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Recently, core-shell Ag-Co, Ag-Cu, and “onionlike” Cu-Co equilibrium configurations were predicted in the
case of isolated face centered cubic �fcc� bimetallic clusters, and three shell onionlike configurations were
predicted in the case of ternary metallic clusters with spherical and truncated octahedral morphologies. In the
present paper, immiscible binary CuCo and ternary AgCuCo clusters with icosahedral structures are studied as
functions of their size and composition. Clusters studied are formed by 13, 55, 147, 309, and 561 atoms
corresponding to the five smallest possible closed shell icosahedral structures. An embedded atom model
potential is used to describe their cohesion. Equilibrium configurations are investigated by means of Metropolis
Monte Carlo free energy minimization in the �NPT� canonical ensemble. Most simulations are achieved at 10
and 300 K. The effect of temperature on segregation ordering is systematically investigated. Selected cases are
used to identify the effect of size and composition on melting. In contrast with fcc clusters, homogeneous
onionlike configurations of binary clusters are not predicted. When it is allowed by the composition, a com-
plete outer shell is formed by Cu in binary Cu-Co clusters and by Ag in ternary Ag-Cu-Co clusters. Depending
on temperature, Co may precipitate into decahedral groups under the Cu vertices of the icosahedra in binary
clusters, while the Co-Cu configuration in ternary clusters drastically depends on the Ag coating. Despite the
multicomponent character of the clusters and the immiscibility of the species forming them, for most compo-
sitions and sizes, equilibrium structures remain close to perfectly icosahedral at 10 K as well as at 300 K.
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I. INTRODUCTION

Metallic nanoparticles trigger fundamental interest for
their confinement properties as well as in view of applica-
tions in nanotechnologies. Indeed, the possibility of tuning
their size, morphology, structure, and composition opens
routes to original properties and to their monitoring in view
of their use in nanoscale devices.

When the cluster size is sufficiently confined, fivefold
symmetrical structures and morphologies turn out to be bet-
ter stable than cubic, even when they are made of more than
one element. For instance, the configurational energies of
icosahedral homotops of NinAlp clusters with n+ p=12, 13,
and 14 were systematically studied1 on the basis of both
experimental measurements and theoretical considerations.
Reviews emphasizing the efficiency of genetic algorithms for
geometry optimization of small clusters demonstrate the sta-
bility of the fivefold topologies.2,3 A general review of com-
putational methods developed in order to study such cluster
structures and properties is presented in Ref. 4 while, not
much later, another review of experimental characterization
of clusters crystallography was published.5 A recent review
reports about the major trends in computational and experi-
mental studies of bimetallic clusters.6

Because of their small size, the experimental character-
ization of fivefold symmetrical clusters may be difficult, in
particular, when they are made of more than one element.
A number of reports are published, however. A study of
the influence of individual metals on the stability of
mixed clusters was already reported in Ref. 7. Similar
studies using mass spectrometry and laser fragmentation
are now well known.8–12 A variety of structures and mor-

phologies of Au-Cu clusters was identified,13–17 as well as
in other bimetallic systems.18–28 On the theoretical side, five-
fold symmetries were predicted using the density functional
theory �DFT� in both elemental and binary small
clusters,29–31 sometimes in combination with semiempirical
techniques.32–35

Global optimization techniques require a huge amount of
iterations and were used therefore with semiempirical
potentials,36–40 with the generic Lennard-Jones potential,41 or
using semiempirical potentials for a first optimization and
DFT for a second optimization.42–46 Such methods allow ad-
dressing a large amount of case studies involving clusters
with larger sizes than full DFT computations. However, the
needed computational effort nowadays limits the investigated
cluster sizes in the range of 100 atoms. In this range, fivefold
symmetry is still dominant, and a significant insight is now
available about segregation and its relationship with the sta-
bility of homotops.

As larger clusters are concerned, molecular dynamics
�MD� and Metropolis Monte Carlo �MMC� with semiempir-
ical potentials are still the best efficient approaches, some-
times coupled with global optimization. MD and MMC al-
low studying kinetic and thermodynamic properties of
clusters with up to many thousands of atoms realistically and
the literature is abundant. Regarding bimetallic clusters, or-
dered, disordered, and segregated fivefold symmetric struc-
tures are predicted. For instance, in Au-Cu clusters,47 as well
as in other compounds,48 MD was systematically used to
identify the conditions at which icosahedral, decahedral, or
cuboctahedral morphologies take place. The role of tempera-
ture was investigated49 and the factors governing cluster sta-
bility were discussed.50–58
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Only limited literature about clusters formed by more than
two metals and having a fivefold symmetry is presently
available. However, icosahedral clusters were identified ex-
perimentally by extended x-ray-absorption fine structure
�EXAFS� in Zr70Cu29Pd1 metallic glasses.59 The thermal sta-
bility of Al-Pd-Mn icosahedral clusters formed by laser va-
porization of quasicrystals was studied.60 Theoretically, a
thermodynamic approach was used to study surface segrega-
tion in ternary metal clusters with icosahedral and cubocta-
hedral morphologies.61–64

In a previous study, the equilibrium properties of metallic
fcc clusters with truncated octahedral morphologies and
made of two and three different immiscible elements were
investigated in detail at the atomic scale.65 Metropolis Monte
Carlo simulations in the canonical �NPT� ensemble were
used therefore. Typical sizes of such fcc clusters experimen-
tally synthesized range from a few hundred to several thou-
sands of atoms. In smaller clusters that are also currently
synthesized experimentally, fivefold symmetry is privileged
and clusters with suitable numbers of atoms form perfect
icosahedral clusters. Neither MMC nor MD techniques are
efficient in predicting optimal cluster morphologies and clus-
ter sizes at which the icosahedral to cubic transition occurs,
and this transition may depend on the environment.

In the present study, we acknowledge the possibility of
both structures and we address the question to which extend
the properties identified in fcc clusters also pertain to the
icosahedral structure. The three elements considered in Ref.
65, Ag, Cu and Co, are also studied here. An embedded atom
model �EAM� is used in order to describe the cohesion of the
compounds.66–68 As the elemental solids are concerned, the
equilibrium potential is conveniently assessed, for instance,
by comparing experimental and predicted thermal expansion
coefficients and mean square thermal vibration amplitudes.
In the case of compounds, the assessment is more delicate
since Ag, Cu, and Co form no alloy in the bulk for which
similar properties could be measured at equilibrium. Using
EXAFS and Mössbauer spectroscopy data, it was, however,
possible to assess the AgCo potential.69 To our knowledge,
similar experimental data are not available for the AgCu and
the CoCu systems, and it is assumed that the same EAM still
reasonably holds. This was supported by the computation of
the heats of solution of the three Ag-Co, Ag-Cu, and Cu-Co
systems versus composition and by the comparison with ex-
perimental and theoretical studies of nonequilibrium
alloys.70–76 In the compound clusters, all heats of solution
were found positive, demonstrating that, like in the bulk, Ag,
Co, and Cu are immiscible in nanoclusters.

Agn-xCox fcc clusters with 200�n�3000 were already
examined in great detail elsewhere.57 It was found that, in the
solid state, the atomic configurations of both species result
from a balance between lattice distortion and binding energy,
and similar results were found with Agn-xCux clusters. When
x�10, it costs less energy to locate the Co �Cu� atoms in
small groups just beneath the surface and displacing the Ag
surface atoms therefore than to regroup all Co �Cu� atoms at
the center. At large x values, a core-shell structure with Co
�Cu� in the core is privileged. The situation is significantly
different for fcc Cun-xCox which heat of solution is smaller.
In this case, at small x, Co is distributed uniformly beneath

the Cu surface layer and a full Co subsurface layer could be
predicted, giving rise to an onion structure. This onion struc-
ture disappears if the cluster is coated with an additional
surface layer of Ag.65

In what follows, the same Metropolis Monte Carlo
method as in our previous work is used and we focus on
small CuCo and AgCuCo icosahedral clusters, and their
equilibrium configurations are systematically studied as
functions of size and composition.

II. CuCo CLUSTERS WITH ICOSAHEDRAL STRUCTURES

The geometric magic numbers associated with clusters—
known as Mackay icosahedra—composed by K complete
icosahedral shells, with multiple fivefold symmetry axes, are
given by77

N�K� =
1

3
�10K3 + 15K2 + 11K + 3� . �1�

The first five clusters in this series have, respectively, 13
�K=1�, 55 �K=2�, 147 �K=3�, 309 �K=4�, and 561 �K=5�
atoms. The number of atoms in the first shell is 12, in the
second shell 42, in the third shell 92, 162 in the fourth, and
252 in the fifth. In the 13-atom cluster, all atoms �except the
central one� occupy equivalent sites. The 55-atom cluster in
this series consists of a core—which is just the 13-atom
icosahedron—12 atoms at the vertices and 30 atoms at the
center of each of the 30 edges of the icosahedron. The 147-
atom cluster has an additional shell where one atom occupies
the center of each facet. No new site types are generated in
larger icosahedra. The binary Cun-mCom clusters with n=13,
55, 147, 309, 561 and 0�m�n are considered in this sec-
tion. We systematically study clusters at low temperature
�10 K�, comparing their configurations with those at 300 K
in order to investigate sensitivity of configurations to tem-
perature. The effect of composition on the melting tempera-
ture of binary clusters is only briefly commented.

In several instances, in particular, in small ternary clus-
ters, the differences between zero temperature configuration
energies of several isomers were such small that, because of
the magnitude of thermal fluctuations, it was not possible to
identify the best stable at 300 K despite the large number of
MMC steps used �5�106 moves per atom and 50 000–
500 000 exchange trials per atom pairs�. In such cases, the
identification of global minimum Helmholtz free energy con-
figurations is not warranted. However, the configuration dif-
ferences between such isomers, when identified, were small.

For convenience, the same convention is used in cluster
snapshots shown in the figures: Dark �pink in color version�
spheres represent Cu atoms, midgray �blue in color version�
spheres represent Ag atoms, and light gray spheres represent
Co atoms.

A. 13-atom clusters

In Figs. 1�a�–1�f�, the equilibrium configurations of
Cu13-mCom clusters are shown for several values of m at a
temperature of 10 K. It is seen that the central position is
always occupied by Co. With increasing m, the Cu atoms are
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replaced by Co atoms forming a compact first neighbor
group. Despite of the breakdown of symmetry, the final con-
figurations are perfect icosahedra.

The icosahedral structure of the six homotops displayed in
Fig. 1 is maintained at 300 K. For m�2 and m=12, the
configurations are unchanged as well. When the numbers of
Co and Cu atoms are comparable, the increase of tempera-
ture tends to reduce the segregation efficiency and the distri-
butions of the species in the clusters get more homogeneous,
as seen by comparing the Figs. 1�d� and 1�e� with 1�g� and
1�h�.

B. 55-atom cluster

Figure 2 shows the final configurations of Cu55-mCom
clusters for some values of m at 10 K. In this case, when 0
�m�10, the Co atoms are located in small groups just be-
neath the surface �K=1� and the central atom is Cu �Figs.
2�a� and 2�b��. This pertains to both 10 and 300 K. At 300 K,
however, the six Co atom configuration is not as compact as
shown in Fig. 2�b�, but their positions keep confined in the

K=1 cluster shell. Further increasing m results in filling the
core of the cluster with Co, and when m=13, the Co forms
the 13-atom inner icosahedron, covered by the 42 Cu atoms
closing the outer shell �Figs. 2�c� and 2�d��. This close shell
structure remains stable for the higher temperature of 300 K.
Notice that in principle, at m=12, Co could form a closed
K=1 shell. In fact, one K=1 site is occupied by Cu and the
central site by one Co atom. The K=1 shell is thus never
closed by Co atoms. When m�13, Cu atoms of the outer
shell are consequently replaced by Co atoms. The Cu atoms
forming the edges are replaced first and then those at the
vertices �Fig. 2�e��. At m=43 and 10 K, the 12 Cu atoms sit
at the 12 vertices of the icosahedron �Fig. 2�f��. At 300 K,
this symmetrical Cu arrangement is partially disordered.

C. 147-atom clusters

The case of Cu147-mCom clusters differs from the previous
ones. Configurations of Co atoms for selected m are shown
in Fig. 3 at 10 K. When m�12, the Co atoms are homoge-
neously distributed in the subsurface shell �K=2� and occupy
the vertices. This configuration is symmetrical to that of 55-
atom cluster containing 12 Cu atoms instead of 12 Co in the
K=2 shell. The effect of temperature is similar as well,
namely, to delocalize some Co atoms to edges in the same
shell. Such a homogeneous subsurface configuration is simi-
lar to that found in fcc clusters; however, the situation
changes for larger m values before a full shell of Co can be
formed. Indeed, at 10 K, increasing m above 12 results in
filling one facet of the subsurface shell by Co atoms at first
and then the adjacent ones �at 12�m�22� �Figs. 3�c� and
3�d��. The K=1 site at their intersection is occupied by a Co
atom too, forming a seven-atom decahedron with its K=2
first neighbors. Temperature partially inhibits this faceting.
At 300 K, edge positions are privileged and no decahedron is
formed. Co mainly remains in the K=2 shell and, in some
configurations, Co atoms appear at the cluster surface. When
m is still increased further �Fig. 3�e��, the additional Co at-
oms do not close the shell. Indeed, at 10 K, they form a
decahedral object based on the filled adjacent facets. From
there on, the growth of the Co cluster is three dimensional
and completes the core at m=55 �Fig. 3�f��. This completion

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

(d) (e) (f)(d) (e) (f)(d) (e) (f)(d) (e) (f)

(g) (h)(g) (h)(g) (h)(g) (h)

FIG. 1. �Color online� Icosahedral Cu13−mCom clusters at T
=10 K with �a� m=1, �b� m=2, �c� m=3, �d� m=5, �e� m=7, �f�
m=12, and at T=300 K with �g� m=5 and �h� m=7.

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

(d) (e) (f)(d) (e) (f)(d) (e) (f)(d) (e) (f)

FIG. 2. �Color online� Icosahedral Cu55−mCom clusters. �a� m
=6, �b� the Co6 group in �a�, �c� m=13, �d� the Co13 group in �c�, �e�
m=19, and �f� m=43. The temperature is T=10 K.

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

(d) (e) (f)(d) (e) (f)(d) (e) (f)(d) (e) (f)

FIG. 3. �Color online� Icosahedral Cu147−mCom clusters. �a� m
=12, �b� same as �a�, but only Co atoms are shown, �c� m=15, �d�
m=22, �e� m=30, and �f� m=55. In �c�–�f�, only Co atoms are
shown. The temperature is T=10 K.
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is also observed at 300 K. However, no similar decahedron is
formed as shown for m=30 in Fig. 3�e�. Instead, Co is pre-
dominantly filling the K=2 shell before the K=1 shell.
Hence, as it was already found in the 55-atom clusters, tem-
perature favors the onionlike structure at the expense of
decahedron formation; however, a close shell onion layering
is not achieved.

D. 309-atom cluster

For the sake of clarity, the discussion of configurations at
10 and 300 K is distinguished in this section and we start
with the case of low temperature.

Similarly to the case of Cu147-mCom clusters, Co atoms
occupy positions beyond the surface layer insofar Cu is not
yet fully replaced by Co in the inner shells. The privileged
sequence as m increases from zero is shown in Fig. 4. First,
the 12 vertices of the subsurface shell �K=3 in Eq. �1�� are
occupied by Co. Next, Cu is replaced by Co at the positions
of the edges in the same shell, either intersecting at a vertex
or joining two neighboring vertices. For 30�m�70, a new
configuration building block of Co atoms occurs. Decahedra
with seven Co atoms are formed, occupying a vertex of the
K=3 shell, surrounded by five Co nearest neighbors in the
same shell and one Co nearest neighbor at the vertex of the
underlying K=2 shell �Fig. 4�b��. Isomeric Co configurations
were found with a slightly higher configuration energy �no
more than 0.5 meV/atom�, where Co tetrahedra, based on
one triangular K=3 facet, are adjacent to each other. Two
such tetrahedra may be encountered when m�55. The cen-
tral core of 13 atoms also appears to be a stable configuration
in combination with the tetrahedra �Fig. 4�c��. With 12 small
decahedra similar to those shown in Fig. 4�b�, a regular pat-
tern of 84 Co atoms would be formed. As discussed below,
this occurs in larger clusters, but not in the present one, as a
consequence of the limited cluster size. Instead, for m�70,

another configuration becomes energetically favored. It is a
big decahedron formed by five adjacent tetrahedra as shown
in Fig. 4�d�. Similarly to the case of the 147-atom clusters,
the pattern formed by cobalt below the surface layer of cop-
per is thus not homogeneous. It initiates at few subsurface
sites only and grows from these nuclei as m is increased until
a single Co decahedron is formed. When m�147, Co occu-
pancy of surface sites starts. Surface Co atoms tend to be
grouped together, forming nearest neighbor islands. No pref-
erential location was observed for these surface islands. In
general—though not systematically—the coordination of co-
balt atoms is maximized and they avoid the K=4 vertex po-
sitions accordingly. We now turn to the configurations of the
same homotops at 300 K.

Similarly to smaller clusters, with m�12, all Co atoms
are located in the subsurface shell �K=3 in this case�, but not
systematically at vertices, and edges for the case when m are
increased above 12. The formation of seven-atom decahedra
when m�70 is not as systematic as at 10 K �Fig. 4�b��,
although, as shown in Fig. 4�e�, some decahedra are partially
formed. No regular pattern is observed, and some Co atoms
could be found, located randomly in the volume of the clus-
ter.

In contrast with the low temperature case, at larger m
values, neither the central group nor a large decahedron is
completely formed at T=300 K, and, instead, like in smaller
clusters, the trend is that higher temperature favors an onion
structure, which is never close shell. The consequence of
temperature is also the emergence of some Co atoms at the
cluster surface.

E. 561-atom cluster

We start with the discussion of low temperature homo-
tops. Selected Co configurations predicted at 10 K are de-
picted in Fig. 5. The way cobalt atoms arrange to achieve the
lowest energy configuration in CuCo icosahedral clusters of
size 561 does not differ much from the 309-atom cluster, but
the larger size allows the different patterns to be better dis-
tinguishable. Again, for m�12, cobalt atoms occupy the 12
vertices of the subsurface layer. Further increasing m results
in forming seven-atom decahedra beneath the K=5 vertices

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

(d) (e) (f)(d) (e) (f)(d) (e) (f)(d) (e) (f)

FIG. 4. �Color online� Icosahedral Cu309−mCom clusters. Lowest
energy configurations identified at a temperature T=10 K are
shown in �a�–�d� with �a� m=42, only Cu atoms are seen, �b� m
=42, only Co atoms are displayed and decahedra formed by seven
atoms are shown in dark, �c� m=72, an isomer configuration only
slightly less favorable energetically than the decahedral pattern
shown in �b�, and �d� m=84, Co is regrouped in a large decahedron
shown in dark. Lowest energy configurations identified at a tem-
perature T=300 K are shown in �e� and �f� with �e� m=42 and �f�
m=72.

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

(d) (e) (f)(d) (e) (f)(d) (e) (f)(d) (e) (f)

FIG. 5. �Color online� Icosahedral Cu561−mCom clusters. �a� m
=84 �Co inside�, �b� m=84, �c� m=97, �d� m=139, a configuration
with a large core and a subsurface decahedral pattern, �e� m=139, a
configuration with a small core, and �f� m=162.
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�Fig. 5�b��. The growth of such decahedra always nucleates
from a group of three or more atoms. Co dimers are never
observed at a vertex. Note that when 70�m�97, two Co
configurations are observed: either with a central icosahedral
core of 13 atoms or without it, with a slightly lower configu-
ration energy attributed to the matter. For instance, the en-
ergy difference between these two configurations for m=72
is no more than 2�10−4 eV/atom, yet distinguishable with
respect to the typical standard deviation of the configuration
energy, 5�10−5 eV/atom, during the MMC simulations. An-
other peculiarity of the cobalt atoms configurations is more
clearly evident than in the 309-atom cluster as well. For m
=97, the minimal energy configuration consists in 12 deca-
hedra and a central icosahedral core of 13 atoms �Fig. 5�c��.
Thanks to the larger cluster size, they are not entangled as in
the smaller cluster. One thus retrieves an onion structure as
previously predicted in fcc clusters, however, made of small
groups rather than forming a uniform monolayer. When m
�97, the configuration with a central icosahedral core of 55
atoms also is possible �Fig. 5�d��. Its configuration energy is
slightly higher for m�140 and slightly lower for m�140.
Two isomeric Co configurations for m=139 are depicted in
Figs. 5�d� and 5�e� with a central icosahedral core of 55
atoms and with a central icosahedral core of 13 atoms, re-
spectively. It is seen that after forming the 12 vertex decahe-
dra, cobalt atoms preferentially take positions in the K=4
shell, starting from the icosahedral edges, then facets, and
then K�4 shells �see also Fig. 5�f��. In all the cases, the 12
vertex decahedra persist, which demonstrates their particu-
larly high stability.

We now comment on the differences in configurations at
10 and 300 K. At 300 K, for m=84, the pattern of 12 deca-
hedra is largely vanished. Co tends to fill subsurface layers
�K=4�, preferentially along edges, and a few atoms are scat-
tered at surface sites as well as in inner shells. The icosahe-
dral 13 Co core observed at 10 K for m�97 vanishes at
300 K as well as the seven-atom subsurface decahedra. The
onion layering is not homogeneous, however, and substantial
thermal disorder takes place. The poor uniformity of the on-
ion structure at 300 K is not improved by higher tempera-
ture. Configurations were calculated at 600 K, displaying an
increased disorder and an increased emergence of Co atoms
at the cluster surface, but no enhancement of the onion lay-
ering.

III. HIGH TEMPERATURE EFFECTS

So far, the role of entropy is mainly estimated at low and
up to room temperatures. We now turn to the discussion of
high temperature thermal disordering. In order to emphasize
the effect of temperature, the same free energy minimizations
as in the previous section are performed in a temperature
range up to 1500 K. At moderate temperature, clusters keep
their icosahedral structure. At high temperature, site ex-
changes are found possible resulting in some disorder. The
transition between the low and the high temperature regimes
is documented in Ref. 78. Above 700 K, depending on com-
position and size, the icosahedral structure vanishes. Caloric
curves were established by means of MD for several clusters,

indicating that this is a melting transition. Examples are
given in Fig. 6. Because of the occurrence of jumps between
the solid and the liquid states on the long term, a melting
temperature could not be identified accurately. The results in
Fig. 6, however, qualitatively indicate that the transition tem-
perature increases with the Co content and with size. Even in
the liquid phase, however, Co does not dissolve and, at low
concentration, it remains grouped beneath the surface.

IV. TERNARY ICOSAHEDRAL CLUSTERS

We now turn to the effect of adding Ag to the clusters
studied in the previous sections, thus forming a
Agn-m-kCumCok ternary system. This leads to profound rear-
rangement of Co and Cu, leaving the icosahedral structures
stable.

Among the huge possible combinations of n, m, and k, the
ternary Ag13-m-kCumCok clusters with 0� �m+k��13 and the
Ag55Cu12Co1, Ag147Cu12Co1, Ag147Cu54Co1, and
Ag147Cu42Co13 clusters are selected. Next, we select configu-
rations of Agn-m-kCumCok clusters with n=55, 147 and 0
� �m+k��n, with m and n such that the number of each
species corresponds to the number of sites available in one
icosahedral shell. This way, it is possible to discuss the nec-
essary conditions for each shell to have a single elemental
composition.

A. 13-atom clusters

In this case, only minor temperature effects are detected at
300 K. The effect of increasing the Cu concentration in 13-
atom Ag13-m-kCumCok clusters with k=1 is shown in the first
row of Fig. 7 and with k=2 in the second row. Configura-
tions with fixed m=1 are shown in the third. In all cases, the
central site is occupied by a Co atom and, as soon as k=7
�third row in Fig. 7�, a perfect Co decahedron is formed,

0 200 400 600 800 1000 1200 1400
0.0

0.1

0.2

0.3

0.4
Cu49Co6
Cu36Co19
Cu12Co43
Cu102Co207

Co
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(e
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Temperature (K)

FIG. 6. �Color online� Caloric curves for Cu55−mCom clusters
with m=6, 19, 43 and Cu102Co207. The curves are shifted to the
same reference energy at 0 K for the sake of comparison. The true
configuration energies at T=0 K are −2.9825, −3.2047, −3.5692,
and −3.7609 eV for clusters Cu49Co6, Cu36Co19, Cu12Co43, and
Cu102Co207, respectively. The estimated melting temperatures are
shown by vertical arrows.
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which is decorated by the additional Co atoms when k�7.
Hence, in all cases, Co makes first neighbor bonds with other
Co atoms whenever possible. The first and second rows in
Fig. 7 illustrate that Cu and Ag do not mix either. Phase
separation at 10 and 300 K is thus clear, even in such small
clusters. In addition, as a consequence of segregation be-
tween the species, minority elements are grouped together.
This is depicted in Fig. 7. In the first two rows of the figure,
Cu is shown to regroup with the Co group, while in the third
row, it is seen to regroup with Ag. The effect is mostly pro-
nounced at 10 K. In the best stable configurations that are
found, Cu not only regroups with the minority element, but
also the Cu-Cu coordination is maximized.

B. 55- and 147-atom clusters

For the 55-atom cluster, the case of m=12 and n-m-k
=42 �with k=1� is studied. m corresponds to the number of
atoms in the first shell �K=1� and n-m-k to the number of
atoms in the second shell �K=2�. It is seen in Fig. 8 that in
the case of the Ag42Cu12Co1 cluster at 10 K, the only Co
atom is in the centre surrounded by 12 atoms of Cu, and this
CuCo core is covered by 42 atoms of Ag �Figs. 8�a� and
8�b��. This feature remains unchanged at 300 K. The Cu12Co
icosahedral core is preserved in the 147-atom cluster when-
ever the shell at K=3 is occupied by Cu or Ag. When k
=13, the central icosahedron is occupied by Co. At 300 K,
minor interlayer mixing is observed.

In Fig. 9, the equilibrium configurations of binary 55-
atom Cu55-mCom clusters ��a�–�e�� are compared for selected
values of m with the ternary 147-atom Ag92Cu55-mCom clus-
ters ��f�–�j�� having the same CuCo core at 10 K. This Ag
coating modifies the surface energy of the Cu55-mCom inner
cluster with the consequence that the subsurface Co location
becomes energetically unfavorable. In addition to the feeding

of Co to the center by the Ag coating, Co forms more com-
pact groups than without coating. The copper distribution at
the surface of the Cu55-mCom clusters also strongly differs
from its distribution at the interface with Ag in the
Ag92Cu55-mCom ternary cluster. Figure 9 shows, for instance,
that the 12 Cu atoms in Fig. 2�f� �reproduced in Fig. 9�e�� do
not occupy vertices anymore but regroup along an edge and
in a facet of the same shell in the Ag92Cu12Co43 cluster �Fig.
9�j��. The effect of the Ag coating is the same at both tem-
peratures investigated. Little disorder is found at 300 K as
compared to the 10 K configurations shown in Fig. 9, involv-
ing some atomic mixing at the surface.

V. DISCUSSION

The interplay between cluster size, morphology, structure
and composition, surface and interface excess energies, bind-
ing energies between species, thermal disorder, and thermal
vibration effects makes it impossible to predict equilibrium
thermodynamic states of clusters on intuitive grounds.
Guidelines may be found, however, based on the comparison
over a large set of data as it was shown, for instance, in Ref.
1 in the case of 12- to 14-atom bimetallic clusters. The pur-

m=1, k=1m=1, k=1m=1, k=1m=1, k=1 m=2, k=1m=2, k=1m=2, k=1m=2, k=1 m=6, k=1m=6, k=1m=6, k=1m=6, k=1 m=11, k=1m=11, k=1m=11, k=1m=11, k=1

m=1, k=2m=1, k=2m=1, k=2m=1, k=2 m=2, k=2m=2, k=2m=2, k=2m=2, k=2 m=3, k=2m=3, k=2m=3, k=2m=3, k=2 m=5, k=2m=5, k=2m=5, k=2m=5, k=2

m=1, k=7m=1, k=7m=1, k=7m=1, k=7 m=1, k=9m=1, k=9m=1, k=9m=1, k=9 m=1, k=10m=1, k=10m=1, k=10m=1, k=10 m=1, k=11m=1, k=11m=1, k=11m=1, k=11

FIG. 7. �Color online� 13-atom Ag13−m−kCumCok clusters con-
figurations with different m and k. The temperature is T=10 K.

(a) (b)(a) (b)(a) (b)(a) (b)

(c) (d) (e)(c) (d) (e)(c) (d) (e)(c) (d) (e)

FIG. 8. �Color online� 55- and 147-atom clusters at 10 K. �a�
Ag42Cu12Co1, �b� its cross section, �c� the cross section of the
Ag134Cu12Co1 cluster, �d� of the Ag92Cu54Co1 cluster, and �e� of the
Ag92Cu42Co13 cluster.

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

(f) (g) (h) (i) (j)(f) (g) (h) (i) (j)(f) (g) (h) (i) (j)(f) (g) (h) (i) (j)

FIG. 9. �Color online� The 55-atom Cu55−mCom clusters. �a� m
=1, �b� m=6 �Co core�, �c� m=19, �d� m=19 �Co core�, �e� m
=43, and �f� the 147-atom Ag92Cu55−mCom clusters for the same
values of m �f�–�j�. The temperature is T=10 K.
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pose of this discussion is to emphasize those that may
emerge from the present work.

First, we point out that, because of its stochastic nature at
the atomic scale, the MMC method used here is inefficient in
predicting structural and morphological transitions involving
correlated motions of large amplitude. Molecular dynamics
is not better successful either because of the magnitude of the
energy barriers involved in these transitions. Moreover, free
energies associated with different states cannot be calculated
accurately without thermodynamic integration, requiring
computational effort at least 1 order of magnitude larger than
the one for free energy minimization. For these reasons, en-
ergy balances are often made at 0 K with the hope that they
pertain to higher temperatures.

Regarding the cluster structure, an MD algorithm was
used in the context of the present work to perform quasistatic
estimates of elemental Ag, Cu, and Co configuration energies
per atom at 0 K for fcc and icosahedral clusters with sizes
ranging from N=50 to N=5000 atoms. The excess energies
were estimated using the fcc bulk configuration energies per
atom as a reference. In this range, the 0 K excess energy per
atom scales with N−1/3 for both structures as expected, and
the excess energy difference between the two structures
obeys the same scaling law. We find that the icosahedral
structure is energetically more favorable at 0 K; however, the
excess energy differences are typically smaller than
0.01 eV/atom �5 meV in the case of 500 atom clusters� and
thus of the order of typical thermal energies. Hence, a cross-
over in the size dependencies of Helmholtz free energy is
possible at some nonzero temperature, although none is
found for 0 K excess energies. In addition, fcc clusters with
no more than 200 atoms are observed experimentally. In this
size range, both structures may thus exist.

The main difference between fcc and icosahedral struc-
tures is, of course, the order of symmetry, and the main pur-
pose of this discussion is to emphasize its role in chemical
ordering.

The simplest energetic parameter which can be considered
in predicting chemical ordering is the 0 K binding energy of
a single atom impurity as a function of position in an el-
emental cluster. Such a scheme was used, for instance, in
Ref. 58 in order to argue why an onion structure could be
expected in fcc binary clusters and not in icosahedral ones.
The same calculation repeated here for the same Ag-Cu sys-
tems as in Ref. 58, but using our EAM potential, leads to the
same conclusion: 0 K binding energies are not consistent
with the onion structure in icosahedral Ag-Cu clusters. This
conclusion thus holds using different potentials. The same
argument for the Cu-Co system, however, leads to the oppo-
site conclusion and supports the prediction of subsurface po-
sitions of Co atoms in Cu icosahedral clusters. This is con-
sistent with all the cases considered in the present work, even
at high temperatures and above the melting point, provided
the number of Co impurities is small enough �less than ten
atoms, irrespective to the cluster size�. It is also supported by
our previous work on AgCo clusters.57,65 When a Co atom is
inserted, the energy stored in relaxing Ag positions takes its
lowest values where the coordination of Ag is also the lowest
possible, namely, at the cluster vertices. On the other hand,
the 0 K energy of the system is minimized both in Ag and in

Cu matrices when the coordination of Co impurity is maxi-
mized. Both conditions are met simultaneously when Co sit
in the subsurface layer, beneath the vertices. This is the rea-
son why Co substitutional impurities can be located at sub-
surface sites only when this is geometrically necessary. This
conclusion is valid for both fcc and icosahedral structures.

As discussed in Ref. 57, this reasoning is not sufficient
anymore when the number of Co atoms is larger. In this case,
the 0 K energy gained in Co-Co binding by clustering them
together is larger than the energy lost in displacing host Ag
or Cu cluster atoms. The examples shown in this work
mainly concern Cu-Co clusters, but the argument pertains to
Ag-Co clusters as well.57 In the competition between lattice
distortion and binding, the onion configuration may be an
intermediate state triggered by surface tension, as demon-
strated in Ref. 65 for CuCo fcc clusters. This was not found
possible in AgCo clusters.57

The effect of structure is not the same here as discussed in
Ref. 58. In fcc Cu-Co clusters, the Co ring is uniform. It is
not in the icosahedral one, and here comes the importance of
the fivefold symmetry. The fivefold symmetry configuration
of small clusters is energetically more favorable than four-
fold, as widely predicted computationally and observed ex-
perimentally at different temperatures. At the present stage of
this discussion, we understand why a few Co impurities pref-
erentially sit at subsurface sites beneath the 12 vertices of the
icosahedron. When their number is increased above 12, the
next ones will still sit at subsurface sites, displacing Cu at-
oms of low coordination and maximizing Co coordination.
This latter factor, together with the energetically favorable
fivefold symmetry, leads to the seven-atom subsurface deca-
hedra found in this work. Because of the symmetry, this con-
figuration is frustrated in fcc clusters where the trend to ho-
mogeneous onion rings is more pronounced.

The next ingredients to be considered in the problem are
size and temperature. As size is concerned, the largest of the
systems considered here is the easiest case. Indeed, the suc-
cessive steps appear well-separated when m is increasing in
Cu561-mCom clusters: �i� filling subsurface vertices, �ii� form-
ing seven-atom decahedra, �iii� filling subsurface neighbor-
ing facets, and �iv� forming a large subsurface decahedron or
a central icosahedron. When the cluster size is reduced, the
sequence is basically the same, but the steps are entangled
because of the limited room.

The role of temperature is more subtle and probably not
fully captured in this study because a direct measurement of
entropy is missing. Through all the cases considered, expect-
edly, temperature induces disorder and, in this respect, the
0 K discussion above pertains as a reference. It was shown in
Ref. 79 that temperature has the effect of decreasing the
difference between stresses on different sublattices of an or-
dered alloy. If the temperature of a binary cluster is in-
creased, one thus expects the stress field to become more
uniform. This is a factor which may favor its homogeniza-
tion. Different configurations have, however, different sensi-
tivities to temperature. The seven-atom decahedral configu-
rations, for instance, are significantly degraded, even at
300 K. However, up to the melting point, the thermal effects
are not sufficient to induce a uniform onion configuration.
Temperature also monitors the statistical populations of dif-
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ferent isomeric configurations. One example may be the pos-
sible decahedral and icosahedral configurations that display
very small 0 K configuration energy differences. The statis-
tics of the evolution of their populations with temperature is
beyond the scope of this work.

This discussion should not be closed without stressing
two additional features involved in the cluster configurations.
The first one is the immiscibility of the species in the bulk
phase. Heats of solutions of all possible binary compounds
made of Ag, Cu, and Co were computed positive with this
EAM potential, with a maximum close to the A0.5B0.5
composition.65 In all configurations found in the present
work, species tend to precipitate either in the same cluster
layer or into first neighbor groups. Immiscibility thus also
pertains to the icosahedral phase. In descending order of
heats of solution at this composition, the classification is
AgCo, AgCu, and CuCo. The same was found in the case of
clusters. This classification is consistent with the Ag forming
the surface shell; however, it is not sufficient to describe all
cases and it was shown in Ref. 65 that surface excess energy
is another quantity needed to predict chemical ordering. The
same methodology is used here and we show, by means of
ternary clusters, that lowering the surface energy of a binary
cluster by coating with a third species has profound conse-
quences on the ordering of the inner cluster by enhancing the
precipitation of Co atoms into compact groups: binding ef-
fects then dominate.

VI. CONCLUSION

The study of immiscible icosahedral clusters with various
sizes and composition presented here evidences features to

which equilibrium configurations obey. First, a homogeneous
mixture of two or three species immiscible in the bulk is not
observed in clusters. Second, the icosahedral structure is
found stable for all compositions at 10 K as well as at
300 K. The third feature is the dramatic effect of a coating
on the configuration of the components inside the cluster,
whatever the temperature is. Finally, the importance of the
icosahedral structure deserves to be emphasized. The ex-
ample shown here is the Co distribution in the subsurface
area. A homogeneous onionlike structure was predicted in
truncated octahedral fcc CuCo clusters containing 201 atoms
and more in the absence of a coating. It is found neither in
the 147, 309, nor in the 561 atoms icosahedral clusters. In
those, close to 0 K, cobalt decahedra are formed based on a
vertex of the subsurface shell. Such an accommodation is, of
course, not favored in a cubic structure. In the icosahedral
case, temperature moderates the decahedral grouping, but it
also does not lead to the formation of a homogeneous onion
structure.

Experimental assessment of these predictions is, in prin-
ciple, possible, provided clusters may be deposited on a sur-
face or embedded in a matrix in controlled temperature con-
ditions. However, like in the case of a coating, interfaces
may substantially modify the configurations of the different
elements. These should be accounted for in the modeling.
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