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The energetics, structures and segregation of Pd–Au nanoalloys (all compositions for 34- and

38-atoms) have been studied using a genetic algorithm global optimization technique with the

Gupta empirical potential. Three modifications of the Pd–Au parameters have been studied:

parameter set I in which all parameters (A, x, p, q and r0) in the Gupta potential are weighted

in a symmetrical fashion; parameter set II (symmetric weighting of only the pair and many-body

energy scaling parameters A and x); and parameter set III (antisymmetric weighting of A and x).
Structural analysis reveals competition between a range of structural families; decahedra,

polyicosahedra and truncated octahedra (for 34 atoms) and incomplete-icosahedra-Mackay,

decahedra, polyicosahedra (low-symmetry), six-fold-polyicosahedra and a mixed

octahedron–icosahedron (Oh–Ih) structure (for 38 atoms). It is shown that, by finely tuning the

Gupta potential, it is possible to qualitatively reproduce the results observed at higher levels of

theory (e.g. Density Functional Theory). There are four main types of chemical ordering which

are observed: core–shell; spherical cap; ball-and-cup; and mixed. It is shown that the chemical

ordering and the proportion of Pd–Au heteronuclear bonds in these clusters are strongly

dependent on the potential parameters. Comparison of the results from parameter set III and

two previously fitted potentials shows that the DFT-fit potential gives rise to similar results for

energies, and lowest energy structures and homotops to those for parameter set III with wa = 0.8,

but the exp-fit potential gives rise to qualitatively different results.

1. Introduction

There is considerable interest in the chemical and physical

properties and potential applications of metal nanoparticles.1,2

Much of the interest has focused on mono- and bimetallic

nanoparticles formed from elements in the nickel and copper

groups of the periodic table: Ni, Pd, Pt; Cu, Ag, Au.3,4 For

example, palladium, which has fcc symmetry in the bulk,5

shows a variety of structures, ranging from fcc cuboctahedra,

icosahedra and truncated decahedra to twinned fcc structures

for nanoparticles with 1–5 nm diameter. These structures have

been produced using either colloidal methods or vapour

deposition and have been characterised with the aid of high-

resolution electron microscopy (HREM). All structural motifs

appear to have very similar energies, so that transitions

between different states are possible. Icosahedra are only

expected for very small clusters with a high surface to volume

ratio, while decahedra and fcc cuboctahedral or truncated

octahedral particles are more stable than icosahedra for

larger sizes.6

Gold clusters have been studied intensively in recent years.

The structural size evolution in gold may be described as

a sequence of transitions from specific ‘‘molecular’’ struc-

tures, at the extremely small size range, with effective cluster

diameterr 1 nm (40 atoms), to ordered ‘‘non-crystallographic’’

(decahedral) structures at larger sizes, culminating for sizes

>2 nm (>250 atoms) in crystallites of the bulk lattice

structure (fcc) with specific faceted morphologies (i.e., variants

of truncated octahedra and their twins).7

Gold clusters have been grown from metal ions reduced at

the oil–water interface in the presence of a surface passivating

agent. Observation by HREM shows a variety of structures

(decahedron, truncated octahedron, icosahedron, and amorphous)

for passivated particles of a few nanometres diameter, with a

prevalence, however, ofMarks and Ino-decahedra. The smallest

fcc clusters observed correspond to the truncated octahedron,

whilst at sizesB15 Å, the Marks decahedron is the most stable

motif.8 Marks-decahedral motifs have also been found as

stable structures for 1–2 nm gold clusters by X-ray powder

diffraction. Based on atomistic modelling, these were assigned

as 75-, 101- and 146-atom clusters.9

Among bimetallic nanoclusters (‘‘nanoalloys’’) the Pd–Au

system has been widely studied.4 In a study by Liu et al., for

example, bimetallic Pd–Au nanoclusters have been synthesized

by the reduction of metal ions in the presence of a polymer

stabilizer. HREM results confirmed three stable configura-

tions: PdcoreAushell, random solid solutions and eutectic-like

configurations. Coexistence of fcc-like and multiple twinned

(octahedral and decahedral) structures was found because of

the close separation of energies between these structures.

Although PdcoreAushell structures are stable at low tempera-

ture, inversion to the AucorePdshell structure was observed

upon heating to approximately 500 K.10
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Pd–Au clusters are of great interest to theoretical and

experimental researchers because of their interesting properties

that are not found for the respective pure metals. The electronic

structures of Pd–Au clusters are quite distinct from Pd or Au,

due to their differing atomic electron configurations and

electronegativities.4 Nanoclusters of Pd–Au supported on a

variety of surfaces (e.g.magnesia, titania, silica, alumina) show

great potential for a wide range of catalytic reactions, such as:

acetylene cyclotrimerization (to yield benzene) and related

reactions;13 selective hydrogenation;14–16 hydrodechlorina-

tion of trichloroethene in water at room temperature;17 low-

temperature synthesis of hydrogen peroxide from oxygen and

hydrogen,18,19 CO and alcohol reduction;20 the Sonagashira

cross-coupling reaction;21 and synthesis of vinyl acetate by

acetoxylation of ethylene.22,23

In this paper, the energetics, structures and segregation

(chemical ordering) of Pd–Au nanoalloys are investigated as

a function of composition for 34- and 38-atom clusters, using a

genetic algorithm for global geometry optimisation (i.e. global

energy minimisation) of the clusters and with the interatomic

interactions described by the Gupta many-body potential. We

also present a detailed study of how the structures and

chemical ordering displayed by these nanoalloys change when

the heteronuclear potential parameters are varied systemati-

cally. The analysis is aided by the calculation of excess

(mixing) energies, average nearest-neighbour distances and a

chemical ordering parameter.

The reason for concentrating here on 34- and 38-atom

clusters, is that our previous work on Pd–Au (and other

nanoalloy systems)11,24–26 have shown that 34-atom clusters

typically exhibit a wide range of structural motifs as a function

of composition, while 38-atom clusters (for which truncated

octahedral structures typically dominate) are of interest for

testing how different chemical orderings are stabilised by

different heteroatomic interaction strengths.

2. Theoretical methods

2.1 The Gupta potential

The Gupta potential, used to model inter-atomic interactions

in metal systems,12,27 is a semi-empirical potential derived

within the tight-binding second-moment approximation. The

configurational energy of a cluster is written as the sum over

all the atoms of attractive and repulsive energy components:

Vclus ¼
XN
i

fVrðiÞ � VmðiÞg ð1Þ

where the Born–Mayer pair repulsive term Vr(i) is

expressed as:

VrðiÞ ¼
XN
jai

Aða; bÞ exp �pða; bÞ rij

r0ða; bÞ
� 1

� �� �
ð2Þ

and the many-body attractive term Vm(i) is expressed as:

VmðiÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
jai

x2ða; bÞ exp �2qða; bÞ rij

r0ða; bÞ
� 1

� �� �vuut ð3Þ

In eqn (2) and (3), a and b represent the atomic species of

atoms i and j, respectively. A, x, p and q are the potential

parameters that are usually fitted to experimental properties of

bulk metals and alloys, such as the cohesive energy, lattice

parameters, and independent elastic constants for the reference

crystal structure at 0 K. r0 denotes the nearest-neighbour

distance of the pure bulk elements, often taken as the average

of the pure distances, but it can also be taken as the experi-

mental nearest-neighbour distance in some specific ordered

bulk alloy. rij is the distance between atoms i and j.

Values of the Gupta potential parameters describing Pd–Pd

and Au–Au interactions, taken from the work of Cleri and

Rosato,12 are listed in Table 1, along with three alternative sets

of Pd–Au parameters considered in a previous study by

Pittaway et al.11

2.2 Parameterisations of the Gupta potential

A study of Pd–Pt clusters by Massen et al.28 concluded that

parameters obtained by averaging the parameters of elemental

Pd and Pt, gave a good qualitative fit to previous experimental

and theoretical studies of Pd–Pt bimetallic clusters.29–31 A

more detailed investigation of the effect on structure and

chemical ordering of varying the heteronuclear (Pd–Pt) para-

meters for 34-atom Pd–Pt clusters gave more decahedral

motifs for Pd–Pt parameters which are slightly biased towards

the weaker Pd–Pd interaction,24 which is consistent with DFT

results.26 These parameters still favour core–shell ordering, as

for the average potential. Recent GA calculations for 34- and

38-atom Pd–Pt clusters have shown that the heteronuclear

parameters for a new Gupta potential (fitted to DFT calcula-

tions on pure metals and alloy solids)32 lie slightly to the

weaker bonding (i.e. closer to the Pd–Pd parameters) side of

the average.33 The calculated excess energies and structural

motifs are consistent with this.

DFT calculations of small Pd, Au and Pd–Au (1 : 1 compo-

sition) clusters (2–20 atoms), have shown that the mixed

clusters have binding energies which are intermediate between

those of Pd and Au, but are biased towards Pd, indicating that

the Pd–Au bonding is greater than the average of Pd–Pd and

Au–Au.33

In this study, the heteronuclear Pd–Au Gupta potential

parameters {P} are derived as the weighted average of the

corresponding pure metal Pd–Pd and Au–Au parameters:24

P(Pd–Au) = w1P(Pd–Pd) + w2P(Au–Au) (4)

where w1+w2 = 1. Weighting parameters have been investi-

gated in the range 0 r w r 1, in steps Dw = 0.1. The

following parametrisations have been studied.

Parameter set I. All the Pd–Au Gupta potential parameters

{P} = {A, x, p, q and r0} are obtained as:

P(Pd–Au) = wP(Pd–Pd) + (1 � w)P(Au–Au) (5)

This is symmetrical weighting of all parameters, since all of the

parameters vary in the same sense—i.e. from the value for

Au–Au (for w = 0) to the value for Pd–Pd (for w = 1).

8608 | Phys. Chem. Chem. Phys., 2010, 12, 8607–8619 This journal is �c the Owner Societies 2010
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In parameter sets II and III, instead of weighting all the

parameters in the Gupta potential only the A (pair repulsion)

and x (many-body) parameters were varied with parameters p,

q and r0 being fixed at their arithmetic mean values (w = 0.5).

Parameter set II. As for parameter set I, parameters A and x
are varied in the same sense (‘‘symmetric’’), with the weighting

factor being denoted ws:

A(Pd–Au) = wsA(Pd–Pd) + (1 � ws)A(Au–Au) (6)

x(Pd–Au) = wsx(Pd–Pd) + (1 � ws)x(Au–Au) (7)

Comparison of the results for parameter sets I and II will

enable us to judge the importance of the energy scaling

parameter (A and x) compared to the range exponents

(p and q).

Parameter set III. In contrast to parameter set II, parameters

A and x are varied in the opposite sense (‘‘antisymmetric’’—

i.e. as A varies between the limits of the values for Pd–Pd and

Au–Au, x varies in the opposite direction), with the weighting

factor being denoted wa:

A(Pd–Au) = waA(Pd–Pd) + (1 � wa)A(Au–Au) (8)

x(Pd–Au) = (1 � wa)x(Pd–Pd) + wax(Au–Au) (9)

The reason for investigating parameter set III is that it allows

regions of Pd–Au parameter space to be explored which have:

(i) low A and high x values, corresponding to strong Pd–Au

bonding; and (ii) high A and low x, corresponding to weak

Pd–Au bonding.

The parameter values for parameter sets I, II and III are all

listed in Table 2.

In this study, the results obtained for parameter sets I–III have

also been compared with those reported by Pittaway et al.11

using the Pd–Au heteronuclear parameters that were fitted to the

results of first-principles Density Functional Theory (DFT)

calculations11 (‘‘DFT-fit’’) and those fitted to experimental

properties of bulk Pd, Au and Pd–Au alloys34 (‘‘exp-fit’’),

as listed in Table 1. It should be noted that the ‘‘average’’

(arithmetic mean) potential previously reported,11,25,26 corres-

ponds to w = 0.5 (set I), ws = 0.5 (II) and wa = 0.5 (III).

2.3 The Birmingham cluster genetic algorithm (BCGA)

The Birmingham Cluster Genetic Algorithm (BCGA) pro-

gram, which has been described elsewhere,35 was used to find

the putative global minima (GM) and other low-lying energy

minima of 34- and 38-atom Pd–Au clusters, for all com-

positions. The BCGA parameters used in this work were:

population size = 40 clusters; crossover rate = 80% (i.e., 32

offspring are produced per generation); crossover type =

1-point weighted cut-and-splice (the cut position is calculated

based on the fitness values of the parents); selection = roulette

wheel; mutation rate = 0.1; mutation type = mutate_move;

maximum number of generations = 400. 100 GA runs were

performed for each composition. The GA was terminated

when the population was found to have converged for 10

consecutive generations.

Table 1 Comparison of the average,DFT-fit and exp-fitGupta potential parameters.11 For the average potential, the homonuclear parameters are
taken from Cleri and Rosato,12 while in the other potentials they are fitted along with the heteronuclear parameters

Parameter

Pd–Pd Au–Au Pd–Au

average DFT-fit exp-fit average DFT-fit exp-fit average DFT-fit exp-fit

A/eV 0.1746 0.1653 0.171493044 0.2061 0.2091 0.209570656 0.19 0.1843 0.2764
x/eV 1.718 1.6805 1.701873210 1.79 1.8097 1.815276400 1.75 1.7867 2.082
p 10.867 10.8535 11.000 10.229 10.2437 10.139 10.54 10.5420 10.569
q 3.742 3.7516 3.794 4.036 4.0445 4.033 3.89 3.8826 3.913
r0/Å 2.7485 2.7485 2.7485 2.884 2.8840 2.884 2.816 2.8160 2.816

Table 2 The potential parameters for parameter set: I [symmetric weighting (w) of all parameters]; II [symmetric weighting (ws) of A and x]; and
III [antisymmetric weighting (wa) of A and x]

Set w 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

I A 0.2061 0.2030 0.1998 0.1967 0.1935 0.1904 0.1872 0.1841 0.1809 0.1778 0.1746
n 1.7900 1.7828 1.7756 1.7684 1.7612 1.7540 1.7468 1.7396 1.7324 1.7252 1.7180
p 10.2290 10.2928 10.3566 10.4204 10.4842 10.5480 10.6118 10.6756 10.7394 10.8032 10.8670
q 4.0360 4.0066 3.9772 3.9478 3.9184 3.8890 3.8596 3.8302 3.8008 3.7714 3.7420
r0 2.8840 2.8705 2.8569 2.8434 2.8298 2.8163 2.8027 2.7892 2.7756 2.7621 2.7485
ws 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

II A 0.2061 0.2030 0.1998 0.1967 0.1935 0.1904 0.1872 0.1841 0.1809 0.1778 0.1746
n 1.7900 1.7828 1.7756 1.7684 1.7612 1.7540 1.7468 1.7396 1.7324 1.7252 1.7180
p 10.5480 (fixed at average)
q 3.8890 (fixed at average)
r0 2.8163 (fixed at average)
wa 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

III A 0.2061 0.2030 0.1998 0.1967 0.1935 0.1904 0.1872 0.1841 0.1809 0.1778 0.1746
n 1.7180 1.7252 1.7324 1.7396 1.7468 1.7540 1.7612 1.7684 1.7756 1.7828 1.7900
p 10.5480 (fixed at average)
q 3.8890 (fixed at average)
r0 2.8163 (fixed at average)
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2.4 Energetic analysis

When studying fixed-size bimetallic clusters, the excess (or mixing)

energy as a function of composition, DGupta
N , is a useful

quantity. For binary nanoalloys with fixed size (N = 34 or

38 atoms) but different compositions, DGupta
N is defined as

DGupta
N ¼ E

Gupta
N ðAMBN�MÞ �M

EGupta
N ðANÞ

N

� ðN �MÞE
Gupta
N ðBNÞ

N

ð10Þ

where EGupta
N (AMBN–M) is the total energy of a given cluster

calculated at the Gupta level and EGupta
N (AM) and EGupta

N (BN)

are the total energies of the GM of the pure metal clusters

(i.e. PdN and AuN). This excess energy is an unbiased quantity,

defined as zero for the global minima of the pure clusters.

Negative values of DGupta
N indicate that mixing is favourable.

2.5 Pair distribution function (PDF) and average

nearest-neighbour distance (ANND)

For quantitative purposes, it is appropriate to calculate the

pair distribution function (PDF), gp(r) as follows:

gpðrÞ ¼
V

N2

XN
i

XN
jai

d ½r� rij �
* +

ð11Þ

where N is the total number of atoms, V is the volume, rij
denotes the distance between atoms i and j, and the brackets

represent a time average. The gp(r) function gives the proba-

bility of finding an atom of any type at a distance r, and it

allows characterization of the lattice structure during the

generation of the nanoalloy.36

From gp(r), the average nearest-neighbour distance (ANND)

can be defined as:

ANND ¼
R rc
0 rgðrÞ4pr2drR rc
0 gðrÞ4pr2dr

ð12Þ

where the cut-off rc is chosen to be half way between the

average nearest- and second-nearest-neighbour distances in

the cluster.37 This term can be simplified as the sum of the

nearest neighbour atomic distances divided by the number of

bonds in the cluster.38

2.6 Chemical ordering

Binary nanoalloys generally present more complex structures

than monometallic clusters and global optimisation is more

difficult due to the existence of homotops,39 which are isomers

with the same geometry and composition but with a different

arrangement of the two types of atoms.

For an A–B alloy system, the chemical order parameter, s is

defined as;

s ¼ NA�A þNB�B �NA�B
NA�A þNB�B þNA�B

ð13Þ

where NA–B is the number of nearest-neighbour A–B bonds

and NA–A and NB–B denote the numbers of homonuclear

bonds in the binary cluster. The s value is positive when

phase separation (segregation) takes place, close to zero

when disordered mixing occurs, and negative when there is

more ordered mixing (including layering and onion-like

configurations).40

3. Results and discussion

3.1 34-Atom palladium–gold clusters

This study produced results which corroborate those obtained

previously, using the average, exp-fit and DFT-fit Gupta

parameters,11 that incomplete decahedral (Dh) structures

dominate as the putative GM for 34-atom Pd–Au clusters.

In this study, for parameter sets I–III, in addition to the Dh

motif, polyicosahedral (pIh)41 and truncated octahedral (TO)

structures (Fig. 1) were also found to be stable structures in

GA searches. However, none of the parameterisations gave

rise to the decahedron with a close-packed double tetrahedral

core [Dh-cp (DT)] motif that is found as the GM for 34-atom

Pd–Pt clusters across a wide composition range according

to Density Functional Theory (DFT) studies,26 even after

exhaustive searching (500 GA runs).

Energetics and structural motifs. Fig. 2 shows the variation

of the Gupta excess energy DGupta
34 as a function of composition

and weighting parameter, for parameter sets I–III. Fig. 2(a)

shows that for set I all weighting factors (w) give rise to

negative excess energies, for all compositions, indicating that

mixing is favourable. The GM structures of the clusters are

dominated by Dh, with several Au-rich pIh (NAu = 31–33)

and TO (NAu = 24–26) found for Pd-biased parameters

(w = 0.8–1.0). On the other hand, changing just A and x
symmetrically (parameter set II) gives a distinctly different

pattern of excess energies, as shown in Fig. 2(b), where some

Pd-rich compositions do not favour mixing (excess energies

are positive) at ws = 0.0 (NAu = 1–3) and ws = 0.1 (NAu = 1).

The minima in the excess energy curves deepen to a more

negative value at ws = 1.0, but the structural motifs are

consistent with those from set I.

Fig. 2(c) shows that endothermic (positive) excess energies

(wa = 0.0–0.3 and partially for wa = 0.4) are calculated for

weighting set III, which may be explained by the fact that

xPdAu - xPd and APdAu - APd. Another important finding is

that the lowest excess energy (at wa = 1.0) for this set is

�7.1647 eV, which is considerably larger than the values of

Fig. 1 GM Structural motifs found for PdAu-34. Au and Pd atoms

are denoted by yellow and grey colours, respectively, here and in

subsequent figures.
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�1.3026 eV (set I) and �1.85515 eV (set II). Generally, we can

see that for Pd-rich compositions, Dh structures are the lowest

in energy, while for the Au-rich compositions Dh and pIh

structures compete, with pIh prevailing as wa - 1.0 and

TO are only the GM at wa = 0.7, for compositions (13,21)

and (9,25).

Observation of pIh structures as the GM for Au-rich

compositions in the range w = 0.5–0.8 in Fig. 2(a) (parameter

set I) and ws = 0.4–0.8 in Fig. 2(b) (parameter set II) shows

that the variation of structures for these parameter sets is

dominated by composition dependence. However, extremely

biased weighting shows no more pIh (for low w and ws) and

the occurrence of TO as GM (for high w and ws), indicating

that there is some dependence on parameterisation for these

weighting schemes. In contrast, parameterisation effects

clearly dominate composition effects in Fig. 2(c) (parameter

set III), in which pIh structures are predicted as putative GM

for a wider range of compositions at both low and high wa.

The differences between parameter set III (for wa = 0.5 and

0.7–0.9) and the parameters of the fitted (DFT-fit and exp-fit)

potentials are shown in Fig. 2(d). As noted above, wa = 0.5 is

the average potential that has previously been used in generating

cluster structures for Pd–Au clusters.11,24–26 The range of

wa = 0.7–0.9 is chosen due to the interesting results at this

weighting, having excess energies and structural motifs close to

the fitted potentials. From Table 1, the parameters of the

DFT-fit potential have the following characteristics which are

similar to those in set III (Table 2): ADFT-fit (0.1843)B Awa=0.7

(0.1841); and xDFT-fit (1.7867) B xwa=0.9 (1.7828). Parameter

set III with wa > 0.5 gives stronger Pd–Au bonding, as shown

by the more negative excess energies. These parameters corres-

pond to less repulsion (APdAu - APd) and more attraction

(xPdAu - xAu). This is because APd (0.1746) o AAu (0.2061)

and xPd (1.7180) o xAu (1.7900); and wa - 1.0 will reduce A

(repulsion) and increase x (attraction). On the other hand, the

exp-fit potential has A (0.2764) and x (2.082) parameters which

are out of the range of Pd and Au parameters, both being

greater than the corresponding Au parameters (A = 0.2096,

x = 1.8153).11

Comparing the excess energy plots in Fig. 2(d), it can be

seen that the DFT-fit potential curve lies between those of

parameter set III with wa = 0.7 and 0.8. For the exp-fit

potential, the plot overlaps with that for wa = 0.8, especially

for mid-range compositions. The excess energies of the GM

obtained for the exp-fit parameters are more negative than

those obtained for the average parameters but only slightly

more negative than for the DFT-fit potential, indicating that

Pd–Au mixing is preferred (at the empirical potential level) in

this size regime. This highly exothermic mixing is similar to the

energy curves obtained for 34-atom Pd–Pt clusters with para-

meters weighted toward the strongest (Pt–Pt) homonuclear

interactions.11,24

Fig. 2 (Bottom) Excess energy variation (DGupta
34 ) for 34-atom Pd–Au clusters using parameter sets I (a), II (b), and III (c). (d) is a comparison

between set III (wa = 0.5,0.7–0.9) and theDFT-fit and exp-fit potentials. (Top) GM Structural motifs found, as a function of composition (number

of Au atoms) and weighting factor (w, ws or wa): Dh (white); pIh (blue); TO (yellow).
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GM cluster structures for the DFT-fit potential are similar

to those for parameter set III for wa = 0.8 and 0.9, with

competition between Dh and pIh motifs. However, for the

exp-fit potential, the GM structures do not match with any

weighting (wa) for set III. As for wa = 0.7, a TO GM was

found, but at a completely different composition (23,11).

GM structural variation and segregation profiles. Fig. 3

shows the structures of the lowest energy PdAu-34 clusters

found for parameter sets I, II and III. The lowest energy

structure for set I (Fig. 3(a)) changes from Dh (w= 0.0–0.8) to

TO (w= 0.9) and pIh (w= 1.0). For set II (Fig. 3(b)), the GM

structures for all weighting factors are Dh, changing from

Marks-Dh (ws = 0.0–0.7) to mixed Dh-Ih (ws = 0.8–1.0). For

set III (Fig. 3(c)), all compositions show positive excess

energies for wa = 0.0–0.3, so the structures selected are

the compositions with the most positive excess energies.

These structures change from low-symmetry pIh [pIh(LS)]

(wa = 0.0–0.1), to Dh (wa = 0.2–0.5), mixed Dh-Ih

(wa = 0.6) and pIh (wa = 0.7–1.0).

Fig. 3(d) shows that the lowest energy structures for both

the DFT-fit and exp-fit potentials occur at composition

Pd16Au18, which is a similar composition to those found for

all minima for set III (wa = 0.7–1.0) with APdAu - APd–Pd and

xPdAu - xAu–Au. These structures are pIh with excess energies

of �3.8828 and �4.2045 eV, for the DFT-fit and exp-fit

potentials, respectively. Meanwhile, the minima for set III

potentials are �2.8464 (wa = 0.7), �4.2170 (wa = 0.8) and

�5.6482 eV (wa = 0.9), all with the same structure. Even

though all the minima belong to the same structural family,

there are slight differences, particularly for the exp-fit poten-

tial, where two square faces (for set III with wa = 0.8 and for

DFT-fit) expand to become a hexagonal plane and where only

12 (rather than 13) Au atoms lie on the surface. As reported

earlier, the structures derived from both fitted potentials tend

to maximize the number of Pd–Au bonds; hence, they tend to

form incomplete icosahedra or pIh.11

There are a number of experimental results10,42–44 and

theoretical calculations11,25,42,45,46 which indicate the prevalence

of PdcoreAushell ordering and are consistent with the lower heat

of formation, compared to inverse AucorePdshell and other

configurations.10 Core–shell segregation is also favoured by:

the lower surface energy of Au (Au = 96.8 meV Å�2 vs. Pd =

131 meV Å�2—forming a surface shell of atoms with the lower

surface energy lowers the overall cluster surface energy47,48);

the higher cohesive energy of Pd (Au = 3.81 eV/atom vs.

Pd= 3.89 eV/atom49—maximizing the number of stronger Pd–Pd

bonds) and the smaller atomic radius of Pd (Pd = 1.375 Å vs.

Au = 1.44 Å49—a Pd core minimizes bulk elastic strain).

In this work, calculations on 34-atom Pd–Au clusters

corroborated the prevalence of core–shell phase segregation

behaviour (Fig. 4). When there are a limited number of Au

atoms on the surface, three types of incomplete core–shell

configurations are observed: incomplete core–shell type-A

(i-CS(A)—having Au atoms occupying low-coordinate surface

sites); incomplete core–shell type-B (i-CS(B)—having a uniform

partial monolayer coverage of the surface); and incomplete

core–shell type-C (i-CS(C)—having an intermixed surface).

The Au atoms in the i-CS(A) and i-CS(C) configurations

occupy the surface sites with the lowest coordination (edge

and corner sites) of the Dh, leaving isolated Pd atoms on the

higher-coordination surface sites. This segregation is also

adopted in AgCu-34 clusters, where Ag atoms occupy the

low coordination surface sites.49

In addition to core–shell configurations, varying the

potential parameters can result in low (spherical cap (layered)

Fig. 3 Structural variation of the lowest excess energy PdAu-34 isomers found for parameter sets I (a), II (b), III (c), and the DFT-fit and exp-fit

potentials (d).
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configurations) to high (mixed configurations) degrees of inter-

mixing, especially for parameter set III. Au-rich compositions

with parameter sets I, II and III (mid to high wa) possess

complete core–shell configurations at NAu = 29/30 (for Dh),

but at low wa (0.0–0.2) the GM with the same compositions

adopt ‘‘ball-and-cup’’ segregation. Compared to core–shell,

the ball-and-cup configurations have several exposed Pd

atoms and a preponderance of surface Au atoms on one side,

making the ‘‘core’’ of Pd atoms off-centre, corresponding to an

intermediate segregation between core–shell and spherical cap.

This configuration was previously reported for PdPt-34 by

Paz-Borbón et al.24

In contrast to Pd–Pt systems,24 no evidence of complex

crossover between chemical ordering types was detected

especially in the medium composition range for parameter

set I (Fig. 4(a)). A possible explanation for this might be the

small difference between the A and x values of Pd–Pd and

Au–Au (Table 1), leading to dominant i-CS(A) and i-CS(C)

segregation over the entire weighting and composition range.

It is possible to hypothesise that the Pd–Pt situation is more

likely to occur for the systems Ag–Au, Ag–Pt and Au–Cu,

which all have more widely differing elemental potential

parameters.12,50 While parameter set II (Fig. 4(b)) also showed

a prevalence of i-CS(A) and i-CS(C) configurations, at

ws = 0.0 the GM structures have i-CS(B) configurations for

mid-range compositions. Consistent with the variation of

structures, the variation in segregation type for parameter sets

I and II is dominated by the composition dependendence,

while potential parameter effects are dominant for parameter

set III (Fig. 4(c)), which exhibits a wider range of segregation

types, with the most stable configuration (M) changing from

spherical cap (wa = 0.0–0.1), to i-CS(A) (wa = 0.2–0.7) and

mixed (wa = 0.8–1.0).

3.2 38-Atom palladium–gold clusters

GA calculations for 38-atom clusters very often present trun-

cated octahedra (TO) as the preferred structure.25 In a previous

study of 38-atom Pd–Au clusters, TO structures were found to

be the GM for all compositions when using the average

potential, and to predominate for the DFT-fit and exp-fit

potentials.11 TO structures of Pd–Au typically have Au atoms

segregated to the surface and Pd atoms occupying core posi-

tions, though the DFT-fit and exp-fit potentials give rise to

more surface Pd–Au mixing than the average potential.

In this study, the TO structure is again found to predominate

for parameter sets I–III. However, by varying the parameters

of the Gupta potential, other structures are found to be

competitive; incomplete Mackay-icosahedra (inc- Ih-Mackay),

decahedra (Dh), low symmetry-polyicosahedra (pIh(LS)), six-

fold symmetric polyicosahedra (pIh6)41 and mixed octahedra–

icosahedra (Oh–Ih)25 (see Fig. 5).

Energetics and structural motifs. Fig. 6 shows the variation

of the Gupta excess energy DGupta
38 as a function of composition

and weighting factor for parameter sets I–III. Fig. 6(a) shows

that, except for w = 0.0 at compositions (2,36) and (1,37), all

the other GM for parameter set I exhibit Pd–Au mixing. A

similarity between the excess energy profiles of 34- and 38-

atom clusters for parameter set I is the occurrence of crossings

of the excess energy curves (for different weighting factors)

from mid-range to Pd-rich compositions. All GM in the range

w = 0.0 to 0.8 are TO, with inc-Ih-Mackay only competitive

for Pd-biased weighted parameters in the composition range

(10,28) to (5,33).

Several straight line regions are evident from the plotted

excess energies that were not found for the 34-atom clusters.

The first straight line region is from the pure-Pd composition

(38,0) to composition (26,12), after which more gradual

changes of excess energy correspond to the formation of new

Au–Au bonds on the surface of the cluster, as shown in

Fig. 7(a) (substitution of 1–12 Au atoms into Pd38 for wa =

0.0–0.2 only introduces heteronuclear Pd–Au interactions).

The next straight line region commences at composition

(14,24) (Fig. 7(b)), after which point Au atoms start to occupy

the centroids of the (111) facets on the cluster surfaces. The

transition from 12 to 13 Au atoms and from 24 to 25 Au

atoms specifically shows how Au prefers (100) sites, leaving

Pd on (111) facets, consistent with the findings of DFT

Fig. 4 Segregation profiles of PdAu-34 using parameter sets I (a),

II (b), and III (c).

Fig. 5 GM structural motifs found for PdAu-38.
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calculations.51 This behaviour, also observed for Au55, Au98,

Au79, and Au92, is promoted because of the stronger Pd–Au

bond compared to either Au–Au or Pd–Pd bonds.52 Sub-

sequent transitions with large jumps of energy for compo-

sitions (6–32) to (5,33), correspond to Au atoms starting

to occupy the inner cluster core, as shown in Fig. 7(c). For

w = 0.6–1.0, an almost identical transition occurs as a result

of the structure changing from a pIh with 7 interior Pd atoms

into a TO with 6 interior Pd atoms (Fig. 7(d)).

Using parameter set II (Fig. 6(b)), the excess energy plot

shows no crossings for different weighting factors but the

structural motifs are almost the same as for set I. The same

straight lines and transition-points are also observed.

For parameter set III (Fig. 6(c)), Pd–Au mixing is not

favourable (the excess energy is positive) for wa = 0.0–0.3

and also for Pd-rich (NAu = 1–12) clusters at wa = 0.4.

Straight line regions can again be seen, with transitions at

compositions (26,12) (for wa = 0.6–0.8) and (14,24) (for wa =

0.6–0.7), which are correlated with the introduction of new

Au–Au bonds on the surface and the establishment of com-

plete 7 Au-atom hexagonal (111) faces of the clusters, respec-

tively, and are also observed for parameter sets I and II. The

most stable cluster for parameter set III at wa = 1.0

(Pd18Au20) has an excess energy of �8.1008 eV, which is much

lower than for set I (�1.7552 eV for Pd7Au31) and set II

(�2.3922 eV for Pd14Au24). The more negative excess energies

for 38-atom Pd–Au clusters, using parameter set III, are

consistent with the results for the 34-atom clusters, and

indicates an increase in the proportion of heteronuclear Pd–Au

bonds in the cluster, which is favoured by the asymmetric

weighting.

Overall, TO were found to be the most stable structures for

set III, except for low wa (0.0–0.1), where Dh structures

dominate. For larger wa (0.6–1.0), inc-Ih-Mackay is a compe-

titive structure, especially in the Au-rich range from (9,29) to

(5,33). Other structures that might be competitive for Pd–Au

clusters are pIh6 (wa = 1.0,(6,32)), pIh(LS) and the new

structures of Oh–Ih (wa = 1.0, (16,22) and (15,23)) that were

Fig. 6 (Bottom) Excess energy variation (DGupta
38 ) for 38-atom Pd–Au clusters using parameter sets I (a), II (b), and III (c). (d) is a comparison

between set III (wa = 0.5,0.7–0.9) and theDFT-fit and exp-fit potentials. (Top) GM Structural motifs found, as a function of composition (number

of Au atoms) and weighting factor (w, ws or wa): TO (white); inc-Ih-Mackay (purple); Dh (yellow); pIh[LS] (blue); Oh–Ih (green);

pIh6 (cyan).

Fig. 7 Configurational changes in PdAu-38 using parameter set I:

(a) 12Au to 13Au; (b) 24Au to 25Au; (c) 32Au to 33Au; and

(d) structural change from 31Au to 32Au.
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not found previously for the average Gupta potential.11,25 For

wa = 0.8–1.0, the minima in excess energy occur at (18,20),

after which there is a sudden increase of energy that can be

explained by adding a single Au atom to the unfavourable core

of the TO cluster.

Similar to the results for the 34-atom clusters, the variation

of structures in the 38-atom Pd–Au clusters for parameter set I

(Fig. 6(a)) and parameter set II (Fig. 6(b)) is mainly affected by

the composition effect, in which the inc-Ih-Mackay structure is

found as the putative GM for Au-rich compositions for

weightings biased towards Pd (high w and ws). Moving to

parameter set III (Fig. 6(c)), the composition effect still plays a

role in intermediate parameterisation (close to the average),

but the emergence of Dh and pIh[LS] structures (at low wa)

and Oh–Ih and pIh6 structures (at high wa) clearly shows the

large effect of varying the parameter weighting for set III.

For the DFT-fit potential, the excess energy plot for

38-atom Pd–Au clusters is consistent with that for 34 atoms;

it is located between wa = 0.7 and 0.8 of parameter set III

(Fig. 6(d)). The structural motifs are also in line with this

trend, showing the same GM for all compositions. On the

other hand, the exp-fit excess energy plot dips down below

wa = 0.8 and at some points (for very rich Au compositions)

the GM of this potential are more stable than the extreme

parameters of set III (wa = 0.9–1.0). In terms of structural

motifs, as for the 34-atom clusters, the exp-fit potential gives a

totally different composition variation compared to the GM

of set III. Along with the dominant TO, other structures

from the exp-fit potential calculations are Dh [(4,34) to

(1,37)], inc-Ih-Mackay [(13,25) and (12,26)] and Oh–Ih

[(30,8)]; with the latter structure also found at wa = 1.0 for

set III.

GM structural variation and segregation profiles. Fig. 8(a)

shows TO (w = 0.0–0.8) and inc-pIh-Mackay (w = 0.9–1.0)

structures have the most negative excess energies for para-

meter set I. However, if just A and x are varied in a symmetrical

manner (set II) (Fig. 8(b)) then the lowest excess energies only

correspond to TO, either with composition (6,32) (ws = 0.0–0.3)

or (14,24) (ws = 0.4–1.0). Parameter set III (Fig. 8(c)) has a

pIh(LS) structure as the lowest excess energy for wa = 0.0,

followed by a range of TO structures with different composi-

tions for wa = 0.1–0.7, and the most negative excess energies

of all are distorted-TO (towards Oh–Ih) for wa = 0.8–1.0.

Similar to parameter set III (wa = 0.8 and 0.9), the lowest

excess energy structures for the DFT-fit and exp-fit potentials

have composition (18,20) with structures which are TO distorted

towards Oh–Ih, as shown in Fig. 8(d). It should be noted that

mixed Oh–Ih motifs can only be found at very Pd-rich composi-

tions, i.e. (30,8) for the exp-fit potential, and also for set III

(with wa = 1.0) at compositions (16,22) and (15,23). For

medium compositions, it shows a similar type of structure (TO

distorted towards Oh–Ih) with core–shell chemical ordering.

Compared to 34-atom clusters,26 38-atom Pd–Au clusters do

not exhibit a rich diversity of structures and segregation, but this

size produces stable TO structures—which is a fragment of fcc

packing—as in the bulk phases of pure palladium and gold.5,7

The segregation profiles in Fig. 9 agree with our earlier

observations, showing a tendency towards TO structures

having Au atoms segregated to the surface and Pd atoms

occupying core positions.25 All the minimum excess energy

isomers (M) (for all weighting factors) for parameter sets I

(Fig. 9(a)) and II (Fig. 9(b)) display i-CS(C) chemical ordering,

with all Au atoms on the surface. This is in agreement with

experimental11,42 and other theoretical studies.45 In addition

to a wide range (in composition and weighting) of stability of

the i-CS(A) configuration, i-CS(C) emerges as a favourable

configuration for Pd-rich clusters for parameter sets I (low w)

and II (high ws). Compared to the 34-atom clusters, 38-atom

PdAu clusters with TO geometries show stronger evidence of

the tendency of Au atoms to occupy the sites with the lowest

coordination—i.e. the square (100) facet sites—leaving Pd

atoms at the centres of the hexagonal (111) facets. The ionic

contribution to the Pd–Au bonding plays a role in promoting

a large number of Pd–Au bonds on the surface compared

to Pd–Pd and Au–Au bonds,25,51,52 resulting in a strong

dominance of i-CS(A) configurations for parameter set I and II.

The strength of the slightly ionic Pd–Au bond is increased by

electron transfer from the Pd atom to the region between Au

and Pd, which is due to the slightly larger Pauling electro-

negativity of Au (2.54) than that of Pd (2.20).53 The i-CS(A)

and i-CS(C) configurations were observed previously with the

average parameter set for 38-atom PdcoreAushell clusters,
25 as

well as for NicoreAgshell,
49 AucoreAgshell and PtcorePdshell

54

clusters, and agrees with the observation of isolated Pd surface

sites surrounded by Au atoms in several experimental

studies.55–58

As for the 34-atom Pd–Au clusters, ws = 0.0 is found

to generate GM with i-CS(B) configurations. Interestingly,

38-atom Pd–Au clusters exhibit this type of segregation over

a wider composition range, and also for ws = 0.1, with a

type-B—type-A transition at ws = 0.1.

In contrast to parameter sets I and II, chemical ordering of

minimum excess energy structures (M) for parameter set III

(Fig. 9(c)) varies from spherical cap (wa = 0.0) to ball-and-

cup (wa = 0.1), i-CS(B) (wa = 0.2–0.3), complete core–shell

(wa = 0.4) and i-CS(A) (wa = 0.5–1.0). Mixed clusters (with

1–4 Au atoms in the core), which are favoured over a wide

range of compositions for wa = 0.8–1.0, do not have the

lowest excess energies. Again, the crossover of chemical order-

ing for parameter set III indicates the dominance of para-

meterisation over composition effects (with composition

dominating for parameter sets I and II).

Comparison of GM and metastable structured motifs. In

this paper, we mainly focus on the putative GM, as it

would involve a very long discussion to include (even some

of the) local minimum structures for all compositions of

two cluster sizes (34 and 38 atoms) and for three parameteri-

sation schemes (parameter sets I, II and II). However, a

brief consideration of metastable structures is presented

here.

A detailed study for all compositions of 38-atom Pd–Au

clusters, using the average potential (w = wa = ws = 0.5)

(Fig. 10), shows that there is close competition between Dh,

inc-Ih-Mackay and TO structures across the entire composi-

tion range, with pIh6 being relatively unstable. TO are the

putative GM found by the GA for all compositions.
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GA calculations for the fixed composition Pd6Au32, as a

function of the weightings w, for parameter set I (Fig. 11(a))

give the TO as the GM for all weightings except w = 0.9 and

1.0, for which the inc-Ih-Mackay structure is more stable.

Parameter set II (Fig. 11(b)) gives inc-Ih-Mackay as the GM

only for ws = 1.0. However, for parameter set III (Fig. 11(c)),

the GM predicted varies significantly with weighting: Dh (with

ball-and-cup segregation) (wa = 0.0–0.1); TO (wa = 0.2–0.6);

inc-Ih-Mackay (wa = 0.7–0.9); and pIh6 (wa = 1.0). This shows

the sensitivity of the Gupta potential to varying the potential

parameters, especially for parameter set III.

3.3 Analysis of segregation in Pd–Au clusters

Pair distribution function (PDF). Based on the bulk fcc

lattice, the nearest- and second-nearest neighbour distances

are 2.7485 and 3.8479 Å for Pd and 2.8840 and 4.037 Å for Au,

respectively. By examining each of the PDF plots, it was

decided to select the values of 3.3 Å (Pd–Pd), 3.5 Å (Au–Au)

and 3.4 Å (Pd–Au), as the cut-off for defining each respective

type of bond. This is consistent with the bulk data (rPd–Pd o
rPd–Au o rAu–Au) and the bulk distances mentioned above.

PDFs for 34-atom clusters are more complex than for the

38-atom clusters for all parameter sets, due to the greater bond

length distribution variation of the structural families.

Fig. 9 Segregation profiles of PdAu-38 using parameter sets I (a),

II (b), and III (c).

Fig. 10 Composition-dependent variation of the excess energies of

four structural motifs of 38-atom Pd–Au clusters using the average

potential (w = 0.5).

Fig. 8 Structural variation of the lowest excess energy PdAu-38 isomers found for parameter sets I (a), II (b), III (c), and the DFT-fit and exp-fit

potentials (d).
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Average nearest neighbour distance (ANND). Calculations

on the GM derived from the GA search give ANNDs of pure

Pd clusters of 2.6760 Å (34-atoms) and 2.6696 Å (38-atoms),

while pure Au clusters display smaller values of 2.7932 Å

(34-atoms) and 2.7886 Å (38-atoms). Consistent with previous

research on Pd–Au clusters using the average potential

(w = 0.5 in this work), there is a steady increase in ANND

with increasing Au content, due to the larger atomic radius of

Au, in accordance with Vegard’s law. Sudden changes in

ANND are consistent with a change of structural motif.11

Due to the relatively small difference in the Gupta potential

parameters between Pd and Au,12 it is expected that ANND

data for bimetallic clusters combining the two, would result

in a straightforward pattern. However, moving from Au-

biased parameters (w = wa = 0.0) to Pd-biased parameters

(w = wa = 1.0) (Fig. 12(a), (b), (d) and (e)), there is a slight

deviation of the curve, with a large plateau at Pd-rich compo-

sitions. This slow movement means that the ANND remains

low (close to bulk Pd), in line with shifting towards Pd-biased

Gupta parameters. The antisymmetric weighting potential for

PdAu-34 (Fig. 12(c)) shows more fluctuation, in agreement

with the heterogeneous pIh structures, compared to continual

TO structures of PdAu-38 (Fig. 12(f)). The ANNDs for

parameter set III, with high values of wa, exhibit a high degree

of Pd–Au mixing, similar to the DFT-fit and exp-fit potentials

reported earlier with jagged behaviour of ANNDs.11

Chemical order. An earlier study of 38-atom Pd–Au clusters

using the averageGupta parameters (w= 0.5) showed that the

chemical order parameter, s, has positive values for all

compositions, with minima (s= 0) at Pd15Au23 and Pd14Au24.
11

These positive s values correspond to core–shell segregation.

For PdAu-34 clusters, the lowest s value occurs at Pd14Au20,

and is more positive than for PdAu-38, with all compositions

again having positive s values, corresponding to core–shell

segregation.

Using parameter set I, PdAu-34 (Fig. 13(a)) does not

show significant differences compared to the average potential

(w = 0.5). In contrast, 38-atom Pd–Au clusters (Fig. 13(d))

exhibit better mixing at w = 0.6–1.0, specifically for medium

compositions. Parameter set II shows some increase in mixing

for PdAu-34 (Fig. 13(b)), but is consistent with set I for

PdAu-38 (Fig. 13(e)). Interestingly, parameter set III reveals

considerable deviations from the average potential results.

PdAu-34 clusters (Fig. 13(c)) possess s values close to zero

(wa = 0.6) and negative values (wa = 0.7–1.0), indicating a

higher degree of mixing. For PdAu-38 clusters (Fig. 13(f))

negative s values are only found over a wide composition

range for wa = 0.8–1.0. This is consistent with previous

calculations on 38-atom Pd–Au clusters using the DFT-fit

and exp-fit potentials. Consistent with other analyses, para-

meter set III displays the largest variation from the average

potential curve (w = ws = wa = 0.5). Biasing the parameters

towards higher wa (>0.5) leads to increased Pd–Au mixing, as

shown by the increased number of Pd–Au bonds relative to

homonuclear bonds, and hence the more negative values of s.
At wa = 1.0, the tendency to form mixed bonds distorts the

clusters towards an ordered mixing arrangement. For PdAu-34

a distorted bcc/Dh structure is adopted at composition

Fig. 11 Parameter weighting-dependent variation of the excess

energies of four structural motifs of Pd6Au32 using parameter sets

I (a), II (b) and III (c).

Fig. 12 ANND variation for PdAu-34 using parameter sets I (a),

II (b), and III (c) and for PdAu-38 using sets I (d), II (e), and III (f).
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(17,17), while for PdAu-38 the Oh–Ih motif is found as the

GM at (16,22) and (15,23), rather than the TO structure.

4. Conclusions

A detailed discussion of the energetics, structures and segrega-

tion of Pd–Au nanoalloy clusters has been presented, for

34- and 38-atom Pd–Au clusters, using three types of hetero-

nuclear potential parameterisation. Parameter set I (in which

all parameters in the Gupta potential are weighted symmetrically)

and parameter set II (where only the energy-scaling para-

meters A and x are varied, with the remaining parameters

kept at their average values) give very slight variation in

structures, with the ordering being dominated by changes in

elemental composition. However a clear dependence of struc-

ture on parameter weighting is observed for parameter set III

(antisymmetric variation of A and x).
The in-depth structural analysis of 34-atom clusters showed

Dh, pIh and TO structural motifs as the putative global

minima, while the TO structure faces competition from

inc-Ih-Mackay, Dh, pIh(LS), pIh6 and Oh–Ih for 38-atom

clusters. Generally, the new Oh–Ih configuration (wa = 1.0,

(16,22) and (15,23)) was not found as a GM for the average

Gupta potential, but it has been found as the lowest-energy

isomer for Ag–Pt clusters at the DFT level.25 These results

show that, by finely tuning the Gupta potential, it is possible

to qualitatively reproduce the results observed at higher levels

of theory.

The significant crossover of chemical ordering type

(core–shell, spherical cap, ball-and-cup and mixed) observed

for parameter set III also indicates that parameter weighting

dominates composition effects for this parameter set. Chemical

ordering of the GM are consistent with the ANND and sigma

(s) profiles, in which parameter set III displays an evolution of

structural families towards an ordered mixing arrangement

(the distorted bcc/Dh structure for PdAu-34 and Oh–Ih for

PdAu-38) for higher wa values (>0.5).

Comparing the results from parameter set III and the fitted

(DFT-fit and exp-fit) potentials generated some interesting

conclusions. Parameter set III with wa > 0.5 gave stronger

Pd–Au bonding, as shown by the more negative excess or

mixing energies for both cluster systems. This weighting

scheme results in less Pd–Au repulsion (APdAu - APd) and

more Pd–Au attraction (xPdAu - xAu) in the clusters. This is

because APd (0.1746) o AAu (0.2061) and xPd (1.7180) o xAu

(1.7900); so that as wa - 1.0 the A parameter (repulsion)

is reduced and the x parameter (attraction) increases. The

DFT-fit potential gives more comparable results to those of

parameter set III. The DFT-fit potential has the following

characteristics which are similar to those in the antisymmetric

(set III) weighted Gupta potential: ADFT-fit (0.1843)B Awa
= 0.7

(0.1841) and xDFT-fit (1.7867) B xwa
= 0.9 (1.7828).

These correlations are consistent with the overall results for

34- and 38-atom PdAu clusters, that show the DFT-fit poten-

tial giving similar results of excess energies and lowest energy

structures and homotops to those for wa = 0.8. The exp-fit

potential also gives similar excess energies to the results for

wa = 0.8, though the shape of the curve is a little different—

but the structures and homotops are often quite different to the

results from parameter set III. This is not surprising, since, as

noted previously,11 the exp-fit parameters are qualitatively very

different. In particular we note that for the exp-fit potential:

APdAu > APdPd and AAuAu; xPdAu > xPdPd and xAuAu.

We have shown, therefore, that a simple asymmetrical

weighting (parameter set III) of the Pd–Au pair (A) and

many-body (x) energy scaling parameters in the Gupta poten-

tial can qualitatively reproduce the energetic, structures and

chemical ordering of the DFT-fit potential. As the next step in

this research, we will select new, low-energy structures and

homotops arising from set III that were not found in previous

Fig. 13 Chemical order parameter (s) for PdAu-34 using parameter sets I (a), II (b), and III (c) and for PdAu-38 using sets I (d), II (e), and III (f).
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work11 and we will carry out DFT re-minimisations in order to

evaluate how they compare with those obtained previously.

Finally, since it is known that the Gupta potential typically

underestimates bulk surface energies,3 in future work, we will

also address the effect of modifying the potential, so as to

reproduce Pd, Au and Pd–Au surface energies accurately, on

the structures and chemical ordering of Pd–Au clusters.
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