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OLO100000 (unitcell)DO O, 0000 (imageuniyd 000000000
0000000000000 (Fig. 21)0,000000000000000,00
00000000000,000000000.
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f boundary

Arepunoq
AIepunoq

4 unit cell

O " boundary

image cell

Fig. 2.1: Periodic boundary condition

0000000000 obo0 ARO00O0ODOD.300000,0000 3000
00000 a = (ag,ay,a,), b= (bs,b,,0,),c = (cs,¢y,c,) 0000000 6000

go,0oggoobo

a;, b, cg
h=|a, b, c (2.1)
a, b, c,
gooooo.ongood,«c0fdooog 0
r® = Paz@ + pba:b + PeaC = hpa (0 < Pagz;s Poa; pc:c) (22)

gboboboooooboboaod.

2.1.3 book-keepind]

gooobobobbbbbbobobbbbbboooooaa,bbobbbbibb
gobobboobbobooddoooooooboob.obbbbobbboodago
r.0000,0000000 000000D0O0OOO0OOOO0OO0,000
gboggbogobooobuogobobuoobboa.og,oooooog-0oo
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020 0000bOO0O0bOobDbOoOoboOon

gbooobboobobooobooobboobboobbooobo,oon
o000 0000000 R(>7,)0000000000O0OCOOCOOODOOOOO
O00.000000 book-Keepingd OO O.Fig.220 00 000000. R,00
ooooodo N,Oooooooooooo.

00 7KOOOOOOOO0OO0OO0O0O0O0O0O000000, 000.000000
00000003000000(@00000),%, ~37, 0000000 (0
000O00)N,At0000000000000000000000000000
0 Ar. =T, NAtOOO,r.0 Ar,000000000 N, 000000, R(=

re+Ar,) 00000, 000000000D0OOCCOOOO.

Fig. 2.2: Book-keeping method for MD calculation

214 00O0OOO0OODOO

oboboooboboboobuoooobuoobobooo.lAapoobobboonog
oooooobooooooboOooooooooo,0obD@@Uuspoono)boDo
gboogbobobobodgbuooboobobog,ggbudgbobooboonbobo
gobbbbbbbooddgooodooobb.oooooobbbbboodaooo
gbobbuoooobbboogobobuoooobbbooobobuoogooboo
gooboo.

gboboboogoobboog,bbobuoooobboood

<I>:E0+21|ZV2<7“°‘,1°5>+;Z‘fg(r",rﬁ,r“’)—k... (2.3)
Tap

T a,Byy
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020 0000bOO0O0bOobDbOoOoboOon

ooo.000-«000000000NDODODOD,0D000000100n

gbbogoboodb,odbb«bbuoggbbuooobbuogobb.boon

UOcoc000000D00O0O0O0OODOOn.
gbobobooggbbobooogbobooog,od

e Pair Potential

e Cluster Potential
e Pair Funtional

e Cluster Functional

040000000000000 [11].
Pair Potential O O O O

1
<I>:E0+§ZV§” (r*,7?) (2.4)
a7ﬂ
god. g0t bonuouoboon
gooobooooooooo.ocooooooboooonooo,oooonoooon
dododoobooboobooboobao.
Cluster Potentiadl O O O O

= Byt o SV (r0r) o 0V () (2.5)
a8 By
O00.000000000000000, PairPotental 00000 O0O,0000
gododoboooooooooouooooo. oo, ggooooood
oodoooooooo,o0doooooooooooooooooo,ooon
gododoooodooooooooooon. oo, gooogoooog,odd
003000000000 0000O0000, 0 0000000000000 0oOono
oodooooooooon.
Pair Functional 0 0 0O O

O =FEy+ 21| SVt (e )+ U (fng (ra,rﬁ)) (2.6)
| & ~

obo.bgobggboobooboobbooboobooboobuoubon
gooobobob,ggooobobbbbbobobbbbbbobododdguooooo
O,000,0000000000200000000000000000000O
gbo,ggdgobobooogbooo,gbbobuoogobobooooboobod.
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020 0000bOO0O0bOobDbOoOoboOon

Cluster Functiondl O O O O

d = F, +21!§V2€ff (ro‘,rﬂ) + ZQ:U (Xﬁ:gg (’l"a,’l‘ﬁ> ,;gg (ro‘,rﬂ,r‘f) ,...)(2.7)

ooo.0cooogbobobobooobobobvouvboobobobob,bon
gobobooobboooobboooooboboo,bbooobobooa,boo
gboboboogo.

215 00O0OO

goboodgoodao-ooodoodgobddaood.oo,bdobodoboddo
00000 ¢0000,00«0000000000O0COOOO ~@EOOO0O0O
0 fo=(fe gy, f2))0i000

fo= oo (2.8)

ory

goo.

216 00OOO0O

oo ooobooogoogbooooooogboouooooog, o
0D00000000000000.000(N),00 (V),0000 (E)000000
Ododpoooopooooooooooououoooooooogno

d*re

e (2.9)

goboboooo.gdbmtD 00 oboogon.

gobooo

ooooTO,«00000000*00DbO0O0,

3 1
iN@T:Zém%Wf (2.10)
D000000000000D0.000 k00000000000.000000
D000ONosed 000D ODDODOOOOOODODN.000D000O0O00OO0
0000000000000 0000.0000000000000000000

gboboboboobobo.gb,boboobobobor,ooodb 1., 0
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020 0000bOO0O0bOobDbOoOoboOon

0000000000000 00000,00000000 «000000 o
U

v = v (2.11)

goo.

gobooo

cU0000O00O«v*00000,000000000000000D0O0O0O00OO0
goooodoboodgooode; oo,

o—ij:;/ > g;’l;r? (2.12)
gooboobodooodgodobo.bdb,s;dbdbooobododboaogoon
Dz’jDD,rf‘BDDDDDD o0000000OC00O00O0:00,VOAROO000O0O
00000000,V =det(h)00O0.

O0000O0O0D0ODODO Anderserdd O Parrinello-Rahmanl OO0 O00000O,00
gdodoo,gdbdoiooououooodouog,gououooooon

gbobobooooboobuoooobobod.

217 O00O00OO0O0OOOOOO

O0O00o0O00oDOoO0ooO00bo0ooDoOoobbo0ooDooOoooOg Verleto
O000.0000r(t£AH)0 TaylerOOO,0 (2900000000,

(A)?
2

re (A = (1) £ (1) af (t) £ 0 ((At)°)

re () £ 0 ()At+(2)f U +0 ((Ar)°) (2.13)
000.000,0 (e () 000000¢t0000 0000000000040
O,c00000000000OO0:00000.00000000010,

gf()

i+ At) = 2rd (t) — i (t — At) + (At)

7

+0 ((an)') (2.14)

(2

~O2rt(t) — (t—At)—l—(At)2fi7() (2.15)
ma
000,000 @15 0000000000000 0000DDOOOO0O0O VerletdD
000.0000 o ()0
o 1
VS

1) = g I (A =g (= AD) (2.16)
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020 0000bOO0O0bOobDbOoOoboOon

000000, 0 (21500,

L+ At = 1 (t) + Ato (t) + J;C;E? (At)? (2.17)
goo,ofono

W (t) = Alt P (¢ + AL) — 12 (£)] — m (At) (2.18)
ogoooo,

a A a
WA+ () = g (4280 g ) - EETD I
TR gl (s QA;)&* SO A (2.19)

goo.ooaa,

Al = ()4 A;)j OV (2.20)

O00.000 (217), (220000 00000000000000 VerletO OGO O. O
00000,0 (2.20)0

o At L a fo(t) At

0 (t—l— 2>—vi () + ———

evaluate  f* (t+ At) wusing v (t + At)
At> N [+ At) At

o (1 At:‘?‘<t at
UZ(+ ) /UZ +2 ma 2

(2.21)

O0O000C0O0D0.00 VerletODOOOD VerletDOODO, 00000000000
gbobobooobo,oobbuooobobbuoodboboboooboob,oobboo
go.

218 O0O0DOOOOO

gbbooobobobuooobbooogb.boo,0bobuoobbobuoogbo
oboo,00boobgobob 20000000 b0o0oboo,ob0ooboobon
gooobbobboboo,obnobbbbbbobobbbbbobbobobodguuooooo
0,00000000,0000000000,0000 HookeDOOODOOODOO
gbobboooobbbuoobobboooobobobog.ooogoboon

Oz [ 011
Oy 092
R (2.22)
Tyz 023
Tax 031
L Tay | L 012 ]
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020 0000bOO0O0bOobDbOoOoboOon

obooboon

o000, 0000003000000

72:v

Yoy |

Oz

TZ x

Toy |

Cis
C(23

C114
CV24
C4
CV44
Csa
CV64

HookeO O O O

Cis
Cas

Cie
C126

,Yocy

(2.23)

(2.24)

O000o0oooo0.00b0 ;000000 00000.0000000000O
O00000000000,0000000,,;,00 (212)000000000000

O00000,0000000000 c;000000000A0.

gbobooog,boggobboooobboooobbo,obbboooobob

OOobOO0obil100000o0oobo0obobooooooooooboobooo.
00, 000000OOO0OOODOO0OO0,

€z

€z

o O O O O

011
022
033
023
031

012

(2.25)

(2.26)

ooo,00b00b00b0 ca0oboooobooboo.0coooboooboobobooon

gbobob-.000000bbboogobooooaobood.
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219 000DO0O0OODOOO

000000 (Radial Distribution Function: RDR) O 00O O0O0O0O0O0OO0DOO0O
000 [12l. 00,
> Tiwibib;
G(T):i{zixibi} Gij-
ooo,:, ;0000,,0:0000,¢,;04¢j00200000000.50000
O00O0O0O0ORDFOOODODOOOD:0000000,XO00000000O0 RDFO
000000000 oO«¢«0o000o0o0@oooooo0)oooo.ooooon
000000000000 sing/A0000000O00O, 000000000000
O000,sind/A=0000000000000000000O0DOO0OCOOOOO.

(2.27)

22 O0000O0OOOOod

0000000000800 odoooboooobooooooooo
O (Density Functional Theory : DFI 0 0000 O0OO0O00OOCOO0OOOOOOOO
0oodooooooooooooonoooooooooooooooood
doodooooooooooob.ooooo,0o0ooobooooooooon
dooodoooooodooo,gooooodoooooooooooooood
g, 000000 ooooooooboooooooood
0oodobooooooonoonoooooooooo.oooooooooon,
O00000 Car-Parrinella 00,0 0000000000000 O0O0OOO0O,O
0odoooooooooodoooooodonoooonoogooog. o
dooooooooboooobooooooobooooooooooooooonoo
0oooo.0ooooodooonooooodooooodoooooon
doooooooooooooooooo.

2.2.1 Born-Oppenheimel] [J

gooobobobbbbbobooobobobobo,bbbbbbbobobbbbbboo
0000000000000 0O000000D0D00ODOOd Born-Oppenheimér [
(CoOoo)boo.ooooboOo,00 Born-Oppennaimeéd OO O0.000O00O0O,O
gbooboooobbbooobo,ogobbbooooobooog.

222 0J00O0O0O0ODOOOOOOO

gbbbuodobbboooobbbuooobbboooobbboodoaoboobon
goo.
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020 0000bOO0O0bOobDbOoOoboOon

obhboobboobbooboooboobboobboobboob.bbo
000 p(r)0000000,0000000000000000 Exlpl00000O
oboogboooboobog.

Bl = [V o + 70+ S [ [P gt 1 g, (] 2.28)

0200 ,000000000000000000000000,03000000
00000,04000000000000000000000000000000.

00 Ew|p]0 p(r)0000000000000,000 Kohn-Shan 0000
nooo.

2
l— (;m> V? + Vogy (r)} Vi (r) = Eins (1) (2.29)
Vers (1) =V (r) + Vi (r) + fhae (1) (2.30)
Vi (r) = 62,” (") gy (2.31)
v’ — |
o 0y, [/)]
fhze (1) = 5 (2.32)

00 Kohn-Shanl O OO OO0 Schiddingerd 00000, 00000000000
O00000.Kohn-Shamd OO0 O0OO00DOOCOO00ODOOOOO,0000000
oboboboob.bo0,bo00b00bobboboobbpobboobg.

occ

p(r) =3 |vi(r)’ (2.33)

obog,0bobbobooboobodboobooboobooboobob.on
0,000000((LDA)000,00000000000000000D0 ¢,.0000,

Erelp(m)] = [ ewe(r)p(r)ar’ (2.34)

pae (1) = € () +p(7) (2.35)

O0000.00,000000000 (GGA)0OO0O, fu(p,Vp)OODOOOOO
gobobooooboboboooobobooag,

Ewclp(r)] = [ fuc(p. Vp)dr’ (2.36)
a xc 8 xrc
paelr) = G-V ke (2.37)
odno.
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020 0000bOO0O0bOobDbOoOoboOon

223 000D0O0O0ODOOOOO

kohn-shan O OO O0OO00ODOOCOOO0ODOCO,0000C0000O0DOOO0O0O0O
obobooboboobobooboobob.boboobobo,bobon
Uscreerd U0 DOO0O0OUO0OOOOO0OOO0O,0000000000000000
gboobobdoboboobooooobobobobooboobooboobo.bo
gbbbuoooboboboooobboooobbbooobbboooboboboo
goboboooooobooooboobbooooboboboooobobboooon.
gbobobooooboboboagd.

|k+G>=Qz2expli(k+ G)] (2.38)

O00,Q00000000,g00000000,k0BrilouinO000O0O0OO
goobod.
gb,gggbobobbooggboboboogn.

Q-ﬂ/a@ua-ﬂdwizagﬂ (2.39)
o0, dodooodooodoooooooooooooogon.
@16 = [ 6" ()0 (r)ar’ (2.40)
000,0 (2.38), (2.39), (2.40) O
k+G|k+G) = /(Q Foxp i (k+G)]) % exp i (k + G)] dr®
— O /exp (k+ G)|expli (k + G)| dr?
— O ‘/exp Q)| dr’
i@ a)o
= e (2.41)

0000000000000,
000, kohn-shaml D00 00000000000000 (k+G |- (£) V2 [k+G)
000000000.0 (2.38), (2.390 0

ool ()

- /<Q2exp[(k+G) ])*[—<§2>V2]Q2exp[(k+G') 7] dr?

k:+G’>

m

- O /exp (k+G)- ][ <5;>V2]exp[(k+G') r] dr’
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020 0000bOO0O0bOobDbOoOoboOon

- O /eXp (k+G) - ]{ <2h;>}{i2\k+G’\}exp[(k+G’) 7] dr®
Q! <h2>]kz+G'|/exp i(k+G)-rlexpli(k+G)-v]dr?

1<h;>]k+G’|2/exp[z'(G’—G)~r]dr3

’k+G,’25(G'G),0

| k+G |25G,G'

(\&) (\&) (\&)
T T T

:<m

00000000000000000.0(230)0000V(r)00000000
0000000,0000000VPS(r)000.a00000000000000
DLﬁ(MDDDDDDDDDDDDDDDD)DDDDDDZﬂ?az(ﬂﬂmm
p0al0000000I100000000000000000O000,00000
0000000000000)0000000.000,000000000000
0000000000V, (r)00000000 Vi, (r)00000000000.

) | k+G [5g o (2.42)

V(’f’) = VL (’l") + VNL (T‘) (243)

D000000000 Vi (r)=Xg¥y, VE(r—R—t,)0t,0al00000
000,RO00000C0000)0000000000000000000,00
0000000 w(r)(000000 ROOOO,u(r+R)=u(r)0000000
0 GO0000000000000000000000ooao,

u(r)=> u(G)expliG -] (2.44)
G
ad,
=Q" / r)exp [—iG - 7] dr® (2.45)

ooo,Vy(r)0000000CC0000000DDOOC0OOOOOO0.

Vi (r) = ZVL Jexp (iG - 7) (2.46)
V(G = O / Vi (7) exp (—iG - 7)dr (2.47)
— Q—lzz/vf (r — R —t,)exp (—iG - r)dr (2.48)

tq
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020 0000bOO0O0bOobDbOoOoboOon

— 1ZZ/VL (r—R—t,)exp (—iG - (r — R —tg))dr (2.49)

R t,
= 1ZVL )exp (—iG - ) (2.50)
VE(G) = /vf (P)eap (—iG - 7) dr (2.51)

000,Q00000000000000D000D000D.000,V,(r)0 <k+G|
0Ok+G >0000000,

(k+G |V (r) | k+G")

_ <k+G’ZVL(G)eXp[iG-T] k:+G’>

(2.52)

= /(Q 2expli(k+ G) - ) S V(G exp[iG” - r] sexpli(k+ Q) -7 dr’

GII
= O /exp i (k+G) 7] > VH(G")exp[iG” -r]expli(k + G') - r| dr®
G//

= Y VHGE) Q! [expli(G 4 G - @) - r]dr

G//
= VE(G")6 ’ "

2" eera)o
= Y VMG

(g// ( ) G”,(G—GI>
= V(G-&)

goo.
O00,Kohn-ShanD OO0 0000000000000 DODOO0ODOOOO.

k+G|H|k+G) (2.54)
2
_ (h >|k+G'|5GG/+VL(G G
WV (k+ Gk 4 G) + Vi (G — G) + e (G — G) (2.55)

000,V 000000000000,
87p (G)

[ely
000.00000n000000 B 0000000000000 C},, o000
00,0000 ¢, (r)000000000.

i (7 Z C}.qlk+G > (2.57)

Vi (G) =

(2.56)
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020 0000bOO0O0bOobDbOoOoboOon

000 Fe D0ODODO00O0O0O00O0,0000000000000000000
O2000000000.000,000000D00bD0bDOoOOO.

occ B.Z.

p(r) = Z%;%Mﬂf

occ B.Z.

— ZZZZCZ+GCZ+G,Q’16$]9[2’(G—G’-r)] (2.58)
"k GG
go00ooooooboooooobooooooooooboo,ooocooogn
goooog.goooooto,gotoootootobobobooodoooooggg,
00 prew = (1 — @) pin + apoe 0000000000000 D0O0,000000
gooobobobobototototoodoooooooobo.obobo,obobobototooddgnn
N*000000000000000DO0n.

224 J00D0O0O0DD0OODO0OODDOOO0OODOOOODDOOOOO

O000O0O0,Kohn-ShanD OO OOOCOOOOOOOOODODOOOOOOO,N?
000000000000 0.0000,000D000D00D000DO00000DO0O0
000000000000 0O0O,000000 NegNOOOOOOOOOOO.
00000000 Db0000000,000 Car-Parrrinelld D O00. 0000000
OO0 Car-Parrrinelldd , 000 00,0000000000.

O00{y} 0000000000000 Lagrangel 0000000000000
ooono.

Etor = Epor — Z Aij ((¥il5) — di5) (2.59)

gbobbooggbbboagd.

8EN’tot aE'tot
= i — A = |H — N, 2.60
(/\ = <¢¢|H|?/fi>)

00 -[H-)\ 0000002000 (@00000000)00000000
Car-Parrrinelld 00 0. 000000 00000000000 O0O000,000
ooooao.

i = — [H — N (2.61)

00 -[H-)N¢;0000001000(@O000000)00000000000
000.00000000000000.

pi = — [H — AJ ¢ (2.62)
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020 0000bOO0O0bOobDbOoOoboOon

00 -[H-ANv,0000000000000000000000000000.0
ooooo00oooooooo.

v, 000000000000 00000000000000000,0000
— 9B — _[H — )¢, =00000¢,0000.000 Hy; = A\, 100, Kohn-

i
ShamJ OO0 OOOOCOOOOO.

23 JUO0OOooog

gogoobobbbbbbooo,0bbbbbbbobooboobodgauuaaadg
g,bdgggbbuoggobbuoooobboooobbbooobooba,bod
gbbbuoooobbbooobbbuoooobbbuooobobbooaobobo
gbobbuogoobobtoogobobuoooobbboooobobooooboo
g.gd,0bbbbduoogoobbobobbo,buoooobobbbbbodgao
gbobogoooo,0bbuogobbboogobbuoo.oobobboooobba
Oobooboboz2b00bobooogooobobo.ooboo,obooboooobooboo
gboboboogoooboogoon.

231 0J00OO0O0OODOOO

OO00000OooOoOo00ooboooOo0oooboobo0[4).n00000bD 20O
00000000 f(x)0(0O0ODOOOOOOO,

gi(x) <0,i=1,...,1, (2.63)

hi(x)=0,i=1,...,m (2.64)

gboboboogdb «Leg0bbbooan.
Oo0,l=0,m=0000,000,0000000,0b000000000000
gooboogobooad.

232 J00D0O0O0OO010O0O000O0DOOO0O

n=1000,000,10000000000000000,00000000.

O000ooOoOoO0COCCOOO0O0O0Og,0ooooooooon Brentd OO [15]
gooooouoo,ggoguoooobooobob. oo, bbbbooooogaon,
BrentO OO ODOOOOOOOOOO @S OO00OO0OOOCOODO.
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020 0000bOO0O0bOobDbOoOoboOon

goooo

1000200000000 f(»)DD0OOO0O0OO0OO000OO0.a<b<cOO a,b,c
0000, f(e)>f(b)0O0O f(e)>f()DDOODOD.0O00,ac00000000
x000.00z0a<z<db000,f(x)< f(b)0000O,2z00000,00000
c000000,f(z)>f()0000,z0000 «0000D00O0O.20b<z<c
O00,f(x)<f()0000,2z0000000000000000, f(z)> f(b)
Oo000,z0000 cO0OD0ODOOO0.0000D0DO0s0000O0O000O00OODO0O,
ac0000000000O0O0O0O0OOO.OD0000s000000O0O0OO0OOO
ooodoooooo.oo,h0 e c—a0WOOOoOoOooooo. OO
oo,

b—a c—b

— W, —1-W (2.65)
cC—a cC—a

000000060000 ¢c—e0 ZOOODOODO0O0OD,000,
—b
T _g (2.66)
cC—a

Oooooo.000,z0b<zz<c000,0000000000«00 2000
oo, 000000000000 00o0ow+zZz0000,0000000000°0
OO0 cOo00obO0O,00b00b00b0b0ob0obboob1-wohooo.oogooo
gboboboooobbbuogga,buoooobobobuooobobobooaodd,

W+Z=1-W (2.67)

Ooboobo.00,00z0ae<z<b000,0000000000«00b000
oo, 00b00bobobobobobowibodooo,0oooogbobob 200
cogboo,0boooboooobooobooolr—-w—-Z00O0OO.00OODO
gbooboboooobbbuoog,buoooobobobooobobobooodd,

W=1-W-2 (2.68)
000O000.0 (267)00 (268)000000,b<z<ca<z<b00000
oooo,ooo,

Z=1-2W (2.69)

gooo,0000boboobobooooo.ogg,wW<o0bs000,Z2>0000,
W >05000,Z<0000.000000,W<05000,20 (bo)O,W >0.5
000,20 (e,)0000000O0ODO.0000,

b b (2.70)
c—a c—a

b—a = c—= (2.71)
a—+c a—+c

—b = x— 2.72

5 b x 5 ( )
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020 0000bOO0O0bOobDbOoOoboOon

000,000020 (a,¢)00b000000000.000,20 (a,¢), (h,e)00
000000000.
000,00000000W<0500,01-WO000000W:1-2W0O
000 1-2W:WDODOO0O00bs000000000000.000,W>100
000000 W,00000001-2W0000,W <1l000000001-2w,
0000000 WODOO0.0000,000000000000000000000
00,0000000010000,00000001-W,0000000wWOO
000b0000000000000.0000,000000000000000

0000000000,0000000000000 W1 DD,IW Ww <
00,2 _ W, 0000,00000 W=0000000000,52% — oo
Joo,
W2 —3W +1=0 (2.73)
35
W= QVF-::038197,03333~<(138197<<(l5 (2.74)

000,W<+0000.00,W>0500,0W00000001-W:—-1+2W
0000 -1+2W:1-WOOOOO0OO0OsWwO0OOoooooooooo. ooo,
W>200000000 -142W, 0000000 1-wOoO000,W <200
000000 1-w,0000000 —-142W000.0000,00000000
0000000000000 00,00000000 10000000W :1-W
000s00000000000000000.0000,00000000000
DDDDDDDDDDDDDD 0000000000, w>3:00 *“W:WC

W <200, =woooo, DDDDDW¥1DDDDDDDDD LW —
DDDDD
W24+W—-1=0 (2.75)
—1++/5
M/::A—Qtizi::1——038197::066667>>1——038197>>05 (2.76)

2

Oo0O,wW<3i0000.

00,20 W <0500, (a,c), (he)DODOOO0O0O0000 (b,e)01—-2x
0.38197:0.381970 00000000, W >0.500, (a,c), (b,e) 00000000
0000 (a,b) 0 0.38197:1—-2x0.38197000000000.00 200,030
a,b,c00000000,00000000000000 0000 1-2x0.38197
000000000,0000.0000000000000000.

00,000000003000.38197:1-0.38197, 0000 1—-0.38197 : 0.38197
000000000,000000000000,000 0.38197:1—0.38197,00
00 0.38197:0.3819700000.00000000000000000000 10
000000001000000.
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020 0000bOO0O0bOobDbOoOoboOon

Brent O O O

[15]Brent0 000 0000000000000 000000O00.00,000
0000000000.30 f(a), f0), f(¢)00000000002000000
0o

oy L= [f () = ()] = (=) [f(b) = [ (a)
2 b=a)[f () = f()] = (=) [f () = f(a)]
000000.000000,2000 (e,c)000000000O,00000000
gogdggd.goog,bbooooooooooooooa,bbbibbbb,do
obooooboboooboboooboboooerentogoboooobg. 0o
BrentUOOOUODOOOGO a,b,u,v,z, w0000 00000OOO00OOOOODO.O
000000000,000000 (e,b)000000000C0O0OO a,b, (a,b)00
Ooboobooboooboobd -, z0000D000DO0O0O0O00 w, 1000 w
gbobbobU», 0o «0bb.od,dw,v,w ooy
0000000000 (e,b)00000000CDODO.0D00000,a,z,b0000
O00000.000 (e,b)00000000,00000000000000000
00000,000000000:00000000000000 |la—=x|,[b—2|0O
gogoobobobbbbobooobbbbobodododaooo,booougoooo
O000.000 (o,p)D00000O0OO,000000D0O000D00O00ODOOOO0
goo,0boogbogibb000000000bb0bd000bugnoog
gbbouogdboboodgbbo,obbuogbbooobb.bbuoodgbboo
gboboboooboboooo,guobodbtd«wdbgd,a by z,w,v, v 00000
gbogobdodg.ob,ggboobooboobbuoobbodobb,z0000
go,b0bobbodgoodgo,bbobbbbudgo.gooobbobobbodago
gbboboogobbbdoag,bbuoooobbbuooobbbooad.

(2.77)

233 U0D0OO0O0ODOOOOooObOOoOoooO

n>100000000000000000000O.000000000004
gbobogobobooodgobbooobbo.oggobobuooobobooob,da
gobob,0bbbboou,bbouoooobbboobobboo,bbbodgdgggao
(Genetic Algorithms] 0 00 0000.00000,00000,00000000
gobobbbobbobooddgoooooobbbobob.obbbbbbboodggo
gbbobuooooooboa,bboogobbboggbobobooooobo,gbboa
gbbogdbboodobbboobobbuooobbooobb.oboa,boo
gobobboobbooddgooooooboboobbboogo.bbbodggo
OO000O0oOoO0ooOOo0oo0obooOoDOoOob s boobooooooooboDo
goooboobbboboboo,bobbbbbobobbbbbbobobodougogooo
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020 0000bOO0O0bOobDbOoOoboOon

0000000000000000000,000000000000000 (00
00000)000.000000000000000000000000,000
00000000000,00000000000000000000000000
00000,0000000000000000000000000000000
00000000000.00000000000000000000000000
OO0 [1500000000.

gobooo

gbbooobbboogobbuoogbbooob.ob,oobbobooobn
gboooboboboboboo.0obooboo

1. 000000z OD0DOD0ODOO.E=0000.

2. 0000b0oooooobo0, 00000 b.0bobobooboobobboog
oo.

.0000d,00000.

4. d, 000000 o, 0000,

S. Tpy1 = T) + g dy,

6. k=k+10000100000000.

O00.d, 000000 o UO00000000 232000000000000
BrentU OO OOODOODOOOOOOOO.0bOooooooooboobo,0onog
0000000, 0000000 ogoooboooboboboboboobooooboo

000000000 d,=-Vf(z) =424 o, 0000000000000,

gobooo

gb,gdbbobogobbdooobbboogobbooobobo.booooboon
0 A0D0DOOO0CO2000000 w,o0000O,

u’Av =0 (2.78)

Oooboood0,w,v0O AODDDOO,00000000.
000000000 f(x)00DD0 «*00000

f@) ~ 5@—a) Vf @) (@ —a)+ V@) (@) + f (2)(2.79)

1
= q(@) =2’ Gz +blzte (2.80)
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020 0000bOO0O0bOobDbOoOoboOon

0000200000000 T TayleroOOOOOOOOOD.0OD0O0,GO0nO000O
O000O0,e0n000000COCO0.00,00¢(x)000O

Vqg(x)=Gx+b (2.81)

000. 000000 GOOO00000D000000000000000000
0000000000000000000000000000000000000
0000000.00,¢(®) = i2"Gx +b'z+c000000,n000000
se,...,8,.10 GOODODODODOO0O0O0000.0000,0000 2000000,

q (:ck + OékSk) = min {q (in + aSk)} (282)
T, =T+ S, k=0,...,n—1 (2.83)

O0000,z,0¢(x) 0000000000000 OO.0000000DOO00O00O0O
gbbooogobbo,bbbuooobbbuodb,ooobboooobboo
gbbOnd0ooboobobooboboo,bobuobobuoboba.gnogog
0000000000000,00000200000000000000,Vq(x)
gboogbobogbobuogboooobobuooboobbodg,ogbogbobo
goo.

20000000 Gram-SchmdD OO 0OO0O0O,00000000000000
Ooooo0.G0nxnO000000O0,g, 0000000000,k =g,00
O.:=0,1,..000000 2000000000000

gix1 = 9; — MiGh; (2.84)
hivi = g1 +7ih (2.85)

oon )\z,’}/ZD g1,+1TgZ:O,h@+1TGhZZODDDDDDDDDDD,

T
g9’'g,
9.9 2.86
o= B (2.86)
T
%Gl 2.87
i T Gh, (2.87)

O00.0000,0000:#4j00000000000.

gi'g; = 0 (2.88)
h;"Gh; = 0 (2.89)

ooOoooOoooooooooO.

i,j <ki+j0000,0(28)000000000,00¢%,9, =000,
gr.9,=000000,i,j<k+1,i#j0000,0(288)00000.000,
k=1000,g97g,=000,0 (2.88)0000000,0 (2.88) 00000000
oo.
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020 0000bOO0O0bOobDbOoOoboOon

i,j<ki#;0000,0(89000000000,00 hip Gh; =000,
Rl Gh,=000000,i,j<k+1,i#;0000,0(28900000.000,
k=1000,hTGhy=000,0 (2890000000,0 (2890000000
ooo.

oo,

hn = g, + ’Yn—lhn—l
= g, T Yn-1 (gn—l =+ 7n72hn72)

= aphg + Zaigi
=1
= ) ag; (2.90)
=0
000.0000g¢000000000.000,0 (2.88)00
gpirhn =0 (2.91)

ooo.d
0 (2.88),0 (2.89)0 0000 OO, O (2.84),0 (28500, ),w0000000
ooooooooao.
T,
y, = ZAL I (2.92)
gi" gi
T T
gi —9;)9;
_ (951 , ) 9is1 (2.93)
g9; 9;
T
g; hi
A = 2.94
h] Gh; (2.94)
0 (2.92)0,0 (2.88)0 000, O
gz‘T+1Ghi
h!l'Gh;
_ng—l (giJr)l\;gi)
gi l_gi
h?( +/\¢ )
T
_ 919 (2.95)
hiT (gz’+1 - gi)
O00,000,:i>0000 (2.85),0 (2.88),0 (2.91) 0000
QiT+1gi+1
(9; + %flhz’fl)T (gi+1 - gi)

Vi

Yi = —

T
9i119;
_ +; +1 (2.96)
g9; 9;
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020 0000bOO0O0bOobDbOoOoboOon

ood,Oo

91T91
(ho)" (91 — 90)
Q1T91
goTQo
oooooooo.oo,0@940,:i>0000,0 (2.88),0 (2.89),0 (2.85)0 0
o0

Yo = —

(2.97)

g9
9! Gh,
giT (hi —vi—1hi—1)
(hi - ’Yiflhifl)T Gh;
gl hi

= 2.98
h!'Gh; (2.98)

)\i:

gbb,:=0000,

gggo
goTGho

Ao =

T
= hgTch;L (2.99)
0 0
00000000.000,000002000000000 GO00000,0
(2.84),0 (2.85),0 (2.92)0 0 (2.93),0 (29490 000000000000000,
0000000000000000.000000,20000000000000
GUOO0000000000000.
000,0000g¢,=Vg(e)D000000.000 ;0000 A,0000 g
000 @, 00000000,000g¢,,=Vq(®,)0000000.000,0
0 ;00 (2.84),0 (2850 000000000000000000.000

g9, = —Gz;+b (2.100)
gis1 = -Gz +b=—G (x; + \h;)) +b=g, — \Gh, (2.101)

000,00000000000000000000000000 h;Vq=—higiyr =
0000,0 (2101)00000,0 (2.949000

gi"h;
h;'Gh;
000000000000 000.000,00000200000d,g;=Vq(z)0O
000,GU000000000NDN0N0N0N0NOOO,0000000oooog. ™

i =
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020 0000bOO0O0bOobDbOoOoboOon

00000000000 200000000000000,0 (2.92)00 (2.93),0
(2.94) V¢(z)0000 GOOOO,000000000000000.

00000000000000000000000000000000 dgyr =
—Vf(xk) + Bedi 0 3,00 (29200000,

_ W 2102

= @ P (2102
00O Fletcher-Reeves 0 00O (2.93) 0000,

_Vf (@41)” (VS (@ry1) — VS (@) 2103

000 Polak-Ribiere-Polyakl O 000000000 0O.O000D000,00000
oobooogoboboogo20boo0bobogoooooo,oobogooobooboooboonD 2
gobboobbuodg.gogog,gbbobboodooooogo,bbobbbobododgo
gobobboobobo,bbboudg,gooooooobbbbobboo,bbododggo
goooDood.

1.000000 2,00000000.k=0000.000000p0000,
By=0000.

2. dk+1 = —Vf (mk) ooo.

3. Vf(zy) =0000000000,x00000000000.000000
gobobooogn.

4. 00000000 f(zp+ad,) 000000 0000,
5. $k+1:wk+akdeDD.

6. k+10 p0 00000 k=k+10000,00001000.000000,
oboobednon.

7. dpr = -Vf(z)+4d,00000000000.000,8,00 (2.92)00
000 (293)000000000.

8. k=k+1000000002000.

goboboooobbobuoooobbbooo

O00o0oDOOo0oOdooO,00b00@o)bobo0ob0obDUoOoboOoDoOooo
g, gogdgbboodabb,ob,goa,buooobbuogdo,ugggbboodb, o
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020 0000bOO0O0bOobDbOoOoboOon

obooobbgoboboobobooobboobboobob,boobboon
obobooboooboobon.
oobooOoobooobooboobboo200000000,000b000b000
gooooooooooooooooooooooo,oooooooooooon
Ooob0ooboo.00oob0obobobooboboobobo lobobobooobooon
O0O000O0,0000000D0000oooobooa (el
Oobooboboboooooboobobobobob 20b00b0b0000000
oboo.0b,0b0oboboboobooboobuooboboboobbooboo.

HEN

gbouodgbogbbobboobodgboobboooboob,boobboon
oo0o0o0.0bbo0oboooboobobooboboobbooobooob 20
gooobbbbboboboooobbb,bbbbbbbbbbooboduuguooo
gboboboodo,bggobbuooooboboogob,oobbbooooboboobg
gooobbbbboboboobobbboboobooddooooo,booougagoo
goog,ogbogbobogbuogbbobobooboobboobobboonobo
gboboboooobboooooon.

HEN

gboudgboobbobboobuodgboobboo,gboobboobboon
gobo.0bbbododbooboooooboboooobboboooobobooboa.

Linear Crossover

Linear Crossovell 0 "’ 00 10t000i0000000,y*0020t000

i0000000000,05 (M +x™?), (15x" — 0.5, (—0.5x" + 15x ")

% 7 % %

gobobooooboboboogoon.

Native Crossover

20000000Db00bO0bO0bOo,Db0bob0oboDUoboDobO,ob0oobobobobOo
Ooo0o.00b10000300booooooooonboobn

Parentl : (X(lLt)a X(QLt)? Xi(SLt)) X4(117t)7 ) X'Ezljt))
(2,¢

Parent2 : (xi*", 387 x5 (80, x2Y)

: 1, 1, 1, 2,
Of fspringl = (xi™, x5 " X8, -+ x(21)
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020 0000bOO0O0bOobDbOoOoboOon

Of fspring2 : (X, X8 x5 x4, x()

gbbbooaobbodad.

Blend Crossover

Blend Crossover (BLX) OO ;0 000 1000000,0000000i00
000 Xz(l,tJrl)D

Xg1,t+1) —(1- %‘)Xv(;l’t) X %XEM) (2.104)

O00000oo.oo00,v=>01420)m —alO0O.

oogf

gbobobuogooboboogobbbuooobboboooobobbooooboo
gobobboobboodadg.bbbbouogoooooobbbbbbboodggo
gbobobooooooo.

Random Mutation

0000000000000000000000,;00001000000,0
0000000000000 000000000ioooooy™Yoioooo
nooo\\YiooooooooyWooo,

% 7

yZ(LtJrl) e (XZ(U) _ XEL)> (2.105)
000000
gD — D g 0.5)A, (2.106)

O0000000.000 A,00000000D0i00o000oooobobooooo
gbooo.d

Normally Distributed Mutation

000000000 N(0,¢)000,00000000000000000000
oooioooooyMlo

Yyt ="+ N (0,0) (2.107)

gbobboooo.ogbbeebbbUoooobbboooobn.
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020 0000bOO0O0bOobDbOoOoboOon

234 0J00D0O0O0O0OO, 00000000000 DO0OOO

gbbobuooobobboooobbbuooobobboooobbbuooonoon
gboboobooboobobbobbooboobobobobobooboobon
gboboboboobooboo.0cbobboobooboob, b Langrangée]
gboboob.og,obooboboobobboboobobboboobo
gbobobuoooobooba,bbuoooob,ogbbbuooobobbooogboo
goobooo,ggoobobo,bboboooobboooobbboooobooon
gobobboobboougooobobbb.ooooobbbbbbbodggoo
gooooobobobobobooobbboboobooog,bbbboboboooooogoao
gbobobooogooo.

oobooobooooobo/ooboboboboo,m00boobOon

IA

l, (2.108)
m (2.109)

gi(x) <0,i=1,...,
hZ<CC) O,’l 1,,

0000, f(x) 0000000000000 000000, 00000 rO00O0O,
HRN

m l
P(az):f(a:)+T{Zmax(0,gi(w))+2|hj (m)|} (2.110)
i=1 j=1
DDDDDDDDDDDDDD,f(a:)DDDDDDDDDDDDDDDDDDDD
ggdoooogooooguo.coggo,gguobooggoboogoooogg
ogoooo, 0o oooooooon P(CC)DDDD,DDD
dododooooboooooooan.
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030 OU0odououooooond
ooy

gbbodgd,buggobbooobbooobbbuoodgbboo.ooobn
ooboobsbogbooboooboobo.boobooboboboboobooboo,
gbbbuoooobbboodobbbuooobobboooobbboooobobo
gboboo.boggbbuogobboogboboooobbooob,ogboboo
gbbobdog,boooobbbuoodb,ooobboooobbooaobobo
gooobobobboboob,gobobobbbbbobotbudooooooooooon
gbogobou.ogoboobobuoobbodobbodo,ogbooooboabg,
gboogbobog,ggbuogbboobuogbdbooobogboboobbd
gbbboodoob,ooobbodaad.

3.1 0Jooog

Fig. 3.0 0000000DOOO0ODOOODOOODODOOD.OOO,00D00DO
gbogdgoboo,obboodbbbooobboooboobo.b0bbuoooboboa
goobbbobo,bbouuuoooobbbobbbobooa.go,oobobbo
gboogoboogobog,ggbbobobodgbbooboooonoboobon
O0.00,0000000000O0O0/00DOO000O00,00b0b000oDbOoooo
gboobodobboob,goboboo.ogb,obboobuoobboooboooogd
gbobooa,bboooobbbuoogbbbuooobbbuooobbbood,o
gobobobobobuoogoooobobbooo.obbbobbbobooooood
gb,ggobboogobobbuooobbbuoodgbobb,obbboooobboo
gobobboobbbboddgoooooboboobbbooooo.booggao
Ooo00ooooooooboo0ooooooooooooopboboo(@Eooobo
O0000DO000O0D0O000O0O0)0b0DO000oo00oD0o0ooO0ooDoOoooOoDO
ooooooooo@Eoooobooobo0oooooobooobb).oboo,Oo0oDo
O000000Oo00ooo0oo/oooo0oooooO,00o0o000ob0 10000
gbbuoggbboodgbbooob.gobb,0obobbuooobbuoogbboo
gboogobogooo,gbbugoboodgbbodbboboobuoooboon
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O30 00000b00b0obOboobooobooDg

obobo.obgobo,goo,boboooobo,ooboboobobod
gbobobog,bbbuoobobbodoooobbbooooboboooooobon.

START

tHEHE El'méﬁi
rri’v‘-‘/&»v)b;'ﬂ*x&ﬁzm;’a&i
ébﬁﬂﬁ%’l&@%#ﬂ/ﬂi%
ﬂ-i’-?pbéc')blﬁalx—ao)a%@t
7|'{’7_"/°/'\"}l//\°5)ll—90)§$1ﬂﬁ/9§i

END

Fig. 3.1: The flowchart for fitting process

3.2 JU0O0Oooooooooon

gbobobobooboobooboobobboobooboobooboob
ooo,0bogboooboobooobooboobobobo.0obb,0bbon
gbobobboobooboboobooboboobo.obob,bbobon
gooooooooo,ooooooooooooooooooobooboooon
ob.0d0b0,00bbgooboobboobooboobobg,bbuobbon
gboboboboobooboobooboobbobbooboobooboobo
oboboobob.boobo,bobooboboobobboobuobbobon
oboooboooboooboobooobon.

ooo,000,200,00000000O00,00000,000O0,0000,0
obooooob,bobog,ogbgobooboobobooboboob.o0,oboon
gbooobbgooboboobobooobobo,ooobboooboboobboon
gboboooboboooboboob.oo,oboobobboboobobon
O, 0boobgooboobobboboobogbgooboobooboboobo,
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O30 00000b00b0obOboobooobooDg

33 UbO0ObOoooooooboboboood

dooooooooooooooooooooooooooooooooon
O00.00,10000000000000O0O00000bOO000o0obooooo,
oo, 00ogodoooooooo,ogoooooogoobooog.ooog,
0ooooodoooooonooodooooooooooooooooonon
godd,0ooooooood. oo, oo oobooobooooon
googoboooooouooboogouooonoooooo.ooo,0oot
O0000O00o00oooo/ooooooboo0oodoD,dooooooon
gooooooooooooonooooobooobgooongoooog.

doodoooooooooooooooooooooooooooooon
O0D0D0D0.Si0000 Tersoff 00O OO0 [3][4]0 COODOO Brenned 0000
Oe|00000000b00b00b0000o0oooo0o.oo,000oo0oooon
O0O000D0OO0ODoOOo0ooooooooooO. siooooswoooooooon
000000000000 A7jcooooaon.

0000000000 EAMOO0ODO0O0O0OO0ODOO0ODOO0ODDOOODOODOO0n
O.EAMO0000O0O00O0O Dawl Baskes] 00 EAM O OO OO0 [1], Finnis Sin-
clar0D0 00000 [18][19], MEAM O OO O OO [2], MishinO OO OO O [7][8][9][10]
O000,000000000,20000000000,000000000,00
goooooooobooouoonoooouoooooon.

O0000000000,0000000b000o0oboO0o 200000000000
000000 Beest-Kramer-Santeen[20]0 O O 0O O O Born-Mayer-Huggins[21[]
oooooooooooooooooooo.

O00o0Oo0ooooooooooboooooooo, EAMO0000000O00O
000022, 00000000000000000DO000DO0O00O0O0ODOOODOA0O
O000000000000000000000 [23)[24]0000.00000000
O000D0O0 [22)[23), 00000 [24]000.

34 D000D0D0O0OO0ODOO/MO0DDODOoOoOooO

goobbo,bboobbbboodg,dddgoooo,oobobobbooobobo
gbooboa,0bbuogogbbobuooobbbooo.gg,bbouooooboo.

341 J00ODOOO0ODbOOOODbOOOO
oo, 0b0b0o0oogobgobobo20b00b0booboo.og,

e J000DDOUUOUOOODODOODODOOOOOO (Standard Fitting Data)
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O30 00000b00b0obOboobooobooDg

e 0000000000000 O0000D0O00D0O (Optional Fitting Data)

020000.000,00000000 Standard Fitting Data Optional Fitting Data
godo,0oboodoodonoooooo,onogoooogg,gboooof
godoobbbooooo.ob, b ooobbb oo obb. o
g, 00o0doooodoo,gonoooooodoogoooooood, oot
gododdoooobbbbboooooooooo.

Standard Fitting Data

goobobooobbbooobobo,oobbboooobbooooboboa,bob
gbgboobouogboobboobuodoboobboobo.oobobobbo
goboo,bbboboodddo, oo oobboobobbooooooog,a
go,b0bobbougoooobbboobo.bobo,gooooobbbodggo
gbobogooooooob.bboo,bbooobbooobbuooobboo
gooobbbbbobobooobobboooog,bbbbbbobodoouggooo
gbobogobboogobobuooobbooo.obob,obbobuoogboboa
O00000D0O0O0O000D00O0O000boDODDOOOO0 standard Fitting Data
gobo,b0bbobodgoogoboobobbooooooob.obb,bboogd
gbbooa,bbooggbboooobbbogobbbag,bugogbobog
gbobogoboboogobbooobbuooo.oob,o0obbuoogboboo
gogoobbobbbbboouodudoooooooog,ouoouuuooooo
gboboooobobbooobobo,ooboboooobboooooo,oboboa
gbooobooboobgobuoob.oboo,oobooboobiloobon
O0020000000000000O0DO0OOO0OOO0ODOODODODObOOOO
gbouodbuogbogbogbo.bobboboboobuogbuogbogobobo
gbobboooooboooobo,oobboooobbbooooboa,bod
O00,000000 Standard FittingData 00000000 O0O0OOOOCOO
gbobogoobobuooobbooo.gob,gobbbooobbooooobooba
Ooooooooooooogoobo/oooooboogbooboOoOoooodg standard
FittingDatad J 000 00,00000000.000000000DOO000O00O00O0O
OOoo0o0o0 EAMOODOOO0OODOOOOO0ODOOOOODOODODODODOD
00000, Standard FittingData O 00000000, 000000,00000,
goob,bbbobobbtboddgoooooobobbobooboboboog,booagg,d
gbobobuoogooboboogogoboog.

gbbbuodgbobboooobbooogbbbuoodgbobbooooboo
googboboboboguo,gbbogbugbboobboobooboonoba
gobobbbobboboodgoooooobbbobobbo.0obbbbbboboodago
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O30 00000b00b0obOboobooobooDg

gbooobboobobooobooobboobboobbo,goobboon
gbobboooobbbuoooo,boooboboboooobobobooan.

gbobbooboobooboobooboboobooboobooboon
gbo.gbobbo,bbodgoogobboobbouooooooob,bbbodago
goboboboboboboooooobobobobobobooooobo.o
gboogbobodgbooooa,bogboil1bbooboobbogbogonood
gooboobodobobobgo,obobobooboobobobobobo.ooba,
O00000000O00OoOo0oO0bOo0oobooOoO0.0oo0,0000 Standard Fitting
Datal DO O DODOODOOODOOODO.ODOD0DOODDOODOO

o D

gobobooooon

obooboon

e SCO [

BCCO O

BCTODO

FCCO O

Ideal HCPO O

e HCPO [

O00000. Table3. 0000000000000 ODOOOOOOODOOOOOO
OobOo,00b00bboobooboboooo.Xbooybouooob2b000oooO
00, 000000000 @O,000000o20000)cood

e Diamondd X;Y OO
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ooooooo.
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SCO X7,y O

SCO XgY OO

NaClO O

[ ] SCD X2Y6|:| 0
e SCO XY, OO

gooooog.
OO0O0000 (Body Centered Cubic:BCQY OO (I O,BCCO 20000)00
0o

[ BCCD X14Y2 oo

e BCCO X12Y4 oo

BCCO XY OO

CsClO O

BCCO XgY10 OO

BCCO X,Y 2 OO
[ J BCCD XQY14 |:| |:|

oo0ooooo.
000000 (Face Centered Cubic:FCQ)O O (0D ,FCCO 20000)0000

e FCCO X3Y OO
[ ] FCCD XQYQD 0
e FCCO XY;0OO

gboooogd.
ooooo(@Oo,00020000)bood

e 00D0DDODDODODO (b-GRAPHITIC)
e 00000000000 (b-DIAMOND)
e 00DJDDOD0O0OO (b-SC)

e JOJ0IDODOOODDOOO (b-BCC)
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e 00000000000 (b-FCC)

gbooogago.
Oo00O0oo(@O,00020000)0000

e 00OD00OO (h-DIMER)
e 00000 (h-CHAIN)
e 00JDDODDOOODCOO (h-GRAPHITIC)

O0000000.2ZnS,NaCl,CsCl, AB,FCCO OO0 20000000000,00
gbobboooobbooogbbobooobobb.bood

e CukubMgO X,Y
e Cu,MgO XY,

COCkwMgO 20000)00D000O0O0OODOODOO. Table 3.2, Table 3.3 00
OO00ob0o0O0o0O0o0ob0obOOo 20000b0oboDOob0bo0obOobDOobO,bOob0Ooo
gbbogdoboboo.buoggbboo,bbboobobbuooobbuogbboo
goobboobboodooooooooboooboboboo.bbbbbbooogo
Standard Fitting Data D 000000000, 0000000000000D000O
oo, 0b0o00boo.0cboobuooboobooo BbooboOo,boobon
gbooboboogg.

Table 3.1: Coordination numbers between the nearest neighbor atoms and bond angles
between the nearest neighbor bonds for polytypes.

coordination number bond angles [degree]

Dimer 1

Chain 2 180

Graphitic 3 120

Diamond 4 109.5

SC 6 90,180

BCC 8 70.5,109.5,180
BCT 10 *

FCC 12 60,90,120,180

“Because bond angles for BCT structures are changed
as correspond to c/a ratio, they are not displayed.
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Table 3.2: Bond angles of various crystédls; inciates the angle of the bonds betwégn
andik.

structure bond angles [degree]

Zxx/Zx ZxvlZx ZyyZy Zy x/Zy
h-DIMER XY —_— —_— —_— —_—
h-CHAIN XY 180 180 — —
h-GRAPHITIC XY 120 120 — —
b-GRAPHITIC XaY3 120 180 — —
b-GRAPHITIC X3Ya2 180 120 — —
b-DIAMOND XY 2 109.5 180 — —
b-DIAMOND XaY 180 109.5 — —
b-SC XY3 90, 180 180 — —
b-SC XsY 180 90, 180 — —
b-BCC XY 4 70.5,109.5 180 180 — —
b-BCC XaY 180 70.5,109.5 180 — —
b-FCC XY¢ 60, 90, 120, 180 180 — 60, 120
b-FCC XeY 180 60, 90, 120, 180 60, 120 —
DIAMOND X7zY (109.5) (109.5) (109.5) —
DIAMOND X5Y3 (109.5) (109.5) (109.5) —

ZnS XY 109.5 109.5 — —

DIAMOND X3Ys (109.5) (109.5) — (109.5)
DIAMOND XY 7 (109.5) (109.5) — (109.5)

SC X7Y 180 90, 180 90 —

SC XeY2 180 90, 180 90 —

NaCl XY 90, 180 90, 180 — —

SC X2Ye 90, 180 180 — 90

SC XY 7 90, 180 180 — 90

BCC X14Y2 180 70.5,109.5, 180 70.5,109.5 —

BCC X12Y4 109.5 70.5,109.5, 180 70.5, 180 —

BCC X10Ys6 70.5,109.5, 180 70.5,109.5, 180 70.5,109.5 —

CsClI XY 70.5,109.5 180 70.5,90,109.5,180 — —

BCC Xe6Y10 70.5,109.5,180 70.5,109.5, 180 — 70.5,109.5
BCC XaY12 70.5,109.5,180 109.5 — 70.5, 180

BCC X2Y14 70.5,109.5, 180 180 — 70.5,109.5
Cwu;Mg Xa2Y 63.0,117.0,180.0 50.5,95.2,117.0,144.9 64.8,115.2 58.5,100.0,150.5
CuxMg XY o 50.5,95.2,117.0,144.9 63.0,117.0,180.0 58.5, 100.0, ,150.5 64.8,115.2
FCC X3Y 90, 180 60, 90, 120, 180 60, 120 —

FCC X2Y2 60.0,90.0,120.0,180.0 90.0,60.0,120.0,180.0 60.0,120.0 60.0,120.0

FCC XY 3 60, 90, 120, 180 90, 180 — 60, 120
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Table 3.3: Coordination numbers of various crystals.

structure coordination numbefts

ZxxIZx ZxylZx ZyylZy Zy xIZy
h-DIMER XY 0/1 1/1 0/1 171
h-CHAIN XY 0/2 2/2 0/2 2/2
h-GRAPHITIC XY 0/3 3/3 0/3 3/3
b-GRAPHITIC X2Y3 0/3 3/3 0/2 2/2
b-GRAPHITIC X3Y2 0/2 2/2 0/3 3/3
b-DIAMOND XY o 0/4 4/4 0/2 2/2
b-DIAMOND Xa2Y 0/2 2/2 0/4 4/4
b-SC XY 3 0/6 6/6 0/2 2/2
b-SC X3Y 0/2 2/2 0/6 6/6
b-BCC XY 4 0/8 8/8 0/2 2/2
b-BCC XaY 0/2 2/2 0/8 8/8
b-FCC XY 0/12 12/12 8/10 2/10
b-FCC XeY 8/10 2/10 0/12 12/12
DIAMOND X7Y 3/4, 4/4 1/4,0/4 0/4 4/4
DIAMOND X5Y3 1/4, 414 3/4,0/4 0/4 4/4
ZnS XY 0/4 4/4 0/4 4/4
DIAMOND X3Ys5 0/4 4/4 1/4 , 4/4 3/4,0/4
DIAMOND XY 7 0/4 4/4 3/4, 414 1/4, 0/4
SC X7Y 4/6, 6/6 216, 0/6 0/6 6/6
SC Xe6Y2 4/6 216 0/6 6/6
NacCl XY 0/6 6/6 0/6 6/6
SC X2Y¢ 0/6 6/6 4/6 2/6
SC XY 7 0/6 6/6 4/6, 6/6 216, 0/6
BCC X14Y2 6/8, 8/8 2/8, 0/8 0/8 8/8
BCC X12Yyg 4/8, 8/8 4/8, 0/8 0/8 8/8
BCC X10Y6 2/8, 8/8 6/8, 0/8 0/8 8/8
CsCl XY 0/8 8/8 0/8 8/8
BCC X6Y10 0/8 8/8 2/8, 8/8 6/8, 0/8
BCC X4Y12 0/8 8/8 4/8, 8/8 4/8, 0/8
BCC X2Y14 0/8 8/8 6/8, 8/8 2/8, 0/8
CuxMg XY 6/12 6/12 4/16 12/16
CusMg XY o 4/16 12/16 6/12 6/12
FCC X3Y 8/12 4/12 0/12 12/12
FCC X2Yo 4/12 8/12 4/12 8/12
FCC XY 3 0/12 12/12 8/12 4/12

* Zx is total coordination number of atomic species X anghZis number of atomic species Y included iZ
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1, r S Rl
fe(r)=< 3 [1 + cos (W%)] , Ry <r <Ry (4.3)
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Table 4.1: Coordination numbers between the nearest neighbor atoms and bond angles
between the nearest neighbor bonds for silicon polytypes used for fitting.

coordination number bond angles [degree]

Dimer 1

Chain 2 180

Graphitic 3 120

Diamond 4 109.5

SC 6 90, 180

BCC 8 70.5, 109.5, 180
FCC 12 60, 90, 120, 180
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Table 4.2: Potential parameters for ELAST potential and MELT potential.

ELAST MELT T3

Alev] 1884.3288  2868.1799  1830.8
BleV] 451.68053  123.00877  471.18
AM[1/A] 25105461  3.1086970  2.4799
Xo[1/A] 17322451  1.4102230  1.7322

n 0.71493555 0.69968166 0.78734
nxd 050000000 1.30000000 0.5

o 0.00000000 1.80000000 5.1975

3 — 1 3

¢ 0 0 0.0000010999
Co 139147.88  68928.296  42.150

cs 1000000.0  1000000.0  262.99

h -0.50792836 -0.50866445 -0.59826
Ri[4] 255 2.9 2.7

R)[A] 3.25 3.2 3.0

ELASTOOODOOOOMELTOOODO0ODO000000000000000
00000000 Table4.3000.
ELASTOOODO0000000000000,0000,0000 Cyy, Cia, Cu,
0000 (¢0000000000000.C%-C,00000000000000
D000000000000000000T30000000000000.000
0000000000000000000000000000000 T300000
ooooooooooo.
MELTOOOOODOOOOOOOO0OODO00O00,0000,0000 Cyy, Cygy Cay, O
000 ¢0000000000000.¢C% -Cuy0(¢0000000000000
000000000000 000000T3000000000000000000
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Table 4.3: Physical properties of diamond silicon calculated using ELAST potential and
MELT potential. Ey, a, C;;, ¢ andT,, are cohesive energy, lattice constant, elastic con-
stants, Kleinman’s internal strain parameter and the melting point, respect@glyis

the theoretical value obtained 6ty in the absence of internal displacement, éhgr is
defined byC?, — C4.

Exp*(LSDAY) ELAST MELT T3

E, [eV/atom] -4.63 -4.630 -4.630 -4.630
a[A] 5.429 5429 5429 5.432
C11[GPa] 167 164.6  163.8 1425
C12[GPa] 65 66.3 67.8 754
Cu[GPa] 81 80.9 82.0 69.0
CY,[GPa] (106) 122.0 1254 118.8
C1,[GPa] (30) 41.1 435 4938

¢ 0.533 0.5826 0.6191 0.6746
T,.[K] 1687 2809 1992  23965°

* Reference [30] and therein

b is obtained in this work using VASP.
¢ Reference [52] .

4 Reference [46] .

¢ Reference [37] .
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O0000000O00DO0O0O00 Table4400.00000000O00C00O0ODOO
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DFT X
Erel B Erel

DFT Exp
Erel + E'ref

x 100, (4.10)

000, ERFT EX,000000000000000000000X00000
0000000000000000,E2P000000000000000000
00000000000000000000000.

0000000000000,SCO00,BCCOO,FCCOO0OODODNN ELASTO
00000,MELTOOOOOO0O00000000000000000000000
0000000.000,000000000000000000 0.16 eV/aton O
000,000000000000000000000000 0.11 eV/atoni 00
000.000000,000000000000000000000000000
00,00000000000000000000000000,00000000

gbbbooaobbodad.

Table 4.4: The relative energies of polytypes of silicon calculated using ELAST potential
and MELT potential in eV/atom.

LSDA%(exg) ELAST Error[%] MELT Error[%] T3

Dimer (3.01) 3.354 21.235 3.354 21.245 3.297
Chain 2.260 2.523 11.066 2,516 10.797 2.254
Graphitic 0.772 0.805 0.856 0.807 0.889 0.718
Diamond 0.000 0.000 0.000 0.000 0.000 0.000
SC 0.276 0.322 1.059 0.302 0.599 0.318
BCC 0.435 0.397 0.905 0.433 0.041 0.433
FCC 0.449 0.444 0.113 0.433 0.361 0.724

® is obtained in this work using VASP.
b References [30].

ELASTOOOOOOO MELTODODOOOOOODOOOOOODODOOOOD
0000000000000 00 Table4 400 O0OO0O0OO0ODOOOODOOOO.
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Table 4.5: The bond lengths of polytypes of silicon calculated using ELAST potential and
MELT potential in A.

Scaled LSDA(exd) ELAST Error [%] MELT Error [%] T3

Dimer (2.246) 2.312 2.939 2.320 3.273 2.295
Chain 2.192 2.388 8.963 2.380 8.590 2.342
Graphitic 2.241 2.312 3.186 2.320 3.521 2.304
Diamond 2.351 2.351 0.000 2.351 0.000 2.352
SC 2.513 2.541 1.102 2.503 0.413 2.544
BCC 2.650 2.672 0.838 2.694 1.663 2.671
FCC 2.712 2.732 0.715 2736 0.872 2.773

® is obtained in this work using VASP.
b References [30].
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Fig. 4.1: Cohesive energy as a function of atomic volume for ELAST potential.
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Fig. 4.2: Cohesive energy as a function of atomic volume for MELT potential.
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Table 4.6: Formation energies for vacancy and self-interstitial defects calculated using
ELAST potential and MELT potential in eV.

ELAST MELT T3 LDA (GGA)
Vacancy(relaxed) 4.11 3.86 3.70 3.343B43.29
Vacancy(unrelaxed) 4.29 4.30 410 “UH6T

Tetragonal 4.56 3.94 344 3.7-4%-6 3.43(4.07%
Hexagonal 5.04 461 4.60 4.3-5‘%-53.31(3.80)
Bond Centered 6.76 6.59 5.86 4-5

Split<110> 542 445 439 3.31(3.8%)

@ Reference [53] and references therein.
b Reference [30] and references therein.
¢ Reference [54] .
4 Reference [55] .
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Table 4.7: Potential Parameters for MOD potential.

MOD T3
AleV]  3281.5905  1830.8
BleV] 121.00047  471.18
M[1/A] 3.2300135  2.4799
Xo[1/4] 1.3457970  1.7322

n 1.0000000  0.78734
nx& 053298909 0.5

o 2.3890327 5.1975

3 1 3

o 0.20173476  0.0000010999
c 730418.72  42.150

cs 1000000.0  262.99

ca 1.0000000 0

cs 26.000000 —

h -0.36500000 -0.59826
Ri[4] 2.7 2.7

R,[4] 3.3 3.0

;
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Fig. 4.3: Normalized angular-dependent terms of our proposed potential and the T3 po-
tential.
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Table 4.8: Physical properties of diamond silicon calculated using MOD potential.

Exp®(LSDA?) MOD T3

Ey [eV/atom] -4.63 -4.630 -4.630
a[A] 5.429 5.429 5.432
C11 [GPa] 167 166.4 1425
Cy2 [GPa] 65 65.3 75.4
Cyu [GPa] 81 771 69.0
Y, [GPa] (106) 120.9 11838
C:,[GPa] (30) 438 498

¢ 0.533 0.5526 0.6746
Tn[K] 1687 1681  2396-5°

@ Reference [30] and references therein.
b is obtained in this work using VASP.

¢ Reference [52] .

4 Reference [46] .

¢ Reference [37] .
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Table 4.9: Relative energies of silicon polytypes calculated using MOD potential in
eV/atom.

LSDA%(exg) MOD Error [%] T3

Dimer  (3.01) 2.842 10.374  3.297
Chain  2.260 2.155 4.434 2.254
Graphitic 0.772 0.802 0.766 0.718
Diamond  0.000 0.000 0.000 0.000
sC 0.276 0.308 0.732 0.318
BCC 0.435 0.438 0.061 0.433
FCC 0.449 0.447 0.030 0.724

® is obtained in this work using VASP.
b Reference [30] and references therein.

Table 4.10: Bond lengths of silicon polytypes calculated using MOD potentidl in

Scaled LSDA(exg) MOD Error[%] T3

Dimer (2.246) 2.216 1.327 2.295
Chain 2.192 2.330 6.313 2.342
Graphitic 2.241 2.321 3.556 2.304
Diamond 2.351 2.351 0.000 2.352
SC 2.513 2.498 0.624 2.544
BCC 2.650 2.633 0.645 2.671
FCC 2.712 2.722 0.364 2.773

® is obtained in this work using VASP.
b Reference [30] and references therein
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Fig. 4.4: Cohesive energy as a function of atomic volume for MOD potential.
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Table 4.11: Formation energies for vacancy and self-interstitial defects calculated using
MOD potential in eV.

MOD T3 LDA (GGA)
Vacancy(relaxed) 282 3.70 3.3-4343.29
Vacancy(unrelaxed) 2.85 4.10 4365

Tetragonal 3.27 3.44 3.7-485-6" 3.43(4.07)
Hexagonal 413 4.60 4.3-504-5 3.31(3.80)
Bond Centered 503 586 45

Split<110> 3.57 4.39 3.31(3.84)

@ Reference [53] and references therein.
b Reference [30] and references therein.
¢ Reference [54] .
4 Reference [55] .
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: .
Fig. 4.5: Dependence of melting point on potential paramgteas shown. The potential
potential parameters, c5, R, and R, are identical to those of our proposed potential

shown in Table 4.7. The other parameters are optimized so that coordination dependence
and elastic properties can be reproduced.
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EZ.C]‘,)U = fc,aiaj (Tij) bijBaiaj exp (_)\27aiaj'rij) (54)
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Graphitic, Diamond, SC,BCC,BCT,FCOU O OO0 OO0O0O0O0Ooooooonoog
O,000000000000000,sCO00DDOOn Cyy,CO0O0O. Table
510 0000000000000000D0DOO00000DODODO000UODODO
0000000, Standard Fitting Data 0 0 0O O .

Table 5.1: Coordination number and bond angles of polytypes of boron.

coordination number bond angles [degree]
Dimer 1 —
Chain 2 180
Graphitic 3 120
Diamond 4 109.5
SC 6 90, 180
BCC 8 70.5,109.5, 180
BCT 10 41.8,69.1, 82.7,97.3,110.9, 138.2, 180.0
FCC 12 60, 90, 120, 180

“Bond angles of BCT structure are those for equilibrium a/c ratio=0.56
obtained from first-priciples calculation.
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A;B,FCCOOOODOO FCCOUOO Si-BOOODODOOODOOODOOODO,0O0D00O
0200000000000 0000C00O0OO0O0.O0DO0O0ODOO, Table5.270
obooobbooboboobobooobobo,ooobbooobboobboon

O0000000,000000000D00000 Standard Fitting Data OO0 O O .

obooobbgoobboobobooobboobboobob,boobboon
O00,zZnSOO0000O0O0OCODO,0000 TetragonaDOOOOODOO. O

OO0000000000 Cip,Gss,C0,Ci3,C, GO OO, 0000000DO0O,

Tetragonal ZnS1 OO0 0O 00000 O0ODOO0O,ZnSOO00O0O0OO Cyq,Cp 00
0000 TetragonaDl 00 C; 0 C;30000 (00O OO 160GPa-180GPa),¢0 Cys
D000 (@CO00 80GPa-130GPA) IO OODOOODOO.OO,0D000000
o000, 00000000o00ooo,0boooooooooooocooooonon

O0O00.00,b-DIAMOND OO (SB)DOOOOOCOODODOOODODOOO.

Table 5.2: Coordinations and bond angles of various crystals.

structure

coordination numbefs

bond angles [degree]

ZsisilZsi ZsiBlZsi ZpBlZB  ZpsilZp 9siBB 9Bsisi 9sisiB 98BS
h-DIMER SiB 0/1 1/1 0/1 1/1 —_— —_— — —_—
h-CHAIN SiB 0/2 2/2 0/2 2/2 180 180 —_— —_—

h-GRAPHITIC SiB 0/3 3/3 0/3 3/3 120 120 — —
b-GRAPHITIC SbB3 0/3 3/3 0/2 212 120 180 —_ —_
b-GRAPHITIC SiBo 0/2 2/2 0/3 3/3 180 120 —_— —_—
b-DIAMOND SiBy 0/4 4/4 0/2 2/2 109.5 180 —_— —_—
b-DIAMOND SisB 0/2 2/2 0/4 4/4 180 109.5 —_— —_—
b-SC SiBg 0/6 6/6 0/2 2/2 90, 180 180 —_— —_—
b-SC SisB 0/2 2/2 0/6 6/6 180 90, 180 —_— —_—
b-BCC SiB4 0/8 8/8 0/2 2/2 70.5, 109.5 180 180 —_— —_—
b-BCC SiyB 0/2 2/2 0/8 8/8 180 70.5,109.5 180 —_— —_—
b-FCC SiBg 0/12 12/12 8/10 2/10 60, 90, 120, 180 180 —_— 60, 120
b-FCC SigB 8/10 2/10 0/12 12/12 180 60, 90, 120, 180 60, 120 —
DIAMOND Si;B 374, 474 /4, 014 074 7 (109.5) (109.5) (109.5) —
DIAMOND SiBs3 1/4, 414 3/4,0/4 0/4 414 (109.5) (109.5) (109.5) —
Zns SiB 0/4 414 0/4 4/4 109.5 109.5 —_— —_—
DIAMOND Si3Bs 0/4 44 14, 414 3/4, 0/4 (109.5) (109.5) — (109.5)
DIAMOND SiB7 0/4 4/4 3/4, 414 1/4, 0/4 (109.5) (109.5) — (109.5)
SC SizB 416, 6/6 216, 0/6 0/6 6/6 180 90, 180 90 —
SC SigBa 4/6 2/6 0/6 6/6 180 90, 180 90 —_—
NacCl SiB 0/6 6/6 0/6 6/6 90, 180 90, 180 —_— —_—
SC SisBg 0/6 6/6 416 2/6 90, 180 180 —_— 90
SC SiB7 0/6 6/6 416, 6/6 216, 0/6 90, 180 180 — 90
BCC Si14B2 6/8, 8/8 2/8, 0/8 0/8 8/8 180 70.5, 109.5, 180 70.5, 109.5 —
BCC Si1oBy 4/8, 8/8 4/8, 0/8 0/8 8/8 109.5 70.5, 109.5, 180 70.5, 180 —_—
BCC Si10Bg 2/8, 8/8 6/8, 0/18 0/8 8/8 70.5, 109.5, 180 70.5, 109.5, 180 70.5,1095 —
CsCl SiB 0/8 8/8 0/8 8/8 70.5, 109.5 180 70.5, 90, 109.5 180 —_— —_—
BCC SigB10 0/8 8/8 2/8, 8/8 6/8, 0/8 70.5, 109.5, 180 70.5, 109.5, 180 —_— 70.5,109.5
BCC SigBq2 0/8 8/8 4/8, 8/8 4/8, 0/8 70.5, 109.5, 180 109.5 —_— 70.5, 180
BCC SioB14 0/8 8/8 6/8, 8/8 2/8,0/8 70.5, 109.5, 180 180 — 70.5,109.5
FCC SisB 8/12 4/12 0/12 12/12 90, 180 60, 90, 120, 180 60, 120 —
FCC SiBg 0/12 12/12 8/12 4/12 60, 90, 120, 180 90, 180 — 60, 120

¥ Zg; is total coordination number of atomic species Si ang % is number of atomic species B included iRZ 6, ;. is the angle of the bonds betwegnandik.

O000000000O0000O Sio0boO0oBOOOOOOBOODODOODOOO
O00000000000O00O0, Optional Fitting Data (A)J O 00O Fig. 5.10 0 O
Jeondd B8]0 00000000 DODOODODOODOODLOO1I00BOOODOODO
O,00000@0,SiBOO0OO)00O0ODOOOOO,O00,Fg.5.2000 Windl
O[59]0 000 Alippi0 [60]0 00000000000 OOO0O0OOOOOOOO
BODODOODOODODODODODO(@O,SBOODOOOO)ODODOOOODOOOOO

gooboo.
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B-Sii'
i B
Biney
Binty

Fig. 5.1: B diffusion structures (left) and Si-B cluster structures (right) used for fitting.
(A) indicates structures identified by Alippi et al. [60]

Bsl2(A)

Bal2(A)

Fig. 5.2: SiB cluster structures were identified by Windl et al. [59]
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0000000,ERFT0000000000000SI00 1000000000,
ESP000000000SIO01000000000,FF" 000000000
0000BOD1000000000,EY*000000000BOD10000
00000000.Si00100000000000000000000000C0
(00,000000000000000000000 ShiftedGGAJOD.)D0D0O
000,00000000000000000000000000000BOOO
00000000 S-000000000000000 GGADDDDDODOOOO
0 (e.g. ERFT — E¥P). 000000000000,00000000000000
0000000000000000000000000,00000000000
000000000000 SBOOOO,0000BOOO0O00O0OOOOOOO
00,000000Si000000000000000000000000000
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53 OO

531 000000 DbOOOobooOon

Table5.4, Table 5.5 00 0000000000000 0OOO0O0O0O0OOOODO
oobooooooobooobooobooboooooo.oo,T300bouuoo
gbbbuooobbboooobbobuoobobboooobbbooooboo

gbooboogobooad.

Table 5.3: Developed potential parameters. Upper and Lower show two-body and three-

body parameters, respectively.

Si-Si Si-B B-Si B-B

A 1830.80 2950.58 2950.58 668.926

B 471180 34.7505 34.7505 70.5639

A1 247990 4.12560 4.12560 3.31111

Ao 173220 1.03934 1.03934 1.43284

n  0.787340 1.19517 1.62428 4.70000

0 0.635050 0.418351 0.436657 0.114895

R, 2.70000 2.50000 2.50000 2.30000

R, 3.00000 2.80000 2.80000 2.60000

Re 2.35100 1.93547 1.93547 1.66400

Si-Si-Si SiSi-B SiB-Si SiBB BSiSi  BSiB B-B-Si BBB

a 519750 152454 152454 126696 0591417 0.00000  0.00000  1.05655
g3 1 1 1 1 1 1 1

0.00000109990
co  42.1496

c3  262.991

h -0.598260

0.0395044
0.841482
0.936212
-0.428488

Cc1

0.00972762
0.207208
0.936212
-0.428488

4.01630
7.89849

0.289093

-0.646383

0.163401
4.55827
5.48655
-0.700000

2.79992
4.31922
-0.453158

0.183975 0.423288
6.44202
4.31922

-0.453158

0.156837
0.293175
0.0000252061

0.370000

532 OJOOO0OO

Table5.60 0 0000000000000 O0ODOO SBOOODOOODOOOOO
00000000 000000000O0.0000000 SiB-h-CHAIN, SiB,b-BCC
and SiBb-FCCOOODOOODOODOODOO,0000000000 (Shifted GGA)
OO0 O0.1leVatom OO OOOOOOO. SiB-h-CHAIN, SiB;b-BCC and SiBb-FCC
O00000000D000D0O000O0 (Shifted GGA)O O 0.2 eV/atond 00O 00O

goood.
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Table 5.4: Developed potential parameters for two body terms.
Si-Si Si-B B-Si B-B

A | 1830.8000 2950.5760 2950.5760 668.9258
B | 471.1800  34.7505 34.7505  70.5639
A1 2.4799 4.1256 4.1256 3.3111
Ao 1.7322 1.0393 1.0393 1.4328

n 0.7873 1.1952 1.6243 4.7000

) 0.6350 0.4184 0.4367 0.1149
Ry 2.7000 2.5000 2.5000 2.3000
R, | 3.0000 2.8000 2.8000 2.6000
Re 2.3510 1.9355 1.9355 1.6640

Table 5.5: Developed potential parameters for three body terms.

Si-Si-Si S-Si-B Si-B-Si Si-B-B  B-Si-Si  B-Si-B B-B-Si B-B-B

5.19750 1.52454 152454 1.26696 1.26696 0.00000 0.00000 1.05655
g | 3.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
c; | 0.00000 0.03950 0.00973 0.28909 0.16340 0.18397 0.42329 0.15684
cy | 42.14956 0.84148 0.20721 4.01630 4.55827 2.79992 6.44202 0.29318
c3 | 262.99109 0.93621 0.93621 7.89849 5.48655 4.31922 4.31922 0.00003
h | -0.59826 -0.42849 -0.42849 -0.64638 -0.70000 -0.45316 -0.45316 0.37000
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O0,000000 B-CHAIN, SiB-h-CHAIN, CsClI, SiBb-BCCOOOOOO, O
O0O00000DOO (scaled GGAQD O 0.05A0000000000.

Table5.700000000000O0OOOODOODODODODOODOODOODOODOOO.
oboboodboooboobooboobbon.

533 SBOOODOOOOO

Table 580 0 000000000000000000000000000O0
B,-S/000000000000000.0000SBOOONONOONON SigB, O
0000,00000000B,-S/000000000000000000000
00.B-SPO000BY, 0000000000000000000000000
0,0.7eV00000000000000,0000000000,B,-S700000
00000000000000000000,000000000.3evid0000
00000.00,00000000000000000000000000000

gboboboogobobobooogbobooon.
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Table 5.0 000000000000 0000000000000000000
000000000000000.8,,000B,,00000000000000,
0000000000000000000.000000000000000, Alippi
0 [e0]00,

000.000,E[B,,)000000000, Nes O S(B)0DOOO, us; O Si(B)
0000000000000, E00000000000000000.Si000
D0000000000000000 Si0000000,B0000000000
0000000000 SI0D0000,10B0000000000 Si000000
000000000000000000.000000000000 Bsls, Byly, Byly
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Table 5.6: Cohesive energies and equilibrium bond lengths used for fitting and those
calculated using developed potential.

Cohesive Energy [eV] Eq. bond lengt[
(Lattice Constant)
New Pot. Shifted GGA New Pot. Shifted GGA

DIMER B -1.900  -1.851 1.643 1.602
CHAIN B -3.782  -4.806 1.645 1.531
GRAPHITE B 5175  -5.168 1.673 1.672
DIAMOND B 5463  -5.463 1.743 1.743
sc B 5.244 5276 1.878 1.876
BCC B -4.862  -4.612 2.056 1.991
BCT B 5478  -5.563 1.649 1.612
2.239 2.190
FCC B -4.974  -4.978 2.103 2.018
h-DIMER SiB -1.831  -2.027 1.886 1.907
h-CHAIN SiB -3.324  -3.670 1.909 1.800
h-GRAPHITIC  SiB 4599  -4.692 1.929 1.945
b-GRAPHITIC SiB; -3.802  -4.019 1.921 1.879
b-GRAPHITIC SiB, -3.865  -3.882 1.917 1.867
b-DIAMOND  SiB,  -3.948  -3.948 1.937 1.937
b-DIAMOND  Si,B  -3.895  -3.725 1.941 1.925
b-SC SiB;  -3.864  -3.846 1.971 1.989
b-SC SikB  -3.936  -3.949 1.988 2.051
b-BCC SiB, -3.969  -4.635 2.004 1.952
b-BCC Si,B  -4389  -4.330 1.872 2.225
b-FCC SiBs  -4.485  -4.804 2.147 2.069
b-FCC SikB  -3.989  -4.085 2.594 2.573
DIAMOND Si,B 4772  -4.741 (5.227)  (5.227)
DIAMOND SisB;  -4.993  -5.020 (4.787)  (4.832)
Zns SiB 5139  -5.142 1.972 2.022
DIAMOND SisB; -5.243  -5.242 (4.419)  (4.496)
DIAMOND SiB;  -5.417  -5.688 (4.152)  (4.099)
SC SibB 4279  -4.261 2.494 2.452
sC SigB,  -4.313  -4.347 2.420 2.372
NaCl SiB 4746 -4.922 2.001 2.146
sc SbBs -4.907  -4.910 2.006 2.046
sc SiB;  -5.023  -5.025 1.964 1.969
BCC SiuB, -4.186  -4.025 2570 2.594
BCC SinBy, -3.989  -4.040 2.545 2.533
BCC SioBg -4.080  -4.116 2.486 2.442
CsCl SiB 4340  -4.261 2.377 2.533
BCC SigBiy -4.282  -4.263 2.340 2.276
BCC SiB» -4.373  -4.284 2.194 2.203
BCC SbBy, -4.464  -4.406 2.097 2.100
FCC SikB 3941  -3.799 2.593 2.580
FCC SiB;  -4524  -4524 2.215 2.198
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Table 5.7: Elastic properties of Si-B crystals in GPa. B indicates bulk modulus and C
indicates elastic constant.

property structure New Pot. GGA

B SC B 236 229
Cu SC B 407 398
Cio SC B 150 144

B DIAMOND B 172 179
Cu DIAMOND B 172 —
Cio DIAMOND B 172 —
Cu DIAMOND B 0 —

B b-DIAMOND  SiB, 38

Ci b-DIAMOND SiB, 41 35
Cio b-DIAMOND SiB, 36 43
Cu b-DIAMOND SiB, 7 —

B ZnS SiB 129 127
Ci ZnS SiB 171 160-180
Cio ZnS SiB 108 80-130
Cu ZnS SiB 79 —

Table 5.8: Energies of B diffusion structures

Cohesive Energy [eV] Relative Energy [eV]

New Pot. GGA New Pot. GGA
B,-Sil’  -299.16 -299.20 0.00 0.00
BS-Sil.T’ -298.32  -299.02 0.84 0.18
BT -298.66 -298.41 0.50 0.79
BH -298.47  -298.84 0.70 0.36
Bﬁny -299.36  -299.13 -0.19 0.07
Bf,’lty -298.35* -298.64 0.81 0.56
Bicmy -298.39  -298.88 0.77 0.32
Bﬁlty -298.70  -298.66 0.46 0.54
Bfmy -299.15 -299.11 0.01 0.09
B’ -297.89* -298.66 1.27 0.54
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Table 5.9: Energies of cluster structures.

Cohesive Energy [eV] Binding Energy [eV]
New Pot. GGA New Pot. GGA

B -297.25 -297.26  0.00 0.00
BI -299.16 -299.20  -0.73 -0.88
Bl, -301.50 -302.08  -1.89 -2.70
Bl -304.26  -305.55  -3.47 5.11
B, 29756 -297.50  0.61 0.70
B, | -302.09 -302.13  -2.73 -2.87
By,  -302.45 -303.75  -1.92 -3.43
Bol;  -306.50 -307.75  -4.79 -6.37
B, -297.90 -297.67  1.20 1.47
B, | -302.53 -303.95  -2.24 -3.75
By,  -306.63 -306.72  -5.16 -5.46
Bsl,(A) -306.46 -306.31  -4.99 -5.05
Byl;  -308.19 -309.95  -5.54 -7.63
B, -298.24 -297.80  1.80 2.28
B,| 30357 -304.17  -2.36 -3.03
B,  -310.41 -309.46  -8.02 -7.26
Bu,(A) -308.24 -308.74  -5.85 -6.54
B.;  -309.18 -311.87  -5.61 -8.61
BJy,  -311.52 -31528  -6.77 -10.95
Bs 29855 -297.91  7.04 7.74

B diffusion structures were identified by Jeong et al. [58]
(A) incdicates structures identified by Alippi et al. [60]
Other cluster structures were identified by Windl et al. [59]
* indicates an unstable structure.
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Fig. 5.3: Mean square displacement of substitutional boron atom for B structure as a
function of time with no interstitial silicon atoms.
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Fig. 5.4: Mean square displacement of substitutional boron atom for Bl strucure as a
function of time with intersitial silicon atoms.
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Fig. 5.5: Mean square displacement of substitutional boron atom for Bl structure every
100 pico second.

60 I I I I
casel —+—
case2 ---x---

50 - case3d ¥ -
case4 £
cased - -m—

40 - .

30 | .

Mean Square Displacement ['2]

Time [ps]

Fig. 5.6: Mean square displacement of substitutional boron atom ostRicture every
100 pico second.
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Fig. 5.7: Mean square displacement of substitutional boron atomdersBucture every
100 pico second.
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Fig. 5.8: Mean square displacement of substitutional boron atom,grsBucture every
100 pico second.
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oobdoogoooooooooo,goooooooooooooooonoon
oodooodooodgo.
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Table 6.1: Coordination numbers of various Zr-Ni binary crystals.

Structure Coordination Numbér
ZzrzrlZzr  ZzrNilZzr  INiNiZNi  ZINizelZNG
SC ZrNi | 4/6,6/6 2/6, 0/6 0/6 6/6
SC ZigNiy 4/6 2/6 0/6 6/6
NaCl ZrNi 0/6 6/6 0/6 6/6
SC ZKpNig 0/6 6/6 4/6 2/6
SC ZrNi; 0/6 6/6 4/6, 6/6 2/6, 0/6
BCC Zn,Niy | 4/8,8/8 4/8,0/8 0/8 8/8
BCC  ZnoNig | 2/8,8/8 6/8,0/8 0/8 8/8
CsClI ZrNi 0/8 8/8 0/8 8/8
BCC  ZrNiyg 0/8 8/8 2/8,8/8 6/8,0/8
BCC  ZiNiys 0/8 8/8 4/8, 8/8 4/8, 0/8
BCC ZnNiy 0/8 8/8 6/8,8/8 2/8,0/8
FCC ZiNi 8/12 4/12 0/12 12/12
FCC  ZiNi, 4/12 8/12 4/12 8/12
FCC ZrNk 0/12 12/12 8/12 4/12
CwMg  ZryNi 6/12 6/12 4/16 12/16
CwMg  ZrNiy 4/16 12/16 6/12 6/12

Z . is total coordination number of atomic species Zr and
Zz,.n; IS number of atomic species Ni included in,Z
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[0 O Optional Fitting Data (A1 0 O, FCC-A3B, 0 O, FCC-A;,B, 0 0, FCC-A, B3
O0,00000 Octahedrall ZrO0 0000, Octahedrall NiO O OO O,Zr000
000 (A00)SplitD zZr OO OO0 (OO, Zr-Zr-Split), NiD O O 0 OO (100)Splitd
ZrO0OO0o0O (0O, Zr-Ni-Split), Zro D0 00 O (100)Splitd NiD OO0 O (0O,
Ni-Zr-Split), NiO OO 00 0O (100)Split NiO OO OO (O O, Ni-Ni-Split), 0 0 O
gdduououououououououog.

Optional Fitting Data (B O 0O, 000000 ZrygNizo O RDFOO OO OO OO
O0.00,ZINi0000000000 AlL,Cull ZrNidOO,FePO ZrNiO O, CrB
OzZINiDOODODODODOO0OO0OO0OO0D0O0O AlL,Cul ZNi,OO, FePO ZrNi, OO, O
O000,0000,000000 Optional Fitting Data (B)2 00 0. Optional Fitting
Data(A) U0 DOOO00O0O,00000000000D0O00D0O0O0DOO0ODOOOO0O
g, dddouououodouoouooon.

6.26 JO00OOOOODOOO

O0o0o00ooooON-FCCOOODOOoOO,0000,00000,0000, 0
ooooooo,Zr-HCPOOOOOOO,000O0,00000,0000,000
00000, ZreNis, 0000000000 RDF, Cu2MgO ZrNi, DO O 0000,
T2NiOOODOOoodo,CrBOOOOO0O0OOOODOOOOOOODODODOOODO
VASP25]26]0 00 0000000000000, 00000 HCPOOODOODOO
goooo.

00000000000 0000000000000000 PAW O [49][50] O
O00000,0000000000400ev000000000000O0000O Perdew,
Burke, Ernzerhofl 0 0 GGA[73]0 000 . kO O Monkhorst-Packl 0 00 O 0O [51]
O000,000000. Methfessel-Paxton [74]0000,00000 Smearing]
O0,Smearing] 00000 0.2evO 0O 0.

godoooboodoooooonoooooooon,oonobodooooon
00000000000 0DO.0000,000000D000D0O00,0D000D000
0doodoooooooooo,0goodooooooodoo,onooof
0000000000000 0D0D00.0000000D0D000 Ni-FCCO Zr-HCP
oon.

0000000000000 0o0ooooDOoO,00oDo0ooDoooDOgo
OO0000000.0000,NiOD00000O0ON-FCCOOODOOonoooon
do0ooooo,zZr00oooooo Zr-HCPOOOOOODOOODOOOOOOOO
O0,Zr-Ni20 000000 ZNi,»-CubMgO O OO ODODOoO0ooooooooooao
goog.

OO0,00000000000000000,Zr00000000 Table6.3100
O00D000000D00000D0O0,NID0O0OD000D00 Table6. 40000000

106



Oe0 000020000000

00000000010 00000.0000,Ni00000000000000
000 N-FCCOOODOOOOOOO0OO0OO00O00OO (3.1)0000,000000
000.0000,000001%000000000,2r00000000 Zr-HCP
00000000000000000 (81)0000,000000000.000
zZ-Ni20O0O0OOODO0DODO0OO0OONODOOOODOODODOOODOO0OODO00,O
(3.1)0000,00000000000000 Z-N20000000000000
00000000000.000,000000000000000000000
00000 (850000,0000000000000000000000000
0o,

Zr:oNiso 0 RDFO Matsubardl 0 0000000 RDF[75]0 00 0. 00 RDFO
Spring-80 BLO4B20 000000000 XOOOOODOOOOOODOOOOO.

6.2/ U00OOO0OODOOODOOOO

Od00o0ooodobooooooobooboobooooooobooooo. Zroo
000000000000 NDDOODOO0OO0DO00DOO000O0000no0oooag
0 0 0O Standard Fitting Datal Optinal Fitting Data (A O OO0 00000000 0.
Zr-Ni-20O0ODODOOOO0ODOOO00DODO Standard Fitting Data Optinal Fitting Data
A)DODO0DDOD0DO0ODOD00DO0ODO0OD0O0OD0OO0O00D0O0DOO0O Optional Fitting
Data(B) U ODOODOOODOODOODODOOODODOODOODNO. ZrgNisoO OO0
OO0000D000000 MQ)UODODOODOO. ZrgNisoO OO OO Zroo 3500,
NiOO 15000000 FCCOOO,NVTODOODOOOO,5000Kk000 00, 5000K
0 0.216nse@ O, NPTOOOOOOO,000 4x10%K/secO 00000, 500KO
O00,216nsedl 00 0O00OO.500KO 00000000, 00000000000
0000000000000 DO 300K, 400K, 500K, 600K, 700Kl 00000 OO0O
goosooKkOoOooooooooooooooooo.100o00o0o0o0o0oooon
ORDFOOOOODO,000000D0O0O0D0O000D0O0O0, fzyv0000000
O RDFOODOOO0O000000000000000,000 fezNn 0000000
0000000000 bo0oobD,00oobobo0o0oobo RDEOODDODOOO
gdouoououououououououog.

6.3 OO
631 00000000000

O00000oo,zZ700000O0OOO0ODO0OO0OOO,NIDODOOOOOODOO
Oo0O0,Z-N2O0000O0000DOOOO0ODCOOO.0DO0OOODOOOOODOO
000 Table6.20 0 0.
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Table 6.2: Developed Potential Parameters for Zr-Ni Systems.

parameters Zr-Zr Ni-Ni Zr-Ni
fe 1.00000 1.00000 0.21500
Te 3.79237 2.32685 2.55111
Pe 29.14275 11.18498 ——
Ps 27.00354 12.30348 —

o 6.74927 9.55109 5.25817
164 3.58856 3.65055 2.94328
A 0.21965 0.41953 0.72302
B 0.37834 0.51023 0.82486
K 0.14252 0.74640 0.49908
A 0.71208 0.95262 1.34103

N 39.36483 20.00000 28.47463
N 17.43996 20.00000 31.59732
Fro -4.48115 -2.88854 ——
Fa -0.23628 -0.03351 —
Foo 1.60210 0.19877 ——
Fos3 -2.64277 -2.65627 —
Fy -4.48697 -2.88988 ——
Fy -0.14233 0.00000 —
Fy 1.64714 0.26867 ——
F; -0.62197 0.17390 —
n 0.71160 0.70541 —
F, -4.56219 -2.88266 —
’;—: 0.96976 0.92771 —
Lo 1.57419 1.32697 —
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Fig.6.1:®,4,, P4.n; and® y;n; as a function of bond length.
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Table6.3J 0000000000000 O00O0O0O0ODODOO HCPO ZrOOOODO
O0.00b0o00ob,0b0d0,cd, 00000, 0bb0,0000oobooonoo
0000000000 000D0000000.000000 AcklandO [76]0 ZrO
gbboggbboodgb.gobbooobobobuoobbooobbog,boo
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Fig. 6.2: fz, as a function of interatomic distance.
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Fig. 6.3: fn; as a function of interatomic distance.
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Fig. 6.4: F;, as a function of electron density.
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Fig. 6.5: Fly; as a function of electron density.
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Fig. 6.6: % as a function of electron density.
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Fig. 6.7: ddF—g as a function of electron density.
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Fig. 6.8: dfiigv" as a function of electron density.
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Fig. 6.9: dfj;gw as a function of electron density.
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O00zZzr00000000AcklandDOOOOODOODODOOOOOOOOOOOO
oooo.

Table 6.3: Material Properties for HCP Zr.

Crystal EAM Exp. (GGA) Ackland et aP.
Lattice Constant A}l] 3.237 3.2312 3.249
Lattice Constant Cfﬁ] 5.149 5.1477 5.172
Cohesive Energy [eV/atom] -6.250 -6.25 -6.25
Bulk Modulus [GPa] 96.7 96.6 (97.4) 105
Ci1 [GPa] 127.0 144 150
Ci2 [GPa] 68.2 74 85
Ci3 [GPa] 88.4 67 76
Cs3 [GPa] 175.1 166 175
Cs5 [GPa] 29.6 334 33.2
Vacancy Formation Energy [eV] 1.74 1.70 1.786

?References [77] and references therein
*References [76]

Table6.40 0000000000000 000O0O0ODODOO FCCONIDDOOODO
go.0o0o0oon0o,0oug,og0oog,onoo,0boonoooooooon
O0000000000000D000.000000 MishinOONIODDODOOO
goooooo,00onoooooooog.

0000000000000 0D00O0000DOZrTDO0000DOODOO00ODOO
00000000 Table 6.5, Table 6.6 0 0. BCCO Zr, FCCO ZrOD OO0 OO0
000ooooooboboboooooooooooonO. DIAMOND O Zr, SCO Zr O
dodoooooooooooodoooooooooooog,onoooof
dodoooo,0odoooboooooog,boooooooooooo,
0000000 HCPO ZrOODODODOOOOOODOODODOOOOOODOODOOO
ddddoooooooooo.BCCO Zr,FCCO ZrOO oo OoOoOoooooOon
0000000 DbOooooboooobooooood. DIAMOND O Zr, SCO Zr
dobooooooooooooooooooooooooooooooooooa,
0oodoooooooooo,0googooooooog,ooooooof
goooo,0o0ooooooooooog.

O000o0DOoOo000oooooboobooooo HCPO Zr, FCCO Zr, BCCO Zr,
SCO zZzrO0D00D00O0DODOO0OODOODOOODOODO Fig. 6.12, Fig. 6.13, Fig. 6.11,
Fig. 6.100 0. 0 0O, HCPO Zr, FCCO Zr,BCCO Zr, SCO Zr OO O OO OO Table
6.7000. HCPO Zr, FCCO Zr,BCCO ZrOOOOOooooooooboooad
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Table 6.4: Material Properties for FCC Ni.

crystal EAM Exp. (GGA) Mishin et a¥
Lattice ConstantA] 3.520 3.52 3.52
Cohesive Energy [eV/atom] -4.440 -4°44 -4.45
Bulk Modulus [GPa] 179.4 180.4 (200.4) 181
Ci, [GPa] 243.6 246.5 247
C1, [GPa] 147.2 147.3 148
Cy [GPa] 128.0 124.7 125
Vacancy Formation Energy [eV] 1.70 1.6 1.60
*References[78]
’References[79]
‘References[80]
IReferences[7]

Table 6.5: Relative Energies for Zr Polytypes in eV/atom.
crystal EAM GGA
DIAMOND 1.019 2.310

SC 0.462 0.841
BCC 0.061 0.078
HCP 0 0

FCC 0.034 0.040

Table 6.6: Lattice Constants for Zr Polytypes.
Crystal Axis EAM Scaled GGA (Exp.)

DIAMOND A 6.245 6.114
sc A 3.066 2.893
BCC A 3.586 3.565
HCP A 3237  3.228(3.232)
C 5.149  5.160 (5.149)
FCC A 4542 4.519
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Ooog,000000000000000b00b0b0obobobob.scd Zr
ooooboboobooboooobobobobooooooboboobogo, seo
Zrojogoooboobobooooooboooboboboooo.
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Fig. 6.10: Energy curve as a function of atomic volume for SC-Zr.

Table 6.7: Bulk moduli for SC-Zr, BCC-Zr, FCC-Zr and HCP-Zr.
Bulk Modulus [GPa]

New Pot. Scaled GGA

SC 86.3 65.3
BCC 92.4 90.1
FCC 87.4 93.7

HCP 179.4 180.4

000000000 O0000goooooOogNbODoooooooogooooo
00000000 Table 6.8, Table 6.2 0 0. BCCO Ni, FCCO NiOOOUOGOQoQO
000000000000 000DOOoO0O0oogo. DIAMOND O Ni, SCO Ni
gbodgbobobbodgbuooboobboobuooboobob,oboobbo
goobooob,bbbbouougoooooob,obbbobobbooooog,o
0000000 HCPONIODOOOOODDOODOOOOODODDOODOOOOO
O0000DO0OO000DbOOoOOoO.BCCONL,FCCONIDOOODOOODOOODODOO
0000000000000 000000000000. DIAMOND O Ni, SCO Ni
gbobooboboogbbuoobbooobbuooobooobbooooboaob,
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Fig. 6.11: Energy curve as a function of atomic volume for BCC-Zr.
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Fig. 6.12: Energy curve as a function of atomic volume for HCP-Zr.
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Fig. 6.13: Energy curve as a function of atomic volume for FCC-Zr.

gbboooobbboooob,oobbbuoodbbboodg,boaobboo
gooboo,0bbbogoboboboggd.

Table 6.8: Relative Energies for Ni Polytypes.
Relative Energy [eV/atom]

crystal EAM GGA
DIAMOND 1.253 2.818
SC 0.498 0.692
BCC 0.089 0.095
HCP 0.019 0.023
FCC 0 0

O00000000DOOO00D0OO0O0DDO FCCO Ni,BCCO Ni, SCO Ni O
0000000000000 00000O Fig. 6.16, Fig. 6.15, Fig. 6.14 0. OO,
FCCO Ni, BCCO Ni, SCO NiOOOOOODO Table 6.100 0 0. HCPO Ni, FCC
ONODODDOOODODOOODOOOOOOOOOO0O0ODO,000000b0o0ooDod
OoooO0opoooooooDooOoo.eCcCcoNiODODOODOoOooDoOoooboooo
gbbbooogobbboogobbooooboboooobobooo,booob,o
gbbbuoodgbobbuoooobboooobbbooobbbooobbboo
00000000, 000000000DbOb000Doooooogoo.GNi-scood
ooboobobooboooooboboboboboooooobobooobog,scon
goboboooobbobuooogboboooobobooboaod.
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Table 6.9: Lattice Constants for Ni Polytypes.
Lattice constant§{]
Crystal Axis EAM scaled GGA (Exp.)

DIAMOND A 5171 5.100
SC A 2.366 2.329
BCC A 2.805 2.802
HCP A 2484 2.488
C 4.107 4.082

FCC A 3.520 3.520 (3.52)

+ ' EAM

GGA +

Relative Energy [eV/atom]

6 8 10 12 14 16 18 20 22 24
Atomic Volume [A3]

Fig. 6.14: Energy curve as a function of atomic volume for SC-Ni.

Table 6.10: Bulk moduli for SC-Ni, BCC-Ni and FCC-Ni.
Bulk modulus

New Pot. Scaled GGA
SC 124.1 124.0
BCC 80.5 172.1
FCC 179.4 180.4
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Fig. 6.15: Energy curve as a function of atomic volume for BCC-Ni.
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Fig. 6.16: Energy curve as a function of atomic volume for FCC-Ni.
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OO0000000oOoO0o0o00oooooo0ooooooOoOooD ze-NiooOo
O0O000,000000000D00 Table 6.12, Table 6.3.2) 0. SCO 20000,
BCCO 200000,FCCO20000000000ODODODODO NaClO ZrNi, FCCO
ZrsE, NiIFCCO ZNi; 000, 0000000000000 0D0000O (Scaled GGA)
O01%0000000,00000000.NaClDOO0O00O0O00O Scaled GGAI
0 4%0 0, FCCO ZrsNi, FCCO ZNis 00000 2% 000o0gon.

Table 6.11: Reaction Energies of Zr-Ni binary crystals used for fitting.
Reaction energy [eV/atom]

Crystal Stoichiometry EAM GGA
SC Zr;Ni -0.033 -0.104
SC ZrgNis 0.233 -0.323
NacCl ZryNiy -0.658 -0.881

SC ZryNig -0.492 -0.606

SC ZrNi, -0.301 -0.246
BCC Zr5Niy -0.189 -0.052
BCC ZroNig -0.284 -0.236
BCC ZrgNig -0.465 -0.446
CsCl Z;Niqg -0.410 -0.343
BCC ZryNiqo -0.371 -0.381
BCC ZrNiqy -0.243 -0.163
FCC Zr3Ni -0.104 -0.021
FCC ZKNis -0.407 -0.379
FCC ZrNis -0.358 -0.440

Cwu,Mg ZryNi 0.385 0.596

Cwp,Mg ZrNiy -0.419 -0.415

Al,Cu ZrNi -0.299 -0.327

Al,Cu ZrNiy -0.212 -0.191

Fe,P ZryNi -0.207 -0.213
FeP ZrNiy -0.277 -0.152
TiyNi ZryNiq -0.282 -0.239
CrB ZrNi -0.352 -0.462

Table6.141 000000000000 O000O0DOOOODOO0O. FCCO ZrNiz O
0 Zr-Octahedrall 0 O 0O O, Ni-Octahedral D O O O, FCCO ZrNis O O OO Zr-Zr-
Splitd000O0O,Ni-Zr-SplitD 00000000, 000000000000000
oodooodoooooooooodoooooooooodoooooonon
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Table 6.12: Lattice constants of Zr-Ni binary crystals used for fitting.
Lattice constant}]
Crystal stoichiometry Axis EAM Scaled GGA

SC ZrzNi 5.620 5.606
SC ZrgNis 5.431 5.414
NacCl ZryNiy 5.021 5.188
SC ZryNig 4.788 4.833
SC ZrNiy 4.733 4.734

BCC Zr5Niy
BCC ZroNig
BCC ZrgNig
CsCl ZisNiq
BCC Zr;Niq
BCC ZrNiy

6.729 6.672
6.513 6.527
3.157 3.179
6.142 6.163
5.992 5.940
5.735 5.741

FCC Zr3Ni 4.334 4.239
FCC ZpNi, 4.465 4.492

3.157 3.187
FCC ZrNis 3.642 3.721

Cwp,Mg ZroNi
Cwp,Mg ZrNi,

7.701 7.693
6.950 6.916

Al,Cu ZiNi 6.280 6.447
5.242 5.179

Al,Cu ZrNi, 4.814 4.978
7.624 7.270

Fe,P ZryNi 6.605 6.827
4.338 4.156

Fe,P ZrNis 7.393 7.356
2.681 2.719

CrB ZrNi 3.009 3.267

9.510 9.903
4.329 4.107

OW>>PO>P02>202>»02»22>2>02»2>»2>2>2>2>2>>>>>>>P
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Table 6.13: Bulk moduli of Zr-Ni binary crystals used for fitting.
crystal stoichiometry EAM Scaled GGA

FCC Zr3Ni 95.9 100.0
FCC ZrNis 154.4 154.5
Cw,Mg ZryNi 79.1 75.4

Cwp,Mg ZrNis 143.8 147.2

O0000005eV/defec 0, 00000000000 0D000ODO0OODODOO
O0000C0O0D0DO 1.0eV/defect O, 000000.1.0eVidefeciODOOO0O0O
goobdodbooobboobooboobooboboo,oobooboobbo
gbobbuooobobboooobbbuoooobboooobbobooooboo
goobo,00bobboggoooboooobobobuoooobbooog.

Table 6.14: Defect formation energies of Zr-Ni defected structures used for fitting. In
this table, Octa , Split and Mono vac indicate Octahedral-type interstitial, split(100)-type
interstitial and Mono vacancy, respectively

Defect formation energy [eV/defect]

Original Crystals  Stoichiometry defecttype defected atom EAM GGA

FCC-type ZgNi Zro5Nig Octa Zr 4,575 6.114
FCC-type ZgNi Zr24Nig Octa Ni 1.043 2.772
FCC-type ZsNi, Zr17Nig Octa Zr 2.670 3.321
FCC-type ZsNi, Zr16Niq7 Octa Ni 1.130 2.250
FCC-type ZrNj ZrgNigy Octa Zr 0.167 0.219
FCC-type ZrNg ZrgNios Octa Ni 0.946 0.339
FCC-type ZgNi ZrosNig Split Zr-Zr 4.346 5.143
FCC-type ZgNi Zro5Nig Split Zr-Ni -2.192 -1.761
FCC-type ZgNi Zro4Nig Split Ni-Zr 1.263 2.113
FCC-type ZgNi Zro4Nig Split Ni-Ni -4.366 -3.995
FCC-type ZpNi, Zr17Nig Split Zr-Zr 2.710 2.513
FCC-type ZsNi, Zr17Nig Split Zr-Ni 2.639 3.178
FCC-type ZsNi, Zri6Niq7 Split Ni-Zr 1.263 0.978
FCC-type ZsNi, Zri6Niq7 Split Ni-Ni 1.174 1.328
FCC-type ZrNj ZrgNigy Split Zr-Zr 3.206 7.072
FCC-type ZrNj ZrgNioy Split Zr-Ni 0.161 0.232
FCC-type ZrNg ZrgNiss Split Ni-Zr 2.875 4.408
FCC-type ZrNg ZrgNiss Split Ni-Ni 0.940 0.524
FCC-type ZgNi ZrosNiy Mono Vac Ni 1.760 2.213
FCC-type ZrNj Zr;Nigs Mono Vac Zr 3.100 2.932
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Table A.1: Cohesive energies and equilibrium bond lengths of polytypes for Al.
Eo[eV/atom] do[A]
Structure | AlPot. GGA(exp.)| Al Pot. GGA(exp.)
DIMER -0.792  (-0.775) | 2526  (2.560)
CHAIN -1.507 -1.540 2.543 2.423
GRAPHITIC | -2.162 -2.224 2.557 2.593
DIAMOND | -2.660 -2.650 2.584 2.626

SC -3.067 -3.000 2.670 2.731
BCC -3.234 -3.310 2.746 2.802
FCC -3.390 -3.390 2.864 2.864

Table A.2: Cohesive energies and equilibrium bond lengths of polytypes for N.
Eo[eV/atom] do[A]
Structure | NPot. GGA(Exp.)| N Pot. GGA(Exp.)
DIMER -4.887 -4.950 | 1.422 1.100
CHAIN -2.732 -2.600 | 1.628 1.301
GRAPHITIC | -1.945 -2.252 1.749 1.510
DIAMOND | -1.793 -1.794 | 1.808 1.808

SC -1.694 -1.740 1.883 1.855
BCC -0.739 -0.632 2.146 2.109
FCC -0.393 -0.398 2.232 2.198

Table A.3: Cohesive energies and equilibrium bond lengths of binary crystals for Al-N.

Eg[eV/atom] do[A]
Structure AIN Pot. GGA | AIN Pot. GGA
h-DIMER AIN -1.994  -1.540, 1.797 1.692
h-CHAIN AIN -3.630 -4.033] 1.826 1.672
h-GRAPHITIC  AIN -5.202 -5.344| 1.840 1.791
ZnS AIN -5.812 -5.812| 1.894 1.894
b-GRAPHITIC AlLN3 | -3.943 -3.823] 1.857 1.757
b-DIAMOND  AIN, -3.488 -3.478] 1.927 1.806
b-SC AIN 3 -2.869  -2.805| 2.023 1.869
b-BCC AINy -2.596 -2.697| 2.157 1.955
b-FCC AlNg -1.893 -1.929| 2.487 2.181
SC Al;N -2.982 -3.012| 2540 2.598
SC AlgNs | -3.107 -2.993] 2.383 2.494
NacCl AIN -5.286 -5.632| 2.163 2.025
SC AloNg | -3.570 -3.652| 2.047 1.987
SC Al{N7; | -2533 -2.608 2.045 1.943
BCC Al;N -2.911  -3.145| 2.646 2.711
BCC AlgNy | -2.927 -2.895] 2.540 2.662
BCC AlsN3 | -3.510 -3.240 2.488 2.466
BCC AlsN5 | -3.230 -3.209] 2.276 2.156
BCC AloNg | -2.703  -2.255| 2.212  2.147
BCC AIN ; -1.274  -1.558] 2.261  2.099
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Fig. B.2: A schematic figure of bridged diamond-type structure.
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Fig. B.3: A schematic figure of bridged SC-type structure.

Fig. B.4: A schematic figure of bridged BCC-type structure.
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Fig. B.5: A schematic figure of bridged FCC-type structure.
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Fig. B.6: A schematic figure of hetro dimer structure.

Fig. B.7: A schematic figure of hetro chain structure.

Fig. B.8: A schematic figure of hetro graphitic structure.
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Fig. B.11: A schematic figure of ZnS (Diamond-typeYx,)
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Fig. B.12: A schematic figure of SC-type X,

Fig. B.13: A schematic figure of SC-type;Xs

Fig. B.14: A schematic figure of NaCl (SC-type ¥X,)
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Fig. B.17: A schematic figure of BCC-type ¥ ¢
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Fig. B.18: A schematic figure of CsCl (BCC-typg¥s)
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Fig. B.19: A schematic figure of FCC-type;X;
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