW version 1.1, several functionalities are included in addition to some patches to
fix the bugs found in version 1.0.

1.1 Choice of Functional Form in the Local-Density or Generalized-
Gradient Approximation

In version 1.0, it is not possible to choose the adopted functional form explicitly in the local-
density approximation (LDA). On an occasion that the generalized-gradient approximation
(GGA) is installed, the functional form used can be specified when xlapw is running.
Available functional form is written in the file excodata, in which the form in the first line
is adopted. The default file excodata can be obtained by typing getdata in addition to
the previous database files.

1.1.1 Choice of Exchange-Correlation Functional: excodata

Before the execution of xsets, typing getdata gives three of the database files atomdata,
atomdens and spgrdata as described previously. In version 1.1, a new default file excodata
is also copied on your working directory. Exchange-correlation functional form used in
xlapw can be chosen by specifying the name of functional on the first line of the file
excodata. The default excodata file is following:

LDA MJW
GGA PBE
LDA BH
LDA GL
LDA VWN
LDA PZ



In the present version 1.1, LDA functionals by Moruzzi-Janak-Williams (MJW)[1], Barth-
Hedin (BH)[2], Gunnarsson-Lundqvist (GL)[3], Vosko-Wilk-Nusair (VWN)[4] and Perdew-
Zunger[5] and GGA one by Perdew-Burke-Ernzerhof (PBE)[6] can be used.

The choice of the functional form is NOT a kind of adjustable parameters. Instead, it
should be used for checking the validity and reliability of the calculated results. Neverthe-
less, it is also of reality that either LDA or GGA works well for some particular systems
and physical phenomena and vice versa.

1.2 Modifications in Core Functions and Atomic-Force Calcula-
tion

Since GGA includes the second derivatives of the electron density, one has to pay more
attention to the representation of the electron density. Especially, as different represen-
tations are assumed for the electron density inside and outside the muffin-tin spheres in
the full-potential method, a consistent numerical treatment must be paid to achieve the
continuous representation of the electron density on the sphere boundary. Previously, the
valence electron density has been expressed in such a consistent manner but no such an
accurate treatment has been made on the core density, resulting to some serious problems
in the case of GGA.

Certain amplitude of a shallow core state may penetrate into the outer region of the
muffin-tin sphere. The amplitude outside the sphere was treated in the plane-wave repre-
sentation and a constant density was assumed inside the sphere when the Fourier transfor-
mation is performed, leading to some spurious noise due to its discontinuity. A gaussian
type function is now used inside the sphere so as to fulfill the continuity on the sphere
boundary. However, the previous treatment on the core density gives only very minor er-
ror in the atomic forces but the corrected representation requires an explicit consideration
of the core density in the plane-wave part of the atomic forces. With the present correc-
tions, the core density can be treated in GGA and atomic-force calculations in a consistent
and accurate way.

2 Additional Specifications and Tools in version 1.11

In HiLAPW version 1.11, new functionality for input method of atomic positions is included
in addition to some patches to fix the bugs found in version 1.1.

2.1 Input Method of Atomic Positions

When the atomic positions are given in the previous version, the position vectors of all
atoms in unitcell should be input and their consistency to the space group is checked.
It is highly desired to simplify the input method in cases of many-atom systems and/or
displacing the atoms for a given space group. Therefore, it is now possible in this version
to input only one position vector for one kind of atom.

For example, the input data sets.in for Y5,Cj in the previous version are following.

Y2C3 #220 I-43d a=8.18976 x(Y)=0.05017 x(C)=0.29481



————— space group
I-43d

8.18976 8.18976 8.18976
90.0 90.0 90.0

————— atoms
2
Y 8
0.05017 0.05017 0.05017 x,x,x
0.30017 0.30017 0.30017 1/4+x,1/4+x,1/4+x
0.55017 0.44983 -0.05017 1/2+x,1/2-x,-x
0.80017 0.19983 0.69983 3/4+x,1/4-x,3/4-x
-0.05017 0.55017 0.44983 -x,1/2+x,1/2-x
0.69983 0.80017 0.19983 3/4-x,3/4+x,1/4-x
0.44983 -0.05017 0.55017 1/2-x,-x,1/2+x
0.19983 0.69983 0.80017 1/4-x,3/4-x,3/4+x
c 12
0.29481 0.00000 0.25000 x,0,1/4
-0.29481 0.50000 0.25000 -x,1/2,1/4
0.54481 0.50000 0.25000 1/4+x,1/2,1/4
0.45519 0.00000 0.25000 3/4-x,0,1/4
0.25000 0.29481 0.00000 1/4,x,0
0.25000 -0.29481 0.50000 1/4,-x,1/2
0.25000 0.54481 0.50000 1/4,1/4+x,1/2
0.25000 0.45519 0.00000 1/4,3/4-x,0
0.00000 0.25000 0.29481 0,1/4,x
0.50000 0.25000 -0.29481 1/2,1/4,-x
0.50000 0.25000 0.54481 1/2,1/4,1/4+x
0.00000 0.25000 0.45519 0,1/4,3/4-x
————— k-points
0
4 4 4

The present version 1.11 may accept the previous data and also the following simplified
data format as

Y2C3 #220 I-43d a=8.18976 x(Y)=0.05017 x(C)=0.29481

————— space group
I-43d

8.18976 8.18976 8.18976
90.0 90.0 90.0

————— atoms
2
Y 0
0.05017 0.05017 0.05017 x,x,x
C 0

0.29481 0.00000 0.25000 x,0,1/4



————— k-points
0
4 4 4

where the value 0 following the element name denotes only one position vector for one kind
of atom.

Note that since all the atomic position vectors are generated according to the input
atomic position and the space group, the generated position vectors should be checked.

3 Additional Specifications and Tools in version 1.12

In HiLAPW version 1.12, a modification in linealization for preventing the ghost band is
made in addition to some patches to fix the bugs found in version 1.11.

3.1 Modification in Linear Method

In linear method [7, 8], the energy dependence of the radial function R;(r, F) used as a
basis set can be represented efficiently. This is well understood from its Taylor expansion

Rl(’f’, E) = Rl<7’, El) + (E — E1>Rl(7’, El) + - (1)

with use of the radial and energy-derivative functions R;(r, E}) = (dR;(r, E)/dE) g, solved
at a particular energy FE;. Alternatively, the energy-derivative function is orthogonalized
with the corresponding radial function normalized inside the MT sphere

/OS TQdT'Rl(?", El)Rl(T', El) =0 (2)
and the radial and energy-derivative functions provide a minimal basis for a given orbital
angular momentum component [.

In linear augmented plane wave method, the plane waves are augmented with the radial
and energy-derivative functions and the radial function with any logarithmic derivative D
can be constructed with their linear combination such as

Ry(r,D) = Ry(r, E}) + w(D)R,(r, E) (3)

This is quite convenient for the connectivity to the plane wave on the sphere. Especially, the
expectation value inside the sphere with respect to the radial function with the logarithmic
derivative D is shown to be correct up to the third order.

(Ri(D)IH — E|Ri(D))s = O(E — Ey)* (4)

However, in linear method, the so-called ghost band may happen to appear and become
very serious problem, particularly in the case of systems with a shallow core state. To
eliminate the ghost band, the energy parameter F; must be set to a higher energy value
and the energy representation of the radial function may be worse in the valence band
region.

One of the reasons of the ghost band originates in the fact that the energy-derivative
function in the valence band region may be a possible bound state similar to the shallow
core state. Figure 1 shows the logarithmic derivatives of the s and p channels in the

4
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Figure 1: The logarithmic derivative of the s and p channels in Ti. Broken and dotted
lines denote that for the radial and energy-derivative functions. Solid lines indicate that
for the orthogonalized energy-derivative function.

valence band region in Ti, which has shallow core 3s and 3p states. A possible bound
state may appear in the energy region where the logarithmic derivative is negative. The
energy-derivative functions with s and p waves become negative in the valence band region.

Let us consider to correct the energy-derivative function to prevent the appearance
of the ghost band. Well localized core states with no amplitude on the MT sphere are
rigorously orthogonalized to the radial and energy-derivative functions. However, the or-
thogonality is broken when a core state has finite amplitude penetrating outside the MT
sphere, which actually happens for shallow core systems. If this is the case, the energy-
derivative function has a negative logarithmic derivative in the valence band region and
might give rise to a bound state (ghost band) similar to the shallow core state. So, the
orthogonality to the core state should be recovered to eliminate the ghost band. Suppose

the following new energy-derivative function R; orthogonalized not only to the shallow core
state R, but also to the corresponding radial function.

R =R+ aRy + BR (5)
where coefficients a and 3 are determined by the orthogonal conditions

_ (RalRu)
T TIRaIRY) — (RaR)P (6)

B = —a(Rau|Ri) (7)

As expected, this orthogonalized energy-derivative function R, has a non-negative value of
the logarithmic derivative in the valence band region and shows very smooth behavior as
a function of energy (see solid lines in Fig. 1). In an actual band structure calculation
with the new energy-derivative function, the energy parameters are always chosen within
the valence band region without any appearance of the ghost band.



4 Installation

Downloaded the complete set of HILAPW version xx .xxx, hilapw_xx.xxx_tar.gz, is placed
on the home directory, unzipped and extracted by typing

# cd ~
# gunzip hilapw_xx.xxx_tar
# tar xvf hilapw_xx.xxx_tar

to get the following directory structure under the home directory:

hilapw/

XX .xxx/
bin/
bz/
data/
lib/
ps/
sources/
sources_fermi/

bin/

bz/

current/

data/

The directory current is symbolically linked to that with the latest version name (xx.xxx
in the present case). The directories bin, bz and data are also symbolically linked to the
corresponding directories under current. Compilation by typing make is just in a similar
manner to the previous version.

# cd hilapw/current/sources/
# make clean

# make all

# make install

The codes for band fitting described in the advanced edition of HiLAPW document are
located in the directory hilapw/current/sources_fermi/. After completion of the com-
pilation above, the band-fitting codes can be compiled as follows:

# cd hilapw/current/sources_fermi/
# make clean

# make all

# make install

The setting for path is just the same as before. For example, if you use csh new setting
in .cshrc is given as

set path = ( . $home/hilapw/bin $path)
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