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The embedded-atom method is used to study icosahedral NiN clusters in the size range from 13 to 147
atoms. Two mutually exclusive structures, corresponding to different ways of covering the underlying icosa-
hedral core, are considered and the more favorable of them is determined for each cluster size. A transition
from polyicosahedral to multilayered icosahedral structure is found in very good agreement with chemical
probe experiments. Enhanced stability is found after the completion of certain caps~umbrellas! in accordance
with near-threshold photoionization mass spectra and with molecular adsorption experiments.
@S0163-1829~96!03532-1#

I. INTRODUCTION

During the past years experimental support has been
growing for the relevance of the icosahedral symmetry in the
cluster phase of the matter. Small clusters made up of a few
atoms are not simple fragments of a crystalline lattice. Struc-
tural information on free clusters comes from electron
diffraction,1 chemical reactivity studies,2,3 and from the
analysis of intensity anomalies in the abundance mass
spectra.4–10The rare gas clusters formed in supersonic vapor
expansions were the first to show icosahedral symmetry.4

Not only icosahedral clusters with complete shells were
identified, but also a picture of icosahedral growth was de-
rived for cases when the number of atoms corresponds to
incomplete shells.5 Pair potential calculations11 have been
performed to study a model of icosahedral growth for rare
gas clusters in which highly symmetric atomic positions on
top of an icosahedral core are progressively occupied, giving
rise to multilayered Mackay icosahedral structures.12,13

The intensity anomalies in the mass spectra of metallic
clusters are more complicated, due to the effects driven by
the bonding electrons. The filling of electronic quantum lev-
els dominates the magic numbers of variouss-p bonded
metal clusters14,15 in the small and medium size regimes. But
for large clusters, and starting from a critical size which is
very dependent on the particular metal, a pattern emerges in
the mass abundance, which is interpreted as reflecting the
filling of geometrical~or atomic) shells. That critical size is
around 1500 atoms for Na~Ref. 7! and much lower for
alkaline-earth clusters. For the last ones, icosahedral geom-
etries are revealed by the mass spectra of Ba clusters be-
tween 13 and 35 atoms6 and for more than 147 atoms in the
case of Mg.8 Information about the development of the
icosahedral shells was extracted in the last case, and a model
of growth by formation of capping umbrellas was proposed8

to account for the sequence of magic numbers of Mg clus-
ters. This type of growth, although very similar to the one
accepted for rare gas clusters,5,11 is not identical and does not
produce the same magic numbers. The model sucessfully
explains the near-threshold photoionization experiments on

Ni and Co clusters containing between 100 and 800 atoms10

~see Sec. IV below!. In those experiments, a sharp increase
in the abundance is observed at some particular cluster sizes.
This is interpreted as a consequence of the sharp drop of the
ionization potential after an umbrella has been completed.
We have studied the correspondence between the closing of
shells of atoms and the drops in the ionization potential,
although for a model of spherical body-centered-cubic
clusters.16 Various theoretical studies ranging from simple
monovalent metal,17,18 to noble metal, and transition metal
clusters19–23show that, in general, icosahedral structures are
very competitive and often preferred against other shapes,
except for small cluster sizes.Ab initio molecular dynamics
studies predict icosahedral growth for Li clusters with more
than 25 atoms.24

Two different structures based on icosahedral growth can
be considered. One is the usual multilayered Mackay icosa-
hedral~MIC! filling of the space, in which the formation of
successive icosahedral layers gives rise to onionlike clusters
with 13, 55, 147, . . . atoms. Alternatively, by occupying cer-
tain interstitial positions of the MIC lattice, polyicosahedral
structures composed of interpenetrated icosahedra~TIC! can
be formed. In Sec. III, the two structures, MIC and TIC will
be described in more detail. In this paper, we study the com-
petition between these two related structures for the case of
nickel clusters. For this purpose, we start with Ni13 and add
atoms one by one until we reach Ni147. In the calculations
we use the embedded-atom method~EAM!,25–27 which has
been previously used to study structural and thermal proper-
ties of pure and mixed transition metal and noble metal
clusters.20–23,28The EAM produces different effective inter-
actions between two atoms when those are in different envi-
ronments in the cluster, so the scheme goes beyond the
simple pair potential approximations. The geometries that we
assume consist of an icosahedral core with 13 or 55 atoms,
upon which atoms are added in one of the two alternative
ways mentioned above. For each cluster size and for each
type of covering~TIC or MIC!, we optimize the structure by
minimizing the cluster energy with respect to the possible
site occupations and allowing for a small relaxation of the
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whole cluster to reach its closest local energy minimum. In
this way, the energy is obtained as a function of size for the
most stable atomic arrangement~within the class allowed! on
top of the icosahedral core fromN513 to 147 atoms. The
calculational method is introduced in Sec. II, and the results
are presented in Sec. III. These are discussed and compared
with experiment10,29–31 in Sec. IV. A summary is given in
Sec. V.

II. EMBEDDED ATOM METHOD

The EAM, which is related to the effective medium theo-
ries, replaces the N-atom problem of the cohesion energy of
a metallic system by the sum of the interaction energies of
each of the N atoms with a host modeling the effect of the
remaining N-1 atoms on the one in question. As those ap-
proaches are based on the density functional theory,32 the
physical quantity responsible for the interactions is the elec-
tron density. Effective medium theories were first applied to
problems in which the bonding effects are well localized, as
for example, an interstitial impurity immersed in a metal.33

The real system was substituted by a simpler one consisting
of the impurity embedded in a homogeneous electron gas
~neutralized by an uniform positive background! of density
equal to the local density of the host at the position of the
impurity. This approximation gave good results for the
trends in impurity binding energies and chemisorption ener-
gies.

In view of the success of such a simple approach, Daw
and Baskes26 proposed to look at every atom in a metallic
system as if it were an impurity in a host formed by the rest
of the atoms, this theoretical tool being named the EAM. The
ansatz that Daw and Baskes used for the binding energy of
the whole system is

EB5(
i
Fi~r i

h!1
1

2(iÞ j
f i j ~Ri j !, ~1!

wherer i
h is the effective host density in which atomi is to be

embedded,Fi is the embedding energy function, and
f i j (Ri j ) is a residual core-core repulsion between atomsi
and j separated by a distanceRi j . The effective uniform
densityr i

h interacting with atomi is approximated as a su-
perposition of the spherically symmetric atomic density tails
r j
a from the other atoms at the atom-i site. Daw and Baskes26

obtained the functionsFi andf i j empirically from the physi-
cal properties of the solid, although these can be also ob-
tained from first principles.27 Since the superposition of free
atom densities in the model ignoresd-d hybridization, early
or late transition metals are good candidates for this method.
Assuming the universality of the embedding function, that is,
its independence from the particular source of the host elec-
tron density, the EAM is very appealing for using in complex
situations where computational simplicity is demanded and
many-body forces are required. Following the fitting scheme
of Foiles, Baskes, and Daw,25 we use the following function
to describe the core-core repulsion,

f i j ~R!5
Z0
2~11bRn!2e22aR

R
, ~2!

whereZ0 is the number of outer electrons of the atom, and
a, b, and n are adjustable parameters. The atomic partial
densities fors and d electrons are constructed from the
Hartree-Fock wave functions of Clementi and Roetti34 for
the configuration 3d84s2 of Ni. However, to form the atomic
densityr i

a the effective numberns of s electrons active for
embedding is considered as a fitting parameter. That number
was obtained by Foileset al.25 from alloy properties, since
any change inns produces only a rescaling in the embedding
functionFi for the pure metal which does not affect the total
energy. In the case of nickel,ns51.5166. The elastic con-
stants and the vacancy formation energies of the pure metal,
and the heat of solution of the alloys were the properties used
for the fitting of the parameters, the values of which for Ni
are Z0510, a51.8633,b50.8957, andn51 @when dis-
tances are expressed in Å and energies in eV~Ref. 25!#. In
addition, the binding energy given by Eq.~1! is matched to
the equation of state of Roseet al.35 for a broad set of values
of the lattice parameter. In this way, the functionFi(r) is
obtained in numerical form. With these ingredients the cal-
culation of the binding energy of the cluster for a given set of
atomic positions is straightforward. The EAM correctly pre-
dicts that the fcc structure is energetically favored over the
hcp and bcc structures in the case of nickel.25

Although the parameters of the EAM have been fitted to
bulk properties, the method has been also applied to
surfaces26,36,37and clusters.20–23,28The applicability to those
situations has been questioned, because the densities
sampled at the metal surface are lower than in the bulk, and
improved EAM models have been proposed in which the
original embedding functionF(r) is preserved for bulk den-
sities, but its form is modified at low electron densities in
order to fit also surface properties~surface energies, relax-
ation, and reconstruction!.38,39To our knowledge, these mod-
els have not been tested for clusters, although it should be
desirable.

The EAM model of Voter and Chen40 also contains some
different ingredients. One is that the core-core interaction has
a medium-range attractive contribution~whereas in the ver-
sion of Foileset al.25 it is entirely repulsive!. But the most
important change is that properties of the diatomic molecule
were used in fitting the embedding function and the pair
interaction. The fit to the diatomic molecule lowers the bind-
ing energies of small Ni clusters,21 rendering the EAM cal-
culations in better agreement withab initio binding energies.
For example, the binding energies per atom in the extreme
case of Ni2 are 2.2 eV/at. and 0.9 eV/at. for the Foileset al.
and Voter-Chen parametrizations, respectively. This large
difference, 1.3 eV/at., is already reduced to only 0.3 eV/at.
for the case of Ni23,

21 and will be further reduced for larger
clusters. In addition, molecular dynamics simulations have
been performed by Reyet al.21 for Ni clusters withN,24.
The simulations show that the main features of the icosahe-
dral growth, like the perfect icosahedral structure of Ni13 or
the double-icosahedron structure of Ni19, are obtained with
both the Foiles-Baskes-Daw and the Voter-Chen versions of
the EAM. Furthermore, energy differences between isomers,
which are the relevant magnitudes in our study, are very
similar. For instance, a comparison between our calculations
using the Foileset al. model and results obtained by
Jellinek41 using the Voter-Chen model show that the energy
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difference between the MIC and TIC isomers of Ni14 ~see
Fig. 1 for details of the two structures! is the same~0.013
eV/at.! in these two versions of the EAM. Those facts, and
the good correlation with the experimental results presented
in Sec. IV below, seem to indicate that the EAM, in the form
parametrized by Foileset al.,25 is adequate for describing the
main structural features of Ni clusters. One should be
warned, however, that the specific numbers for energies
should be viewed with some caution.

A lucid analysis of the EAM, and more, in general, of the
embeddingor glue models26,33,42–45has been performed
by Robertson, Heine, and Payne.46 These authors have tested
a large range ofgluemodels against a large database formed
by 171 first-principles total energy calculations of aluminium
structures with coordination number ranging from 0 to 12
and nearest neighbor distances from 2.0 to 5.7 Å. The data-
base includes the atom, dimer, a linear chain, single layers,
two-layer slabs, and three-dimensional lattices. The most im-
portant finding was that the cohesive energies are determined
to a large extent by the number of nearest neighbors, a fact
that is built in the formulation of the glue models. It was also
concluded that the glue models for Al have a residual error
which sets an upper bound on their accuracy, and warns
about the reliability of those models to reproduce the small
energy differences involved in structural changes. However,
this conclusion applies only to the class of systems included
in the database in which each system is such that all its
atoms have identical environment. Robertsonet al. expect a
partial cancellation of errors in systems with many non-
equivalent atoms sampling different atomic environments
~such as it occurs in the simulations for clusters! and they
conclude that for those systems the glue formalism may be a
valid alternative to the time consuming first-principles ap-
proach.

III. RESULTS

A perfect icosahedron is formed by 20 triangular faces
joined by 30 edges and 12 vertices. The smallest perfect
icosahedral cluster can be labeled Ico13. In this cluster one
atom occupies the central position and the other 12 atoms
occupy the 12 vertices of the icosahedron. We can now add
atoms on top of this rigid icosahedral core in two ways. The
MIC type of covering, shown in the upper part of Fig. 1,
consists in adding atoms on top of edge (E) positions and
vertex (V) positions. These provide a total of 30 plus 12, that
is 42 sites to cover the underlying Ico13, and in this way we
obtain the Ico55. If, instead of the edge sites, we consider
sitesT at the center of each triangular face~a total of 20
since there are 20 faces!, then the number of covering sites is
reduced to 32, and the complete covering of Ico13 leads in
this case to a cluster with a total of 45 atoms. We name this
the TIC covering. The two structures MIC and TIC are mu-
tually excluding, so that they compete for clusters with less
than 45 atoms during the process of covering the Ico13. In
the same way, the addition of atoms to cover Ico55 can be
performed in the TIC mode, leading to a cluster with a total
of 127 atoms. This number corresponds to the filling of the
12 vertex sites and three face sitesFi( i51,2,3) over each of
the twelve triangular faces of the Ico55. Alternatively, the
MIC sequence could be preferred leading to a total of 147
atoms. In this case, the surface is formed by 12 vertex atoms,
two atoms (E1 ,E2) on each edge~giving a total of 60 atoms!
and one atom (T) at the center of each of the 20 faces. The
two coverings are indicated on the lower part of Fig. 1. In the
perfect MIC lattice, there are two first-neighbor distances of
1.0 and 1.05~short bonds!, in units of the radius of Ico13,
and a second-neighbors distance of 1.45. The distance 1.0
corresponds to first neighbors in different shells, and the dis-
tance 1.05 to first neighbors in the same shell. In the case of
the perfect TIC structure, there are more bond lengths of
value 1.0 than in MIC, but some of the bond lengths of
magnitude 1.05 are replaced by larger ones with values
1.13 and 1.21~the density of surface atoms of the TIC cluster
is lower!. The TIC pattern is favorable at the begining of a
shell up to a critical size after which the MIC growth is
preferred. This is understandable, because the atoms added
give rise to more short bonds in the TIC mode at the first
steps of covering, and in the MIC mode beyond a certain
size. The crossing point depends obviously on the detailed
nature of the interatomic interactions so that different sys-
tems have different crossing points.5,24 Moreover, we show
below that by allowing for a small relaxation of the rigid TIC
and MIC structures the critical cluster size for which the
crossing point occurs increases a little.

We now describe in detail our results for the competition
between the TIC and MIC geometries for NiN clusters with
N5132147. Let us suppose for a moment that only the
radius of the Ico13 is optimized, keeping the relations be-
tween interatomic distances fixed at their ideal values. In this
case, the first five atoms added to Ico13 prefer theT sites
over faces, that is TIC growth. However, an atomic redistri-
bution occurs forN519 that consists in the filling of five
edges and their common vertex. This cap, shown in Fig. 1,
forms anumbrellaof the MIC type. There are a total of 11
bonds between the atoms forming the MIC umbrella in

FIG. 1. MIC and TIC coverings of icosahedral clusters. Upper
part: If we start with Ico13, the MIC covering consists of placing
atoms on top of edge (E) and vertex (V) sites. Instead, in the TIC
covering, face-centered (T) and vertex (V) sites are filled. The plot
shows the covering of fiveE ~or T) and oneV sites forming an
umbrella. Lower part: Starting with Ico55, the MIC covering fills
face-centered (T), edge (E1 ,E2), and vertex (V) sites. Instead, face
(F1 ,F2 ,F3) and vertex (V) sites are filled in the TIC covering.
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Ni 19 and the underlying icosahedral core, and the corre-
sponding number of bonds for the TIC umbrella is 16,
whereas the number ofintraumbrellabonds is the same for
the MIC and TIC umbrellas. Then, the preference for the
MIC umbrella is motivated by the smaller bond lengths of
the intraumbrella bonds, a fact that is able to balance the
drawback imposed by the smaller number of bonds. When
more atoms are added, MIC covering is predicted all the way
up to Ico55. New umbrellas grow surrounding the first one,
in order to achieve the maximum number of bonds. Those
umbrellas are completed atN519, 24, 28, 32, 36, 39, 43, 46,
49, and 55.

However, by relaxing the ideal TIC and MIC structures
up to their respective closest local energy minima in the en-
ergy hypersurface, then the TIC becomes more stable up to
Ni 27. The relaxation is performed by the steepest-descent
strategy, that is, allowing each atom, including the atoms
forming the underlying icosahedral core, to move a little in
the direction of the net forces acting on them. The process is
repeated until the forces on all atoms vanish, and at this
moment the structure of the cluster corresponds to the stable
isomer nearest to the initial nonrelaxed structure. For each
size and type of covering~MIC or TIC!, we have relaxed
different initial structures in order to find the more stable
among the relaxed structures. Relaxation has a very different
effect on TIC and MIC structures. Figure 2 shows that the
more openTIC structures increase their stability substan-
tially by relaxation, while the stability of themore compact
MIC structures changes little. In spite of their relaxation, the
TIC structures remain clearly identified and, consequently,
the number of bonds coincides with the corresponding num-
ber for unrelaxed structures. Then, the relaxation of bond

lengths is responsible for shifting the TIC-MIC transition
from Ni 19 to Ni 27. The relaxed TIC structure of
Ni 19 is a perfect double icosahedron~DIC! and can be
viewed as the result of capping Ico13 with a TIC umbrella
~see Fig. 1!. The double icosahedron has two inner atoms,
and relaxation reduces the interatomic distances in the cap-
ping umbrella from 1.13 and 1.21 to 1.05. The DIC was
found to be the absolute energy minimum of Ni19 in different
molecular dynamics simulations.21,22,47–49 By adding four
more atoms the next TIC umbrella is completed in Ni23, the
structure of which can be viewed as three interpenetrating
DIC’s. In the same way, an additional umbrella is completed
in Ni 26, which can be viewed as formed by five DIC’s. The
size variation of the binding energy corresponding to the TIC
covering is shown by the black circles in Fig. 3. The special
stability of the polyicosahedra withN519, 23, 26, 29, and
32 is noticeable: the absolute value of the binding energy
increases sharply at those particular sizes. However, this ef-
fect becomes less pronounced as the cluster size increases.
The reason is that the DIC’s are not perfect for clusters other
than Ni19.

50 The strain accumulated by completing more and
more TIC umbrellas~the last one is completed atN545)
makes the polyicosahedral structure eventually less stable
with respect to the MIC structures, and it is responsible for
the crossing between the TIC and MIC curves in Fig. 3.
Ni 26 is the largest TIC cluster that is more stable than its
MIC isomer. The two structures are degenerate for Ni27, and
a complete reordering occurs for Ni28: all the atoms on faces
change to edge positions and Ni28 becomes a fragment of
Ico55. Then from this size up to Ni55 the cluster follows the
MIC covering, and the details of this covering sequence are
given in Fig. 4. Ni28 contains three complete MIC umbrellas,
those centered on the three vertices labelledV in this figure.
We have found that the atoms of the Ni28 core do not move
to other sites when new atoms are added, and Fig. 4 shows
the order in which the available sites are progressively filled.
New MIC umbrellas are completed atN532, 36, 39, 43, 46,
and 49, and the cluster becomes very stable when each new
umbrella becomes filled. This can be appreciated in Fig. 5,
where we have plotted the difference between the total bind-
ing energies of the~more stable! N and N-1 atom clusters,

FIG. 2. Binding energy of ideal and relaxed TIC and MIC struc-
tures.

FIG. 3. Calculated binding energy per atom for NiN clusters
with TIC and MIC structures, forN513255. Completion of TIC
unbrellas atN519, 23, and 26 is characterized by an enhanced
stabilization.
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DEB5EB~N21!2EB~N!. ~3!

This difference gives the evaporation energy of one atom
from NiN . Peaks appear in the evaporation energy when TIC
umbrellas become completed forN,28, and when MIC um-
brellas become completed forN>28.

After nine MIC umbrellas have been completed in Ni49,
one vertex atom moves to an edge, and forN551 all the
edge sites become occupied. Then fromN552 to 55 the
remaining vertex sites, that are nearly equivalent, are filled.
This results in a nearly constantDEB betweenN552 and
N555. Figure 5 also shows the increaseDNB in the number

of bonds, or equivalently in the number of first neighbors,
from NiN21 to NiN , when atoms are progressively added to
the cluster in the way just discussed. When there is no reor-
dering of the atoms, thenDNB is the coordination of the last
atom added, that is the minimal coordination in the cluster.
DNB shows a perfect correlation withDEB , except at
N528, the size where the structural transition occurs. In fact,
the TIC cluster withN527 has four more bonds than the
MIC cluster withN528, but the bonds in the former cluster
are longer and weaker than those in the later, so that Ni28

gains stability in spite of losing a few bonds. This kind of
correlation betweenDNB and DEB does not occur for the
unrelaxed structures of the TIC type. The magic numbers~or
peaks inDEB) predicted for the unrelaxed and relaxed TIC
structures differ by one atom. This can be seen in Fig. 2,
since the deviations of the binding energy curve from mo-
notonous behaviour occur atN5 18, 22, 25 . . . for theunre-
laxed TIC structures and atN519, 23, 26 . . . for therelaxed
ones. This is because the last atom completing TIC umbrel-
las is a vertex atom which, although gaining six new bonds,
five of them are of length 1.21. The relative weakness of
those large bonds makes the resulting unrelaxed cluster not
especially stable. Relaxation shortens those five bonds mak-
ing TIC clusters with completed umbrellas very stable.

Ni 55 is a perfect icosahedron with two shells of atoms
surrounding the central atom. We now consider the forma-
tion of the third shell. The sites available for MIC and TIC
coverings of Ico55 have been presented at the begining of
this section and are shown schematically in Fig. 1. The 56th
atom adopts a MIC site: a face-centred (T) site. However,
after Ni56 the covering pattern immediately changes to TIC,
and an umbrella, formed by 16 atoms, is completed at
Ni 71. This is shown in Fig. 6. The clusters withN558, 61,
64, 67, and 71 have, respectively, one, two, three, four, and
five faces of this umbrella completed and the cluster with
N574 has one face of the next TIC umbrella completed.
Filling each of those faces enhances the stability of the clus-
ter. This can be seen in the stability functionS(N) defined as

S~N!5EB~N21!1EB~N11!22EB~N! ~4!

FIG. 4. The 20 faces of an unfolded icosahedron, the vertices of
which are the large circles. The filled and empty small circles cor-
respond to the occupied and empty sites in Ni49, respectively. The
numbers attached to some circles indicate the order in which those
sites are progressively occupied during the growth of the cluster
from 28 to 49 atoms. The 55th site of the icosahedron is not repre-
sented.

FIG. 5. Energy differenceDEB5EB(N21)2EB(N) versus the
number of atomsN in the cluster~lower curve and right-hand scale!
and changeDNB in the number of bonds when theNth atom is
added~upper curve and left-hand scale!. The numbers and black
circles indicate filled umbrellas~of the TIC type forN,28 and of
the MIC type forN>28). The open circle atN528 means that
DNB is not represented~see text!.

FIG. 6. Formation of a TIC umbrella in Ni71.
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and represented in Fig. 7. This function shows peaks for
particularly stable clusters. The five peaks associated with
the asterisks correspond toN558, 61, 64, 67, and 74. We
notice thatN571 corresponds also to the completion of the
first MIC umbrella. Figure 8 shows that the MIC and TIC
structures are very close in energy forN572274, and we
predict a crossing between the two structures atN575. Our
calculations including relaxation have been performed only
up to N578. For larger clusters we have assumed ideal
structures, although the interatomic distance has been opti-
mized. In addition, motivated by the transition atN575, we
have assumed the MIC covering fromN579 toN5147.

With a further increase ofN, five more MIC umbrellas
progressively develop around the first one, with closing num-
bers at 83, 92, 101, 110, and 116 atoms; this is schematically
shown in Fig. 9. The stability functionS(N) of Fig. 7 shows
peaks at the completion of each new umbrella. As the um-
brellas develop, peaks inS(N) also occur when some face
sites are occupied. This occurs atN577, 86, 95, 104, 119,
which are labeled with triangles in the figure, and can be
understood by considering the increase in the number of
bonds when the cluster grows; this is shown in Fig. 10. Be-
tweenN575 andN589 there is no redistribution of atoms
when a new atom is added to the cluster, and the gain in the
number of bonds is five for occupation of face sites. Three of
those bonds have lengths of magnitude 1.0, whereas the
lengths of the other two are 1.05. Thus, the gain in stability

results because the gain in the number of bonds of length
1.0 is maximum. For sizes larger thanN589, some atomic
redistribution occurs as the cluster grows. First the 89th
atom, which occupied the vertex position of the~incomplete!
third umbrella, moves to an edge site in Ni90, and the 90th
atom is placed at a face site. The same reordering occurs for
N599 and 108 in the filling of the fourth and fifth umbrellas,
respectively, and the covering sequence is similar for them.
In the cluster with 110 atoms, the fifth umbrella is completed
and the sixth umbrella has one vertex site, one face site, and
four edge sites empty~see Fig. 9!. This umbrella, which
becomes completed atN5116, is filled in an alternating way
each time a new atom is added. In the cluster with 111 atoms
all the edge and face sites of the sixth umbrella become
occupied at the expense of emptying the vertex sites in the
other umbrellas except the first one. Similar redistributions
occur in the clusters with 113 and 115 atoms. On the other
hand, for the intermediate sizesN5112 and 114 the covering
returns back to the prior sequence, that is with the first five
umbrellas completed. Of course, this covering sequence ne-
glects the effect of possible energy barriers to the motion of

FIG. 8. Calculated binding energy per atom for NiN clusters
with MIC and TIC structures, forN555278.

FIG. 10. ChangeDNB in the number of bonds when theNth
atom is added forN5552147. The open circle atN575 means
thatDNB is not represented.

FIG. 7. Stability function S(N)5EB(N21)1EB(N11)
22EB(N). Peaks correspond to very stable clusters.

FIG. 9. Filling of the MIC lattice on top of Ico55. The different
symbols indicate the progressive formation of umbrellas.
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atoms on the cluster surface. A more complete study of the
growth, using molecular dynamics simulations, is required to
deal with those effects. The seventh, eighth, and ninth um-
brellas are filled without any disturbance of the previously
existing ones, becoming completed atN5125, 131, and 137,
respectively. The filling of the seventh umbrella follows the
same pattern as the third, fourth, and fifth ones. Finally, from
N5138 to Ico147 only vertex sites remain vacant, and these
are filled, in close analogy to the final filling steps of the
Ico55.

IV. COMPARISON WITH EXPERIMENT
AND WITH OTHER CALCULATIONS

The experimental mass spectra10 of large Ni clusters con-
taining up to 800 atoms have been explained by assuming
icosahedral growth. Those results were obtained by perform-
ing near-threshold photoionization and standard time-of-
flight mass spectroscopy. Strong effects were observed for
N555, 147, 309, and 561, which correspond to complete
icosahedra. AboveN5200, enhanced stability was observed
each time a face of the icosahedron is covered, and espe-
cially when an umbrella of the MIC type is completed. In
support of this view, we have obtained pronounced drops in
the evaporation energy after the completion of umbrellas
~see Fig. 5! and peaks in the stability function~see Fig. 7! in
the range studied here, that is between 13 and 147 atoms.
The clusters studied here are still small to develop the face-
by-face covering of umbrellas observed in the experiments
for N.200. However, we have found a precursor of this
effect in the covering of the TIC umbrella between Ni55 and
Ni 71.

Chemical probe experiments for NiN clusters performed
by Parks and co-workers2,29–31point to icosahedral symme-
try for N,29 andN.48. This conclusion arises from the
measured saturation coverages and adsorption free energies
of H2O, NH3, and N2 molecules. Those measurements in-
dicate that Ni13 and Ni55 are both perfect icosahedral clus-
ters, and that the growth between those two sizes31 is polyi-
cosahedral~that is the TIC type! up to N526, whereas
Ni 28 is a fragment of the Ico55 with three MIC umbrellas.
So, the coincidence with our calculations is outstanding. We
predict the transition from TIC to MIC covering at Ni27. On
the other hand, Parkset al.31 find the structural characteriza-
tion of Ni 27 difficult. The saturation coverages are inconsis-
tent with polyicosahedral structure and consistent with a
MIC Ni 28 cluster with an atom removed. However, the last
structure would in their opinion be in contradiction with the
large drop in the H2O adsorption free energy from Ni27 to
Ni 28, considering the fact that in both clusters the lowest
atomic coordination would be five. The contradiction is re-
moved within our model, by noticing the special stability of
the cluster Ni28. Instead of focussing on the lowest atomic
coordination we look at the evaporation energyDEB of Fig.
5. The peak at Ni28 shows that the binding between Ni atoms
is especially large in this cluster and that the cluster will bind
the adsorbed molecule weakly. The minimum of the experi-
mental adsorption free energy against cluster size correlates
with the calculated maximum inDEB at Ni28. So, in our
opinion, the structure of Ni27 consistent with the experiments

is, as Ni28, a fragment of Ico55. The region 28,N,48 has
not yet been studied in detail, although Parkset al.31 refer to
a preliminary analysis of N2 uptake showing some evidence
for fcc crystalline packing for a number of Ni clusters in this
size region. However, we note a correlation between another
minima in the experimental H2O adsorption free energy at
Ni 32 and the peak in the calculatedDEB corresponding to the
completion of four MIC umbrellas. Additional experimental
work is needed to clarify matters in the region 28,N,48.
The icosahedral structure reappears clearly above Ni48.

29 In
addition, after completing the Ni55 icosahedron,

51 the experi-
ments are consistent with TIC covering up to the completion
of a 16-atom umbrella at Ni71, although the structures of
Ni 66 and Ni67 remain unidentified yet. The binding of water
molecules3 shows minima atN558, 61, and 64, for which
we have found peaks in the stability function. However,
there is not an experimental minimum atN567, and we do
not explain the minimum observed atN569. There are mea-
surements of ammonia uptake and binding of water mol-
ecules that show size oscillations correlating with the forma-
tion of MIC umbrellas for N.71.3 For example, the
ammonia uptake is a minimum forN583, 92, 101, 116, 125,
and 131, all of them having completed umbrellas. Also, the
water binding is maximum forN572, 93, and 102, which
correspond to clusters with a single atom added to the com-
pleted umbrellas, and forN587, 96, and 105; for all these
clusters, we find minima in the stability function. In addition,
there are maxima in water binding atN566 andN581 that
our calculations do not explain.

Several other calculations have been performed before for
Ni clusters, and Ref. 31 can be consulted for an extensive
list. Molecular dynamics simulations with ann-body poten-
tial based on the tight-binding method were performed by
Reyet al.21 and by Garzo´n and Jellinek47 for small clusters.
Stave and De Pristo used a corrected effective medium
theory,48 and again these authors only treated small clusters
(N<23). EAM calculations have been performed for
small,21,22,49,52 medium,51 and large20,23 Ni N clusters. All
these methods give results in support of the icosahedral
growth for clusters with more than 13 atoms.

Also recently, a semiempirical tight-binding scheme has
been applied by Lathiotakiset al.53 to compare the relative
stabilities of NiN clusters with icosahedral structure and
structures derived from the fcc~face centered cubic! lattice
in the rangeN513255. The clusters that were actually stud-
ied wereN513,N555, and a few selected sizes in between.
The clusters were optimized at zero temperature starting
from the ideal structures. The picture that comes from these
tight-binding calculations is that icosahedral structures are
preferred near the closed-shell sizesN513 and 55, and a
strong competition between the icosahedral and relaxed fcc
structures is established for open-shell clusters in that size
range, with some predominance of the fcc structures.

A large energy difference~0.46 eV/atom! is noticeable for
N513. The prediction concerningclosed-shell clusters is
consistent with our previous EAM calculations23 comparing
the relative stabilities of perfect cuboctahedral~fcc! and
icosahedral closed-shell clusters withN513, 55, 147, 309,
561, 923, 1415, 2057, 2869, 3871, and 5083. We have found
that the icosahedral nickel clusters are more stable up to a
sizeN51415, which corresponds to seven full layers around
the central atom. For larger sizes, the cuboctahedral clusters
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become more stable. In the cases with an incomplete second
shell, studied by Lathiotakis, the relaxed fcc structure was
predicted to be more stable, although the total binding ener-
gies per atom differ less than for Ni13: the differences are
0.08, 0.07, 0.05, and 0.017 eV/atom forN519, 23, 24, and
38, respectively. A few more cluster sizes were considered
by Lathiotakiset al., but only one of the two structures was
studied in each case. We recall that the reactivity experi-
ments support the double icosahedron for Ni19 and the triple
icosahedron for Ni23. So, the tight-binding results seem to
be in conflict with other calculations and with the interpreta-
tion of the chemical probe experiments,31 except perhaps in
the rangeN528–48, where experimental information is not
yet available.

We have also performed several selected calculations for
clusters with a fcc structure, allowing for relaxation: cuboc-
tahedral shapes were considered for Ni13 and Ni55, and clus-
ters with closed coordination shells around a central atom
have been modeled representing Ni19 and Ni43 ~two and
three coordination shells, respectively!. The EAM predicts
the following energy differences between the relaxed fcc and
icosahedral structures, favoring icosahedral packing: 0.081
~Ni 13), 0.055 ~Ni 19), 0.074 ~Ni 43), and 0.048 eV/atom~Ni
55). For Ni13, the result agrees well with other calculations:
a Finnis-Sinclair many-body potential44 predicts an energy
difference of 0.052 eV/at.,54 corrected effective medium cal-
culations give 0.089 eV/at.,48 andab initio density functional
calculations give 0.095 eV/at.55 The agreement gives confi-
dence on the predictions of the EAM. All these values are
substantially lower than the binding energy difference pre-
dicted by the tight-binding method of Lathiotakiset al. ~0.46
eV/at.!.

V. SUMMARY

Using the embedded-atom method~EAM! in the version
of Foileset al. 25 we have compared two types of icosahedral
growth found previously to be relevant for inert gas11 and
alkaline-earth clusters.8 Our calculations specifically refer to
nickel and we have studied the covering of icosahedral
Ni 13 and Ni55. First the cluster covering develops in the TIC

mode, but a transition to the MIC~multilayered Mackay
icosahedron! mode is predicted atN528. When Ni55 is be-
ing covered, the TIC pattern is the preferred one up to the
completion of an umbrella atN571 and then changes to a
MIC covering. These results are in good agreement with the
chemical probe experiments~using N2). Drastic changes in
the cluster stability occur when capping umbrellas are com-
pleted and this prediction agrees with the results of near-
threshold photoionization experiments for large clusters.10

The magic character of the Nin clusters with completed um-
brellas is also evident in measurements of the adsorption
energy of ammonia and water molecules. Molecular dynam-
ics simulations of medium size clusters51 and a study of the
energy barriers between competing icosahedral and crystal-
line or other structures would be desirable in order to get a
full picture of cluster growth in the small and medium size
range. Also, one has to notice that the structures determined
from chemical probe studies are those of the clusters with the
adsorbates present. In this respect, it would be interesting to
perform calculations for clusters with adsorbed molecules,
because adsorption could induce some structural changes in
order to increase the binding between the molecule and the
cluster. This is not the case for N2 molecules, which leave
completely unaltered the structure of the pure Ni clusters. On
the other hand, the analysis of the experiments is based on
adsorption energy data taken from surface studies; these en-
ergies could change a little in the clusters. Although distinct
versions of the EAM may differ in the absolute values of the
binding energies, the relative energies ofequal-size isomers
seem to be very similar. This fact supports the applicability
of the EAM method for the purpose of this work.
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