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Using Monte Carlo simulations on a lattice-gas model within the pseudo-grand-canonical ensemble, we
study the competition between superficial segregation, wetting and a core dynamical equilibrium for nanopar-
ticles made of thousands of atoms in a system that tends to phase separate, e.g., Cu-Ag. Increasing the chemical
potential difference �� between Ag and Cu �or the nominal Ag concentration� at a temperature lower than the
critical temperature for the phase separation in the infinite crystal, we show that the cluster goes through
different stages: �i� Ag-superficial segregation that involves the vertices first, then the edges, and finally the
�111� and �001� facets; �ii� prewetting that leads to Ag enrichment on the shells close to the cluster surface; �iii�
a dynamical equilibrium that affects all the internal shells jointly, similar to the first-order phase transition due
to the miscibility gap in an infinite crystal; and �iv� again standard segregation. Moreover, we show that a
similar behavior occurs for the cluster facets if the temperature is lower than the critical temperatures of the
first-order phase transition of the corresponding surfaces of semi-infinite crystals. A remarkable consequence of
those dynamical equilibria is that very different concentrations of the facets on one hand and of the whole
cluster on the other hand can be observed at a given ��.
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I. INTRODUCTION

Multiconstituent nanostructures have recently attracted
much attention, from both the experimental and theoretical
points of view, since it is possible to obtain dramatic changes
in chemical,1–5 magnetic,6,7 and optical properties8–10 com-
pared to those of the individual metals. Indeed, bimetallic
clusters represent a large family of constructors where both
the size and the chemical composition play a significant role
in their structures and thus in their chemical and physical
properties. The order and phase stability in bulk alloys11 to-
gether with superficial segregation in alloy surfaces12 have
been intensively studied over the last 20 years. The same
issues are now investigated concerning finite-size
systems,13–19 the structure and chemical ordering of bimetal-
lic clusters having given rise already to many experimental
and theoretical studies over the last 10 years.20,21

To specify the finite-size effect on superficial segregation,
the comparison of the segregation isotherms in semi-infinite
alloys and in the outermost shells of clusters is an interesting
tool. Hence, a recent study showed that the anisotropy of the
superficial segregation between the �111� and the �001� facets
of the cuboctahedron could strongly differ from the segrega-
tion anisotropy predicted between the �111� and the �001�
surfaces of semi-infinite alloys.13 More precisely, computa-
tions relying on an Ising model fitted for the Cu-Ag system
revealed that while the usual anisotropy of semi-infinite sur-
faces, corresponding to a more important enrichment of the
more open surface �here the �001� surface versus the �111�
one�, is established for clusters of at least 105 atoms, for
smaller clusters the �111� facets are more Ag enriched than
the �001� facets. If the anisotropy of superficial segregation
varies with the cluster size, what happens to the superficial

phase transitions that occur in phase-separating systems such
as Cu-Ag? In semi-infinite alloys, the surfaces of such sys-
tems display segregation isotherms of the Fowler-
Guggenheim type.12,22 They are characterized by the exis-
tence of a critical temperature below which the segregation
isotherm undergoes a first-order phase transition that corre-
sponds to a jump in the superficial concentration for a critical
bulk concentration or equivalently for a critical difference of
chemical potentials between both metals.12 At room tempera-
ture, in the Cu�Ag� system, the infinite surface shifts from an
almost Cu-pure state to an almost Ag-pure state for a very
low Ag bulk concentration �less than 0.1%�.23–27 Moreover,
for alloys where a bulk order-disorder transition exists, it is
known that a wetting by the disordered phase can occur at
temperatures lower than the bulk critical one.28 For alloys
with a tendency to bulk phase separation, this wetting phe-
nomenon manifests itself by the occurrence of an infinite
number of two-dimensional �2D� phase-separation transi-
tions, affecting successively each layer parallel to the sur-
face, when approaching the critical temperature at fixed bulk
concentration.29,30

This work aims at studying the evolution of such phenom-
ena �phase transition and wetting� when one switches from
infinite or semi-infinite alloys to nanoparticles. We therefore
consider the same lattice-gas model with pair interactions as
mentioned here above, and we specify in Sec. II its extension
to the cuboctahedron case and how the main parameters have
been fitted to the Cu-Ag system. In Sec. III, we present the
segregation isotherms obtained by Monte Carlo simulations
at 300 K and analyze in detail both the mean concentrations
of the �001� facets and the concentration fluctuations of each
facet during the Monte Carlo simulations. We then study in
Sec. IV the nanoparticle behavior on the whole range of the
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Ag nominal concentration at two temperatures �below and
above the bulk critical temperature of phase-separation tran-
sition�. As a result, we emphasize the existence of a dynami-
cal equilibrium, both at the surface and in the core of the
cluster. The first one corresponds to the extension of the
first-order phase transitions of infinite surfaces to facets,
while the second one corresponds to the equivalent of a bulk
phase separation in an infinite crystal. In Sec. V, we discuss
the main question arising, i.e., how the behavior of a semi-
infinite system is recovered, and we draw our conclusions in
Sec. VI.

II. MODELS

To benefit from the previous study of the segregation iso-
therms in nanoalloys within a mean-field framework,13 we
consider the same Ising model which is governed by two
parameters in the superficial segregation context: �= 1

2 �VAA

−VBB� and V= 1
2 �VAA+VBB−2VAB�, where VAA, VBB, and VAB

are the nearest-neighbor pair interactions between A-A, B-B,
and A-B atoms. The main features of the Cu-Ag system are
reproduced by ascribing �= 1

2 �VAgAg−VCuCu�= 1
Z �Ecoh

Ag −Ecoh
Cu �

=46 meV and V=− 1
Z�Hdis=−30 meV,13 where �Hdis is the

enthalpy of mixing in the Cu�Ag� solid solution and Z is the
nearest-neighbor coordination number of the infinite crystal.
� is positive due to the lower cohesion energy of Ag as
regards to that of Cu, leading to Ag segregation on less co-
ordinated sites,12 even if the difference in surface energies,
��hkl=�Zhkl�, where �Zhkl is the number of broken bonds of
an �hkl� surface, is slightly overestimated when compared
with ab initio calculations or simulations employing
N-body-type interatomic potentials. The tendency to phase
separate of the Cu-Ag alloy is ensured by the negative value
of V, leading to the existence of critical temperatures for both
the bulk and the surfaces,12 even if the asymmetry of the
Cu-Ag bulk phase diagram is lost when neglecting the de-
pendence of V on the concentration. In the mean-field ap-
proximation and for a monolayer model of the �111� and
�001� surfaces,31 these critical temperatures are given by
kBTc

bulk=−6V, kBTc
�111�=−3V, and kBTc

�001�=−2V, i.e., Tc
bulk

=2088 K, Tc
�111�=1044 K, and Tc

�001�=696 K. Recall that
the mean-field approximation overestimates the critical tem-
peratures by a crystallographic ratio:11 1.22 for the bulk and
1.64 and 1.76 for the �111� and �001� surfaces, respectively.32

The exact critical temperatures �obtained by Monte Carlo
simulations, for instance� are then equal to 1711 K for the
bulk, 637 and 395 K for the �111� and �001� infinite surfaces,
respectively. Note that this rigid-lattice approach can be ex-
tended to take into account atomic relaxations partially by
considering effective values for the energetic parameters ob-
tained via N-body interatomic potentials, as demonstrated in
the case of grain boundaries and reconstructed surfaces in the
Cu-Ag system.33–35

We study the 3871-atom cuboctahedron, whose outermost
shell can be described as follows: adding to 12 vertices of
coordination 5 and 24 edges of coordination 7, it owns 6
square �001� facets of coordination 8 and 8 triangular facets
�111� of coordination 9. Moreover, the cuboctahedral cluster
is made of a successive packing of atoms as follows: the

central atom surrounded by its 12 nearest neighbors of the
fcc structure defines the nanoparticle of order n=1. Adding a
new shell of nearest neighbors gives the nanoparticle of or-
der n=2 and so on. The 3871-atom nanoparticle corresponds
to n=10, each shell being denoted Si in the following �from
i=1 for the outermost shell up to i=10 for the central site
and its 12 nearest neighbors�. Note that this size is well be-
yond the critical size that separates the stability domains of
the icosahedron from structures issued from the fcc lattice
�cuboctahedron and especially the truncated octahedron�,
even if decahedral structures are highly competitive up to
104 atoms for Cu and Ag clusters.36,37

To determine the distribution of Cu and Ag atoms onto the
different sites of the cluster, we perform Monte Carlo simu-
lations in the pseudo-grand-canonical ensemble,38,39 where
the nominal concentration of the AgcCu1−c cluster is deter-
mined by the chemical potential difference ��=�Ag−�Cu.
Similar to the studies of massive alloys, the choice of the
pseudo-grand-canonical ensemble instead of the canonical
one �where the nominal concentration is imposed by the rela-
tive proportion of Ag and Cu atoms initially introduced� al-
lows one to obtain a better description of the phase transition
characteristics.11 We shall discuss later on the comparison
with experiments, which are closer to a canonical-ensemble
study. A standard Metropolis algorithm is used39,40 and the
averages are evaluated over 2�105 Monte Carlo �MC� mac-
rosteps, a similar number of macrosteps used to reach equi-
librium. A MC macrostep corresponds to Nat propositions of
chemical switch, Nat being the total number of atoms of the
cluster. This allows us to obtain the mean concentrations on
the different sites by accounting for short-range order, con-
trary to the mean-field framework.

III. SUPERFICIAL SEGREGATION IN BIMETALLIC
CLUSTERS

Segregation isotherms for the sites in the vertices, edges,
and �001� and �111� facets obtained at T=300 K by Monte
Carlo simulations are shown in Fig. 1. Note that for the
values of �� we consider here, only the surface is enriched
in Ag, the underlying layers and the core of the cluster re-
maining almost Cu pure.13 Due to the lowest coordination
number of the vertices, the relative isotherm is shifted to-
ward the lowest values of ��. Increasing �� leads to a Ag
enrichment on the edges, then on the �111� facets, and finally
on the �001� facets. Note that the relative position of the
isotherms for the two types of facets does not follow the
order of increasing coordination numbers. A previous mean-
field approach13 shows that this is due to the coupling with
the edges, the classical hierarchy being recovered for clusters
with more than 16 shells �12 431 atoms�. Comparison be-
tween Monte Carlo simulations and mean-field approach
shows that the relative positions of the isotherms are in good
agreement.13 Moreover, the mean-field model predicts the
existence of a first-order transition for the edges and facets
isotherms,13 whereas Monte Carlo simulations lead to con-
tinuous isotherms for any kind of sites. Nevertheless, if the
facet isotherms are continuous, they display very stiff varia-
tions for a �� range close to the critical values ��c derived
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from the mean-field framework �463 meV for the �111� fac-
ets and 474 meV for the �001� facets�. We verified that these
isotherms are perfectly reversible, the same curves being ob-
tained by progressively increasing or decreasing ��.

The relative positions of the edges and facets isotherms
indicate that the edges are Ag enriched before the segrega-
tion phenomenon reaches the facets. As Monte Carlo simu-
lations account for short-range order, contrary to the Bragg-
Williams mean-field formalism, we can wonder whether the
sites of the facet that are close to the edges are more enriched
than the center of the facets. The inset of Fig. 1�b�, which
shows the equilibrium concentration for each site of the clus-
ter surface at ��=474 meV �value of �� for which verti-
ces, edges, and �111� facets are Ag pure, while the mean
concentration of the �001� facets equals 0.32�, reveals an
important inhomogeneity inside the �001� facets: By analyz-
ing the facet as a sequence of concentric square rings �the

central atom, then the rings made of, respectively, 8, 16, 24,
and 32 atoms�, one observes that the two outermost rings
�32- and 24-atom rings� are Ag enriched when compared
with the centermost ones. A more detailed analysis shows
that the outer concentric rings are also inhomogeneous, the
segregation being stronger on the vertices than on the middle
of each edge.

Figure 1�b� depicts the variation in the concentration of
the concentric square rings of the �001� facets as a function
of ��. We gathered the central atom with the innermost
eight-atom ring and we display the concentration of these
nine central sites, the one of the following three rings, and
the mean concentration of the facet �already depicted in Fig.
1�a� but here rescaled in ���. This figure shows three re-
gimes for the segregation isotherm of the �001� facets. In the
first regime ����474 meV�, the concentration of the two
outer rings increases regularly, while the two center rings
remain almost Cu pure. This yields the heterogeneity of the
facet displayed in the inset of Fig. 1�b�. In the second regime
�474 meV����477 meV�, the concentrations of all rings
increase very rapidly and simultaneously. This last point al-
lows us to exclude a mechanism of progressive Ag enrich-
ment of the facet from the outer rings that would be analo-
gous to the one observed in regime 1. This regime is
responsible for the stiff increase in the isotherm associated
with the mean concentration of the �001� facets that we shall
detail later on. Finally, for ���477 meV, the isotherms
reach the saturation and the �001� facets are homogeneous
and Ag pure. Note that in the three regimes there is no sym-
metry break between the facets: The concentration remains
the same for all the equivalent sites from a facet to the other
as depicted in the inset of Fig. 1�b�.

To detail the nature of regime 2 for the �001� facets,
which occurs in a very narrow range of �� close to the
mean-field critical value ��c of first-order phase transition
between 2D phase separation and disorder, we display in Fig.
2 two snapshots of the cluster surface for ��=476 meV. In
a same snapshot, the various �001� facets have very different
concentrations from each other: Some are almost Ag pure
�like regime 3�, while the others are very similar to those
observed in regime 1 �Ag-enriched outer rings and almost
Cu-pure inner rings�. Moreover, from one snapshot to the
other, the concentration of a same facet can evolve strongly
from an almost Ag-pure configuration to a regime 1–type
configuration. Thus, each facet undergoes a dynamical equi-
librium independently between these two states. This bista-
bility, which characterizes regime 2, is associated with the
bimodality of the configurational densities of states �CDOSs�
shown in Fig. 3. These CDOSs are defined as the number of
times the concentration of the innermost ring of a given facet
�here defined by the central site and its first 2D ring of near-
est neighbors� is between c and c+dc during a MC simula-
tion, the densities being normalized to 1. In regimes 1 and 3,
the CDOS is unimodal, whereas it becomes bimodal in re-
gime 2. Therefore, the sharp rise in the isotherm in regime 2
corresponds to an increasing �decreasing� occupancy of the
almost Ag-pure state �c�001�F�1� �almost Cu-pure state
�c�001�F�0��. Moreover, we note that: �i� the concentrations
associated with these two states �c�001�F�0.01 and c�001�F
�0.97� remain almost constant in the whole regime 2, as this
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FIG. 1. Segregation isotherms obtained by MC simulations at
T=300 K. The concentrations for the different sites of the surface
are given as a function of the difference in chemical potentials ��
�in eV� �a�. Segregation isotherms at T=300 K for the various con-
centric shells of the �001� facets �b�. The isotherm for the facet itself
is given by the solid line. The inset presents the equilibrium con-
centration for each atomic site obtained by MC simulations at T
=300 K and ��=474 meV. The gray levels vary between white
�cp=0, Cu pure� and black �cp=1, Ag pure�.
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is the case for the solubility limits in an infinite phase-
separated system;11,41 and �ii� the dynamical equilibrium
vanishes at high temperature, similar to the corresponding
semi-infinite system at a temperature higher than the critical
temperature of first-order phase transition between phase
separation and disorder. As a consequence, the resulting
CDOS becomes unimodal on the whole range of Ag nominal
concentration.

Finally, note that the behaviors of the �111� and �001�
facets are similar: The three regimes can be observed, with a
progressive Ag enrichment from the outer ring in regime 1, a
stiff and simultaneous increase in the isotherms in regime 2,
and the saturation in regime 3.

IV. FROM THE SHELL TO THE CORE

The detailed study of the cluster facets underlines a com-
petition between the two following phenomena: �a� wetting,
which can be described as the growth from the edges of a
Ag-rich zone due to segregation; and �b� dynamical equilib-
rium that initiates at the center of the facets, characterized by
large fluctuations of the overall facet concentrations between
a Cu-rich state and a Ag-rich one. This dynamical equilib-
rium occurring in finite-size systems is the analog of the
first-order phase transitions affecting the surfaces of Cu�Ag�
semi-infinite alloys.12

In this section, we present the behavior of the internal
shells on the whole range of Ag nominal concentration. As
for the facets’ behavior, characterized by the competition be-
tween wetting from the edges and dynamical equilibrium of
the facets’ center, this will allow us to study the behavior of
the whole nanoparticle and thus the possible competition be-
tween wetting from the outermost shell �enriched in Ag due
to superficial segregation� and core dynamical equilibrium in
bimetallic clusters.

A. High-temperature limit: TšTc
bulk

We first present the high-temperature behavior for which
only superficial segregation occurs. Thereby, the temperature
is fixed at T=3000 K, well above the bulk critical tempera-
ture of phase separation–disorder transition �Tc

bulk=1711 K�.
Note that if it seems to be a very high temperature, especially
if compared with the melting temperatures of copper �Tm
=1356 K� and of silver �Tm=1233 K�,42 the variation in the
melting temperature of nanoparticles containing impurity at-
oms can strongly differ from the bulk behavior.43 Hence, this
choice is justified essentially by a methodological aspect. It
allows one to study the cluster behavior in the solid solution
over the whole concentration range. This is feasible within a
rigid-lattice approach since it is naturally free from melting
phenomenon.

Figure 4�a� shows the concentration of the different clus-
ter shells as a function of �� as well as the core one, the
core being constituted by the 55 central sites, i.e., the central
site �S11 shell� with its 12 nearest neighbors �S10 shell� and
the 42 sites of the S9 shell. Joining these sites on which the
concentration is almost homogeneous enables one to obtain a
good statistics in the core region. At this temperature, only
the superficial concentration differs noticeably from the con-
centration of the other shells, the first underlying shell hav-
ing an isotherm almost identical to the core one. To enlight
the Ag-superficial enrichment, we show in Fig. 4�b� the shell
concentrations as a function of the core one, the isotherms’
deviation with respect to the bisector being a feature of the
superficial segregation over the whole concentration range.

Splitting each concentric shell into its different kinds of
sites �V, E, �001�F, and �111�F�, as done for the surface shell
�see Sec. III�, shows that the segregation hierarchy is still
effective on the first underlying shell, even if the effect is
very weak at this high temperature. Moreover, the concen-
tration profiles, which represent the shell concentrations cp as
a function of p, exhibit a classical exponential decay what-
ever �� is, as predicted by the mean-field formalism in the

(b)

(a)

FIG. 2. Two snapshots obtained by Monte Carlo simulations at
T=300 K for ��=476 meV �regime 2�. The white �black� spheres
correspond to the Cu �Ag� atoms.
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facet obtained by MC simulations at T=300 K for ��
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disordered state.44 The corresponding CDOSs are unimodal
for all the shells, including the core, which indicates that no
dynamical equilibrium occurs, as expected at this high tem-
perature.

B. Low temperature: TÉ0.88Tc
bulk

At a temperature lower than the critical temperature for
the phase separation–disorder transition of an infinite crystal,
we shall study the evolution of superficial segregation that
affects the surface-cluster shell at the vicinity of a bulklike
miscibility gap. The latter will be characterized in the follow-
ing. Figure 5�a� shows the concentrations of the different
cluster shells as a function of �� at T=1500 K. In compari-
son with the previous results obtained at T=3000 K, these
isotherms have the following differences:

�a� They are steeper �note the change in the �� scale
between Figs. 4�a� and 5�a�� and the differences between the
different kinds of sites are more important, at least up to shell
4.

�b� Except for the surface isotherm, all the others exhibit
a rather vertical part located at the same value of ��

��540 meV�, slightly below the critical value on an infinite
bulk ���c

�=552 meV�. For the central shells, this part lies
between ccentral�0.15 and ccentral�0.85. For the intermediate
shells �typically from c6 to c2�, the lower bound increases
gradually from 0.15 to 0.8 when approaching the cluster sur-
face, while the upper bound varies weakly from 0.85 to 0.9.

�c� Just before this rather vertical part of the isotherms,
there is a range of �� �going from 520 to 540 meV� in
which some concentrations vary strongly. This mainly con-
cerns shells 3 and 4, the effect being still noticeable for shells
2, 5, and 6.

If we look now at the evolution of the concentrations of
the different cluster shells as a function of the core one �Fig.
5�b��, we can divide the cluster behavior into four stages.

1. Stage I: ��	520 meV or ccore	0.10

It is the stage of classical superficial segregation. Silver-
superficial segregation increases regularly as �� increases
and it mainly affects the first three shells. In the outermost
shell, the coupling between the facets and the edges is

-0.5 0.0 0.5 1.0 1.5

0.0

0.2

0.4

0.6

0.8

1.0

p=1
p=2
p=3
p=4
p=5
p=6
p=7
p=8
p=core (9-11)

c p

∆µ (eV)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

p=1
p=2
p=3
p=4
p=5
p=6
p=7
p=8

c p

c
core(b)

(a)
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weaker than for T=300 K, since the cluster surface is in the
disordered state, and the classical hierarchy of Ag segrega-
tion is recovered; i.e., the relative positions of the isotherms
follow the order of increasing coordination numbers
V /E / �001�F / �111�F.14 Moreover, the same hierarchy is ob-
served for the underlying shells affected by the segregation,
due to the couplings with the uppermost shells. The concen-
tration profiles relative to this stage, shown in Fig. 6, still
follow an exponential decay but with very small values of
the attenuation length, defined here as 
=−�ln��cp /
�cp−1��−1, with �cp=cp−ccore, and expressed in units of the
intershell distance. Note that this prevents the existence of a
pure core/shell structure at this temperature.45

2. Stage II: 520 meV	��	537 meV or 0.10	ccore	0.15

A strong variation in c3 and c4, as well as in c2, c5, and c6,
can be observed. This leads to a significant change in the
concentration profiles �Fig. 6� that exhibit a nonclassical
part, i.e., a concave part, spreading over the first four shells.
More precisely, the exponential attenuation of the concentra-
tion profile is recovered only in the core region, the one close
to the surface being subjected to the growth of a Ag-rich
phase which is metastable in the bulk. This behavior is typi-
cal of a prewetting stage since we observe the existence of a
Cu-rich concentration plateau in the core region but not of a
Ag-rich one near the cluster surface. We recall that this leads
to a complete wetting from the surface in a semi-infinite
crystal as ��→��c

bulk.46,47

3. Stage III: 537 meV	��	542 meV or 0.15	ccore	0.85

The cluster chemical composition changes drastically
from a Ag-rich surface/Cu-rich core state to an almost Ag-

pure state. Note that for an infinite bulk, this stage corre-
sponds to the miscibility gap, in which two states coexist
with concentrations equal to the bulk solubility limits at this
temperature �c�=0.13 and c=0.87�. As seen in Sec. III, we
can wonder whether the first-order phase transition of phase
separation of the infinite bulk is replaced with the existence
of a dynamical equilibrium of the whole nanoparticle be-
tween a Cu-rich state and a Ag-rich one on the corresponding
range of ��.

Figure 7�a� shows the variation in the core concentration,
the core being defined by the 55 central sites, as a function of
the number of MC steps for ��=539.6 meV. A dynamical
equilibrium is clearly visible, the core concentration oscillat-
ing between a Cu-rich state �c=0.15� and a Ag-rich state
�c=0.85�. If we look now at the variation in the concentra-
tions for the other internal shells, e.g., shell 5 shown in Fig.
7�b�, we can see that a dynamical equilibium affects also
these shells. More precisely, the concentration switches are
completely correlated, showing that this is a collective be-
havior of the whole cluster. The amplitude of the concentra-
tion oscillation is even more significant as the shell is close
to the core. Like for the cluster surface studied in Sec. III, the
core CDOS, shown in Fig. 7�c� �dark gray�, is thus bimodal.
Moreover, increasing �� leads to a change in the weight of
these two states, the Ag-rich state being more populated to
the detriment of the Cu-rich one, while the Ag concentrations
relative to these two states are almost constant on the whole
range of ��. This is similar to a miscibility gap of an infinite
bulk, the alloy concentrations inside this domain being a
weighted sum of the two solubility limits �the so-called level
rule�.

The comparison between the evolutions of the core and of
the S5-shell CDOS �Figs. 7�c� and 7�d�� for the same three
values of �� shows an important difference between the
behavior of the intermediate shells and the core one. While
the Ag concentrations of the two modes are almost constant
in the core region, the low-concentration mode for the S5
shell moves toward highest concentrations as �� increases,
the high-concentration mode being almost constant. Since
the concentration profile is the weighted sum of a Cu-rich
profile and of a Ag-rich one, the concentration of each shell
affected by the dynamical equilibrium can be written as

cp���� = �1 − ������cp
low + �����cp

high, �1�

where cp
low and cp

high are the p-shell concentrations of the
Cu-rich and Ag-rich states respectively. Using the criterion
ccore	0.5 �ccore�0.5� to define the Cu-rich �Ag-rich� state,
one can obtain the evolution of the weight between the two
states through the following parameter:

����� =
Nconf�ccore � 0.5�

Nconf , �2�

where Nconf is the total number of configurations of one MC
simulation at a given �� and Nconf�ccore�0.5� is the number
of configurations corresponding to ccore�0.5 during the
same run. Figure 8 shows the resulting concentration profiles
and this fully confirms the behavior deduced from the CDOS
analysis: the concentration of the Ag-rich state varies very

1 6 11 16 21
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0.6

0.8

1.0

c p

p

FIG. 6. Concentration profiles, cp= f�p�, obtained by MC simu-
lations for various �� at T�0.88Tc

bulk. To enhance the finite-size
aspect, these profiles are shown along a diameter of the nanopar-
ticle: p=1 and p=21 corresponds to the outermost shell, p=2 and
p=20 to the first underlying shell, and so on up to p=11, which
corresponds to the central site. The gray levels indicate the domains
of existence of each stage of the cluster behavior as a function of
��, from stage 1 �the lightest� to stage 4 �the darkest�.
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slightly as a function of �� contrary to the one of the Cu-
rich state that is subjected to prewetting, especially for shells
4–8. Therefore, Eq. �1� is still valid as long as the depen-

dence of cp
low on �� is taken into account, i.e., cp

low

→cp
low����.

Finally, we can resume the characteristics of stage 3 as
follows:

�a� The system oscillates between two states, leading to a
bimodal CDOS.

�b� The Ag-rich state varies very slightly as a function of
��, which is expected when referred to the equivalent infi-
nite bulk �a mixing of two phases, each one having a con-
stant concentration over the whole miscibility gap�.

�c� On the contrary, the Cu-rich state varies significantly.
This is linked to the prewetting behavior of stage 2, which is
active for the Cu-rich state in stage 3.

4. Stage IV: 542 meV	�� or 0.85	ccore

Similar to stage 1, it is a stage of standard segregation but
with a Ag-rich core, the phenomenon being thus much less
pronounced than in stage 1. The concentration profiles are
again convex �see Fig. 6�.
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FIG. 7. Variation in the concentration for the core �55 sites from
shells p=9 to p=11� �a� and for one internal shell �p=5� �b� as a
function of the number of MC steps for ��=539.6 eV at T
�0.88Tc

bulk. CDOSs for the core �55 sites from shells p=9 to p
=11� �c� and for one internal shell �p=5� �d� for various �� lying
in stage 3; ��=539.4 meV �dark gray�, ��=539.6 meV �gray�,
and ��=539.8 meV �light gray� at T�0.88Tc

bulk. Note that for the
sake of clarity, we have drawn the line graphs of the histograms.
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FIG. 8. Concentration profiles, cp= f�p�, for the Cu-rich state �a�
and for the Ag-rich state �b� for various �� lying in stage 3 at T
�0.88Tc

bulk; from bottom to top: ��=539.4 meV, ��
=539.6 meV, ��=539.8 meV, and ��=540 meV. For the Ag-
rich state, the different profiles are almost identical since this state
varies very slightly as a function of ��.
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V. DISCUSSION

One question that arises from this present study is to
know how the wetting behavior of the semi-infinite Cu-Ag
system is recovered, i.e., the growth from the surface of a
wetting film of diverging thickness at the vicinity of the bulk
solubility limit,29,30,46,47 since there is no wetting for the clus-
ter in the present study. Within a mean-field formalism ap-
plied to the linear chain, it has been shown that the thickness
of the Ag-rich wetting layer formed at each end of the chain
for a given �� is48

e���� = − 
 ln���c
� − ��� + C , �3�

where 
 is the attenuation length of the segregation profile
and ��c

� is the critical value of �� corresponding to cbulk
=0.5 for an infinite bulk. The constant C is equal to

 ln�B /
�, where B is the pre-exponential factor of the repul-
sive force between the surface and the interface of the wet-
ting phase and the core.49 For a linear chain made of N
atoms, the maximum thickness of the wetting layer is thus
reached when the value of �� corresponds to the existence
of the core dynamical equilibrium, ��c

N, i.e., emax=e���c
N�.

Therefore, the reliable quantity for enlightening the compe-
tition between wetting and core phase transition �or dynami-
cal equilibrium� is ���c=��c

�−��c
N. At T=0 K, ���c is

linear with the inverse chain length N−1 but deviates slightly
from this linear dependence at finite temperatures.

The nanoparticle core is defined here by the central atom
and its 12 nearest neighbors. We have thus calculated ���c
as a function of the cluster size for two temperatures �T
�0.88Tc

bulk and T�0.65Tc
bulk�. The results are presented in

Fig. 9�a� and several comments can be made:
�a� ���c is positive, leading to c�

Nat	c�
� and c

Nat	c
�, c�

Nat

and c
Nat being the core solubility limits of a cluster of Nat

atoms.
�b� ���c decreases rapidly for small values of Nat �Nat

	2000� to tend toward zero with an asymptotic behavior for
larger Nat.

�c� ���c is even larger as the temperature is low and the
cluster size is small.

To take advantage of the linear-chain study, we have
checked the variation in ���c as the inverse of the cluster
diameter Nat

−1/3. Due to temperature effects, Fig. 9�b� shows
that ���c is roughly proportional to Nat

−1/3 except for the
smallest size �Nat=55 atoms�, for which the core sites have
nearest-neighbor bonds with the surface sites and are thus
directly influenced by superficial segregation. However, in-
troducing now ��c

�−��c
Nat=aNat

−1/3 �see Fig. 9�b�� into Eq.
�3� leads to a qualitative expression of

emax =



3
ln Nat. �4�

Equation �4� shows that the thickness of the wetting phase
grows very slowly with respect to the nanoparticle size. In-
deed, increasing Nat by a factor of 105 leads to an increase in
emax of only three shells. Thus, Eq. �4� allows one to make
compatible the prediction of an incomplete wetting for clus-
ters and the observation of a complete wetting for a semi-
infinite bulk within the same energetical model:29,30,50 As

Nat→�, the thickness of the wetting film tends to infinity but
the ln Nat

1/3 convergence is very slow. Thus, this prevents ob-
taining a wetting layer of large thickness in clusters made of
thousands up to millions of atoms.

VI. CONCLUSION

In this work, we study the competition between superfi-
cial segregation, wetting and core dynamical equilibrium in
bimetallic nanoparticles. To resume this point, we present in
Fig. 10 diagrams that draw the evolution of the concentration
profile as a function of �� at T	Tc

bulk. Increasing ��, one
can distinguish:

�a� Standard segregation, which can be strong if the seg-
regating species is the minor constituent �Fig. 10�a��.

�b� Prewetting, for which the profile exhibits a concave
part but without the apparition of a plateau rich in the seg-
regating species �Fig. 10�b��. For very large clusters, this
stage may be followed by partial wetting with the apparition
of such a plateau �Fig. 10�b���.
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FIG. 9. Dependence of ��c
�−��c

Nat on the cluster size, ex-
pressed in number of atoms, Nat, at T�0.65Tc

bulk �1100 K� and T
�0.88Tc

bulk �1500 K� �a�; ��c
�−��c

Nat as a function of Nat
1/3 at the

same temperatures �b�. The dashed lines are a guide only for the
eyes.
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�c� Dynamical equilibrium affecting all the internal shells,
similar to the first-order phase transition due to the miscibil-
ity gap in an infinite crystal. For small clusters, the
“solvent”-rich state evolves as a function of ��, while the
“solute”-rich one is almost constant �Figs. 10�c� and 10�d��.
For larger clusters, the solvent-rich state corresponds to a
partial wetting profile and it is thus reasonable to think that it
does not evolve anymore on the dynamical equilibrium range
of �� �Figs. 10�c��and 10�d���.

�d� Standard segregation but weak, since the segregating
species is the major constituent �Fig. 10�e��.

Moreover, during the first stage of standard segregation, a
similar behavior can be observed for the cluster facets if the
temperature is lower than the critical temperatures of the
corresponding surfaces of semi-infinite crystals. Finally, re-
call that the Wulff polyhedron is generally more stable than
the cuboctahedron. If details of the segregation behaviors
may differ between the two structures, the dynamical equi-
librium of the core as well as the competition between wet-
ting and dynamical equilibrium do not, since both structures
are constructed on the fcc lattice.

It is worthy to note that this summary is obtained from
Monte Carlo simulations in the pseudo-grand-canonical en-
semble, in which the number of atoms of each species is
given by the difference in chemical potentials of the constitu-
ents, ��, the total number of atoms being fixed. From an
experimental point of view, it is more usual to characterize a
nanoparticle assemblage of the narrowest size distribution as
possible with a fixed mean nominal concentration. The dy-
namical equilibrium observed in our simulations may thus
manifest itself as:

�a� A dynamical equilibrium in each cluster, but it would
require a huge transport of matter with the reservoir �vapor
or deposited atoms on a substrate� to allow such concentra-
tion variations for each cluster. Yet, it seems not likely that
such transport of matter can occur, mainly due to kinetic
limitations.

�b� The apparition of two types of nanoparticles, one cor-
responding to clusters in the solute-rich state, the other cor-

responding to clusters in the solvent-rich state, the ratio of
the two types of nanoparticles depending on the reservoir
with which these nanoparticles are in equilibrium.

Actually, this second point, already mentioned in Ref. 17,
seems to be observed in recent experimental studies on
Cu-Ag clusters51 but still has to be completed with studies
about shape and size effects.

On the other hand, the question about the equilibrium of
an isolated nanoparticle of fixed nominal concentration
within the domain of dynamical equilibrium is still open. For
the cluster surface, the dynamical equilibrium affects each
facet separately, which means that each facet behaves with
each other as a reservoir. Therefore, experimental evidence
of the dynamical equilibrium consequences should be pos-
sible, i.e., mixing between solute-rich and solvent-rich facets
of the same crystallographical type. On the contrary, for the
whole nanoparticle, one may think that the solute-rich super-
ficial phase will grow toward the cluster core, leading to a
wetting-type concentration profile. However, the study
within the pseudo-grand-canonical ensemble shows that it is
not wetting from a thermodynamical point of view but is
rather a coexistence of two phases, even if the aspect of the
concentration profile cannot differentiate between these two
situations. Simulations in the canonical ensemble, in which
both the number of atoms and the nominal concentration are
fixed, should bring further information to answer this ques-
tion.

This study can thus be considered as a significant step in
the building of phase diagrams for bimetallic nanoparticles.
Works are in progress to go beyond the rigid-lattice approxi-
mation in order to account for relaxation effects due to the
size difference between the two constituents on one hand and
to study the effect of strain/stress of the facets during the
segregation stage for noncrystallographic structures, e.g.,
icosahedron, on the other hand.
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FIG. 10. Schematical evolution of the concentration profile, cp= f�p�, as �� increases at T	Tc
bulk �solid lines�, which results from the

weighted sum of a Cu-rich profile and a Ag-rich one �dotted lines� �see Eq. �1��. Standard segregation profile �a�, prewetting stage �b�
followed by a partial wetting stage for sufficiently large clusters �b��, dynamical equilibrium stage with evolution of the prewetting state for
small clusters ��c� and �d��, or without evolution of the partial wetting state for large clusters ��c��and �d��� and again standard segregation
profile �e�.
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