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FA 2B R B iR LA SO 2 A
FETHRE SIS0, (TSR R R

ooc

Etotal ZnA5A+ Z Z2 ]\f2
—izzNz—vam
)
I 9 T BEY
i jF
(23) b5 — IR REAT &5 MR, 28 = =002 M T

i HISCEP-LCAC s i 28 1 U7 7 A il s 4 0 il

(A IR T, 2 DY 350 052 8 - 1) A LA 0 e e

JH X S BB RR BB, A AT AR AR A A K
1 8 LR BT 32 B S AT e AU 20
Fy,

- ) OHia ;s 08ia,jp
- zg; )| -
0 (N:N, Vi (R.;))

+5 ZZ I
k
ez 9 I/RU)
_722 ‘ J4TL€0 ozt 7 (24)

Hoeb) ol NS kAL E TR AR L5 4
| = x,y,z [HARTKE, BT SCED-LCAO J;
EA RN 700 > SO T U, B LR TH S

ETA 1t S B AR AR T AH B B B, X A2
SCED-LCAO kMt Z —, X MR ALEM Y+
) 325 R R v e AR B

N T Wi 4R SCED-LCAO 5 25 1 ) 2 B g % 1
iff J 8 3 AR R TE A () S B 45 0 Ak 5 A 3
FRAE, 7E404L SCED-LCAO W %5 i it 2 Hud 18 b,
BAMVR e T B T H AR B /N1 T W 7 1 1 — Fofr 12 [
IR FE 7. 3X — 77 ¥ CL7E STk [34) FI B 3% A i
TVRIHEIR. FENJCER I SCED-LCAO WA 2 i f)
SRR K LERG O LA AL S BT 75 00 B0 A At
s AR AR AT 2. 2R R A
mﬁ%@m%fﬁﬁ%ﬁ%%%ﬁﬁ%ﬁﬁ%%
H R AL, JEH R SCED-LCAO My 351 1) X
%%ﬁ@%%%wﬁ%ﬁﬁﬁ¢%ﬁﬁﬁmﬁﬁ
R, {5 SCED-LCAQ & 25 ()3 FH e, 3471
TEAA 26 5085 12 Hp AN OUELHE T A [F) 4R 1 1 4] 7%
ghhy, HHAEE T BHAY RS ISR E g5 .

o, Y153 SCED-LCAO M5 Bl A 2 %1
P SR 3EAT B4 (robust) PEMINES. EEEXAA
5t KPR AR R AT T 1R, I
BB GRS 2 — R B s i 45
RHEAT LR, S 2 e — AL SCED-LCAO
W E WS RGBS Eom 2 ad itk L&
Mk 36 IF S5 15 B FI B (C)~ HE (i) 4 (Ge) TLE
SCED-LCAO M #1244

#1 BEBEITTERR SCED-LCAO R H AL 25 (parameters) (Z WICHR [34, 35, 49])
Table 1. Optimized parameters of SCED-LCAO Hamiltonian for C, Si, and Ge elements (see Ref. [34, 35, 49]).

Parameter C Si Ge Parameter C Si Ge
es/eV —17.360 —13.550 —14.000 Qsso /AT 2.153 3.036 2.956
ep/eV —8.329 —6.520 —6.850 dsso /A 0.629 1.322 1.242
el/eV —35.712 —13.428 —13.345 Bepo /A1 —0.777 —0.746 —2.149
el /eV —22.153 —7.908 —7.505 aspo /A1 2.013 2.176 2.317

ag /A1 —0.0329 0.247 0.257 dspo /A 0.782 1.349 1.008
U/eV 14.896 8.046 8.552 Bppo /A1 —1.895 —0.796 —1.580
Bz /A1 1.475 1.543 1.351 appo /A1 1.881 2.349 1.878
An/eV —2.539 —1.257 —1.406 dppo /A 0.377 2.026 1.248
By /A1 —1.798 0.158 0.254 Bpprn /A1 0.236 —0.307 —0.157
an/A-1 3.115 2.739 2.176 appr/A1 2.255 3.736 3.051
dy/A 0.800 1.906 1.919 dppr /A 0.547 2.282 2.015
Bgso /AT 0.228 0.879 1.352 Reut/A 4.0 6.5 6.5
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2.2 SCED-LCAO MZHHyEE M, A5
M REEN
2.2.1 SCED-LCAO 5% 69 & & %
NHf{R SCED-LCAO M5 2 {ii B A |2 73
P, A B T IR A 2R A5 P [ T 25 1 B 45 4 S
R 1 22 1 2% b R MR 25 0, FRATEER AL S50
R, T R R A R A S
P, ZRTDIRA S — R R R, TEERT
CA WS R AN e R 8. (Rt 2 — R BT 5
RIS LI, T RIEEMAEE T
A BRGS0, M H A T — S iEs
[ 1% 45 ¥ 25 4 DA OR SCED-LCAO W % i 1)
ZHT A E WARS MR, ROAX L AR A 45 14
HIRE R R AE 9 13 ) i R e LR B R A T
FEFEZERZ. AT B AR T g imA

#2.1
(symmetry) IR BI% (Cn, N < 6) B ABMS & RE

ARSI S MR AL I 2 25 508, LU £/ SCED-
LCAO M 2 1 G 1 A b 17538 AS 7] 8 390 2 485 g 11 oy
PE, T A AR A 3 T & S S A 2 A 2 ] B AR K
R MR IR, £ 2.1 %23 FIH T C, Si,
Ge BIFEM &Rtk 22t s 6. b & TS
WASAS BIEE, B0 BA Co, X RRIER) Cs 1% B
Dy SRR Cy Bi5E B Dog XEFRYER) C4 B iR
K21 R2IPEILETHEH T BT
SCED-LCAO My # i Z ¥t H 1) C, Si, Ge B1#%
() 8 Tl Ak 2 B RN 45 5 BRI 45 SR, T 5F 4 K BB 8 4
T A R ) 28— I S A5 R X A — R
e R R KA T Gaussian 8 4F 8 H DFT(MPW1
PM91/CC-PVTZ) J7iEAF EIf) PO Pk s vy
PLE H, B SCED-LCAO &S5 il 115 [ 45 5 5 Hh 48
—JFBEH R R+ f5 6, B8 7 SCED-LCAO
W 0 AT R R S PP S S5 R IR e

i SCED-LCAO 771 B4351 (3 3 45 7 %) F ab indtio 775 PO (35 4 J2 25 8 F1) v E 1 BA & Fhx Brik
(Z W3Rk [49] IR 2)

Table 2.1. Bond lengths (A) and binding energies (eV) for C clusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [3%35] and ab nitio calculations [°6] (see Table 2 of Ref. [49]).

Cn Symmetry SCED-LCAO values ab initio values Cpxy Symmetry SCED-LCAO values ab initio values

1.487 A 1.488 A
1.293 A 1.244 A
Ca D 5 D3, 2.113 A 2.013 A
—5.228 eV —4.527 eV
—6.917 eV —6.578 eV
1.495 A 1.443 A
1.329 A 1.287 A
Cs D;p, Cs Cay 1.607 A 1.668 A
—6.588 eV —6.586 eV
—6.547 eV —6.242 eV
1.326 A 1.256 A 1.409 A 1.417 A
Cs Cay 1.515 A 1.459 A Cs Ty 2.301 A 2.314 A
—5.988 ¢V —6.225 6V —5.521 eV —5.100 eV
g8 A 1439 A 1.909 A 1.823 A
Ca Dap X i Cs Dsp, 2.090 A 1.864 A
—6.698 eV —6.746 eV
—6.995 eV —7.443 &V
1.324 A 1.288 A
1.349 A 1.298 A
Ca D;p, 1.361 A 1.306 A Ce Den
—6.985 eV —7.297 eV
—6.520 eV —6.620 eV
1.332 A 1.270 A
1.382 A 1.316 A
C D 1.554 A 1.555 A C D 1320 A 1.285 A
* 2d ' ' 6 i 1.355 A 1.294 &
—5.631 eV —5.566 eV
—7.054 eV —7.291 eV
1.519 A 1.536 A
1.577 A 1.621 A
Cy Ty Ce Dyp, 1.824 A 1.790 A
—5.510 eV —4.830 eV
—6.909 eV —6.467 eV
1.325 A 1.277 A 1.406 A 1.354 A
Cs D;n 1.341 A 1.282 A Ce Ds, 1.689 A 1.698 A
—7.124 eV —7.319 &V —6.158 eV —6.254 eV
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%22 HSCED-LCAO J5i%k B35 (35 3 Lo 35 7 %) s — B Jy ik (PO (58 4 )58 8 31) B (0 AT & xR itk
(symmetry) FIHEHIE (Siy, N < 6) MGFEFGE SR (S W0 [34]) 11F£2)

Table 2.2. Bond lengths (A) and binding energies (eV) for Siy clusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [34:35] and ab-initio calculations [°] (see Table 2 of Ref. [34]).

Siy  Symmetry SCED-LCAO values ab initio values Siy Symmetry SCED-LCAO values ab initio values

2.209 A 2.275 A
. 2.226 A 2.288 A )
Sig Din Sis Clay 2.358 A 2.513 A
—2.435 eV —2.499 eV
—4.327 ¢V —4.266 eV
2.284 A 2.357 A 2.082 A 2.133 A
Si3 Cay 2.168 A 2.158 A Sis D;n 2.128 A 2.144 A
—3.413 eV —3.575 eV —3.545 eV —3.534 eV
0141 A 0167 A 2.127 A 2.215 A
SiBs Din ’ ’ Sis T, 3.475 A 3.617 A
—3.427 6V —3.404 eV
—3.334 eV —3.283 eV
2.248 A 2.363 A
. 2.275 A 2.311 A )
Sigq Doy, Sig Dyp, 2.639 A 2.734 A
—4.101 eV —4.242 eV
—4.698 eV —4.664 6V
2.261 A 2.285 A
. 2.332 A 2.474 A )
Sig Ty Sig D3y 2.948 A 3.208 A
—3.773 &V —3.659 eV
—3.896 eV —3.972 eV
2.057 A 2.098 A
2.116 A 2.156 A 0079 A 5134 A
Si D; 2.164 A 2.176 A Si D; ’ ’
: i 6 i 2.149 A 2.158 A
—3.289 eV —3.364 eV
—3.446 ¢V —3.446 eV
2.207 A 2.306 A
Sis D3, 3.141 A 3.064 A
—4.526 ¢V —4.453 eV

%23  HSCED-LCAO J7ik 34351 (55 3 Je 55 7 1)) Mg — JE ¥ 7 3% (PO (48 4 R 38 8 B 1110 AT 4% Fhxd Bk vk
(symmetry) FI4E A% (Gen, N < 6) LA AR (S0 [35]) 13 2.3)

Table 2.3. Bond lengths (A) and binding energies (eV) for Gepyclusters (N < 6) in different configurations
as obtained by the SCED-LCAO method [3%:35] and ab-initio calculations °0] (see Table 2.3 Ref. [35]).

Geny Symmetry SCED-LCAO values ab initio values Gen Symmetry SCED-LCAO values ab initio values

0396 A 0410 A 2.348 A 2.441 A
Ges Din ) ’ Ges D3, 3.186 A 3.253 A
—2.28 ¢V —2.204 6V
—4.090 eV —4.016 eV
2.440 A 2.524 A 2.342 A 2.424 A
Ges Cay 2.128 A 2.296 A Ges Clay 2.547 A 2.669 A
—3.073 eV —3.172 eV —3.888 ¢V —3.815 ¢V
2.218 A 2.233 A
2.237 A 2.260 A
Ges Din Ges Din, 2.242 A 2.234 A
—3.129 eV —3.116 eV
—3.194 eV —3.152 eV
2.207 A 2.333 A
2.402 A 2.445 A
Gey Doy, Ges Ty 3.751 A 3.809 A
—3.678 ¢V —3.834 6V
—2.977 &V —2.934 6V
2.430 A 2.518 A
2.513 A 2.625 A
Gey Ty Geg Dyp, 2.786 A 2.899 A
—3.370 eV —3.343 eV
—4.158 ¢V —4.191 eV
2.239 A 2.252 A 2.395 A 2.442 A
Gey D;n 2.258 A 2.275 A Geg D3y 2.590 A 2.484 A
—3.017 eV —3.027 eV —3.545 eV —3.538 eV
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Kl 145 7 B SCED-LCAO JivETHEI1 C, Si,
Ge JC 3 75 B J 3 14 o 44 &5 0 1 A B, b AL 355
TR IGE [ f 58 458 (graphite), 4 NI4T 454 (di-
amond), M f& 3775 (sc) &> 3277 (bee) FHI 0 57
J7 (fec) %5 A B dh AR S5 4 (B 1 (a)), FETTER K
S I S5 A K (81 S ARG SLTT L T O ST AR
JEAH I SR AR 25 48 (11 (b)) A1 T6 3R 1 NI 4544
&I SETT AR L T7 S TH O SE 7 5 e e A ) A
5K (B 1 (c)). B Ra AR bR 2 A IR TRV / Vo,
Hordr Vo 43 2 X R C, Si, Ge 4RI f fb A4 AH 25
FE R ~F 48 25 S 1 AR A, AR AR 2 A &R PR AR N A &
(Ere = FEiotal — Eo), Frotal AR R EBER, Eo &%)

87 4 NI A S A 45 0 1) S A 7S TR R o R 2k it 2k
FEAH R DFT 45 5 (VASP-GGA) '6-18] . 1R i &,
M 145 1AL SCED-LCAO I %5 il 2 ¥ 15
FIHAH 45 R 5 th DFT J7vk 3 2 45 B — 5L
XA — B CGRIAE 7 il H R T RS &R
M, HRIMAE S E T B sc, bee K fec #H. {HS—#2
(152, SCED-LCAO W5 %2 fr DA e 0% 1 18 A~ [5) 41
2K IR O FLAL 2 T el A R B R ) 22 AR
YER, JCIHRAEI 5 Mg 43 AT R & N A Re ik ]
BRI, SOk T8 RO & TB 7 EELE A
e A 225K 75 THD PRI AR B (TE 98 ST [34)).

- - - T 7
L C b [ Si . el 31
. —SCED-LCAOT  o3f 4 —— SCED-LCAQ E° ——SCED-LCAO]
3 I == DFT E 0.03 — —DFT 1
L £ ] E
% 0.2; : :
b 0.02 - 0.02F 3
13 E
= F
T 01p g E E
S f 0.01F 0.01F 3
< : : |
0F . . F 3 E
Diamond (a) ] 0F 0F m
C PN N T N A B B = _I % | TS S T T T T T T T B B
0.5 1.0 1.5 2.0 0.6 0.8 1.0 1.2
V/ Vo V/ Vi

K1 C, Si, Ge JU R &Pl WM AR AR SE R AR I, S22k i 252 SCED-LCAO Jr ik 4 3 (34351 g 2k i 25 2 A L

[ DFT J7 i 4 4 [57.58]

Fig. 1. Relative energy versus the relative atomic volume for different bulk phases of C (a), Si (b), and Ge

(c), respectively, where the relative energy is defined as the difference between the total energy per atom

of any bulk phase and that of the bulk diamond phase at its equilibrium volume (Vp). Solid curves, the
SCED-LCAO calculations [34:35] and dotted curves, DFT-LDA [°7:58] calculations.

2.2.2 SCED-LCAO %% 69 7T S 1%

gtk — 2 56 4F SCED-LCAO W %5 1 ££ ]
TR R AT S, FATIE T T C, Si, Ge JG
1 NI 8 R A 1 F - B8 i 5 e R R 1 A
245 T C, Si, Ge JEZ [MAH B 4 WA fh A 1)
HLF AR 45 4. 1T LU B SCED-LCAO M5 % 1

IEH LA IR C, Si, Ge JG 3 10 & WA & 1A AH 1) H
T RE T G5 HRRAE, BLRE B WA AR R IR B R e
BRI (REBR A 5.44 eV), Tk 1A 14 17] 5 R B AR5 1iE
(REBRN 0.76 eV) e ah A 14 [R) 4 e BRAFAIE (BERR
0.46 eV). £ 3M % H T H SCED-LCAO F % i i}
B C, Si, Ge FEHAHRL G RIA b AARS5 ) T

#£3C, Si, Ge LM ERIFARSGE I i T G5 M 7E — L mon RS IO B B, HOPARBLI DFT 45 5 16— 18,581 By e 485 p
Table 3. Band structure energies (in eV) at high symmetry points of bulk C, Si, and Ge (diamond phase) obtained
from the SCED-LCAO method and compared with the DFT calculation results [16—18:58] (parenthesis).

Band index C Si Ge
Ty —20.95(—21.46)2 —11.77(-11.93)P —11.87(—12.48)"
X4y —6.11(—6.28)2 —3.30(—2.88)P —3.09(—3.04)"
Loy, —16.02(—15.71)2 —10.10(—9.52)P —10.19(—10.36)P
Ly —11.35(—13.34)» —6.62(—7.00)P —6.81(—7.41)P
L3, —3.29(2.79)> —1.89(—1.20)P —1.73(—1.39)"

a: Ref. [16—18]; b: Ref. [58]
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NAVEE RN il l_ | ]
—-0.3 p(%\\\_i —0:2 L--Z>; —-0.2 —Z:}.\—:
c I e adk /]
g I " I 1T -04 04 ]
£ \\ ] \)& i \&}/
%iﬁ —-0.9 :—}{ ] i ]
B:] :p__é —0.6 ;):i —-0.6 :— \“\::
—1.2 ] : : ,-/ :
\l\/ 1 s \d\/ 1 .. / ] .

r LKW X I X r L KwWx I X r L KW X

K2 C, Si, Ge JUH IR GRIA A I HTREW 451, ZLREZ N oK BEd
Fig. 2. Band structures of bulk C, Si and Ge (diamond phase), the red dashed lines are the corre-

sponding Fermi levels.

HL - 45 A FE — S i R S A B R, I 5 A R
DFT 455 ($855 W) 47 T HER. LRSS ST W,
1 SCED-LCAO 773213 8| 1) 45 R 5 H DFT #:15 2
45 R+ 0755, BAE T SCED-LCAO W4 % i 4
Y IR e Al X

FAGIH T C, Si, Ge 4 WA AH 45 44 1 514
WHL PRI Se s T RO R AR R SRR R A

F A IS ME 2], H SCED-LCAO W%

LCAO W5 i1 1 m] 5

%4 I SCED-LCAO J5ik B4 iH51 C, Si, Ge &R M MRS (C11, Cra, F1 Cua), FHUH T HIBLHI DFT 45
5 59] sz (60,611 g (2 WSCHR [35]) % 3)
Table 4. Bulk elastic constants for the diamond phase of C, Si, and Ge calculated using the SCED-LCAO method (34]

and DFT P91 experimental values reported in the literature [60:61] are listed for the comparison with theoretical

P R B R, R, X T SRLAE R SCED-
LCAO W S (1) ] S — M+ 2 205 5.
RULES
B 45 R 5 DFT B 45 5 S 48 (0001 431
Fr, RGP AR T HAh TB iy 75 vk [20-30.6267)
(P4 1B 2 F Sk [34]), #E— P IESE T SCED-

results (see Table 3 of Ref. [35]).

C11/GPa 012/GPa C44/GPa
Element
SCED-LCAO DFTPI  Expt. SCED-LCAO DFTDP9  Expt. SCED-LCAO DFT[P9  Expt.
C 989.3 1099.6 1079601 147.3 142.8  124[60] 612.5 587.0  578100]
Si 166.3 162 166 [61] 61.7 62.8 64 [61] 93.7 772 79.6[61]
Ge 129.1 128.5 126 [61] 46.9 45.7 44[61] 69.5 66.8  67.761]
2.2.3 SCED-LCAO % Z 489 & 4 (robust) " KI5 HIMITIRE.

VL 3@ X C, Si, Ge f45 Fh [ 7% 45 4 % J8 3
PEPR R W) B R A 2 M B T B 5 25— SR B AN
S g8 L L AL, AT BAFE 43 ik B SCED-LCAO &
R A2 BE P R TSR . R T BRI
SCED-LCAO W& 1 (1) G B 1t JATHEIT 7 — LX)
e B WE B Bh R R ek R B X s
AR R FE 45 JRAIESZ SCED-LCAO 3 251
AL T2 3E M PTEEE, 3 BAG TR0 B B A

2.2.3.1 Si(001)RMEEH

Si(001) 2 T H A A [\ (1) B A FR P, Hrhf
Pl x1,2x2,4x2KC4x 2% FRME. L5000
F C4 x 2 DB A (1 2 T 2 2 45 g (05 =71
HE FER T A DFT #0238 i b &% Ao
PR Si(001) 2% [ 2 2H 25 44 (1) FH O R 5 R o AH G
ek, JERIL P1 x 1 X FRPEAIX AR E T C4 x 2
XFRRPEARXS Sk e . FRATTI R B 5313l 73 5 77 %
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P1 x 1 X FR M E 47 5t 72 R W %% Si(001) 2% [ 35 20
MR HEARAE. B3 25 T Si(001) 3R 1 AL e = b
st FR S [] (1 AR A . BT BUR B P1 x 111
e — AN WARES, HERm B Si i1 0.05 ps
T HE FCXT 8 (on set of dimerization), 24 J5 481
F1410.075 ps, XLEH T BGH AT (buckling) 1220 (I
K3 L ETE). 2452 0.375 ps, XL buck-
ling 8 ¥ i C4 x 2%f Fx k. BIAEZ 1L 0.5 ps &
Si(001) & 1f B EA P1 x 1 XFRIE 1T a2 H 35t
BB T HA C4 x 20 BRI i e e 6T 4 45
4. FRA IR % B0 A 7 buckling 8 1 (% 5 242
B C4 x 20 PRI R E R R, X — 7138 J1%3)
ot g a5 RAE 7 SCED-LCAO W % Hil fig
B IR C4 x 2 B AR PR R e Pk, i HL 3 8
T SCED-LCAO M % i (1) 34 5 5 A 1R 58 1) 3K 50 /)
(driving force), RE AR R R P1 x 15 C4 x 2
Z 18] 35 22 T A B ke e A, FRATTRE BT AT B
C4 x 285 MB35 DFT Kz 45 kAT 1t
HERTS/KE LD, X80 5% 5
FM—AEHESE 7 SCED-LACO M %5 B A5 1]
T .

—44.70 T T T T
B854
<=
—44.72 = i:M-’c‘ P1x1 1
~ \ EEEB
‘ L
b
§ —uml Kas -
o On set of ]
% dimerization gﬁ
~
T —44.76 - ga ,ﬁg 8
s 4 B C4x2
= 5858
—44.78 - —
<—— Buckling
! L AR T T T I (N N}
0 40 80 120 160 200

MD step (1 step = 2.5 fs)

3 Si(001) RHMAYILER P1 x 15k (£ LK) &5t
IR IR AFE R C4 x 2 4R (F T ) iR EA
DTN, Forh, JUTREEIZH C4 x 2 DRk
%, b WBEK, o N buckling ffi, Az 4 buckling; &4 F
BT SReR, BEh T3 1% (MD) Mg Pk,
—HKN25 s

Fig. 3. Total energy per atom as a function of MD
steps (1 step =2.5 fs) in the SCED-LCAO MD simu-
lation reveal the C4 X 2 reconstruction (right inset) as
the most stable structure for the Si (100) surface with
ideal P1 x 1 symmetry (left inset) as the initial con-
figuration. The insert geometry indicates the C4 x 2
reconstruction structure, where b is the bond length,
«, the buckling angle, and Az, the buckling, respec-
tively.

5 Si(001) R C4 x 2 X FR I ¥ 2 I 4110 o 45 g
(AE/dimer in eV), # K (b/A), buckling ffi (a/degree),
J buckling (Az/A) [f] SCED-LCAO W % 45 5 (55 2
H), DFT 4538 (56 3 51), KSERMEER (5 4%) (B0
Ik [34] K 5)

Table 5. Characteristics of the buckled dimer row on
the Si (001) C4 X 2 reconstructed surface: AE/dimer
is the binding energy per dimer (in €V), b denotes the
dimer bond length (in A), Az the height of the bulked
dimer (in A), and « the angle of the dimer with respect
to the surface (in degree) (Table 5 in Ref. [34]).

Properties Present work DFT-LDA Experiment

AE /dimer 1.18 1.39*
b 2.47 2.292
) 2.4540.1P
Az 0.69 0.692
a 16.19 17.52

a: Ref. [68]; b: Ref.[69].

2.2.3.2 SiEFESI(111)-(7 x 7) KREFMLK
ML E

AT 0, Si(111)-(7 x 7) LT & — DA
5 2% 1) DAS(dimer-adatom-stacking fault) = 2H 24
A6 (722750 R 15 Ve A b R X — B R 4 M I 2
Xof A - 0 56 W B 0 R A 2 ) B FRATT A
SCED-LCAO J7 ik il i3 3 T sh &5 ¥ 5 fa e
[ Si(111)-(7 x 7)FK 10 HA L5, FANTAL LS a0
Bl 4 (a)—(d) A, For gt ST B R iR -, i
OB — (BORE) KB R (BN i, 5
RN = (BORR) JEBNE (BUh ) i, 3 —
SERFE M UEM T SCED-LCAO W3 25 15 7] DL AE i
IR Si(111)-(7 x 7) KT HH L. 7L L5 R 15
fibh b, FATE I AE Si(111)-(7 x 7) K1 L RS HHT
FAIRSL Si JFT7E Si(111)-(7 x 7) F 1 IV B,
SE T SiRFAE Si(111)-(7 x 7) R BRI AL B
(W 4 (a)—(d) Bras). (K4 BT A 21 8 00 I i 4,
i Ae 34 22 DL AAH B I B, AT 7 917 Si iR
TR B Si(111)-(7 x 7) 1) 3 FhnT 58 (1 b
AP, b T =M HRPE (B4 (a)). A3
LB (K14 (b)) B K RFABE (B4 (c)). H
= AAPE R AR RS, HOCAANHTER B R, R
JG A SRABBE . R R ILLE Faulted half 1)K
B BE LMK T 7E unfaulted half W B &E (B4 (d)). BT
AL RS DFT i 5 0 45 S — g [72.73,76],
(7 B A R T S8 b L 5 B (1A SC AL Si R T 4
W PR Si(111)-(7 x 7) B A aze B S e (7= i
1) FEARIR NARAL St J5i i B G I 5 e = Ay
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(b)

080580 %3968@

080 08068@@@8@

@ @
BT 2
» 00" 0o 00’  ITNY

(c)

(d)

g o

@@@

03003068068@

@ . ® _® 38:
Ci:)o C&D OO&)
» oo 0o 0o —3.49 oV(unfaulted)
w —4.12 eV(unfaulted)

(

(
0 —3.70 eV(faulted)
B _3.95 eV(faulted)

B4 ST ) Si(111)-(7 x 7) R 3 Fha] 5k b 3 BE 2 L

(a) ZFTEHBEL; (b) AT (o) AR

HPFEL; (d) 7£ faulted half & unfaulted half WPt GE; 7525 B (10 B 6 B B R 4 T A AR R AR BB 3R oR
Fig. 4. Three basins of attractions (triangular-type (a), hexagonal ring-type (b), and shoulder-type (c), respectively)

for a silicon monomer on the Si(111)-7 X 7 reconstructed surface. The adsorption energies at the faulted half are also

lower than the corresponding adsorption energies at the unfaulted-half (d). The circles, triangles, the squares, and the

stars with different colors (at the right bottom corner of each figure) indicate the different adsorption energies levels.

&35 B 735 X35 (0L SOk [77] B 4(a)); 2) EERIR PR
PUAE 7S PR 35 B 225 X5 9 R AISZ S TR 1 A B
S (WL SCwk [77) B 2(a)); 3) KR T 4 Si JE
] T 7E A ARAT S B 01 A X 380070 508 Tt BLAE
HC X3 Z5G TR B 00 IR B P15 v Ao i 5
L5 B 1) K BE4) A1 7% (magic clusters) ££ 75
AL HS (protrusions) (RN = F AP X 35) H I
=1 B HIESE T SCED-LCAO M %11
()2 AT SR R R T (A SR TR e
THZ WK [34]).

2.2.3.3 &It ZEH Bucky-diamond Fl#&45%)

FAh— X SCED-LCAO W& 2 17 1 £ 4 4
W & B 70 2 I bucky-diamond 25 £ 1 ] #%.  Galli
/NEATE 2003 4EH DFT ﬁ/ﬁﬁ%ﬂi%?f@%ﬂﬂﬂ
[ —ANH 5L bucky-diamond [21#% 0. 1% [#]#%
RVREPE 2 — il & FL AR 1 &2 HH sp? 38 T8 I & )
(fullerene) JEAREEH4, T e A AZ U H sp? §8 T2 B
& WIA 258, BEfS ik sp? J sp® B L A7 (1) 4 1)
f 2 20 6 e B I — AN AR B P R E 5
AT AN B WA A gl A B — AN PABR IR 5

—59.0 .
—59.1 |-
b —59.2
g
]
= —59.3
g —59.4
=
—59.5
_59.6 e fuvsrasisoolinivond Lo siivingd il Lo F
0 200 400 600 800 1000
MD step (1 step = 2.5 fs)
5 HIBRE WA d A g5 44 I ORI Crar BISE (42 B A
) 4578549 2110 bucky-diamond Z5#4 1) C147 BIFE (4
TR B2 T3 AR, LD N ERAR A A R
WIF AR5 R 1 35 AR T, BN ERACRANE B R = )
GEEERII 112 AR T

Fig. 5. Energy per atom as a function of MD step (1
step=1.5 fs) for the relaxation of the carbon Ci47 clus-
ter. The cluster is initially constructed from the spherical
truncation of the diamond bulk (up-left) and finally sta-
bilized to a bucky diamond structure (bottom right). The
red balls represent the inner core 35 C atoms forming the
tetrahedral network, and the yellow balls represent 112 C

atoms forming the fullerene surface.
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HL I ERTE Crar 7R (K5 2 B AAd D), SR J50
BEAT BN MR (W 5 Frow). &id 1.5 ps e, A
FLAT e WA 4544 (1 [T B AL BN — > bucky-
diamond Z5 4 (I A17E (WL 5 4 T A K, JEH &
Thib 32 17 5 DFT #00—#F A9 45 R, M 5t —
BE ] SCED-LCAO M 54U A 7 149,

2.3 SCED-LCAO 5398

K& SCED-LCAO 450 77741 H 12—t
R HR TR PEARTTERA 2.
A AR R TN 2 A, IE REAEiE BT . N AR
B S v S A iz /b F DFT %628 — JE B, i B
& SEAG R A B 5T R RUE B AR R ) RE
U JLAE K, FATTRH SCED-LCAO J7 i HF 58 1 Bk
MBRACTE DK B T i g ok ik &R, A
T #2598 SCED-LCAO J7iAAH X DFT J7 ik 5%
B FRATH A5 RF B 44 2060 MO V48 T bR A
F 64 T F SCED-LCAO K& DFT Jy it HAT 4
WA A AR S5 K B ER T Crar B B EAT B S 5 3R
5 M A7 22 (8] (memory)~ iz 5L [E] (wall time)
LRI [A] (simulation time) ) LE#E. L H DFT Y
THER A T VASP B 161810 S T 9 o 4 Jk
HEIREE T (cut-off) 4286 eV, i % 4 ultra-soft
pseudo-potentials (US-PP) (1531 57 #i k5 4 Ny
Perdew and Wang (PW<91) (84 DL & #8 2% 5C il
25 Ax25 A x25 A RERUCHIBIE A 1075 oV, 45K
%K T CG (conjugate gradient) /7%, A+ 7
WS N 1073 eV/A. SCED-LCAO J5 it 5
SR T AL R ISRE N 1073 eV/A,
BATHE R T 8% 047, 18 H N 1.6-GHz.
M#F 6 Al LLFE i, SCED-LCAO J7 % th DFT J5
HIs HARL 20 1%, TR KN A R A DET J7 ik
11/6 4%, FEVIHR— s 2, IWE S ] iE 2
B3|, BARIRATH T 1.5 ps BEHLES ], {H5ZBR _F 24
Cra7 AL 2 0.4 ps i, ATC LA 2] TRER
bucky-diamond 254 A1 #%. 2 ¥ SCED-LCAO
T3S by b R /N T AN /NI 1R 3 S5 8] g AT
13 3| %2 %€ 1) bucky-diamond %5 ¥4 B #%. 1§ DFT
TEEIR R T 0.096 ps BAULES ] K45 258 € B
bucky-diamond H#%, HEIESR 1T 95 A~/ iz
SRR (L ER 6 28 = %1). DL g5 RAER] T SCED-
LCAO 75 B A 55 118 B8R R AR 118 B
A, Bk, F SCED-LCAO J7ik & Gi i 72 K = [+
KR L8 B AE1) 78 R 30 7% 1% 5

S FRE MR T AR, tehn, JRATAT PAZEA BRI
e 161 PR X K R AS R RO AS R S R g e [T 7k (‘L
FEERIE % 8 T IR % 2 JR5RE) AT
ARG EhA IR, IR ST FUX LR R K
FROGS AR M (0 STHR [50]), T Bkt oK & ) ik 34
DFET J5 3R M EAE B ER BT S AS.

%6 HSCED-LCAO 3435 J DFT 1618 J5 3 xt ik
SR ARG ) Crar BIFEBEAT 3035 307845 B bucky-
diamond Z5 4 1) Cra7 FBIRE i 75 19 A A7 23 (6] | 38 SN [A) &%
B 18] AR L, T SR A 8 AT, 1B SHHE N 1.6 GHz
Table 6. A comparison of the estimated compu-
tational cost in the relaxation of the Ci47 clus-
ter (speed and memory usage) between the SCED-
LCAO method [3%:35] and the DFT-based VASP pack-
age[m’lg]. The calculation for C147was done on an
eighteen CPU AMD Athlon MP processor with a clock
speed of 1.6 GHz.

Simulation time

Method Memory/MB Wall time
(pico second)
VASP ~ 300 ~95h 0.096
SCED-LCAO ~ 50 ~5h 1.5

PR REARR LT 2ILTANET), Bl
FIRAE S TR I Eh AN T 58 RERE
2R MEAR I 11 order- N (O(N)) 55 77 32 [82:56) g A~
T3 VAR 52 % [ 1D 25 2 R R B 5 4 R R
LR G &R, AT R R IR 7 AR R S R R
TAER Ik B, G2 AE X SCED-LCAO J5 %
BEAT HATAL G S8 v beddE. B EE LR, FO(N) iR
f) SCED-LCAO 4318 71 2 7 kit E ik = R
FEZLLLH DFT 4013 /1% 07 R v B R R
KIEWA R, Hiz B PuE 2—3 M 2.
K645 1 T F O(N)-SCED-LCAO J5 i i i s 5
I [ A0 P A7 23 18] (B 6 () 544 &R RBE 2R 1 2 .
DARE K 2 1 571 FRATT L3 T RE QK £ &R M
400 MEEJE ¥ (6 B EAR 298 3 nm BIREGK 2k) 2]
20000 AN J - (6 B2 LA 920 15 nm BIREGRK 2k)
()5t 74 B 75 (1032 B TB) AT N A7 25 1], 7E Linux clus-
ter (16-way athlon, 1.6 GHz processors) L I1&4T 1]
SRR, RHRCORAE & (2919600 4N 5 F) 11 &
— KM T80 K (2.5 fs) Aif 75 B (B A N 8 min, T
BT % A7 N 1.25 GB. W 5% (8 21 i faf [ 38 U8,
BB KAFT2 h. MRHAFTE, SHEESKR
KON, PR IE SO 5 AT B AR i e 1 % & (W
6 (b)). XF Tt R R EEAR RidEAT DFT %55 — 5
HRTH AR L2 e DASE IR,
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500 1400 40
—m— Large system (19296 atoms)
. I —&— Small system (960 atoms)
% 400 1200 | oo Ideal .
& m
9 =
- =5 o
g 300 1000 3 S
% - +~
[} [}
£ g g
£ 200 800 . 9
=] 9 <
) 9
g £
8 [
g 100 600 =
<
(b)
1 1 1 1 400 0 1 1 1 1 1 1 1
0 4000 8000 12000 16000 20000 0 10 20 30 40

Number of atoms

K6

Number of processors

(a) H§ O(N)-SCED-LCAO J7 it BRI G K 26 T ifs (RIS S 18] (HEZR) FHNAF A3 1A] (SR4k) SRR RUEIME MR R, iE

AURLHRE N 3 nm (29400 JiF) 315 nm (£ 20000 JF); (b) FATHE 58K B AEX AR R HIREGAK 2 0 5 £ 1)
FHIRR; ZiHHAE A2 16-way Linux cluster using Athlon 2.4 GHz processors (£ W.3CRK [35] B 2)

Fig. 6. (a) The scaling of the computational time (left coordinate) and memory (right coordinate) as a function of the

system size in the calculation of the total energy of silicon nanowires using the order-N SCED-LCAO method, the

size of Si NWs considered ranged from 3 nm (~ 400 atoms) to 15 nm (~20000 atoms); (b) the gain in computational
time (referred as acceleration) as obtained in the parallel implementation of the O(N)/SCED-LCAO MD is shown

as a function of the number of processors. Calculations were carried out on a 16-way Linux cluster using Athlon

2.4 GHz processors (see Fig.2 in Ref. [35]).

AL, FATH A O(N)-SCED-LCAO J7 %% b
HTE (SiC) A9 K 2R (AN [RI A4 2R L AN [R) 2 ot 7 1) 2
YK L A5 1) ROBE I SR T B A R M HEAT T &
GUIRETT. BT TR R AIAHRT RE S 9K 4R
B RERRR, Hdhgik&pm R EML A
(f 29100 R T) 2140 A (829 20000 AR
T). XEEAR R G T 3C E AR I 111 &
W] [ 7S #f T2 909 K 28 (3C-Hexagons (111)), #5001
B ) 1 22 10 T2 40 K 26 (3C-Polyhedrons (001)), A
2H, 4H FI6H &b 4 45 14 35 0001 & [ (1) 7S #1 T2 94
K 28 (2H-Hexagons (0001), 4H-Hexagons (0001),
6H-Hexagons (0001)). B 7t & BLLE 40 K £k 1% )
JUEE/NF 140 AT B0 R, 2H & 1 45 749 7F 0001
i [ 1 7S A8 T 0 K 42 R e G Ath A2) 284 1 494 K 4% 3
nfasE. BT E R T R DET B6—181
Ak E g R, LA B R 1 SCED-LCAO J7
B REPK LR RN ENT 35 AN 5 DFT
Mg R+ fa. M Fakg& s m REXRT
35 AR, BT ERREL K (N > 5004 7
) O HE A DET #EAT 70 7 3 J1 = B
i, R4 H SCED-LCAO 7. HULE M
SCED-LCAO J5 0} Jt KRB R4k & 1A 24tk
B [ RBAEEGOR G RS RiE S
SCHR 35, 51].

-1

SCED-LCAO

®—83C-Hexagons(111)

3C-Polyhedrons(001),% 0.6
®—#2H-Hexagons(0001)
®—# 4H-Hexagons(0001)
#—# 6H-Hexagons(0001)

om
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I I
20 25
Diameter/A

10

e
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I
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e
o

3] TE I Il Loy
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40 80
Diameter/A
K7 BRATEGUK AR X B & 5 9K 48 M) RO %

R, XK R FEFE T 3C AR LI 111 & S A
TE 44 K 28 (3C-Hexagons (111)) F1#Y 001 & 1] 1 £ 14 TE 44
K 2% (3C-Polyhedrons (001)), & 2H, 4H Fl 6H & A 45 #
W 0001 & I B 7S £ % 99K 2% (2H-Hexagons (0001), 4H-
Hexagons (0001), 6H-Hexagons (0001)); ¥ #1145 i T #H
Fiff DET 6181 g4k 5 (2 WSCk [35] 19 10)

Fig. 7. The relative energy versus the diameter of SiC
NWs corresponding to different orientations and differ-
ent morphologies (e.g., 3C-Hexagons along (111) direction,
3C-Polyhedrons along (001) direction, 2H-Hexagons along
(0001) direction, 4H-Hexagons along (0001) direction, and
6H-hexagons along (0001) direction), calculated using the
SCED-LCAO method [*4 and the DFT-based VASP pack-

age [16-18] (

see the inset), respectively. The relative en-
ergy is defined as the difference between the total energy
per atom of any configuration of the SiC NW and the total

energy per atom of 3C-SiC bulk (see Fig. 10 in Ref.[35]).
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23 L FTIR, LA SCED-LCAO WA S50k J& it 5K 1
I8 35 T7 R T AR A Rt R SR 7 R R
LSRR R S PR BE . VDR BE S A o R
RE; oz i HIE AT DUF SRBIE T AN ) i A A 2%
ML IEER (— 4k, — 4k, =4&, R, 285, skIF
S); FERTEEE R T AT T B TN TR
RPRDEER KL, JEHE SCED-LCAO M3 i &
T IR R IR R, AT BEHERR T T K
B OB AE RO VR FAPAE LR
T2 R AT oK JE 78 SCED-LCAO J7
IR DIRE.

3 SCED-LCAQ %% %7t b7 JF]

FEA BT P IRA 1 8 2 B SCED-LCAO J7
R FAS [ 4A & 18 72K Jé 7x SCED-LCAO Fs
SR PN e g P vE SR AR X RN I L A
1) Cy47 bucky-diamond &5 #4 (1) B AE &y T BIAH
ARTERE; 2) IR AR BN LER 4R, 3) B it —
YR R sp? BB A FT; 4) bucky-diamond 2514 11
SigsCro BRI K I; 5) Si,, C,, BARGE M HIZIZS B
AEEG IR, XL A ASE 1A BRRER
A%, A4 1 R R &R BEHE T A RME R
I 2R, SO R T A R SR A R Ok
F. H T IX LR R ) S5 M 2H RS R T SRR R A
ZA T RST RN R E A IR 2 LA K&
JUATEASE S MR = 2R & AR B, [RGB 75 TR T 3
R X LEREAE (1) OB B R T B3 1 FE H BE 1S IR
Hly 4 3 AT EOET o0 AT e 2 O A AR IR B S
M, JE R IX EE A 2 (R F7E AT LSS IE SCED-LCAO
B A] FEVEA T AE. R EFHIE B SCED-LCAO 75 ¥4
s BN TRERE R, KRR RIEATERE M
TR RE ).

3.1 Bucky-diamond ZE#B) C14r FlFRTE
=e TR HEES

FER IS B0 Coo GG, AT R B AFAE R
SE IR R & @ e+ 0 B, HRN 2 —
HURE R R & Bl i JE A ml BE FTRTE N N AR A
I8 23 AR, B B TT A AR K R ¥
1. FESER T AR RBERRTE (KT Ceo) 51 47394
et BA PR RO IR, R R R A RUEE N
K, Hsp? 28 A0 HUIE AR T 51 36 A 738t B 2 #m,

M B I FEAR R s 1k 59901 R ) FHRAEK AR
T B R0& AR C BN NS5 1R ) iRz
—. ARSI i tH AAK G I R REE A
NiB K (annealing) £/ 1000 °C Al 1500 °C B #45 %,
onion £ #4 1921 bR I A 1 — AN Al ) A R
7 XA AR SR AR F 40K <6 NI AT B onion %% 48 1%,
KRB AT, AT FHRAARE R AL
Rt KRR B FE A Rz, JATE 5
MUBLFLEEAT T 385F. F-AT12R A bucky-diamond 2514
(¥ Crar BIFEAE 9 — A~ %4, 3 SCED-LCAO 43
TN 10T R G B R AT T Tl R
WH5E.

H T bucky-diamond &5 ¥ f] Cy47 B 7% & —
H1 35 AN N % 7~ 4 B <6 WA 254 K el 112 A Ak
70 S5 T 4H IR 0 i O L T T TR G 4 n B
FEAN A B T, TRy #4548 1 i 4 o A i i
RS AR, TS EERSE. K8s
17 SCED-LCAO 4y 13 1 % T iR A5 40 1 = Fb
ANE IR AR SRR B — AN R 2K bucky-
diamond &5 ¥ 1) C147 B FE7E 10 ps P 12 23 0 2
2500 K (K8 (a)). 5 RILAEIX 10 ps P, bucky-
diamond Z5 M I ANFEAE 5 ps WATT, # WA T
(T BB B4 26 O AL, 7RI 88 7 7 5 41 7 HoAth
JET B SR R IR G544 ), F A% B A B AL DR T
(28N) L E BT A SN 451, fEFIE 10 ps Y, 1%
R 2R 56 4 AL BROVUE 1~ B R Y onion 4549, 241K F)
PP 5, FAR RIZWREIR 20 K, IR RIIXUE T
JEZ PP B A 2.5 AL IX AN B Bz KT B
TR, AdENT AR R RE. |
HERE P RAM IS FEFEIE T van der Waals §54H
HAEF 52, 3225 2T FRATLE X K RUEE onion
FOBIE 9T o R I 7 5 5 2 IA) B A ELAE B E 2 i e
Y EAEH S (VIR 2% S0k [93]). B9
25 AL S 1 S5 Bl a2 21 11 1 40 oK <5 WA B0kL 3%
AR B onion 45 H (I 4 19192,

AT R 2B M bucky-diamond &5
P Crar B35 T 15 2 B 0UZ onion 45 #4117 22 1%
BI5 i % 3200 K (B8 (b)). £ K14 psi, W
TR B JE 0.5 ps AR, P 78 )i T I 46
M4 FeRe 5. iR BE T 3 1.0 ps i, Sh5ETEAR4S
M EM . 2344 psB G, BT W 5e 2R
THRE s B A Fe Bk LIAL, IS4 FE R T R, 3
KBRS, BARREZIERFER 20 K, KK R
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B SR — N0 SRR M, T e T A
onion £5 4 B AR LM AR, S = AT 2Ed 12
#& EL% M bucky-diamond Z5#I ) C47 Bl H K, I
B E i LA —E WIdG Bl R, B HE =
3500 K B8 (c)). 7£5 ps Al 3% S fE 1.3
ps IS BT, 7£ 2.0 ps B N AZ AR, 8] 21764
1797, f£415.0 ps N, W IR 54 082 3 3 4h 58
4R T B A s — AN S OAREE . I8 3
PTG, KR REB IR, BATE0 K TEHRE
REEH. BRI 1 AUZ B onion &5 K414 5 M
bucky-diamond &5 #4 th &, # AT 25 5d 24 [ 34 ) 2
IEFRAE Al SR M. 53 )RR, 1R
HEROEE RS, FAZET BA — 2 RPIa63)
BE, N IZEE SE AR, WIZJRE TR BRI S
HPFEIR T B R e NG, B ORISR =)
IE AR AR 45 R R S AR KR R B e 3R A T
RSB i A%

Bucky-diamond Cj47 (a) Onion-like Cy47
(g’ % 0K ->3200K 0K ;?‘,t*: X ‘:&‘%
o @iy g

Onion-like C147 (b) Cage Cuar

Pz “Qe,

Bucky-diamond Cy47 () Cage Ciar

8 Bucky-diamond &5 Ik C1a7 BIFETE =il T 45 M4
4 (a) M bucky-diamond 4543 onion Z5FHIAHAE; (b) A
onion 2514 B IR G M HIHEAE; (c) M bucky-diamond 4514
FRAREE A HIAEAL; 206 AU N BB SR T

Fig. 8. Phase transformations of a C147 cluster: (a) From
a bucky-diamond structure to an onion structure (heated
to 2500 K and slowly cooled to 0 K); (b) from an onion
structure to a cage structure (heated to 3200 K and
slowly cooled to 0 K); (c) from a bucky diamond struc-
ture to a cage structure (heated to 3500 K and slowly
cooled to 0 K). The inner atoms are represented by red

circles and the outer shell atoms by yellow circles.

EASR A, BEAT R TR PR A UL P T 55
AR AE AR R RS, ORI T

I B ) I R AR 7R 220 40 ps (FHIRZI 10 ps, #4-F
%10 ps, FFIRZ 20 ps) BR8], LA H DFT 45
FABL T VE R I 2 R I A R AT T L R
J1. 6 R, I DET(VASP) J7 9% 161814y 43
KL 1% bucky-diamond 5 #4) C1 47 B 5% 1 2 25 5t
B (£90.096 ps) 5t 7 2 H t SCED-LCAO 77
EKZ 20 5 R TE]. A, H SCED-LCAO J5 ikt
U5 5L E A 0K 0 485 W A AR 1) 4 7 2 e P st —
MaaREE T A,

3.2 BAMRENHEKINIBIRER

245K b, BRRBHFZARMRPIKE &
K K& 77 i 100 AL HE I i (AD) 194
e BBk (LA) 92 U0 fh 2 S AR YT (CVD)
Y2 10671000 BT AR G I o U 4 4K BURLAE A
AR PR BRI AR, NATTIE I At R £
155 Fh 5t 4 A A g 011031 2 SRR 4 ] LA
R AT A3E 24 A7) D04 Sl 3 % B 4Rk
SRR R A KGR 109, AR PR 2R
K52 A A R — A F [R] (1) Ji R A B ik 44
KEWAEK, Aal LR, TRt A4EK
J7iE, — BRI W B A BRI R B 5 ok
Jai, #R A — AN LR Y 5 B R 4R 8 X 2 R
JiR R AT T AR 25 R 1. A9 n AR AR -9 - [
A K (VLS) 1061071 R R B Ji - 1 S Vi AR B A
PR, A TR AR ZS I, Bk R 51 7L 44k
FPRURL ) 2 1B CE IR B0, RIFE, 76 -] -[H]
(VSSS) A=K AL F ey [105— 1101 g 5 5 I\ 4= NIl A 498 oK
SORE P A B 3 A K iR T T R U 2 D R
TAEENIA BRI 3 BOE . S2br b, X P
SRS — AL FEIR 2R B ik g R
PR SR T 2 18] T BRIE 24 1 sp? Bk B A T {12 Je it 9 oK
EWRIEAK.

B R KL R B AT R T
ab initio 73 ¥ 3 J1 % B &5 5 78 )1
Jyid 2T A D) g u O SR 4> T3 124 R
T = YRR 1Y) 3 M 4 ke Ak M el ) i
T, Tikid e A KRR e &1 %900 ER)
SRR B ab initio NEERK T80 S 515
e 0% ML M A A K SRS B A, (H T H 5 Re
() JR B 14 (B0 344 R B RS BB [R]), Bt 9 ()
PR R/, TR BN A E R, A
T L ARIX LR X, A TR SCED-LCAO J7ikiE T
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KRIEZ AR RS TN )15, KT LA
SCED-LCAO W3 Z5 1014 = (1) 55 I A

AT H B9 SCED-LACO ¥ Jie A5 7 ) J 7 |8
P 5 T ik SR 7 T G A R RORE R B R
PE. BRI, B R T B A 2 1 AT H S AL F R TR &
DA VLS BRIy, pH 4 fhe A SR 1) R~ #7E 44
KEE G, B, W T8 R 75 46 @t AL R0 1)
F 456 s i F2 v AR M EE A SRS
&R MR BRI T B 4 7 B
R AR — ARSI AR &R L
OO, T Bk S5 e W] A& T T b 43 A AR IX AN EER
DA 7 9 o] iR K i A A Pl . Bk R T2 (]
(1) FH B A A DA R B iR 7 5 0 e A I 1A AH B A B
£ SCED-LCAO BB AESE N #3R, RIRRJE 1
2 18] {7t 4% 7] N SCED-LCAO M 25 i B A& iR
117 4 8 SR 1) AL A R R el 5k iR 7 5 8 i 2 10 1)
R RS SR R . BT ot R S5 &8 i &= 1
PER R, PR T N8 S % 20 ik SR
T B WA 45 S AZ AL T SCED-LCAO N
Fnh 153 7 30 1 W 3B 5 ok R R B R
5t. Rk, SCED-LACO #t i 5 R AL 45 T 78 VLS 1
R A 4 Az AR R AR I e 3R, BV 5 T 2 ) Al
T 1) 5O AR A I S T A LA B fE AL
YIRS

SCED-LACO # Jisz £ B (1) i %% il 45 B 70 3R 7
wr:

Hiqjp = HiCFPHOAO 4 Hﬁijﬂ’ (25)
ngl,jﬁ = — ia,jp(Ni — Z)VI¥Siajs,  (26)
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Fig. 9. (a) Three carbon clusters with their initial configurations (middel) (Ci23: cut spherically from the
bulk, C147: bucky-diamond structure, and C1s4: random configuration) are undergoing the annealing process
in two different media: vacuum (left) and jellium (right), respectively; the open ends of these structures are
marked in red; (b) a random configuration of Ca16 (most left) is annealed to 2000 K and cooled down slowly
to 0 K in jellium medium (second left); randomly 68 carbon atoms are added in the open-end of the tubular

like structure of Ca1¢6 (second right) and then the combined system is annealed to 2000 K and cooled down

slowly to 0 K in jellium medium (most right).
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Fig. 10. Relxation of two-dimensional SiC graphitic-
like structures. The side view of the initial buckled
structure (bondlength 1.89 A and buckling 0.632 A) is
shown in the up-left and the stabilized flat structure
(bondlength 1.78 A and buckling 0.0 A) is shown in
the down-right.
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(n+m = 1147) Si,-core/Cp,-shell

C,,-core/Si,-shell
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3C-SiC bulk
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structure

n =147

n=112
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n="79
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n =68
m="79

n =235
m=112
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11 HRb SR (BB —51) Koy A (BIERERZ R 5% (Siy-core/Cp,-shell), BiA%HETE (Chy,-core/Siy-shell), L
W18 (segregated)) & M 3C-SiC HERTEIIE]) KA G NI S A4 Sy, Cr BV BRI S M Sh A 1B TE; BF—H W
22 JA ZE5 R RIIR G5 AT A L T4 JE AR e S5 0, JReath T IR EE & R, 6, K, LRI G nAER
Si—Si, C—C # Si—C # (2% 3k [53] Bl 2; 51H doi: 10.1088/0957-4484/23 /23 /235705)

Fig. 11. Each panel shows initial and relaxed structures of SinCy, (n + m = 147) for different compositions

(as indicated on the first column) and initial configurations (as indicated on the topmost row). Initial

configurations considered include: tetrahedral networking of Si and C atom arrangements with n Si-atoms

in the core and m C-atoms on the outer shells; m C-atoms in the core and n Si-atoms on the outer shells;

Si and C atoms completely segregated; and finally the cluster cut from 3C-SiC bulk. The cohesive energies

(eV/atom) corresponding to each of the relaxed structures are also given. Yellow, gray, and mixed yellow-gray
lines represent the Si—Si, C—C, and Si—C bonds, respectively (see Fig.2 in Ref.[53]; doi: 10.1088/0957-
4484/23/23/235705 (© IOP Publishing. Reproduced with permission. All rights reserved)).
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Fig. 12. The SiggCrg bucky-diamond cluster (left)
consists of a Si;gC19 diamo-nd-like core (middle) and
a SisaCeo fullerene-like shell (right).
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£/ Remove 16
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(b)

0s 112 fs 150 fs 3000 fs

SiaCes (Cier-35) (heated up to 300 K)

13 SiagCeu FCZEMMIAHILTEHNIEL  (a) £ —, M Cie7-35 ‘LB SigaCes Z5E/E45M); £ =, MFHRZE 1500 K i,
FRTH 43 25 S H ) sp® B 16 MR T R 4 MR T A=, ARBRIX 16 MEB TR 4 MRET R, BRMETE38
B LB, B AT RIIRRE I Siag Cea B IIGTRGI; 41—, Sis2Ceo & BIHTEIREIH; (b) SieaCoes Te/= LM
AR BR300 K I, SMRIAIRBEER 4 MR T (40 (a) H 78— B P20 1y i B /N BR) 2485 3000 fs JG &
B R RORE R T2 SR 2 B RS (2T (2 /N ER) (2% S0k [52) 81 10)

Fig. 13. (a) “Mending” process in the self-assembly of the SiysgCes cage structure. The most left: the initial
configuration SigsCgs generated from Cig7-35 with four tetrahedral units (e.g., indicated by the red dashed circles)
and four outmost C atoms (e.g., indicated by the red circles) on the two more outer shells. The second left: the
SiagCea cage structure was then heated up to 1500 K and self-assembly formed a cage structure with 4 outermost C
atom bonded with their next nearest neighbor C atoms in a flattened configuration (e.g., indicated by red circles), 4
Si atoms left behind at the interior, and 12 Si atoms and 4 C anchoring atoms on the outer surface (e.g. indicated by
red dashed circles). The second right: after removing these 16 Si and 4 C anchoring atoms, the network eventually
leads to a very stable SisgCea cage structure (the red circle denotes a 4-atoms fragment anchored by the C atom
with 3 nearest neighbor C atoms). The most right: SisaCgocage structure obtained from the initial configurations
with the Ci47-35 type of truncation from bulk 3C-SiC (the red circle denotes a 4-atoms fragment anchored by the
Si atom with 3 neraret neighbor C atoms). (b) The snapshots of the heating process of SigaCegcage structure at
~300 K, showing how a outmost C atom starts to bond its three next nearest neighbor C atoms (indicated by the
red dashed circle) and how the four C atoms break off their bonding to the Si atom (indicated by the red circle)
left behind after 3000 fs (see Fig. 10 in Ref. [52]).
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) SigsCes 7t J2 &5 # I B AR LFE). 5 Si5oCeo
()& M e R AR L (B 13 (a) B A T I etk 45
), B FC R I, 1 SigsCes TeZ&5MF HTH 44
IR & 7 AR T, BR T ELS EAC—C
BAM, AN F LT C—C 8 (WK 13 (a) 118
W seRE M I AL e bR D).

T T R ATHEEE] T M Crgrar P T

-~
-
ﬁ 0—1500 K

Si52C6s (Ci67-47)

Ji SizaCos 2 7o R (Bl 145 —) & A3 &
BTG Sias Coa FEARGEH (B 14 45 —) HINLEE. 4%k
B T ELS R N o B 5 AN & 5 AN BRR TS
(K14 — BN R, BRER T BEG—18
IR Sigr Coz FbR G5 M (B 14 A7 21 €0 i 25 Bl 1A il
IR). WFFCR I M TE 8 B BRI NN — AN EE AL — ANk
JEFR, ZARREMBE R A EETER T RE
5, 6 M ASTE 1 SiagCoa FRGE M (B 14 5 — 2L
JE 2 PE N T ).

K14  SiygCes SCEEMPIAMNBENIE  /£—, Cre7-a7 THTARL Sis2Ces £ 52 ERGEM; 72 =, SisoCes fEAMT 1500 K

R A 5 ANEE & 5 ANBRIE T (Wngn Bl W FTR); A, BB 5 AN 5 MR TR R RIER T BRE A48
B SigrCes FOIRGEH (WAL ERLE N FTR); 45—, 1E 8 L IMA —MEFM —MRIEF 5, MR A EERE T 1A 5,
6 INMFRE 1Y) SiasCoa FEIREE (ML B RLEE N FTR) (2 W3R [52]) Bl 11

Fig. 14. “Mending” process in the self-assembly of the SiggCgs cage structure; (a) the initial configuration Siz2Cgs
generated from Cigr-47; (b) a self-assembly cage-like structure of Sis2Cgg formed at 1500 K with ten 3-member
triangular rings (e.g., indicated by the red circles), 5 anchored by Si atoms and 5 anchored by C atoms; (c) after
removing the 5 Si and 5 C anchoring atoms, the network eventually leads to a very stable Sig7Cg3 cage structure
composed mainly of pentagons and hexagons with the exception of one single 8-member ring (indicated by the red
dashed circle); (d) by adding a Si atom and a C atom in the vicinities of the 8-member ring, the 8-member ring

was mended and a stable SiyzgCea cage structure with only pentagons and hexagons was self-assembly formed (see

Fig. 11 in Ref. [52]).

DA - (45 A B Si—C H AT sp? i @, JF
B Si—CHRe T LLIK BN i B )R £ B A
—EMBIRE T B3GR E 1 sp? B, M
Fa) B IR T A (VE 40 1A 45 0 B ) i R R AE SCHk
[52] /). BA_EXHA 9% SiC 4, Si, C,, buckey-
diamond 25 14 [ 7% J H 4% T i) Si, C,r, 2R 25
I gE 4 Rt — P Je 7R T SCED-LCAO J5 1
A HEPE R T PR AR R A A W] A FRATT X
Si,, Cy 5782 G AT R E R I22 ) 5
A5 LAIE B,

4 SCED-LCAO %X #t —F & B

4.1 NEBERGEFENIERLIE

IEANETTE FTiR, SCED-LCAO s 25 i A A 4
AR ) BE R, T E TR i 2 O A
1E 51 2 ) B A A5 DR 2R IR 20, DT A LU 7 38 11

e 2256 PRV W] LLSE v L ] SR R B R
R WE) 150 R, FERA R T E. fERA
BRI B R P, a0 DARR R A G AL R
RS 2] TIREGFIMB . A 7K SCED-LCAO
N N FH 3 B T LA R B B AT 2 R
FEMEIIA R, FATHE— 2P KB T SCED-LCAO Wi %
LR HE AR ¥ N7

IEHNRT T BT ik, SCED-LCAO M3 3512 5 37 78
HIRE R FHOIE LA S HHELS N, XMAE
BAE R FHIER SRS SRS EI0LR 7
mf, B SRS RAEE RECNE, 4 E 1R ER,
T T2 MM EAEH, Bl E 7R, &
ERHOR S, AL, 5% A BR P I pR £
LA AR (b —A s L =A p ARG, 5t
2> BRI B T 48 3 J5 7 (9 A7 15 1 5 A FE - BRAE
FSOR HUE LR IR, XML R R A '
BRI AR SR MR R OO . SR, SR
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PRERBEE, BT REHSERHEIGIAN
W 221 BT R B ORIR I . AR U A PR IR R
HE SR RBRE, A9 & SCED-LCAO W3 25 Y.
FAYEFE, FRATE LR FL R A B B H T, KR
1 SCED-LCAO M Z5ii B 6 R B T 3 — B9 &,
B AR O BE AR e Re . EPUERR YT
AR B8 AH R B (1) B2, 1 HL 25 R R A R 0
IBOR A5 B L R R ARl b 2 55 5 BB 1
SRS, BATIINT — B S ek 5
Wia(Rij) = wp, e~ iaw i i o, ILFEHAE
THOE SR, T LB R HE Wi, (Ry) B
TFERN, BE R, BEOKE WY 2. Rk, @i 5l N
PIANSE (WL, T i) T R FH 40 57
FHEAE F 10 51 2 e Pl Re s s, #h e T B
A BREUEEE R G AL,

Mk SCED-LCAO M 2546 [ e st R

JJSCED-LCAO

= Eia + Z Wia(Rik) + (N; — Z,)U;
ket
+ Z (NkVN(Rik) — ZkVz(Rir)), (34)

ki

SCED-LCAO
Hiyip

— ;{ (gga + Z Wia(Rik)) K(Ri;)

ki
+ (N; — Z)U;

+ ) (NeViv(Rax) — ZkV(Rik))}Sia,jﬁ
kot

+ ;{ (53'5 +) WjB(Rjk)) K(Rij)

Py,
+ (N; — Z;)U;

3 NV (Ry) Zkv<Rjk>>}sm,jﬁ- (35)
k#j

AR R B REE N R T % K55 (23) M
(24) AHIE. N T I UER — J5 ¥k B R A H
P, BATRECT — ARk 7, BIEAT 3+
0 -2 HLT CRERT VR (A A R

4.2 MEZMUEREERVTME R
4.2.1 A4 & 69 SCED-LCAQ %5540

ARFI A A, e E R B 3 T I = Ao
=, = al G340 s, pr i 7HUE,

057 BB R B 2 H O SR AN B, AT R 3
2 LTI 3 LB, TE TR R 2 R, i O
JCE A MR Z R RIEZS: BFEEEIR PR P
T PR AR AR EDIR DA S = A T A
PR &R =4 fm Ak, O T R e bR IR B o 2 A
2, BATRH 7 8 i SCED-LCAO 4 %1l ((34)
A1 (35) ) FEMRAT T RIS HS BRI T %
T AN [ s B A % P A 25 85 R R AAE A 9 DAL 8
SE 1 P AUEHE T M By—Bo HIRER & Fh2h
R 45 G Re A LA 548 2 8 (W3R 7 Th 31 L 1 &%
MR AR), WA T 4k (o sheet, § sheet) Fl =
YL (o boron) Bl SR e B AHE] (B 15). @i
1k, FA149 3] T 03 (1 SCED-LCAO W3 25 Wi A
ZH (K R).

e
=
(=2}
3

T T T T T T T

= SCED-LCAO
-—- DFT

e
=
)

0.08 F

64 sheet =

0.04 F

« sheet ——

Relative cohesive energy/Hartree-atom—!

0 NI o 1 1 1 3
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
V/Vy

15 2%k (« sheet, § sheet) Fl =4 (o« boron) Wit %
I AR F A e B S R SR AR (V Vo) KA,
Hrh Vo 4 o boron #h AR E A I TARAR, TG RE &
NIRRT RS o boron MARTERUER Vo M T
A % (Z WOCHR [54] B 1), SE4:08 SCED-LCAO )
G, B8N DFT-GGA [16-18]

Fig. 15. The relative cohesive energy per atom versus
the ratio of the atomic volume (V' /Vj) corresponding
to different extended phases: (i) the bulk a boron, (ii)
the « sheet, and (iii) the d4 sheet as calculated using
the SCED-LCAO (solid curves) and the DFT-GGA

) (16—18] " The relative energy per atom

(dashed curves
Fioal — Eg is defined as the difference between the
total energy per atom of any extended phase (Eiotal)
with respect to that of the bulk a boron phase at its
equilibrium volume V. The optimized structures cor-
responding to the bulk « boron phase (left), the «
sheet (middle), and the d4 sheet (right) are also shown

(see Fig.1 in Ref. [54]).

N T UE B SCED-LCAO ) & # 4 1H, A1
Xt SRR R AT T 0 T AN SRS, O
55— B R T S A R EEAT 78 20 LU B (PR 40 L 3
Bk [54]). T 15128 AN RE B
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R OMICEBE (N < 12) WSS LS e LTS5, 5 50N RBIERNFRE (Symmetry), 5 =51 90t % 74
SR UTEEH (Structure) IS &, %N H SCED-LCAO ME M e K FEN S AR K UTEMSE, FHHIN
H1 ab initio T LA S TG 5 HIAR 045 & R S L4k 2 561 (2 W30k [54] £ 2)

Table 7. Comparisons of cluster properties (geometry and cohesive energies) of By (N < 12) calculated from the SCED-
LCAO method (the 4th column) and the CCSD(T)/aug-cc-PVTZ method [136] as implemented in the Gaussian package [°0]

(the 5th column). Note that for each cluster coordinates of only in-equivalent atoms are given (see Table 2 in Ref. [54]).

Bn Symmetry Structure SCED-LCAO values ab initio values [°6,130]
W — —
M (a0, 0) a=0.882 A a=0.818 A
B D; .]..__.
? in E E=—1.082 &V E=—1.019 &V
a=0.857 A a=0.890 A
Bs D3y,
E = -2434 ¢V E = —-2.747 V
a=1.039 A a=1.070 A
By Dyp,
E = —2.968 eV E = -3.3526eV
a=1.066 A a=1.193 A
By Doy, b=1.013 A b=0.939 A
E = —2.969 eV E = —3.361 eV
a1 = 0.266 A a; =0.302 A
az = 1578 A az = 1.655 A
Bs Cay by = 1.547 A by = 1.549 A
by = 0.762 A by =0.774 A
E = —3.098 eV E = —3.609 eV
a=1.345 A a=1.365A
Be Csv b=0.943 A b=0.932 A
E = -3.341 eV E = -3.741 eV
a=0.853 A a=0.916 A
a1 =0.153 A a1 =0.220 A
B c a» =1.237 A az =1.252 A
6 2h by = 1.433 A by = 1.452 A
by = 1.491 A by = 1.501 A
E=-3273¢eV E = —3.585 eV
a; = 0.498 A a1 =0.494 A
az = 0.576 A az =0.708 A
B o by = 1.607 A by = 1.654 A
7 2 by = 0.812 A by = 0.809 A
(-by-baty) by = 1.340 A bz = 1.300 A
E = —3.560 eV E = —-3.463 eV
a=1.626A a=1621A
ap =1.433 A ap =1.427 A
B c az =1.385 A az = 1.420 A
! 2 by =0.770 A by =0.781 A
(9,8 by = 0.852 A by = 0.797 A
E = —-3537eV E = —3.405 eV
a=2031A a=2012 A
Bg Dgp,
E = —-3.158 eV E = -3.043 eV
a=0.786 A a=0.853 A
Bo Dy, b=1.686 A b=1.755 A
E = —-3.781 ¢V E=-3.721¢6V
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Bn Symmetry Structure SCED-LCAO values ab initio values (76,136
ap = 0.429 A a; = 0.430 A
as = 0.552 A az = 0.559 A
by = 0.955 A by = 0.968 A
Bi2 C3y by =1.979 A by = 2.023 A
by = 2.284 A b3 = 2.290 A
by =0.773 A by =0.774 A
E = —3.985 ¢V E = —4.020 eV
a=0.726 A a=0.731 A
Bio Deg b=1.613 A b=1.618 A
E = —3.890 eV E = —3.855 eV

*8 MMALMIICE K SCED-LCAO W% i 24 (Pa-
rameters)(Z WLICHR [54] % 1).
Table 8. The optimized SCED-LCAO Hamiltonian

parameters for boron (see Table 1 in Ref. [54]).

Paramters Values Parameters Values
€s —13.460 eV dn —0.597 A
ep —8.430 eV Bsso 0.318 A-1
el —16.411 eV Qsso 1.477 A1
el, —14.529 eV dsso 0.520 A
w0 —0.921 eV Bspo 0.466 A—1
wy 0.183 eV Ospo 1.819 A-?

s, w 2172 A-1 dspo 1.118 A
ap,w 1.225 A1 Bppo —0.906 A~1
ag 0.173 A-1 Oppo 3.634 A-1
U 18.586 eV dppo 1.529 A
Bz 2.917 A1 Bppr —0.305 A-1
An —2.075 &V Appr 1.425 A1
By —1.143 A1 dppr 0.326 A

ayn 2.502 A1 Reut 7.0 A

4.2.2 Bgs =%-F @24 (boronene)

A I ) = 4 B R = SR ) B T AT
L NATTR I A0 5 1 T B 3 Hh O B8 1 = A T (6
sheet) 14 B2 INf, L~V [0 45 0 I AN FasE. BSR40
A3 W MAZ 25 46 R B T TR B o sheet B, & 30
IR E M g R e HA T IR v =445 0. &
1T/ SCED-LCAO J7 2% IX iyt —4E S5 K EAT 1
Gy T 1A, 43 3] T RIRE R &5 R (W STHER [54]
Kl 4). ik Wang iff 50 /)N 2H (37K BT Bag T 1 ]

1%, PN T HH B - 17 7% 26 R 0 5 i — 4
-1 (boronene) £F 7E () AT Ge . 4 1 UE SR E6 )
WAR, AT WSS AT T 70 7 3h D1 At .
16 25 T Bag sheet sS55I FE, Mgk B H
SERI T RS E 1) Bag sheet A&~V 1H1 45 #4 1 3 28 it &5
F, ATITAE BRI b SCRF T SEIG I, gk — 25
iE T SCED-LCAO W5 (1) & e

—39.644 Ty T T T frTy T T

—39.645

—39.646

Eiota/eV-atom™
| |
w oW
S O
> o
= >
o

—39.649 H E

200 300 400 500
MD step (1 step =1.2 fs)

16 Bse sheet ZhAit LR, WHREDIBERER

B3e sheet ~F [ 25 #4) (LA UL

Fig. 16. Total energy per atom as a function of

MD step for the relation of Bse sheet (referred ad
1371y,

—39.650 1 L
0 100

boronene The insets are the top view and side

view of the finally relaxed flat Bgg-sheet.

4.2.3 Bgy buckyball %K ZE A 6942 2 M 50

W 7T Bgo EL & BR (buckyball) {7 £ & 1, X
SCED-LCAO & 5 B Wik it & — N+ =
k. B R EN, B REg —E
FAEAR RIS 75 2007 4 Y%A R 4 4 i
Bgo BN — AN B I, WFRME B B ER FER 45
16 581 BIAE HLAT & IR AE S 1Y) Beo PI IR 20 /83K
HC I 20 AN R T LB T 25 0 ) 3 A g i
BRRE. BEJS LA, AT — 2 T T R I
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Bgo L3 BR [ Ty, 3 FR 2 45 44 (B 20 ANFE 7S 36 H O
(R JEE7- 160 P AARE ) L T, R B A g (139148
17 Cop, XIRRME (EP 20 ANFEZSERH O S 728 25 1
lfa] N AN R B T, o B A e D) B O, 4
R BB 1420, Dy d v 2 I AT e IR 1 45 R
Z 8] BB 2 FE IR UE AT K J& (1) SCED-LCAO W %
WA R, FATE 115 Beo ELIEERIEAT T RGN
WHFC. Wl 17 R, AT EA I, SRR By B
BEERAT T P 1. FRRBLEA I, 5
PRI Bgo ELIEERAf LA & —ANRE 451, (UNAE
0.3 ps WEME LA T, XFRIER] By ELIEEK,
KR — AR 254, BAERFEE T 40 1.2 ps 5,
Bgo BB 1E T Cop MRS . X —3h fy it i
e HEHER T By ELEEBR I AR 2 P 72 Akt
PRk A48 3 B2, ASMUIGAE T SCED-LCAO HI &4
PEDRE, HELE T8 — T RS A g,

—39.618 | LR/
(1 Bso(In)

—39.620 |
—39.622 |-

—39.624

Eota1/eV-atom !

—39.626

—39.628 TR | bt 1o
0 500 1000 1500 2000 2500 3000

MD step (1 step =1.2 fs)

B 17  Bgo BEIRK TNt Bd e ARG
SRR I XFRME (2 B, BAESLE T 0.3 ps 5N T),
SEFRPE (2 F ), 245 T 1.2 ps 5 Cp MFRTE (£
B (W [54]) B 2)

Fig. 17. Total energy per atom versus MD steps for
Bgo buckyball at 0 K. The buckyball with the initial
Iy, symmetry (top left) relaxes to the T} symmetry
(middle) in 0.3 ps, and it stays in the T} symmetry
for about 1.2 ps. It finally stabilizes to the Caj sym-
metry (bottom right) after 2.1 ps. The direction of
the arrow is used to denote whether the central atom
of the boron hexagonal rings is protruded inwards or
outwards (see Fig. 2 in Ref. [54]).

TATFBS X BAG Cop RPRPELE ) Bgo ELAEBR
BEAT T AT A BRI, W AR 1% By R
BRIHE 22 800 K AR, MRE IR 2 0 K, Bgo 1)
TR$F Cop RTFRME, H 2438 FE T+ % 1000 K J5, Bso B2
BRI Cop, WFRPEAN AR, $ H 212 %2 0 K I,
XA Bgo B OAZ % 2 & (compact clus-
ter) £ R4 (P [ 7%, L1 35 B R 7 B L Oy XTRR

P Bgo L IEERIK 2 0.05 6V, 5 B A O, W FRIE K
Bgo 55— JRHELGE B — 5 142 ) CL AN ]
DU 7Rt SCED-LCAO W 25 1 £t i il 18 52 24 1
TCRRRMINEE, P a] CAS.FH 2 HAh ik R, 3041
Har oy B 28 81 A B SR R T S5kt

5 ZE5REE

ASCFEGIRUR T 3&E T KRS & 90Kk R A4
BHERLE SCED-LCAO M350 1k e Hisk B

5N BV R Z RO EAER, SCED-
LCAO W5 %5 771 T Hu iR T Crar, SiggCro Al
Bgo 5 E Ik R g AL IR BE R R 5 e 1
SR, JE I R B R A AR AR R R R AR R &
HB), SCED-LCAO M3 11 /7 v 14038 AR 2 7
B R B BN R A KR &R, B R R
% R E 2 ER 2R 4 EAR S, B
BRI R S5 — R A&, REH T SCED-
LCAO & #fett, LLRART Hofth - 2258 77 7 1 T
. Ak, FERTTERRE ) ) A KL KB
TR TR A 0 K 28 1 A0 2 R e o e 1 DL S, Cy
bucky-diamond & #4 [4] % 1 Si,, C,,, T8 IR &5 #) J7 1,
B AUE T 55 — R A Lk SCED-LCAO M3 %%
W5 v B g, U8 SCED-LCAO My & iy
VET] TR A B RS B 9K 25 M B R
BRI R AT 5T

25 b FTid, 2T SCED-LCAO W 351 /% @k
()BT 1 AR T v, TERIE 90 RS B oK B
e RS MR L P YERE DL R oy T8l )1 2l R
AL, & — AR A AT S w1 A0 T
D577, IRE R T 0 Fomf e S50 BE & A
FEX RS E I A 9K 5 MR & AHE T AR A
SRR PR AR

BATE K5 B SCED-LCAO 7%, 4%
7E SCED-LCAO W B 8 in N 1) H i A A 45 1
2) HBESA AR AR 3) S3AH EAE . XU R EH
iR A R IR E PO LD NN A NP DU DN
Iy TR R AR A 55 48 AR 003 SO0 BT R
Gt L.

B 7 ik SCED-LCAO J7 i I M 5 A5 74 7 i
ZAh, FRATIEAE K & AL 7 #U1E £ R 1) SCED-
LCAO J5 k. 1@ x4 i 5 ek 20 AL 41, w7
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BRI R B B R, BT IS
FEA RS, B, 7T R 2] d R K R TT R
PSR o <P RS iU RoB =B YT Sk R E AT B
FAFBNAAES B BAR R =, AT RERE XS FL 11 2%
() ZS 73 AT A RHRA  BRIENEZR L F A 43 A S5 R P gk
TR,
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AR S, XA AT DL ST K v LB SR,
& — R IT ROET B AN K A B B BERIE 52 07325, AETT K
HREREAT AT TR ) R RS A A0 S 06, DROR AR
RICERR R L, 58 N5 4.
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Abstract

The advent of the era of nano-structures has also brought about critical issues regarding the determination of stable
structures and the associated properties of such systems. From the theoretical perspective, it requires to consider systems
of sizes of up to tens of thousands atoms to obtain a realistic picture of thermodynamically stable nano-structure. This
is certainly beyond the scope of DFT-based methods. On the other hand, conventional semi-empirical Hamiltonians,
which are capable of treating systems of those sizes, do not possess the rigor and accuracy that can lead to a reliable
determination of stable structures in nano-systems. During the last dozen years, extensive effort has been devoted to
developing methods that can handle systems of nano-sizes on the one hand, while possess first principles-level accuracy on
the other. In this review, we present just such a recently developed and well-tested semi-empirical Hamiltonian, referred in
the literature as the SCED-LCAO Hamiltonian. Here SCED is the acronym for self-consistent/environment-dependent
while LCAO stands for linear combination of atomic orbitals. Compared to existing conventional two-center semi-
empirical Hamiltonians, the SCED-LCAO Hamiltonian distinguishes itself by remedying the deficiencies of conventional
two-center semi-empirical Hamiltonians on two important fronts: the lack of means to determine charge redistribution
and the lack of involvement of multi-center interactions. Its framework provides a scheme to self-consistently determine
the charge redistribution and includes multi-center interactions. In this way, bond-breaking and bond-forming processes
associated with complex structural reconstructions can be described appropriately. With respect to first principles
methods, the SCED-LCAO Hamiltonian replaces the time-consuming energy integrations of the self-consistent loop in
first principles methods by simple parameterized functions, allowing a speed-up of the self-consistent determination of
charge redistribution by two orders of magnitudes. Thus the method based on the SCED-LCAO is no more cumbersome
than the conventional semi-empirical methods on the one hand and can achieve the first principle-level accuracy on
the other. The parameters and parametric functions for SCED-LCAO Hamiltonian are carefully optimized to model
electron-electron correlations and multi-center interactions in an efficient fitting process including a global optimization
scheme. To ensure the transferability of the Hamiltonian, the data base chosen in the fitting process contains large
amount of physical properties, including (i) the binding energies, the bond lengths, and the symmetries of various
clusters covering not only the ground state but also the excited phases, (ii) the binding energies as a function of atomic
volume for various crystal phases including also the high pressure phases, and (iii) the electronic band structures of the
crystalline systems. In particular, the data bases for excited phases of clusters and high pressure phases in bulk systems

are more important when performing molecular dynamics simulations where correct transferable phases are required,
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such as the excited phases. The validity and the robustness of the SCED-LCAQO Hamiltonian have been tested for more
complicated Si-, C-, and B-based systems. The success of the SCED-LCAQO Hamiltonian will be elucidated through the
following applications: (i) the phase transformations of carbon bucky-diamond clusters upon annealing, (ii) the initial
stage of growth of single-wall carbon nanotubes (SWCNTS), (iii) the discovery of bulky-diamond SiC clusters, (iv) the
morphology and energetics of SiC nanowires (NWs), and (v) the self-assembly of stable SiC based caged nano-structures.
A recent upgrade of the SCED-LCAO Hamiltonian, by taking into account the effect on the atomic orbitals due to the
atomic aggregation, will also be discussed in this review. This upgrade Hamiltonian has successfully characterized the
electron-deficiency in trivalent boron element captured complex chemical bonding in various boron allotropes, which is

a big challenge for semi-empirical Hamiltonians.

Keywords: semi-empirical Hamiltonian, charge self-consistency and redistribution, environment-

dependent effect, large scale and complex nanostructures
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