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12 R AR AR T 45 0. el T 8 75
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Fw FH I — Fh 38 RE R 8. ASHIF 78 R Gupta 35 B8
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Forb, vy ARRIRCT 0 R j 2 IR B, ) R B AD
BEES; Ay T AITREG & RRET i Rl j Z 18] (1)
BRI S5 pij 5 qi 2 DIREA 90t 145
31 J1E FIIALE. Pd-Pt FI#E 1 Gupta % B BCR
SERHEIN A ISR, 51 E SR (7], 5T 1.

#1 Pd-Pt 54 H#% Gupta HR S H
Table 1.

bimetallic clusters.

Gupta potential parameters of Pd-Pt

ZH Aij/eV  &ij/eV Dij qij rg.))/ A
Pd-Pd 0.1746 1.718 10.867  3.742 2.7485
Pt-Pt 0.2975 2.695 10.612  4.004 2.7747
Pd-Pt 0.23 2.2 10.74 3.87 2.76

2.2 BDLS#EFXILS#1E

DLS iz 17 & — Pl Pisk A 8 — 2 Y ]
A RE R 10 A R A T3, AL 1 RRE
() Ag 8, AL SRR AR e 4540, SVARE AR TR
L ERIMIaa 45K, SR G R BNk i 53
1% AR B AR DL T e R b, RS R R R R
YErR, B JefERI AR 4514 A FE ¥4 22 Hh Mackay — 1
P B SN R T H BRI W46 1% i (N ) £ EAT = 6
FAL (LM) # 4 B0 5 AR 4R KRS R AR R T
SRR R, R TIR S5 T BE R H0E 1 Nov

KR R T B BERBARM Nioy M T4
. RHTER T F S ) ] B S AR I (SGM), A
XA R BENLLE R Ninoy MR, 2R 5 R
T RE B e e 1 BT A2 30 B RE RAR A A% R4, il
Al E S ISR E E e E A EONIE. £ Ny
UIBAT, B Npese 1N EE SGM AEARAAT LM 1,
a2 A RERRARAI S, I RAZ L5 H RE R
TG SRR RT S R, W R A LA R R
B R REE A TR
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Lai %5 PRI T 33 ALBy_n(n N AT JE
T #) = 70 4 #% homotop 5 £ [F] 7 57 #4 74 45 ¥4 1)
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FIACOD IR b oy BRI R 48 RIRAE 5 B A
PP R, Forh, BRI R M R R R AR
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o BRI R R R E e T HE R R
BEARRFC L.

2.3 AIOA-BDLS-ILS &%

SRV RIE RGN G KSR T — M AIOA JT
5, BT BRI AR TR R R A I AR, ATOA-
BDLS-ILS 53R 94 7 ATOA 13 A HE 4L, It 72 4
K 1. BAREER N 1) BEVL™ A4 Ny, N P1EE ]
TR L R K AT A i DR, o0 T e S5 1) 30 4T LML
1E, BEr AR EL it = 0; 2) Mo 5 R 2 AN o 1)
PR B RE AR T R E NAE fit(v), TR 5 R E
BRI A AR AL AR R B 0 15 B (C(v),
PE L ATOA BON); 3) 4R ¥ A e, = fit(v)/C(v) it
S PERE AT BETERE 2K e, DA AR 3 K B 90 9
G FEAE 7 MJRE IR e 3 Npop AN 4) X 48 306 5
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5% R 1) ST S8R R ) B 5) X AR R e
R A v R HXBDLS #4745 255 M4 w; 6) XAk
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Oy SRR, T) PAT BE T DR PR R AR, AR AR AH Dl A

DRI, R 25 R e o 5 TLS #4E J5 1 ANk e
PR AR, LR =, (R RE R EARM AW T
IR EE vy 8) ML gt 38 0 — Ik, S IE B E I
WIRELLOOP, i Hi 45 7 BRI A RIS AT I e A 45
Py T, FRPEE R 2). K25 T I FAER
AIOA-BDLS-ILS £ i 17 5 4.

‘ BEHL=AE Nigy, MAHIRIAGTER 2 ’

it=0

v
THERER A AR
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B e

‘ PUTHE T AE S92 S ’
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HAE I MRS TBDLS i
X BDLSHHEMAMEIATILS etk

]
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i gt

1 AIOA-BDLS-ILS Hikjif2 &
Fig. 1. The flow chart for the AIOA-BDLS-ILS method.

#2 AIOA-BDLS-ILS Hi%igfr 541
Table 2. Parameters of AIOA-BDLS-ILS algorithm.

N Nmov Ntry NpL  Npest Niib NPOP LOOP

13—49 10 30 92 3 8 8 10

50—100 12 50 162 3 10 10 15

3 R 5T
3.1 AIOA-BDLS-ILS B X3

PR AL BLJ H1#E 61Kl ATOA-BDLS-ILS
FERCR. BLI R0 Bl 5 BN 12/ 0T
4 R B i KR 5] 005 45 R T
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i T L\Tij <7‘ij> - @
Horb, e NIFIR, o WIAEF B EE R, X =t
A,Bn_, BRI BLI B, 15 AR5 H X e fif 8 1k
WeFE Blean, e, eap BN 1.0; o T H oy =
(04 + 0j;) 2 3B, HEE oan HN .08, ATIET
M opp BRI A S BIRTIR oap HHEAEH.
K2R /" T Wogg = 110K BLIN(N =
5—100) B #% 2000 {3z AT 1~ 35 CPU B[], X} Ji
T# N 1 BLJ @#%, XA —A A, By, H R
SERY, T n A VE W SCHER [27]. WE 2 Bow, ST RTE
RRESE 1, BRI B — K B e i 235 A6 PR B[] S50 fR 5
7£.5000 s LAY, H.1000 s 2 N AT LA AL B K358 43 [
PRI B S5 A8, X LG STk [24] H 30P Bk L1
THEYY, FEBNHE R B 2R, D AEE
L EEZEAT . W FLUESE T BDLS-ILS Bk S
30P FIERCEA Y. WA IRFF 5 BDLS-ILS ik
P BLI BRI A R v S, 1H 545 R o i%
U SR BCR N R T BDLS-ILS J7i. Htb el i,
Z LRI = T 30P FIA AR, Ak, TR
FHFEIFAEE T K ATOA 7775 T BLJ BlfEgs fafliit,
4 SR E 7R i BDLS 5 ILS #4F B 2 i 1
ATOA HIEIIRE.

10°

104E

103k

10%E

CPU time/s

101 E

10°

1
0 20 40 60 80 100
N

B2 —kEahfhitt opg = 1.10 0 BLIy (N = 5—100)
il 3= dieazaliiReEali i

Fig. 2. Average CPU time for one hit of the global
minima in the optimization of BLJy (N = 5-100)

clusters with o = 1.10.

3.2 34EFPA-PtRIEAEEHN

K H AIOA-BDLS-ILS J7 ¥ 4 3732 4T 50 ¥k ARG
b 7 Pd,Ptas_,, (n = 1-—33) 7 #% fa & 45 #).

K3VH T XBANRREEMMBRERME 5
Wk [7) A R RE B L . 4 R B R ZEET
KB 12 B EERMISE M, 7R3 3 T hriE, I
BaEMEERTE3 P, NEEEHELELSRKE,
B A B (1) S5 R IR e R I BAR T OCERE. b,
PdPtyg [ B AH MK H 0.138486 eV. X ik —35
IOAE T S SRR AR

#3 PdnPtas_n, HIFRRILEHH SRR E
Table 3. Potential energies E of the global minima of
Pd,Ptss_, clusters.

n E/eV n E/eV n E/eV
1 —176.481095 12* —160.705050 23 —142.164285
2 —175.061020 13* —159.081799 24 —140.434769
3  —173.652960 14 —157.511383 25% —138.319897
4
5

—172.222597 15 —155.890715 26* —136.337779

—170.783213 16* —154.240194 27 —134.315159
6% —169.353402 17 —152.560451 28 —132.302592
7*  —167.931258 18 —150.885159 29 —130.138409
8% —166.511080 19 —149.179717 30 —127.968157
9% —165.089096 20 —147.543196 31 —125.288139
10* —163.627653 21 —145.922977 32 —122.470613
11* —162.166278 22* —144.072457 33 —119.702171

* HUSCHR (7] AP i 95 e B S AR [T 7%

WK 3 TR, Pd,Ptas_, (n = 6—12) BliE4s
e R0 43 A4 T SCRR (7] 25 HE IR T A
¥, PdisPtor 5 PdiePtis ¥ A T HIMA L Ky, HEA
AN EZ RS EEAR. ok,
PdooPtig B — M0 TGN LT &2 —+
RS, H iR AR o0 S Pd R £
W, M NAZ I SNERE 124 Pt R T 585, PdasPto K
B Dh-cp Z5 /27, PdogPts A A 1F HI P AN 19 J&
T A T A S kT AR SCHR (7] R R ) A
F )\ TR S5 14

WA 34 J5 1 Pd-Pt [ 1% 45 14 v] 1 5 R 12k
124 Dh&E# (n = 15, 1317, 19f133), 3 4
Dh-cp 45 ¥ (n = 23—25), 74 5¢ 4= Mackay —.
WA (n = 6-12), 640N% - HASEH
(n = 18, 2022, 31 f132), 54~ H F AN 19 Ji T XL
AR I S (n = 26—30). il 2R
A RIAE 34 Ji ¥ Pd-Pt MR 242 1A S =+
AR R W 5e 4. BTk S kg
EHRIRIAE 2, ARE TR B o i GE 22 SR B
%m [22].
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PdisPtis

PdaoPtia

° Pd atom

PdysPtg

. Pt atom

PdysPtsg

K3 (TR G) ERER M 34 J5 T Pd-Pt B4

Fig. 3. (color online) The stable structures of the 34-atom Pd-Pt clusters with lower energies.

3.3 50EFPd-PtBfEEH

1 96 R ATOA AL T Pdso 5 Ptso H R AR
GERE, YO Dy 5 R0 X R 1 0 LT A0 575 (Twin-
FCC) 4514, Pd-Pt & & 40K f R SLIG R I T Ik
Tt 2K R [y &5 44 B ) ATOA-BDLS-ILS J7 #: 41
T Pd,Ptso_n(n = 1—49) BIFEHISE K. K4 (a)
2 T HEE PAd R THOE A s 2k i £, B
fERARI RS RR SRR LEN. B4 (a) B
T M Twin-FCC [] Ptso ZIAH [F] 45 89 1) Pdso 172 1L,
i B4 (a)mra, s G4 ph KA 2
¥, 435 N 114 Twin-FCC 458 (n = 1, 2, 241
27—34) 4N Dh&5i# (n = 3, 7, 8 M1 43).31 /> Dh-
cp 45t (n = 4, 5, 9—23, 25, 26, 35, 36, 39—42
44—49) M1 3ANER > — AL (n = 6, 37 F138).
AL, AME S HER TR 50 JR 7 Pd-Pt BRI
Fi .

I 51250 (R) KAl ik A1 7% o J5L5 20 A B4,
AL T B AS ) S 2R Ji 5 1 A e 4 ) o PR B R R
e RIE, BREAQrh:

1 n
R——§ a2y + 22, 3
nl=1 xl y’L zl ()

b oy, 2 NARBRTAARE. T8I 80E
s K B AR 7> 73 ) i B 1% 8 2 5 - T 43 A A A
RN, HEREMENZ®RERR TIRA
B

Kl 4 (b) 44 7 Pd,Ptso_n(n = 1—49) FIFE K
FPAI S HUE. W 4 (b) Bis, %t F B 2 1k
(1 AR 45 ¥ Rpq fHYKRT Rpy 8. K3, Pd-Pt 4]
B Pd 5 Pt R T BOIRA, BN Pd R8T
IYATAESE MR, M PR AL FNZ. Pd (125—
131 mV- A=2) 5 Pt(155—159 mV- A~=2) fUR M fE
R T IX— B % B2 Rk, K4 Pd R4
ARAER I A /MU R T BE.
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—170
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> e Partial Th
2
>
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=
2 —230 |
g
£
—250 ey
*
l*ﬁﬁo\
—270 L
0 10
6

B4 (MTIER) (a) Pd,Ptso—n BIFEHARERAT K 2
K530, J IS RARAF LKL (b) PdpPtso—n
TR P 5 S50 A A

Fig. 4. (color online) (a) Variations of potential en-
ergies and corresponding structural distribution of
Pd,Ptso—n clusters; (b) the variations of the order

parameters of Pd,Pt50_, clusters.

3.4 79[EF Pd-PtBEEH

R ATOA B Je A6 T Pdrg 5 Ptrg B 7%
G514, 358 Dap, RUEERT R 1% ) Twin-FCC 45 #4).
KI5 (a) s T BEE Pd R 7470 A Pd,, Ptrg_y,
(n = 1—78) BEH e E MG L. EF AR
FF 5 AR S P B A R &5 0, 8 40 1A 485 ) 1]
s T ’5 ). 550 5§ Pd-Pt 4] #% 45
R RAU, 79 J5 T Pd-Pt 4] 7% th 4 43 A4 Twin-FCC,
Dh, Dh-cp J #8435 Th &5#4. F£A71E 5 4 Twin-FCC
iR, A BLER = 1, 25, 33, T3FIT8. &
fFAE42ADh & # (n = 224, 2632, 57, 63,
64, 67, 69—72, 74—77) L4} 30 /> Dh-cp &5 (n =
34—56, 58—62, 65, 66). XA J~F 68 B HI T
ASEAR AT, AT, 79 JiF Pd-Pt [#l#%+ Dh
LK Dh-cp A 3= B 5.

K5 (b) 41 T Pd, Ptrg_n(n = 1—78) B#% K

Feol S8, B At R S 50 J5L 1 (7 51
SHEANRERA B, N Rpg > Rpe. X
Wt —PUESE | Pd-Pt BI#%H Pd, Pt J5 120 &1
R,

Twin-FCC
Dh

Dh-cp
Partial Th

—280

o+ + @

—320

—360 | ﬁ

—400 —,/‘# <

—440 ' ' '
0

Potential energy/eV

(b)

K5 (MTIRE) (a) PdnPtro_p BIRHAERAI S
Ko A0, ST 55 RARAF L FERL; (b) PdpPtro_y, B
RT3 S50

Fig. 5. (color online) (a) Variations of potential en-
ergies and corresponding structural distribution of
Pd,Ptrg_, clusters; (b) variations of the order pa-

rameters of Pd,Pt79_,, clusters.

4 % #

g A e R AL A B A A5 R B A B A
AR, Bt T ATOA, $2H T — R FR 2 A ATOA-
BDLS-ILS e it 5 vk. w5 4cig F iz E ik bn
#E BLJ B8 A FR 54, 45 R Won 5 R AR R 2
R I BDLS-ILS By b iz SvE s o mak. i
34 J5F Pd-Pt R RIL T 12 BB TEAR 4544,
FEEEE T 3451 Pd-Pt G580 A A, 1Ak, 50 AL
79 J5 ¥ Pd-Pt AR, AR &AM % HERR T
WRIT N BRI, BRI A, I A7 AE R0 ST
SER R B e B ARG B 8B 5
ERPAd-PtHfEF PAd Pt ELE 5, HPd
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Abstract

Bimetallic Pd-Pt clusters have attracted wide interest because of their special catalytic, optical, electronic, and mag-
netic properties. However, the geometrical optimization of Pd-Pt cluster has been a difficult task due to the homotopic
problem, i.e., in some binary clusters, these clusters are identical in configuration, but different in relative arrangement of
two types of atoms. For a fixed geometrical configuration the iterated local search (ILS) method is adopted to search the
optimal homotop. By the combination of the merit of heuristic optimization algorithm and the idea of dynamic lattice
searching (DLS), an adaptive immune optimization algorithm (AIOA) is modified, and the modified ATIOA is called
ATOA-BDLS-ILS method. To evaluate the efficiency of the improved method, the optimization of binary Lennard-Jones
clusters up to 100 atoms is performed. The Results show that the CPU time for one hit of the global minima is less
than 5000 s for all clusters and it is less than 1000 s for most clusters. Compared with previously reported BDLS-ILS
method, the proposed method is very efficient. The method is thus proved to be efficient. It can be deduced that the
method should be a universal algorithm for the fast optimization of binary or bimetallic clusters. Furthermore, the Gupta
potential is used to describe the interatomic interactions in Pd-Pt clusters, which is based on the second moment ap-
proximation to tight binding theory, and the corresponding potential parameters are fitted to the experimental values of
cohesive energy, lattice constant, and elastic constants for the face centered cubic crystal structure at 0 K. The structural
optimizations of Pd-Pt clusters with 34, 50 and 79 atoms are performed by the AIOA-BDLS-ILS method. Results show
that for optimizing the 34-atom Pd-Pt clusters, 12 new structures with lower energies are found. In 34-atom bimetallic
Pd-Pt clusters, the motifs can be categorized into five classes, i.e., 12 decahedral structures, 3 decahedral structures with
close packing anti-layers, 7 incomplete Mackay icosahedral structures, 6 poly-icosahedral structures, and 5 structures
composed of two 19-atom double icosahedra. In 50- and 79-atom Pd-Pt clusters, the structural characteristics and the
atomic distributions are analyzed. The results indicate that the decahedral and decahedral structures with close-packed
configurations are dominant, and twin face centered cubic and partial icosahedral structures are also found. Moreover,
the order parameter is adopted to analyze the distributions of different types of atoms in Pd-Pt clusters, which are
calculated by the average distance of Pd or Pt atoms from the center of a cluster. The results show that there exists
the segregation phenomenon of Pd and Pt atoms in Pd-Pt clusters, i.e., Pd atoms tend to occupy the surface sites, and
Pt atoms prefer to occupy the inner core sites. This is explained by the lower surface energy of Pd (125-131 meV-A%)
than that of Pt (155-159 meV-A~2).

Keywords: Pd-Pt clusters, Gupta potential, immune algorithm, dynamic lattice searching
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