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1.1 MHBEOHMFEO-DDORBRES I2L—-—Yar

BEYI2L—-—2ayERETH, KEZOTFH, ZEV AT AOHM, #ED
DM, MEOBEFME CLEL2NRICERS L, ZRLENEREEE
L7725 LTWwA, FFEBORNIOTS Thro/oBI0IE, BB %+ HHE
fbLT, ROFXEREAFBRXF TEXL2RIBEPLTVHICEFTMLET 2R EOEE
BT 2AMEBRT A LRETILENDo. 20X 2HHBHOTTIES
OB4E, BEMAOEBE CHERBNAMAALA > S OFHR (B 2 (TB N E) % 2
BLL, NABKCZLL, HEBIIBHTVIVALAOHEELXLELTLON
LEBETHE., LEALENES, HAREEMIBEELHEZOF 2L EEREHRY
BN BT LIl oA EIREER G, TR L, FEES AL
LEBIETIE, 2H)vozBELEZRIT, TE2P0EALLIZIEFEREL B
W, BHELZBHZEBHEROTTY IV - bR Lo EZ AP ERIIEDD
DHbH. TOLIBRFETIE, JVERLLZ2ZFEXREFEHTLIET 513 L5
BHEDEEML, BAKIoTRENLE T AR ELLRBEETHLZ &8
ML 2oTL D, AN EVOIFFETHEL. RETEINLOER%E )
FLAMLT, $MALBERFE-VEASICEBRENZTIVFEVETI TV
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Iab—YarFEMRESR, BUATr - VEOMEAHEZ@BHTLFREL L
THfRFEIh T3,

MEOBEFMEVIBELLIE, EFOFLVWEEDO I 70t E
ORI T, BEOHMLZHARLHEROPTYI2VL - P T B Lo
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PO LKIIWNERSESICOLESTHE7:0, EBRICRDLFE L L ToOMERDT
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1.2 S FHHWFEORRERRK

REFEIWZOWTCHwHLS. 72720, NEOBREAANTH L ZIHE VO REHE % #E
BICHERT A, $2bb@MAICERNICEMINERELR AT 2D,
FLRBLAALEEIIIFORYUUEIRIEARALLIEET ALLE—RHE
(first principle) LICE TS EFM T2 FELTHEL TBL. TOI ) ITEFRFEHEIZT
LRI EFWEELELTBLLZET, ERIIRDEFERLLTY I —-Ya Yy
REHTAILDTREE DL, S50, SBMEMEOE N FELELTE
BTALELNATNFATGF— VI 3Ial—2aryr@2EBETIEICL, 20
ReEGAEHREREL, HHRARLZHLLIDIDIITES.
E%%L<uﬁ%-%%%ﬁﬁwiﬁ%%ﬁﬁvslp—vayi&tLfﬁ
FEHEE, T TAINVAENSL. FFENFHREBRMTE, MR THE2E0
TH#OGTEHETOHILLCHVLNRELD, FOHEE, TNETATRETH-7-BEFIE
DT AFIVvIAPLOMEBOEE - BEFMEZIT O AEFHIN. BTl
DIDDHENPHEAGDL I TKREEINIBALBHSZ ZRANICFIEH LT, 22
POELOHMRBEEBTHLIENTEL EWIEKERD, HE OB BERHE
FOLODORZFTHEZDDOHA. B TFEHFEL, EFobhiEs R
*RBEARERBRHIZBN TV EWIBD THATHRZY I 2L —-2aryFETH
Do, BRRORFOEODTEFINLHETEWVLILZWVHLWERNEO L
LIZENHY, INDPELOFHTZITANLNTVWAEEBIENR W, K
TEMBESETFMOFELE L TCOSFEHHFEIEHT S.

1.2 SFEAFENDEREENR

BHOSTFEHFFEICELIAEEY 32— avid, 19574 Alder 5 ® 12 X o
TiTebnTwa, KEIX, BBRKROERGIILIoTEFTVELINTYERIZBW
T, MAPSEHANOHERFELLZ 2R L. BE2STHRIERD TH
M EFTNVEETH HHY, 1930 #H Y12 Kirkwood 12 £ o> TFH ST Wi i
BESDVHERECHEEINAZET, BTETVTHCVAHEI I 2L -3
COENUENBRBRENT. TOERD, SHOGTERYERFOREBELE N
kmof%ﬁmfi&w VB, sTEROBDOREN M LY FEoT, 5

TEHCTEACT bR L IR A,

AMm%wﬁ%®%,“?ﬁﬁ%&®%&ﬁ%ﬁ%ﬁk&§éﬂ,ﬁﬁ&%WW
TTHOYIaLl—Tarhuegsib, 220 BE0N2YHELZIHIDLLS
LIk ot.

19634, Rahman® 13 RF v Py WICX o THEEHTAIE AR R D 2 &£ T,
JOHEIZEVWY I 2L —YaryiuiEs L7z, 19774 1213 Ryckaert & O 34

BFvETHART N FOERGEEICHY, BOLHEERLTWE VS 2
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THEHHBEEAWELZSFZROY 32 —Yary 3272w, ERICEEEE L.
WEEILEVWIRSE A H OO THNORSE-FA2HETAZ LT, BRI AZ
KEL LB LEWREEL, FFEMEL LT AHZ LKL 7. if_, Andersen
5® X 1980F ICELETFTTOY Ial—YarvEEAHBIL:., FLTESIC
Parrinello > M3 #h % —#fb L2 ER L 272 v, —ER T T TOFHE % 7§k
L7, 19824E1213, Mullins 5® o THBERE L OBSFENRE SN,
T O—-IJUOFKEEFELELTERSIA. SREIVFRATI— VY Ialb—
TarvDIFETHHENBEITALIENTES, 19844FE 28O 51%, RITH
HARYBEATAHLILT, BE—F0OYIal—YaryrFErsHILE. N0
WWEoTEN, BELEEL2 —FIFoY Ialb—2ard Wi, 5T78
HFESFEOBHSBE KR E AL, 198541213 Car 50 2 X o THE—HE
WEISKBEOTTEHZENRESKL, $—FESTBHHFEFEIHEN R
%@ (2% o7z, 19914 (21E, Cagin & (D2 lof7?/%ﬁ/ BV ROEED
RESN, BEFEIFEATE2ROMADTREL o7,

DI RFEORBEELIC, EFEMEEGROERKE, $obbHEF >
b, EFVHELONOHEOHAREEIRELI(RIATLILONESUR
BHEA . Alder 5 ORMEEKIELPRT Y vdd, VI M7 ThAH2EEELE
@ Lennard-Jones K7 V' V¥ VHAFH N ATLEEZBLICHEH IR, 2LTEHIZ,

EREAEMEZRD) 720, BEOAEKESE*EZRTL23K6U EOMEIEH 2 E
]\ L 72 Stillinger-Weber # 7 >~ ¥ v v (12) | Tersoff 7 > ¥ ¥ )L 13 Biswas-Hamman
RBF Y1908 e sl X n ., IS E vy aryrEda0ICERSR, K
WEPHTWE, F-F2nEBFTLT, EEZTOBENL2HEL:, £BH
HEFOZERTEA LB TFHA A (Embedded Atom Method: EAM)(0) | {5
1E & W72 K F 3 A A4 1% (Modified Embedded Atom Method: MEAM )1 (18) %o 75 55 i
B # 5 (Effective Medium Theory:EMT) 1230 ¢ TN p_ESH, £L0E
HEIZBWTEHERES RTINS, &5 2EETIX, Bond-Order EF ¥ ¥ v L (2D
R TEFOR % BATIZE A L 72 Tight-Binding i ?2@3) | 25 I BB 5 12
RO E-FESFHNFHEOFNRESIN, FEFHOSR, AMEORKRET,
BIUBERLOLZOOBEN HRTITOLNTWES, 20X EFHEHEEI/ER%
FEHTAHEOEEENME LI EIED, ERIIEHK I CoMBEED T
WH+owTEe 2oTwb, %W,E%Wﬁ@M@i? I, EEBIfrbnsL
BICZFOBERH ML EWE - HHEFEIL Lo TTFHINFACY S 5.

—F, TNOORBEEZHZ-OVEHEROENOKELRZA EICH S I LIk
IERMA L., FHERIIAT T —-FTERLO XS N VETER, FLCENEE
BEBRBLTRZ, BBICAHIS—, RO VEHERBOMEBEOHEBHERIR Z
Tk@,;ﬁ#%@J%%@%%%ﬁ@ﬁ%%&ﬁiﬁﬁﬂﬁﬁ%~l% &

(3)



1.3 E—ERRFHHAFEORE

AL THL. TFEHEFEICLHEBHICEINFEC-OOT VT X A
(25)(26)(27)(28) (29) fﬁﬁ)\ é hﬁé y) —( 13 % )

DEDEI)BFEBLIVFEROREIZLY, BETRSTFEHHFEIEE X
NLFENRIFEFICZHEICE TS,

STEHEBTOBMIETAELL 22T 6N, 1D2RKETHFMHEEL K
DLEN, bHIIDIRETFEEICEHE LB TH L. FiZCIIREEREC) i
BRECD 2 2RO B8, #ETIEIRECY, RmGY, 2R R CEHHRHIC
RY— L EErETLROETFTOEHICETLIBTV T ebhTWwa, 7275, 2
NOLDOBTE2EFTTHELOHAEILE, ATV 3 ETFHMEERAORE(RT
YYXN)TREESERICRES AT A RA T B TEROICAEL L
UEREBIEHRT IR D, ZOBHE, BTOESW A, LM 5 H DO
MEBESHNEL, BROEEUEIFEI VAR TH L. FNI2IE, EBRFHEL S
A1, BERTEISE—BRESTFHNIFHEIROANTHL. £ FKEST
B HFETIR, FRIEERERREFRI LI TELRCD, FFBHHEEL
FTHOBICEA SN LHEE, HICEFHMEEARORBAOBERTEELEOR R,
BEOBLE LA EBRBEOBN I TS TERTHA.

RHLTE, UED X ) 2BHBOTI, BEOE—EBELERE LS THH
F3alb—2aryofT, EHLEEEIFGVWEEDLNRLZLDIZIOVWTOESR
PEAEBEIIOVTRET AL LD, - FEHEHIVFIZLIEYTH M
BOHAZREREPBOETAIRBHN R FETEIIIRVIRETH S L 5 RBE
* Y BT, BT ETT S,

1.3 B—RESFEHFEORE

E—EESTEHZELIZALIIOVT, 22T LIBERLERED LD
TRV, T TRIFRBNSTEHNEEOHRT, YIalb—-vargdT
BRETIREZE " FHAEPOHETLILOE—RESTEHFZR LRI &
129 5.

BABETH L R T 52, BEROBEFREOEE LR IZIE, 5%, YV FEE
EVHWLNEC00N, BR2IRIE-HFHESTENFEORREIL, TONYF
FEFEORBLEETRELETOBNFRBNTEZHEETHLFEOEREIIERD
nTwas,

NYFEER, STEBROERICEDLETIIVEME,ISITebNDL LIk
2. BEEFICHWL R TWAFE L LT, KKR(Korringa-Kohn-Rostoker) #: (%),
APW (augumented-plane-wave) I GO AidH o7z, TN S XML R EEAERIEDLT
FEEFEEILANVEF-IKELTWED, SHEPEATH o7, TN E@ERT

(4)
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A< Andersen i¥ Z S R MIEAL L -5 E 300 £ R % L 72, LMTO(linear-muffin-
tin-orbital) # V), LAPW (linear-augumented-plane-wave) & 40 232 CTh 5. Zh

K DREFCEHELIESTREIC o/, 5612, LAPWERRRSET, K7
YIUXWVICET ATy T4 YT 4 Y2 BUY By 72 FLAPW(full potential-linear-
augumented-plane-wave) #: 42 BB E N, FFERBEFKBIIMELZ. TALD
ZRBLEFETLT, FEEBEORRICFEEE HW/FED, MEFHIHKL LK
FUVRNERET YAV DRENSEAITEDRD L kol (BB
). HInER, BNEHECATRERET AT A2 HORENES TH D
ZERS, BARHECBVTEICHVLRTYS.

SOEIRAYFRHEHEORRIMESNART, ETRELETOBNE
BATE AT HFEFRRLCEL. Ca b0l ENRES LU, NVF
gfﬁb: J:OVC{TEJ*{:) ﬂf:f——lefﬁ)l/&\—‘—ﬂﬂ(d\[@g%ﬁ\Bf_ﬁ@ﬁ‘ri&%%%*bé -
ERfrhbhis. LAaAL, TOLI) B FERZREREICRNVITRIEICKEZ X
2ZLTLE, BEMNRFEARTRTH 2. £, N FEERLLRTI/E
FAFaNEkHT, ZRICHSTRFEBALTOCHFESHO N4, NV F
R 247D 2 KRB OEEMAH L RVE LTI LEND Y, Zhw
FFEZREE LTk,

Car 5O K, KFOEBE NV FEFHELRABICERI LT, N5 EBR
TRAEPMFETH ok, 272, TOFETH, YIab—YarORMIALE
BEOSTENFIAEOLI0BEICHS QIEA ST, SFERBEOATRLTL
LA TE R, 0%, KABEEAENEL SR, AT ~HHARE R
INBICE O TR L LT, (EARES D LT HEFRR SR 20,
B CRETOBNFHEL SV B2 AT 2 FEFERE 2D 020D 5.
AL T, 29 LEBMITFHEOAMEORE 2 L1T 5.

1.4 FRMDIER

R iE, REIHESROTE,POBRIN TS,

E2ETI, E-FBIUESCKOFHNFHELTIORKBLLT, $ET v
YINVOEBRNE, BERSEREOIERBN I FHNFEELETTIROE
AP FEIFIZOVWTHRNS,

3%, F4ETE, DANLZMECSFHNAFEZERNToMEREL LT,
AL THYTWE WL OrOREFHMAELEAORRLEFIZZOEREIIOW
THET 5.

#£3ETIE, 9, BETHMEEMEAEZFEOBMBE TERET S, 1)3hKRT ~
x v, (2EAM, (3)MEAM, )EMTOHEBEHHRIZOVWTHERT L. £L T,

(5)



1.4 /X DK

(DTREMETVIZTAAN) LT I 7 AZEHTENCKRT Y VX VO
T RA—F—RETNFIESE-FREOSTHEFEFEIILVREL, AN
DEBEULY COBRETHRICKRBETELNIOVWTHREETS. 2)TIET7LVIZY
AADICEATAODT A—F —2ERRMIFML, VT A—-5F =35
AONTWAR), ) E#HIBELNIZEMYEELE - HEAES L O£
HRLEBL, RF Iy VOESELRE TS, £74, 3) TIHAIN, ¥Jar
A—=NAFSIC) T IvrANERL, 7 3Iv 7 AMBIINT 5 MEAM B
DEREIZOVTHRITA.

EaETR, BEFEMEEERICOVWCOBBEXRET A L%, 7F8N
ZHELTVEYES, BAETHFULESZBEFREEZFMT L2 LT, BEF
MOMEERYRET S, £ RESTFHNFEOHERE, aF LTk, Thoz
HWCTHRELAZTO7 5400 -FOME, BIXUZOBEIIODVWTAHANRL., &
FREOBITIZ, RHEENBBEERICESE, BR7F Yy Vv EBATHI L
ko THE D, StEOBEHILO TR 7O/ 7 A0FFERIIE L Fa—
ZVY, BET7 - IEREFT)OMFEHE, SHEEFOTRIC L 2EHEEDHIRIC
MAT, (ABEETF Iy VvEB)EBABRAOBEORENETONLY, Zh
SIZ2owTiR, ZRAZRINETIIREFSIN T2V 0HEF 2 AV TR
BETE 2TV, TR0 0L LERE T 5.

E5ETIE, ST HFHELHCTAINORZEREERARS. £0BIZIE,
E3BEIIBWTE—FHBEMIZEDLIRRT Uy VEMBET .

ECE T, FABETHRRAE-EEBIFHNFEZHTTVIZT LD
S=5WHEAKR, RLANAORT - BFEBEL IR LV F -2 RE
5. BFEELRRIALVF 200V TIE, EAM, MEAM, EMTH¥F ¥ ¥ %
WEBWTELONHREOREZITH 2T, MARFEFMHMIIHLTOINS
DRF VI VOENEERRET A, X512, HEICAHEY L LT a2 (S)
NHEETLIESOMBRET - ETHEOEL L NAROEMEFFEOEL 2R,
SIOMRENDEBLZHLPIZT 5.

ETETIE, BHTHhIETAE- 1T VEAEBLUECEEG L& B2 oHEE
LTWBAINLAIE OREOET - BFME %, H4ETHRNE - HES T8
HFEEEACTHRET 5. £72, REOME % RE OBE T F VX — (Adhesion
energy:AE) # ST A Z LI X DAL, 51T, AINJALREET VO HEEF]
R Y I2b—2ariE-FHENICERTL, TOR-UTAMMBERDS. L
BO77zo, AIN, AIZNZFhOBEEIED ¥ 32— aybEFTT L.

EETIY, BONTBREETRIET A &HIL, $BIESIMERIIOWT
m 5. |
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Fig. 2.2.1 Periodic Boundary Conditions
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Fig. 2.5.1 Test calculation of the Ewald summation for a cell contains eight silicon

+4 ions. The x-axis shows a parameter v in the Ewald equation. The y-axis shows the

total Ewald energy of the cell. G4, is the maximum length of using reciprocal vector
in atomic unit.
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EL, LT ARUELETAINODORFIRTOLBHEL2EEL 2Kk
FRAZBCIECIVETHOMEFEHEZRETAIENTE LY, ERI
FEAEFTTAHILIFIAEATERETHS. 20720, BENILIIRT LI
EODPOEPULEAL, STETRLZKBAIEEIEL L TebNS.

9, FELAEDOSFES)FETE TR 2384l (Born-Oppenheimer 71 ) & &
TROBHIFIEHESHHERNICMAZEPREL LTEAIATVS., HHT
B, EFBEOEBICH L CEFOEEN TN EVWZ LIZEHL, KTFEDE
B L CEFREEICEE L TEFRICESICEBRET A2 EEZTWAE, ITRIZ
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RETHZEWTabs. TR LEFREZDLTLRIIHBI LTS
WAL, B RRTBLENIHTLBD, BFOEZEMHBEEALZIOD
FEAZHRBIEBSCIEFIHENICEIATRETHSE., 22T, ZoOBAICIEE
H—BFELPFEAEINLE, CNEHLIBEFIPLALEZOMOEBETFIZIZDOH
DICHEETABMOBE LTIRAADIENTELLETHELMTHS. ZOER
*FAWTEWBETORKE H R 1: Kohn-Sham® FRERX L IEITH, HOEES
(Self-Consistent: HE FH HICEBHEBATEIN TV LI EARPLEEEO D
BIEE RO D) B ZENERENDL., TNERHELELTCPE® & &g

(25)
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HAH. Lrl, BOEEERIHE! iL#%<®J% BMA*ETHD0T, HE
DEVETFORESNLETZVEASIZIEELICRALIPOREMULEANL TRE
%MKﬁﬁﬁ%ﬁﬁﬁéﬁ&ﬁt%n%:tﬁ§wwmmm&ﬁ%mméﬁ&
OO X HFHEEERICESLFHEOOPZDOHTH 2.
SFENFETERTERE2ELTARIEELERNINFHICEB CHEEN
DEHTHA. KOLIETIHROBERHEONUK L EZIIRFLLL
PO RERBFEFHAVAIPEEIIRORITNITILZLO R, FO0I2IZ, FH
THHEERAORBA LB TAPRE SN T A D, MAFNIhe LTEASA
TVWADPEZTHIIEBLTEBLLILPLETH L. FETR, WHNRETZ
17 9 il ,EL@% R L THVWSONRABEFHRT Yy VB L0 HEE (34K
RF ¥ ), EAM, MEAM, EMT) D3RRI ZILGH L OFF MM 2TV, €0
BBV THRETEITR .

3.2 3fKRTFIv

KRTF VU YNVIZMERTF VANV TEERTELWEASOAEKREL 2
WCRHTEL0, EFEAEOHMVYHEICH LTHERASRE, I/, BE0A
BEREG 2R I2BIEELZETAVTH A0, SFEEBHONTENTH Y, &
B, KEEY I2L—YaryiCBLTWA, 22T, $5ETRIZEEED
FMEETZISBAT VI TAQAINIIINLT, F—FHEFEIIEDZTRo2
K7 I VEEROREE L ZTOFMICODNTENS.

3.2.1 BFRERRTFL v ILDOERKR

AINHOAIBT ENEF LOBOKESIL, BEHKEE0ALLT, NEFANDE
FORFALIZEBATAAF VEAEOBEEY*FH - -TWAHI LI LI(HOLNATVS
WX%%#Aiq>&&ﬁL®%m 530 T, BHEESETH 5. %@#A
IRV ¥ — GHEZITTRELAEEAIEIIKET A720, AINIZFERBIC
4E¢%ﬁ&&ofwé —F, 4 F Vi riﬁﬁﬁmﬁ—D/mEW%#
CTWABZEEZERLTWVWA INLOEAFEOHMASLEDORHER, VIV U
ﬂ%%ﬁMNmﬁ%ii&%%k&ofwa

SFEH¥Y I 2L —2ar iRy, MEoEEEEAT LD, B
%ﬁwzwm oM EERICMA, SREHEEREAZR LR T YUy
VEGEHTALEND A FOLOI I TR, ROMBEEEAHEHT .

CI> = Z ¢ZB(Tij) -+ Z ¢3B(T’l:j) Tiks ejik)a ........................... (321)
ij ijk
igj i;éj,i;z]ék,j>k

(26)
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77 _ ]
—Z2A4LV2\I, Z VZ\Il_*_{ZZlRAL—.IRlI ;Zﬁ-i-xz]:lh_—?;—l}w:ew

‘I.’(R],Rg,...,RN,’I‘],'I‘g,..., n) ,U

\
n#E 7 ,NE T2 D Schrodinger 2R

Egoz(Rl, RQ, cory RN,'I"l, r2, ...,T‘n)

N

o —W T

o I B
o BEFHOED— HiLng

| 2€ Z 1 e e e
St - DTl S e

' - oF
Electron U MyRy = — 5
Eioi(R1, R, ..., RN) k

©0 EDSARIE X ARHE

Egot(R], Ra, ...,

Ry)

i

ﬂdﬂyg/WAMMﬂm

(Mt 20 p e
v 3[R 13 gy + Bl

[——v2+vm<r>+ / T +vw(p(«r>>}w (r) = ecli(r)

=
0 F

FHRE 2 KR FOMEFEE (B E)DELREDE

EAM  EMT MEAMJ Beor Ry, B, oy Rav) = 3 00 (R) + 36 (R0, Ry)
i i
+ Y OB R R e+ DD (R R R )
i85 <k i
Fig. 3.1.1 Various theoretical treatment to evaluate the interatomic potential
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IIT, ry RiETE, JRTOEBERL, 6 dijRFEEE L, FKETH
BEWCIoTEL N MESET. NEB2)OEEAFIHI2AMMEEERTH
D, Z #1213 Born-Mayer-Higgins Bl & O BIBUIE 2 AT 52 L2 ¢ 5.

Qz‘Qj€2
T

+%Br+Bﬂmm[—%+%”_r}~qq

$2p(rij) = b + b;
K322 DEWEL, F2, H3FEEnEH, -0 YHEEM, EFrEORXE
MEVEH, MBFE— A2 (dipole moment) HEFEHEZERKL T 5.
ANB2N)OFE2HEIISAEMEERHICHE L, HEHEBIEEAOHBL2-T
WA INIZRUTOMBELERT 5.

Tii + T3
¢aB(Tij, Tik, Ojix) = C exp [a(—J—Q——Q} (Osik — 00)” felrig) felrin), oo (3.2.3)
(1 r<R-D
1 . |7(r—R)
fe(r) =4 —2—{1—sm[ 2D ]}’ ............................. (3.2.4)
i R—D<r<R+D
| 0 ir>R+D

ZIT, L) Ay ATEET, SHREERSEEBRMEEE TS L L
TEALTWA.

3.2.2 BEFEFRFLIAIDINT A —2—DRE

R (3.22)~(324) HOEF Y Y MXFT A—F—%, AINZ TAY —IKT 24
—FRESTHEFE LIV RO A VT L ) ECHBT L LD ICHE
T5. 32113859 A—% —REOBICHVIZAUNMH ;g7 F A5 —2/R_LTW
. TNIZAINOEAE LB EL o TWA Y VY HEEED B THL. kE
FEF 23T _RTOWMDAIBIUNEFICENENI DT O2MML, #FHPICBIT S
BFBEY TEXALATRECHATLALI)DICEETS. A VX —HEIL, &
BHEDAIENEOHEEE 7 59X -NOHEEHEEAIELTLICLDERDS.
B, TFHBEFEICIZICAUSSIAN® # Hw B ), HEEEEIZIZSTO-3G % A
WTWw5,

(28)
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Fig. 3.2.1  An Al4N4H;g cluster used for ab-initio MO-calculation (Distance between
Al-H and N-H is fixed as 1.0 A.)

X322 6N TANVF-—MEZRLTVAE, 77X —DEI A VF—d
HOMBIUKAEESZAZN 107, 191A DL X I2R/MEX EoTBY, =
MIZEBE 107.7°, 1.924 (09 2 L ww—FARL TV 5,

RN IZE DT ANF—HEIC7 49 P LTHRELZR (3.2.2)~(3.24) 12
BIENDNT A= 5 =% KI32UIRT.

3.2.3 EFREET > v ILDOFEM

WIELLERT VY VORER2BRET T 472012, 7V #H B X U85 41, 7
RfHEETIRELZBEOIANVT—HMBEE kDL, GTRIZIZELZN X 3.2.3,
X 324 DEERLLVEH, @FAENAEREFZERHLTCYS. VY RO
ITANF—-DOFFRETIE, BRTEHDc/a b WE/T A—F —u IZFEBRI X 1§
BN TWALHIZEELTWA., RO —0 YHEEHORK VX, Ewald®
HiEWDE2HWTIToTWw5h, X325 ICFDOFERE2RT. T 20X — i o 6Em
FIEEAEFMLETHED, TVYHBEBEDFPRREK L ZoTWAE, 72, W
HEOIANF—DENL LN LI, MBESEEPICRARICHFETE LT
HRFB N EERIEBELTWS,

KI22WEAKRRT Yy Iy VIZXoTRDIT VY ERIEELY L 2BOBTFER
BILOKREBERZRT. 2B, KEHEEEB I A VF-HKEOBRNMEL &
HZHTOMELYKRKD TG, MEDMBIIERMBL IS FRLTBY, NS R

(29)
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Total energy a.u.

179K
11791\
11792} \
-1179.3}
-1179.4}
11795}

=105
91.95 2 05 100 Bond angle deg.

Bond length A %

Minimum point
(1.91,107)

Fig. 3.2.2 Energy surface of the AIN cluster obtained by ab-initio MO-calculation.

Table 3.2.1 Interatomic potential parameters. (Parameters in equations
(3.2.2)~(3.2.4), evaluated by fitting to the energy surface obtained by MO analyses.)

Parameter | Value Unit

Qi 0.579

Qn -0.579

aal 0.53721 A

an 0.88139 A
2Body | ba; 0.05308 A

by 0.15559 A

cal 9.4664 eV1/2 A3

CN 15.085 eV/2 A3

B 18.760 eV

Bn 4.8629 eV

C 0.5069 eV

a 2523 A
3Body | R 29 A

D 0.2 A

cos by —%

(30)
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Table 3.2.2 Comparisons of physical properties of AIN for the wurtzite structure
obtained by the present potential and the experimental data ('1{13)(14),

Calculation | Experiment ) | Error

%
a(m) |306x107"° [ Fiixig=" 1.5
¢ (m) 4.90x10~10 | 4.98x10~10 1.5

; T 2.017x101103) [ 30

Fig. 3.2.3  Simulation cell of wurtzite structure; large and small spheres show Al and

N atoms, respectively.

FAY—EF MK T B ST HEABICL D RDERTF Y LT T
AL oTWa I ENbhd., EBRIELOBEER, T EMCAE, HRH
PR T1~3% BETH 5.
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\d

Fig. 3.2.4 Simulation cell of zincblende structure

|
(2]
[o2]

T

d

———— wurtzite

|
[}
(o]

T

----o---- zincblende ¢

Energy per atom X10729
4 4
N o

| 1
10 12
Volume per atom  X1073m

Fig. 3.2.5 Difference of the total energy per atom assuming that AIN has wurtzite
or zincblende structures.
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3.3 BRFIEAHE(EAM)

EAM!ZDaw & 1906 |2 F s TRE SN A-FENBEHEFEICE S FRIMEEE
HORBRFETHL. BESAREIIE-REFBEIIEASVWTRESINL D, K
BRI EINDENLODDNT A= - (BTEEK, BEZANVF -4 E) TE
BERICLVREINLEIENSEVOT, ERBOWFELEFENL I LD
B, BEIN-WHIZBWTIE, FElilfce, hepEERANYFRITEAEmAL
REBEBROMIEB SN AWA0ON8) | Hilbec & BICOBHTEZ A L)
IR S N9 £ L OBATICHV BRI E LD T 5 C0CHEAEY  EAM 0 4
Bld, stEEM2BKBRTFT YV Uy VICERTRZEEEMLZ2WIZS 2 b 5T,
SEBFOBFOMBEYEUMICITIEDENHBICEALTEY, 2OBHEHEAM
(Transferability: K7 ' ¥ VOIEL S BE D OWBEIZL 5 2 WIEE) 224 H K
FUURNERBEIZENTYS SIZH 5. 2D FEEE I Finnis 5 ® 12 X 5
Tight-Binding HHIZHE T NERTF UV VX VB RERIN TV LY, HEOBEK
EOBEBWRIZEAM ERIEF T A2 W TE, RENICEABREORELHFOFIET
HHENEDTHLIENTEA.

AETIHEAMOERN L BROBMEBNML, TOHRALIOVT, F—HKH
WZESLSEBWICLXVEAMETF Y X VERELEZERIZOVWTHRNRS,

3.3.1 EAMORHA
EAMTRFZOERT VY vy VIR LT — %,

By = Z

i

F, {Z pj(Rij)} + % > ¢ii(Ry)

J#i NIvES

DHTEBTAS. 2212, Fp R p 0B RETEE*RHOUBILEFizEDA
COELERTIVE -2 RTEDAZ LA VE IR, ¢ IEFHORE
MEEREERBRT226BORT Y U VIANVF-BETH L. £72, Ry i
BFELiRFORTHEERELET.

SIT, ORBOKRTF VUV ALNF—HEBIE, FRENOBELOENEMN
Z(r) VT,

o) = BB 532
Zi(1) = Zo(L 4 BrY)e 0T e (3.3.3)
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TRHATEZLTD. HHRETaVF2ETHEE p° I,

po(r) = Nsp;(r) S NP (T) + e et e (3.3.4)

TREBETDH., 22T, N,, N, ZENETNENFEDs, pHBEOEERTH D,
Ps, Pp EENFN sHE, pHBEOBEFHERZRFHEZ DL LT L FEr DK
FTEHALEZDOTRD LI IZEFEENS.

1 27 pm
pur) =z [ 67 (35)6(35)]J|dbdy

_ 47:7«2 /02” /0” | Ry (r) 2 Yoo 2| T |dOdip - -+ v v e (3.3.5)

pr) = [ [ 6 Gr)o(an)11d0ds

472 Jo

/27r /Oﬂ anl(T)‘Z‘YlOlQ’Jldad@ ............................. (3.3.6)

47r? Jo

ZIT, ¢ BB, J=risinf EVYIET TH .
Ru(r) = (20" V2[(2n)] V2 e ™S (3.3.7)

i on TEFE, | HVEFROBESEBROBER S KT, 72, Gl1E(=2"/n" T,
ZF IEEGEM, nt IEEETRTH L. m IBAETFRT, Y, JKEBEBD
HERS R ITEREMAMEZETH B, BERWIZIE Yy = /1/4r, Yo =4/3/4mcosb
THb. 7.(3.35), 336)%ZERTHLENEN,

SRS (r i Y /AT e (3.3.8)

r) = ZC{’Rf(r) JATE e (3.3.9)
+1/2)

Ri(r) = %%W—rni—le—éir ......................................... (3.3.10)
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FERESL, T, o BEETFH, r IETHEEBETHL. CF, CF, ony, GITD
WU, Hed b Xe T TORF I L T, RHF(Roothaan-Hartree-Fock) i % A \»
7o —EEAELLRDL DD, Clmenti> @ 2XoTHEXZLNTEBY, #
NEHVWBIENTED,

PEDE 2B RF v vy VA VF BB I UVBEFEEORFAZRE
ThIE, BOAABEEIIA(B31)LD,

B i)

CEFLDT, D50 LOBEEELELBIKRELTBITE, SR ETHHED
HOPDOREBIZBVWITFMENBIELEETHVT, EFNE1T A% -2 RE
TAZENTESL., Diw, LOLHIBREBICHLTHDALEHEZ 719+ LT
ﬁ(#&ioTTT//VW®%ﬁﬁ%ﬁ@ﬁ§&%§%§Hé’t’&%ﬁ

BRRICR TP ASEECOREBFEX L EEL L THY, PEAEET
@@%@éﬂ%ﬁ% WERTEL I HIZT S,

= Fypt — Z Gii(Rij) + e (3.3.11)

JJ#Z

2 |F

2

—E,(1+a*)e ™ a* >0
E(a*) = P U (3.3.12)

~E {14+ ——— +2Xa") a" <0

s( +(1+)\a*)2+ a ) a
afa, —1
L R I 3.3.13
; (33.13)
E

= P 3.3.14
9BQ (3.3.14)

ZIT, a, a,Li%h%‘hﬁ@ﬂﬁ%‘\ﬁiZﬁ%ﬂ#% FHWIER L L 20K
TE, E EHEIRXNVF—, BIIFEHEEE, QREFIFESELIIE5DL
FBETH 5.

3.3.2 AIODEAMEF > v IDRIE

T AEAMEF VoW T A—F —%RETSH., T3, 26HMEEIER
DIXF A—% — |23 Foiles 5 CN I Ko THRESN T VD HD(K333) ZHVD
K2, BEOEBRNICEHNL#H/8T7 A— % —3Clementi 5 ) ORP L KD 5.

(35)
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Table 3.3.3 Parameters used to evaluate the core-core repulsion 7

Zo Qa 8 v
16.711 1.058 0.110 1.0

Table 3.3.4 Parameters used to evaluate the electron densities

N, N,

1.64 1.36

i 3 3 3 Cs o
-0.00452  0.08395 -0.11622 -0.18811 0.54265 0.55020
¢ ¢ a3 ¢ ¢ ¢8
14.22600 10.72610 5.00360 3.63124 1.77396 1.10766
cr cy 3 A
-0.04475  -0.14977  0.26788__ 0.80384

a G & 3

7.20781  3.65413 1.68275 0.91381

Table 3.3.5 Parameters used to evaluate the equation of state

E,eV BeV/A a, A
3.58 0.5056 4.05

(36)
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Table 3.3.6 Comparison of Elastic constants of Al

This work GPa Experiment®?® GPa  Other calc. GPa 7

Cu 137 108 108

Cia 110 61.3 68

Caq 24 28.5 45
2C44/(Cy1 — Ch2) 1.77 1.22 2.25
Ci2/Cus 4.58 2.15 1.51

BOAANERIBREICHTLILZERXTERLTBE, EBRME (K335 K
AL FPEEEETOREFERGRN(3312)FHWT, TEATL#EHAICE
WTREB3IDEFHRET S L)ALk, hETSH. HRE L THELBREE
RNIIRT.

~5.574 x 10%(p)® + 2.814 x 10%(p)? — 5.713 x 10%(p) p < 0.016

F(p) = (3.3.15)

9.0740 x 10%(p)* — 2.191 x 10*(p)®
+2.303 x 103(p)? — 1.571 x 10%(p) — 2.211 Yp = 0.016

74T TR EX331IIRT.
UEoBEBERLEHCTROLESTEEICBIT2HEEER L, EBRICEI->TK
HDONT-HEERE DR 2 E336ICRT. ZBHEMEEHDOTEIZIE Daw 5 (19
DERETHNTVS, RKOTEEERIZICLZREERELRV—EXE2RLTW
B, IRy, BMUEERENT A —REBICAVNTVWEWI LE2EZ 5 L,
ALZBE L TIZEAM ORI D A BERUTHLELEERD. 2hBRT ¥ VT
ERATEYIZ Cauchy oAt 1 & % 5728, EAMTIZZNUNDEIFFINS.
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S[ — Fitted function ]
% - ——- Equation of state 4
> -
o i
20 |
w -
(@]
£ _
U -
@
D —_
Q
g -5 i
L

Electron Density 1/A3

Fig. 3.3.1 Result of fitting the embedded function(solid line) to the equation of state
of Al(broken line).
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3.4 BIEZHh/LEFIEALEMEAM)

EAMTIREFEER, AHOBRTOEIBETEEORTEOELMEDLE TEKH
TELEREEIN, FREFNOEFIMELETEESHIIE T2 5 OERED A
OB THol:. TOLILRBIEEORBER, fcc B2 HEOLTHELDE
Bl LTI ENTHAED, YAV EVFREELEZTAWE IR L TEART
HTHABHB, £Z TBaskes 1, HERBEUEWED L ) ITHEIZH YV FRED
HAEAYEICOLBEHTESL LS, EAMIZBEZMA. TREBEINLREFHE
A & 3 (Modefied embedded atom method: MEAM) & IFIEL T2 % (29 B0 MEAM

HEFEEORBI, SEORTFOMNBHERAIPOERINLIAFEICETLIEHE
BAL, BAEOFMETrRATHIEHEEZSZ TV

IZXNE-—DORE
MEAMTOZD IR NLF—HLEAM & ABICKXCTEBTELLRET S.

Etot—Z( )+ = Z¢za ) (341)

i 7(7’52)

CITHEETORFIIODVWTRLZIDET A, pildRTF i DB TOERET
FEART. UTTEHEFLLEIRFEOMNEBIZHLEF, I/-REFOEED
WFh e RDLTIDET S, )T, EXANVF-NOEF i DFS E; 13X
(B4 L WV RXTEREL LTS, ‘

2EBA T v LI XL F—BER

MEAMTIZ1 DO RERELEZ LI LIV 2EBAT Y V¥ L2V F—
(R (B4 ELE2H) *RETHILaEx L. BEBELIFEOHEE?
BiocTidik<, ?%yyww%&%tfwﬁ%#%&b Wy VEAE R0 S AT R
BELLGDPoTWELDOTHNITEFIIRRZIENTESL, 72721, RENE
ROBEICEVLONLT LV, ITHBEOLDIBEEOETOADPEEFEEID
EEINTVABEIIODVTOREFHEIIOVWTHMAT S, 2KHET vy LT
VX — %ﬁ%&m?éwwﬁmabf,E%ﬁﬁﬁ@%irhﬁﬁ%kﬂﬁ
WOARELELDET S,

(39)



3.4 BIEZhEFEFIEBALE(MEAM)

MM ZEELPLTITICEEEEORIS2EMEELES, EFioZ 2V
FeErid—f%, BEERERTFLOEBER OB L LTRATELEINL LTS,

E?(R)==—E?[l+-ai(é%-—1>]eXp[—ai<é%-—l)] ................... (3.4.3)

CITRBEBOBEICBTIRBEERTDHY, o IFEABEOE S

[9B;$;
O = ([ g (3.4.4)

FESFTIX

= |
o — %;m .......................................................... (3.4.5)

DEIIHEYHEEL*HTREATESL, S E EFERALVY—, B &
REEER, O, B1IETH-)0KE, K EIEFHONDOERTHS. EF &
ROMEN34LIRT. TANVF—RINOMNBTOMEBLIUTFDI AN F—
LY EREHEER, FELAVF-DPKL L.

LRDZ L BN EIDEINNT A—F —REDRTF VI r ik HVTE
bNBERETRORTER, AELANVF-BIUOEEHEERIIG R ZEII—XK
T 5.

—%, R(342) 2 HEHEZICHEATL L, BUFHEENFRI-TVIDOTET
FEEp IRBEE® R OBETHY, T-REXLIVEFI EHEERTAD
BRZOEBERERTZTITHHEDOT, RADLIHIIIETS.

E*(R) = Fz(ﬁ?(R)) b S ZiB(R) vvvvve e (3.4.6)
CITBFEE D NEEREOEETHLI EEHRT L0, ABICETO
PEE, PR ELTVE. £/ 7 BEBERFOMEBT, B2 13 i T

&:H,bm%LTi&—S,74?%/%%L112r4,2@?ﬁ%ﬂ%1
2 Z,=1TH5. :(346) % ¢; ITDVTHEL &

¢ii(R) = %{Eg(R) — Fz(ﬁ?(R))} ....................................... (3.4.7)
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energy

-E

0123 4546 7 8 910
R/IR,

Fig. 3.4.1 Relationship between energy of the reference structure and the distance
of nearest neighbour atom.

b, MOAKEEF L ETERE pFEATHILE, R (3.4.3)F R (347) 104
ALTREATF v S x VARETE S, MOARERS L BT HEIRELT
B, S THBNTH L ET 2. REBANF R (342 ITRAT B L, Bk
DEIKBATEL.

1 _ L
E;=— Y E'Ry)+ [Fi(pz‘) > E(p?(Rij))] .................... (3.4.8)
Zi j) Zi )

NEBADYHNEREZZEZ D L, FI1HI Z R, v RBEHREL L2
HEBEIZIBILIZANE-OFHYHETHAH. T-E2BIIEROBEDIAAL TR
WX —C &R *BBEERL L Z0REBE BT 2EOAAT RV F—
EDELEZOTVS., THIEFERELT, EBROZ ANV —HH s+ EEEETD
FRICIROBIEEZMNFM LB TER L TWSLEZ IR 5.

UEoERbid, BEBECEEEFVIEINTVAEESICHBEICEERT S
SLEWTEDL, —BHWICANBY DL I ICAEFEBEFIEN: MOHEBROME %
EBZAH., BAPEERBEDIZBVT, ABF»ORT, BBEEETFO ) LEEN
ARTC, EPBETF L, —ABEFPLLRALEE, RKEEFETO I bmMA
AT, nfBPBTHEETE. Z0EE, 1AODABRFICHE SN S 2R T
YU NI ANV F -, %(Z¢A3+k¢,4,4), UL, 1EOBRERTFO2EMET > U
VIR NF—IL, (moap+nepp) £ BB, I T ¢pap, das, ¢pp, FETNEN
ALB, AL A, BEBOHBOD2EBERTFT VY VIR IVF—"T, daa, ¢pldEEH

(41)
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EF B, LoT, ROEIANF—3HOAABBEINLO2EBMET Uy
VIANFE—-LOHMTERTIENTES.

—F, ROELEIANVF— 2R FETEH--EZN/ N+ M) HO AREF &,
M/(N+M)HOBEFOHEOLANVF—EY 5 EZHE, BUETHIZHO
IANF—E(N+MEY, 5, CRDLENG. $hbb, RAPFHY LD,

(N +M)EY 5, = MFp(ps) + NFa(pa)

A%a@w+k@myuwgm@w+nmm) ---------- (3.4.9)

INZEGupllOWVWTHCZEICLY, — KM EABHO2EHET ¥ Y VEE
DRAVHEOND.

ETEE p DRR

CEAMTUHEF ONETOETEE b 13, RRXOIIHIIEHLOEF j »5D
E5 )0 ORFBOERELETEDLEND.

Z p] Ryj) svveeeeeremeee et (3.4.10)

J{#1)
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