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The crossovers among the most abundant structural motifs (icosahedron, decahedron and truncated octahedron) of Pd-Au nanoal-

loys are determined theoretically on a size range between 2 and 7 nm and for three compositions equivalent to Pd3Au, PdAu and

PdAu3. The chemical ordering and segregation optimisation are performed with Monte Carlo simulations using semi-empirical

tight-binding potentials fitted to ab initio calculations. The chemical configurations are then quenched by molecular dynamical

simulations in order to compare their energy and characterize the equilibrium structure as a function of the cluster size. For the

smaller sizes (around 300 atoms and less) the structures are also optimized at the electronic level within ab initio calculations

in order to validate the semi-empirical potential. The predictions of the crossover sizes for the nanoalloys cannot be simply

extrapolated from the crossover of the pure nanoparticles but implies stress release phenomena related to the size misfit between

the two metals. Indeed, alloying extends the range of stability of the icosahedron beyond the one of the pure systems and the en-

ergy difference between decahedra and truncated octahedra becomes asymptotic around the sizes of 5-6 nm. Nevertheless, such

equilibrium results should be modulated regarding kinetics considerations or possible gas adsorption in experimental conditions.

1 Introduction

Since the discovery of the catalytic activity of gold nanoparti-

cles supported on oxyde surfaces1, Au-based alloys nanopar-

ticles became attractive in order to elucidate the origin of the

reactivity of gold2. Pd-Au catalysts have been shown to be

very efficient for various reactions3–6 and in particular in the

CO oxidation7,8. The understanding of the reactive mecha-

nism requires to control the composition, structure and chem-

ical ordering at the surface. Moreover, many experimental

studies have shown that gas adsorption-induced surface segre-

gation occurs at the Pd-Au surface4–7,9 during catalytic reac-

tions, which is in good agreement with theoretical predictions

on surfaces10–12 or small clusters13,14. Moreover, in the case

of CO oxidation, it has been shown experimentally that the

higher performance of the Pd-Au catalysts was reached under

high CO pressure8 thanks to the Pd surface segregation and

the formation of Pd-dimers or chains which are necessary for

the O2 dissociation, whereas remaining gold atoms enable CO
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adsorption and desorption.

Within the hypothesis of vacuum condition, another ques-

tion which has not been addressed up to now concerns the

equilibrium structure and morphology of Pd-Au nanoparticles

on a large range of size. Such question has been answered

on quite small Pd-Au nanoalloys (less than 100 atoms)15,16

with various symmetries or on pure clusters on a large range

of size17,18, determining the crossover among structural mo-

tifs with high symmetry. Other studies focused on thermody-

namical study of the equilibrium ordering of Pd-Au nanoal-

loys19,20, but much less on the characterization of the most

stable structure and morphology as a function of cluster size,

up to many nanometers in size to be compared to most of

the experimental results. Following a first study on the CoPt

nanoalloys system21 where the TOh motifs was theoretically

stabilized from 2-3 nm and above, we will study the crossover

sizes among the most probable motifs for three compositions

of the Pd-Au alloys: Pd3Au, PdAu and PdAu3. The results

differ from the Co-Pt system and cannot be simply deduced

from the equilibrium shape of the pure nanoparticles.

This paper is composed of five sections: starting with the

present introduction, we then present the model and simula-

tion methods, and a comparison between the SMA and DFT

calculations for the smallest sizes (less than 300 atoms). In the

third section, the crossovers among the different motifs are il-

lustrated. The fourth section displays isotherms on each motif

in order to detail the atomic structure and chemical configu-

ration and to analyse the crossover in terms of stress release.

The conclusions are resumed in the fifth section.
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2 Model and simulation methods

We performed Monte Carlo and quenched molecular dynam-

ics simulations using a tight binding semi-empirical potential

within the second moment approximation of the density of

states (SMA potential). This many-body potential has been fit-

ted to ab initio calculations within the density functional the-

ory (DFT). Some of the smaller sizes of clusters (less than 300

atoms) have been also calculated within the DFT starting from

the configuration optimized by Monte Carlo and quenched

molecular dynamics simulations using the SMA potential.

The SMA potential is a semi-empirical method, fitted to

bulk properties, which is able to give qualitative results on the

crossover sizes among different structural motifs on a large

size range. The method cannot predict the exact crossover size

with precision but gives a reliable estimation of the sequence

and the range of sizes of the transitions. For the smaller sizes

where the potential is the less reliable, we used DFT calcula-

tions to check the SMA results.

2.1 DFT calculations

The DFT calculations are performed using the Vienna Ab ini-

tio Simulation Package (VASP) code and the projector aug-

mented wave (PAW)22,23 interaction potential between the

electrons and the ions. The exchange and correlation func-

tional are either the local-density approximation (LDA)24 or

the generalized gradient approximation (GGA)25. The Bril-

louin zone integration is performed with the Monkhorst-Pack

scheme with k-point mesh comprising 12 subdivisions along

each reciprocal lattice vector. The convergence criterion for

the electronic self-consistent cycle is fixed to 10−6 eV and

the geometry optimization is performed within the conjugate-

gradiant algorithm until the convergence of the force is less

than 10−2 eVÅ−1.

The values of the lattice parameters, the cohesive energies

and the surface energies have been calculated for the two met-

als (Table 1). The lattice parameters and the surface energies

are better reproduced by the LDA functional as compared to

the experimental values so that we chose the LDA results to

fit the SMA potential.26 For the alloys, the permutation of

one impurity in each metal and the dissolution enthalpies have

been calculated in the two diluted limits26 (Table 2). The dis-

symmetry between the two limits is in good agreement with

the one observed within DFT-GGA calculations27 and experi-

mental values.28 The calculated dissolution enthalpy are lower

than the experimental one but they correspond to the disor-

dered alloy whereas it is not clear if the experimental mixing

enthalpy at 300 K corresponds to the ordered or disordered

state because the experimental critical temperatures are not

well defined in that system.28

For the calculations on small clusters (section 2.4), the

Table 1 Lattice parameter, cohesive energy and surface energies of

Pd and Au. The experimental values are taken from Kittel,

Introduction to solid state physics, 8th ed., Wiley, New-York (2005)

for lattice parameters (p. 20) and cohesive energy (p. 50), and De

Boer et al., Cohesion in metals, North-Holland, Amsterdam (1988)

p. 662, for surface energies.

metal a (Å) Ecoh(eV/at.) γ(100) (eV/at.) γ(111) (eV/at.)

Pd (LDA) 3.85 -4.98 0.95 0.74

Au (LDA) 4.08 -4.24 0.65 0.50

Pd (GGA) 3.96 -3.71 0.76 0.59

Au (GGA) 4.18 -3.04 0.48 0.31

Pd (exp.) 3.89 -3.94 0.94 -

Au (exp.) 4.08 -3.81 0.78 -

Table 2 DFT-LDA permutation and dissolution enthalpies from

Creuze et al. 26 compared to the experimental values in the two

diluted limits of the mixing enthalpies at 300 K. 28

(eV/at.) Pd(Au) Au(Pd)

∆H perm 0.63 -0.10

∆Hdissol -0.11 -0.26

∆Hdissol (exp.) -0.20 -0.38

Gamma point was used in the Brillouin-zone integration for

all considered clusters and a cubic cell with the side of 3 nm

was chosen to provide enough spacing between metal clusters

in the neighboring repeated cells.

2.2 SMA potential

This potential derives from the tight binding model in the so-

called second moment approximation (SMA)29 where the at-

tractive term reproduces the second moment of the density of

state of the metal inducing a square root dependence with the

neighboring atoms whereas the repulsive term is a pairwise

Born Mayer potential. The potential energy at site i for an

atom of type a is then written as follows:

Ea
i =−

√

√

√

√ ∑
j,ri j<rc

ab

ξ 2
abe

−2qab(
ri j

r0
ab

−1)
+ ∑

j,ri j<rc
ab

Aabe
−pab(

ri j

r0
ab

−1)

(1)

where ri j is the distance between the atom at site i and their

neighbors at site j, rc
ab is the cut-off distance and r0

ab is the first

neighbor distance depending on the nature of the atoms, and

pab, qab, Aab, ξab are four parameters (listed in Table 4) which

are fitted to the DFT values (Table 1) of the cohesive energies,

lattice parameters and elastic constants for the pure metals,

and to the mixing energies in the diluted limits (Table 2). It is

well known that the SMA potential underestimates the surface

energies but not homogeneously. As a consequence, other pa-

Page 2 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



rameterizations15 lead to underestimate the difference of the

surface energies of the two elements, whereas such quantity

is a driving force for surface segregation30, and particularly

in this system26. Therefore in this study, the parameters of

the pure elements have been fitted to reproduce the differ-

ence of the surface energies of the two elements as obtained

by DFT calculations (cf. Table 1 and Table 3).31 Finally, a

cut-off after the fourth neighbors distance rc
ab is introduced

which depends on the metal for the homoatomic interactions

and we take the larger one for the heteroatomic interactions:

rc
ab = max{rc

aa,r
c
bb}.

Table 3 SMA potential values of the surface energies of Pd and Au

metal γ(100) (eV/at.) γ(111) (eV/at.)

Pd 0.65 0.51

Au 0.35 0.26

Table 4 Parameters of the Pd-Au SMA potential

a−b pab qab Aab ξab

Pd-Pd 11.75280 2.87486 0.14352 1.88570

Au-Au 10.71890 4.09805 0.22043 1.97573

Pd-Au 11.23585 3.48645 0.21410 2.08060

This potential leads to mixing enthalpies of the ordered

phases in good agreement with the experimental values at

room temperature (see Table 5). However, as mentioned pre-

viously, we are not sure that these experimental mixing en-

thalpies at 300 K28 correspond to the ordered phases in the ex-

periments. A more detailed comparison between LDA, GGA

and experimental results will be given in an upcoming study.

Table 5 Mixing enthalpies (in meV/at.) calculated with the Pd-Au

SMA potential in the ordered phases (DO22 for Pd3Au and PdAu3,

and A2B2 for the PdAu) and compared with the experimental ones28

Pd3Au PdAu PdAu3

SMA -45 -79 -66

Exp. -50 -80 -75

2.3 Numerical simulations

We proceed with two types of simulations to get the com-

parison between the different motifs in Pd-Au nanoalloys.

First, using Monte Carlo simulations in semi-grand canoni-

cal (S-GCMC) or canonical (CMC) ensemble, we optimize

the chemical configuration on different motifs of high sym-

metry for the clusters: icosahedron (Ih), decahedron (Dh) or

truncated octahedron (TOh). Starting from these structures

with well defined symmetries17, we propose random atomic

exchanges (within CMC) or permutations (within S-GCMC)

and small random atomic displacements around each atom. In

the S-GCMC the difference between the two chemical poten-

tial remains constant and the concentration evolves toward the

equilibrium concentration, whereas in the CMC, the concen-

tration remains constant. In both simulations, the pressure, the

temperature and the total number of atoms are constant. The

Metropolis sampling insures to reach a Boltzmann distribution

of the chemical configuration at equilibrium and finite temper-

ature. At low temperature and concerning the atomic positions

relaxation, the Metropolis algorithm is less efficient so we use

quenched molecular dynamics to get the ground state at 0K.

2.4 Comparison between the DFT and SMA results for

the smaller sizes (less than 300 atoms)

Because the SMA potential has been fitted to bulk properties,

it is not so much reliable to determine the energy of very small

clusters with a molecular state. So in that subsection we would

like to compare the energies of these small systems (less than

300 atoms) calculated within the SMA potential, with the en-

ergies obtained with DFT calculations. Starting from the equi-

librium configurations as obtained by the CMC optimization

with the SMA potential, the ions positions have been further

optimized within the DFT-LDA and -GGA calculations. The

results are shown in the figure 1 for the pure clusters and in

the figure 2 for the nanoalloys of composition 3/4-1/4. Instead

of plotting the average energy per atom, we plotted the ener-

getic quantity usually considered in the comparison of pure

nanoclusters of different size17 and which can be extended to

nanoalloys in such way32 :

∆ = (EN −NAuEAu
coh −NPdEPd

coh)/N2/3

where EN is the total energy of the system of N atoms to which

we substract the cohesive energy Ea
coh of the Na atoms of the

metal a in order to determine an excess energy with respect to

the bulk of the pure elements, divided by N2/3 which roughly

scales as the number of surface atoms. Such quantity is rel-

evant in what concerns the pure systems where it emphasises

the difference in surface energy and excess core energy of the

different structures, but it is not the case for the nanoalloys

where the mixing energy equal to the excess energy between

the alloy with respect to the pure elements in their bulk is

strongly attenuated when divided by N2/3. However in this

section we only pay attention to the comparison between the

DFT and the SMA results. Concerning the crossover size we

will use an other criterion detailed in the next section.

We first notice on Fig. 1 and Fig. 2 that the LDA and GGA

are very similar except in the absolute value of ∆ which is less

important. Then we notice that the SMA potential gives good

qualitative ordering stability between the different structures

for gold systems (Fig. 1) and rich-gold nanoalloys (PdAu3 in
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Fig. 1 Energy at 0K of the different motifs: Ih, Dh and TOh

monometallic Pd and Au clusters calculated by DFT-LDA and

-GGA, and with the SMA potential

Fig. 2). For Pd clusters, the SMA potential stabilizes the Ih at

small sizes, whereas DFT stabilizes the TOh structure. In the

SMA potential, the TOh and the Dh are degenerated. How-

ever, looking at larger sizes, the SMA potential finally stabi-

lizes the Dh structure (Fig 3). For the Pd-rich nanoalloys, the

difference between the two models are less important since the

DFT calculations also favor the Ih of 55 and 147 atoms, as the

SMA potential. The TOh201 Pd3Au nanoalloy in DFT is also

more stable than in SMA potential.
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Fig. 2 The same as Fig. 1 for the nanoalloys of composition Pd3Au

and PdAu3

As a conclusion, without the aim to determine some

crossover size between the different motifs for such small

clusters (less than 300 atoms) and also because the simple

symmetries considered here are not representative of the most

stable structures at these sizes15,16, we simply conclude that

our SMA potenial is in good agreement with the DFT calcu-

lations for pure gold clusters and alloyed systems but fails to

reproduce the DFT calculations for pure Pd ones and to a less

extent for Pd3Au ones. This gives a quite good level of con-

fidence for the results presented in the next section with the

SMA potential concerning the crossover size among different

motifs in nanoalloys, whatever the failing of the potential as

compared to the DFT for the pure Pd small clusters.

3 Crossovers among different motifs

Before to consider the bimetallic systems, we first show on

Fig. 3 the crossovers of the pure systems with high symme-

try structures (Ih, Dh and TOh) as obtained in previous stud-

ies17,18. The diameter of the nanoparticles is approximated by

the following formula:

D =
1

2
(

N

4
)1/3

where we consider that the number of atoms N is roughly

proportional to the volume V of the nanoparticle of radius R

so that V = (4/3)πR3 ∼ 4R3 leads to R ∼ (N
4 )

1/3. Then we

take a coefficient equal to the average interatomic distance of

0.25 nm between R and (N
4
)1/3 and D = 2R. This is a rough

approximation of the nanoparticle diameter but we checked it

was not so bad by measuring the exact diameter of some of

the nanoparticles in this size range.
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Fig. 3 Energy of the different high symmetry motifs (Ih, Dh and

TOh) for pure Pd and Au clusters as a function of cluster size

represented by the number of atoms N (left column) or the diameter

D (right column) of the nanoparticle

We notice on Fig. 3 that for Pd clusters, the Ih is stable until

size of 3 nm (about 1000 atoms), then Dh are stable between

3 and about 9 nm, after what the TOh should become stable

but we did not extend more our calculations. This is completly

different for the gold clusters since the Ih is never stable and

Dh and TOh structures are almost degenerated.

The crossovers of the Pd-Au nanoalloys are illustrated on

Fig. 4 where for a better clarity we plotted the difference in

energy between the Ih or Dh structure and the TOh structure.
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The crossover in nanoalloys appears at much larger sizes as

compared to pure clusters. Indeed, when adding gold in palla-

dium clusters, the Ih structure remains stable on a larger range

of size, up to 6 nm (6000 atoms) as compared to less than 3

nm (1000 atoms) for pure palladium clusters. At equiconcen-

tration of Au and Pd, the Ih is still stable until sizes of 3 nm

(1000 atoms) and for rich-gold clusters, the Dh is stabilized

for sizes smaller than 4 nm (2000 atoms).
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Fig. 4 Relative energy as refered to the TOh structure (zero energy)

for the Ih and Dh motifs of Pd3Au, PdAu and PdAu3 compositions

as a function of cluster size represented by the number of atoms N

(left column) or the diameter D (right column) of the nanoparticle

The Ih structure is stabilized in nanoalloys on a larger range

of size than in the pure systems of equivalent size. The Dh

structure in nanoalloys converges toward the TOh structure at

size about 3 nm (1000 atoms) for the composition Pd3Au and

PdAu. In the PdAu3 systems, the convergence is delayed but

the difference in energy remains very small (3 meV/at. at 4 nm

i.e. for 2000 atoms). We can notice in that case that the TOh

structure becomes favorable after sizes of 5 nm (4000 atoms).

These results cannot be deduced from a weighted average

of the pure systems. For example, in the pure Au systems, the

Dh has almost the same energy as the TOh whereas in the pure

Pd systems Dh presents a lower energy than the TOh on a large

range of size. However, in the rich-Au system, the Dh nanoal-

loys are more favorable than the same structure for the PdAu

and the rich-Pd nanoalloys. Concerning the Ih nanoalloys, the

range of stability of this structure is much larger as compared

to the pure systems: however the tendency going from pure Pd

to pure Au systems is respected. This means that the rich-Pd

nanoalloys present the largest range of stability, then the PdAu

nanoalloys, then the Au-rich ones.

We have no explanation to interpret the results concerning

the relative stability of the Dh as compared to the TOh, but

we will give some insights to illustrate the results of the Ih

nanoalloys in the next section. For that purpose, we will fo-

cus on the evolution of the stability of the Ih structure between

pure metals and nanoalloys, especially looking at the chemi-

cal configurations, the surface segregation and core ordering

using the segregation isotherms.

4 Segregation isotherms and internal stress

The chemical ordering and surface segregation are analyzed

using S-GCMC in order to give a complete description of

the chemical arrangement inside the nanoalloys Pd1−cAuc as

a function of the Au concentration c = cAu for each motif:

TOh8678, Dh8755 and Ih6525. We chose large sizes to give an

average representation of the typical chemical arrangement for

each motif.

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

c
Au

TOh
8678

Dh
8755

0 0.2 0.4 0.6 0.8 1
µ

Au
-µ

Pd
 (eV)

0

0.2

0.4

0.6

0.8

1

c
Au vertex

edge

(100)

(111)
core

PdAu
3

(a)

(b)

(c)

(d)

Fig. 5 Isotherms at 100 K for the TOh8678 and Dh8755 of Pd1−cAuc

nanoalloys giving the global concentration (cAu) (top) and the

concentration on each type of sites: vertex, edge, (100), (111) facets,

and the core (bottom) as a function of the difference in chemical

potential: µAu −µPd ; peculiar compositions (a), (b), (c) and (d) are

illustrated on Fig. 6

The global concentration in gold (cAu) and the surface con-

centration for each type of surface sites (vertex, edges, (100)

and (111) facets) and the core concentration are plotted on

Fig. 5, which gives an overview of the segregation isotherms at

100 K. First of all we can notice that the TOh and the Dh dis-

play almost identical isotherms, whatever their difference in

atomic structure and morphology, except for the (100) facets

where we notice a slight difference which concerns also a very

small range of composition: less than 20% of gold.

An overall gold surface segregation is obtained in agree-

ment with experimental results in vacuum conditions33,34 and
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particular segregation at the edge is in good agreement with

DFT calculations33.

(b) (c) (d)

TOh

Dh

(a)

(a) (b) (c) (d)

Fig. 6 Snapshots of the chemical configurations at 100 K of the

TOh8678 and Dh8755 nanoalloys of Pd1−cAuc corresponding to the

peculiar compositions quoted on Fig. 5. Au atoms are represented in

yellow and Pd atoms in grey.

It is worth noticing, secondly, that there is an important sur-

face segregation sequence starting at the vertices, then on the

edges, and then at the (100) and (111) facets. This leads to

an almost perfect core/shell structure as can be seen on Fig. 6-

(b), where only the (111) facets are not pure in gold. They are

chemically ordered for a facet composition of about 66% of

gold which corresponds to the p(3x3)(111) superstructure in

infinite surfaces. The ordering tendency leads to form mixed

bonds where Pd atoms are surrounded by Au atoms inside

the (111) facets. The surface segregation respects roughly

the hierarchy of the broken bonds at the surface but there can

be some interactions between the segregation on the different

sites and some chemical ordering on each type of sites. For ex-

ample we get a specific vertex and edge Au segregation where

the ordering tendency of the alloy leads to alternate Au and Pd

atoms along the edges and the vertices, corresponding to pure

Au vertices and an almost equiatomic concentration on edges

(Fig. 5 and Fig. 6-(a)).

Moreover, we notice that the isotherms display some irreg-

ularities which means that surface segregation and chemical

ordering take place at given compositions at the surface and in

the core. The illustrations of Fig. 6 correspond to the differ-

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

c
Au

0 0.2 0.4 0.6 0.8 1
µ

Au
 - µ

Pd
  (eV)

0

0.2

0.4

0.6

0.8

1

c
Au

vertex
edge

(111)
core

(a)
(b)

(c)
(d)

Fig. 7 Isotherms at 100 K of the Ih6525 nanoalloys of Pd1−cAuc as

in the Fig.5

(a) (b) (c) (d)

Ih

Fig. 8 Snapshots of the chemical configurations at 100 K of the

Ih6525 nanoalloys of Pd1−cAuc corresponding to the peculiar

compositions quoted on Fig. 7

ent shoulders on the isotherms representing peculiar ordering

on the edges (a), on the (111) facets as detailed before (b),

but also inside the core for core compositions around 50%

(c) and 75% of gold (d). In the case of the TOh structure,

the core gets order following the A2B2 ordered phase at con-

centration around ccore=0.50 (but with defects) and following

the DO22 around ccore=0.75, which are the phases of the bulk

phase diagram obtained with the SMA potential31 and in good

agreement with theoretical studies of ordering properties of

Au-Pd alloys and nanoalloys19. We will not characterize here

the ordering of the core with possible antiphase boundaries,

which would need deeper analysis. In the case of the Dh

structure, the core also gets order, but with a multitwinned

structure composed of five slightly distorded tetrahedral units

which share two by two one (111) face as twinning planes.

We can notice locally ordered phases of the L10 type (c) or

the L12 type (d) as compared to the A2B2 and DO22 ones in

the TOh symmetry. We do not go deeper on the understand-

ing of that chemical arrangement even if it raises interesting
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questions but this will be performed in further studies.

The same isotherms at 100 K have been determined for the

Ih6525 nanoalloys and are shown on Fig. 7. The overall shape

of the global isotherm (global composition as a function of the

difference in chemical potential) is not so different from the

one of the Dh or TOh structures and the main characteristic is

the almost core/shell structure with the gold segregation at the

surface which corresponds to the weak slope at the beginning

of the curve. However the surface of the Ih is different because

there are only facets of the (111) type. There is the same shoul-

der on the edges as for the Dh or TOh structures, correspond-

ing to the alternance of Pd and Au atoms along edges. More

surprisingly, the edge concentration is then no more mono-

tonic. It is probably related to their coupling with the concen-

tration on these (111)-type facets. These facets present clearly

two shoulders looking like ”plateaus” roughly corresponding

to the p(3x3)(111) surface structure previously mentioned at

33% and 66% of gold. The corresponding structures are il-

lustrated on Fig.8-(a) and (b) where the minority atoms are

surrounded by the majority ones.

Then, there is a change in the slope of the isotherm corre-

sponding to the core enrichment with gold, at the vicinity of

the surface, as we can see on Fig.8-(b). The gold atoms are

located near the surface, but not on the subsurface, which is

in agreement with theoretical studies35,36 where the smaller

atoms prefer to segregate at the subsurface. In Pd-Au system,

the smaller atoms are the Pd atoms so that we get a Pd segre-

gation at the subsurface. By increasing the gold concentration,

the gold atoms are located exclusively in the neighborhood of

the surface and not in the center of the Ih (see Fig.8-(c)), the

center remaining pure in Pd even for high concentrations in

gold (see Fig.8-(d)).

We have to recall here that the Ih structure is strongly com-

pressed in its core, espacially in its center, up to be relaxed

by the introduction of a vacancy37, or by an impurity with

smaller atomic radius38. Such stress relaxation also induced

the equilibrium properties of so-called magic polyicosahedral

core-shell clusters39. More recently, a study related to the

role of mechanical stress in the chemical ordering of Au-Pd

nanoalloys has shown the influence of the stress on the chem-

ical ordering in Ih20.

We plotted on Fig.9 the local pressure on each concentric

layer defined according to the variation of the energy as a func-

tion of a variation of the atomic volume40:

pi =−
dEi

dlnVi

=−
1

3
∑

j

dEi

dri j

ri j

where Ei is the energy at site i and ri j the interatomic distance

between the atom at site i and its neighbors at site j. This local

pressure is converted in pressure units (GPa/at.) by dividing

by an appropriate atomic volume. We can notice on Fig.9 that

the pure Pd and Au Ih have the highest compression in the

Pd1-cAuc

  c=0.80

Pd1-cAuc

  c=0.45
AuPd
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c
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Fig. 9 Local pressure at O K of the Ih6525 nanoalloys of Pd1−cAuc

average on each atomic layer (in GPa/at.) as a function of the

concentric layers of the Ih starting from its central atom (0) up to the

surface (12); the snapshots give an illustration of the atomic pressure

map of the nanoalloys with a color code going progressively from

the deep blue color corresponding to the atoms in tension to the red

color corresponding to the atoms in strong compression

center of the cluster, whereas by introducing 45% of gold in

the Pd cluster, the stress is sensibly released from the center

up to the sixth layer which means around half of the radius of

the nanoparticle. This corresponds to the cluster represented

in the Fig.8-(c). Then, going on to replace Pd atoms by gold

atoms to reach the composition of 80% of gold (Fig.8-(d)), the

stress is still more released in the very center of the Ih. The

nanoalloy with 80% of gold, where Pd segregates to the center,

has released the stress in the center as compared to pure gold

Ih. So that finally the Ih nanoalloys tend to release locally the

stress as compared to the pure systems.

This is also what we can conclude if we consider the to-

tal stress over each particle. Indeed, when we know how the

stress is distributed inside the Ih between tensile zone at the

surface and compressive zone in the core, we can ask how the

total stress varies, knowing it should be globally equal to zero

since there is no external pressure applied on the nanoparticle.

In fact the residual total stress in the pure clusters is hundred

times larger than the one in the nanoalloys: -4.64 GPa for the

Pd Ih, -0.62 GPa for the pure Au Ih and only 0.04 and 0.02 for

the 45% and 80% nanoalloys.

Following the argument that we can stabilize the nanoalloys

by releasing of the mechanical stress energy, this gives an ex-

planation to extend the range of stability of the Ih nanoalloys
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structures as compared to their pure counterpart.

5 Conclusions

Using a semi-empirical SMA interatomic potentiel fitted to

ab initio calculations, we determined for the first time the

crossover sizes among different structural motifs on a large

range of size: between 2 and 7 nm. Whereas the Ih structure

is never stabilized in pure gold clusters and at very small sizes

for pure Pd clusters (less than 3 nm or one hundred of atoms),

the Ih structure is stable on a large range of size in Pd3Au and

PdAu nanoalloys (up to 6 nm for Pd3Au and 3 nm for PdAu).

This can be well explained regarding the core stress in the

Ih structure which can be released by replacing large atoms

by smaller ones in nanoalloys. The crossover sizes between

Dh and TOh structures are not well defined and we rather ob-

tain a convergence between the energies of these structures

for Pd3Au and PdAu nanoalloys. For the PdAu3 systems, the

crossover is reached after 5 nm. This is a first attempt to char-

acterize the structure and morphology of Pd-Au nanoalloys on

a large range of size to be compared to the experiments how-

ever such results may change in the presence of gas or by con-

sidering possible kinetics effects in experimental conditions.
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