ERRe R
DOI: 10.3365/KIMM.2011.49.6.425

A 583 A] (Kor. J Met. Mater.), Vol. 49, No. 6, pp. 425~439

425

o] & A Fol i YAZE LA =
ojF1* - ol

sz 8 o) S 121 3, kAR 8l

Interatomic Potential Models for Ionic Systems - An Overview
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Abstract : A review of the development history of interatomic potential models for ionic materials was carried
out paying attention to the way of future development of an interatomic potential model that can cover ionic,
covalent and metallic bonding materials simultaneously. Earlier pair potential models based on fixed point
charges with and without considering the electronic polarization effect were found to satisfactorily describe
the fundamental physical properties of crystalline oxides (Ti oxides, SiO,, for example) and their polymorphs,
However, pair potential models are limited in dealing with pure elements such as Ti or Si. Another limitation
of the fixed point charge model is that it cannot describe the charge variation on individual atoms depending
on the local atomic environment. Those limitations lead to the development of many-body potential models
(EAM or Tersoff), a charge equilibration (Qeq) model, and a combination of a many-body potential model and
the Qeq model. EAM+Qeq can be applied to metal oxides, while Tersoff+Qeq can be applied to Si oxides. As
a means to describe reactions between Si oxides and metallic elements, the combination of 2NN MEAM that
can describe both covalent and metallic elements and the Qeq model is proposed.
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HJE [1] A5 (MD: molecular dynamics) A&
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Table 1. Comparison of the properties of -quartz calculated by the TTAM [7], BKS [8], TS [17], MEAM [47] and COMB10 [81] potentials
with experimental data [ref. 7, 8, 47, 81 and references therein]

expt TTAM BKS TS MEAM COMBI0
a(h) 4916 5.02 4.94 493 478 486
c(A) 5.405 5.54 545 539 5.26 532
Si-0-Si(°) 143.7 147 148.1 1445
Energy (eV/SiOs) -19.23 5347 -58.34 -29.08 -20.63
B (GPa) 39 34 41 35 64
Cy1 (GPa) 87 72 91 99
Cy» (GPa) 7 9 8 5
Cy3 (GPa) 19 12 15 38
Cy4 (GPa) -18 -14 18 -10
Cy; (GPa) 106 91 107 111
Cys (GPa) 58 40 50 2

Table 2. Comparison of the properties of -cristobalite and coesite calculated by the TTAM [7], BKS [8], TS [17], MEAM [47] and
COMBI10 [81] potentials with experimental data [ref. 7, 47, 81 and references therein]

expt TTAM BKS TS MEAM COMBI0
o~cristobalite

a(A) 4978 4.99 492 494 457 5.02

c(A) 6.948 6.66 6.60 6.85 6.54 6.94
Si-0-Si(°) 146.8 142 143.9 144

Energy (eV/SiO,) -19.20 -53.30 -58.24 -27.68 -20.57
B (GPa) 15 20 24 17
Ci1 (GPa) 59 48 65 137
C1, (GPa) 4 6 7 18
Ci; (GPa) -4 -4 -1 43
Cs; (GPa) 42 35 38 118
Cu4 (GPa) 67 58 70 55
Ce (GPa) 26 20 28 29
Coesite

a(A) 7.136 7.23 7.14 7.17

b(A) 7.174 7.43 7.27 7.16

c(A) 12.369 12.74 12.49 12.38
Si-O-Si(°) 143.6 150.5 144.0

A
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Table 3. Materials systems where a 2NN MEAM interatomic potential is available

Materials Class

Materials System

Pure elements

Fe, Cr, Mo, W, V, Nb, Ta, Cu, Ag, Au, Ni, Pd, Pt, Al, Pb, Ti, Zr, Mg, Mn, C, Si, Ge, In, Sn

Carbide system Fe-C, Ti-C, Nb-C, Mo-C, W-C, Fe-Ti-C, Fe-Nb-C, Fe-Mo-C, Fe-W-C
Nitride system Fe-N, Ti-N, Nb-N, Al-N, Fe-Ti-N, Fe-Nb-N, Fe-Al-N
Hydride system Fe-H, V-H, Al-H, Ni-H
Fe-binary system Fe-Al, Fe-Cr, Fe-Cu, Fe-Mn, Fe-Mo, Fe-Nb, Fe-Pt, Fe-Sn, Fe-Ti, Fe-W

Metallic binary system

Ag-Cu, Ag-Zr, Al-Mg, Al-Ni, Al-V, Cu-Ni, Cu-Ti, Cu-Zr, Ni-V, Ni-W

Metallic ternary system

Cu-Zr-Ag

Semiconducting system

Ga-N, In-N, Ga-In, Ga-In-N
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T MEAMS Ol A& o]Folxl uh

Baskes [46]° 2]3l ALOso Tis) %17%]2317] o]Fo]7 u}

A A==

AL, E o2 A== Kuo9t Clancy [47]0] €3l SiO&
S o]FoFtt. ALOs= polymorphs?t ©]977F =A]

ool @3] -ALO; (Corundum)el] thal Aakd 71%
A Are} vlwsk= Zlo] MFolAwh, Si0,
uartz ©]¢]ol|= ThFSl polymorphEe] 7%
i A Es] W=7 A 2dlEe] 9
HAx7t 2 4 o} Kuo & Clancy [47]
<& MEAM 4] 9JeiE 4 glo] a2
a, [-quartz, o, [-cristobalite, S-tridymite
A% 2 ARE) Wl 2ol

=6 r"

71 7Fede BHoETh(® |

o =

o _1@
oX, rlr oL
o tlo
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-
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N
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ol
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4. Many-body ZEIA
2

f
ol st ZEIMo| s

o

ool 284S wreRA shell 2elo] ol A T4
2 9 H5e) A7 TAA mdE AYE 2R 2
3 olfrg T /M aoksaRich. i g A
gol |3 1 P Aol R BHe & o
£ o193 v sk AN 94 8390 et st 3

W7t vk 5 Qee wEsH Bathe doldth. ofF

v 71A FE Aol el

Hl, many-body XE®ld S WEAQ Tersoff¥} EAM-
2NNMEAM°ﬂ el M= 30l avfsislonz of7)A

= W& A3} (variable charge)E T3t Zdo] dbA
J)r7<‘>°ﬂ el 27 gk,

4.1. Charge Equilibration 2 &

o]7]4 A7WE= charge equilibration FE-2 1991
Rappe & Goddard [48]°1 <Jall & LREAAT, o] gh
WR7F 7V7HRE GAkskete] et A 4 A7l=
A%, ole] HFolE T ok AAL [49-57159] o] ¥
Agel ® AL £ 9] flth. Rappe & Goddard [48]
= RS BE e dAetdA, dEA de
Coulomb 4&2Hg o|2jo] ZHHE 7M7) Lxke] o= 7}
Ast Aejol] wet oA g2k = devtl #E
3 Asks 7H 9Ake] o|A] (atomic energy)E Thart
7ol FFg.

Eq)= E40+‘IA( ) +/ ( ) +. ©)

A0

1, 27 W3 e 77} thgs} o] EE

?E]_ = }~/\1__Eﬂ

2
(QE) = (IP+EA) = 2}, (?—@ = IP—EA=J.
09’ 77 d

q " 40

(10

o714 1Pt EAE Z47t o]t ¥Rl R HARIshE,
Ve ANSAE, 1= orbitald] F AR Aol
Coulomb repulsions YERN= atomic hardness®] 2Jv]E
F-o] W=t} Atomic energy ¥} Coulomb AF&2hg- aF

= AN T ZA7] cUAE vt el dEY

E(qy...qy) = Z(EAO+XAqA+/7qA AA)"‘ZQA(IBJAB

A<B

= ;(EAoJng‘IA)JFy%qA%Jw (11)
Jap= A, B 7kl 9118k &9 A3} Ate]e] Coulomb
S AGo|aL AB Ate] A7 rapell 9= AT, Rappe
& Goddard= ©]E atomic charge density®l] tgF Coulomb
integral ®WHOZ F3}3, atomic charge density3 & o
e e vk 72+ Slater-type orbital2- A AT}

(12)

fel F AvAE o] g= wEshE A2 AAY
9] chemical EEIdo] AojziT},

slat -1 —
Gre =N""e o

1—0]
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OF
) =22 =0+ + +
24(q,---qn) 4. ZA ZJAB‘]B ZA 4494 ZJABqB (13)

B#4

dele] 9k AC] chemical XEIELS TRE BE UAL9
A3t Aol 2]&sHA ==, charge equilibration &2
o] AL HE Aol RE AAFE9] chemical EEIA

o] M= Z2the Zoltt. o] 2o dojA= N-1 7je]

O

A2 (;a: = =) = A ‘c‘ﬂ—o] A4 (A4
$491 4% oEitie BAHORNE B W) A4 (e
18y Aotel WA e E 2 4 e Aol

Rappe & Goddard®] charge equilibration =d-2 3%
Al BEE I o]F 9=

molecule®] 4 ALkl

T2 organic, inorganic
Z&=o] 27t Goddard 1+

oA E 19999 & o & Si0,0 ZAE& o7f Wxd
o} [58]. ©] SiO,ATlA= Morse-Stretch 2 eI
charge equilibration 7|5 F7F3F FE9] Xl

quartz-stishovite *3710]¢} silica B]A 7 EAof
fHh o]o] Swamy & Gale [59]2 Y3 g2
Titanium 2F3}EAo| -85} rutile, anatase, brookite,
TiO,-1I, Ti,Os, monoclinic & 2 A2 Ti;05 &> &
£ TiO, ramsdellite-type TiO,, g-Ti;O0s, F 7FA <]
Magneli phase: TijO; % TigO; 5 FHAS AbskE A
E9 A4 Akl AL 7FeEs Bl 25 vhek dx
olg g A AHAolE EFstal o] Sio,
Oﬂ Herzbach 5 [18]° <8 Xal=d, H A}
I BKS [8], 72 Morse-Stretch 2 Z Ao
718k TS[17] EdlAd e
HSL HrtelA 28] fHold H7He WAe Xskal vt
71 o]f%& charge equilibration B9 #HA L] AdsHT=
=318t Hobe #7818t okl A+ AvAS AL
Ue AA=e] A w7 B APl Zotof o Ao
2 AZE

J

f

l‘I

e

=
rlo 0{1}(
rr
A

MM o o
o

AT
1)

off 7]9kgh
dipole polarization &35

Charge equilibration =39-S W¥ 3t Goddard Li5°]
FE FF7] 2R sigEe #AE THRE w9,
Tersoffe]lt EAMell AR X21& 7KAAL Qe & <A
ZF=2 many-body ZEIAEl| charge equilibration (Qeq)
NaE =946t 3 24 =& xdld

] "ot ol HPEL =A

02 3= “EAM+Qeq” FEI9} Si/SiO;
= “Tersoff + Qeq” FHZE o] AT

moio

4.2. EAM + Charge Equilibration 2 &!
1994'd  Streitz & Mintmire [60]= charge equilibration

o]

ofd

el
Nade Aeo® 244 35 AslE (ALO)ol A-83hd
A, 25 H FARH 744 deiE AX T Rappe &
Goddard [48]°] th3l dws} k7l F&-o] Flo] UX|uk A
olE $J3l Streitz & Mmtmirei’/] Qeq RS Tt A
sk v 2
A AHE AR AskE 7Hd o] d|AlE vEhd
+ local atomic energy 2] &3t}
Efg)=E(0)* g+ 3q] (14)
Hat ¢, & 7HE 5] MR ATAES L S
A5 F A7) dUA = atomic energy E; ¢} Coulomb
& ov=]e] o] =k
75 9547) 5)

E.= ZE(q)+ R4

ljl?-‘j

Coulomb J52+g V&

the] Aow wEr

75171 $13F Coulomb integral-s-

I/ij(rij;qiqj) = Jd3”1 _[d3”2,0i(”1;ql')Pj("z;CIj)/”lz (16)

Atomic charge density ool W3l Rappe & Goddard=
Slater-type orbital forms ARFAA=H| Streitz & Mintmire
= 2 Aol vt 22
A kgt

PAria) = ZiSr=r)+(a=Z)fi(r—=r)

Hir =2

atomic charge density «-X*&

o]714 Zi= effective core charge® Azt 4= U,
f= valence charge®] WV H#EXE Uehlle 5= &
4 9J+=Hl, Rappe & Goddardo|A %13 Slater 1s orbital
< 7HEt o 2 2o] Ax

£r) = Sexp(-260) (18)

Coulomb integral2 E3A|A F A7) oUAE t]A]
wHs ok e,

Ee= S EA0) 53 a1+ a2 AT+ 42

aZ(R-UID+ZZUD-TA-UA+ 1)y (19)

Lol = i [P, falp) = (240 20)
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o5 gl sl AelstA o] o] dojxi}, MD AlE#eld & et HE AR v time step©]
AL zb Azt disl] A2 7 A ezl v

Ee.\':E0+Zini+% Zqz'CI/szf (21 i_ i]— o — ° P -
,- e i}, o] EAM+Qeq 28-S & AlF ALY 7|

z £ §4& s 71E82 EE AVALO; AlHAA

Eo:ZE,-(OH%ZZ,-Z,-([/’,-I/_‘,-]f[ilﬁ]f[ilf,-]+l/r,-,-) (22) <ol ol HAsb AYA W] JFeAE K
’ FoEH QAT AlgolAe] A AL AArk H

2= 24 ZIA-TAAD @3) 7FE Ttk o] ZaA gl X ARES Al He
/ FH2EY sl HFE AR T F Ue EA

S glRA =} [61,62].
A 744 A3 Streitz & Mintmire [60]¢] 2dS A7)
Astage] 04 W FA7] oAt 0o] HES 9 4 2 BEF + ] MPHE T K 37t 308 T B
QDS 2R3 (B, &S W A N2 EL dth) 27t Aok shvks 9] AolA [£1£], [ilf] S22 EAIE
I Coulomb integrals 1A & Aok k= Aol

V= Ji 6+ Ifif] 24

En=Ya2+5 Y a4,V (25) ohe shis @A 7 AFAE AAY qq POl 142
oo FUNE FFIoEM 1 Fol UL s Wi ol

oAl F de EE HASPe ¢ BES Toke olBA F& Aol sk Aotk o]&2 oln] o] )8}
ot} the] 714 T4 27 2 TSA|71HEA Fopoll A= & ¢E% EAIE Coulomb integralol] thalA]
= ref. [63,64] 22|32 F WA #AE 9% Ewald

2.4i=0 (26)  summation® &M= ref. [65-6918 T = Slrth.
< Zhou 5 [701 $] F FA9 sHS FAA] 27

o] Rappe & Goddard’} 1Y ZA7 electronegativity S AIASHHA], EAM+Qeq XHIA [60]2 £U H3o=z
equalization %71, & th& 202 do|AE atomic FE Bo] Hlold A AR wf, E o] Fo]
chemical X&ldo] B5F k= %718 o]&3gitt. o] 4R Hol e £ AskES tE w 2uE
A= FAE AHEL ol AT F e TS FHE

oy HokE 2 FEE e vb Atk S, Streitz

Streitz & Mintmirex= ©| charge equilibration 7|¥< & Mintmire®] EAM+Qeq =& Ux 7+ A7t (&=
EAM#Z} AFAA, Aol F AUAE 919 BA7] ozl To= dste]) Foj5 w 7+ o2 Mt el A
oF EAMel| 9]t olyA|¢] oz FHaI3H o] o7& & UNL, FolRo] F FFH o]l HH A
o] 2o] gle AHdXNE F &% AR Ateld] X714

u= ;= 0E,/0q, 27)

Fon = Bl T Bl OV g0 A B N2 EAMS] Sl ol
MD AZHoIS e 7 UAel B2 AT ke Wl HEH, Zhow B BE A47h () WalE 2
2 9§ UAE Te Y HRe 74 el WA Bam Ak 97k () AskE 24 Tees s 9
= ge Wl s, 2AZL SABE WA o)F FAT F Ak BE F
e e of %4 mdeldE 7} o sl 4

.= Gt = 3 e T T (29) A7) EAES ALHT W NxN AL T Y

HE A8 F7F 8131 conjugate gradient methodS A}
7} 929 chargeoll tigh vIES Edshs 2% 3 & Hedl, & AoMe 2358 By &8%Q1 Whol
0]

WA e el B9 9 A7 4 2o s a2 = o, Zhous ©] E9S O-Al-Ni-Co-Fe tHl
o

Z ¢k 8= "o} Al 7 BRI [71]. @ 7HA] =] oA 7F e
82, Streitz & Mintmire [60]2] 733 EAM U X] 7}k

aEesaqi — 6 _ . = =
Z_aqig*ﬂgzi:%*o (30)  Rose Universal EOS [23]5 TI3l= A S 2 EAM 4

< ZUKg ¥HA, Zhouw= EAMTF H7] &5 Hgt 5 o
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UA|7} Rose?] 28 whEale= wd Al=o] 221312 A
Mok Aolth, (F 232 EAM2 §2 #do] th21,
Zhou®] EAMS RoseE EE2& Aol 422 13| 7|
e A 7). Rose? EOSE - Agolu 24 2%
Edole Ag0] ZEe uhd o] A EAoxe o

0o
=

Holzd, o] Ak 7] 714 He2 v#s}
Z Aol Hrha A Ut [72,73]. weEbA o] FiE
5 7hMo] o] Rojxjof & Aow HRITH

Zhou?] EAM+Qeqell ©lo] Rt} HZole Lazic 5
(74191 €]3] MEAM+Qeq 7} A€ v} At} ofwf <]
MEAM< Baskes?] MEAM A¥3= tE Zlo|1, Qeq
= Zhoud] A} FY3} Coulomb EEHAAL ALkl
WH S Ewald7b o} PPPM  (Particle-Particle-Particle-

(e}
el s

fo &

ARE-ghth. o] WPH-E o} full paper
o]FofR)|7] k2 FEjQld F5 A=
Rose EOS9] #-g& W ol %3
AT

ojf
flo

4.3. Tersoff + Charge Equilibration 2&!

EAM+Qeq E813} TersofftQeq EEIA F=2]9] =
A3l ztol=, EAM+Qeq®] 7% F 7He] ME TE %
SrEe] AR 2] Feol S FA ¥ ©
3] FAHA = W, TersofftQeqd A= AA7] &=
7Fshz A o]9]el| Tersoff 4 F& Aol 47g<] 71s)3l
th= Holt}. ol& Tersoff LB AA7F g Lxd o
AIFE] ot S ATl T 52 Feh AEEd
7] WEl Aoz AYZHAT) Tersoffel]l charge equilibration
7Is& F7tste] Si0E Zlestd e =32 19964
Yasukawa [76]°] ¢J&] Ao =7 Al=FHTl Awe] HelE
= 1 U - R

L
hYA
il

Ay e

e

all

$J3ll Tersoff energy 212

E= ZE,- = %i,;i%iﬁ,(r,j,R,S)[Aexp(—lr,;,-)—Bb,-jexp(—/Jr,-j)] 2)

o] 2of|li= radial cutoff £.°] 212 FEN7} r; Bl R,
S d WE AAR vHithe RS A=) Slsl o, R, S
9] 32 FHE o] At} Yasukawars 9o = olUA| 9
atomic energy %@ ¢t Coulomb energy J4I5E v, 3
< Frletet ZHzhe] A 39S v 2

Ry
o= Lot g L ng: G
Ejony =020 (2)

e,y

. o]

ofd

=
2

9} Ag= 41800 2908 P9} EA, 3 o]23} oy
o} A} zlslze Pl Atomic energyell sk TS
Rappe®} Goddard ©] Qeq =9 [48]3 =Fol7l QIAI R,
Coulomb =28 a2 Hdste] 7+ FXE 993 Cou-
lomb integrats ARE-SHA] 43l A st AES ARSSISITH
= oA zpolE KAt (AAIE Yasukawa] =ol|A]
Rappe®} Goddard} Streitz & Mintmire= 1-8-% 2 o] glt}).
A gq; el BE A pE FRICEN 8 3 Ads)
MAE ARESIATHAL & 5 Tt fi;= cufoff function £k
e T BolAr A 9] Xeldolgke S e e
R, S ko] AFE-Ht}. Coulomb &9l cutoff functiono] ¥+
Hre= A2 Coulomb XEIE Al4boEwald summationS
AHEBHA] ReEths Aolal HAIZE Madelung energy #4©]
ANHEEZ cutoff radiuss F7 s}

kA AF3l%o] Yasukawa= atomic energy$} Coulomb
NUAE F7lsk= A o)9e Tersoffe] 4] FH% 5
AL 7Heit). ole Hstel wat o] W ThH e A4S
2-go] Wslele AS 7lwsh] flg ZoE F
7188 e FHAskd 29 4, B Y A5 1S

3} o] WpE Zolt.

A

Ay = JAA,exp[A,(D;+D,)/2] (33)
By = JBgBgexplu;(Di+D;)/2] (34)
Zp o2 W= ool M e Hd dst

Ou W Ak A 0, gol B A5 Folgth
S99 sk ghe 7k M9l ol wge] Akt waks
A Padling ol& W RURRE 47 7 5 e
T QE Dy, D, 9 BH YFE Folxn] Alo] gL

theo] s 2iE ooz,

D;= Dl/'i+|bDi(Qw*q,')|nD' (35)
bp;i= (DLi_DUi)FE/(QUi_QLi) (36)
np; = In[=Dy/(Qri—Qu)VIn[Qu/(Qui—O11)] (37)

Aol W we) YuAge] Waks 9o Bl
wigo] ] thest B 4l s,

Bg = Bi[aBi_|bBi(qi_Q0i)|nB,] (35)

1

byi= |aBi|”Bi/ AQ; (36)
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ag = 1/(1-|00/A0] ™) 37
Q0= (Quit 01,)2 (38)
AQ; = (Qui-01)/2 (39)

Tersoffe] #2]ell Hlg] ©] sojvhs B e 72t o]
off thgt cutoff R} S, 2} 4z Ov} O, DS D, 2
23 np2t np 25 10 7171 Foh Yasukawas ©] XA
2dS Si-0-H Aol AE&3te] H0 =4 f5-o met
Si00] 4 Aut Awo] ofgA gt F I=AE 4
skl 8o =M MR o] At AlEd ol
S HAFET [76]. ©] 2de ZulE ALCWTIN,W,Si0, 1t
g AlHeA A3 7= (adhesion strength)S AlFsl= U]
Z8HH [77], Si0, 2D A5 kel Al olof [78], F
o= Coulomb ‘35218 oA effective charge ratio
Pl e 214 EES 2s Slater-type orbitalol] 7]zt
Fei= vHrAA 2] FEe] faglo]=rt ol F Tt [79].

Yasukawar= a-Quartz2] 71413 EA4 Asolut #Alo]
AY =, Si0,2] T polymorphsoll thal]l &}ale] el
guht 7|E T8-S Hole Ao dEixie ERE o
Stk (K 96 W FA] B2 o-Quartz®] 7%
o alZAtE 7l sEol Hold 1 ol UTh).
Ibaraki, Hitachi -7-4=9] & A-elol] ofal] 2=83] Ly
3L ggro] £ o] rdS, 10d0] A'd - m= Florida,
Sinnott & Phillpot [80] &<l ¢Jal Er} Wds (S5 H
71E WA "o} Streitz & Mintmire®] EAM+Qeq 22 [60]
o] & 10d F Zhou [70]] <Js) 3 ZAH.

200751 Sinnott & Phillpot ~Z35°] Yus [80]2 Yasukawa®]
Xdldo] q, B-quartz, o, B-cristobalited| = H-&o] FS &
Qlgtct. Theh, polymorphs 7He] EIeHa] Qb ik <=
A7t AAXA] 2o} a-cristobalite”t 7 QPEe o2 4
SHt) SR B A A FAZ, Zhou?t Streitz
& Mintmire [60]2] EAM+Qeq Edlo)X 2AE AXH, 2+
o] 2=2] Hsl AJEi7F EQFYaAA Sie] st ol I #k
oA Gaussian %25 dH= %lo] oFU2} bimodal XS H
ol T EPH LR wlolEo]7] off R AFS Kol ¥Rl
"ok Yu 52 olgg Hdst E<hgAS wAEL
polymorphsE2¢] 71% &4 tigh 7% 588 A7
3L eEshed], 4 et BPEAS WAIE] fls ¢o 2
2} Aoz ®HES] 3t atomic self-energyS 43 I7HA|
AT (0]20] Hske 7H w9] oA Fas F7F
Ao ZM HAetE MFSAZIHAL g Aol TEdh

o

—

[e]

O o W
oX,

B

=

=
0-Si-0, Si-0-Si 2%} Zto] Z23l 92 3itia

AR rFo] FE= bond-bending energyd, oS EW
5
[¢]

Tersoff] repulsivedS &= F45HA Hc} o243t AUES 5
A At Yasukawa ZRIEIM DR A% ZAISL &
o] HH, AAREL o] 42l COMB (Charge
Optimized Many-Body X8I )olgl= o5& B9t
COMB SiO, ¥HIXe Yasukawa ZHIAOA ==
TAE 7HRI7IE AT ZEAR] AWEoe d4de
Woll wwste] U o8 &8 7IA8 s F7Hlte
gtk 2007 EE GA°] COMB SiO,
HES A2 28¢5k 542 984 SiOy THEoAIA]
vholl o3l g-quartz®] B/ AT
=40 A= ALt A3E I8 17 o &
FEoITh COMB SiOx= 2010 % #7lo] gy
o} [81]. o] WHolX= 2] Fel7t thE o] ==, §-
1 Coulomb %2804 A8-31E effective point charge
9} cutoffS ©]8-St summation 7'HE Slater 1s orbital®l
gk Coulomb integral’} Ewald-like summation [82] 71
o2 thAsta, gol ek 4xF9] atomic self-energylt
bond-bending &2 FAIE 3=, T4 7180 Tersoffe]
repulsive®d2 AP HNZ =2 = 2l atomic self-
energy?ll B TFE penalty -2 F7kgith. o|2A 4=
COMBIO Si0, EHAL o Aquarts,
Pridymite, coesite, stishovite®l] 7}A4]
quartz®] /3573 teiM = £ 7=
polymorphs 2] 7% Aol dg] Ao Z TTAMo|L
BKSYF Xatths A H7HE Wsol o8 37t (&
1, 2 3x). COMBI10 XdA3-2 H|S=8k Al7]9] HI/HFO,,
Cu/Cu,0 [83,84] Aol Wair = 2§ ZAzprt e
Si/Si0, [81]5 3}, o5 =EolA+= bond-bending 2] 4=
2 Fej7F it 2 A vt 2ER =], o|& Tersoff 72
=% 27 A&3S wWe] AL obdzE AzbEnt
7HA] GIEIthH, COMBOIA= charge equilibrations
AYPug2lolut conjugate gradient methodES 53
SHA] @31, Lagrangianol] sl 21 FdlAd,

;(] )

ERE

Y e B e

a, [-cristobalite,
Zgo] HI @

g2 wolAw,

ofr 4

(o]

H
1

2 4z odp

o oot o

fllo

o &

FE F7HIA Hstel tigk &5 WARAS F=
ARg-gITE. o] WS AN S 718
ON)o.2 Zol=tl, Aal 3] 84 #AE 3] &5
W 2lo] damping S F7FEo 2 AlEH o)A F oY

oL

o
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A7t HEFA] =T} [80].
ooz A7 £ B Ae B, o] A3t &
AAe} dAE DA A mdES 7k s 2
ATt el AFe Bd 5 ol B AFAE o3
ekt ol 4
oF

¢

o

fl

i

gt B2 tisl] ERIESe] A=A EEE
A3 Qo 2 xrld mdl 52 el i
Wk A o R =olE syt A A &
ot FHEC] Bl itk 2¥uekE CALTECH?] Goddard
254 A|okel ReaxFF (Reactive Force Field) X &l ot
T WEA] AFS kL dojrtarat g
ReaxFF= Tersoffoll A9} 7+o] Bond-Order 7ldel 719t
S 3L bond order®} bond distance = bond energy
7+ ABBA S 0]-835k9] bond dissociations 7]&3HO E M
stet wkg HHS A Algdold st BRE &
A2 bonding angle, torsion, charge equilibration, van
der Waals 432714 RE 528 788 & A
AAE AT} o= FE hydrocarbon AloA B EAE
7F RS Ve AES 2ol EEA=T (85,
o] 9o Si/Si0,[86] AIE HIE B2 AtslE A= #
£-o] ¥ 3t} Hydrocarbon Aol WsA= Tersoff 42
< 343k Brenner-REBO [87-89] Al <] e} 7glo]
%L, charge equilibration 7]l = COMB 7A€

BMH + Shell Model
'75 Dienes [14]

- BMH + Shell Model
‘85 Lewis & Catlow [15]

with Bond Bending
‘88 Feuston [6]

with charge distribution

[Polymorphs] Pair Potential
‘88 TTAM [7] + Polarization
[Polymorphs]

only BMH '90 VKRE [16)

'90 BKS [8]

SW + BKS Modified Tersoff + Qeq

with ionization &
charge variation model

‘94 Jiang & Brown [11]  Tersoff without charge

o438
o) AN 2= ol
736 = T N]\L-,

2w o, 2 }5e o]

JdLdGAL BERE AFstal Aibshd
(least-square fitting) 8-S AXA ==, FHAA
o] ko] oh7] wiZel F&
o] HA] ¢}, Hydrocarbon [85] Al Z&IAo] &
10:d0] A=t o}4] ReaxFF X€ld 29 g4
' =2AE 109 el E3sitks Zo] 2 ofgfw2 1t
&= ZloANE, 2ol Eetal ¥ B 2 A0l ek

s =

7led 7 v T Bdolgty B 4 gtk 23y o]
¥dlde o= 59 Carbon 3 Y o

MF7E 90 o JHell Eele 5

ReaxFF ZeIAo] W2 7|thd Do} rt.

5. 58t Bt { &=

—

TH st

AT 27f7h o2 2Hl

o

%, Coulomb A& z+g 3o & g AL Hs})
3 = torel 7158 ¥3kela

ol de) = A4l
we ol =y 448 8
e o e o) A
HaAFE A

® A%

Eold md 448 Fo
s A

7t )

O plx

™= [e)

Shetl A TRt R ARESkaL vk ey, 7 )
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Fig. 1. A chronicle of interatomic potential development for ionic systems.
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