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 LBAEPEHRINTVA, MC BRFEMVETIEEHESRLRD LV oiAH Y. X
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BN ORBOED. 05 bO—WERY B LT, EXEAVNCEET 5ETVERD LERD
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NPT T ¥ T (T-P D)

BFEW. FEAP). BED 2O R, RALIRANX—DRVIRY 2 L. Hibr
DEREBEILT 3,
DRIV T Yo TN(RIERELES)

PHEBR TEEShE2THY. #B%Zf&f%m*‘%“#fﬁf%%?s'é‘éT:b&:&iz':ﬂé:@f—?@ﬁﬁv\%;z\%
BdB. BaDIERT LY %y B—RETHB I EBEMERY. BFEIIEILS 5, BTN
REHD TV F I 0k TS etk 7 2O TFbh T3,

@%@ﬁ%ﬁb%vi:v~vayfu%oa%%?»@%%@M@?y%yfwﬁﬁbnfm
Tz 1980 4ELI R, . TS —XED MD FEA8, HiE, 84 Scaling 12 X 5 k% Nosé DF5 L [N1; N2]
m;ofﬂ%k&D\NHLanwv7yﬁy7w®ﬁ%%ﬁ%&ﬁ%%éh\%&@ﬁ%ﬁﬁ%
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H= Z%—I-U({rj})—k-;—Qsz +3Nk,Tlog s ' (1-2)

ELTEHE Bz LizL Y, RRENF2EHT S, 22T VR FRORT >3 v L 35—,
Os vo IR DETE & TN L. 5 bi?%f&?@c‘:ﬁ?@I*JL*F‘ﬁ%%%ﬁ%O’Z’Q%&'@ZE%o hn
ﬁkg\
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at " m’ At g el

v, 1( p’ ) 1 ds

— = — ——3Nk,T|, —= =
dt sz,. Nl ). S = e
BPREOhB, ZZT. 0 ZOELBEZ LIzE 5T, FCRIRRENRS® 3 2 L5k 5.,
Andersen IZ X B [FH—E O MD 80t [A2].

ar, P,  dp, au

(1-3)

f’=2§§;'+ﬁiﬁﬂ)+§%§—+f;V (1-4)
i 14

ER3, e & My BIRRS N850 B OMEBY B & B M 5 ZhizkoT,
d’v, 4qu 1(”1 dr,,)(ldV)

m—-=-——___ — || ——
L dr? dr, 3 dt J\V dt

awv o1 p’ du
M g 3V(En7i—2r" a’r) G
ERB0DT, RS M, ’E‘%ﬁ’_f@hﬁﬁb\o' Ch%&:izﬁfiﬁﬁiﬁl—*ﬂﬁﬂj L7234 D Parrinello-
Rahman ¥[P3; P4 T 3,

TDX 5% MD wkid s, HEEROBOR TR EHTHS 85 i a i s L
WAIRD . Bl ZIEEIE TO B 21 OK T3Nks &0 EBRHIELEA Ui, ZDE=H. A
TARNF—~% Planck e/ TREEI L.

F=F, + M(h2)+ AF(h4)+--« (1-6)
EF3, T Fy REBR AR L -5 5, = DEBIRDP b FES. B R, Hoh
BZRRER EDRERZ BT LAY MD ETROEERET 3. WO DR THHIE DA
Woh3, 7. RBMETIR F DEFHTEHRHEEH T 3N ¥ —ORHE it b g & ShT
Voo TOTD. REMED FTE. %4y MD BERAVWB I EBHIKS. ZoBaE. &0

(1-5)
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Helmholts D EHT RV X—OFb Y iT, EHZFAF—KIZB LT, ROBEFHXZHNNEL,

3 n ViU .
= = — . 1_7
K={(E,) 2NkBT+967[2kBT<Z - >+O(h) (1-7)

1

1-3-3-2 BB HFEX OB
MD BTl HARRF L vy Ao &R L, EHHERUCH > TEHSED. OB #i#
W BB FER 2 2 LITHENITIEIATRTH D, MD K TIE~E07 DML 2 B IR
B~ B P FAT Y P> TEHIHELT A RERD D, —~HTIDX D REAFHEEAT YT
BERBHICREEERMU TV, i BEERD 2 NEGEIERRR 22 0. SHRAT v 7],
SF DB LNBHAFHERNNE <Y FERANCHEHOESE L L TOMREDOBERR O
B, TNHDOBEP S, NERFEREERGRLED X T HRORWEMRESERZ SN T
V3, |
Lok bBRLEDNS S LTIE Verlet IRV, T4 H 5. TOFETIZ. ®RAD L 5 ITHEED
2 EOBREN BIROART Y TOEEZFET 5.
R (t+At)=2R,(t)—- R (1 - At)+ AtF,(t) / m, (1-8)
Verlet ¥ TlE t+Ar DAERRD BDITAEOEEHE S 20, FHREBESKE RDHB. ROBERT
(Leap Flog)B:[H4]Z W5 &,
R (1+A1) =R (1)+Aw,(t+Ar/2)
v,(t+A1/2)=v,(1 - At/ 2)+ A (t) [ m, (1-9)
eV, MEEORTRDTEDE. BENRELRD, ZORIKT
v, (1 —Ar/2)= ) Z(Z M)}
L&D L Verlet thERUIRBEA, HidkHIC L DEEENRR RS A THRGEDOHEHEFTSH
%, IRATFEN B Beeman H5[B2]

(1-10)

(M) E@) 1 (8 F (-1

m. 6 m.

1 1

R(t+ A1) = R (1) + Aw, (1) +§

vi(t+Az/2):vi(,)+%AtE(t+Az) +§AtE(z)_lAzE(t—At)
o

(1-11)
m, 6 m, 6 m,
T, Verlet X VEREORBERENS, # <EMERFE Uiz 5, Berendsen H[B3)iZ
v, (1= A1) +v,(1 + Ar) LM E(t—At)— F(z + A1)

2 12 m,

1

(1-12)

v, (t + At) =

PR L TB Y. Beeman L ) DHEPR S HEIHETELZ L 2HE LTS,
T2 U, Beeman D7V TV XAFEM TEIERBESP 2570, 4 TEDE VAL LA TR,

X D RBBRHENLELRBSITE. T —BEFH(predictor-corrector method) & WL 5 7LD
Anbh3d, ZoHETE. (DEt)AT Y 7T TOME xrrDIEBOTE K 55 Fx@)d. HB0IidE
EOERERNVTRDOAT Y ZORDAE v+t )2 FRT B QFGrr)ZiHHET 2 G)Zhefn
TIROME y(r+D)BBIE L, x(rt)BRD B L) a2 &R VERET., —H, ROXTY TDR
TAEE N BFHE L, ZhEAVTROFEFERBIET DT, 1 A7y 7OMIC 2 B, JHEFHE
THZ LRy, FFERBICEHLUTARICR S, 20D, HOHEE 1 EFFIZUE Gear D7V
) fAiﬁFHI(\ L5,

THTFy,,, = AX,, | (1-13)
. F /m— "
BIET : x,,, =y,., +aAf° )/ 1= Y0 (1-14)
SROFPUF~BIETFHETE. PRFTHA LBERY ML aldkOBICRENS,
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(1-15)
EEL\MH&Tﬁ@b%Vma&@ﬁﬁ%@ﬁﬁ%:kﬁﬂéhf%%o
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7—uym5¢mﬁﬂK&MLTL#M&b&hEE%ﬁF@5tb\%m&m®W%M#%m
ﬂwo%@kb\%ﬁ%@%ﬁ%?%t@mEmmﬁﬂmKﬂﬁm<thhThéo

®, = (Dij + q)iJJ —CDim (1-16)
erfa ajr,
(Di] :qiij f( []}) (1-17)
= | !
s _qLZ_l_exp - ﬂ"zln”z 4 cos(2zm - r, ')Zq. cos(27zn-r.’)~sin(27znvr- ')Z‘]- sin(27m-r»')
i v n.lz o2 i —~ J ' ~ J

(1-18)
q)iw _ % (1-19)
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DETDHfE .
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%Tﬁw\Eﬁﬁ%&é?ﬁ%é%~%ﬁ&5ﬁ&mmOuﬁﬁéo
%wﬁ?ﬁ&tM&E%?wwﬁmmE<&ofw<oEEL\5&&%%@#:&K;0T@%

8




ol

BB Z TLEEATEY —DH A5 O)MNBERHERE. TARMEZDL OLELHEERD
FREAE D (DR DBEREC D BREDTF AV Yy MR 5, I TFEHFEETRIIC (B HES
w7 BEERL. AHEEORRIRIA 2 < TAWERDYOZDED, FTFHENHERT Y TEFEZ D
Lokl b TAY Y BT A7, FHEORE L ETVICRERIEE 248 U TRERICH
BEOETFNERDDLEDRDD. PIZIE. RERFICTHEER G LIARE T2 EF Iz DT
BEETIZEHTLUE 5 (united atom) & W o ZI Y HWBIEATDN TN S,
BFVIal—valyTRET VI X ANRTA=RIZL > TOAZRTFPXREND, ZDIzH.
9. WL TERIEODOVTHWERT VU ¥ VIBIRZIRE L. RFED D WIRIEFRIED /T A
— R BRETELERDD, TV Ial—va il ERT X VLB S ETERERD
255, (DHREICEZE THEWPEEEE). QT A =2 ORENEREPEEFENE) . G)—D2DBET
ENFETS K OWERER Z D PR, R EZEEIZRETILELD S, 2 hPLRT T xL
BAHRME X ODIZEDN I, G0, BHFEORELYWETEZERT V¥ v Vel 5 BB
HoEEY., WABlTARITE->TELLRRT VU XV EESLERD D, '
WICRTF Y VIBIRERDBT=DIZE, KELHFITFTRD2DOPEZLNS,
() R EDFEBRT — X BImITRD 5 \
FEEREE, YRR, SEARE. BRER LOHBRT —4 2 BB D X 5 ITRBVICRET .
Lennard-Jones ;RT > ¥ % )b, Born-Mayer-Huggins BT > ¥ Mg &,
OYETFHETEORREPLRD S ,
H—FREy FIEEFIEIC L O R Uy VB R EE R T 5. K. RS T K O%H
BRRT VX VTERICR>TND,

UTFTIX. RENBRRT VI VOBEE. BEORT VI x VOIRERZLRRS,

A N—Fa7 (AHE) RFoTxn

N

o ORIFRRT >3 ¥ L TH B, o &) NETRoDRT > ¥ ¥ L EHOTED, $iEc DX
TR TORTHIERI T 5.

B. Y7 bra7RF I ¥

ﬂﬂ={%y ” (1-21)

N=RATRF V¥ VORIEDRT ¥ X VEBERHPIZ LT, SRR L0, s ZRT
YUXNVDEE, c FRFORESCHBET DL n BRT LT xVOBS 2R L. KEVLLEFN
BTV, DEVWEELDPVRTF VY XNV ERD. RIEOAPBRS.,

C. Lennard-Jones(L)) {7 > ¥ % b

#,(r) = 4€J{(ij “ —(&j } (1-21)
Ia r

SINRCRHEELRT VI XN, ZOTEHZDORHT ABEE- BEOHKEWR, ORTF LY
YVEMABEDETHREENS, FPOEIZEATHEH, FHED r2 TRITFUZO TR VBRI
BOB, WD 2 FlTh o THY . BOHICHRWRBWEDIZE EbNLS, 12, 6 ROMAEDE
A DBA 4 Lennard-Jones BF v %L & S

e, EERRMEAR 2R TS LTR.
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g(g—j : Born B8(n=5-12) (1-22) )
v
DT 3
A exp(— Lj : Born-Mayer & (1-23)
P

REBEDZRFT VI NLLEDNS,
NG A—=ZXWEH, JEDOE 2 EY TARBOERGME HRTE SN SH[K6: B4l F7z. MR H
DTG A—=ZpLBERFDONRT A =2 ehdD 57O DOMAEDRERIPREZNTHED.
(1)Lorentz-Berthelot DA & EHY

11 b _
o, = 2 & = ,/8,.,.8].]. (1-24)

(i))Kong DA A HEEEHIKT]

» NG ER RS
&.0. E.0 . _
8..0"..12 —_ i l‘}“ ou (1_23)
gy 212 . 12
é'iio_iz'

172
£0,° =(6,0,°¢,0,°) (1-26)

T B A
BREBRDS,

D. Born-Manyer-Huggins(BMH) R 7 > ¥ % )L

BMH RF v x ik, TVAVEBNTA F. TAH) LEERNT A FREOA T UHEENY
BRA A O R £. Coulomb I HEIBRRDY I al—L 3 iZfEibhb.,

z,z,e° o+o,-r\ C, D,
¢, (r) = ; +4,b- exp(——p]——} - r_ﬁj - r_i’t

#1385 Coulomb . 5 2HIZFN. £33, 4 HEREBF-RET. WE-NEBHEERT. o
Bl EMEEND, bIIRHORZEZHT NG AL T, giiFA TV OREZITHILT H/8F A —4,
piEY 7 bR ARG A= LIEND, Pauling Q¥ A; RIGA AV ITRADEZEREDIZ, TH5HFT,

(1-27)

4, = [1 +f"—+z—"] (1-28) ,
7’11. 71]. }
THY. n FAFVORNBROBFETHS. Cy, Dy bi%%ﬁ%ﬁ=6ﬁ@$®%%ﬁfﬁ%ﬁﬁb\'c :
C. =§aia. " D. = 97 C. b %% (1-29)
' 2 " E+E, "4 "N, N,
LRRLONBLIL M8, NiZFAFVDEBTETH B, EFFE—- AT VXAV F—THD.
22
a, = Ne 73 ' (1-30)
mkE,

b,o,,0,, pRENVT 7T ROWREFER

i jo

MBFHEETE B, Tosi, FumiF1; F2)id. 4,
(O’WLJ _ o (1-31)

v /g Ky
= ]
+.____.
1 Ky T

X ; Ve Kn |\l
PoihdlE, TIT. MIEEKTZRIVX—, o FEREMRE. o SBBREETHS. ZORTY
T VI X o THREREOBRUE OV b B BB TE 545, BERIETORT 51 4 T
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A X EYr. PEFERP S/ ONSMLY 10-30pm BEE RS Z BN TS,
(ZNHDNRT A=A DOV TREEHEFHIPFZENDO LR — NS4 22 R)

E. Kawamura D77 [H5]
725 %L OFERRBEZRETS X 51T,

a+uj T

Z. b C;C,
U, =E’ri+fo(bf +b,)e { s } +76’— (1-33)

i i
DEIRT A=A EFATHERTRET 5. HaEOHBNEE, MEEET — X ORFED?» L O
P EFAEND 0.01-0.02ABELIAICRS X 5T L, CETHD. BE—RFEE—RE— £
B LEBEIEZEWVWILDTH D, /2, Si-0 DL HEFHEOREREFRIORT ¥ ¥

1Z1Z Morse RT3 ¥ VIHZEM Z =

ZZ€

@, (r)=—2 +f0(b +b, )exp(

¥

bi * bj ) (1-34)
o214 200]- ]

ERHWTNDS

F. % RT v x
5T DB, Lennard-Jones+Coulomb HEAEFHDRT V¥ ¥ VEZFFICBNT. B TOLERT
VIUxNE LTI FERE OND, 2 5 FRIOMHEEE. BAAREZEZR LIESHRRT VI xR0,
Coulomb M HEEMZZ ) TR S EXWWET - WEBRTEEVWTLIVEMERETFAZHI ZL0H D,
Jorgensen[J1 AT IEA @ transferable 72785 A — A ZBE L TH Y 0 FEOMHEERIZZ DT
DRG A=W AEORETESLZ LBEHNRS,

G. KGFORFT T %)
Naim, Stillinger {Z & - T Ben-Naim Stillinger R7 2 ¥ ¥ VTR FDRT ¥ ¥ VBREZNLTW
5[B35; R4]. & HDFETIE. KOFEREEDI D

Hr.0.,0,,0,) =V, (1) + SE Vo 7. 017, 0, ,) (135)
S(r) =0 O0<r<R
_ZR)GR, “fl ~ ) R, <r <R, (1-36)
(Rz - Rl)
=1 R, <r

DRT v % V&, EFMEIEDOEAICER e ZBWEETFAEZRVT, 785 A —4&n, R, R, ZHE
Lz 7. KZEDE-EY TUREB LV, KOEMELFEEBELEL. RF LIy DR
AHEBIE LT3,

H.Si DEF LT %L

FTEMAEMED Si, Ge 7 EORMEK TR, 2 KD ET TRAFD T 3 AL EOSESOBA S A
LB, Si OHEMRT LT ¥ VL UTIRES BRESNTHBHR[TT]. Si OLBORRIEORE
CHLBEHATEAEEERLOE LT, Stillinger-Weber iR T 2 3 % LR Tersoff RF T ¥ L7 EHBH
REh, WHERTELT 7 A, EWRRE. BEBRS EOY THHEEEEHShTw5, -,
T =L Vi ERFEMBHT OV T LB ORT V¥ x LBMEE STV 3B,

. (@)Stillinger-Waber (SW) 7 2 % L[S5]

EL LT Si iR ORI RaREL Y I 2L —va T 50, 4 RAUATLEL, »D4E
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UHETRREEICRD L 5% 3 hHEELRT VYL THE, BAWE. BET L E— Bl
REZBBIT DX SR A—ZERbTINE,

¢:Z¢2(7’ij)+ Z¢3(}ﬂi7rj’rk) (1-37)

i<j<k
BT 2 ANIE, BoENIERNETH S,
#(r) = éf(r,-,-/a)

A(é———l—)ex ( ! ) x<a
f@)=1" G 2 TG (1-38)
0 x2a
o
¢3(ri7rj7rk):6g R (1_39)
o o o
g(xi,xj,xk): h(x,j,x,.k,@ﬁk)+h(xji,xjk,¢9,.jk)+h(x,d,x,q.,9,.,g,) (1-40)
/”Lexp( L 7 )(cosé’ﬁk +l) x, <aand x, <a
h(xijixik99jik) = x,_']‘ —a xik —-da 3
[O X;>aorx, >a
(1-41)

ZZ T, jSk i %]E).J—i& L‘/‘:H%“GZ X c& Xk Z’)S&j“ﬁfj@%o

SWRT LU X MET DX 5 I, FMERREE R REIT 3TV L ¥ VDT, A XEY KK
ERED S DLSMTIIEZ R, A, B, p, q 2.7, A BT A—LTH Y. Si, Ge T DWW TIEOX A &
YV FREDRTFIRNY —2RRIZTS (RS2 HEEY 3 (i) e DRV P - 7S 2Bl & 50 d
5 DEMEHIET I SiChbbEhTNG,
(b)Biswas-Hamann (BH) R T >3 % )L

BT VU XNVIRNE % 3ERT VL0 & TOMTE L3 BT VS 0 L 2 BT

BT 5. BAMRBEERE 5 X —&1, Si DETERSEREEIT D & 3 P MBS0 T — I
RSN ERT RN X — O R 2 BT 3 L 5 Ihbd TG,
(i) Tersoff ART > % L[T6]

MEOBMED Y OFETEBR AR CkETEEF LI v, ROZANF—F 2 FRF L
XNVOMTRT B 2HWRFT v 0 NEIR R ORMDR T OO R A ST 2 D0
ZRABIMY ARSNGB, "5 A—AFLBOMSE. WEEEET S - SITHRHHIL. Si DEEE
SESHETES LV S HURH B,

¢= _ch (i’g){A exp(« /111;.].) - B, exp(— /12ri].)} (1-42)
J ) Z“n
B, = B, exp[ b” ) ( (1-43)
Z_{w(rfk) / W(rff)}n
y = (1-44)
c+ exp(~ d cos Qﬁk)
w(r,) = 7. (rff)eXp(T Aoty ) (1-45)
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1 r<R-D

£.(r)= I—Sin(ﬂ(rZ—R)/ZD) R-D<r<R+D . (1-46)

0 R+D<r

By READBE. Z BEY R LBATBRY FOMBIMYT 5. B 7, OB TR+
B, BETBERY ROESSL A5 L. BETNSSRY. HANMINLERECRS. 4,B,
o, d,n, 2, %0 % Si OBET IOV X~ BT EHR EEBET 5 X 5 THsE S T3 ([T6; D2).

L Si0, RIT DWW T D Tsuneyuki 7 L

Tsuneyuki 5[T1; T7NZIERBRAV S FHOEEZ W T, SO, # & » BUEOE FRIMEERETT L

Z;z; a, +a, —r, c.C,
00) = o L1 n
BN, ZOBEITIE ¢ BIEFIZAKEWED, %EEFE&#J@%%B@T:KN)?TB@JDEE%&%%??% <7
B THY) 0 EEED O MR £ TON G 2@k TELL - o LT Ao RAX—LEh %2

ELRTNERSRNZ EHEHIh T3S,

I &ROET VY x VEEEHESRT L v )
SRORBEHIZBITBIRT Vv it
cos(2k,r)

O | (1-48)

ke Fermi B2
EREND, TNTEEREREERZEDELOMEDN S, ERMICIE LRO2VEFLIZL S,
Born-Mayer B D M BAEH 248 7=

U(r)= ey(r/ o)

~ | 1-49
w(x) = Ax cos(2kox + B)+ ECXP[F - G(o-/ro)x] o

BEEPRS.

K. i AJRF#: (EAM: Embedded Atom Method)
EROBET RN X —Uy B EH ?%5“@5’#7‘1’"‘ BT DWORIZR-FZ2 AT 5T R F—F
& AFVBBVIIHRD Coulomb TR F—u; OFITRTHEHNHES & RET S,

= ZE(ph,i)_{_%Zuij(rzj)
i ij

= ij(rij) J#I
J

BFEENRPRFOEFIHRORLADE TEM TR LT3, ot JET | OIEE
ﬂCEE‘JCE?D% P BANLBTF DR TFHLEREH 2 Vi Y REHEP RO OND., B FizOnT

(1-50)

B RBNZIE. BTER. BEER. BET IR EEAVTEET S, ThET. Brow

DR, HxE. RMHESER, HERN. BEERREDOY I 2L —Y 3 VEAHERT DR T
D (B, 1993),

L. it~ REBRD =% 1 % — 4 BIIEKS; Y1)
Kitaura b 125 FHGBFHTS b FIIORERT 3L ¥ —m 250 8 - AT 5 kR HE LT

VS ZOFET k5T, BEIREMEHOE T L BT EOEIG S — 1 LRI, SRR

fﬁm%%@%%%ﬁﬁ&%:a iZX % Pauli DBURRMEMEF RN, SHBIHEERGB 3%
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PR SAEICH B BTN MOFTFOEYEICBE T B MEAEHLT)). Syt EARRE (B 557
FOm EHEIZH D BEFRZONFOEHEIE S HEAER: BN MX D 5 DOMEAFR =RV
—THETE S, MIX o 4 DOMEEROBEE LT D THS, TFNE—rEEkiE. SCF o)
P OB CHAER 25 ET 5 b, BEFHBEOF5EERL & 5 &4 % & Configuration
thmmaw;Mm@ﬂmmMm®§@&T@m¢5M¥ﬁ@50:@mEW%ﬁﬁﬁ;%ﬁﬁﬁ
MEERIC RS B0, 2 iERAbAkHEy TR SCF fHEZT > THAl I EERERSZ L
BTET. SFHBEEZBICIANTADT SFEOBENM Z EBRERHRE N TV D,

M. L OIERERIG S THLBIRIZ & B RTF V¥ 2 VEBDRE

JEREI R AL EET A 2 LT Lo T Sy FOBRLRIERTE 2 e hs b 2T 3N F—EbEqt
B 5o L TEFERT VY y VEFHETE S, Bk 2 R VAT DN TR FuER
XD, KLY F YLD Li-Cl ZOWT, A FVEEERE LI b DOMIDI4). 3-21G FEAHRWE
L DEREFEENTNS[TS, p.141].

%Wﬁ?VVwa&Emﬁme\%%wﬂék\&%5%H%%&ﬁ?yva%ﬁ®%K
FrEoATNBEILAEELL, HorUHEEERZEEL. €2 A EhSERE R TLEN G
oD B FERHVbNS Z L0, HIZE. K4y FTE Tl AT 44 7% Matsuoka-Clementi-Y oshimine
MCY) BT ¥ x VMO TiZEH O TFERBIOWTETHELITV. HAFHZFLY—&

¢(r,6’,1,y,a)1,a)z)=ZZ-@@—-%ZZWAB(Q) (1-51)
7 7 T 1 J
Voo (r) = A, exp(- Blr)
W (r) = A, exp(= Byr) : (1-52)
yH(r) = 4, exp(- Byr)— 4, exp(~ B.r)
PHBELTND,

¥/, MO BTARTA—ZETRIOLIRNE LTS, EHTIEDP HRVERT ¥ v VB
OBERETEEEL UTKRERBBAELE LS LEADLND. B EPUE(DFT)EE, Xo 3K, #E5R

Hiickel #5728 & Cld. 4 MBS 35T 2 REAEN 2D, HF HRIZ AR TEHER CHAITH D55

MD Iz MO BEA#ELY ANLSEE. AN FEERED B RT v ¥ ¢ VB RBIET S
BHERH B0, EREDFT KB LDDH 5.

N. Car-Parrinello

Car-Parrinello[C1]iZ S5 FLBISHEZH(DFT) & 4 T8 SEMD)E &R O T, ROBEIRIETHE
L mTEEE RIS L GEHET A L RERERELE. & DHETIE

1 ? 1
KzZEM, +254
I I

¥ LTI i f V¥ — %538 L. Lagrange HREREMC 2 2T, {y, (r)} ORUEIZAO
22 TR, ), {w(@)}. {o.) BhEnicxd SERRER BB, TTT & EEENZR
BETHS, 2hbOEHHERAEMS T LT HFOME IR E R RIRICHR S 2 & HBE S,

L LB b, BB EEIE RO R ERSRE LA T RN F R B WD TRk
BEOREREE 25— T FUFONY R¥ v v FIEEBED 30-50% ko TLESRE, &L
CRIRIRIEIZ 2 b B R BV THEEB K EN, TOED, PR = R X —~JER PR &
Ry ANEY. AOHE/ERFIESIC: Self-Interaction Correction)X® 1 BT Schrodinger J7 FEx\(Kohn-
Sham FHHER) D#E T F N F— TS U FOTFN X —EEEHET 3RAAREF SN TN,

. . 2 R 1 . 5
R: v, dr’ +za,uv av (1-33)

135 BT Ial—YarBIORBRT VI x VORE
SFTIal—Ya vORERE UTE. (a)ﬁib\c‘.’aﬁ?‘/&&)bd)&é&zéﬁé‘%@ﬁﬁﬁiﬁ% <k
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Fsh, BeRPEEERBICRSERTESZLSRRT VYV EROT S I LR VEEIH#L
v OB TOEBPEEOREEATEMMIZAR O TE DRI, ~ns LIFHICEY
ORFHRODIBEEHITH I LREETH Y. BFOBH 2 5 LFERKIEB A OBHILEH
DD FTREELY REBDD, HITRT V¥ VORER. BBROERF®R. Lr %R EE
g EIE S  OBBOFE R LERENTVEOT. Lo Z5HETH S,

SFYI 2= a v TiREAL DY FOEHIREST XL F—REZIB > T Z & THFHM
AR T X BEMEBHI RV E SRS, BEVE. T IV OFERHEE LT, @O
g LA U ERBLBRITE S LV o EFBHE—H T HROTFVI2b—T 3 VTR,
BEETENENS LY LEBPIEVEEL PRVETH, ROERERTORRTLIZNEY
52 L BVOLERTAILERDD. ZOZLiE. BHRIANL DS CRVEROFESE LS
LTELNDWHE. il 2 ITHEIER & Tl 2 FHH3REIC X > TR & U Ttk @25
LTLEEMONENI EZER LTS,

15



1-4 oy FRBIROBHEDOME

1-4-1 0 FHLBER OB

17 HH2IZ Newton D F 5L S TRk, 19 HFRD Maxwell DBEREFFMALE Ty Newton F) 4
& Maxwell DBHRAFITERBLZ 2GR TESPHEOEHm L Z 2 bh Tz, LML
25, 19 HFERIZIE Newton 1122° Maxwell BRESEE TR TERVES: — BAKEHN 27 b,
A DIKIR OB M7 & — PRER E iz, T OREIZ 1900 420 Planck DT R -F—R A+
Wt 1905 420 Einstein DB TR RO, EfHLED Einstein EF AR ET L 2T o FATHREY
BHEPLRFOL HICHRDIEES T PRSI, X HIT, Heisenberg DFFAINE.  Shrodinger O
BEHHBRROERIZL Y., BETO L 5 RN R T2 Newton 15 TR+ 7250088 TE T,
B hE3EMEN 3 EEICH] - kR 2B LT E0niT2nZ LAHL R LR o T2,

Shrodinger JFRRZIT LT, KEEFO L 5 BB RITBI ARITEIICE 6N 50, He
JFHFU DS ER TR, MEBERIAE LRV, FORD. SHROUERE & UTE FliRsaH.
FFPHSBER EBFE LT, F2. N BFHRD Shrodinger HRERIZ 3N RITDREM D HRERNITHR Y .
WERENZ RS Z & BIERICHEETH B 5. Hartree-Fock 2 & - T FHHABZHNWDZ & T
Hartree-Fock — B F HBREL 2 LITRITLEN B Z R EN[H6]. B FRTO7 Tz ED
AR LTz, L UZAsh. Hartree-Fock BTl ASHUBEMERIC 4 DORBIBE OB OB —4
RO —BREENDB . HUERIEO 4 FiTHH LU TRHERERIN L., 2B FROFGAEITIEIER
BHDI ERFBmENT-, ZIZR LT, Slater X FHIROIFEHBIE TR OB RH1 5. RIBHA
ERZBTHEED 13 RTE L. HRFEBITRERFEH ZHAT 5. 1LWHW5 Slater O Xo ER[S6;
STI&EA L. stEEIEFICMmL Lz, ZOEBKIC XY 28T RO FHLEF R TREEN TR R
U7z, %o lZ. Hartree-Fock HEDFRZ I T 5 L 9 ICHE SN2, Hermann-Skillmann[H7]i& &
DHEITHE - TRT-OWBEHREE R KD =, ' '

S FEERIT Xo I E W6l & LT, Multiple scattering Xow ¥ & Discrete variational Xo £ H
5. Slater D Xo il £NDH. Kohn-Sham 1T & » THENBEHERHS; K& LTHEL. it 3
FELEWSBNTWS, BEABEINH TR, RCHEREFLOMES» 5. BEEERANERE
T % BE TRLBH £k (Local Density Approximation -LDA-)BH WS N TE 7D, BB OMWRITDAE
. PIZITREER EOUEEZBETE RN I LRI EOMENPHELENTB Y. BETHEN
At % F 72 Becke i IE[B6; B7; B8]/ &, FERPTE B LB BUE S HIFF S T %,

ZOL Iz, BBy FOEFRERRRTEED,. T - VAL —DHTFHL
HEHEDSEE LT=05, Bloch OEEDFERLISEBI]. Fi0 L 5 2R EZ O &l RO E FHiE-
NV RREE- OB RE LT2[B10; W4, 4 Tl T Hickel $D & 5 70 FREERAGF IR 01
DEDIZAVLNE L ST, BRIZBW T Slater 12 & o Tk &EL-Tight binding method-A3 2%
EN[S1]. ZOMFEEDOEDITASHWLNTERE, LRLARKAL. Th b OEREBRVTEETIE. &
BIZNERNRT A—=ZBEZHRT -4, HHIVE. hOBE—FHEHE L > THEONEHREZHET
5L CRDBED. TUHT—EABZ LR HEIVERDOEER GO TOFREIZZLWY
EVWSRAEDRH D, —FHTHEFHFETIE. BTEMEEORKEOT — 220, mERIRET

HEEEFETE R LWV I AT, BRRIEOEF &6 5 FRHES S, ERGHERMH. HEEOR
BARREBLERZ D VWS EmERD., 2ol kit £k fHERRRROKNEINFREEN
BLLEBLERLTNS, 20D, Bk LE—FEEL, BZL CTHEW DT LN TS,

D% T, RFEICBIRDOH B RENLR S FERICOWTERT S Z LT 5,

1-4-2 4y FlEEHEEO IR

1-4-2-1 Shrodinger FTR2R
WEZ NEDIRFHR(X, T, Z)), Ro(G, Yo; Z0), Rs(Xs, Vs, Zs), =7+ Ra(Xw, Yo, Z) & n DT r1(x1,
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1, Z21)s 062, Y2 22)s ¥3(X3, V3, 23), * " T, Y, WBHHET DL, TN L ERT OEBL Shrodinger 7
sk

Htotal l//total - E total l//total ( 1-1()1)
BR 2L TRLNDG. B NIV F=T VT @R F—2RTEEFERT XL
AL FE—EOMTHB, Thbb

H total Ktotal 14 total ' ‘ (1 -1 02)
K AEH TR E— VO ARF UV Y LT R F—

e, EROWEEBIEN

W (R, Ry, s 1y Ty, (1-103)
LEREND, BT F—K emﬁm@béwh P+ BTOEHEE p, por - ETH
%

2 2

total P“ RM 1
ol ——2—z\171+2M +—(P1 +p+ ) (1-104)
M: BRTROEE m: BFOER
Vtotal ZZ __+ZZ ‘u V ] (1-105)

v—lzlrzv i j<i 1] v ou<v

THB. i ZEFHY BT 1 EOWEEE. r 3BT E:J & DR, Ry IZE T &v OEETH S,
%1 HARFREETFE OB h. 82 BRABFHERE. £3 HIETHEOREEZRL TS, &
DA%

p: B’ 1

RSN )

2 2 toral total B
IYREIY? +E(P1 ) )V (R Ry i (1-106)

= Etomlwwtal(Rl‘*R?_r.”;rl-“r?_-“.“)
EE BB, ZORT 3WmDEEEER L LTELRMOFTERNTHY. ZOLH 725&{43?‘1%5%
EHEICHRE T EIEARFRETH D,

Z®D7. ¥£F. Bon-Oppennheimer HE{El (BEGEE) & TN 5IEEIC & - TR FEBFOHH
BESHELTHRS . OB, BEFZABTFINLEIPICY - DEH LTS LN 5 HEZ
HEOWTW5, flziE, KERTFOHE. EFEHS LA <BIZETZ 150 BRFEOEDL Y 2D
T&ithd, 2F0., FEFEMESHL THTH. BFETSEKOERHITBM L. Hl=r bk
ELTVBESITEMTERD T, FFZOBEHZINF—BIVREFHHORKRERT v Uy vz
H B 0L, BFRONIN M=T Y B BEOEHR S T 0 HikS, Z07H, Shrodinger
TR X OVRBIBIEIZ B DA DR R F VT

Helwel . 61//61 (1-107)
e ®BTROTRNF—
. 1 5 N n Z e
Hl:_(p1 +p, +eetp, ) Sy L ZZ— (1-108)
2m v=1 =1 Ty i=1 j<i Ty
l//el(rlarza""rlv)
&72%, Shrodinger HERRIE Z ORI
p, =-ikV, = —ih[i—?—ﬂiﬂﬁ) | (1-109)
dci @/i &i
DEEMZETEZLTHOLNAS, LESST, 3&(1 103)0&
hZ
HY - _ 2 ETN v A U i -
2m(\71 +V, -, ZZ (1-110)

Ij<71_]

CESZLRTES, FEFHA
17



hZ

a, = —=0529177x 10" cm e=4803242x 10" esu
me
2
g, = ——=4359814 x 10" erg = 27.211605eV m=9109534x 10" g
a()
ERHNS &, (1-110)20F
H———ZV“ ZZ ZZ— (1-111)

1]<11]

k%ﬁ{héh%o ?{ﬁ\ Htl@g.cl_’.%H k%naﬁ‘éo

1-4-2-2 Hartree-Fock
ERITIE(1-110)R0T 30 HOLEBERESRMAFHERATHY ., TOHERRM T &IFEZ LN
HTHB, FDEH, Hartree I8 X - Ty BT D Shrodinger TR MOET DD FHNREO
haEEd 3 — BT HBRAL LT FEMRERENE[H6. H3E&E TMLOBF LIRS
B BN BEI L > TEbNABESOhERIOES TS, 7. 2BETROLEFR .
EEIEE SNy B R — B TFHEBI S OR TR T (—E T, Hartree ).
w(r.n,r) = 6(0) () 4,(,) (1-112) )
o) 1 ZBHOBFO—EBTIEIEEE
OB ko T WET RSB L T BT ORE HERITELT S T LPHEDS, NI
VAT VREH—BIANAINV =T rOME LT

H(r,,r,, - 1,)= Zh( )= Z(—%V,.%Vij (1-113)

1

LHIF5, 2T V&im?ﬁ ERT5H—BFRF VI ¥ VT hOBTIT L 5 FB5EET.
TRIT L - T, AEEBIEI

h@Wﬁﬁ=%@) (1-114)
PR ZETHRLNS, £, ZIZTHLNENG )P L. 2B TFEEp()IE
o) =yl = EMIZ (1-115)

EEENBZPR. OISR LTELNEBFREL VI THEONTVWAIETHENIEL LRI

B LB DBTHE, Vi BHEL, VAL EAREEEEHELE L. WEBRR IR

ZE T ELEERTS. 20Ok 5hHkE AR (Self-consistent)#k & 1™ 5, Self-consistent i

2% BEFEEEIC X o THIEF$ 3 Self-consistent charge-SCC-: & Self-consistent Field-SCF-iEA3% % 25,

B OO SCF EDFE & T, |
Self-consistent Z2BHZ BT B —BF AR T Vv Vi

Vi(r) =V (r) + V. (r) + V. (r) (1-116)
LTS, MOIBEFRHIZLBBIIRT X,
Z ' ;
VN(rl):—er ; (1-117)
v lv

VeiZEBFBED FHEREE. TRDHLETRLORERT VI ¥V

zzj_f_@d,.z (1-118)
7 7y
TBY. o 1L | OET OB

p,(r)=£,l,(r) (1-119)
BB, [IHHE | OBTETH S, Ver)DBERT L X CiE, B BHOBHITE BHT Y
Sl b OEEMEER R AT, BBO VS ORIEETH .
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V, ()= —f 2 (rZ)dr?_ (1-120)

s

LB, R

. |
Vi(r,) = 23 ZJP( T, (1-121)
v ]v J=i
LY. NIV TUR
H = Z{-—V* Z +> } (1-122)
v 1v J=i z]
‘2725, Shrodinger HEEROIED by 2 THYThid
Jy/*Ht,Vd’r
g= (1-123)
jy/*wdr

L TEBFROFNF—HBRE S, IHEBELE LTRA-112)EHWS &,

&= ;J‘@ *(rl){_zvlz _z;j+gzl:_‘.ﬁ£‘i'drz _Ejp_l;l(z—z)drz}¢k(r1)drl

LB, ZTT 6EHRILEN TS & L, (HOF 1 EER T R LX—, 2 X%

DRI BTF e n. BI3IH, 4 HIXBFHRIKERT VXYL TH B,
NINPZTUBREZNLNE L. ZOHFHEERIKICT S 2 ETL 2 & LIEBORB W IR

PRONDETFEH), o D30 7‘;‘&7‘?4[: L72BRIC. 2T FNX—DET8s X

58:“‘5% *(rl){_; - +ZJ‘¢1 (l‘ ¢, 1‘7) dr., - J'¢k *(r2)¢k(r2)dl‘z}¢k(rl)dr

+C.C.+0(0¢, (r))

v 12

| (1-124)

L70B. Fle. gt DRURE IG5

5[ &, >3(1'1)5251‘: (rl )dr1 =0 (1-125)
BLUOREFREE AHA L,

5{8— & [ 8, *(r)8,(x, )drl} =0 (1-126)
ERBESRTEI N, fanJ

@ * dr @, *
Z ZI : I — dr7}¢k(rl) gk¢k(rl)

(1-127)
THES & Te BRI T Bar)BRDB = LT B, ZORDD.

s ¢z*212d2 (1, )@, (r,
hy(r)=- VIM_Z;Z_V‘JFEJ‘ (rr)¢(l‘) r —j¢ (rl:)qﬁ (r_)drz

N | —

(1-128)
&7 Y| Hartree LS LN5,
Pauh DHAUFITIE, BIIEET B BT, BOBTHESHRNEINTHEY. WHRK
CETOBRBIZ OV TR TH B & & SER SN B, Hartree DWEEIE(1-112)TIX T D&%

zﬁféﬁ %%@wuﬁmm%%wﬁé<mﬁénfw5 2T, AR S LTRD
K57 Stater fimst
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¢1(7”1) ¢1(7’2) ¢1(r3) ¢1(rn)
¢2(”1) ¢2(r2) ¢2(l’3) ¢2(rn)

w(r,r ...):L
o2 Jn!
: (1-129)
¢n(r1) ¢ (rz) ¢n(r3) e ¢n(rn)
\/—zap,p,{qz( ) () 4,(n)}
: ﬁ@(ﬁ%?‘ pt- {%ﬁjﬁ Zxr LT 1. %ﬁﬁ&lﬂb"(—l
BHATHIE ’C Pauli DA 2 72 TR EIBI S A E A B 5, Bk HRuE

o= 0 297 - 5 Zel o+ L2100 (), )

v l

L0006 e) e e,

(1-130)
EBh, ZOEMAE3 ﬁ?bi‘Hartree DOREIZIEBD, #ER. EBHEBIZLY.

{——V' z Z_[u)gj—l(—)d +Vy (rl)}¢k(rl) AACY

v lv
(1-131)
Eﬁ?bik:ﬂl“/‘ &ﬁ)ﬁgﬁo Z T, V)Q\(rl)&j:
ZM *(r) L 666 (1)
Ve (1) =- Nz (1-132)
nl < o)

THY. ﬁiﬁ&zﬁ?yvxfﬂ/amﬁhéo Z DD Hartree-Fock T B

1-4-2-3  Slater @ Xo B

Hartree-Fock #5 T, Pauli OB Z M= THE2E L. R UMED ALV 2EOBFFR - ED
PRVEV S ZEBEERIIRY ARbDh TS, LELARBEL. E5HEOAY LV 2HOETR
L EEREER TEDOPRWE T TH B85, Hartree-Fock B TIZZ D L 5B EEH 2 ZE L
TR, E£72, ZEMREER O, 4 oS &R5 0, IEHIZATY —, FHERE2BE
T HRERAFITAR B, Slater 13 Z DEE FHEHE ORI TH O DR E LI, i#ﬁ*ﬂﬁﬂﬂﬂﬁi
BIEED 13 FITHAITHZ L2 RH L. FHEEIEBICHIEL LZ[S6; ST, & bITHEFEITH
o ZY A L. Hartree-Fock FHAEDOFE2HET I X 5o ZRET B 2 L 2L Lk, ZHAMS, Slater
D Xo EPLEEEN S D TH B, LR T X BIZDOWTHEAT 3,

R T VT MEA-130)RD & 5 IWEMRE TRENTWAS, MBIy ErkiLE BTORYIT
E—D DBFOBIMHPRE L LB TE S0, KRS N EBHSEDELBERT L
XNVPOARTOBEBERT VXYV EEZLBIK I LB2EHRLTNS, MO - Hiom LEE
TR ZRET S, ZEPCHEFS | BEETIERET B E. 2O ITIZ Formi ILAFEET S,
ZOBMOERDIERER LTAL. ZOZRZHHF L T ERTOETF M55 DT p, BAFRD
LDO—BIZEFE - EELZBND,

ya

?Ra 7y =1 . (1-133)

Thd. ZZT. TREMEREYRZELTNWS, BRENIC—EREBHBOHE LTV A, HEE
TV NE
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i

f—d = 275, R* (1-134)
LY., R BERT VYT

[ &a’r =277, R = %(4?”@) ’ (1-133)

Ligb. ?&b% ZSH EAE RIS @%ﬁﬁwLB% CHHBIL. COBBERT UV EL
HEBERT L UXADPLEIK LM T BT LIS,
Slater[S6[IX B HETH ADEEAIT DWW THE LERR? 5.

1

L&QT(T)=:—3{Zi;p%(r)}J (1-136)
THBI L2 LTz, ZD#%. Gaspar, Kohn, Sham 5[G4; KO —MA0L BRI L. BB
BRED BIF. ZO Vi KT 28 220 2hiEdnidinZ b 2Rk, 8T, 20 Vi ZH0
BEEBITROTFNLF—IZ
Z

&= ;fk_’.¢k *(rl){_%vlz _2”1
‘“%(2%J§I{?%(ﬁ)g'*ﬁ%(ﬁ)g}dﬁ
(1-137)

LB, TTT o). p(r)id EfE, THERELVZHEOBEFOEMEETH S,
(1Y) = o, (1) + o, (1) BABHHE TS D, ORM b AT > TRAD—E T HEAIE S

[—lv ‘
2
(1-138)

CORMDOZHHERTIZEHET T ADBEDLOTH S A, Slater 1 ZNITH B HE0 2#T
EHBEYIEWBRRT VU2 MW HBBLNEZ EEERLE, Zhitk- T,

1
:}@ (ry)dr, + gf J P(rl)ép(rz ),

kT (rl) €1 P (rl)

_)711;‘{"2_ {4 p¢(rl)}l

3 ; |
nmza%zyﬂm} * (1-139)
&L, —BFHRERA

1
1o s w2, 1 L [3 3
{;vl -3 Ze [ ple) L, =30 ()] } b (5) = 604 (r)
| (1-140)
LB, TZT. HHBEFHATlEa=2 Z:faf%’) %72, K. Schwarz[S8; SO % < DIEFIZDNT

Btz 2R, BET»HEETE T, 0%&%ﬂM9i6aﬁ%m?5:a%QMLtoit\
Herman & Skillman[H7i3 3§ R TOEFIZDOWVWT, Xa RF v ¥y VERWEFEETF -7, BEEL

WHDFHHETIZa=1 & LTFELTWSAE, BETRLRVERRNI LB - TS Latter
DEE[L2]%E LTHBAREEPLETSH S, BEETIZ, RO DV-Xo T —RAREE LT
=0T PR AL TNAZ L 2R L TBL.
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1-4-2-4 DV-Xa ¥ :

FFHOBFREOHEIL. HFITad 5 Shrodinger HRRFME BIE L 205, Bz, Slater O
Xo HETIR1-11HRO—EFHER

h(r1)¢k (rl) =&, (r1) (1-141)

RO TH TR ERDNTRV, HTFHEETE. o) 200 OB OEIE ERa LU TE
TIERELT, - UDRDOF()ERDBZ LR TED, ZOB. Bk UTHEMmED & 5 &gk
JRAEAL U 7o BAECE T 3 05 85-0PW, LAPW., LMTO #73 8- & FRBIZ HTE/L L 78 7 2R sk
ZH\% LCAO {-Linear Combination of Atomic Orbital Method-23% 3, #%3% Tlz. — B IREBE AL
FR-FELEEBEE (rl) ZHNT

¢k (r ) = Zcxk;t/z (rl) (1-142)

LEINS, ;.\_T BREL o ZRDIED TRIESRE TE B, (1-L4DROED by(r) BT T
ATHE

25 [ 2% ({2, (v ey = e [ 2 %(r) 7, (r)ar, (1-143)

J

LB, ZZT

Hy=[z*r h(r)x,(n)de . S, = [ 2, *(n)z,(rn)ar, (1-144)
LB &, '

(H - £5)C =0 (1-143)

DAREFBREMRLS T & TREFTH C Itk > TP, Fal: ot - Tl - RV — D5k
5. TORBRZ. EHFEBCE > TELNEDT, —~BFNINL =T UiFRE LCAO LD
b L TRLETFTRNF—BRNMNCRBPERIRE > 2 LiTh B,

ET, Xoo RF VI x Vv ERWES Pk E LTI K H Johnson, F. C. Smith, Jr. 52k %
MS(multiple scattering — 2 B ##L —)-Xo (BB VM. scattered wave, SW H)[J2; BB LN Ellis,
Adachi 5IZ & 5 DV(discrete variational)-Xo BiA8JE < RN BRI TS, B R Tit. DV-Xa HIZonT
WERB,

DV-Xo IRTHRIZ Y. O F#uEIZ LCAO THENS, HEREEL LTI, ISR TR
Slater FIHLIE(STO) R Gauss BIEHHAE (GTO)BE < FIV 5N TWB A, 24 5 ORI A Tl RsE
RIRFEEBIE L 3R 5, DV-Xo BT RN 2175 . oh b DFRNTRN 7B 2 D
W ICHIR S h TRl FEEEE R 2 3 & 0 S BERH 5. ZDFHETIE. R DB O
F(discrete point) TS5y JEHH

h(x).(r) = £,8,(r,) (1-146)
DY LD LN S Z LIZEDNTN S8, discrete variational't: & FEIFIL S, £ 4. 3 RILZERNT
DDV U TN EEREN. ZOEETRI-46)BE Y TOZ Lhb, Z D ETOREFHERRT
v&w@ﬁ%ﬁb FERODEAEPITTEY Y I EZONTHEE S, OF,

=Yool )z )z, m) (1-147)
% = ;"’("k)lf *(r,)z,(x,) (1-143)

aUc%ﬁt:ﬂ@&ﬁﬁ@%%ﬁﬁ#éo ZZT or,)dH 7N E o B BEATH B,
T TR ZET 3 - '

__l_vlz

#

dr2—3a{43 p,r(rl)}S (1-149)
v 11

DEHEFETENER N, %ﬁﬁgﬁk UTEBORFIE, DF 0. FFvIiEonTo Shrédinger
HRER
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[-— Ly +V"(r)} 20 =5"2"(F) ~ (1-150)
@ Self-consistent iR NS &, (1-149)XDHE 1 HIiZ

1 2 v v v v -
—EV“L (r):[gi 4 (r)];(i (r) (1-151)
TEERADIENTEDS, Ihdb, HyERAXE LTGHRETE S,
H, :Za)k(rk)giv *(rv)[ , —V“( )+V( )}Zj”(rﬂ) (1-152)
k

Z 2T 0B UEERET . W0E AR ITBT B, re rldv BE O OFTEAED S B v DFE
BETHb, VVRETuDORT VU x V. VR TFORT VXV THS.
DV-Xo i TIREBRIT Hy, S5 2RO D=0z, BEELEZFIA LT3 koo ziy 5. BANITE

(ﬁk, ﬁk,ﬁk) Th=1, 2,3, =N & LT, MNEBIOHEIRY H U TELEER (a,,b,,¢,) %
5, ZOW. MEEETORRRNIZ

27
[T [ 6,008, sin(0,)dr,d6,d4, (1-153)
cos(8,)=2b-1
p, =2m
_ ﬁ#A-+10g{1ﬁ—exp([ﬂ%)}-—log{exp([ﬁg)4—exp(ﬁﬂg)} 1150
log{1+~eprBRo)}
>N
27 PR P 9 dar o
I I j G(r,,60,,8, )4, (;;ijdadbdc (1-155)
o

ELTHRAZEITS Z ek 3,

EERDFHRICB W TR ﬁ7x&~rzmommo5@&@#/7w5%mmf 1 BFY%ED,
BE~BTHOF L IPVETEIETS. ZORYAIEEHO 3 RouZRiRimE L ik 3 LIk
ARV DTHBH, FRRITIZZOBREDORS AT 1 BTV F—HIZH 0.1eV BUF DR
TRDDZEHTED, TOL ST, DVIETREENARVET ST o0 B BERE

B. T, —BEOBMBEIE TSR, ROXSHBEEZ XS, B A0S EET OF)
DOEABEHTHEEE. DED.

O(x)f(x) = qf (x) (1-156)
%?ﬁf:bfb‘%iﬁ/\@’ﬁ
[7(x)e de =gy f(x)f(x) | (1-157)
L7200,
- 17 WA/ (x)e ,
] Zf( 570 Y

LR BB, HUBIER O0)DEERTHB 2 LITEZT S &, )P EHREARETH 3841,
R Z e o e — R TORI THIELWY ¢ HRBA LB TEBE T E0ha 5, R DV-
Xou 5Tk, LCAO IEBL DA FHLE DR TH%AHE TEAREICR > TWB =, BoRENHEL,
BEAORS A TREOHVEEMEES 2 EBHES, LELERb, HOWEFE—AY M
EOFETIR. BYREAZN L ORET OG> ThARNED, AREOY Y FLAET
BRUPRSE S LA 5. ;0_&#DVXa&Tél$w% —Z+HE TRHETERV—HED
BoTNG,
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1-4-2-5  FEELER R

Hartree-Fock 5Tl Coulomb HEMEFADHEIZET DN D2 T, &3 ¥—1T N ITHHE L
TRERPHEZ S, —H. Xo kO & 5 REE RIS TlZ Coulomb MAMERIZ N, 2T FL¥—1
N ItHBI LU CHERPIML B IGRE V. 2070, FHERONERER S V5 SHRTOT RAY
T—UBRKEN, ZREIZBNIT, Hartree-Fock IE U TIRERERDERBOBE T RER RO L. 7=
NVIENITBIT DREEZEZ 0 LA L. ZOFHE. €BOENES 0 LEKRL-TLES 2D
REPDHD. ZOREIZERDOL S ITHE TR E—D 0 DBEIE. £ <D Slater FHREZE L

BFREIOMHEBIRIE (LB TFEELE: configuration intercation -Cl-) 2V ANDNERH D Z L %
ARLTWS, LPLRPBL, CIETRELLNEITRTOETFREBL LV ZATHET 3 LERD
0. BF - UBEBDHE 22T/, FEERIERITRS, ThHOMEORREFED— & LT,
LEFRBOMRERT V¥ x VIZH U TRV IRAENIV h =T VR BATZ &0 5, B
MBI DE 2 B RRE L TE-,

BRENBEBEIIROERRED 2T RN F—2BTFHEpODNBIE L LTHT 2 E8HsES &
BOBENEHITESNTNS, 2% ), BT XF—2R B2 ETHEORKE LT
RETENITEERIRER R E S Z L ITRB[G5].

1p)=c, [ olr)d (1-159)
c, =2871234

L LEBL, FF - DFOE I BRZTEEH LI F—Z O THEOBWIEERE2RD S &
CIEIHNHETHD, 20D, BHTIAX—ZHWEFOETEHRL. 0 -B7EF LI xrho—
RT3 0 B % 7= Shrodinger 2 (Kohn-Sham 220 28 < HEBRE SN, COFETERO
BEET TN F—DRRE — AV MEE%LL T, RO T E BB R A~ O B 7R i 5
COS%EUFDREETRO LNE T LB LN TNSB[I2; 14, 15; S10; S11]. $RIZFERh TlX. BFOHH
FHITH<RY ., BENHEEEOBERI RS, LrLeis, BiRREOmE L4 Exkas
ZEDX S ITHBENBE TR L. EOREDRE THRESE LN 0EBE. BRERZRDTH.
SHOBEE LTHRENTHE,

ANED Xa iEL RT3 v L5

1
3 3 . :
Vi = —3a(~8; p(r)) = 004923725 p(r))? (@=07) (1-160)

ELTRENDZ PO, RFEENBEBEO—ETH S LE2 505, MiCd Hedin, Lundgvist
LIZEHHBEFOHBET RN X —%FHE L,

1
Vo= —0.0ZSSlog(l + 33.8537671,0(1')5) (1-161)

corr

% . Gunnarsson %

1
Ve = —0.033293340g(1 + 18.37671p(r)5j (1-162)

ZHENCETVS, L2 LERS, LDA Tld(a) Bkl Ro Ny RE Y v FAERE O E
FIELPR OV O)FOEREIE TOREIREIZ LI HHSE TR TH Z DI LB 5. LDA

TR R TIFRENE(D D WISV BRI 22> TLE S R X OMEASERShTw3,

T 5 LIl 3d sk BLALEMOBOP DOV T LSRN TH Y 34 REESZEMMIZ R LT
BTeHDOMNETHBI ORI HES LDA TRRHIRIZZRINTVARNI EIZEB EEZ DA TINS,

Xot, Kohn-Sham, Wigner, Gunnarson-Lundqvist D5k Tld, SBRrasE A MR 5 TIE BB BRIz 4
SHEZRODT, &RTF VUV LIEHBIEIINE BB, BERIIE—BFET LT oM«
=Tk RRBNEITHS. 2F V. ThbERBENBEETIIESDET & O EIE (self-
interactioW) P A D TLES>TNAZEZFRL TS, TNEZARH Uk BB E#ES =
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LIZREETH D, TOMRE L UT (B EEER[G6] (b)) B ABLREFABLL] ()8 A
i (self-interaction correction -SIC-#IE[S12]72 B3 2 N T 5., Becke % Perdew-Wang H 12 £ Y #i
% B ARCRBIL[BG; BT, BSITIXEAT r OBIS o(r) 7 TidR<. ZOWE Vo(r) & &
=00 T-1r ICRD BB EEHZH WS, Becke DFETIER. TWRT VI vy v xF—iZ

NL
Eye = EXC bZJ.'D" 1+ 6bx,, smh X, WLy
Ve,

o': 4 7

Po

(1-163)

X b=0.0042a.u.

w

LEZLND,
JERFTERENBEEIE Oy FIZEE SN, BVET » 7 FIRECPHERH D X 5 THHH.
Ko O FTRHEFRRPUREND Z B0 o TnD,

ZEHANN -
1-4-2-6  EEEIBEENE & Hartree-Fock #{BLD Fhifi N
Hartree-Fock # Tl Koopmans DEH[K10]IZ L > T, 1 &F
HETRVX—RiIFEOETREPOETF | AR ERS T N -
FAF—ZHELY, Fhk. | FEHOWHER D | HHOW@E~D  HahiN  tmResE L
BRI X —ITiE, e BT L, Eé%ﬁaﬁzﬂ:mzs BEREOreFok g
BF - FALMEEERPMI<. L2585, ERRE 5. & e Fock L4
EE ki LT, {M)‘%}%ﬁﬂﬁ@%had)maﬁ@ﬂi%iﬂﬁ‘ . T
BELEGEMED, TRLE—EL TS, I
ZFRiTR LT, SENBEERIZ LS 1 BT R L ¥ —g
(& Janak DEBRIENT L Y i -
& = iﬁ (1-164) BESRIEOPE 5 ¥ — f’%ﬁg@;—ff}t
A, o
DBREY LD, 2T 1 BFHEZFAF—IZ. 1 BEFEWY Hngﬁgﬁﬁgm%mw
KB.HHBNVIFITIMA B ZFINF—LIZBARB T LithD, ERES VI B A A {8t)

ZDFERT, BEEBIEA: & Hartree-Fock H: TOMLE T3 L X
—DEMPRRY. T, HUEEMOBRLERD Z LIt 5, [S13]
Hartree-Fock 5 Tl B5E o HuBICx L TE T2 1 HIRY £5 &, N-1 BTRIZARS Z LiTxn
LTHUEAZEE L, 230 F—3, B2 ER LRAVFOET I X~ LT, XY T3
Do 5T 1 BFLEZ IV —FZ TR AF—ORWHIZT 7 b5, £, BAWE#HEICHE LT,
BTz 1 ETmA5 &, N BFRICH L THEIEL L. £ FVEF—RHEEMmEELE L

WD ETINX—IZH LT, LV TFES, #-o T 1 BFHEZ RN XTI N EF—DEWEIZ

D N

ZNTH LT, BEABEEETIE. S oiErbE8TF2 1 HIRY k5 T3 E—(En g
WETZ 1 ANTMEZZ XX —) ZiRIRE - REO T ETREBETO. 1 B R L X —
FELNZEBMON TG, 22T HE MBI F—IHENFIT, BWERET R X
—HRWHIZY T bR, FORED. RREOBEGEMEEZET S L. B TEHE LEEE o E0E
DIF X —30% Hartree-Fock T CIABEE ¥ . SIS IBIEEE TIIIESE S, MOFRBAF 2T, 2K
KRETONRY Ky v ZI3HEREEEE TN <. Hartree-Fock ZETIIRE L BHL B2 L2k 5,

1-4-3 o ruERHE TR ORE
1-4-3-1 oy yigata

CCETRTERIS I, O PEFFEIZAREDITE. KT LEEGR OB & 3B
DE_ LM TREBVIZRE L, ZhERICEMAET - 270 o5, &£ - Rl 30X
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X DGR RDPFE DG LR > TER,

1-4-3-2 /N REFEE

FTEFERY) EROBTEE P BIEICER T 3 EDRZIE~10" BHORFEEET EHERD .
LPLBHEL, ZOL5RERRADHEIZHEWITIEIRARETH S,

F Bloch iZ#&ERD & 5 IZABMEOH B RF L ¥ ¥ VICHd 5 Shrodinger HIRERDHEZ Bloch OEH
2R ERTNER RN LR L, DED,

v, (r)=u,(r)exp(ik-r)
- R RBIBB D AR S OWHBILL & 72D (Bloch BIKD. 2T, u(n)id T EREFOMMEN S

P ELT o (r)=u (r+T) 2 TREETH Y. &R UHMIEEZHD, k IJMERORT b
VG, Bloch DIREAZ bV LI, HRAOBFORKREGRL2EZ TR TH S, ZOEHMIZE -
T, WROBFREOHEIRZ. TP k Ol FhZhicxt UTHEREFhoORFZ 2t
TFHILE - RE- 2 AT AT R TS B 2 LS TE, 1960 ERITIZBEILBISEORE S M E
2Ty ANU FRHEFRESIRBIITHRIE U,

Bloch DM % ji 7= 3RS D — DI F k255 5 28, FEk DA TR FHAHE TR Eh 51k
BB R LB T B DITiZg T 7 % OBOFHEHEHSSHE & 72 B Herring(1940) 358 & #1-l
325 [ (Orthogonalized Plane Wave -OPW-)8: Tl R FRAHED & BB IE 28 & H /- gk
EZRWS Z & T, R BB OB E RIBIZRS T Z & IClIh Uiz, OPW #iZEIC F.
Herman & % DILFEFEHIT L > THEEN/[H9], M. L. Cohen IZIERTFT L L v L% 3 ARENZL
BEDNRG X =2 5 fdio TREBIERTF Vv e2E L. RS A—AERRARY MLEBRET 3
KO THE L=, ZDOHEEIZ L - T Chelikowsky & Cohen 234 A € REEE & PIMENERESE 2RO
11 BHEOEEAEONY FEERHE LZ[C4],

A FEEFFELT W T, Hartree-Fock {8, UL Xo HEEHWEE UTh, FHEITEME TR 2
A SBEPD, ZORD. LCAO DR T, LERTHHEEITERL - RITHRIMIT KD 5125 -
ERBFH-BHV SN S, Hoffmann DEBE Hiickel I [HI0)IZFER /(S5 A —& B, THET
LDOBDOHEAFHDAREZET D LE o RKBRIENETHZET. ZFOEFREZHETSH
ETHb., TNHOFHEZE > THEDEFEELYFIOVTIE., BWEEMELNh, HFRE
R AR PR BB E N TS, ZDOJEkE Blyholder,Coulson[B12]%° Gilbert[G7]43T -
TWBH,

(AlH|a)= GS,, So =2

ELT, BN FORBRMEEIZAS L HORRERT GGER 1L.75)BHEA L. £, ZFLX—%a LB
PRFRT 22D X DT % & > T3, 53R Hickel IEEIRF N5 HIR4E L= CNDO B4 i, Bz
LRIZBNTHR Y OFIh D TEE,

Slater 1 [ElEE DI % FE & OB EIZE A 3 5 J5 H:-tight binding method-2#2%E U72[S1], F 7.
Harrison [34TAIEEE Vy, 2 B RBRANC KD B Z L I2 X 0 3HE 2 KIBIC ¥ T 5 H ket U, 1%
DIEFDOFAHIITlE, Phillisps[PSNZ i » THBRDOERED b EERITHER 1, 23RO, 1,130
BHEDS & &L ITRTFRERE 0 2 KT 2 2 L2 RH LE[H2, H3, P1], RORA[HIL)
Tl&. B THN 5 EBEROBZMKN RO X R — 7 2 FEFAEEDIEL LT E o5,
IND O LIZWEREDD L &L ITFEFRIERE 02 FI2ED TERICREHIT I Z B8RRI N
7z. Patelides & DREF /N> RORFEP]Tld. ZRERBHRHOE—ILHIRE LT v, &5
AEDOE T, AFEEFOELREFRTAEROEIRONES. Thb bWEIEDS LD
TIHE S ITHBI L TET B B0 h o7, T OB LTI Froyen & Harrison[F5]IC X 5 #k
AHEEEO Y ROFETHLNZERTE, DF VY. LCAO N REHBEF Y FOMER T
TREDZAINF—#EHELNWEELZEIZED . TRTOFEFETAERIIH LT, 20 S22 #kfF
HEfo AR
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_ 7711'»1712
" md?

pEpNE, TITdREFHEETHS. P /m=762eV-A*THY. BlZIE. nw (ZBHIL
FREET -7 /8=~123. MEHEHET-97° /64=-139 L5, EEOHFETIEZ, WEDZ
BNEWE LT, FIZIEFEMEE-140 LU THEDNS, ZOXHFEEE LT, ERD[F5].
Harrison[H12]. Chadi & Cohen[C5]7%2 EH3H B . F 7. il TRV F—D{Ed Herman and Skillman[H7]
HREPBATETES, HBWE, Fischer[F6]iT & % Hartree-Fock DL H 5. 2D X 5 i REIf74
B Vi &+ Slater & Koster[S2IZ & - THZ bz dHW S Slater-Koster RIZX - T, AERONE
OEFRIDITEES Vip 2 2 haST A =2 L 2 BFRIO BT RS b DR TED. &
Bz, [HOBEE TEDFEET Shama[SS|IZ L > TE A BN TS, TDOLSIC LT, JEFHITFIER
2 LLETI DB DR RT A =2 ZRWTEHETAZ LiT X V. BERE T, KEKER - RO
BFHERHETH T LARREIT R - T,

1-4-3-3 75 AZ—FHE

1960 AT I B NI BRI X o TR 28 - R EERBEFRO Y REHEBEFRIZR > T2,
1970 EFCEEIC e B &, EE - BB OES TV EERONIRET T . RmOREEFIA L
TR ADBE% - IFEPEAICR Y, BEOBFREOHELLITbND L5 Ik, %,
FEEOEEFH PN HEESENEDITERD N Y REFEEREZ T, ERBRIIR T X—-ZITL D
EHNRFES L P, L L, A==k X Hic. EREEFFCABEZN. BT
B2 ERD LW FETEREOHELIThhE, LHLERL., fHERFEBEIIE Z &R,
BT FANE WIFIZIZ BV OMEERP D S T2 RERD D, FFELEES. EF3Iy
7 ZRRO X 5 BRI, BRHPORMPOBFIREEHE L L5 & T3RICLBEIZRS,

TDXSBNY RHE, A—R—BVEORAERRT DD, BEbLL—-HFE2GOHLES T
AR =Tl B8 LT 5 HEBET. 2 OWEOBTRENHEIND L5 ThoT, FTFRE -
TRLNFETREIESRIEEOTF - b OBy RAEIZ X BIRERED L VELIC 5 Z &5
HMHNTWBER, 75RO 37D, ARETLOMENELRY. VTV TRV K
PELNBZ LITRBED, 75AZ—DBOHIZITEBPLRERLRD, KT, Si XA PETL R
ETR, BTV /R R HEFTHE—IF—Va v TARERHDEZEBMENTNS, &
BNE, 7TAL—HMERRORRICHERATHERT Vv V2HELED . FHEHE
RADEVETEBTBESHOB TEEIMIZREDOTIRLENTVS, FFRZ—HEIRLS
T 7u—FDH L UTiE. Johnson. Peppe[J7]H% AlOs IZ Fe, Ni, Cu, Ag R EF SR FRE—ITD
T MS-Xa fHREZIT. ALO; BB EROESHEII ODVLTHE L TS, ZO & 5 RFHEHI
ALO: BB EBR[AS; N4|DHE BT SiC-&R/RA[A4, LI TLIThbILTW3B, EFEL. 7FFREA—
TIEHEHEORDMO I PBOBONERFEFTEHEER L TWBRED, TETFLBEORERYT
HDPIREI RS, FEEIZ RO REZH Y AT gk e L TiE. Yamamoto, Kohyama HIT X - T 2
WILABIEZE R LT tight-binding N> REHEIZ X 37 70 —F 2SN TH D ALO;(000) i LiT
Nb 2 S R =TTV OEBFREEPHE I N TV B[Y2; K11,

1-4-3-4 &Ry THUER BROE &

Bkl sic, Ny REEE 7724 —§tHIcREhZhim L RO E 22 THY .
BIIIE CTHEWA T B RER DB, BILE. 75 AL —stRIRIREE. #l L 2REROS
RODBIREIRBOBIZE. Ay FRHL RN E RS 70— v, fl i ZBAURER &
DERZMET BLDIRBLTND LWL S —HT VTRE—HER LY T VIR FR
7T AE—EFNORER EIFHOGEEERE AT ST & AV RRHEHE TR RN, R
RERRS T & BWEER E ORI EIRT B RERD 5,
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1-4-4  FLEEE%L

INETBEANTE D THEER TR, EBE S UTEFOBEIBISE HV. LCAO X ->TH
FHLEZER LT3, iz &4 FE s Tl Pk BI5(PTO). Slater BUJF FHLBEBIL(STO). Gauss
IR B BIE(GTO). BRI EBI B INTO) 4 K8 B s & LTHVW O NS, BL ffibh 3HE
% table.1-1 ITFE & HTHL.,

VI BB FOBREIETLH Y. Bloch DEB LTI L b, B4, Fmikks LT
BONY RHEIZHWONE, LALERES, OSSR PR Tl e 28283
ST, NEPOMEBEFETINTOPEEZHER RT3 01E. BT ML G DR
BERLBEENREL TS, 22T, NRBORETHLE & B3 5 Efink(orthognalized plane wave -OPW-)
KL T D OPW ISR ENZ[HIZ], TOHETIE. METFHOLERBEEIIIEE BI» O
RLTWAE7D, HERHEE L THETFHEOAZMES LR TE, NBREIEBERT Iy L E
LTE Y LR T Y x b(pseudo-potential I~ & B Uiz, UL LB 5. REIBIEAS EmKEIT
WCNEERR EOFEIZIIAS TH BB dHEEZ BT I2LERD ZEBRERB R EORTIERIY
G DEFBBERICRDIREARD S,

5T EZETNRE ZOMOEWFITHEEL THE L. BFRA TR TFOBEIBIRE W T
BV TER I I BIB R A B 40 BT HE R HET S, BVKWS 2RI E T 2FERD
Do N REFRITBIT 5 APW, KKR, LMTO #:, 4Fi2 81 % MS(Multiple-Scattering)-Xo 7R EHB 2
DNz ATEY., BMIEFERNTRFORT VI v, BEFBERATRRTF L2 0 215
muffin-tin RT 2T ¥ LV EROTWER, RIETREFRA LR RT ¥ v L 25 FLAPW,
FLMTO ¥R BFEE N TN 3,

FHETHNS DV-Xo 378 K12 LCAO B:A8H L TR Y . EFHES BRI & R > Tn5, i
FHUEZRE L TA5AIC L. DV-Xo D X 5 ITE FOIREIBIEA EEMR U T 7= B i s B 5

"(NTO). Stater BIBHEL exp(— ar )r” TR FHLE 2 EFH L7z STO K. Gauss TEI%K exp(- arz)r” TR
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Table 1-1 WA WA 22 EEB#IC & 2 5 F T HA[S13, p.15]
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JRABIDORRINIBTEDEZVIZL Y. Pauli DHHBLZEIZLESI LD EENTNWBED. HTH%E
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Table2-1 Relationship between curvature near potential minimum, potential
parameters and dielectric constants

BB TN (BB RT Ty
RFVI X VOME W INE W K&EW
A F v DERL Bx RKEW MEW
NG A=K b K& INEW
HEE £ KEW HE

1.5 1.5 —
1 I r
g 0.5 X = 0.5 f
5o J [ F ’ '
ﬂ‘f—o.mw 60 §~05r\/0/ 40
__1 - ,1 -
-1.5 - -1.0
distance distance
a gentle potential a steap potential

Fig.2-13 Comparison the shapes of interatomic potential with different parameters
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Table 2-3 Interionic distances in Pb(Zr,Ti, )O;

Composition  |Zr,Ti-O(1) |Zr,Ti-O(2) Pb-0(1) Pb-0(2)
X nm nm nm nm
0 0.178 0.197 0.280 0.249
0.2 0.178 0.200 0.284 0.254
0.3 0.181 0.202 0.285 0.255
0.4 0.182 0.203 0.287 0.258
0.45 0.179 0.203 0.288 0.257
0.48 0.180 0.204 0.289 0.258
0.50 0.188 0.203 0.288 0.256
0.55 0.194 0.247
0.6 0.198 0.244
0.8 0.201 0.246
0.9 0.206 0.242
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Table 2-4 Dielectric constants calculated for crystals with NaCl type structure. s

Crystal a Potential A B C Son | Gec | &al Eobs

CaO 0.480 | Kawamura | 5.273707¢-014 | 0.160 293 |3.28 | 621 11.8
1.171570e-013 | 0.165
2.485513e-013 | 0.170

CaO 0.480 | Catlow 0 0 757 1328 | 10.85 | 11.8
1.889448e6-016 | 0.3401 { 0
3.647245e-015 | 0.149 | 3.263633e-018

MgO | 0.420 0 9.00 | 2.95 9.8
3.475155e-016 | 0.2681
1.165744e-016 | 0.350
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MgO | 0420 | Catlow |0 0 7. 1045 |98
2.043097e-016 | 0.3012 | 0

3.647245e-015 | 0.149 | 3.263635¢-018

MgO | 0420 | Kawamura | 2.231823¢-015 | 0.160 344 1295 |64 9.8
2.528424e-014 | 0.165
2.485513e-013 | 0.170

SrO 0.514 | Catlow 0 0 825 | 331 | 11.56 {133
1.522229e¢-016 | 0.3736 | 0
3.647245e-015 | 0.149 | 3.263635¢-018

KBr 0.660 | F&T 2.586120e-016 | 0.3356 | 2.430000e-018 |3.33 | 133 |4.66 |4.78
4.397144e-016 | 0.3356 | 6.000000e-018
2.188001e-015 | 0.3356 | 2.060000e-017

‘KCl | 0.6292 | F&T 2.511547¢-016 | 0.3367 | 2.430000e-018 | 3.82 | 1.13 | 4.95 4.68
2.886646¢-016 | 0.3367 | 4.800000e-018
3.110406e-016 | 0.3367 | 1.245000e-017

KF 0.534 | F&T 2.439124e-016 | 0.3378 | 2.430000e-018 | 7.99 | 0.85 | 8.84 6.05
8.418574e-017 { 0.3378 | 1.950000e-013
2.724046¢-017 | 0.3378 | 1.860000e-018

KI 0.706 | F&T 1.619308e-016 | 0.3546 | 2.430000e-018 | 3.30 | 1.69 [ 4.99 |4.94
4.530967¢-016 | 0.3546 | 8.200000e-018
1.188567¢-015 | 0.3546 | 4.030000e-017

Lil F&T 245 | 2.80 274 11.0
9 3
LiCl 0.514 | F&T 7.935074e-018 | 0.3425 | 7.300000e-021 | 13.9 | 1.75 | 15.7 11.0
5.152565e-017 | 0.3425 | 2.000000e-019 5
2.654492¢-016 | 0.3425 | 1.110000e-017
NaCl | 0.564 | F&T 419 | 125 {544 }5.62

A B Cli& kXL, BAF Y -GV A Ay~
BAFL—BAFEDORT Vo R’T X —4
e’ Zz'Zj ~r/By Cij
Ar)=— +A.e T +—
%) v, S Y r
F&T Fumi and Tosi(Fumi, F. G. and Tosi, M. P. :
J.Phys.Chem.Solids,25(1964)31)
Kawamura(Kawamura,Y., : Ph.D.Thesis,Univ. Tokyo,(1984))
Catrow(Catlow, C. R. A. and James, R. : Phys. Rev. B, 25,
2(1982)1006; Harding, J. H. and Harker. A. H. : Philos.
Magazine B, 51, 2(1985)119)




Table 2-5 Modeled crystal structures of PZT

x Lattice paramet o? Atomic coordinate

a cor O Zr, Ti O(l) 0(2)
0 3.903 4.150 0.5403 0.1123 0.6159
0.20 3.954 4.149 0.5458 0.1143 0.6223
0.30 3.979 4.148 0.5485 0.1153 0.6255
0.40 4.004 4.147 0.5513 0.1163 0.6287
0.45 4.017 4.147 0.5527 0.1168 0.6303
0.48 4,025 4.146 0.5533 0.1171 0.6313
M) 4.030 4.146 0.5540 0.1173 0.6319

Modelled coordinates of oxygens are obtained by means of least square method
in the range of x=0 to 0.48, and those of other ions are in the range of x=0 to 0.50.

Table 2-6 Interatomic potential parameters and dielectric
constants calculated for Pb(Zr,Ti, )O;

Zr content Potential parameter ¢ Diclectric constant
X Pb (Zr, Ti) 0 £11 833

0 1.6759 1.6438 21775 | 271 15.0
0.2 1.6641 1.6325 21974 | 416 14.1
0.3 1.6590 1.6278 22065 | 335 13.6
0.4 1.6545 1.6237 22149 | 685 132
0.45 1.6520 1.6214 22195 | 827 13.0
0.5 1.6495 1.6189 2.2241 {1113 12.8
The values of 5;: Pb 0.105

(Zr, Ti) 0.08

0 0.26
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PbO, TiO,, ZrO,
{%#E1000°C, 7h
KR 1250°C, 12h

Pb(Zr,Ti,)O; (x=0~0.9)
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Flow chart of this work
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Fig. 2-11 Energy versus displacement for the lowest frequency mode at
two volumes. The solid curves are for the distortion in the rhombohedral
[111] direction, and the dashed line is for the tetragonal [001] direction.
The arrows and dots indicate the minimum energy for the distortion when
the tetragonal c¢/a strain is included. [C6]
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Fig. 2-12  Energy versus strain for the tetragonal and rhombohedral structures of

BaTiO; with experimental atomic displacements. The energies are given relative to

the cubic phase at each volume.

a) Tetragonal c/a strain at constant volume. B) Rhombohedral strain at constant
lattice constant.
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Fig. 2-14 Schematic diagram of arrangement of a specimen and
atmosphere powder in a crucible
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Fig 2-15 Schematic diagram of a gas-controlled furnace.
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3 E Pb(Zr, Ti)Os DIEEREIZ B XIF T MnO, HRIE) =

3-1 AWMEOERBLICEK
3-1-1 PerovskiteE587E B D HF BEE

B2H Tl PbZrOs-PbTiO;EAHE DB BIFEIZ DWW THRM, T b Perovskite B A B k1 &
Tz, BHEREOAR T, EEFECBOTLENEREE R T I EBMLN TS, FEMEE .
Fig3-1iZRT L oI, HABOYWEICERZAMT S L, BRICHHLEERZEUCIS5ETH S,
EDBERFRT VY. BRVIEF VYN TERENDIED. FBF VYL

%=E%ﬂk (3-1)
k

si BT VIND 4] B Ee BRI VD ki
dy: JEBT-VYND 1 ik 5y

LREND, ZOLH . FBEHEIRBEOT VYN TH Y. WERITHERLAR T & BB
RBLDOBEGA L7205 WEIBHIRT VY VOBRZFiRMEER LT, 6 H=(1.1), 2.2). (33).
(1,2), (1,3), (2.3) Z(@)=(1), 2), 3), (6), (3), @)L FKA L. d;&FH <. BaTiOs°PbZrO;-PbTiO; MM IZ %
RTHFEAETDY . ZHHPAMmIZE T 570, BRESE THNITIAMHFR~OBRAMC XV EE
HoRd, LALERL, it I v 72 UTE LN A LS Tl BRIC BV T &K
BT LR RE D, v /alidgG ik, EERERERV., 207D, —liHRH
CHRERZAMU, &SROSR R PzT2 ETEHOMAR) 2RESYE. < /un
NBEREIEDZ LRIV FERERBSEINERDH S GrBMLE poling-). 7275 L. Heighk
B MELRVEEOBRTOBUEZ LRTHENTRNI L e, BEDOIEI BYERE LT
WEWL B P S, BEESY IVAANANZAHRT, BHEEBHERRE 7. U TFOAk3EHN
BETHOBLEZEL. BREANMUEZIEHITS Z & THBULASIEE BB TRBRL SN T
N3,

Fig 3-UZHETEAR LWz Sz AL L= BAGE T, B EFC oz L =8 41cE
RePFTEREOERKTHZ ., SBOABIC X > TREICIRES FRCEY SBIERE NS, =
DIBEAT - M CMERBREAMTEZ LIZX > TER & EBEFRITIZEGA. SEF7H B
V5. REFML EBHMIZY, e, FEXHFRIC Az &5 L, mN. BEFMOBICHLTERLE
n

d;, =s,/E, (3-2)

dss =83 /E3 (3-3)
REoT. EBER), dy2ERTES, WE. RO, #AIE LT 3A. dsi2EOM
LieB. Koo IBH. DEVERY ZEIFCRBRTIC O BARET 3R EESEMR. R(G-1)
DESCERE G X TEPECHBLESERHR LIPS, TOBKTBN T, 43 EMIC LT
BEMEMING,

COESQEBLEC L > T, BRTFNVF—2BRTI L —IZ, HEVITEHRT R L X—%8
HLANFX—ICERT DI LPAELRY, FBT /7 F a2 —AREBE—X—R LIEHEhT
Voo EBEMAIERIZHNG=10""C/NTE=IMV/mDIF, 10mmORBOEIIZ  pm) TEE LT
2T LD, STEMAR E Do — X —DIEHEMBFEF L LTHOHWOLONTE Y. Eifizid s
BRWHELE R >TWS, F, MNREBEMIET ANAEL TP I Fax—4, BT 7 F
2 T—RREDHROENNZTONTEY., I ASDV v v & — A7 Tzy v YL A—D"
AY FREALIEREN TS, BHETEBRA-BRERETFE LT, BMNIDHE N5 v ABBA
CHIZEEN TS, KT EREIC BN 2 M5 RAE OHLRE & # D Pb(Zr,Ti ) 05(x~0.53) & 3ebt & L
MBS EITHEDLR TWEDORBIKRTH B, ’

3-1-2  FIERINZ & Ao
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> DX 512 H B HOPerovskite ALY BN - 358 - EBIHEEZR TS, ThoOREEHE L
70, HDVIEHEREERBLT 572D, BaTiOs StTiOs. Pb(Zsr T1)Os78 & &\ o T RHT Hlgehy
BORMMZEMZ S Z LB Thh Tn5, BlZIE. BaTi0si20.1-0.3mol%PDLa, Ce, Sm, Dy, Yz EDOFH
TR ERMNT B LBaTiO, &2 AL S &5 T L AR B([S1]. 2OLD TR -] 2 oD -
(LBaTiO; TR TAHE CHAEHIA R L. HIRA L D1000-10000045 & 72 B EGUE N4
(positive temperature coefficient -PTC- (Fig 3-2[AL)BS R DI, I — I A&, SEQREA v F
REZHANWSNTWS, £, BaTiOsISrTiOs, CaSnOs, BaSnOs, BaZrO., 72 E B WM B LT BT E
B, BEEEEESTIY MCT B ERTESBE 7H)01]. THITH LT, CaTiOsPMeTiOs &
RIIT B & HEE R L. RS I IR B(T 7 Ly ). BB Bix(Sn0y); [C1]
RNISnOE ERTRINT 5 2 & THEROBREFELUZTH T L HITDOAT W3, E£. PbTiO;Z
WIS 5 2 & TCLARRNCBESE 52 & bHES. PbZr, THOIZH LT, Pb> & Ba” RS Tl
WMmdse., THMETFL, e PRELSARDKI] T D X 5 BRI B Perovskite MPVE DFHE - £
EBEEITE 2 3BT OV TR % OIFFEHR S LT E T, Lay0s, Ndy0s, NbyOs, Ta0s, Sby0s, Bi,Os
ke ED3MiD B VI SEOBRALY F 13wt NS 5 L FTERS TR MBI 5T, 05
ukwﬁwﬁﬁﬁﬁﬁéﬁﬁ@%ﬁ?&%@%ﬁ%%ﬁ&%%otﬁb\C@%éﬁ@%ﬁ%ﬁﬁ
JsHA U bk E R 0. MEF L. WhWw3 Y 7 MEBKITARH([G1, D1Je THUTK L TFe,0;
BRIE S L. FUBRAE . BAREDVNE LY. Wb B /N— REBH £78 5 (Fig.3-3[W1].
X 5T, Cr0s, U0 5N 5 & BB ORBIEZ U TE. £ (PhuSruos)(ZrsTiva)0s
OEHBT 2 ik ), HBEREEOREREEZFETED LAEIN TV L[S,

THLOHEERIT L. (YEHLuigh OB 1 0,2%3008 k. (BEFBREMERL) @R
#58 (high coupling)¥h | BEEHREBDPIKE <. EEBEELAEN (BEyrT7y 7 v r7ukril
DEFIELTVND) 3)BZE (high stability) b » FABEEBOEERBAME <\ AT es i
(aging)ITHENTZMB (BT Iy 774 VEARYE) KHHETES. F 7. PbTiOs-PbZrO; “TLRICHE
Perovskitc BB LM BRI 5 Z Lic X » T, EEEEORVHBAROND Z2PHESNTNS
[11,T1,02, 03]. TOXHREFEHOET Iy 7 AT, LEREIR LT 525 PrER»/hE <,
REOKRELMBHIRY 2TV, ZRIEH LT, Pb(Me;sNby;)05-PbTiO5-PbZrOs R A BHT Mn0, % T
MT22 & TRESELSUFINS T LARHENTNS[04].

ZDX ST, Perovskites RETPb(Zr, TO: % Tld: BEA LG E R oS A taa ol i) A 7/ 1 7]
B EILE - T, ERICEVHBCHEEERMTES, LALARL, —RIviZ N — FEE
eV 7 NEBEKEWIHEREN TS & iz, FEEESKE SHAREPREWHETIEHE
B < . ESBEDNE VHETIRBANNS VR Y, MEORAEHILEED XS RiFEL
FEETH B, —F5 T Kim et al [K3IVEPb(Zro5:Tious) 05~ DOMnO. DI R ZF . okt OMnO, RN
T & - THEBRAWE IR 0, & BRIEMES AR KAAE RS T L2 T LTS (Fig.3-4)

2O X 5 I ARHMTRIEIRIC OV TIES < ODERBIESHE SN T35, MERERS» b
S UERFRIE A0, KT, MnOZ iR h T b B % R 9 [UNAS, 2 ORESUE OFRE
ZDWTIZIR S PITZR - TR,

APFZETlE MnO, VEIIAS Pb(Zr, Ti)Os (PZT) DL EEEIZ RIFT I E TN, T ORI OB Z
WAL d 5o ErHNE L, 7. RINEEZ % T Mo B0 PZT QEBRHE 2T, Tl B
. MHEE. PZT WD Mn A 2 DB TIRIEE I b AT L. JEBREIC RIET Mn BIAIRO A4 =
AT OWTHE L,

3-2  JEEREOFAmAER2]
3-2-1 JEBEAR

Fig3.5 27 L& 512, IRE(EEE)R X v A — ROEE =lmm, §§ =3mm, K& /=12mm DRE D
YZ EOWRREICEEmEER L. X HRICKHRER ERZRMULEETBHE Ay b XEOHRS), O,
BT A HE R O R BT e - THRE 2 T 555, Z QRIS B O BA RIS & —309 B,
DFE Y. Fig3-6 TR Lk 5 ICAMNEREREOF I OBRSABOREARE O 1/2 Oy, 372 )i
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ICHIRBISEB I L, BRAINT RI v AR BRAE TS & Fig3-7 D& 5 2 #IFH AR ML ssE
bNB. TOL SRR - RIS ZWE L. T35 2 & TR OTF BT - Wik - 50
FHEZHET 5 LBFETHS, LTFIZZOEHIZONTIHRRS,

Fig3-5 OB T, Y, Z HRICIE—FRIZIEE L. D0 e 53, $-. YZ TN CHmERIE—
BRTHD LI &P ERTE S,

JE
T =T =0, LI ]
1 = 4 i, (3-11)
T WHT Y VDX E; FHINERARZ by
JEEE AR
S, =8,"T, +d,E, (3-12)
D =¢,"El+d,1T, (3-13) -
Si BT VY NOX RS D BREENT L
di JEBT /0N _ & a7 vV
L0, G-I2)REANT
1 d,,
L =—08, -2, (3-14)
Sx Sx
BROLNG. 5. Y HE~OEBEEEZ 25, Y HR~OBENE w35 &, @8Rtk
tu, 97T,
= (3-15)

[ 5]

arr ax,
THEPb, G-IDREZETS L
Fu, 1 9u,

PrE Sy’ 9%, G419
BRLNSG. YHEIGHITE. MBS AEMTHEZ Eh b, \
T,(x, =+1/2) =0 (3-17)
THB. DED,
V
S,(x, =x1/2)=d,E =d, - (3-18)
V: HImMEE
L5,
d, V sin(wx,/v) ]
= — , V= (3-19)
wl/vt Cos(a)l/Zv) los.,E
BRbND, QRPD LEBELT,
d
Dl = gnLSEl "';'HFSQ (3-20)

BROND. T T, LS 3R & dtil-lengthwise clamped- & 250k L. B & 2 H08 U150 E R 5,5
ZHY%T 5, ‘

2 d';z
e e (1-ky) k=S (3-21)
) Sn £n
ko PESIERRE S REBTHD, TRIvEL R TIX
I 1.
Y = 7= --V—qufchbczaIx3 =¥ +7, (3-22)
LS
7, - jooC, ¢, -t
t

<
=
.
-




k.’ tana w-l
1-k,> a ' 2v

2

Y, = jwC,

B, TIZT.

/ ,
=L =111T-, n=2m-1(m=12,---) DR, Y —>o
2v 2
j . tana OB, V>0 (3-23)
-k, a

LD, FNFENEERE, KILREES, 1 ZEI2RELERE. >0, EBERSEMALN
TR TOT RI VA VATHY . ¥, PEBREITHESHMNRT FIv X2 &R -oTnEZ L
BahrD. ARERe PEREEEE D b+ RESRD L, LIZ0IZARD., YLLOBES,

Wi, FEEBICHRED DGR, FEEHEERBULT 22 L THEEZ ST 2HEIHES.

e’ =crje=c"(1+ jy) FERT 4 v TR A (324
X = x-ix"= 2 (1- jo) HEIEEH G72)
07 = e HebRIGR SR (3-26)
Qe"l =y BEAVIE L IRE (3-27)
ZDHE. JEBEEARIZ
1 . d. .
o T
11 11
D, = e (1- (e ))Es + j“E (1= 7w(s.°)s, (3-29)
11 .

L35, ERILS NI HEROM
d3]V(1 - ]¢l) sinh }" X

= -3
“ (jwt /v)(1+ jy'/2) cosh(y'l/2) (3730
@ - _1'[}_‘ ) = !
y_.]v,(l .]2)7 1 /-‘—““pSHE

R, TRIvAURYR
Y=Y, +7, (3-31)

Y, = joCy(1- jg)

k ) ' tanh(y‘l/?‘_)
YV =wC,—2—(1-j2 '(l— ——)~——————-—
P =0T =210 =
y'l .( .wj ,_wl!
—=ja'l1-j—]|, a's —
2 / J2 : A%

&f:%o

3-2-2  FERRILHREE & A e
L. —DORBEMEOEN T 2EL D, OEE, HROEBRIITHES HNAERD Glcd
HBZENTEBED, HBBIOHT FI v XV RE Yy, Tng & LT,

Y=Y, +7

mot  ~

(3-32)
1-j2¢
j(cuL—l/a)Cp)+R
EHRFTZERNTES, ZZT. L, C,RIEBEMBEBEDA L X I B U A, Fx/RAZ VA, HHR,

Y, = joC(1-je) Yo =
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ATHD. NOBKME, B/ME T, Yo % & B F B 0, 0, ZERINTAZITIRD DN B, ZhiTk
LT JER, RIRA B ok, oa X
W, <O, <wW, <,

DHERICD D FBEITIE o, 0a 0B

. 1 . 11 1
Wy == W, =—|-—"—+— (3-33)
LC/P L Cp CO
. BERRHE RS 0. i
0, =w;C,R . (3-34)
v KU & REC K 1T
2
b T [FPamO8) w0y, (T, (3-35)
-k 2w, \2 w, 2 wg 2 wyg

THEBZRDONDH, ox, on ZEENET 52 LIEHHETH S, 5. 0n, o Bor, 0n DD Y
CHWS DR BOMT R ERAEELE T D. 2 b 213 FIT 1%DRE R & 08 & 3 1B =77,
(& 6/1000 LT TRITNIFTL 5780, 2O, r BHOTHERZRD B HFEMEEINTVS, 0
DINE < M~(1-r)/r B3NS WIRFIZ I th ot %58 5 HE B (through-the-center approximation) 2324 X LT3,

K =qif Ps_ 14K (3-36)
I+p ‘W
K _mo (70, -0
-k 2w, 2 wg
Q"‘=oz*/’(j (3-37)
1+p
bymat g P Bew -1
I+p 1+/3’-p/(1+p)
¥ w,
= 3 W =
w” w

m

M=10, 0=300 FLE T 7~1/100 72 HIE. INBHAEZE LRVERE K =S 2%k DR 1%) T
DLW, TOFERITE o T K OBEF~10712785, L. M O~ 5 L. EEOREILE S i
B ZOX SR TR IEREGRDORR L £ 2 3RETH S,

W TIA TR s LR 4 1

s, = ! . (3-38)
p(ZI-wR /27;)~
k.
d, = —2— (3-39)
533TSME '
»oROBNB,

3-3  Mn# M PZT D&

PbO, ZrOy, TiO; & MnCOs % Pb(ZrosTio5)Os+xMnO, (x=0~0.8wt%) DAL L7 B &k izt & ) —nih
TRRES Ui, AW EwEE. 1000°C, 4 BRITHREE U, KB ILIEE) I L CHFe%. 10MPa
D—IERIE 21TV 150MPa THKERIE LTRL Yy b & LIz BOhERL Y M 1250~1260°C
T 8 FrfsigERL L 7=,

CDESX L TRESHEREZAXEL R v X —T3X 12X lund K L. BRMEIZFH V=,
BV 2T N IFATHE L. R XGREY XRDIEICHWE, Ooh0xBHZONTIL. &%
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B L UOREFRAH T 800°CT 15 BFAVILE 21T, &G « SILBE O R 2 F~7z (Fig.3-8 IT5F
FEBERIE OB 2R ¥). FEZ. 7V Vv E 0.01 EQO)T, EARE 1 )¢/ mn THR X
FARHTRIAE 21TV, 26<70°DFEPR DM AR T B — 7 DR ARES b BN E Rtk 2 W THRE L,

WIT B 2B T 50-80°C, 1 [, LR ET V., BEREBETHEMEE (SEM)THRERT- /.
HF A LIS (BESRIE £ FTV(ES-FE2ZXG. HABTHES. RIS 8.8-9.6GHz), Mn A
FrOMmBFRERZFAZ, WEOE. HOBBEIEZICRE VWD, HEekEz LT 5H1
- TEREEBTEL T, SiO, THRIR L THIE 217 o 72(Si0./PZT BRI /1), HUER=IRE TV, iR
JEIEGRT 9.45GHz, RESHRHIME 336022500G, RSB ESFE A 100KHz, RESHZETNE 6.3G. L ARV
Z 0.1s DGAFTHIE LTz,

FBHEHORBICIEA & a—2—ERHOTREEDIZ Au BBZ B U, sUBHIA A LN Z
fC 120°C, 10 Sfil. 10-25 kV/em OEFREBEBRZEM U THBUEE{T-> =, ERLREA v E—F
VAT F5AF— (YHP4192A) AW THIE Lz, FEAROHEICIZ. W 2AhR 57
We ATV Tavaz s s Fa—7RM-12, B{EEFTEMZ SHEMEBERE UTHWE (Fig.3-9).
M. £, SHz-13MHz O AEAE LB LERT FI vy AV AZHE L. HbHEWEREIC
ANBEBMIEY — 7 OMBEREET S, RIT. EERIRE— 7 ORI THRE SRS 500 8Lk
223 X 5 IR REEREEZMP LTEZET RI vy A VAR E L, MIELET FIvE Y
AF—=RPpbH, BRT FI v AV AREE on ERANT RIvE VAR o 2RO, UAH
=LY DRIIEE 2, BRSSO RE b LB RERE O, IR IREB X7 F I
YRR —INT 4T 4 v TETHE LB, T21.

Curie {REIZ 10kHz 2B 2B BEOBEEEEELP RO, BBEOREELZ. EXFHT
1°C/min THYR LR 5, 250°C 25 500°C £ T2°C BEHIT5HzH 65 13MHz £ T Log ##5] L TEEE
HERHE L7 (Fig3-10 IEREEREGEHNEEE 2R T . 2% % TIT Fig3-11 @R TOEERER
TEREE OB 28T )o

3-4 FERKROELZ
3-4-1 FxZ7ZVEBE—-Tay

9. #ike PZT & 0.2wt%MnO, ZRIH PZT Oy K X #Eldr XIE & Fig.3-12, 13 IZ/RT. T ORLAL
DPZT FEFHTHY . SR TELRMHTIIERFROBBIHEITET. FELTNDH L LT,
DTELTHEIILEDBTHIDB. a,c lIEDEALE Fig3-14 ILRTH. a,c & LI MO, TRz fE-> T
BWYTRZERDPB, ThZ. Z X0 LA F U ERONE N M, M DFEFEIZERT S L E X
bihvd, £/, MO, BRIMEIZT AT o/a LLOZEE% Fig.3-15 IZRTH. o/a el MnO, B &
EHLIZWALTEY, PZT OIEF R (tetragonality)id MnO, ZMA 3 Z & TRATDH Z EHAbho
o

Fig.3-16 lZEB Ty I WV v F o FPBE LU= PZT B X T 0.2wt%MnO, 5l PZT @ SEM BE TH
%, SEM BE» HHE Li-hifg s MnO, IRIEOBIURE Fig3-17 IR, FRBIIERKIT LY
RO, TNEY. Mo TN PZT OFEHRIBITHEZ PZT 1Y /PSR TH0E T LHBRD. B
REZMED MnO, DEMC & VMF S, FHORESED T, 0.2wt%Bl L TIEBEE LR R E
WHB BRI RV Z EBTPD. ZOX I BRBEROENVD PZT OBXERWIEEICYE 25252 &
bZEZbN5, UL LERBG, EERECR RS RIZ T8I Okazaki and Nagata[O5]5F~THE Y .
RBBEL > TL O ICiREEAEREEE 2 NI EBHRE SN T B (Fig3-18,3-19), ZD7=DH.
DR TR B BRI OB MEE» GRHT A Z LI TH S 2B 2 HND,

I, BERLG AN Mn OMEICH 2 BB EFAS 70T, ESR BIEZ{T > 7=, Figure 3-20 i
0.2wt%®D MnO, ZHM L7 PZT BX O Zh 28 LEFEBO ESR AR ML TH B, 1500G i
DIFRNE— 712 M DE—27TH Y 3400Gauss fFEDFNE—27 5 Mo Ik L TWB[HL,
Mn*" % Mn® OFFTEIL ESR THESICHATE A0, Mo ZREETH S, L LaBS,. Zh by
B, EIGULENT X o T MoV i3 LT A DI LT, M OB BIZZFhig ERE L BN L35
M3, ZOZEiE, PZT O M ASRITAIIZ L > T L TWA Z & 2R LTS, Mo” &I
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REBELEZLTHRNI LIS, SEfToEREDELFZHAT TR, BHAKS Mn* B~ 23
BN NZ L2555, Hennings H[H1]IZ. BifhS: PbTiOs; ~ MnO, Z ¥ L 72H Mn %z
DWTEHE L TNBP, Pp=latm, PbO FHEEER TIE M 1F B %A MNZAMTHEET B &,
Por=10atm DEFEEFESYE. PO HFKF Tl Mo ik A %A MZ 2 4. A B ¥4 Mz 3 flid LT
THLHME LTS, £/, BaTiO; iI2DWT % Lanbek H[LIJIC & W AEOHER SN TS, ABF
HORRLINOGHEE L —HLTEY . MO, M PZT IZOWTh, Mnld 4.3, 2 i THEELT
Who AR Pb7=0.120nm, Zr*=0.079nm, Ti*'=0.068am TH Y. Mn**=0.08nm, Mn>"=0.060nm,
Mn*"=0.060nm[S3| & Z T3 &. Mo, Mn* A4 A UTELZ B ¥4 MNAEETILDEEZ BB,

3-4-2  JEERE

MnO, IRINTAE 5 BEAMERAVFE B B, BN A RE ks (Fig.3-21), HEH s, (Fig3-22), FEE
B dy (Fig.3-23), ¥ v 7% Us))® (Fig.3-24), B SE A2 On (Fig3-25)025{b% % L. MnO, mn
BOERIZH - T, HBREIASHELEEZ LRV, BRI RE Onld 03wt%IRE = TORMN
HEELITWRL., BRVBEOUEDEE THE I EBDLD, EEL. 05w% ez 5L 0,
FHRAPTBH. Zid. MnO, D PZT ~DREEMREDS 0 5wt% R L& SN TV S Z L[K2]1h b,
BARRZBRZ 22 SICEETEE UTHIATES, by, d b 0.2wt%E Tl MnO, S & iz hg
RUs On ERIEFEIZ 0.5wi% 282 2 LA LT3,

Figure 3-26 {& MnO, &l PZT O ks O BALEEBERMEFEIE 2% LT3, $iB7% PZT Tld 22kViem
DlLEDOBRTIEFEPHERENE L TLE S D, DRI CELProT, TONBERE TOL
Tl #RER PZT O ks AR U TORV, MO, & 0.5wi% E TR U 72508 Tl S0 B LBl & R
ThkaPERLEZ RS, MO, HHIZ L > TPZT ORBERMET L TN Z ERNGMn DB, DED,
MnO, ZIEINT S Z & TPZT BY 7 MNEBKIZR > TVWBE EWNS T LILR B, WHiIT. OnhS MnO, D
BINZ X > THWRT B Z &1k, MO, DERRMNC & T PZT OFEBMEERE N N—FIEL TS 2 &%
ARLTNDS, ZNHDOFEP S, Mn IRE PZT XY 7 FNESK & ~— FIEEEROH O %R
HATZHBTH L Z BB, ZOX 5 BEHIIMORHS E TN L PZT TRELNEVLO
TH5B,

Fig. 3-27 [T 285, BERFIMAh TEYLFE L7 0.2wi%MnO, Bl PZT @ oy DE—Y U B R
DEALZ R T, AR BLRBRIZEBIT S ks ERITHERL L HRTIZANE < 22 0 | ieAbHERL U =BRIZ I
REL ok, F7. Fig325 5 0, 3B EHFEMATI =—A T332 L0k 0. i
REARTT =~ VT RLEETETLTWS, 2O Z &5, MnO, I PZT OEEREIZETIC X
DTN—FEL. BIEICE > TY 7 METBZ &8bh 5,

Fig.3-28 (T 250°C~500°C IZ BT B HFBHRDBEMKFEN #7579, Figure 3-29 1 21 % Curie JBEITH
HLTELDERKTHSH, Curic IBIEIE MnO, IR E & LITHA L. E—rBEF7a— MMel
TWBRRFB 15

3-4-3 Mn HMZHERD A T3 = X L

3-1-2 THAZZ X ST, PZT ~OTMPNLEE. 2 DD/ N—F I HHTE S, —DiF [ R-—#1]
BMATHY . ks L. O ZEL L, Y7 MNEEBKRIZTRLOTHS, 150 EDR [Tk
TE—H WM TH Y. ks BIEL . On &< L. N— RESKI T3, BERRHE LT, Nb™,
Ta" % La’" DSRiFIT. Fe™, Mg AP BSBHFICBT 375, Mn Bshilid by & 0, Ol F 21 < $ 3%
O, EB5DIN—FIZHLBERNZ LR TE -,

E9. 03wt%EL T TIiE MO, IMBOH K & & IThRIINE L. Onldm < R o5, BEDH
TP O, O TRRITIZLAEIKELENT 2:75%!16%'@\5[03]_&:hlﬁ'fzm_f\to FF. sy, dy
DRBMAENE & 4 B OBIEREH L ¥ O ME %277 3 728, MnO, BINAS PZT OJF S RIS TS
R BB TIEFHATERNZ B -, . MnO, TR DI, MnOs IIMZEEV., ks
BRECERAE. 2L T, 0. bEERELVWISWTEEZE L TWAETHS, 22T LFTIE.
INHD2 JIZDONVWTERTEILIZT B,
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F9. TR 7 AROBENMIOEL. FZ2E T % N TERT 3841213 P EIC 2L

s Y O

(P12l h2) (T ZryNby ) O3
LT SARMIZE > TOBBEOBEPAEZBITRD L LTY 7 MEPBHEN TS, . TiF
x4 B FE DX S5HT 77X —BIRmy Tl

Pb1iyn(TiZndFe ) (Osy0y0)
DESIREUCEBRERRE F IMED RMEURT-HB0MREE TR - TRAT 5 Z & ToOBREOR )
BT A. WHPAIGTEEEO Y =V VBRI L > TEHHENTWS, XFEDOHIfIE TT MnO,
FIMZ X > T ORI REL, F2, BXUHEIZL > TEHIRKELSRDBIEZHLNI Lz, T,
BALILBETIIIT On NS KRB Z L LBONIC Lz, TR O DR E ESR OHIERKR2S. &
D& D REBREOREILE M BRICEELRBIZEEH D Z &8 5B5, M 2 Tivlest LT, bk
DEOIBRTIETE—LLTHE, Co=rFiREoTPZT #ZN—RIELTWBR EEZBR L. Zh
LB & EHRETES,

RIZ, EREGEOMEIZ DWTHE 2D, MaO, IREDSITT 3 1256V, PZT D c/a HZHA L.
FHREFE AT S, RSN RBEA» D, Ru T AhA MIRSFLSEOMMERIIBFDIES
EHEDBG L L HITEP L., KERIZBITS &y #2KELT3LEE2 505, Roy-Chowdhury and
Deshpande[R1]. Singh H[S4IFNAWNWAZLRT T AH A MIEFHFEED Curie IR IES ik & iz
KT 5Z &2 L TNnAFig3-30) Z2hiZY 7 MG D% K 2 Cure BEERKLSTEENS .
HEMEGDOETELD L. V7 METAEMY T, EFFHEINE < FEREREN T F RITE
WHIIEIZZR > TnB EEZ LB, ZDH. T3 Y 7 MeDERIZ. s R-—1
BT IRTE-RHPTHRED LV LD L. BEEEEPLHRIGEDS 805 Z &85, FBEED
FGEAILIT RERPEEREZ TV LEZ NS,

TDX ST, MnO, T PZT Z 22 THERL L 728 A10iE. N— RILE |3 Me®", Mn™ O35 &,
s L RIE L TY 7 MESRBRRBNT UV RARLMERL, ~A—F - V7 Ml TR W
RO ERE LR > TNDEEZLND, AHFEOFESL 5. MnO, il PZT 232505 5 Wik
REF DL, N—=F. HBIVEY 7 b REEOR GBI N T, B n— FEEKH 0T
V7 FEEBHEE LTOMBHZR>TLES T bR, Dok sRigrEzs2Lik
2TCZDEIRBIGEHNTES,

3-5 FI3EDE LD

AL TIX PZT OEBRHEIZ RIF T MnO, Tehiah B2 B5EMRORIZIZ X > TH O IT L. SEM,
ESR, XRD 78 EiT & » TZ DFFESEERET DO\ TR PZT ~ MnO, W4 5 Z & T, [EiF 5k -
FRAEEBERERI I LR TEE, BEITMEIZ X - T MnO, B PZT iZ/h— R{E L. E{LLBLZ X
STV 7 MELU T, ESR #lGE X 0 =& THE U7z MnO, 30 PZT 12iE, 2,3, 4 filid Mn £ A 054k
L. BIDEIZ X o T Mo " B8 U, Mo B3I 3 2 & 830 o7e, 2O L 57 Mo % Mn™
PHET DI LT OPREL KR 21D, 2D 5 RIEBELOEKIZ. Mr™, Mn> & W o7 o7&
R—AFLvDOE =V VIR THATER, I Mnllt ca bENESL U, k) 2ELT 53, &
MENTE Mn A F > OR#IZ PZT ~DHRINZ X > TEHFRMEZ RO S8, ESEEE Y 7 MET 3
LEZBND, MuO, T5hl PZT #2250 h THERR L2 & 100 AN A RED Mn™ A5 2 2 4k
FBTHZLILEST, ko & Ou DHEFHEEHL Ly N—FR « V7 Milili 2 ¥ 2 7= BEOEEHER
BohaZePmbhbiotz,

3-6 H3FLITBIT AREA

BWFGEIC X > TPZTD EBRFIEIC K iE 3 MO, il B2 B &RV E I X > THLRIZ LE,
L LR 6. ZOMERBRIC OV TERIHRALSY, BN, 8. BEXRBOERSED
XS EBEOE Y = JITHBES 2 TWBEDH, HBWE. MuOBMAED X 31z LTIEF R
W2 SR 200k E%, WEENIBITHE SO THLLIZTILERS S,
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PbO, ZrO,, TiO,, MnCO,
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Flow chart of this work
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: / {Bar-,5r,)Ti0,
10*
w 07/ / N [
g 6 1 ¢ [7/ / / ,BaT’iO,. (BausPbTiON | |
EY ip I NIT [
g 10 0.5/ a4 //\‘f; 01, 7 / |
— — N NS AT VD
~ 0.2 -
S NIRRT o1/
m—xso—wo——so 0 s'o 100 150 200 250 3197"357'400 430
w o)
Fig. 3-1 Schematic diagram of field Fig.3-2 Temperature dependence of registance
induced strain of piezoelectric materials for Pb or Sr substituted BaTiOs ceramics. [Al]
MOLES Fa0yy PER MOCE P(Zr,TIIGy wk poling field: 20Kviop
300 "/\o =
3 % \
20 s
100 |- =
0 ] ! ! ! 1 !
0.5} o—s 20 KVicm
*=+* 10 kViem
£ 04 .
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£1 01} .
" om0
3
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Fig. 3-3 Effect of Fe,O; addition on th Fig. 3-4 Variation of K, and Q,, with MnO,
mechanical quality factor, frequency addition. [K3]

constant, and planar electromechanical

coupling factor of lead zirconate-lead

titanate ceramics. [W1]

< /=12mm AT >< /| > —><—2] n=2

Flg'.3—5 Dimension of a specimen for resonance Fig3-6 Schematic diagram of wave
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Admittance /o™

_______________ v
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Fig.3-7 Admittance curve of Pb(Zr, Ti)Os near resonance frequency
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Fig. 3-8  Schematic diagram of atmosphere Fig-3-9 Schematic diagram of a device
controlled furnace. for electric measurement including
resonance-antiresonance method.
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Fig. 3-10 Schematic diagram of a device for
measuring temperature dependence of dielectric

properties.
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Fig. 3-11 Schematic diagram of a system for measuring piezoelectric properties using a
resonance-antiresonance method at high temperatures.
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Fig. 3-16 SEM phonograph‘s of (a) pure PZT and (b)' 0.2wt%MnO,
doped PZT.
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Fig. 3-19 Mechanical quality factor (On) and
resonant impedance (Z;) as a function of grain
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Fig. 3-20 ESR spectra of 0.2wt%MnO, doped PZT fired
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Fig. 3-21 Change of electro-mechanical coupling factor &3; of PZT with variation of
MnO; content.
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Fig. 3-23 Change of piezoelectric constant ds; with variation of MnO; content.
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Fig. 3-25 Effect of annealing condition on mechanical quality factor O, of MinO, doped
PZT.
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Table 4-1 Configurations of cubic and tetragonal (MOg)™- clusters
(la.u. =0.052918nm)

cubic tetragonal

X y z X v z
M 0 0 0 0 0 -0.502
15.1 0 0 3840 3809 0 0
15.2 0 0 -3.840 -3.809 0 0
153  3.840 0 0 0 3809 0
154 -3840 0 0 0 -3809 0
15.5 0 3.840 0 0 3.778
15.6 0 -3840 0 0 -3.778

Table 4-2  Atomic basis functions used in the present calculations.

atom basis function used
0] Is-2p
Ti Is-4p
Zr, Cr, Fe, Mn, 1s-5s (4f is excluded)
Co, Ni
Al Mg Is-3p

Nb
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Ti Displacement (rel. o Ba) A
Fig. 4-1 Energy vs. Displacement for the lowest-
frequency mode at two volumes. The solid curves
are for the distortion in the rhombohedral (111)
direction, and the dashed line is for the tetragonal
(001) distortion. The arrows and dots indicate the
minmum energy for the distortion when the
tetragonal ¢/a strain is included. [C3]
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Fig. 4-2  Energy vs. Strain for the tetragonal and
rhombohedral structures of BaTiO; with experimental
atomic displacements. The energies are given relative
to the cubic phase at each volume. (a) Tetragonal c/a
strain at constant volume. (b) Rhombohedral strain at
constant lattice constant. [C3]
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Fig. 4-7 (MOg)" cluster model in
Pb(zro_sTioj)Os.
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Fig. 4-8 DOS of (MOg)™ clusters.
Solid line  : occupied states
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Fig. 4-9 DOS in the vicinity of valence

band of (MOg)™ clusters.
Solid line  : occupied states
Dashed line: unoccupied states
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AT, KEBR - BHROBIHBE RT3 2 L WWHREICA D, Watanabe 51 In,Se; ®
- BFREERHC OV TR LTB Y [W2]. 7. Kohyama 51 super cell % F\ 7= Tight Binding 1T
L0, BTEMEIEERITV. Si, SiC Ok ROKERS 2T~/ (Fig.5-1, 5-2[K2, K3]),

DX SIT. Tight Binding #i3., Shrodinger FRER %M S BEITHE T, % O EIF2HLTE
FEnRT A—2ELEMEARRICESRA S Z L CTHE2MHBIE L. ~HEEFORTOETE
ERHEEFREIZ LTS, LA LARA D, fE3EO Tight Binding ¥ ClE. SHEICNER RS XA —4 %
RN IE T BRERD D, TNHRFA—RIF, HPHT—A 2 EORBTF—& 2, H—EmEz}
ﬁf@%ht%%%m%ﬁﬁ#5;5c&ﬁéhfwéﬁ\bwﬂ&%ﬁﬁﬁmmuﬁimiﬁ%
DT L, F—EADZLVRMRAICIGHEFANREER Z &, BERBRICBN TR /AT A —4 2ET
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LDl DE—REHENHEE. 55 VIiZIERERTH 5729, Tight Binding EDBEAGHSFIR S h
TLES WS HERD S, T, EBRLEMOL 5T, M - BEEEI X o> THA RS LS
BEPOATUHEEETIRIESEDLR L5 RBE. TRTORTERAEEZER - THELE 5 A—4
FTEE LRV,

ATETHI L7z DV-Xo Tl U FILEAME TR L% < O 2 B0 SR EER OB %
Slater D Xou #{BL [S6, STIZFWA Z & TKIRIZflR&IL L. F/. 7T R & —dT self-consistent 73 &
FERERZEZR WS Z & CINHEE. fEREEEZR ESETHE, 20D, FHERMBPMOE—5
BURIZHAR TR, ~BTEFRETOFERTRET., TRXLF—EMPKEERS KDOONS &1
SRR DB, T, HEIRBEFRLAD /T X —Z ZFEWITIZHEPEN IR EE
ETHD, LILEBS, BIRTIR /SR —DHE LM TES, NyF%Lwﬁﬁ@T%&m
Ellis 525 DV-Xa ik TV FHEEZFFE L TWABELR, ZOBREITLREBOBENRKE S st
BTEARORZIXICIEBRYH D, ZD I8, Tight Binding HEITHELRFELD 73T X — & % g/
RV FRAZ—D DV-Xo - TEHE L. ZOHsH % Tight Binding BRIZFIFIT 3 Z & T, 3FEwREAR
DRESZHETE T, Eh BRI RT 2 — 22 RETTICNY FEEZFHETE 5 tight biding
FHERREIZ B LEZ BN S,

AHETIZ. ATBRFREES, HHLAEROBRFEEEZZI LD T3 REER~DIERES
BRI, JERRAY Sy FHLIETRICEE DW= Tight Binding Ny FESEHEFHEEHRETI Z L A2EME L
oo ¥, EBIZZOFEE. AEIZ Rutile BIFR{LY. Perovskite BB LMD /N REEEEHEL AL
L7z,

5-2  Rutile BUFESL & Perovskite BIfE DN REHEOBIR

ARFZE Tl OB BB MR TH D, Rutile¥iE 5 & E ALY DfF & LU TPerovskite

BERENEE L,

f@Sﬁﬂ@mg H ke 2 RO RN REREY TH A Ti0 B L Usn0,DFE & %, Table 5-112
AR EEEE LFEEDEERT. TR LEL HIZ, A CRutle™#E 24 LTV T b, TiO, & Sn0,
TRRESKHEPRLR S, FHZ. TIO, T MMFMOFBEESL AMFRED LRV KREL., £
ZDFBEOMOLIEFITREL. ThiE. ORutileBER EBERTHATH, TIOIRDAR LN BH
RIRETHS. 2. Sn0EBWBEE 2. BAEEL SITSHEL TN,

Rutile & S B REE 2 O . B L HEmIIESE IIZfTh T&E =, Tio,N/ Y
FREEGHE TIE. VosiT X ATight Bindingdt B & ) BHESEBRONY RGO Z LASHLIIT
SN2 (Fig.5-4[V1])e Daude HIZFBE DK EWERITE L T3 & EbH N 3 RBKS(Robinson-
Bassani-Knox-Schrieffer) 32 # R 7 2 ¥ % L %l TTight BindingsH R 28 /32 Rz, £/, BRT
VXN RENY RIZRWTAY FEEEZHE LDl ZORE. BB AY R¥y v 71
2.91eV(EBR TIE3.029eV) &7z, %72, Glassford (Fig.5-5[G1])% ##HT I v L Hartree-FockikIT &
5Silvib[S3) DR E. FHEMIIZL V. SnO,Iz DWW TidJacquemen PKKRIEIZ & BHFSEFMIT &
5 HRBRATFIT L - T4 56 VOEEBR A TH 5 L i U= (Fig.5-6)2% Aringhaus(Fig.5-7[A1]) DAPW
HRIZ X BHFSEHREDORER-R, MR IR D2.62eVORMEBEBE- L AVENE BB/, Robertson[R1]
IZ X 5 Tight Bindingat S OFHRIIEIEBBAEL 50V THS G SN, EBRZHERAEINLTVS
3.596eVDE EEER (Nagasawa, Shionoya(1968,1971), Agekyan(1977) & & T SR EH/ TS, D
RutileB## B DNV RRIFIZ DWW TR, Xub[X1]. AEEFEAIZ DV TidSorantin & [S4| D EHH 5.

Perovskite IR ILPIIT DUV TUE. Soules H[S5]4% KNiFs, SrTiOs, KMoOsw KTaO372 E DNy R %
APWEE TR LTS, Self-Consistent Tight Binding#% TOFEM & LU TiZ. & < iZMattheiss[M1] @ -
WMEDBD B (Fig.5-8)e B TIX. XubIESITIO; & BaTiO; D /N> FHEE#OLCAOK TRME L, XPSA
R7 PV EDHEERE LT3 (Fig5-9, 5-10[X2])s
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5-3 RHEAEE
5.3-1 ZrFHul. FEREuEO—RE
nB T E&Tes ¥ Tld. Hamiltonian HIZRATHEEHEN S,
H = E— -V, ¥ (r) (3-1)
ZZT n GiPla;lckE?é‘ﬁh%Zn'C‘%UO ZETHO. m I ZETOER, VI3 FBOBFOEEIZEYT
BlRM. V() FETETY. ET-BFHMEEREALr ATOET VY X L TH S,
FEREDOFE TIE. FHEEZ L3 5 729D1Z. LD Hamiltonian® —BFEEL L. 0 FiloE & U TLCAO
RERVS, ZOREIE. HTHE W)IGiEHEOLEBEE V) 2RO TROX S LFREN B,
w) =Y C|¥) (5-2)
DVXalE TR W) & LT HTOBBBIBERVS, /A5 X —& CRENFEZE > TUFOL
I LUTRODONDELT. 80 DEBLUTDiracDbracketRal 2 A 5),

HC =¢SC (5-3)
Hll Hy, - Hln Sn Slz 1n C1
HZI H”" oo H7n S’?l S’” o S'Zn C7
H = . I“ ’ :~ S = .~ '“ ) . C - In
Hnl Hn?. e Hnn Snl Sn.’Z oo Snn Cn
2 2
H; = <IPJ|HI\H> Sy = <le l\Pz> G-4)
: M

JAHIEDH 5 R TiE. Bloch®EHIZ L - T\ FHEIEENFBETFOEEHENB TFHOBTDAIC
WHTZ LAHIRS, Tight Binding#k T, Bloch@féﬂ%%‘?":ﬂ%(@!\l’i(k» wILEBE S LTHL
60

Iq{(k» \/—J\Z‘Vzg&%ﬁee ’l‘l{(r r]+R)> (5-5)

2T KEBlochBHTH ). REBFOWESY M THY. [¥(r-r, ))& EHOR PR

r,iCH 5 HEORTHERSETH Y. N EG-5RICEENSEEBHOBKTH S, R, LTORE
HlEEREe, CEMS 2L THETRLF—LiERIEEkOBEE LTHOR S,
H(k)C =H{k)C (5-6)

1 ik'(r,-.—rj.)H S k - l ik-(ri-—r_,-v)S. .
/NiNj ;e iy 1]( ) (——NiNj ;e iy

ZIT &3 JRFIZDOVWTETOEMBTEFOME LD ZEEEK LTINS,

ij(k) =

(-7)

5-3-2 DV-Xod&(Discrete Variational Xo. method)% FA V7= Tight Bindingit %t

DV-XodRiZ B E & U TR F ORI FV. Z Offidself-consistency 27z LT 5, &5
T FFREEFELED IR Z2 B T3 DR HERFFRIRT VL v VOB, o BEEW
IO DL RT A — R BRI TIZRR /T A — & B hE L L,

DV-XoIKIL & o T\ #EEHET 2> TVD 7 F XX —DBFREE R TELE, H, 28,20 -
2. Tight BindingZIC NEARFFIERBE—FEIZE SNV THETE S, LHL, S TERELE
L5, ZNZNO I FAZ—ZBETRVEMERDOED. TRLE—DUIHEDHEIZ TERN,
TORD, FAREF L L ST, FNENDISAR—DTINE—DELEE —H S B DI, B
ROLBTINVE-DBENEZND I S AZ—TRLTHB LHE L. 33)RICTILE—T 7 kg B
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ATz,

(H + eOS)C = (5 + £, )S (5-8)
H&S%(H +¢,5) & SIBERRT(5-6)RDFPDV-XdEIL L BV R ERER 5. Figs-11i
B RS

5-3-3 FERODINERE R

Gilat & Raubenheimer[G3 /& IEREAIRIE B 251 H T D HEERIEE LTV S, # 513 Brillouin zone%
FANEARZTEL, ZNZNOTHATOBFRERFHE L. AEHEOhOBFIREBILEH NG
LTRDESicEEN B,

E(ky=FE, + 4.k, + Ak, + Ak, (5-9)
TTTE, 4, A, ARERO E(k) Z3H5HHCE S X 50k b s, AFFRTE. oM
BAEDT=HIZ, BUTORREZHAV. F/RFA—ZEREL. REREEFHELE,
E(ky=FE,+ Ak, + A4k, + Ak, +Akk +Akk +A kk (510

5-4 XEBTFTRHARY FAORIE

HBFAIXPS)BIE 2 S1TiO;, BaTiOs I DWW THT o 7. #BIZULVAC Phi ESCA model 5500% F
Teo RUBHI R R P THEWT LR IC BZeF ¢ O N—Z 8 A Ui, 03kVOMNEBE T1-558, SmPa® Ar
AF ARy Z—T X o TlBlER 2k Lk,

5-5 faRRUHELE
5-5-1 RutileBIFEFRDONY RESRHE

E7. Rutile R BEEE 2R OERNRBIE TH BTi0,B L USn0,iIc DWW THEZ TV, FNY
FERHEFHEORE L BRI OV THE L. Fig 5-3lCRutild iSRS ZR Lz, 2hdb
APBE DT REEETFROBYOAEHEE L L 5 L3nE. MY M=Ti, Sn)&H.ird LIEMOY
T AL = DWTDV-XaatHz2 170 M-ORIDITFIESES,, HyZ t H T hiZB V. DV-XastE DR E
B s LTiE. OFFIZAs)29)(2p) &+ TilE FIT (1s)29)2p)3s)3p)3d)ds)(dp) &+ Snli F I
(1)(25)(2p)(3s)(3p)(3d)(4s)(dp) (4d)(5s)(Sp) & FH 7. Tight Bindingit BLITIZOFRFIZ(25)(2p). TR FIT
(Gp)(3d)(4s)s SnE-FIZ@ED)Gs)Gp)E Wz,

RIT, DV-Xok THEE LIRRBEE 1 2 Fig 5-1 1HZ R U7z (4 =RV F—HENTIE Gaussian function T 2
VR a—YarEEoTn3), HRIZ02. SBRIITRIS 3 \WIESnSsHE D IRERE TH Y.
FERBRBEETH B, TiOsZ T AEX—DNY RE¥ %y FlF3.84eV. SnOs7 FAZ—DNAY R
X v 713797eVTH > Te. FHEL UTUZZNZN3.05eV. 3.60eVEENTEBY., TiO, TP LK E
O TNBHB, Sn0TRI FAA—FHFEIZL BNV REX X v THIEBICKEL B> TSE, TO
BT DWW TIZ% T 3,

Fig.5-12, 513134 [E DTight Bindingik THHE L 72Ti0, & Sn0,D N R %, BEHR O SR (TI0,:[G2]
SnO,: RIDEHEE LI LD TH S, TiO, Tldk NV FOLBRRKEHIIBRSERENRTWS Z LHBS
2%, T2 U, GlassfordDLDA-pseudpotential DFEHR D Z 5 TH B, NV F¥x v FheVEL T &.
HHEL D PRV NS BRo>TVD, BENBEBHEGRENES LTV R¥y v 72N S RED
BT EBAONTVDR, TOMEBPRENTHWBELOLEZOND, SnO, TREETF /Y RiZE<
BEHIN TSR, BEANY FOBIZEL —F LRV, SnO,DMEF /N RIZHES o 72 Sndsi 7
TOER VI X > TRERmobilityZE UTWVWB EE X BN TWBEH, SEIOFHE TIZSn-SnfOHEE -
EFRZZBRLTHRNED, ZOX5RiRITkolzeEZ b3, £/, kD07 FAX—T
Z. BRI UPSu-Sol EAERB A B nizd, MBHSE EORENTT, SeVRED KSR
VEXx v TbkoltbDeEibNS, |

Fig.5-14, 5-15t3 Tight Binding#s THOMO(Highest ocupated molecular orbital /¥ (DIRFEZFHE & . XPSD
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HIEFMROLBZHEAE LI THS, TiO, Sn0,& b, MHERRS—BMLTVBEI EHBHNYD . Tight
Bindingat HIZ L > T MliB TNV FOBTRESBERFETE A2 B005, HEHTAZIZ,
Sn0s7 7 AZ —TEMETFHDIFDOE—TD5H, o LT RVF—DFNWE—7 LhhptY —
7 OBEPFRBETHIDIIH L. AV FFHEIZ X ZREEFE TR Lo LENTEIAF—DE—
IH—FREL XPSOWERHREZR<EHLTWAATHS. ZThdb. Sn0,TlE. AT L7ESn0Og
T GAZ—TRBHOETNE LTIARTH T, Ny RHEIRE o TER D 2EEB LEEFTARS
ETHDEZEERLTNS,

PLED X 5T, KW TIT> T B Tight Bindingdt B & > T, HEATHIER < N2 REEEZ IR
BRCEODOWTEHETEBR I &8 ad o, LALERBRDL, TIO, TRV R¥y v FPE2/NE < B
£ 5T &, K7z Sn0, TidSn-SuFIOMEEHZZ R LRV EEEAY RERBTERVWI LWL
Y TS

5-5-2  PerovskiteHFEMD NNV FHE EBRFLIZ X BNV FX xS 74—0
754k

Fig.5-161ZPerovskiteWEi& DG SREERZ R T, TIITRENDS & 5 IZSITIOFERIITIONE S0, 7 5
AB =B A TS, BHBHEOBTIONHAE. SITIOHDSA 4> #Baf AV TEEHZ T,
Table 5-2iCA T & 9 CRFZIELBRTFCEZENERV. BRI, DV-XaitHi % (Ti0s)™, (Zr0s)®,
(Sr01)? BEY Ba0)* 7 5 AX—ZONWTIT 2T, 75 AZ—1313 6B TFh DA A LAz HY
T B REEEP HEDNBCoulombRT V¥ ¥ VHHIZEWTWS, ABWOBMIZERER (DF .
Ti, ZllZ DWW Tld+4e. Sr, Ball DWW Tid+2e. O DN TiE-2e (e=1.602x10°19C)). (TiOg)* B L T
(Ba01p)* 7 T AZ —TRILFEB X CEH B DBaTiO; TiHREEFT o 7. (Zr0g)™ TIESITIOs & A URF
AL 2N TS, SRIOFHE TlidTable 5-31C 2T 2R FREEBEEZ R W=,

Figure 5-171&(TiOs)* & (Sr010)? 7 T A X —DREHEEDOS) R LTS (HI R AX—HR7 X
0.2eVOIE Z ¥ DGaussian function T YRV 2= a & E-TNS) , ¥ TRAF—DFE AT
TiOs7 7 AKX — DE:E S HREN (HOMO)ZE © TW B, TiOsZ FAX —Tldk. NV RXy v Flt
4.7eVTH D HOMOIZ02pBEDE & A & T\ A LTIBEUERER LT 3. RIEIE SHEER(LUMO)
BTRELEP FERDT THB. St0,,7 TAZ—DBEE. N EXx v 7FiZ162VTH Y. HOMO
LA EO2pHEAME-> TH Y. LUMOESHSSHLE TH LN TS, $101,7 T AX —DDOSDO2p
NY FRERATF—=DENH AT =L EDNTOBEH, ZUZ02p DB (Sr0n) DA E L&
B DOETHHANIER > TNBEDTH S,

Tsukada & [T1]iZSrTiO; DHOMOE DB FIRIEIZS A AL DN 7 T X4 —~T 4+ FREIC
BETEDZILZHE LTS, ZZ T BAEBWESTIODETNV T T AL —& LT(TiOg)* 7
TREZ—mBR L. DFED. TDVTFRE—TIIH, STACIREEEDO-0, TIi-ONHEE L& E
NTVWARV, Figure 5-181XIEH 5D Brillouin zone (B. Z)DWBHADFKELER LTINS, Wik Lk,
7 R DX FRAZIL ST B Tldk,, k, L[ U TH B Figure 5-191 34 BIDF 8 THE U7 SITio; DY FH
BERLTVWS, TEEBITA2EEBRONY F¥y v 73376V T BHEBBRONY FXy v Ak
22eVTH Y. THOHOMO L. MALREDLUMORBITOBB TH S, TAIRBITBLUMODEENE
BIE[001) E[111]FR TR EREFEZFE>TWB, 0203 RDIEIZ6eVTH > =0 SITIO;N Y K
HEIIZ < OMMEEIC X > THIE SN TWB B, HRITXu et al[X2] Pself-consistent OLCAOH: T2
Ui BUASITIO DUV spectrum DEERERE B S HE L TW3, 4B/ FREBEORF#ITHE 5 D
MRERS—EHLTVWERA, BEBBONY R¥y vy A5 52.88eVEHE L TWADIH L.,
22eVENPBR VNI FHE LTS,

IEJ5 EBaTiO; D/ RS b STio; & FERICFHE Uiz, T OEAIR S FE L & A SrTio, &
FEZR > TS, BaTiO;D TRV F—HEMIIESF RICEATNEZ L2 K LTHR L. SITiO;
L0 LEBEBBONY RE vy 7HDTPINELRBHB, ANV FEEEZERZRIMTNS, L

LD 6. XPSARY ML (Fig5-20) 1202030 ROBHAKRE BT3B, SITIONBEITIE.
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XPSANT PVICIZ2EDEEE— 7835 0. FHE L7ZD0OS (Fig. 521)& &< —F LTV B2,
BaTiO;DXPSANYT MATRER Y G o3RO E— I 93% 5 (ZOFEHIZ Hudson et al [H4] 5 A8y
HLTVBHEL—BLTWS) , Figures 5-22%5-231ZBa-0NF 5 %5/ L= EH RBaTiOs DAL
FEEHELDOSER LTINS, T b DORERIEX et al [X2] BEHE L TNBE AL FEEERXPSZ RS |
NOPEFRE R —BL TN B STIO;PN Y FHEEIES-0OH G 2D THIZL A EEL L,
BaTiO; D BT Ba-ODHFF 2 & Tal BT 5 LIATOAFTHOHOMODEINERINE < 2
DOSD-25eVIEIZH LW E— I BHBL TS, T, HFREEFRONY RGN E b
SFEDENZ X DM DN BB RSN 5, DOSOBITIRKERZFAD HLNAEV, ZTh 5Dk
R D, STi0; & BaTiOsDXPS AR Y ML DBENZFRERHEEDZE L VS LV b, §1-0&Ba-0ODk22
BEEROBNCER LTV Z 28hbio T,

SITiIOsD/NY FREED b MliE T HOHOMORM, RAK H Y . FEEHOLUMORIAICLH S Z &4
D, TR L UH01P1HTRAOUEBK F2H0DIE, BZOKE SHBZOHIt TELIA
ENTHEIECRY . TRTEEBRERTZ 2 E2EHLTWVS, Fgue 5241111 D
StTiOs/StZrO; 2EBH F DFERHEEE R L TW5, TOR Ty, H B Wiy, yHRNZDARTYZIAS R 7
AR & NIZHEDN001], [011@BFICR D, [011]1& [11BETFRERCEZAZNARFE. =55
DXFEZRFOD, BEIEL S LBELITEE LT, SITios OB FEML T E %47 5 7. Figure 5-25
(Z[001], [0111&[111] 5 DS TiOy/SIZrOMBIFIT DOV TEHE LAY RESER R LTV, [001]&
[0111HEF Tid. FITTBMEDP HIELN TWBEESEBTEFROMREOZD AR LTINS, &
Tes FRIT11EE T TIEEHOS BBSTIO L B L TNE ko TS, BT TR, TiqA 4
DEFRLAFT LV TEEBELTNER, ZiA F Y ETiA L OLUMODER SR X L BRB 5. 77
AV TOREBIT L > TEE TSR TOTI-O-TIREE R Y NT— 7 2B LTWBEDTHS, oh
FTHER L OHEAEREZHD. BRE L TEEROSBENE LTINS, —FT. MEFHO
TEUESITIO E B BTV B2, ZhiZze A &Y DEHIZ X - TIHEEF % FITkg LTn302p
B LOREITIEEA EWEBLELTORWEDTH S, [001]BKTIEILDSTIO, & R I EiEE%
BONY FREERZZR T, [011), 111BRFEIOSICBWTEESBSBHONY &L 7T, Zhizd
& OB FIZBNTECADHOMO & MA L RADLUMORI TORIEBR TH -~ =05, BT
ZHEr Z & TIHOKT-OM, RAPEBE FEE TOTARIT D BRENERETH S, TARBITS [111]
BRFONY F¥ Xy Tid27VTH Y. SITIO;DRIEBEEINY Ry v Ai—8H LT3,

Bl EDOR LB FEIEOBE 2 FIMT 5 2 & TETFEE - LR 2 T X W het % 7
LT3,

56 FSEDFLD

ARECBN T DV-XaZ 7 AE —FHEEFIF U\ REFEF % BIFE U, TiOy SnO,. SrTiOs
EBaTiOs DY REBERFHE Lz, Sn0,Tid. Sn-SnDMEMEH 2258 LW 2Dt EZ8AY ROH
BERED o 25, £, BV TAY FEERIETEE, SITIOOF S5 RIT0LCAO
THRESNIENY FEBEE RS —F L. SITIOsD02p8 Y REHEDDOSIESIA 2 2 &8 LT H
XPS spectrum@ Ft < BB L7225, BaTiOs TldBaf A > &% M LAV EXPS spectrum% Pl T & 9,
BaTiO; D AR IC BV TBaA A VB EERBREEZM > TR EERELE, X5
SITiOy/StZrOBHEF DN FREEEFIEL L. [011]. [11BBF CIIEEBBHONY G257
ZEEWLMZ L,

57 HSEITBITDHES
BARTHERLUEL ST, DVXaETIE
Hyp=¢Sgp
2R K BIZIE, ZH& R TESFEESHL LTWAR Y, 2350585 U CEIERDY Oy &z Hoik
LTRWHETOHE TR AX—PHHETES LA LR, 23 NE¥—riET385101L.
ZOX ) RHEBERSTFERY T, BONER X > T2 FINE—DRBEN SR ESNLS, $7-. 6%
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B FICARRWELEZ A4 —Tilk. EFE2HALRADTBEDIT. VTR —EWlETF Y
VA NPIZBNTEHETILERD S, LErLERBL, WellRTF VI x LT b B kBRI EER S 5
BDIZRNT—~DHFEIZIERIZREL . DFOBRBEEHELEEZLES> LTBLE., Z0BYD
IFANF—R X o TRESHERPELAENTLE S, TDX 5 5T Tight BindingE RN TLE
bod. BRELT, FFETIEFHRECEEYHOEMNLRFEL VIt L EZ2 005
DD, FEEDEEREEDFE. 53 VIidhottER & OWHHE~OERIZIERICHETH B,

5.8 ABETERLE. HA30VERWESu /S5 A

AWFFETIL DV-Xo {RIZEED < Tight Binding /Ny REHE 70 75 A, IREBBEHER L U205
ZRPALT 570 T ARER L. AW, FROMHEEOBRE Fig.5-28 IZ7RT.
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Table. 5-1 Crystal structure and dielectric properties of rutile-type TiO, and SnO,.

Lattice parameter | Lattice parameter | Oxygen coordinate | &1 £33 Eonl | &om
a /nm c/nm U
TiO; 0.459 0.296 0.305 89 173 6.0 7.2
SnO, 0.474 0.319 0.307 14 9.9 38 4.2
Space group:

Metal atom: (0, 0, 0), (1/2,1/2, 1/2)
Oxygen atom: (u, u, 0), (1-u, 1-u, 0), (u+1/2, -u+1/2, 1/2), (-u+1/2, u+1/2, 1/2)

Table 5-2  Crystal structures of SrTiO; and BaTiOs

Lattice parameters / A atomic coordinates (crystal unit)
Symmetry a c Z(01) Z(02) Z(T)
SrTiOx Cubic 3.96 equalto a 0 0 0
BaTiO3 Cubic 4.00 equal to a 0 0 0
BaTiO3  Tetragonal 3.99 4.03 -0.012 -0.022 0.012

Atomic coordinates in crystal unit:  Sr,Ba (0.0, 0.0, 0.0)

01 (0.5, 0.0, 0.5+Z(01)), (0.0, 0.5, 0.5+Z(0O1))
02 (0.5, 0.5, Z(02))
Ti (0.5, 0.5, 0.5+Z(Ti))

Table 5-3 Atomic orbitals used in the present calculation.

DV-Xa procedure Tight binding procedure
O (1s)2s)(2p) (29)(2p)
Ti  (1s)(25)(2p)(3s)(3p)3d)(4s)(4p) (39)Cp)(3d)(4s)(4p)
St (1)(28)(2p)(3s)(3p)3A)(As)(dp)(4d)(58)(5p) (4s)(4p)(4d)(5s)(5p)
Ba  (15)(2s)(2p)(35)(3p)(3d)(4s)(4p)(4d)(5s)(5p)(5d)(68)(6p) (35)(5p)(5d)(6s)(6P)
Zr _(1929C2p)Es)Bp)BAEs)(Ep)Ed)(5s)(5p) (Bp)Ed)ds)4p)d)(5s)(5p)
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Fig. 5-1 Interfacial band structure of Si {122}2=9 grain boundary. [K2]

Fig. 5-2  Grain boundary structure of B-SiC {122]£=9 grain boundary
simulated by tight-binding method. [K3]
(a) N-type polarized boundary, (b) P-type polarized boundary,
(c¢) Non-polarized boundary.
Open circle: Si Close circle: C
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Fig. 5-14 Density-of-states calculated and
XPS spectra measured in the vicinity of
valence band for TiO,
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Fig. 5-15 Density-of-states calculated and
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Fig. 5-16 (a) (TiOs)* and (b) (SrO)* clusters SrTiO; lattice.
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Fig. 5-17 DOS of (a) (TiOs)* and (b) (SrO12)** clusters.

Fig. 5-18 Notation at symmetrical points in the first Brillouin zone
of tetragonal lattice.

Unique axis is assumed to %, direction.
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Fig. 5-26 Programs developed and used in this work
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INET, B2 BMTRBRRT VI Y VAWK I%FE. 84 ETRIERRS THEEIC L5
TIal—ra ko THROSBE  FEIFEZMIT 2 AEemid L TEL, 72, 8 5 %
BOTIE. BB FHRCIERRTELZYEA TS ZE T, FRENOEME R U T, JEREBRNIC
EHREEONY FEHERTERZ 2R LE, 2O X 51T, BBRETIE. EMRROME. &Y
REERERER EOEFIBEH B, BRRT U X - RS A—Z OB X - THERBEIKE
EBINZLVHSBEEALD S, . DV-Xa BETIEAT RNV E—DHERERR ok,
HERREOMY A EEHET A L IIEETH D, TR LT, 2R F—FEBFRERE—
JEHE TR IO X 5 RBEZ VWS, FHEREMR Y. BlARTOHECROLNS, FE - &
EHERHESNEARTY., BRIz — g VIEEER EOMERH Y . BETIR
Car-Parrinello D & 512, H—FRHEFE & o Fa Rt ERZ R, EX T FESHEEEL
TVWBPB. ZNThH, BECERFE2EOEBMEOH R I 2 L—T 3 VIZSHT ST, §F
BN DPREZZAHTHY .. ERNRERIZIEIE > TR,

ZFIT, B6E, B7TEIZBVWTIE. MEETTRILTEREY I 2L—Ya VFROMELAZ
HIRT B BRI DWW THRET 5. 8T, ERBRNICERERODEEZEEFHT A L2HE L
T B—FHERICE I VI aL—va VERERS - B%T 5. 20D, # 6 HITBW T,
H—FRHETHHEMAORVEE - B0 EERAA. RRRCE—FHEEOWEHF~DEA
FREMEIZ DWW TRENT 5, B 7 BTRELIL, F—FHEEEZS T Ial—YaVZnlT5Z L
T. BRI OB ARY I a2 L— 3 VBRI TIEICOWTRET 3,

6-1-2 VAR OYEIZ OW T OB EDBFZE

AL TN I =7 A AIN R LR Zn0 72 &, TV SRR BESE 0% < 0EBLEWITkE:
HBTEEEERT. ZNOOWHE T, SMEFAKCHRMIIC X - T, FElR OBz RE]
T2, ZOL5EEERNA LT, FlziE AN Z9OWTiE Kline[K1] « ZnO iZ9WTiZ Wang and
Lakin[W1]%5. %72, Foster H[F11tZ CdS, ZnO 22 &, % < DWIEHIT X > THHEIZ L 5 acoustic wave
resonators ~DIHFABTHON TS, £, FEARAL L ZnO PEMEBELEOHRIZ S U T B
PRABITHAT BN 2L =Ktk &k d 2 &5 Matsuoka[M1] 12 & o TEEG S, Bk, =P 77
V=N[KI]ZREDTFTNRA ZRZIEHEIN TS, . AN ZEVEEED ~320W/m KHEEM. FEED
BEREATIZ~260W/mK)TH V. Cu D 80%FRIE. ALO; D 3-9 fHLL k. & K& L[S KEBE. &
BRI BHRBREL VoML S TR I LB A——a v Pa—&Z /& VLS Ho#
WAt E LTEEENTHA[, £, B4 3E TRYD # > TEXEEMEERHEH TH D Perovskite
BRER T, HEBRYKE(PLTIO; T~490°C) THFBMAMICHEERE L. Mg, EEEEZRIRL<
BRBEDITH L. YUY EHREETIIZOX 5 BRtirEom L2t 5 iR EEE T, METLE
ELUCTEBEZRBET 5 Fig6-1[K4) T & FHEREDREMKRFER &L /NE W (Fig.6-2[K4], Fig6-
3[M1, 278, BBIEBITS 7 VAT a——& LTOILALIFENLTWSPL.

ZDE ST, UVEEREE R OMBNL. SRR ERTICOE S THRIRES B 0.
% OEBRPFER SN TE ., WHITIE. Hejda(Fig.6-4[H1])AS Orthogonalized Plane Wave ¥kIZ & o T
AIN OV FEBEZHBE LTS, RO R TlE. Herman and Skillmann[H2]D R FZLEBI = v
B ORR, HEEERNY RXy v 7% 235¢V &. Pastmak and Roskoveova[P2, P3]5H D EERA#E
5.74cV(EEBRE). 35eVHEBR) L VbR D /NS BERL > T3, TOHRIZDW T, Herman
and Skillman DZLJEBIE T <. Hartree-Fock ZEBEEZH WS Z L THEEBRANY FXy vy 7R
391eV & ERMEIZVEL 725 Z L [H3] HEEDD L. AIN ITBI 2 HFREREOAR 7 EREHE
7=, Solanki &% Linear Muffin-Tin Orbital method (LMTO)#: % FV T M5 BB B &2 518 L[S2].
¥ 7z, Chen b IXRFT R ILBIEEEN. RT3 ¥ L2 W Plain Wave 1 TZ/E#(BN, AIN, GaN)
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DIERENERBRFFL L THB[CL). & BIZ, 16GPa fHEDEE FIZB T AN i3 NaCl Bl
W 5[G2, VI, UL]25, #E RT3 NaCl BRSSO AIN OBFRHEIT OV TS Pandey Bz x
> THRE S 4172 [P4] Bloom and Ortenburger(Fig.6-5[BI I REBRAVER 7 2 ¥ 4 MKIZ X 2T Zn0
Y RHEEL KB R XY MARRE L, ERIICA DN MR Y — 2 ORBICH L, $7-,
Kobayashi 5 [K2]i 18 tight-binding 12 £ U ZnO DNV FHEERFHEL T3,

BRI D X 5724 32 OBRRIEHIZ OV T S, Frozen Phonon 7 70 —FZ X o T, H—Em
EHEDSRZET+ ) LT — R DFHEIEA BRI O TITFHONRTWA, Ruiz 5 [R1]iZ Hartree-Fock
ET T LB/ RRtBi(Fig 6-6) & 1TV FEBIEGRIROSFHRERICE 2 DB OV THELE L, 3
HREL HETF ) = ROV TORMERTT > T B, Gorezyea H[G2)iE Self-Consistent Full-
Potential LMTO(FP-LMTO [M3IKIT & - TEREFICBIF 8 HET7 # / v E— ROEH 2R~ 1,

N5 OMETE—RBEG SRS, TERE. BBVIEIRFET+ ) VE— R ERRER
CRHETEBZ L AR LTS, BIUSFEECEERHIZ OV TIE. Ogawa[O1, 02125 BfiZ: Lincar
Chain model DFHFEZFToTHY . Fie. Mz bRBRIA 2 KRT L3 v VERWEFEHICL] 2%
Do LBPLEHRL. INHOFETIE, NICEMOBERCRBRRT VU X VRRETH S, bk
DE DT, UV GREIREE R ORI A TN RIS, ZOMEM ESEIR S h B,
MRRRGET OB 5. BB EE. BTy R 82 NEE T IE—HENICHE. Fakit
ZPHUTHILHBBETHD, L Lo, HEEEE. EEREE2 S5 b8 L flide
v,

Szigeti[S3NEHEIBHF ¢ BN 7 + / > (Transverse Optical (TO) Phonon) DA JEIE @, HATH:
HEE £0) LHPHFEE(0)BRA TROMNIT .

¢ = O 5 D

b L. TO 7 / U HREIE E ARERHDE —FHIC DV TRHETE UL, BB RRIIRHEE
DEEBMZRVTHEATED ZLITARS. EHIC. WBEKT RO T L% TO 74 / > O R & —
VIRPEO TEMSE, TN S RS T ORFEHEAEHETENE, [EBEEAIFE
TE 5.

BLED & 5Bk ZEA. ARETIE, F—REHLIC X > THROBE - EEBEEHE - T
T DHBTOVTHE L. EBEEH LRSHNED By B 7 Ly SRRl R 2 6l & LT,
RENLREWTH S AN & ZnO OFE - EBRHEOREICEH L. H— IR SO S~ D
AR OV TR LTz,

6-2 HE—RE N REHE OB

INET. FERBRID THOEE TR L LT DV-Xo 8. 85k & LT Tight Binding 3EICD W T
BATELD, EBIT, a NTRA—ZDL S BRB/RT XA—KE—CREL LRV, Wb [§
—JRE (ab-initio) ] FHE LRI > TE TV, RO FHEE, WhWPB AL REHEEET
W RERR - PREBRAVITIE & U TREBRIVEE R 7 2 3 % LR Tight Binding #2350 . H—REIYH Ik
ITik OPW ¥k, APW i, LMTO ¥, $—FHEERT > ¥ ¥ V() VAMRERET Vo x k) E
BEEND, 1970 AT E TII/NY REHEFEIT APW 3, KKR 25, OPW ¥, SEBMUEBERT VY
¥ VI, Tight Binding 3572 IR B TWES, ZO%. Andersen[A1)IT & B#EILHE(LMTO #[S8]:
LAPW i), SENBIEUE. B—FHERT VL v VEDBITE & MO E ORI B L
72[03]. '

RO FREEZRET DL MRICEFORE L LT, oS IF - d 5 5 Tl
FEFAIRITREL U RF OB TELESNB30IE L. H5E0OS oM
CRTEER T, WRERCIER > RIREER L RSB 2L THS, KR BEOREERHHE T
BEETHY. RIELIFREELOL SRS PHFNAY RHEOV L OOBETL BT, 0L
B, NV FRHEFRE— DR FhEEEE L UTHEREREL BT 5 Plain Wave &, OPW 54 D+
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BETF VY X NEANLORBIFENIEY. . BAHEEBHRREL UT APW ., KKR ¥k, fHREIL
L7z LAPW . LMTO ¥, FLAPW MEANBRRBZHNAEH 5B, OPW & TIk Pl I 5 il 2 (e
L. ST Y ReEpliugicmssd 3 Fmik s UTERT A0, Plain Wave X D SHEEITA
RWEHREE TRESHE S &, EREREOIEEZEHTADICEL THBE LV HF-ED
5. HHEOBE., ZRPEFRTHDTNE. BFROGZETFORT Vv, AeRTrix
NEETANVDWYWS Muffin-Tin RF VI X VEFED 2D, BFONRY X0 IHBRERER. L&YW
IZOWTIEE KR Z D TV A A, Muffin-Tin BROFBHEBEREHE. 5 W Muffin-Tin F{ELD
M TRVEERRE R SITREE RN, 205 B, LAPW 3 Tlid. Muffin-Tin 3R 2 SR THE T
DI L. LMTO BTIEREREHWTE Y. LMTO # Tk Muffin-Tin BRAFOIFEBIE OIS I
BEVEIZ 72 B A5, Muffin-Tin 3R T2 &4 2H DR  THRFECER(ASA )R EiT X D ZoREIXE
BWENTWS, ZhbDFETREEORBSE S THEA. BEVLEIZ X » TRHHERFEAE S TH
el V5 EFNH DM, LAPW, LMTO & b TR LB THE O TRV —E, 2 R DI BB
BRGS0, BRRFEREL b b IRy(13.6eVFHED TR X —HHIZR b0 D,
CEHIC.3EBRORNE LT, HFORFLEFHE THE L7z, LCAO -Linear Combination of Atomic
Orbitals- ¥:23H 5, fERPIZBNTIE. FHFEEREZANVS L. EhEREFhOR-FRIZE
WTHILEBOER Y OB ZHETARERD V.. WAREREELETH 7, £DE
HBENEE 5 B TR Tight Binding SEEIMBE S HWHNTELDITTH D, FHEBOESRTX
o TE—FHRY LCAO A FEbNA X5 Itk TW5b, FFEEEEZEUICESZ L THEZH
FTORLEREEREZPRSTEDZ L, RIPREZRERCHETESZ L. LAPW, LMTO #
DX S5 ZHEFBDOTHINX—HEIEL R, WRHTED TR VXF —HEM LEHETE SR EOF
BhEH B,

Crystal [D1, P5]iZ Pisani 512 X - T 1980 ££6 %> 5 BIR D E b 7= 85— JF B Hartree-Fock LCAO ¥
DTS5 ATHB, BFEFE S0 7S ALK, HEETIX, QCPE, JCPE X, pHI~—A T Gaussian
Inc. 72 EPH AT TESEH, B—FHHER—-2ON Y FEEHEOTE S RICAFIRER 70 VT A
13470  (fllzid FLAPW, Pseudo-potential Plain Wave IR72 ERHB). ENHDOHTHEMINLY
ZFAEWVWR D, 1988 4EIZ QCPE TAB &7 Crystal88 Tld Hartree-Fock #El % #HI L. Gauss BY
BYFLIES (Gaussian Type Orbital -GTO-)Z R FREBS & L THWTWA 9. DV-Xa HED & 5 il
HELIZELRY., BEISEIELZEGFTES, . HHHEEPLELNIENIH L. M
HORTF LT N B—THETL VRLHERTTS Self-Consistent i NTNW5, ZORH, &
TIRNF—LEPEERFENRTES, HEMEE UTHOYWTWS GTO HRiE, BoatfichE
RET-ETHEAR. ZBHEEERREORD 2ENEETTE S0, fHERRL, BoW
BEABE DI, AR FHEHEIZRAVWSON TS, KL, Slater Type Orbital R, BJEEH M D
Shrodinger FREREBNZMRE U TORTFIEEBEEKE W< OH»D GTO ZHWTE LKEHE Gauss
(Contracted Gaussian Type Orbital -CGTO-)BIEEENE AV O TS, B THRSH, EETIE
Hartree-Fock #{8L & ¥ b 3HELR A A0 VB F OB AR 2R Y AD 2 BB FBEEHIC b GTO
BELITHBEH, ZHMEEIERIC Gass BEZE T 4 v T 4 VS EBBRICREDTRT VR ED
MEELH Y., B OB W4 1TIE Hartree-Fock LD FBAERIZR S,

LRI GTO 2EEE L U Crystal88 R E T, £9 CGTO REMEZ D ZLELDH D, KEKR
F ORI, ZORFHERS 5, p, d. WOBICHHETE 5, ZHICHHE LT, primitive Gaussian B
B(GTF -Gaussian Type Function-) &

gs(a;r) ze‘”z, gp(a;r)zre"’?
gi(ar) =re™ (6-11)
L LERIEND, 5, p, dBORFEREOTEBEX

Rns(r) = zans,lgs(as,l;r)= Rnp(r) = Eanp,zgp(ap,z;r)
1=t =1
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R (7’) = Eand,lgd (al;r) (6-12)
1=1

&, primitive GTF D —k#E& —CGTO—THT Z LS TE 3, FRECE BB T AR L 7= B R gy
(Hermann-Skillmann 72 £)72 81245 £ 512, B/NERE THET 3 %S, BASHVIZIE,. &3
C\%ﬁﬁ@miD%@ém*w¥—ﬁ%mm&5ﬂﬁx—&%&%?5:av\%ﬁ&%ﬁ\o
Y. CGTO HEARET B[H4], ZDF=®H., Crystalss 2> Gaussian 71 77 5 THES CGTO
ZEIR L. CGTO HED NS A —4 EEIFINE—IZONTE/METSZ - & CHGHR AL B 50E %
MSETDHBHIES ., HEiC CGTO HE%F b\Zo%Hﬁﬂﬁﬂigﬁd)émﬁﬁﬁﬁ%ﬁ%&zk%tc?é%i
2HEZBTEPMLNTEY, BB OBRBIER I EE T2 5,

6-3 FEEREE « 358 - B0 E

B—FH Ny REFEIE Pisani H3EI% L= Crystal88[D1, P5]Z FIV T 5 72, AL N, Zn & O DL
B8 refs. [G3), [B2], [C3], [H4] CHIE SN TVS & D EF . B DBIEIZ DN T I split valence
L. BHERSGA— A B2L TR~ Heinz Hlitko T?ﬁ%éhf“%ﬁ%%ﬁiﬁi[%, S6] TR/
TRD &5 ITREIE LARB L, BRAICE S RS table 6-1, 6-2 1T LTz,

Figure 6-7 {37 V> §KBU% By(space group: P6:sme) DS EKEERITH 5, AIN & ZnO R TIE. AL Zn
AF VB 2b) sites (2/3, 1/3,0) (153,213, 1/2) % 55N, O A F3 5 2(b) sites (1/3, 2/3, 1/2+u) &(2/3, 173,
WEED TS, BTFEH o, c LRAFL O 7 Bk o BEEE S 2 —XTHD, 4, 5HEED TO
74 ) B FOIRBY A — 2 % Fig LIZEAITRT(Z ORE — L idRA FLDz BT 5T
LTHETES). BRI, BEDST IV E— 2T ER 0.c 5 UNEEBEE u 2 Z IR EE L,
RRELTEREE2EE Uk, H3E60E Mulliken population analysis[M3] DFEREERH =, 4, TO 7
# /) ¥ F# o (1Z Frozen Phonon W2, W3IZHE» T HEE K (BLZRNVF—DA F L MICBT
D 2 RYTFREO B RD. AP BEE LI,

o, k (6-21)
7
CIT uBMEEETHD, HBEBEA0)L Szigeti 2 (6-1) Db
g(oo)+2 ’ e
0) = 6-22
o0)=ofe) [ 122 2

HEVER %8 —FHEEE T/ 51 = Mulliken population analysis DFEREZHE LS BL Z & TE LN
5. .

AIN % Zn0 2 EOEBHRHE OB AR, AEEBIZ L > TEA AL BB L. = DEMHPITE
AZEALL. Es (=1, .OBEIRTEBEELS, 83 ETRE L ST, BT 4 13k T
EFENZB,

s =2 d,E, (=x7y,2) (6-23)

J
SRR E 03 c Bl EATICAS hi=2 LE 5, /fﬁ“/@%ﬁ&*@%ﬂﬁ%ﬁ%%ié&\ Hi bk
FHOBEA 0 o il & BT, HHICEMT 5, INRE T kRO L S IR FEHREL. &
TR a, c 138a, 6c FIFTEALT B,

& o

5= —= d,E,, §=—= dyE, (6-24)
JERRERTER ds; & dss IZEINBR E F COFHMEFEL a & ¢ ZRHETERSROONB, L L
BAD. 705 LD L BREPT TOFEIRTERVED. A A VI 1 % TO 74 /) ¥
T FICfE > TEL S BB 5 ZOMER RT3 EHR TR o & o BRI L. A AV
BROEALSu T 5 M TR DI &8 5 5 HBITEE Coy & Co BRI HNS .

s, =C,P, s, =C,P, (6-25)

ion ? 33 ion

126




TP lBZAF VBN L > TRET DA AV I BHEETH S,

P, = 1 D e*c-bu (6-26)
V' it cen
V: unit cell volume
BT TBDOITBANDFFEE LT,
P = Xinke s Proe = Xaecl (6-27)
P =Pt Poe = (Lin * Xaoe)E (6-28)
FEBEE dy & dunlZROEDITKD LN,
ds; = Cyy Xigns dy; =Cy* Xiom (6-28)

BRIEZE Yon & Jeroo [FFBBERA0) & () DBEMD B WIEHEMI HBFONSB,

FEBREFERTIE. ERICBVARBORZHRBEEAMENS &, 4 3 VX BHEITH > TEA
TBHH. BFRXBHOBILIGER TER LS, ZOBARBEEALETOHEE & PEHES
nd. —7hH. LEEAEALY b+ BN EEETIEA AV BRBRBIEE-> TEM L. BFL—HHi
BT S, TOLETIRERNEN TOBEES:; PEREIND, EEAEZHOIEE ¥ 3L x
NE =R FERZEE LEEFTT u 2L LR OHETAZ L CHETES, £ &
I NEBDODREB . 5260w TBOWTZFLF BRI RIEFERERD, ZOKO
BTFINF P LHETES, P L IEPHETENE. & &85 E3R6-2D). 620 56KD5
N5, BRIEWEGRE s 1dds & s d HIRDOBRR[21 HRD LN B,

-k, =22 (6-29)

x
£ 33

6-4 FER/LVELE
641 ZAELTAIZ=TA
Fig.6-8, 6-0 ITE T EH LB EMED AIN DL F L F—FELERT . T ORNED S EHTH
FEEBPRDONDEB. ZOX 32 LTREEL > 7% table 6-3 ICERIME & HITRT, TR LF—
BINDEHP B RO TFER a & ¢ THFHERE 0K TORTFEHIZHYUT 525, BEHOERELY
F01%KRERMETH -, FHEIZ I ZEHEEIZIR ., Fig6-9 hOIANE. EROKTELE RV
TR DERDONEHEEE u ITHT 22T RIANF—BOHERRETH S, TFLF—RB/NMNIBITB%E
R u=03824 TH Y. BHE 03821 X —FT B, ZOHEMS, B—FEFEIZL > TAN
OFGEREZ RV THETED T PHATE 5. RBE DR RIERE 4=03821 ILBI 34Tk
NF—DA FVERATHT B 2 IR EEED H3kDT= A; TO phonon mode (fig. 1)iZ 692cm™ TH - 7=
(table. 6-4), T OFERITEIEL VY LH 5% KE W HEHBBEE L Szigeti BRFOXIMEZ T, &
AOHLERREERIE 1020 &2 0 SREHE 9.14 X ¥ & 12% K X2 fEHE b7z, Sanjurio ef al.ix AIN O Szigeti
Bz 1.2¢ LMELTWBER, THEHAS LFHEM 13% 13 16%KELR->TRY. BEEDG
B RKELTBIERER>TWS, Ruizer al[R1]IZ AIN DA F v BRAICEEBESRISTHE
HE L TWBR, 6-21G HETIE 1.934e, dHIGIHEAEE ALN IZMZ 7= 6-21G*EETIX 1.451e & 72
Do KBPFETIT Crystal88 70T AOHIR» . ABIGBBEIEIEHER BRI RERESEE2 LEON
BRFZONTIIER L, HENKEEBTS AIEFIZOASDTVS, ZOBETH. e
X Ruitz & LIZER UERPBELNTVS, I 5HDOHEIX. Hartree-Fock LCAO T Mulliken
population FRHTIZ X » TR OB A &V EBHIL. Szigeti HIBM LY L AX < BEL 3EAREH B Z
LRIRIE LTV D, A BEOF BT Szigeti VAT 1.2¢ ZHWVS &, 3FE1Z 8.84 £ 72 1 . TO phonon
REEERESBRL >R ET, FEEENMESRBLBZEITR B, Figure 6-10 D AIXEEE
BEeE2 00, RTFEEMEE., ZOBOTINE~BERARE LD TH B, BT EENIE
TRHELEREPOHE Le DEIZ 119 TH Y. EEALELET TOFEBE LV L 17%KEL
ok,
Figure 6-11, 6-12 1 c i A RICBEFR R BN X EBFORFEROBILEZR LTS, Zhhb, 2
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FIRFD c W ENCEATT 5 & 1=0.876~0.888 DT TIFIEERIIIC o WILHT. o fidiEte = 2 2
DPD. TO u OFWHRIZHBEINEFITHRE U T 435kV/mm AT 2EHBROFERM 9.14 % fF 4
TRl U 72)3, Bl ZIE Pb(Zr, THO; D X 5 Bk B ClI 0 BB ZR OB LT h HEEn
6kV/imm OHIMBR T THEDNS, 2O Z LiE. AIN TRERERIV L 2HASVERTT LT
BHZETBERICHAI L. EEDRIEHECTEZ I LE2EHLTHS, [ UREZRAR I O Tk
N0 THELNS, ET. BREF R uOKFVFHABMERSZ L. AONHERELS = ey
by FHEDRER. dy<0 & d>0 THBZ B0 5, HIERE. Bl LEHBEPDIEBER 4,
& dis R UTERERE table 6-5 1R Ui, dyy & dys OFFENIZ A — & — Tl SR & —ET B,
34-36%RERMEL R 0. &5 Lo’ D BFHE L BAEMIE SR 113 038 TH Y. BER{E-03
LY BRRY REV, BRI ARE ks ZHMEI L 754 TV R 5 BRIV TROL 5 it sh
3(12].

k,=—3 . (6-30)
S35 &35
CORP Oy ks B3 dos THBIT B2 L DRD . ZDI=8, ks DFFERRED S  DEDE ds DT
CEETRHEEZLNS, AN EOWTHREDEBRFROEHEZ S, SHTEXILHT—4
BB, EHER B TH D25, DO » 5. FHEOHBRBIIEBERE X
HIZERRL 3 Z &8 bhh oz,

6-4-2 ERALAERD

Fig.6-12, 6-13 IZHTFEREE X 2D Zn0 DL T F X —45{k% . Table 6-6 IZRTE Uit S
ZRY. AR 1% ORE TR B EHEEEEI LTS D . BPEke VXS HIE Iz
RL<BHOTNBH, a DB c #liER AN DFFEHRE & A3 & i s, £7. B SRR
b AIN DFREREIENB &, BERKE WV, Figure 6-14 [TEBAL(O. B BT RBE TORR(E
ERWIE). EIENGEM(A) TOZFNF— DBEEEREREER LTS, RN TIE. T3
WX —RINDGEME 1=03824 L7RoTedS, EIRHLEMETIE u=03837 THo. =DEW 00013 it
FREHDORTERD a PRBMEED BRE B THWB I LERRSS L£2 bNh 5, B
HEDFH TR R table 6-7 IR Lz, HAVEMIL 1.46c TH Y. Srgeti RTEBNS 1.06e[C4]1& D
PIRYRE VLR ST, 6-3-1 HITHMA LE X 51z, HEEBIE O HEIENE Mulliken BRI X
DHMBR O ERRIIRESHBRE 23, TiEFORNMBHEIL 3d THB DT, 7 BB
ZAIHEIZADBZEPEE LN EEZ LR, Crystal88 DOHFI L. SRIOFHETIIHBIZANT
VR, ZOFRBBBORMBPEHBRHE o e K BHEL->TWAERTHB EZ2 LB,
HEEOFHERIT 6" T892, & TIL1 THole THOHOMIE. BEE $81 & 11.26 17 F < —
BLTHSED, TO 74/ v RBEOH SR RILRBM L D L7 05 < BRI - w3, TO 7%
/ VRBEE O HREE R A B O ERBESIT B LA > THBE OB A R E 1T U il
L7822 TW5B, Fig.6-15, 6-16 & Table 6-8 I EBIF D EEERER LTS, AN DEPHEER UL
DT, BEFRELIZ u=0.370 & 0.390 OHF TEBENICEIL LTINS 2 2R/ Hh 5. dy & ds; OFFEAE
EZNZN-6.55x10°C/N & 15.5x101C/N TH 0, SER{E-5.12x102C/N & 12.3x10°2CN & k ¢ —E
LTz, BRUBEMARSGERE Fss DFFELEIZ 044 THY . BB 0466 & B —Fkn L,

6-4-3  AIN & ZnO O kb :

ATEi % T T AIN & ZnO DFE - EBREHOHEIZONWTIRRTE 7, 2O T 700 X
22U AIN TOREE D bRERBMABESNE. BT, ZOMBIIONTEETS, LR
DERIT Gauss BIBIIEE HV 25— FHEH S ClRdEic EE T, AERROBIEEII KX
ZHABTLBMONT NS, A, N, 0" OBFRBIE(15(25)(2p) Th B DItk LT Zn* Tl
Bs)’Bp)’ B L2 o T B, AIN R Zn0 D X 5 A FEB IR B T HREIWIZ X o TA o i@icdk
BIZRWAMBERPLPY . ATV OBFELRIOBEES, Zhii AL Tl KRR
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BB D RIS DBIIT X - THERESELAIND T L EER LTS, AUV'A 2 Tl o B
1% d 7 Gauss BiIZE LTV ANDBN TWAR Zn®* TRYBEEEZ rfl LV gwici ., Fu /S A
DOHHI LRV FE S T LB TERY, 20D, BHBEREAUHEBOBEEPRELI RTINS L
#2613, FT=. Hartree-Fock 3 TIIFHEIC L EREIR(A TV —. FHERRDINTIE N (V-IL B
DOENCHB L THART I8, ZOBEEP S b Zn" A F Vo BEKERY Ah3 Z LIZRECL 5.
Z OHIRR LR L BB R A S R T Y % )V (Effective Core Potential -ECP-)ZH Y AN B Z & T
WEINBEEZLN., 2. ZOEIRYURICE-> T, EBHERDOL ) BREIBROHEHED
M BRI EN S,

JEBEBIIDBIZ XL o THEUBEDFRE G, Cxs AT VBT L B BEBRERZE o 2FNWT. K
62T X H>TEREN S, AIN & ZnO D CiZZNFN 0176 &£ 0233 TH 5. Ci; DfiElE AIN & ZnO
TENUEERE S BZED LRV, dos DX AIN Tl Zn0 O 2.4 fEIZR 5> TNB, go=as-n &
LTRBL oA T HBHEIL Zn0 T751 TH Y. THT AN O 1.75 fFITHYST 5. R(6-28)%%
BT 5L, AIN & ZnO O dss DFEWIFHBEDEZENWZTICERTEZ L8005, ds THLRETH
5o

6-5 FHOTHDELY

TV GEULEY TH B AIN & ZnO I2OWT, H—FHIZE OV THRERE. B8, 8%
HEMELEZ. B FEETHEEZHERSHETESZ L. Zn0 DBHAETH 1%HDEET
AHETES ZLARGD LI, TO 74 / Y ANREE HHBIEIAE < RFL > 7285, Zn0 TOR
ZDFERO—EWIZ I BBEBDO XM DD LEZONE, SEIOFE TIIEBEELBRENRE AR
B 34%BIAORETHHTES Z L bR SN, £ Zn0 & AN OEBERDZZECTHE
DHFBEDENIC I B D THB I LB oI,

6-6 6 TIZRITAMEES

EWZEICRBIT DHETIE. B EMOBENFEE « FEHEOHERBIIAREEBE52 3
2. AhEE OFEREZ LIPS Z EARCEETHI Z LB RS NE. 7. RO EBEE
EEHEICIR VAL Z & THEREZAETESTHS S5 Z L bR I,

6-7 ARETHERLE. HE5NTHWET v/ Z A .
BETEE—RIENY RFHEBEO Crystal$s B L O, DV-Xo BEEE L Y Gauss ZEREERD B
TulZIh BIXOZENLOHBREWEILT DI u /S Ak ERERL. HVE, ZNHHEEDORM
%% Fig.6-17 ITR T
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Table 6-1 Gaussian basis set for AIN
o;: Exponents of primitive gauss functions (7 means s, p, sp or d shells)
d;: Coefficients of primitive gauss functions

N for AIN
ot { d, Ol | d, | d, sy
41501143 EI.84541E-3 5.42522 .:-4.13301}3-1 f2.37972E-1 0.28
6.20084E+2 E 1.41645E-2 | 1.14915 | 122442 | §.58953E-1

1.41688E+2 E 6.86325E-2

4.03367E+1 | 2.28574E-1
1.30267E+1 | 4.66162E-1

! |
| I
| |
I |
| |
| 1
I |
| |
| 1
1 I
I |

1
4.47003 : 3.65672E-1
Al for AIN ‘
s : ds O(vsp : ds ; dp O('sp g 77
] | |
1.39831E+4 | 1.94267E-3 | 2.39668E+2 | -2.92619E-3 | 4.60285E3 | 0.18 0.425
| |
2.09875E+3 : 1.48599E-2 | 5.74419E+1 t -3.74083E-2 : 3.31990E-2

|

] |
1.34360E+2 | 2.46830E-1 | 6.59914 L15635E-1 1 3.30476E-1
4.28709E+1 | 4.87258E-1 | 2.49049 6.12595E-1 | 4.49146E-1

! i 1
L45189E+1 1 3.23496E-1 | 9.44345E-1 | 3.93799E-1 1 2.65704E-1

:
[
4.77705E+2 | 7.28494E-2 | 1.82859F+1 | -1.14487E-1 | 1.36282E-1
1
:
|
i

132




Table 6-2  Gaussian basis set for ZnO
o;: Exponents of primitive gauss functions (7 means s, p, sp or d shells)
d;: Cocfficients of primitive gauss functions

O for ZnO
Ol | d, Olsp | d, | d, Olsp
4000. E 0.00144 52.1878 E -0.00873 i 0.00922 0.23
1355.58 i 0.00764 10.3293 E -0.08979 i 0.07068
248.545 | 0.05370 3.21034 | -0.04079 | 0.20433
69.5339 i 0.16818 1.23514 i 0.37666 E 0.34958
23.8868 | 0.36039 0.536420 | 0.42248 1 0.27774
9.27593 E 0.38612 E E
3.82034 | 0.14712 | |
1.23514 ; 0.07105 i 5
Zn for ZnO
s L d, o | d, oy A
34583.900 ,}-0.0051360 173.64285 _":F-T).“169"527_7" 1048.9693 E0.0093080
5182.1894 i‘-0.0389089 20.245872 i0.6359650 248.23974 i0.0690456
11743355 | -0.1757074 83375162 | 0.4387383 78.997823 | 0.2633650
330.18773 5-0.4679145 E 28.615073 E0.5106220
101.84016 | -0.4513158 - ! 10691294 | 03276906
. . .

s | Op | & 0l | O 0%
14396225 | 0.0270500 | 56350841 | 03352033 | 56.078873 070295880 [0.53 0.20
2.4333038 E-0.7218901 2.1698977 io.5517499 15.766075 50.1584908
195703435 | -0.4124648 | 0.8050283 | 0.2335717 | 5.3208500 | 0.3793130

E E 1.7779220 30.4691951
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Table 6-3 Crystal structures of AIN calculated and measured.
Values in parentheses are experimental ones.

a/nm { ¢ /nm l cla l U
0.3114 0.4984 1.6005 0.3824
(03110°%) | (0.4980™) | (1.601) | (0.3821°%)

- Table 6-4 Dielectric properties of AIN calculated and measured.
Values in parentheses are experimental ones.

2 e X

. .
Effective charge ‘ wave number /cm n €13 £33

+1.39¢ (+1.2¢7) l692(6593°)) |4.8432) |10.20(9.1432)) ‘11.9

Table 6-5 Piezoelectric properties of AIN calculated and measured
Values in parentheses are experimental ones.
ds1 1 10°C/IN | dss / 10°C/N , Fss

-2.71(-2°%) 16_72(53”) |0.38(~o.333>)

Table 6-6 Crystal structures of ZnO calculated and measured.
Values in parentheses are experimental ones.

a/nm l ¢/nm ‘ - cla \ u
0.3283 0.5228 1.5924 0.3837
03253 [ (0.5213%) | (1.603) | (0.382%)

Table 6-7 Dielectric properties of ZnO calculated and measured.
Values in parentheses are experimental ones.

2 e X

Effective charge wave number /cm n €33 €33

+1.46¢ (+1.06¢°) ’492(3773”) |3.7536> |8.92(8.8136)) |11.12(11.2636>)

Table 6-8 Piezoelectric properties of ZnO calculated and measured
Values in parentheses are experimental ones.
ds; / 107C/N l ds3 / 10°C/N ks

-6.55(-5.12°%) | 15.5(12.3°%) I 0.44(0.466)

134




H—RBINY REHEL
BT R F—

AIN ZnO

]

(BB

1
L | TOZ 2 / HRENEL || Mulliken populationf@hr

v

EEH
)

Y

BRI & R

BEH

m%T etk

E@#E@%@%ﬁ«@

Flow chart of this work

135




M‘E:A% L ba 8 a8 s pnp, .
023 4 ‘ 3 @ L /2
19 i -7
022~
18- ] ~1ie
0.2t 0.0 o .
0 o [ ° 17 = —{is
K oz}~ 2 L
o9 b— o - .. “;3 (LY od ‘/ ~{iq ‘ﬁ
l LX) % = ﬁ*—‘o——.m
I M 1. (L3 ‘// —i3
[e1 4 ol 14— é. —412
Na
o8 i 1 i ! i - 1 | J
"o 00 200 300 400 500 600 700 800 13- . -~H
T, K i
' 12 "il" —L0
. [— -."./‘L
Fig. §-1 Temperature .dependen(;e of TSRy s — 90 7
coefficients of electromechanical coupling of aas g arsatht ‘
© L L ! 80
Zn0. [K4] 0 200 300 400 %00 600 700 800
l-k31, 2-k15, 3-kt. - LS - -
Fig. 6-2 Temperature dependence of dielectric
constants of ZnO. [K4]
T T
I-&11, 2-&;3
» i T ! T t
B = Taster yad Lenie 19" e r:"" .

AT g,

&g ()

Fig. 6-3  Dielectric constant of AIN at various
frequencies. [I1]

136




il L\“’ AN
“r ic) L‘;s
1&4 ’%7 ) 1}7 “,
%//%/ , % Z
ol Z ]
'U{—\\J ’ 1 i 3
a0t

-ﬂf—//”’_ \:!
i T~
‘Z‘; 130 3 41 AT

Fig. 6-4 The energy band structure of AIN.

[H1]

0.80
s
0s0 [T /\Q < -
3 000
Lo}
~
e R D2kl
w N ] /\_2 .
-0.80
-1.20
A LM T A H K r
Fig. 6-6 Electronic band structure obtained

with the 6-21G* basis set for wurtzite-type

AIN. [R1]

Eue

G f::
S

‘:vs 0 v by y Ay /\-/"u x,K'
- & _H‘/\/ 5 A \f >Y\ L
L :

¢ =Lblev

P
Le

0gevf

5]

3
)

15

100}

o 2 E‘/ %i 2 Ky
" \ My / :u\_ By

Fig. 6-5 ZnO. Band structure and calculated density of states (solid line) in comparison

with a UPS spectrum (dashed line). [B1]

137




Fig.6-7 Crystal structure of Wurtzite-type compounds.
Short arrows mean the displacement pattern of optical
phonon at I point.

. -6.1930 m 619395
E 61931 £
S 61032 e -6.19396
S -6.1933 S 619397
~ .
5 -6.1934 S :
Z 61935 Z 619398 é
£ 61936 5 -619399 F :
2 -6.1937 N E
%' -6.1938 Lﬁ -6.19400 |
£ -6.1939 8 3
: - f—
M _6.1940 g 019401 ¢
A9 B b 619402 e e
028 029 03 031 032 033 0.48 0.49 0.5 0.51 0.52
a-axis /nm : c-axis /nm
Fig 6-8 Energy change of AIN with Fig 6-9 Energy change of AIN with
variation of g-axis. variation of ¢-axis.

138




-6.193992 T
-6.193994 |-
-6.193996 -
-6.193998 |- »
-6.194000 [-
-6.194002 -
-6.194004 |
-6.194006 |-

-6.194008 |- /'
-6.194010 |-

6194012 Limmm b
0370 0375 0380 0385 0390 0.395

nitrogen coordinate u

Energy density / 10 "J/m 3

Fig. 6-10 Energy change of AIN with variation of
nitrogen coordinate.

0.3122
0.3120
0.3118
0.3116
0.3114
0.3112
0.3110
0.3108
0.3106

0.3104 B e L L
0.376 0.378 0.38 0.382 0.384 0.386 0.388

nitrogen coordinate

a-axis /nm

Fig. 6-11 Change of lattice parameter a of AIN with
variation of nitrogen coordinate.

0.502
0.501 %
0.500 |
0.499
0.498 |
0.497 |
0.496 |

0.495:llljlllll_LII\IIlIIIIllI('IlLI
0376 0.378 0.38 0.382 0.384 0.386 0.388

nitrogen coordinate u

c-axis /nm

- Fig. 6-12 Change of lattice parameter ¢ of AIN with
variation of nitrogen coordinate.

139




. 339421
-3.39032
E 339422 & - ?
) : £ -
o -3.39423 | = 339033 .
~ E =
PEEECY: = e
£ 330425 £ 339034 [ \
_— £ =1
>, -3.39426 F u = F
& : / B -3.39035 - .
S 339427 F o F o
5 3 2 :
B 25050051032 055054035 0.360.37 038 = 339036 Lot Sy O
290.30 0.31 0.32 0.33 0.340.35 0.36 0.37 0. 3.
0.290.300310.320.330.340.350 0 0.46 048 0.50 0.52 0.54 0.56 0.58
a-axis /mm

c-axis /mm

Fig. 6-13 Energy change of ZnO with

vatiation of @ axic. Fig. 6-14 Energy change of ZnO

with variation of ¢ axis.

-3.3902590 ‘

-3.3902595

I

YT T

-3.3902600

-3.3902605

Energy density / 108 I/

-3.3902610 E— R R
0.37 0.38 0.39 0.4

oxygen coordinate u

Fig. 6-15 Energy change of ZnO with
variation of oxygen coordinate.

0.532 {
0.530 F
0.528 F
0.526 f
0.524 f
0522 F
0.520 F
0.518 |

0.516 F
Y3 V) A S A J

0.370 0.375 0.380 0.385 0.390
oxygen coordinate u

c-axis /nm

Il 1

0.380 0.385 0.390
oxygen coordinate u

0.3260 —————.

0.370 0.375

Fig. 6-16 Change of lattice parameter a of Fig

: Aaj : . 6-17 Change of lattice parameter ¢ of
ZnO with variation of oxygen coordinate.

ZnO with variation of oxygen coordinate.

140




I F—FBEbIz LD
%@ﬂ:l:;égrg‘ﬁaiﬁw)
IRTE

DV-Xa j
AtWave Xz £ 2275 A& —0D
A > DB B BIF D IS E S a5 A
HOEENE T n /5 A IS AR —~DA F 2D
BRI BB
GauFit, GTOFit, SPFit
BRI BB R Gauss BB &
BNERTZ74v T4 735
GauFit
B BBEEEER LS

(MS-Windows_E)

GaussBE(IC 7 4 v T4 > 7

WaveView

BB DR
7uy 5 A(MS-Windows_)

Gauss%ﬁﬂ%)ﬁﬁ%

Crystal88

45— PllHartree-FockE Iz & %
Ny RREIERHE

Fig. 6-18 Programs developed and used in this work

141




BTE FFEANAY RHEZLAEFREF Iy L Og e
TFVIal—Tar~DiGH

7-1 APFROBFEB LI CHMN

#5456 BE T, BT HHENTEC L3P0I - SR OV TERTEE, ThbDhk
BIFEBRETH DD, BT —ZDZLVRDT I ol —L a vk ERagEE s, LhLai
b, BRRFEREELEL T 5 EOBRITER I MBO X S RERRREZOE EHEOMNE ¥
SHIHRHETHD, ZOkD, B2 B THHEI IBRBRT LUy A EHNES I 2L— s
EMiAEEICR S, BT, BREF VU x L ERANWSEZ & T BIORBT O 47 5T, BX-OES)
PBETSHNRY I 2L — a VL FERICARY . HERBREDLAFIy B lRT 3
DITEFARFRDEE L L >TNDE, k. HERROLSRERRDOYI 2L —L a3 L ETH
D (Fig.7-1[C7)). £F X v 7 RAD X 5 RIS ORBE SR 2 R L TV A RIEBWTEENTH
b, BTTiR. ZOX5RPFTIal—avoEsLBRCOWTIERT 3.

1R, 2 BORAREL 5. 4. 5 FE8) 28 (Molecular Dynamics -MD- method)?® Monte
CarloMCYE L Vo 3 T I alb—3 3V EMEEN B, Newton 3 & EF RIS 8K I =
V=¥ 3 VEEPLE L BHEPBEOMEITEA SN TWS. %< OFESHEY « 8y 32—
Va X o THEOHEEEIZ OV TIFE L. BEZHITF TS, ZOHTEL, HTFEh %k
EERCRAEDRE - EHEER R ER2HET . AYRFBRO—DOTHS, | BTHNREL 5T,
WHYBFY I al—T 3 vt Metropolis et al.[M1]45 Monte CarloMC)#ET 2 IR TTRIFFR R D
Rab—YavellklliThEs. THHEED Alder HIZ X - ThH bN[AL W1, ZD%.
Rahman[RIJiZ & >°C Lennard-Jones 17 > ¥ X VERWIZIRAET VI OMD ¥R 2 L—¥ 3 VT
Hhic, ZO%. INbHFVIal—ya VETRERE. OTRET YL v L 2 HELBEER S
RETHILILE>T. ¥Ial—varBFbhTna, &k bk —Z Tid. Rahman O
LS TRFERT T VB2 DORFRIDEERS T THRES. 2 AhuhRF LT ¥ VBN TH
Do TDXIBRFTVIVXNVETNE LT, RENLLDEROIHITS,

A DHEBEIDADRT Uy, ZOHE0ELENA—RITEFLT ¥,

B. FODAT. EHEIZRT VT v VBB TBY 7 a7 BEF LT v,

#(r) = 8(9 " | (7-1)

C. BlhERPDEZET Lennard-Jones JRF > ¥ L

o-+(2f (]

D. &#ROEEHEEEH KT v

2k
u(r)~ cos2kr) : «7) (7-3)
r
E. Coulomb H& RANEEETA FLRIRT VT %L
2 n
¢, (r) _nze + g(-—q—) : Born Hl(n=5-12) (7-4)
14 7
z.zZ .82 . a
@, (r) =4 414 exp(— ——) . Born-Mayer & (7-3)
7 0 ‘
F. Coulomb ¥H. FHJH. Z#13H% &1p Born-Mayer-Huggins(BMH)RF >3 % L
z.e’ +O. — C. D. ;
@Q):aae-h%h@mﬁi—lej——g——g (7-6)
7 o ¥ r

142




G FRREBEIZEEEERT I xnE LT Morse RF VXNV EMATESED A F v HERTF LY
X

8,(r) ===+ 1,0, +b]-)exp("b—f)

(7-7)

+D, (exp[—Z/g’ij (r-r ")] —2exp[~ B;(r-r *)])

TDEIE. ABRETIRCES>TEESERRFBRT LUy VB RESN. £, L DR
WD TERE, LALEEL, ZRHLOREBRRT VI Y LAV, WS OLDORMELARH
Bo FT. HFVIalb—VavETOIRE. HELTIMWEORT LIy VERDRITNIERD
RNWZLETHD, BT vy x VOREX. BEBWERZEIBRL, EEERREV, HicEm LEEL
WEZEZ S DBHEOEF» LR ENTVBEDT, RF VI YIVERETIDIEZV > Z 5 Wk
85, TOREH., & DRERXIFEFHI L ORT VT v VEBER—L LTEFL Z2EBILT 5,
BTV VOREFBEE UTE, KBILTED 2R, HREE. Dbl L0oERT— & 2xie
RODFEL, BFNFEORRPORDDZFENELE L LN, fekit. BFHEHEOWHE
&, KEOMEPSEIBEOHFEIZ L > T, BRNVIZBMNDOT —Z2HETIL5ERF Iy %
RELTNS,

BT V¥ ¥ VERBRENC P 5 5k & U T, Tosi-Fumi[F1, T1]A8, 7B U NS A RIZDOWTH
ki, FEREE, SNETRELRLEEHBT S L ).

z.z.e* o +o,-r) c. d.
¢i.(}‘) = ; +Aub exp( . pJ j_i_l (7-8)

DINFGA—=R A, b, 0,,0,, pBREL TS, Bom-Mayer-Huggins R7 > ¥ Wid, Tih V&R

ij >

NT7A R TAVIRSBNT A R LAV RS2,

' z,z.e’ Ui+0‘j—rj C, D,
(r) = +Ab- SRS (At A 79
4,(r)=——+4, exp[ p - (7-9)
DINT A —A& Pauling KT 4; ZlEA 42 OBRIFHEFE n BRNWT
4 - [Hiﬁj | 10
}’li }’lj
LPBETED L. Cy, Dy IZRTHER? S
EE. : E aFE
C,..:E-aia.—z—’— D, = 92 C, kb, (&5 (7-11)
72 E +E, ' 4’ 'UN, N,

& TBE OFRBREEAFT LV OLBFE N 2RO TRBELNB[L, $—AF LRV —E
[

_ Ne’n?
- mE?
PHFIETE S, Mayer[M2ITBARART MDA F VR, SR F A — 22 hETdTEhHE
bl ZUT RABp, b, o Z2REROERE. BREREORBRMELE > THRET B([T1].
Kawamura[K1]i372 3 X & < OS2 HEH T X 5.

(7-12)

i

z,zZ

U, = 7£ +folb, + b].)exp(

b. +b.

i : Y

DENRTG A =B 2 TR TIET A HEEHEA Uiz, BEEEOHBML. SREEF—20E
FALED D DR FFEEALH 0.01-0.0287 BEDIIZARS L5 L, TENWEIFED. BE-RFEH
—BE-FEAEBRRELHEISEZ LN LDTH S, 1A VABICBETSTBOEREREFRES

a +a. —r,. C.C,
i J ivj
) +— (7-13)
2

143




J7i& LT shell model 233 5 33, Sangster[SINE T Y N5 A K. MO i T Breathing shell mode]
DNRTRA=Z2RFE LTz, Catlow BICLIIZ. TAHYANT A RIZONT, Born-Mayer *‘JOD'JQT//
XUIEMA T, DEHHEBEFHIBE - = AR5 X — & —RIRFREH - B - w5 e R A P
THLSICRAE LT, Bush et al [BARFMA R ELRT V3 v LRT X — R B HD 2 75F. 3 7
REBAY OFSERGE LY 2 HEBIT B & 512 Self-Consistent 1235 L7, Matsui et. al. M31iZ A
Gilbert type[G1] DRFT I ¥ L

gy = Z;quj ——+fo(b +b, )exp«a +a, -, )/(b. +b.)>~— i';] (7-14)
BRHWT, @k@ﬁ%m@ﬁ®A7x &@@bkq%&mbto;hawﬁ%fT/v&w@@
R DR TROEREH L TWA M4, M5, K2I35, § WRIEEI OB R T > ¥ v LB
DEFUZ L >THRE->TLES,

PIAE, 0K TORMBMERET RN X —DRPEHPDEE Y, BIEEHIZILT R X — DR
M FEEITET 5 2 RUMBBIC X > THRE B, £, ZOE)E - JETHERFMEIE & HI2@Eko
WAPRBIC X > TRE BT, RF VT v VOB MBS THRLTLES L ohbDd T
DYEZBET BRT Vo2 VE/5 2 LIREBIC R B 0. BF LY L OBRIZOVTIZ. B
BUZ L S ENE 5 82 E LIy, Lasaga and Gibbs[L2] % Tsuneyuki et. al. (Fig.7-2 [ T2 & 55— s

CEDOVTHSIORED Y FRE—DFHERFTN. BT LT X ANRT =R BRkDdT, L LK
6\ﬁé@ﬁ%ﬁﬁﬁXﬁ~%ﬁ%ﬁKL1métb\%@ﬁﬁf%#hmu%%T%+ﬁﬁﬁﬁ
PEZHE > TN B &5 BIZBAS 2 TRV, Gale et. al [G2)1

94, 1
¢ij— :

i :+A7 exp(~7; / p, )= Cyry (7-13)
DRT YT XNVNRTG X =2 e R E SV TR RO T RV X~ e kb TiE L.
ZIEL. BoDOHETE, BFERT V¥ % L ORIZT-15ROBEIRIZ EoTHRENTLES
&i272%. Allan and Mackrodt (Fig.7-3[A2))3 BB LB % I T Mg -0 IO HT L 3 % L % R
%é%@fkﬁﬁbto#h%@ﬁ?@ﬁ%ézxﬁﬁ5@%%7//?”%#5Ltﬁ\C@%
AL, HICMNEERAR LB BHRERORT LY v L & LTIREERES,

Car-Parinello ¥5[C2] Tl H—FEY FHEDHEER VAL Z & TREBERF L Ly L2 RN
ﬁ%@ﬁ%ﬂ%éﬁofw6oL#L&ﬁ6\:@%ému%%@ﬁ%@ﬁ%&mw&ﬁﬁm%<
DHEIZ FBEPPY . FHETRLZROKE &, HIFOBNIZRARS S,
'E%@ﬁ?yvyw%ﬁ%ﬁ?yvVW%mwfm%~E@mgdmfﬂﬁﬁ5:aﬁf%hﬁ\
TR LREDOREE DROFEIY FEHNREC L > TAREC R B L E % b 3. 2 FELEIOEES
BRABRBOHE—FHIZ L) =R X— —ZABETAZETRERFHBRT VvV EHETEEMN, 20
EORLTHRLNERT VU X LBARERF TLEL THEHE 5 PIIBRESES. ~hbORE
ZRMRT B7e0ITE. WS ORTEER SEBERFMRT VY v V2 RET IR L 22 b
Do TDESRLTHRT ULy M ERETIE. BLHOBRBICBOTREROET LI YL THS
LR EN S, L 2BRT UV VB EOREE THY TH BRI T 300t B
ZHRELBEEE CHREBETRRF VIV YA BRETE 2 L BEETH S,

PEaElbsl, ﬁ%@ﬁ%dﬁ&&&%%ﬁm%hfwtzwfr/y%w@%%\m%ﬁ
B B LV o RBERMOMED B VIR B S OM I EREET 3 L 5 icRBR It e S h T
oo Ffe. ZLOBE. AF VBT Y v A% Coulomb 1 &, $SEBIEE IR & 3 5 iR
ﬁ%@ﬁ&bfﬁbTW6tb\ﬁ?V9%w®%Q¢ﬁ%ﬁ%miofﬁ%énfLi50:m
e, TEEREECHERE R LEHBRIR B RT LI YL THHThH. B3 LRI ORE
BREDHMOMEEERFHETEZLIFELR ., DOFD, %5@5%m\%&%ﬁmﬁﬁﬁf
AETEIRT VI YN E/IZ LIIHETH - .,

AETIE. BROETZFIVF—E, S, BHAREEICRES T IETERT v v L%
RETDHEREBE Lz, BT MO RO RN F— — BhiE % &5 — 5 B Hartree- Fock{f'cs s

144




EWREARPOAHE LR, MRS, MikE SSEsrs— Fﬂ#ﬁkiofibto%wﬁi%
JEI. Mg-0 & O-ORDRT LT ¥ VERE L, BONERF UL Yy VBT HEE. S8
%ﬁmﬁmLT\3%$\%%%%®ﬁﬁﬁﬁﬁ\%ﬁ%%%ﬁbtoﬁﬁﬁ%m%ﬁwﬁ%ﬁ?
Yo & ik - Bt Uiz,

72 FEGE
7-2-1 #—JF# Hartree-Fock /32 FEE

FF . MeO ffd(fig 7-H DWW TH—FHEAY REERFT -, 85— HEEEITIEE 6 TRV
Pisani 5T & o THARE SN/ Crystal88[D11 & W THF o 2. SEIDFHE Tl Pisani ot al ASHLE LT
5[C3]. Mg, O @ 1s-3p M# & FEEPIE & U TRV,

BANT. MgO ff(fig 7D BT RN X — 2R FEREEZ BB BHE L, BAERE V iodd
BITFNF—EE U OFALISAEREHEE B, 2T

1 (V-1
lf=U6+EBo ” (7-21)

0
Voo BELRBRTIRE Uy VoloBIF B F TR X5
EREND. BATFNF—ORNE L Z DA TORRIARITET B 2 W ) b ik
FrREHLHRRIEE B 2R L,
RIT Mg A AL DEEZENFET 4 /) VOWHE— R (MgO Tl Fig.7-4 IZ7R LIRS <4 —2) Iz
BE THR S EBH BRI I X —OBERIH L. BERICHT 54 4L S BOWEL RFHE L
7=(frozen phonon approach' [W2, W3]), i ZH DA F 6, AT LR, 4 F ke P '

Zﬁ, (7-22)

Umt cell

TRETED, TITiAF VOB ¢ 13N\ FEETHE 51 5 Mulliken population AR DFEE %
Wk TRILF— %E@Kﬁ@ﬁ*ﬂ§4%%wf

, 1 . '
U=LQ+§Z‘P2 (7-23)
LB AFUHRRC L BHEEEeld U D PIZBIT S 2 Rl BB FIL T
Eiom =€y T X (7-24)

LRIETE B, BFIBOR SRBIEOENN » 5 5RD, BRI, Heiifd L CHEE,
ERRG -T2,

e=x+n’ (7-25)

7-2-2 BFRERT Ty 0

9 RBFRIAET VY% & Coulomb RF VY ¥ M ERRERCYIFTELS. (ERILREEEH
—ORBIEGER L TN ERD, BV S 0 L O OBIEIE T E > T, KRR m,m
RFRDORT e & UTRAZEA Lt

2 .

¢ 9w mml —rlb,

P 1) = o Lt LB (726)
@ 47[50 v d

i’

T i&iE o riCRETEm %E 2: mBEEDAZT LV EBRLTWS, 5505 2 HizBWT
M =6 DEBISTHAENCIR Do B3 HRERERT VL v L THBH, fiskd BAY ., EHBENTR
IS Lo THHERZRKEY, AEOBORT LI XYV ERBETES L 510hoTNG, =
DERIZREE & LT, —DOEEBISUEOA DR &R Mbh TIN5 Born-Mayer Bl DRF ¥
XNERD,

145



BB 2R OMBITER RO, F BHORBOAT I LE—% Uan() &5 B & (k)3
(720D L LTHRRATHEIN S,

2
)3 S e 5y o]

o \4re, ¥, 7
kﬁéhéoC:T\N?X_&—%AmmBmmbmmﬁﬁ%ﬁﬁﬂﬁﬁwﬂﬁi—&ﬁﬁéoN
5 )( —& qm, l%m_m’,l7 Bmm"l Li%ﬂjﬁ@&?%{‘ﬁ L/tél*}v¥_ ucal(k) %Fﬁ l/\.(\ JJ\—FODEQ& S

S = ;(uw, (k)-u,, (lc))2 , (7-28)

PRNTIRD X HICRET S, FEL. A F 05N G (LB~ 2 1TV Mulliken ERFHzAT
@Bi@%l&ﬁ?%éoik&ﬂ@ﬁﬁ+ﬁ&ﬁ@%ﬁ%ﬁ%m%hd\mm%ﬂﬁ?éi&ﬁ
Hﬂ%%o %0 7’:/\09)( '—.& Amm',l: Bmm',l %\ ﬁlj\ E%&T%’J\'ftﬂ_5 : C‘: T%E‘d‘nbfi I/\o
g DRBENT A — & LT ZBHT
2.4,=0 (7-29)

unit cell .
0%#ﬁﬁﬁf%5ﬁ\:@%émm\%%%®%¢E%&%ﬁ5%%ﬁ%@\%ﬁﬂzkﬁk%
2B, 2T AFVER 2 BORDEAITIE. NT A —& K B¥A L.

Amm',l

Oue(1) = Kt 5 Ao o o, (730
mm'\"ii' 472'80 J ~ 7 Toump 4 - mm']

a?écaf\N5x~&K@@AmﬂmwKomr@ﬁ%ﬁ&ﬁ%ﬁ%&%ﬁ@;w:amméo
ZDEE, A XV DER gl

9, =VKq, (7-31)
ELTHEHNS,

RNAFEERT OB, BEED by BRI S EBIEOMBIASHR R T8 T, Bt OfE. /<
5%*&%Eﬁ@k%@ﬁm%ﬁbfbi5%éﬁ%5o%CT\&mhAMMHMMKﬁLTE%
%K%ﬁ?é&ﬁ%?%:kﬁ\uTwﬁﬁ%ﬁmkﬁ5%WT%¢E§&%ﬁ5$TAMh&ml
2R e LTRSS HES,

S = Z Wy (uc‘al (k) = U (k))- +4, p rnE_f.mZ (Amm',z s )“
w, i |
© 3 S B )

nFRAGIC &0 2 BB O gk A, 2 AL RT X —&
C:T\AJM&%ML&W%Ewﬁﬁﬁﬁm?éﬁ%miiéﬂﬁx—&T%b\ﬁ%<¢5a
At By DEERMED EB D5, 1) & (k) DA—BHBRELRD ., Tl B L OREE
BRBBLIET I NERD B,

(7-32)

+ Ay

%%32%ﬁ?v&%w%mwtﬁ%ﬁéﬁmi5%%%@%%&%
2R 2-2-1 i CHBI L FRIZ X o CHER B LI,

7-2-4 G FEhEE ~

77 FE BT Kawamura 12 % - TR S h 7= MXDORTOI[K]1, K3, K42z, EFERT v
9%»@%%%&606\E%@ﬁ?yv&»Nix—&@%&ﬁ&ﬁiﬁﬁ?v&%w?—TW
2R T B TN —F L A EDEF X NVBEE((7200R0)B|M A B L SIcEELE,

Sax3bxSe O MgO DEFMFEHAH. MD OFAHT & Lz (500 fHD Mg A4 F> & 500 HoomHE

146

§
:
i
:
E
2

P11




AZVEEATOD) o FHEIE 210 DRT Y 7T, 2000-4000 [ElD MD step TH o7, W5HEE
FIREED 1000 2Ty FOWE & UTRD . IR & FEH 1 scaling method % FV T—EICHIAI L7z, .
FE RS OB IERIENEX 0.1MPa DJES) R T 20K 2* 5 9000K DB R T2 L. 300K 1281} 5
HRSRERIIES % 0.1MPa 2* 5 10GPa TR LS L HRBELERN. G LE, &bic. &
DREETE I SHEBRZHE, RFERT ¥ v L & LTI Kawamura[K4] (SX-1)3 X T8 Catlow et.
al[C5] (CFN-DIZ L > THE SN TV ERBRT V¥ V2RO TLRBEOHEER T V. R
ab-initio potential & DHEEETTole. TNHDRT L ¥ V/RF X =A% Table 7-1 12 HIFTH 3.,
Caltlow et. al.tZ CFN-1 potential % shell model % F U TEHE L7228, ABFE Tl rigid ion model % Ff >
o ZOEWE. 0K ITBI DindiE TIXERI RS EREE TRA A VB s h vz,
A TR,

7-3 FERBIUELE
7-3-1 SF—FEEIC X 2YEatE

Figure 7-5 38— FEE THE SN EET XN F—ORTFEHEBILTH S, . Table 7-2 i1
Crystal88 IZ &> CAHE SN EKEOUEEFLTH B, TRAF—BNDEI L. SEHkE 25T
0.4193nm &EFHE SN, ZhiTHEs 0K TORFEBIZHYTILOTH S, HEMIIBETOR
FEAE 0.421nmm[S2] L B —~F L TW3, 2 MMV BRED bBTFERE 0421nm & U CTHREHMNE R
1.97x10"'Pa B33 b Tz, TR L V59 22%K E V85, Pisani et al [C3]I2 & » THE S LfER
E—H LTS, Mg, OAAF>DERMIL Mulliken population EMF DR 5. UF52LA A 2MD
*1.98¢ LFHRENTZD T, LBOFHETIIL2e ZRVTWS, Figure 7-6 1T EEH 0.421nm IZHB W
T 74/ VOBERE—RZH#> TAA LV ZEMEREHCE R AN F VO BICHT B R0
F—FEEEZR LTS, I b, FEEOFEMIZ 3 LRV, BBR#E.77 £ X —& L,
INDDREP D, H—FH Hartree-Fock I X 5T MgO DG 2 BERHETE S
TEBHEPDONTE, TNODOERIS, FFEFEICX Y. MeO OFSRESE. MEEEER
AETESZLAHEATE R,

7-3-2 BFBZIDVRELE2HRRT U v

WIT, F—FHETHEENEZ RV F—KEAIS., BEFRRT VXV ERE LE, ABET
(& Mg-O, O-0 RO TN ZhT 12 fH DB (Brm=0.19~0.50) 2 BEE U= HE8BI%0% i > TR FREHR
T Y X NA(eq (T-26) DIRER Bromy B HE LTe e AT T Ay 2R THEE Uiz, FEIZ. Me-Me EO
REMBERS. RTHEEESA A VERICHERTREVWI EALER L, hEENT/F X —
213 table 7-3 Ik E TH B, Figures 7-7 & 78 HR/NERET T4 v T4 VI LERRTH B, 5
REEPEELHEP DREL TNEATOR—BUIHEIIR I VS, £4d UTHERE 74 v T
1A U TRRDEZIFE AL BONERTF LI v VBB —FEHTHEShERTF LT v VT
ZREBLTWSZ LHRS. Figure 7-9 13ADFZE TR D= Mg-0 B0 ab-initio potential T&H ¥ .
SX-1[K4] potential & CFN-1[C5] potential & H:dlz LTV 3, ab-initio potential % SX-1 potential & #~<3
& ab-initio potential Tl Mg-O BIDEHEAEMENE < 2. FEEMIETORT YT vl —
7% ab-initio potential D FFBFERLNITEDL > TEB Y. 'FELPWEF LI Y LR TNE I & piNy A
%o CFN-1 potential ?DJEiZ ab-initio potential 122 < Bl TV5, CFN-1 potential I3 TO&EREED
TR O BB T AL SICREEN TV S 2D, EBROBIGENRET LY ¥ LT o> T
5EEZBND,

7-3-3 @IV ETAB LG FEIHRIZ X B ERER

Table 7-4, figs.7-10 & 7-11 lZKEF % 0TI LFHEOBRTH B, ab-initio potential 1ZEZH DORS
. BUPIREE. o potential THLNRELEERTL, BSEELTW3, SX-1 potential
BRFELZD UM BBL o TEY, T CFN-1 potential X R\ TORFEEEDERIAE

147



<ﬁﬁ%ofw5°am4mmmmu%%&%ﬁf\%ﬁ?@%&%ﬁ%ﬁﬁ#%;5ﬁ%ﬁéhr
WS, MDA TIRMEHRRE 0K BT, BEOBBESEE T3 Lok, HIRTKET
RHEHE LRI EREY bAEL RS, ab-nitio potential 1F 300K IZHBUT. Wr e
0.4204nm & RBTS > TS A, ZHIZHERE 0.421nm & X < —B LTV 3, BEE O HEEIT SX-1.,
mex&WJWMMd@%ﬁ?k%<ﬁofw5ﬂbmmmMMMT%ﬁbﬁﬁkCRHmmmm
fﬁﬁbk@@&fﬁO\ﬁ%ﬁmLM]mﬁw@k&ofwéoEMJmmmmwﬁ%u:has
DDRT L NP TIEL > E /NS NELER-TED. Kawamura[K112M565 L T3 L 51T Sx-
1 potential BEDHDRT LT ¥ L > TNBE 2 ERKB LTS, ab-initio potential DA T H
%ﬁ%ﬁ%%hk&%%%@%ﬁﬁ@7%?50\ﬁ%ﬁi@%u%mé<&oto:@%ﬁw%
PEFROBDT 4 v F 4 VBRECRETELO LEZHNB, ab-itio potential 2» HEE X h
W%ﬁﬁﬁuLmeﬁhT%D\%—Eﬂﬁﬁbaﬁahtﬁ%%wiiﬁmLfméoMDﬂﬁ
Tﬁ%hkﬂéﬁ30@%??&%»@Eh%ﬁﬁﬁK%WEE%LTW&%0&%%@@%BK
mﬁwmnmmmmmnw%éféi\ﬁﬁ%%mme%wﬁgk&okc:nmm\zomﬂm
BEZbNB, —DiX. Gaussian basis sets = —F B E T, FEIEECE ER O S
K£WT%ﬁML\I*W¥—%%mM¢5tw\%M@%?%ﬁ#%k%<fhﬁﬁ%mﬁfu\
%ﬁ&%@%ﬁ?@%(&D\I*W¥~%ﬁ%<ﬁﬁ%ofbi5oC@tb\%ﬁlﬁh#\
%hkﬁﬁ?®ﬁ?ﬁﬁ?V?¥w%%<ﬁﬁ%D\ﬁ?V9¥w§E<\%<L\ﬂﬁ%%<ﬁ
%%OTL?ﬁ&%ZBhéo%50&0M\MD§$%¥@§RT%5Qmwwkﬁ%ﬁ®MD
BT, BB E R TEOEYRI EH PIREICERLDETHS 5,

ﬁ@m%umw@oﬁﬂmeKm%H6%Ef@$@%mnmmmwmm%mmfﬁ&t%%f%
50%Ghﬁmﬁ%ﬁﬁ@51kﬁbﬁéoC@ﬁﬁ@ﬁSXlﬁ???&wT@@Méhﬁﬂoto
:@ﬁﬁ%mﬁmf\%EM4@ymWﬁmw#6imymﬂwmwmﬁkt\MﬁﬁMGﬁax
NERI LT B, 80GPa ITB1) 3 IR B EIHES(B1 phase)d™ B CsCl EIKE: (B2 phase)~DH
Eﬁ?%%:aﬁﬁméoﬁmelumﬁen%%¥ﬁﬁ®%m#6@\:@mﬁﬁﬁﬂﬁ%A@
Mﬁﬁmiﬁmﬁiéﬁ\%%KﬁMD%ﬁ?ﬁantﬂﬁ%@cﬁMNmnﬁﬁmﬁﬁ%ﬁ%@
[uﬂ%ﬂﬁﬁbfh%@?%éo:@iﬁ&ﬁﬁ@ﬁ?wﬁ9A54F@?»ﬁviﬁ@mwﬁu
E<ﬂ6hfﬁbﬂlnLh@omomf%@%%&ﬂ%ﬁW%éhrwémlCQO%%@%%?
H\Mg”iwMWai?@CMH%ﬁ“®ﬁﬁ@@bthi&ﬁ%#béhfh%ﬂglmmmm
Pisani et. al 3R —FEIGHEIT X > T, MBBHE % 220Gpa[C3] & FRIL. 2 7. Chang et. al.i
1050Gpa[C6]1 & FRMUL TVE, ZhHDTLeEZZ L, SEDHETELNFHERTS 85GPa
@m&#mﬁﬁ%&b%ﬁ<ﬁﬁ%@#%rwéoL#L&ﬁ6\:®%%%%M1mmm;0%w
Eﬁ?%%%#hﬁ\:@ﬁ@ﬁﬁ%ﬁh@)mowfkﬂcbﬁéck%ﬁbrméommm@
(& B2 phase ~DMEEH & 1 & NiAs % (B8, phase) ~DHIEROIE 5 Hig = DRFTNEFM L=
IN1125, 4 EO MD FHE Tt 2 OREOMEEBIZEN S h TV, SEO ab-initio potential (LRI
%%@ﬁ@ﬁ%ﬁ%#Bﬁ?VVVW%Rbfhékb\m%@@&5m@@5%%&%ﬁ%5T
5ﬁ%KOWT@%%DEﬁﬁmowTMﬁEK%%¢5%%%%6&%26h5tb\ﬁ&%?
4B OFRERD B Navrotsky DFHNIZ OV TIEGT 5 &= & ZHEETH B,

:h&@%%#B\%—E@mmwhaﬂyFﬁﬁmiéﬂmmOmmmmn@omﬁﬁﬁﬁ
R ETHDOILBENTWAZ L RHRTEE, L Ls 5. ab-initio potential DEFAMEIT
—ﬁ@%ﬁwﬁﬁﬁmlofﬁméhfbiﬁooib\i@%ﬁﬁ&%ﬁ@%mﬁ?v&yw%
%5twmdﬁﬂﬁﬂﬂﬁiﬁwﬁﬁé%ﬁﬁﬁgfbé:a%ﬁ%bfwéoéBm\mﬁﬁw
xﬁtﬁ%%+%&%§f%ﬁﬁétwmm\%E%%ﬁ%ﬁ@?—&%%&fﬁ%@ﬁ?v&&
NWERETIHERD D Z L LRBENT-,

7-4 FEITEDOE LD
MgO R ORTRIRT 23 % b & 85— Hartree-Fock FHEIC X o THIE L, BHRIZET Y

148

=

{




T VL MgO DR SHEERYEE B OEETEE L, LA LA, FHEREEES S CsCl B
E~OHEBEHREERLVTERZ L0900, BEZEAEEDTF—£ L &0 TEFRHR
FUT R NERET SEEES S,

7-5 7 BITBITSREEA
(HE—FEFEHROME \ ,
BUR T —REGIFAORBE bR LT 5% - B—FRHEOERFE - EUOBRER EIZ L > TR
RRHY. SFEROENEFRBRET LIy THIE, D LARBRT VI v VOFHEHERE
ERRV, B—HEETERBEOBERESA 2G4, ERT7T— 2 2HHLOD., EHBT—4
TEBLNBRWED ZE—FEHEIZ L > TES &0 5 iR FEPBE,
QEHRT T x L ~DER
SRR 2 P LI RT U x VEROWERS, . BAEEOKE2FSICB W TIHERELEICH
BPNELREHBEIND D, AHD L5 RERHEDSWSERT VU X VORBB X OZFORET
BIETDONT, BRETAREFESSL N,
(B3)Z DD E AT T u—F
Car-Parrinello ¥#5D X 51T, B—FEHE & 0 FE A #AHE 2RI ER T HFELIREEL
TW5—F. ERREDYIal—Y 3 VBN THAK FHEEAM: Embedded Atom Method)#i 4
BAREENTVWS, ZOFETIEIET. SBOBECLIVE U2, BHEFD DIV
BFOBOPTRFRHATIZRINT—F &, A FVHDNIIHBO Coulomb TRV F—u; O
MTHETEIHRS LT3,

U= Z(eu) 10 00)
! i

P = p(r) i
4

CZTREFEESRY. FFOETAMOR LEDE TR TES & LER. o I3FTj O3
BEFEETHD. o FINLEFONFHEN D D0V REHER RO BN, B Fizo
WTIE, KRR BER. e, RECIALF-REEAVTENTS. 20X 51T,
FEBR/ST A —Z B UTc BT, JERIZR BRSO S — BT IC & - TRked, BFHEE S
TPLRT v Y MBRERD D L5 AT, FERORSER - BBk & B FHEEOmE O E
ZRY AN HIEZ R > TS,

ZOES. BRENT 70 —F bRARFEPREINTRY. ZRHOKEEHRLE
ETHLWRT VU VMEFEB LS TFU I 2 b— 3 VEROBRPWRC RS L E X
bhd.

7-6 AETIERLE. HE5VEHWET /S A

A TIEE— Ny RHEEED Crystal88 BE, ZORED» LA A VEIRT L ¥ L EEHE
TH7uSTLABLOE 2 BTHRLEFBBRNE S0 rT A, HFHhEEEREO T urS
LHWE, ZNHREOBIUER Fig 7-13 ITRT .

149




S 3L

[Al] B. J. Alder andT. F. Wainwright : J. Chem. Phys., 27, 1208 (1957)

[AZ] N. L. Allan and W. C. Mackrodt; Phil. Mag. B. 69(1994)871

[A3] O. L. Anderson and I. Suzuki: J. Geophys. Res. 88 (1983) 3549

[B1] T. S. Bush, J. D. Gale, C. R. A. Catlow and P. D. Battle: J. Mater. Chem. 4(1994) 831

[C1] C.R. A. Catlow, K. M. Diller and M. J. Norgett: J. Phys. C:Solid State Phys., 10(1977) 1395

[C2] R. Car and M. Parrinello; Phys. Rev. Lett. 55(1985)2471

[C3] M. Causa, R. Dovesi, C. Pisani and C. Roetti: Phys. Rev. B, 32(1986) 1308

[C4] C. R. A. Catlow and R. James: Phys. Rev. B, 25(1982) 1006.)"

[C5]1 C. R. A. Catlow, I. D. Faux and M. J. Norgett: J. Phys. C:Solid State Phys. 9(1976) 419

[C6] K. J. Chang and M. L. Cohen: Phys. Rev. B 30( 1984) 4774

[C7] L. Q. Chen and G. Kalonji, Phil. Mag, A, 66(1992)11

[D1] C. Dovesi, C. Roetti, M. Caus4 and V. R. Saunders: Crystal88, Program No.577 (Quantum Chemistry
Program Exchange, Indiana University, Bloomington 1989

[F1] F. G. Fumi, M. P. Tosi: J. Phys. Chem. Solids, 25(1964)31

[G1] J. TL. Gilbert: Chem. Phys. 49(1968) 2640

[G2]J. D. Gale, C. R. A. Catlow and W. C. Mackrodt: Modell. Simul. Mater. Sci. Eng. 1(1992) 73

[J1]R. Jeanloz and T. Ahrens: Science 206(1979) 829

[K1] ER—2 - WAHEAT 35 TRV 3z 24REst) . %355, 1994

[K2] K. Kawamura: Mol. Sim. 6(1991)245

[K3] K. Kawamura: MXDORTO, MXDTRICL, Program No.29, 77, 90 (Japan Chemical Program Exhcange,
Tokyo)

[K4] K. Kawamura: Molecular Dynamics Simulation, Springer Series in Solid-State Science, Vol.103 (editted
by F. Yonezawa, Springer-Verlag, Heidelberg 1992)

[L1] F. London: Z. Phys., 63, 245 (1930); J. E. Mayer: J. Chem. Phys., 1, 270 (1933)

[L2] A. C. Lasaga and G. V. Gibbs: Phys. Chem. Min. 14(1987) 107

[L3] L.G. Liu: J. Appl. Phys. 42(1971) 3702

[MI] N. Metropolis, A. W. Rosenbluth, M. N, Rosenbluth, A. H. Teller and E. Teller; J. Chem. Phys.,
21[6](1953)1087-1092

[M2] J. E. Mayer: J. Chem. Phys. 1(1933) 270

[M3] M. Matsui, W. R. Busing: Phys. Chem. Min. 11 (1984a) 55

[M4] M. Matsui, M. Akaogi and T. Matsumoto: Phys. Chem. Min. 14(1987) 101

[M5] M. Matsui: Phys. Chem. Min. 16(1988) 234

[M6] H. K. Mao and P. M. Bell: J. Geophys. Res. 84(1979) 4533

[N1] A. Navrotsky: in Structure and Bonding in Crystals Vol. 1I (edited by M. O'Keeffe and A. Navrotsky,
Academic, New York, 1981) through ref 17.

[R1] A. Rahman : Phys. Rev., 136(1964)A405

[S1] M. J. L. Sangster: J. Phys. Chem. Solids 34(1973) 355.

[S2] B. J. Skinner: Amer. Min. 42(1957) 39

[T1] M. P. Tosi, F. G. Fumi: J. Phys. Chem. Solids, 25(1964)45

[T2] S. Tsuneyuki, M. Tsukada and H. Aoki: Phys. Rev. Lett. 61(1988) 869

[W1]W. W. Wood and J. D. Jacobson: J. Chem. Phys., 27, 1207 (1957)

[W2] K. H. Weyrich: Ferroelectrics, 104(1990) 183

[W3] K. H. Weyrich and R. P. Madenach: Ferroelectrics, 111(1990) 9

150




Table 7-1 Interatomic potential parameters reported by Kawamura (SX-1) and
Catlow et. al. (CFN-1).
+ and - mean Mg cation and O anion, respectively. See eq.(1) and (2) for notation.

SX-1 CFN-1
a:=1161A A.=1152.0eV
b.=0.080A p:+=0.3065A
¢.=2 (kcal/mol A%
a=1626A  |A=227600eV
b.=0.085A p.=0.149A
¢.=20 (kcal/mol A% |C_=28.96eVA®

Table 7-2 Lattice parameters and properties of MgO crystal calculated by the ab-initio

calculation
Lattice parameter /nm Bulk modulus /Pa _ Relative dielectric constant
ala) [ alexp) | Bofcalo) | Bdoxp) | stiom) 1wt T s(cale) | slewp)
0.4193 | 0.421 l 1.97x10" | 1.62x10" | 741 ; 2.93 ; 9.34 I 9.77
eq.: equilibriom value exp.: experimental value calc.: calculated value

. (1on): calculated electric susceptibility of ion
n: measurecl reflective index
&(cale.) = n"+y (ion) : calculated dielectric constant
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Table 7-3  Interatomic potential parameters obtained by the ab-initio calculation. | ‘
See eq.(7-26) for notation

by Bigo.r Boo,

19 .891709E-15 211600E-14

22 485361E-15 .137838E-14

25 .627104E-16 .700469E-15

.28 -.233367E-15 321233E-15

31 -.297579E-15 .961327E-16

34 -.107587E-15 -.859787E-16

37 .185641E-15 : -.213471E-15

40 326236E-15 -.226160E-15

43 .164531E-15 -.114853E-15 |
46 -.158417E-15 378590E-16 ‘
49 -.257267E-~15 :103373E-15 ’
52 A31165E-15 239002E-16

Table 7-4  Crystal structures and properties calculated using the ab-inito, SX-1 and CFN-1

potentials.
Lattice parameter |Thermal expantion coefficient| Bulk modulus / Melting point / K | Relative dielectric
at 300K / nm /10K 10"'Pa constant -
ab-1nitio 0.4204 8.30 1.97 4600 7.96
SX-1 0.4124 5.45 5.70 8000 5.4
CFN-1 0.4234 9.11 2.16 4700 9.85
CExperimental] 0421 | 788 | i " 3073 [T 98
value 10.4 i
¢
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1065 K

Si-O distance R (lo\)
Fig. 7-2  Total energy and the Mulliken charge on
an oxygen atom for 73 deformation of a SiQ,* -4¢*
cluster shown in the inset. The solid circles are the
cluster calculation, full curve is the fitted potential,
and the broken curve is a guide to the eye. [T2]
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O @Mg

Fig. 7-4  Crystal structure of MgO.
Arrows represent the ionic displacement pattern of
the optical phonon.
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Fig. 7-6 Energy density change with variation
of ionic polarization density induced from ionic
displacement
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Fig. 7-9 Interatomic potential between Mg and O calculated
from ab-initio results by the present method.
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EEE -Summary of this thesis-

In Chapter 1, the necessity of this work is described with present problems in the application of computer
simulation methods to inorganic materials research. Author proposes and develops methods which can calculate
properties such as dielectric and piezoelectric constants for inorganic crystals, especially for them with complex
structures, in this thesis work.

Chapter 2 describes a method to calculate a dielectric constant of Pb(Zr,Ti)O; (PZT) based on lattice .
dynamics method using empirically determined interatomic potentials. Using this method, it is clarified that the
softening of a certain TO phonon mode makes a dielectric constant of PZT increase around morphotoropic phase
boundary and the freeze of the softening phonon mode induces the crystal structure change from tetragonal to
thombohedral one.

In Chapter 3, the effects of MnO, addition is experimentally investigated for piezoelectric properties of
PZT. It is found that the piezoelectric properties become ‘soft’ with the decrease in the axis ¢/a ratio.
Furthermore, the decrease in valency of Mn ion makes the piezoelectric properties ‘hard’.

In Chapter 4, a method to predict structure change of PZT due to impurity addition is proposed based on a
non-empirical molecular orbital method. It is found that the change of the ¢/a ratio can be estimated using AFE
value which is the related value to the energy difference between impurity clusters having cubic and tetragonal
structures.

In Chapter 5, a method to calculate band structure of inorganic crystals having complex structures is
developed by combining discrete variational-Xc. method with tight-binding method. Using this method, the
origin of the difference in electronic structures between SrTiO; and BaTiO; is discussed. Furthermore, it is
confirmed that the band structure can be designed by controlling the structure of SrTiOs/SrZrOs superlattice.

In Chapter 6, methods to calculate the dielectric and piezoelectric properties based on ab-initio method are
proposed and applied to AIN and ZnO. It is found that these properties can be calculated with good precision by
this method.

In Chapter 7, interatomic potentials are determined based on ab-initio periodic calculation and applied to
molecular dynamics (MD) simulations for MgO crystal. The obtained interatomic potential well reproduces
crystal structure, dielectric constant and other properties. It is confirmed that the present method has ability to
perform non-empirical molecular simulations such as the MD method.

Chapter 8 is the summary of this thesis work. The considerable resulis and conclusion in this work are
organized and remained problems are refered.
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