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KU JR T A . deAh, W50k B 147 JE 11
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2 WHRESH %
2.1 Gupta#iR#
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N ..
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Horp, g AR 0 F0 j Z IR BE Y, rg)) P el
PREY, Ay T IR, & ARRIR T Fl j Z [A)
BRI > S8, Pij 5 qi 70 W 3638 93
55| JIERMAE. Cu-Au-Pd F#% K Gupta # bR
HOR H S BB & 25051 B S0k (26, 27], 51T

#19.

#1 =70 Cu-Au-Pd Hli& Gupta H RS
Table 1. Gupta potential parameters of trimetallic
Cu-Au-Pd clusters.

M Aij/eV &j/eV Dij ij rl(;))/A

Cu-Cu  0.0855 1.2240 10.96 2.278 2.556
Au-Au  0.2061 1.7900 10.229  4.036 2.884
Pd-Pd  0.1746 1.7180 10.867  3.742 2.7485
Cu-Au  0.1539 1.5605 11.05 3.0475 2.556
Au-Pd  0.1900 1.7500  10.540  3.890 2.816

Cu-Pd 0.13 1.47 10.91 3.01 2.652

2.2 1IC

FEPRAL R R B — J 7 SR R R R A5 A ik, SR
[E € W AZ I 5 iR e g v 7 DLS IR, [l 5E
WAZ A TRAE = LE WA 45 K A+ T 44 (D), —+
T4 (Th) « 0 S2TT (fee) S5 MV N N, T2
AR IRT W BEAL I 22 AE NS R . SEIRIEHTE
T R 3 R SR S5 R AR A TR, e TR R
6], $&m 1 JNERCR. WA R CAEsE, Xk
JE %0 200 LA B L AR ES R I, A RZ IR S SR AN
A SE I T .
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PN, B s, s S = s EE T
F T (five-fold) 2544, & 1 Hr A A [ 2 €2 [ BR
KX 43 Thss, six-foldsg, six-foldss, LTy Al LTgg 45
M SRR 7. SRR AL R 7 2 H ki %
AN RSB A, SRR 75 H /N T 55
i, M Dhys, Ihys, fceig, LT3y, six-foldss HBENLIE
BIEANEZ. AEFEHE DN T 98 HRT5%T
55 I, #l 3k HT i A % £ 45 Dhss, Thss, fecas, LTsy
M six-foldsy. X T JFFHOK T4 T 98 i HHf%, Lok
Dhss, IThss, fecgs, LTog fll six-folds 1E NN #Z. 24
R IF AL CLG, BEALHLAE N ANE P2 AR R I
THIARHR, K AR 5.

/DR
e
‘):( Pl "1’

LT3y - LTos

K1 (MR 6) 8+ ik (Dh) =4k (Th). sz
Fik (fee) 75T & (six-fold) Al Leary T (LT) 454

Fig. 1. (color online) Typical structures of decahedron
(Dh), icosahedron (Ih), face centered cubic (fcc), six-fold
and Leary tetrahedron (LT).

2.3 AIOA-ICE:%

T RIE RRIL IR R, ATOA HIEEH
THRR A s SR F AR, ATOA HLHE
AL AL R v b AN AR SRR, T T RIFRSE
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JoE Hp I B R I AR, PN I A SR I A
REREAE DL AR BT ANk, B S, ST DN 44 DA
RHAE R TR, R E R L RME
B DR (4 A, T 2 A AR DL R T B R
SEZ5 K. ATOA Bk ek B g s B 1
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{147 R 25 FH R 3k T AN A o B o v 110 J T IR L B AL
Hh A% 2 B FH AR R . 53411 50% 182 )R R 7
A2 419 75 30 A U homotop M P01 558 4
5 A A A i WL b % — o S e 2K AR ) SR T
PR TR ST, 4) SEHIER . ) LA =
SAFHVH A SR R (R T A 450, R T 1%
PR BB R AR e (O] B 7 5 IR DA SR A R i
FEAR I E5 AL, A SE AR B i A 5 /D AR AL 1) 454 )
PREAFEIER E . 5) BERY, it = it+1. IR B BE 2
MOPEER AR, i Hh BE I I A5 M B Dy 4 R e e 5
H, B0, RRFEREE 2. AR T =54
fENT N B BETRT, ATOA-IC 513531847 100 K.
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A= o 1 1% 46 R AR A D9 1ok i ATOA-IC 42
RRAEE R RGE. BT, 2ol CE — oLy
P e A 0 ] gl ) AR — e P e & A e Ak S92 1)
RO, T =70 A% B SRR i k2 22 R A A B
FHELAG 36 DA ST AR HERR AL, AT 93 LA SCHR [10] #iE
{1 AgooPd, Ptag_n(n = 5, 10, 15, 20, 25, 30, 35) [4]
REEAE RIS B, SR 5 SCHR [10] — B i
FEZ R BAR R R SR8 AT 8L

K2 (a) &7~ T AgaoPd, Ptag_, 5% SCHk [10]
B 1R, B2 () BoR T A L1 B 1 3
e m LA . M ETR 3 AE & (B) X HL 25 R T

Qx:

AgooPdi5Ptos

AgaoPdsPtas

AgaoPdioPtso

PLE H ATOA-IC BRI A0 15 B 1 45 14 BE &= 351K
TICHERAE. e, AgooPdioPtso BFE 13 Rt & 1H
72 5980.32 V. WLEL A 245 74 1T Kl AgoaoPdsPtss,
AgaoPdioPtso, AgooPdisPtas, AgaoPdagPtag M
AgooPdos Pty [ 15 K BUEE ) () To 47 & DF AR 45 4
FKM, M AgaoPdsgPtio 5 AgaoPdssPts ] 7% 2 B
AR T 55 IR 7 8 B A AR A KR Y. SR, Sk
T 3CHR [10] T8 1 R B B AR 4 K, AgaoPdsPtss
NTCE R EER], AgagPdasPtss N H =4~ 19 Ji 7 X
T A T TR A 2 R PR AR A, AgaoPdsoPtao
R BYPIRGE . AR EAEER RN T
YraurR g N 13 i+ mik. o] W+
TR A% B R 2 5 T % 108 A e 1) 4 S 45 4.
Ik, ATOA-IC Sk B2 i i 7 ATOA ik 1)
&S

Ord @ rs

AgaoPdaoPtag

AgooPds5Pts

AgooPdasPtis AgaoPdsoPtio

E: —265.4377 eV E: —257.9174 eV E: —250.6479 eV E: —242.2883 eV LE: —233.3020 eV E: —223.1584 eV E: —212.0458 eV

(a) Local minimum

AgaoPdsPtas

AgaoPd1oPtso AgooPdi5Ptos

AgaoPdaoPtag

AgaoPdasPtis

E: —265.4906 eV E: —258.2405 eV E: —250.7061 eV E: —242.3718 eV E: —233.4281 eV E: —223.2273 eV E: —212.0586 eV

(b) Global minimum

B2 (MTRE) (a) SCHR [10] RIE K (b) AR A8 R TN AgaoPdy Ptao—n BIFELEH
Fig. 2. (color online) The structures and energies of the investigated AgooPd,Ptao—rn (n =5, 10, 15, 20, 25,

30 and 35) clusters reported (a) from references and (b) in this work.

3.2 38[EF Cu-Au-Pd AT

A A ATOA-IC I ER AL 15 3 1 38 5 1
CugAu,Pdso_,,, Cu,AugPdso_,, K Cu,Ause_,Pdg
(n =1-—-31) PlfEmAae . B3 8xR THE K
A, Cu-Au-Pd BIfE#HRE B 1) 2. Bhs
il 7853 AR B 46 4 BT, A8 T AS [B]B6 [ 2R 4 )
R Cu, Au 1 Pd 7T

&l 3 (a) BT, CugAu,Pdsy_, B 7% 5 19 7T
W AR BEMMANTEER. HAuE T
EE A I, BRI n AR /S, 1% 32 22 72 To 4 B 45 #);
Mn > 148, fARFTSER. B3 D) IR
Cuy, AugPdso_,, Bi% G HE FL 47T S 45 0 F 58 B 1) 8
1 VHAR (TO) 458, H4n = 314 NI B 45
¥y, HARY) N TO 458y, TO KIALH HBLAE 38 J& F
B — JE A e a0 R 3 (c) B
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CupAugo_, Pdg Bl H, *n = 1—3F13—16 1
TR EAT B4, Zn = 4128 NN B 451,
M4 n = 16—31 BT TO 45#).

b, B 3 (a) AT, CugAu,Pdss_,, H#EH
6~ Cu i TR TN Z. £ Cu,AugPdsa—sy,
(K3 (b)) 5 Cu, Auss_,Pdg (3 (c)) HlfEH, BEE
n G0, B Cu 30 H B3, Culi 734 A

—129

—130 7

ERAEAEK. W, Culf i@ T o T ammm
Z. W3 (a) AT 51, CugAu, Pdss_,, BEFFEE Au
JR 7 HH 3G, 26 RKER 7 A 51 96 R
42, ik 3 (b) iR i Cu, AugPdsa—, FEH,
6 ™ Au i T30 T i Ah =, HEEE Cu Ml Pd 4H B
I TE AN [F ) o A . 46, B 3 il LUE
t, Pd R Fi& T & o Z.

® Five-fold
* Six-fold

—131

—115 7

—125

Potential energy/eV

—135

—122 4

® Five-fold
* Six-fold
<& TO

—132 1

T
25 30

K3 (MTIER) (a) CusAunPdse_n, (b) CupAusPdss_n X (c) CupAuge—_n,Pds (n = 1—31) Hli%
AR L5 A0, Cu, Au Ml Pd JEF40 A S A A B RERRR

Fig. 3. (color online) Variations of potential energies and structures of (a) CugAu,Pdsza_n,
(b) CupAugPdsa_y and (c) CupAusz_,Pde (n = 1-31) clusters.

3.3 55[EF Cu-Au-Pd FELEH

KH ATOA-IC 77344k 1 55 J5i ¥ =76 Cu-Au-
PAdH %R e 45 K. E48 R T CusAu,Pdys_yp,
Cu,AuysPdys—p, X CuyAugs,Pdis (n = 1-41)
Pk A&, X F BTt 70 /0 55 JR 1 Cu-Au-Pd
B1#%, FiE H B0 E Mackay — R4 #). 40

K 4 (a) fF 75 B9 CuysAu, Pdyo_, BI#%E 1, 134 Cu
JEF AT HRREI N 2. B n G350, BI0H Au
JEF ¥R A KA A . eah, XT A A
B, PAJRFIMIESNE. X T n =117, 131
CuJZ TR = F AR AZ. 1124 n = 18—41 i,
SER O 1A Au R S, RAMNE N 124 Cu iR
T, B—ACuli AT,
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. Cu .Au

Ora

(C) CunAu“,nPdlg

B4 (RFRE) REMER (a) CuisAunPdaa—n, (b) CunAuizPdis—n, () CunAuse—nPdis (n = 1—41) BIFEREELSH
Fig. 4. (color online) Typical structures of (a) CuizAupPdaz—p, (b) CunAuizPda2—s, and (c) CupAusz—nPdiz (n = 1-41)

clusters.

K4 (b) R T CupAuisPdys_, HIFEIEE E 45
K. CuyAuisPdyy BFER) 1A Cu Ji-FA2 FH0, 13
AN Au ST BUES M AN Z. Hod, TR 12
AT SRE 120 Au i 7 5, 75— A AL
THNE. MibEE Cu i FHO%m, BiEd Cu i 7ok
HIEANE, BNEBESEZE, 2R CuliT
SFAEINE. 13 A AuJE P MAESNE, H 2
A A 775 B, A& 1995 A 52 B 7%
H Cu M Pd 20 BRI FE M. 1B 4 (c) EoR 1 &85
CupAuys_,Pdys FIFEFRES . Hn = 1, W
Fe 13 P AR, Horpuo g CuJ T 58, Cu J|
TR 124 PAd R T2, 55— PdJEF AL T 5k
7. B Culi T30 B B30 (n fE 5 0, 1450
CufF5e 5¥E N E, TAH R Pd 78 HES 241
2. XTI nl, Au R FEISAESNE.

5 51 2 50 (R) Sk Ak [ 1% 5 5 25 A
H, RAE A [F) 2 2 5 20 [ L 45 40 O I R
AT

1 n
R==S"1/a2 42+ 22, P
”;:1 xf +yP + 2 (2)

b, @y, 2 RIETAARE. 75250 RAE i K
i /1N 43 9 U B % 28 R IR 1 T o A7 A B R R T
B, FRAE RIS BAE T 35 B R R TR R A R
K5 &8 T CuizsAu,Pdys_p, Cu,AuisPdys_y,
A CupAugs -, Pdys BT S R, WE 5 (a)
BT 7 (4 Cups A, Pdas_y, B 55, Rew HIE /S, T
Raw 1 Rpg K. M Cu & AL T W JE, AuflPd
JFF#aTamaEsE. Hn = 1178, Ro, HE
A Hn = 18 41K, Re, HE — &M, HiZ
HIE K TR, w0 BRTR, 4n = 1—17 B, =+
TR R 134 Cu 57 (4. 1% n = 18—41
i, 7T PR RO Cu JBL T8 Au iU & e, pi
e i) Cu i 7 i E B 45 MR m. B 5 (b) i i
CupAuisPdys ., M 5 () Finif) CupAuge—, Pdys
H g, B n BN, Roo (EH/NEH A K, X
RHETINWG Cui TBE BN ERINEEK. X
WIESE T Cui FilaT HIEANEHE . ok, Xt
F Cuy, Augo_, Pdys 7% (5 (¢)), 134 Pd R 7K
Rpq {8 B SEE N 2B E. X2 T2 Au
JEFH e, Au T SR RS, T PdE T
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PLFRANZ, TR &, BEE Aulil 1Lt
B W B, Pd AT Au 3L EALFAME.

5
20 O

R/A

» —x Pd
ipf
i (c) Cu,Auyy_,Pdis
0 A/ " 1 " 1 " 1 " 1
0 10 20 30 40

n

B5 (M%) (a) CuigAunPdis—n, (b) CunAugs-
Pdy2—rn 5 (c) CupnAuge—_nPdis (n = 1—41) BRF 5
SHAAL

Fig. 5. (color online) Variations of the order parameter
values of (a) CuizAunPdaz_n, (b) CupnAuizPdys—_p
and (c¢) CupAuaz—nPdi3 (n = 1-41) clusters.
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Fig. 6. (color online) (a) The complete icosahedral
structure and energy of CuiaAugsPda2; (b) its tetra-
hedral unit; and (c) sectional view of the icosahedral

structure.
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Abstract

The trimetallic cluster has become a hot topic in the field of basic scientific research due to its special catalytic,
magnetic and chemical activities. It is very important to determine the stable structures of clusters. In order to optimize
the stable structure of large size Cu-Au-Pd cluster, a modification algorithm of adaptive immune optimization algorithm
based on the construction of inner cores, called AIOA-IC algorithm, is proposed. The only difference between ATIOA and
ATOA-IC lies in their starting structures. Instead of generating the starting structure randomly in AIOA, an inner core
in the ATOA-IC method is used for generating the starting structure. Several motifs, such as decahedron, icosahedron,
face centered cubic, six-fold pancake structure, and Leary tetrahedron, are randomly selected as the inner cores. The
size of the inner core is determined according to the cluster size. The Gupta potential based on the second moment
approximation of tight binding potential is used to describe the interatomic interaction between Cu-Au-Pd clusters,
and the corresponding potential parameters, such as the cohesive energy, lattice constants, and elastic constants are
obtained by fitting the experimental values. To test the efficiency of the proposed algorithm, the stable structure of
Ag-Pd-Pt cluster with 60 atoms is optimized. The results show that the new structure has lower energy than the cluster
reported in the literature. It can be seen that the AIOA-IC algorithm has a stronger ability to search for the potential
energy surface of the Gupta potential. Furthermore, the proposed algorithm is used to optimize the stable structures
of 38-atom and 55-atom Cu-Au-Pd clusters. The structures of the investigated CugAu,Pds2—rn, Cu,AugPdse—, and
Cu,Auzs—nPds (n = 1-31) clusters can be categorized into three types: five-fold, six-fold, and truncated octahedron.
Moreover, it is found that the compositions of Cu, Au and Pd atoms in the trimetallic clusters affect the structural type
of the cluster. However, the CuisAun,Pdaz—pn, CunAuisPdas—pn, and Cu,Ause—nPdis (n = 1-41) clusters each have a
structure of complete Mackay icosahedron. Furthermore, the order parameter results show that Cu, Au and Pd atoms
each have a significant segregation phenomenon. For the 147-atom Cuiz2AugsPd4s cluster, the structure is also of an
icosahedron. The central atom is Au, and the inner shell and sub-outer shell are occupied by 12 Cu and 42 Pd atoms,
respectively. The outer shell is filled with 92 Au atoms. The results show that the Cu, Pd and Au atoms tend to be
distributed in the inner shell, sub-outer shell, and outer shell, respectively. This can be further explained by the results

of the atomic radius and the surface energy.

Keywords: Cu-Au-Pd clusters, Gupta potential, inner core, optimization algorithm
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