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We identified new magic compositions of Pd-Au nanolloys of simple symmetries according to the icosa-
hedral and the cubic truncated octahedral structures. Chemically ordered structures as well as segregated
ones are characterized using Monte Carlo simulations in semi-grand canonical ensemble and tight-
binding semi-empirical potential fitted to ab initio calculations for the Pd-Au system. Ordering and sur-

face (or core) segregation phenomena can be distinguished by their behavior as a function of the temper-
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ature: chemical ordering at surface or in the core disappears above a critical temperature (which is lower
or equal to the bulk alloy order-disorder temperature), whereas surface/core segregation (core-shell
structures) remains at high temperature, although the interfacial profile is less abrupt.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nanoalloys are commonly nanoparticles of alloys where both
size and composition influence their structures and properties.
They represent a very attractive and intensive domain of research
from the last tens years [1-3], notably because they present excit-
ing chemical and physical (magnetism, plasmonic) properties with
applications in numerous domains as catalytic reactions, fuel cells,
cancer detection and treatment, ... The control of the size, struc-
ture and composition is a crucial point in order to master the prop-
erties and applications. In case of nanoalloys, not only the size and
composition but also the chemical ordering associated to the
atomic structure, morphology and temperature must be controlled
in order to properly characterize the nanoalloy structure, giving
rise to nanoalloys phase diagram.

There are two kinds of theoretical approach to study nanoalloys
phase diagrams. On one side, the global optimization methods as
genetic algorithm [4-6] or basin-hopping procedure [7-9] are
methods of choice to search for the lowest energy structure of nan-
oclusters and nanoalloys inside a complex energy landscape
involving a global search either on the atomic structure (without
any symmetry restriction) and the chemical configuration. How-
ever these methods are limited to relatively small sizes and are
concentrated on the fundamental state at zero Kelvin (no temper-
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ature). Nonetheless, such global optimization methods are very
efficient to discover new original symmetries (far from the bulk
metal cubic symmetry) and chemical ordering adopted by small
nanoalloys of less than one hundred of atoms [10]. Moreover, it
gives not only the lowest energy minimum but also a series of
higher energy isomers allowing to reconstruct the partition func-
tion in the harmonic approximation and get some thermodynamics
of the systems [11-13]. On the other side, and rather when we are
interested in larger cluster sizes (some hundreds to thousands of
atoms), the symmetry of the systems can be restrained to a few dif-
ferent motifs (icosahedron, decahedron and truncated octahedron)
for which it is sufficient to perform global optimization only on the
chemical configuration with possible local atomic relaxations. The
methods consist of Metropolis Monte Carlo simulations with
chemical exchange and eventually atomic displacements. They
give rise to a statistical and therefore thermodynamical study of
the systems either on lattice-model Hamiltonian with effective
interactions derived from Tight-Binding Ising model [14-16] or
Cluster Expansion Method [17], or within local atomic relaxations
using semi-empirical potentials [18-20].

For specific systems, with a chemical demixing tendency (typi-
cally core-shell nanoalloys), the global optimization method has
been extended to quite large systems (some hundreds of atoms)
by performing tailored chemical exchanges according to their local
environment instead of random exchanges as in Metropolis Monte
Carlo [21-23]. Such tailored global optimization algorithm
increases the efficiency of the search of the lowest energy structure
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in demixing nanoalloys [22,23] allowing to compare theoretical
results with experiments performed by high resolution transmis-
sion electron microscopy on the Cu-Ag system whith core-shell
and Janus structures [24].

Such improvement is not efficient in case of alloys with order-
ing tendency so that to study the equilibrium structures of Pd-Au
nanoalloys on a quite large range of size we use Metropolis Monte
Carlo simulations and local atomic relaxations on starting symme-
tries according to simple motifs like icosahedra, decahedra or trun-
cated octahedra. In a previous study we have characterized the
stability domain of each motif finding that the range of size where
the icosahedral structure is stable over the decahedral and trun-
cated octahedral structure is greatly enhanced in bimetallic
nanoparticles as compared to each of the pure ones [20]. The raison
comes from the strain relaxation in the core of the icosahedron
which is compressed in pure systems whereas in case of lattice
misfit between the two elements, the smaller one goes into the
core to release the strain and reduces the excess energy of the
icosahedron core whereas the energy gain of the icosahedral struc-
ture comes from its dense and spherical surface (only (111)
facets).

Pd-Au nanoalloys have promising properties in catalytic pro-
cesses [25-28] and electrocatalysis [29]. To understand and control
the reaction it is necessary to know the chemical nature and order-
ing on the surface of the catalyst, which is experimentally not triv-
ial. This is why numerical simulation of the structure and chemical
ordering is required in order to investigate the raison of the good
catalytic activity and or selectivity.

In the present study we will show how magic compositions can
be revealed by Monte Carlo simulation in semi-grand canonical
ensemble on different nanoalloys structures and sizes. These magic
compositions are all the more significant than the cluster size is
small. We also notice different occupation rules of the different
species as a function of the type of sites as compared to larger sizes.
Finnally we will characterize the segregation effects from the
ordering ones depending on the existence of a transition of the
type order/disorder or demixion/disorder as a function of
temperature.

The paper is organized in four sections including Introduction
and Conclusion parts. The second section details the energetic
model and simulation method. The third section is devoted to
the results on two different motifs: icosahedron (Section 3.1), trun-
cated octahedron (Section 3.2) and transitions with temperature
(Section 3.3).

2. Theoretical method

The theoretical method is based on Metropolis Monte Carlo
simulations in semi-grand canonical ensemble where the inter-
atomic energy comes from a semi-empirical tight binding model
in the second moment approximation of the density of states
(TBSMA). Such method has been described in a previous study
[20] together with the interatomic potential for Pd-Au alloys.

We just recall that the potential energy at site i for an atom of
type a is written as follows:
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where rj; is the distance between the atom at site i and their neigh-
bors at site j, r¢, is the cut-off distance and 9, is the first neighbor
distance depending on the nature of the atoms, and py, qu, Aab, Cab
are four parameters (listed in Table 1). These parameters have been
fitted to the values of the cohesive energies, lattice parameters and

elastic constants for the pure metals, and to the mixing energies in
the diluted limits calculated using the density functional theory
(DFT) with the local-density approximation (LDA) for the exchange
and correlation functional [20].

We notice in Table 1 that the difference in cohesive energy of
the two metals as given by the DFT-LDA calculations is higher than
the experimental one (—3.94 eV/at. and —3.81 eV/at. respectively
for Pd and Au from Kittel [30]). In fact neither the LDA nor the
GGA exchange and correlation functional give satisfying results
for both metals. In Ref. [20] we give all the values of lattice param-
eters, cohesive energies and surface energies of Au and Pd and
made the choice of the LDA to fit the TBSMA potential. Fitting
the potential to ab initio calculations instead of experimental val-
ues allows to fit the mixed interactions to quantities as the permu-
tation energies which does not exist experimentally.

We use Monte Carlo simulations with the Metropolis algorithm
in the semi-grand canonical ensemble where the temperature,
pressure and number of atoms are fixed but the composition
(number of atoms of Pd and Au) varies as a function of the differ-
ence of the chemical potential between the two elements
(Au = py, — Upg)- The different Monte Carlo trials comprise atomic
displacements and chemical permutations on atomic sites. Each
macrostep of the Monte Carlo simulation consists to select ran-
domly a displacement procedure or a chemical permutation proce-
dure and then to select randomly one atom on which we propose a
displacement (or a chemical permutation, depending on the proce-
dure) and to repeat this trial as much as times that there are atoms
in the system. Usually we perform ten times more displacements
than chemical permutations in order to let the system relax
according to different chemical configurations. Typically using
ten thousands of macrosteps, we perform in total some tens mil-
lions of trials, using half of them to reach the equilibrium, the other
half to perform statistical averages.

3. Results

We considered two different structures among the typical high
symmetry structures (icosahedron, decahedron and truncated
octahedron) which represent the equilibrium structure on a large
range of size [20]. The icosahedral structure is a typical fivefold
symmetry structure whose morphology is the most spherical one
and contains only (111) facets, as compared to truncated octahe-
dral or decadrehal one. The price to pay is to strain atomic dis-
tances in the core as compared to the bulk structure. We
compared the icosahedral structures and chemical arrangements
at low temperature (fundamental state) with fivefold symmetry
to the ones within the truncated octahedral structure (bulk face
centered cubic symmetry). The high-symmetry structures are
taken as initial atomic configurations but the Monte Carlo simula-
tions that we perform allow symmetry-unrestricted optimization
which means the final stable structure can break the initial sym-
metry, except the magic atoms number, corresponding to full com-
pact atomic structure with the original symmetry. Finally we
analyze the chemical transitions as a function of temperature.

3.1. Magic compositions on icosahedral Pd-Au nanoalloys

We studied the icosahedra (Ih) of 55, 147 and 309 atoms (less or
equal to 2 nm) and compare their chemical arrangement to what
has been obtained on large clusters (6525 atoms, around 6 nm of
diameter) [20] to analyze possible size effects in the chemical
ordering and surface segregation.

Using Monte Carlo simulations we calculate the equilibrium
composition as a function of the difference in chemical potential
(Ap) at low temperature (isotherms at 80 K). For the smaller size
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Table 1
Parameters of the Pd-Au TBSMA potential.
a-b Econ (€V) a (A) Pab qap Aab Eab
Pd-Pd -4.98 3.85 11.75280 2.87486 0.14352 1.88570
Au-Au —4.24 4,08 10.71890 4,09805 0.22043 1.97573
Pd-Au 11.23585 3.48645 0.21410 2.08060
(55 atoms) magic compositions are very well characterized. Th.. @ 80 K
Indeed, we notice on the upper graph of the Fig. 1 that the curve 55
presents different steps corresponding to particularly stable chem- I 4’
ical configurations. Each step is associated to the filling by gold 08 ;
atoms of certain types of site (see Fig. 1 lower graph): first the L
verteces are occupied by gold atoms, which corresponds to the o 0.6
cluster Pds3Auy,, then the edges started to be filled. Whereas the =1 L
curve representing the concentration of gold atoms on the edges O o4
is a straight line, we observe two small steps of the chemical H
potential curve. So we plotted the edge concentration as a function 0.2 —
of the chemical potential (Fig. 2). We see clearly two steps corre- 0 [
d

sponding to the composition of 1/3 and 2/3 of the total edge sites.
We must keep in mind that the 55-atom Ih has just vertex and
edge sites at its surface, which gives also triangular facets of the
(111) type but these sites are properly vertex and edge sites. For
a composition of 1/3 gold atoms on edge sites, we obtain the struc-
ture of the Fig. 1(b) whith a countinuous atomic chain of gold
atoms which runs all around the surface, intermixed with a contin-
uous atomic chain of Pd atoms. This is a quite low symmetry struc-
ture but with a particular stable chemical ordering. Only one edge
over three is occupied by gold atoms. The next stable configuration
with 2/3 of edge sites occupied by gold atoms consists of a more
symmetric structure with one Pd atom remaining on each "trian-
gular facet” (Fig. 1(c)), which are in fact made of edge and vertex
sites. Finally, the next magic composition corresponds to the well
known core-shell structure which has been characterized rather
in systems with demixion tendency [31]. The fact that we observe
it in the miscible Pd-Au system results from the gold surface seg-
regation tendency which comes from the difference in surface
energy (or cohesion energy) between Au and Pd and also because
Au atoms are larger than Pd atoms. Even if we overestimate the dif-
ference in cohesive energy between the two metals, we can guess

Fig. 2. Edge concentration as a function of the chemical potential difference. The
magic concentrations Pds;3Au,, and Pdy;Aus; correspond to respectively 1/3 and 2/3
gold atoms over the all edge sites.

that this result would remain because of the difference in surface
energy and the difference of size of the two metals.

The next magic number is the 147-atom icosahedron with one
atom on each (11 1) facet. We can again notice some magic compo-
sitions on the curve representing the chemical potential as a func-
tion of the global composition in the cluster. The first stable
composition is the one with all the verteces occupied by gold
atoms (Pdi3sAugy). Then, instead of populating the edge sites
according to the increasing of the coordination number as we
observe on large clusters [20], the (111) facet sites are populated
by gold atoms (Fig. 3(b)) before the edges. Such inversion of the
surface segregation which usually follows the progression from
low coodinated sites to higher coordinated sites (vertex, edge,

Ih,, @ 80K

(a)

-

0.5

Ap (eV)

(b)

|

\ ((‘1) \
(©) l

| |

site

— vertex
— edge
core

Fig. 1. Isotherm at 80 K of a 55-atom icosahedron: first row, the chemical potential difference (Au = ppy — pt,,) as a function of the Au composition “c,,” and second row, the
composition on each type of site (vertex, edge and core) as a function of the global concentration “c4,”. Magic concentrations are characterized: (a) Pds3Aus, (b) Pd33Auy,, (c)

Pdy;Ausy, (d) Pdi3Aug,.



52 B. Zhu et al./Computational and Theoretical Chemistry 1107 (2017) 49-56

Au (eV)

Ih147 @ 80K
I T I T cd)‘ I
N (©) l ]

(b)

vertex
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Fig. 3. The same as Fig. 1 for 147-atom icosahedron with magic concentrations: (a) Pdi3sAusz, (b) Pdy15Ausy, () Pd;sAuys, (d) PdssAug,. The dashed lines represent the
simulations where Au is decreasing whereas continuous lines represent the simulations where Ay is increasing. Usually the curves are superimposed.

(100) facets and (111) facets) has already been noticed due to
finite-size effects in Cu-Ag truncated octahedra between (100)
and (111) facets [32,15]. It has been explained by an indirect cou-
pling between facets and edges. We observe a similar behavior
here where the gold occupation on edges and facets (see Fig. 3)
are in competition giving rise to the structures (b) and (c). In the
structure (b) (Pd;15Aus,), the facets are occupied by one gold atom
(which is sufficient to fill the facets) and the edges remain pure in
Pd whereas it is the opposite in the structure (c) (Pd;sAu;,) where
the facets are occupied by one Pd atom (no gold) and the edges are
pure in Au. From a simple point of view of the total number of sites
on edges and facets, as there are three times more edge sites (60)
than facet sites (20) (which is unusual), it is more convenient to fill
the (111) facets first, letting the edges be filled by Pd atoms to

form the motif of the (v/3 x v/3) R30 of the (111) PdAu recon-
structed surface, on Pd-rich side, and then the opposite, whith a
Pd atom on each (111) facet surrounded by Au pure edges, on
Au-rich side. The transition between the structures (b) and (c) is
not well defined as shown by the curves of edge and facet concen-
tration in Fig. 3 where we can notice that when we vary Au by
increasing (continuous line) or decreasing (dashed line) values of
Ap, the curves are not superimposed. Finally, the next magic com-
position corresponds to the core-shell structure with a core of 55
Pd atoms and a monoatomic surface layer of gold.

By increasing the cluster size with one more atomic layer on the
former structure leading to the 309-atom Ih, we would like to see if
we start to converge toward a general segregation/ordering profile
with more or less no size effect. In the Fig. 4, we recognize the
behavior of large size icosahedra (lhgs;s [20]) with the filling of
the different surface sites according to their coordination number:
first the verteces, then the edges with a plateau corresponding to
an ordering between the Pd and Au atoms along the edges (without
frustrations with the verteces), then the (111) facets and finally
the core. Edge and facet sites segregation curves are noisy (up
and down curves are not superimposed) probably due to complexe
interactions and chemical frustrations from structure (b) to (c). The
alternance of Au and Pd atoms along the edges have been observed
for the large cluster [20]. The edge ordering interacts obviously
with the verteces leading to an ordering frustration if the number
of sites along the edges is pair because the verteces are initially
occupied by gold atoms. In the case of 309-atom Ih, the edges con-

sist of three atoms so preventing any frustration. This is rather the
coupling between the facet sites (3 atoms) and the edge sites (3
atoms) which leads to some noise in the curves but we can distin-
guish a small step in the facet concentration at 0.66 which corre-
sponds to two Au atoms for one Pd, even if it does not appear
clearly on the curve of the chemical potential. The next noticable
structure is the core-shell (Fig. 4(c)) with a small step on the chem-
ical potential and which corresponds to the completion of the sur-
face layer whereas the core remains pure in Pd. The core-shell
interface is really abrupt as compared to the large size (Ihgsys
[20]) where the core begins to be filled whereas the surface is
not fully Au-pure. The last noticable structure is less known than
the core-shell structure, but it has been already described in larger
icosahedra [20]. It presents a small Pd cluster in the center of the
core, where the local compression is the higher, and other Pd
atoms are dispersed in the core with a local chemical ordering
leading to optimize the mixed bonds, except along radial directions
where Pd atoms are aligned as can be see on the Fig. 4(d). Such
structure is typical of the ability of the icosahedral nanoalloys to
accommodate the internal stress by putting smaller atoms in the
center of the core [31,20] and exists for any size as shown on the
Fig. 4 for the 561, 923 and 6525 atoms icosahedra.

3.2. Magic compositions on truncated octahedral Pd-Au nanoalloys

We considered three sizes of truncated octahedron (TOh) with
38, 201 and 405 atoms. The 38-atom TOh is a particular stable
structure keeping the face centered cubic (fcc) symmetry whereas
icosahedral or polyicosahedral structures are usually the most
stable at small sizes. The energy landscape of the 38-atom
Lennard-Jones pure cluster presents two funnels [33]: a deep and
narrow one corresponding to the fcc TOh structure global mini-
mum and a much wider and slightly higher in energy correspond-
ing to an incomplete icosahedron. Moreover there is a large energy
barrier between the two funnels which makes it difficult to go from
one to the other. For binary Lennard-Jones clusters where the
atomic size differs from the two constituents, the global optimiza-
tion search does not find the 38-atom structure as a global mini-
mum. Indeed when only the size mismatch is concerned (and
eventually a chemical demixion tendency [31] leading to a core-
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(111) facet
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Ih561

IhQZ3

II‘16525

Fig. 4. 309-atom icosahedron with magic concentrations: (a) Pdy97Auy2, (b) Pd2s7AU4y, () Pd147AUs6,, (d) Pds;Auss,. The first row represents the chemical potential difference
(Aw) as a function of the gold concentration (on the left) and vice versa (on the right). The second row represents the gold concentration on each type of site as a function of
the global gold concentration and as a function of Au. Continuous line for simulations with increasing (up) A and dashed lines for decreasing (down) Au.

shell structure), the 34-atom and 45-atom polyicosahedral struc-
tures are prefered [10].

In the Pd-Au system, the chemical mixing tendency favors Au-
Pd mixed bonds at the surface and in the core, which does not lead
to the core-shell structure. A global optimization as a function of
the composition has been performed for the 34-atom and 38-
atom Pd-Au clusters [34] using three different parameterizations
of the TBSMA potential (Gupta many-body empirical potential).
In particular, the composition Pd;4Au,,, which is one of the magic
compositions we found for the 38-atom TOh (Fig. 5(b)) with all the
verteces occupied by Au atoms and the (111) facet and core occu-
pied by Pd, corresponds to the lower mixing enthalpy in the all
range of concentration within the DFT-fit. This is a nice check of
the validity of our new potential also fitted to DFT calculations,
and of the relevance of our method. The 38-atom TOh cluster pre-
sents two other clear magic compositions: the one with half of the
vertex atoms occupied by Au (Pd,sAuy,) and the perfect core-shell
structure (PdgAusy).

The next TOh structure with complete atomic shell is the 201-
atom size where there are one site on each (100) facet and a com-
plete hexagon (seven sites) on each (111) facet. We still distin-
guish clearly magic compositions on the Fig. 6. The first one

TOh,, @ 80K
(a)

(b)

B — vertex
0.8 — — (111) facet
L | —— core
© 06
a | <
© 04
02—
ol | | | \
0 02 04 06 08 1
CAu

Fig. 5. Chemical potential difference (Au) and site concentration as a function of
the global Au concentration (cs,) for 38-atom truncated octahedron with magic
concentrations: (a) PdysAuy, (b) PdisAuyg, (¢) PdgAuss.
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Fig. 6. 201-atom truncated octahedron with magic concentrations: (a) Pd77Aus4, (b) Pd;33Augs, (c) Pdio3Augs, (d) Pds;Auyss and (e) PdyyAuyze. The first row represents the
chemical potential difference (Au) as a function of the gold concentration (on the left) and vice versa (on the right). The second row represents the gold concentration on each
type of site as a function of the global gold concentration and as a function of Az Continuous line for simulations with increasing (up) Au and dashed lines for decreasing

(down) Ap.

corresponds to all the verteces filled by Au ((a) Pd;77Au,4). Before
the next magic composition, there are some interactions between
the verteces, the edges and the (100) sites, leading to a non linear
evolution of the concentration on edge sites. Even if all the edges
are composed of only one single site, so that there is no chemical
frustration on one edge, all the edges are not filled independently
from the others and there is some interaction between the edge
sites and the (100) facet sites. Some of the (100) sites are filled
before the (111) facets. Finally all the edges and the center of
the (111) are filled with Au ((b) Pdy33Auss). In the next noticable
composition, all the (100) facets are pure in gold while the

(111) present the (v/3 x v/3) R30 superstructure ((c) Pdjo3Augs).
These two specific chemical ordering on the (111) facets corre-
spond to the steps on the site concentration of the (111) facets
as a function of Au. After that, there is no perfect core-shell struc-
ture since the core is slightly filled with a certain ordering in the
inner core, while the sub-surface layer is pure in Pd ((d)
Pdg;Auy34). The last structure ((e) PdyAugsg) is finally ordered
according to the DO,, PdAus bulk ordered phase in the core with
a pure gold surface. This is already what we get in larger TOh clus-
ters [20].

For the next higher size of TOh, the 405-atom TOh depicted on
Fig. 7, we still notice a quite important interaction between the
vertex, edge and (100) facet concentration. We also have the ten-
dency to fill the (100) facet before the (11 1) but there again with a
strong interaction at low concentration as can be seen on the struc-
ture (c) Pdyg7Au0s Where the (100) and (11 1) facets are partially
filled. But as soon as the (100) facets are Au-pure, the (111) facets
display the (v/3 x v/3) R30 superstructure in the structure (d)
Pd,45AU160. As the 201-atom TOh, the 405-atom one does not pre-
sent a core-shell structure because as soon as the surface is Au-
pure the core is already mixed with a certain ordering as for the
201-atom TOh but not as the 8678-atom TOh studied in Ref. [20]
where the core ordering was similar to the one in bulk phase dia-

gram (the A;B,-type). In the present case we rather get onion-shell
structure near the surface, extending to the sub-surface and sub-
sub-surface. Then the inner core looks like an ordered phase. The
last remarkable composition also seems ordered as for a PdAus;
phase in the inner core (rather L1,) with antiphase bounding in
the sub-surface compatible with a DO,;, ordering. So there are still
some finite size effects relative to the matching of the gold surface
segregation with the core chemical ordering.

3.3. Temperature effect on the chemical arrangement

From the previous results we have seen that the chemical
arrangement comes from two different phenomena: the surface
segregation of gold and the chemical ordering at the surface and
in the core. The temperature has different effects on these two phe-
nomena. The surface segregation is slightly attenuated with
increasing temperature according to the well known equilibrium
equation in mean-field approximation [32,35]:

& _AH, —Au
g (-t

which means that when the temperature increases, ¢, decreases but
as can be seen on the curves of Fig. 8, the segregation remains up to
high temperature (500 K). In absence of segregation, all the site con-
centration would be on the first diagonal of the graphs on the right
column of Fig. 8.

Concerning the chemical ordering, we notice on the left column
of Fig. 8 that the steps at low temperature desappear at high tem-
perature, at least around 300 K, which correspond to the order-
disorder transition critical temperature of our bulk system. This
means that the 55-atom icosahedron with the magic compositions:
Pds33Au,; and Pdy3;Aus,; where we get this "snake” structure and the
other chemical arrangement with one Pd atom surrounded by gold
atoms, are not stable by increasing the temperature. This is the

@)
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Fig. 7. The same as Fig. 6 for 405-atom TOh with magic concentrations: (a) Pdsg; Auygs, (b) Pd3zsAugg, (¢) PdagsAuges, (d) PdagsAugep, (e) PdigzAussg and (f) PdesAusgs.
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Fig. 8. Concentration isotherms as a function of the chemical potential difference on the left column and as a function of global concentration on the right colum for the 55-
atom Ih and the 201-atom TOh at different temperatures (100 K with thick continuous line, 200 K with dotted line, 300 K with dashed line, 400 K with thin continuous line
and 500 K with thin dashed-dotted line). The types of site are represented with the same color code as in the preceding figures.

same behavior for the chemical ordering on the (11 1) facets of the
TOh,o; following the motif of the (v/3 x v/3) R30 superstructure of
the infinite (111) surface.

It has to be noticed here that the bulk critical order-disorder
transition temperature of our model Pd-Au alloy (around 300 K)
is probably underestimated as compared to the experimental one
(this one being not well known [36]) we just has to recall that

the temperature of our model could be rescalled in order to fit
the experimental one.

3.4. Conclusions

We have characterized in this paper the magic compositions of
Pd-Au nanoalloys of high symmetry (Ih and TOh) for which chem-
ical ordering tendency can be in competition with segregation ten-
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dency. In systems with the demixion tendency, the segregation
effects are cooperative with phase separation leading to core-
shell or Janus structures [23]. We have seen that in the Pd-Au sys-
tem, the gold surface segregation can be antagonist with the chem-
ical ordering (making mixed Pd-Au bonds) leading to chemical
frustrations. However, there are also well ordered and particularly
stable structures which can accommodate the two tendencies as
core-shell structures for given magic compositions espacially in
icosahedral structures but also chemically ordered mixed surfaces
with pure Pd core (in icosahedra) or pure Au surface shell with
chemically ordered core in truncated octahedra. In general, the
surface sites are populated from the lower coordinated sites up
to the higher ones but the chemical ordering can induce interac-
tions between the composition of each type of sites. The (111)

facets have the tendency to reproduce the (v/3 x v/3) R30 super-
structure of the infinite (111) Pd-Au surface.

The semi-grand canonical Monte Carlo simulation is a method
of choice to characterize magic composition of nanoalloys and to
study the order-disorder transition as a function of the
temperature.

Finally we have shown some specific chemical arrangements as
a function of cluster size, essentially for small sizes, as compared to
the general ones at larger sizes [20].
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