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Theoretical study of icosahedral Ni clusters within the embedded-atom method
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The embedded-atom method is used to study icosahedgglcNsters 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 certairfurapsellas in accordance
with near-threshold photoionization mass spectra and with molecular adsorption experiments.
[S0163-182696)03532-1

I. INTRODUCTION Ni and Co clusters containing between 100 and 800 atdms
(see Sec. IV beloyv In those experiments, a sharp increase
During the past years experimental support has beeim the abundance is observed at some particular cluster sizes.
growing for the relevance of the icosahedral symmetry in theThis is interpreted as a consequence of the sharp drop of the
cluster phase of the matter. Small clusters made up of a fewonization potential after an umbrella has been completed.
atoms are not simple fragments of a crystalline lattice. StrucWe have studied the correspondence between the closing of
tural information on free clusters comes from electronshells of atoms and the drops in the ionization potential,
diffraction! chemical reactivity studies® and from the although for a model of spherical body-centered-cubic
analysis of intensity anomalies in the abundance masslusters'® Various theoretical studies ranging from simple
spectrd~1°The rare gas clusters formed in supersonic vapomonovalent metali/*® to noble metal, and transition metal
expansions were the first to show icosahedral symnfetry cluster$®~23show that, in general, icosahedral structures are
Not only icosahedral clusters with complete shells werevery competitive and often preferred against other shapes,
identified, but also a picture of icosahedral growth was deexcept for small cluster sizeéb initio molecular dynamics
rived for cases when the number of atoms corresponds tstudies predict icosahedral growth for Li clusters with more
incomplete shell. Pair potential calculatiod$ have been than 25 atom$?
performed to study a model of icosahedral growth for rare Two different structures based on icosahedral growth can
gas clusters in which highly symmetric atomic positions onbe considered. One is the usual multilayered Mackay icosa-
top of an icosahedral core are progressively occupied, givingedral(MIC) filling of the space, in which the formation of
rise to multilayered Mackay icosahedral structures. successive icosahedral layers gives rise to onionlike clusters
The intensity anomalies in the mass spectra of metalliavith 13, 55, 147... atoms. Alternatively, by occupying cer-
clusters are more complicated, due to the effects driven btain interstitial positions of the MIC lattice, polyicosahedral
the bonding electrons. The filling of electronic quantum lev-structures composed of interpenetrated icosah@df@) can
els dominates the magic numbers of varicp bonded be formed. In Sec. Ill, the two structures, MIC and TIC will
metal cluster$"!°in the small and medium size regimes. But be described in more detail. In this paper, we study the com-
for large clusters, and starting from a critical size which ispetition between these two related structures for the case of
very dependent on the particular metal, a pattern emerges imckel clusters. For this purpose, we start with; Nand add
the mass abundance, which is interpreted as reflecting thetoms one by one until we reach . In the calculations
filling of geometrical(or atomic) shells. That critical size is we use the embedded-atom metH&hM),>>~?" which has
around 1500 atoms for N&Ref. 7 and much lower for been previously used to study structural and thermal proper-
alkaline-earth clusters. For the last ones, icosahedral geonties of pure and mixed transition metal and noble metal
etries are revealed by the mass spectra of Ba clusters belusters:®-2>28The EAM produces different effective inter-
tween 13 and 35 atorhsnd for more than 147 atoms in the actions between two atoms when those are in different envi-
case of M Information about the development of the ronments in the cluster, so the scheme goes beyond the
icosahedral shells was extracted in the last case, and a modgple pair potential approximations. The geometries that we
of growth by formation of capping umbrellas was propdsed assume consist of an icosahedral core with 13 or 55 atoms,
to account for the sequence of magic numbers of Mg clusupon which atoms are added in one of the two alternative
ters. This type of growth, although very similar to the oneways mentioned above. For each cluster size and for each
accepted for rare gas clusté@rs,is not identical and does not type of covering(TIC or MIC), we optimize the structure by
produce the same magic numbers. The model sucessfullyinimizing the cluster energy with respect to the possible
explains the near-threshold photoionization experiments osite occupations and allowing for a small relaxation of the
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whole cluster to reach its closest local energy minimum. InwhereZ, is the number of outer electrons of the atom, and
this way, the energy is obtained as a function of size for thex, 8, and v are adjustable parameters. The atomic partial
most stable atomic arrangeméwithin the class alloweldon  densities fors and d electrons are constructed from the
top of the icosahedral core froM=13 to 147 atoms. The Hartree-Fock wave functions of Clementi and R&&tfor
calculational method is introduced in Sec. Il, and the resultshe configuration 88452 of Ni. However, to form the atomic
are presented in Sec. IIl. These are discussed and compargénsity p? the effective numbens of s electrons active for
with experiment®?®=3!in Sec. IV. A summary is given in embedding is considered as a fitting parameter. That number
Sec. V. was obtained by Foilest al?® from alloy properties, since
any change img produces only a rescaling in the embedding
Il. EMBEDDED ATOM METHOD functionF; for the pure metal which does not affect the total
o ) ) energy. In the case of nickehs=1.5166. The elastic con-
~ The EAM, which is related to the effective medium theo- stants and the vacancy formation energies of the pure metal,
ries, replaces the N-atom problem of the cohesion energy qfnd the heat of solution of the alloys were the properties used
a metallic system by the sum of the interaction energies ofor the fitting of the parameters, the values of which for Ni
each of the N atoms with a host modeling the effect of theyyg Zo,=10, «=1.8633, 3=0.8957, andv=1 [when dis-
remaining N-1 atoms on the one in question. As those aprances are expressed in A and energies in(Ref. 25]. In
proaches are based on the density functional th&otlle  aqdition, the binding energy given by E€) is matched to
physical quantity responsible for the interactions is the electhe equation of state of Rose al®® for a broad set of values
tron density. Effective medium theories were first applied togf the |attice parameter. In this way, the functi(p) is
problems in which the bonding effects are well localized, agybtained in numerical form. With these ingredients the cal-
for example, an interstitial impurity immersed in a metal. cylation of the binding energy of the cluster for a given set of
The real system was substituted by a simpler one consistingiomic positions is straightforward. The EAM correctly pre-
of the impurity embedded in a homogeneous electron gagjcts that the fcc structure is energetically favored over the
(neutralized by an uniform positive backgroyraf density hcp and bee structures in the case of nickel.
equal to the local density of the host at the position of the Although the parameters of the EAM have been fitted to
impurity. This approximation gave good results for thepy ik properties, the method has been also applied to
trends in impurity binding energies and chemisorption enersyrface?*37and cluster€’-2328The applicability to those
ges. ) situations has been questioned, because the densities
In view of the success of such a simple approach, Davgmpled at the metal surface are lower than in the bulk, and
and Baske¥ proposed to look at every atom in a metallic improved EAM models have been proposed in which the
system as if it were an impurity in a host formed by the restyriginal embedding functiof (p) is preserved for bulk den-
of the atoms, this theoretical tool being named the EAM. Thesjties, but its form is modified at low electron densities in

ansatz that Daw and Baskes used for the binding energy Qfrder to fit also surface properti¢surface energies, relax-

the whole system is ation, and reconstructiori®**To our knowledge, these mod-
els have not been tested for clusters, although it should be
1 desirable.
— h - - B
EB_Z Filpi)+ 2; i (Rij), (1) The EAM model of Voter and Chéhalso contains some

different ingredients. One is that the core-core interaction has
wherep! is the effective host density in which atdnis to be & Medium-range attractive contributigwhereas in the ver-
embedded,F; is the embedding energy function, and Sion of Foileset al® it is entirely repulsive But the most
¢i;(R;j) is a residual core-core repulsion between atoms important change is that properties of the diatomic molecule

and j separated by a distand®; . The effective uniform Were u_sed in fitt'ing the gmbedding function and the 'pair
density p! interacting with atom'] is approximated as a su- interaction. The fit to the diatomic molecule lowers the bind-
1

perposition of the spherically symmetric atomic density tailsing energies of small Ni clustef$ rendering the EAM cal-

p? from the other atoms at the atansite. Daw and Baské$ culations in better agreement widli initio binding energies.
: ) A . ;
obtained the functionk, and;; empirically from the physi- For example, the binding energies per atom in the extreme

cal properties of the solid, although these can be also o case of N}, are 2.2 eV/at. and 0.9 eV/at. for the Foiletsal.

tained from first principled’ Since the superposition of free and Voter-Chen parametrizations, respectively. This large
11Irstp pies. S PErposr difference, 1.3 eV/at., is already reduced to only 0.3 eV/at.
atom densities in the model ignordsd hybridization, early

. 21 .
or late transition metals are good candidates for this methodr the case of Niz," and will be further reduced for larger

Assuming the universality of the embedding function. that is Clusters. In addition, molecular dynamics simulations have
e 9 y ; 9 : ‘been performed by Regt al?! for Ni clusters withN<24.
its independence from the particular source of the host ele

tron densitv. the EAM is very appealing for using in com Iexcl"he simulations show that the main features of the icosahe-
Y, y app 9 9 b ral growth, like the perfect icosahedral structure of J\or

situations where computational simplicity is demanded an he double-icosahedron structure of,\i are obtained with

many-body forces are reqired. Following the fitting SCh(-:‘meooth the Foiles-Baskes-Daw and thel Voter-Chen versions of

of Foiles, Baskes, and Daf?,we use the following function he EAM. Furth diff bet :

to describe the core-core repulsion, the . 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 Foilesetal. model and results obtained by
Jellinek! using the Voter-Chen model show that the energy

ZZ(l_I_IBRV)Ze—ZaR
?ij(R)= : = \
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Covering of lcoq3 Ill. 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 Jg¢oln 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 edde) (positions and
vertex (V) positions. These provide a total of 30 plus 12, that
is 42 sites to cover the underlying Igg and in this way we
obtain the Icgs. If, instead of the edge sites, we consider
sites T at the center of each triangular fa¢a total of 20
since there are 20 faceshen the number of covering sites is
reduced to 32, and the complete covering oflckeads in
this case to a cluster with a total of 45 atoms. We name this

FIG. 1. MIC and TIC coverings of icosahedral clusters. Upperth€ TIC covering. The two structures MIC and TIC are mu-
part: If we start with Icq,, the MIC covering consists of placing tually excluding, so that they compete for clusters with less
atoms on top of edge) and vertex V) sites. Instead, in the TIC than 45 atoms during the process of covering thedcdn
covering, face-centered’} and vertex ) sites are filled. The plot the same way, the addition of atoms to coverglgoan be
shows the covering of fiv& (or T) and oneV sites forming an  performed in the TIC mode, leading to a cluster with a total
umbrella. Lower part: Starting with lgg, the MIC covering fills ~ of 127 atoms. This number corresponds to the filling of the
face-centeredT), edge E,,E,), and vertex V) sites. Instead, face 12 vertex sites and three face site¢i = 1,2,3) over each of
(F1,F,,F3) and vertex V) sites are filled in the TIC covering. the twelve triangular faces of the lga 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 E,E,) on each edgégiving a total of 60 atoms
and one atomT) at the center of each of the 20 faces. The
gvo coverings are indicated on the lower part of Fig. 1. In the
perfect MIC lattice, there are two first-neighbor distances of

MIC TIC

difference between the MIC and TIC isomers of;Nisee
Fig. 1 for details of the two structuress the samg0.013
eV/at) in these two versions of the EAM. Those facts, and
the good correlation with the experimental results presente
in Sec. IV below, seem to indicate that the EAM, in the form 1.0 and 1.05short bonds in units of the radius of Icg;,

parametrized by Foilest al,™ is adequate for describing the and a second-neighbors distance of 1.45. The distance 1.0

main structural features of Ni clusters. One should becorresponds to first neighbors in different shells, and the dis-

warned, however, that the specific numbers for energiegyqe 1 05 to first neighbors in the same shell. In the case of
should be viewed with some caution. the perfect TIC structure, there are more bond lengths of
A lucid analysis of the EAg\éI,sfngore, in general, of the g 1ue 1.0 than in MIC, but some of the bond lengths of
embeddingor glue models™*""has been performed magnitude 1.05 are replaced by larger ones with values
by Robertson, Heine, and PaytfeThese authors have tested 1 13 and 1.21the density of surface atoms of the TIC cluster
a large range oflue models against a large database formeds |ower). The TIC pattern is favorable at the begining of a
by 171 first-principles total energy calculations of aluminiumshell up to a critical size after which the MIC growth is
structures with coordination number ranging from 0 to 12preferred. This is understandable, because the atoms added
and nearest neighbor distances from 2.0 to 5.7 A. The datagive rise to more short bonds in the TIC mode at the first
base includes the atom, dimer, a linear chain, single layersteps of covering, and in the MIC mode beyond a certain
two-layer slabs, and three-dimensional lattices. The most imsize. The crossing point depends obviously on the detailed
portant finding was that the cohesive energies are determingthture of the interatomic interactions so that different sys-
to a large extent by the number of nearest neighbors, a fatems have different crossing pointé’ Moreover, we show
that is built in the formulation of the glue models. It was alsobelow that by allowing for a small relaxation of the rigid TIC
concluded that the glue models for Al have a residual erroand MIC structures the critical cluster size for which the
which sets an upper bound on their accuracy, and warngrossing point occurs increases a little.
about the reliability of those models to reproduce the small We now describe in detail our results for the competition
energy differences involved in structural changes. Howeverbetween the TIC and MIC geometries for \Nclusters with
this conclusion applies only to the class of systems includedN=13—147. Let us suppose for a moment that only the
in the database in which each system is such that all itsadius of the Icq; is optimized, keeping the relations be-
atoms have identical environment. Robertstral. expect a  tween interatomic distances fixed at their ideal values. In this
partial cancellation of errors in systems with many non-case, the first five atoms added to jg@refer theT sites
equivalent atoms sampling different atomic environmentsver faces, that is TIC growth. However, an atomic redistri-
(such as it occurs in the simulations for clusieasd they bution occurs forN=19 that consists in the filling of five
conclude that for those systems the glue formalism may be adges and their common vertex. This cap, shown in Fig. 1,
valid alternative to the time consuming first-principles ap-forms anumbrellaof the MIC type. There are a total of 11
proach. bonds between the atoms forming the MIC umbrella in
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Ni,g is a perfect double icosahedrdDIC) and can be
viewed as the result of capping Igpwith a TIC umbrella
(see Fig. 1L 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;Nin different
molecular dynamics simulatiod$?24"~*°By adding four
Nio and the underlying icosahedral core, and the corremore atoms the next TIC umbrella is completed inithe
sponding number of bonds for the TIC umbrella is 16,Structure of which can be viewed as three interpenetrating
whereas the number dfitraumbrellabonds is the same for DIC’s. In the same way, an additional umbrella is completed
the MIC and TIC umbrellas. Then, the preference for thein Niys, which can be viewed as formed by five DIC’s. The
MIC umbrella is motivated by the smaller bond lengths ofsize variation of the binding energy corresponding to the TIC
the intraumbrella bonds, a fact that is able to balance th€overing is shown by the black circles in Fig. 3. The special
drawback imposed by the smaller number of bonds. Whestability of the polyicosahedra witN =19, 23, 26, 29, and
more atoms are added, MIC covering is predicted all the way2 is noticeable: the absolute value of the binding energy
up to Icoss. New umbrellas grow surrounding the first one, increases sharply at those particular sizes. However, this ef-
in order to achieve the maximum number of bonds. Thosdect becomes less pronounced as the cluster size increases.
umbrellas are completed bit=19, 24, 28, 32, 36, 39, 43, 46, The reason is that the DIC’s are not perfect for clusters other
49, and 55. than Ni19.50 The strain accumulated by completing more and
However, by relaxing the ideal TIC and MIC structures more TIC umbrellagthe last one is completed &t=45)
up to their respective closest local energy minima in the enmakes the polyicosahedral structure eventually less stable
ergy hypersurface, then the TIC becomes more stable up with respect to the MIC structures, and it is responsible for
Ni,;. The relaxation is performed by the steepest-descerihe crossing between the TIC and MIC curves in Fig. 3.
strategy, that is, allowing each atom, including the atomdNig is the largest TIC cluster that is more stable than its
forming the underlying icosahedral core, to move a little inMIC isomer. The two structures are degenerate fo;Nand
the direction of the net forces acting on them. The process i8 complete reordering occurs for }i all the atoms on faces
repeated until the forces on all atoms vanish, and at thishange to edge positions and Rlibecomes a fragment of
moment the structure of the cluster corresponds to the stableoss. Then from this size up to Ni the cluster follows the
isomer nearest to the initial nonrelaxed structure. For eacMIC covering, and the details of this covering sequence are
size and type of coveringMIC or TIC), we have relaxed given in Fig. 4. Nig contains three complete MIC umbrellas,
different initial structures in order to find the more stablethose centered on the three vertices labeWled this figure.
among the relaxed structures. Relaxation has a very differetWwe have found that the atoms of the plcore do not move
effect on TIC and MIC structures. Figure 2 shows that theto other sites when new atoms are added, and Fig. 4 shows
more openTIC structures increase their stability substan-the order in which the available sites are progressively filled.
tially by relaxation, while the stability of thenore compact New MIC umbrellas are completed Ht=32, 36, 39, 43, 46,
MIC structures changes little. In spite of their relaxation, theand 49, and the cluster becomes very stable when each new
TIC structures remain clearly identified and, consequentlyumbrella becomes filled. This can be appreciated in Fig. 5,
the number of bonds coincides with the corresponding numwhere we have plotted the difference between the total bind-
ber for unrelaxed structures. Then, the relaxation of bondng energies of thémore stablg N and N-1 atom clusters,

0
10 20 30 40 50 60 70 80
Number of atoms

FIG. 2. Binding energy of ideal and relaxed TIC and MIC struc-
tures.
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FIG. 6. Formation of a TIC umbrella in Mj.

FIG. 4. The 20 faces of an unfolded icosahedron, the vertices of

which are the large circles. The filled and empty small circles cor-Of bonds, or equivalently in the number of first neighbors,

respond to the occupied and empty sites ing\irespectively. The from Niy_; to Niy, when atoms are progressively added to
numbers attached to some circles indicate the order in which thosée cluster in the way just discussed. When there is no reor-
sites are progressively occupied during the growth of the clustedering of the atoms, theANg is the coordination of the last
from 28 to 49 atoms. The 55th site of the icosahedron is not repreatom added, that is the minimal coordination in the cluster.
sented. ANg shows a perfect correlation withEg, except at
N= 28, the size where the structural transition occurs. In fact,
AEg=Eg(N—1)—Eg(N). (3 the TIC cluster withN=27 has four more bonds than the
MIC cluster withN=28, but the bonds in the former cluster
This di_fference gives the_: evaporation energy of one atomyre longer and weaker than those in the later, so thag Ni
from Niy . Peaks appear in the evaporation energy when TlGyaing stability in spite of losing a few bonds. This kind of
umbrellas become completed fdr28, and when MIC um- ¢, rejation betwee\Ng and AEg does not occur for the
brellas become completed for=28. _ . unrelaxed structures of the TIC type. The magic numkers
After nine MIC umbrellas have been completed inWNi  heaks inAEg) predicted for the unrelaxed and relaxed TIC
one vertex atom moves to an edge, and Nor51 all the  gicrures differ by one atom. This can be seen in Fig. 2,
edge sites become occupied. Then fréfs-52 to 55 the  gince the deviations of the binding energy curve from mo-
remaining vertex sites, that are nearly equivalent, are filled,gionous behaviour occur Bit= 18, 22, 25... for thainre-
This results in a nearly constaitEg betweenN=>52 and  |5xed TIC structures and &t=19, 23, 26. .. for theelaxed
N=55. Figure 5 also shows the increasBig in the number  gnes. 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

; T RN U R 5® those large bonds makes the resulting unrelaxed cluster not
1 especially stable. Relaxation shortens those five bonds mak-
5 - 59 ing TIC clusters with completed umbrellas very stable.
4 . e Nigg is a perfect icosahedron with two shells of atoms
o 3 5 4 smf surrounding the central atom. We now consider the forma-
31 12 tion of the third shell. The sites available for MIC and TIC
2 - N - coverings of Icgs have been presented at the begining of
1 -1 40 this section and are shown schematically in Fig. 1. The 56th
0o L ] atom adopts a MIC site: a face-centre) (site. However,
Y .T._.»\ ‘Z . after Nisg the covering pattern immediately changes to TIC,

and an umbrella, formed by 16 atoms, is completed at

Ni ;. This is shown in Fig. 6. The clusters with=58, 61,

64, 67, and 71 have, respectively, one, two, three, four, and
FIG. 5. Energy differencd Eq=Eg(N—1)— Eg(N) versus the five faces of this umbrella completed and the cluster with

number of atoma\ in the clusterlower curve and right-hand scale  N=74 has one face of the next TIC umbrella completed.

and changeANg in the number of bonds when theth atom is  Filling each of those faces enhances the stability of the clus-

added(upper curve and left-hand scaléthe numbers and black ter. This can be seen in the stability functi(N) defined as

circles indicate filled umbrellaf the TIC type forN<28 and of

the MIC type forN=28). The open circle aN=28 means that

ANg is not representetsee text S(N)=Eg(N—1)+Eg(N+1)—2Eg(N) 4

10 20 30 40 50 60
Number of atoms



5966 J. M. MONTEJANO-CARRIZALESet al. 54

1.0 T T T T 7 T T T T . 1St @ 6th
| 55 i
0.6 — 116 131 —
R V V¥ v Y N
_ : *71*83 g92]101 110 125 :
£ 02 — 137
c,) - -
-0.2 — —
_0.6 (T A N ST T AU N O O
50 70 90 110 130 150

Number of atoms -

FIG. 7. Stability function S(N)=Eg(N—1)+Eg(N+1)
—2Eg(N). Peaks correspond to very stable clusters.

and represented in Fig. 7. This function shows peaks for
particularly stable clusters. The five peaks associated with
the asterisks correspond M=58, 61, 64, 67, and 74. We  £G 9. Filling of the MIC lattice on top of Icg;. The different
notice thatN=71 corresponds also to the completion of thesymbols indicate the progressive formation of umbrellas.

first MIC umbrella. Figure 8 shows that the MIC and TIC

structures are very close in energy fde=72-74, and we  regyits because the gain in the number of bonds of length
predict a crossing between the two structureblat75. Our 1 g is maximum. For sizes larger thah=89, some atomic
calculations including relaxation have been performEd_O”Medistribution occurs as the cluster grows. First the 89th
up to N=78. For Iarger.clusters we _have assumed 'deahtom, which occupied the vertex position of tfiecomplete
structures, although the interatomic distance has been optiyjrq umbrella, moves to an edge site ingli and the 90th
mized. In addition, motivated by the transitionN=75, we  atom is placed at a face site. The same reordering occurs for
have assumed the MIC covering fra=79 toN=147. N=99 and 108 in the filling of the fourth and fifth umbrellas,
With a further increase oN, five more MIC umbrellas  yespectively, and the covering sequence is similar for them.
progressively develop around the first one, with closing numyn, the cluster with 110 atoms, the fifth umbrella is completed
bers at 83, 92, 101, 110, and 116 atoms; this is schematicallyng the sixth umbrella has one vertex site, one face site, and
shown in Fig. 9. The stability functioB(N) of Fig. 7 shows  four edge sites emptysee Fig. 9. This umbrella, which
peaks at the completion of each new umbrella. As the umpecomes completed Bt= 1186, is filled in an alternating way
brellas develop, peaks i§(N) also occur when some face each time a new atom is added. In the cluster with 111 atoms
sites are occupied. This occursM&77, 86, 95, 104, 119, )| the edge and face sites of the sixth umbrella become
which are labeled with triangles in the figure, and can beyccupied at the expense of emptying the vertex sites in the
understood by considering the increase in the number Gjther umbrellas except the first one. Similar redistributions
bonds when the cluster grows; this is shown in Fig. 10. Bepccur in the clusters with 113 and 115 atoms. On the other
tweenN=75 andN =89 there is no redistribution of atoms hand, for the intermediate sizbls=112 and 114 the covering
when a new atom is added to the cluster, and the gain in thgsturns back to the prior sequence, that is with the first five
number of bonds is five for occupation of face sites. Three ofjmprellas completed. Of course, this covering sequence ne-

those bonds have lengths of magnitude 1.0, whereas thgects the effect of possible energy barriers to the motion of
lengths of the other two are 1.05. Thus, the gain in stability
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FIG. 10. ChangeANg in the number of bonds when théth
FIG. 8. Calculated binding energy per atom foryNtlusters  atom is added foN=55—147. The open circle al=75 means
with MIC and TIC structures, foN=55—78. that ANg is not represented.
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atoms on the cluster surface. A more complete study of thés, as Nig, a fragment of Icgs. The region 2&N<48 has
growth, using molecular dynamics simulations, is required tanot yet been studied in detail, although Pagksal 3! refer to
deal with those effects. The seventh, eighth, and ninth uma preliminary analysis of Bl uptake showing some evidence
brellas are filled without any disturbance of the previouslyfor fcc crystalline packing for a number of Ni clusters in this
existing ones, becoming completed\at 125, 131, and 137, Size region. However, we note a correla_tion between another
respectively. The filling of the seventh umbrella follows the Minima in the experimental kO adsorption free energy at
same pattern as the third, fourth, and fifth ones. Finally, frondNi 32 and the peak in the calculatadtg corresponding to the
N=138 to Icoy,; only vertex sites remain vacant, and thesecompletion of four MIC umbrellas. Additional experimental

are filled, in close analogy to the final filling steps of the WOTK is needed to clarify matters in the region<28<48.
ICOss. The icosahedral structure reappears clearly aboyg.Niln

addition, after completing the Ni icosahedron® the experi-
ments are consistent with TIC covering up to the completion
of a 16-atom umbrella at Ni, although the structures of
Nigs and Nig; remain unidentified yet. The binding of water
moleculed shows minima aN=58, 61, and 64, for which

) ) we have found peaks in the stability function. However,
The experimental mass specttaf large Ni clusters con- here is not an experimental minimum Mt=67, and we do

taining up to 800 atoms have been explained by assumingot explain the minimum observed Nt=69. There are mea-
icosahedral growth. Those results were obtained by performs;,rements of ammonia uptake and binding of water mol-
ing near-threshold photoionization and standard time-ofzcyles that show size oscillations correlating with the forma-
flight mass spectroscopy. Strong effects were observed fajon of MIC umbrellas for N>7123 For example, the
N=55, 147, 309, and 561, which correspond to complet&ammonia uptake is a minimum fof==83, 92, 101, 116, 125,
icosahedra. Abov&l=200, enhanced stability was observed and 131, all of them having completed umbrellas. Also, the
each time a face of the icosahedron is covered, and esp@mater binding is maximum foN=72, 93, and 102, which
cially when an umbrella of the MIC type is completed. In correspond to clusters with a single atom added to the com-
support of this view, we have obtained pronounced drops ipleted umbrellas, and fai=87, 96, and 105; for all these
the evaporation energy after the completion of umbrellaglusters, we find minima in the stability function. In addition,
(see Fig. pand peaks in the stability functidisee Fig. 7in  there are maxima in water binding lt=66 andN =81 that
the range studied here, that is between 13 and 147 atomgyr calculations do not explain.
The clusters studied here are still small to develop the face- Several other calculations have been performed before for
by-face covering of umbrellas observed in the experiment$|i clusters, and Ref. 31 can be consulted for an extensive
for N>200. However, we have found a precursor of thisjist. Molecular dynamics simulations with anbody poten-
effect in the covering of the TIC umbrella betweensfland  tjal based on the tight-binding method were performed by
Ni7;. Rey et al?! and by Garzn and Jellinef’ for small clusters.
Chemical probe experiments for Niclusters performed Stave and De Pristo used a corrected effective medium
by Parks and co-worket$®~3 point to icosahedral symme- theory*® and again these authors only treated small clusters
try for N<29 andN>48. This conclusion arises from the (N<23). EAM calculations have been performed for
measured saturation coverages and adsorption free energigdall?>?24%52 medium®® and largé®>?® Niy clusters. All
of H,0, NH3, and N, molecules. Those measurements in-these methods give results in support of the icosahedral
dicate that Ni; and Niss are both perfect icosahedral clus- growth for clusters with more than 13 atoms.
ters, and that the growth between those two Sizisspolyi- Also recently, a semiempirical tight-binding scheme has
cosahedral(that is the TIC typg up to N=26, whereas been applied by Lathiotakist al>® to compare the relative
Ni,g is a fragment of the Icg with three MIC umbrellas. stabilities of Niy clusters with icosahedral structure and
So, the coincidence with our calculations is outstanding. Westructures derived from the fdéace centered cubjdattice
predict the transition from TIC to MIC covering at Ni. On  in the rangeN= 13— 55. The clusters that were actually stud-
the other hand, Parlet al! find the structural characteriza- ied wereN= 13,N=55, and a few selected sizes in between.
tion of Ni,7 difficult. The saturation coverages are inconsis-The clusters were optimized at zero temperature starting
tent with polyicosahedral structure and consistent with grom the ideal structures. The picture that comes from these
MIC Ni ,g cluster with an atom removed. However, the lasttight-binding calculations is that icosahedral structures are
structure would in their opinion be in contradiction with the preferred near the closed-shell sizds-13 and 55, and a
large drop in the HO adsorption free energy from MNito  strong competition between the icosahedral and relaxed fcc
Ni,g, considering the fact that in both clusters the loweststructures is established for open-shell clusters in that size
atomic coordination would be five. The contradiction is re-range, with some predominance of the fcc structures.
moved within our model, by noticing the special stability of A large energy differencé.46 eV/atomis noticeable for
the cluster Njg. Instead of focussing on the lowest atomic N=13. The prediction concerninglosedshell clusters is
coordination we look at the evaporation enetgfig of Fig.  consistent with our previous EAM calculatidiisomparing
5. The peak at Nig shows that the binding between Ni atoms the relative stabilities of perfect cuboctahedf&dic) and
is especially large in this cluster and that the cluster will bindicosahedral closed-shell clusters with=13, 55, 147, 309,
the adsorbed molecule weakly. The minimum of the experis61, 923, 1415, 2057, 2869, 3871, and 5083. We have found
mental adsorption free energy against cluster size correlatelat the icosahedral nickel clusters are more stable up to a
with the calculated maximum iAEg at Niyg. So, in our  sizeN=1415, which corresponds to seven full layers around
opinion, the structure of Ni, consistent with the experiments the central atom. For larger sizes, the cuboctahedral clusters

IV. COMPARISON WITH EXPERIMENT
AND WITH OTHER CALCULATIONS
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become more stable. In the cases with an incomplete secomdode, but a transition to the MIQmultilayered Mackay
shell, studied by Lathiotakis, the relaxed fcc structure wascosahedropmode is predicted dtl=28. When Nig is be-
predicted to be more stable, although the total binding eneling covered, the TIC pattern is the preferred one up to the
gies per atom differ less than for Ni: the differences are completion of an umbrella &l=71 and then changes to a
0.08, 0.07, 0.05, and 0.017 eV/atom fer=19, 23, 24, and MIC covering. These results are in good agreement with the
38, respectively. A few more cluster sizes were considere@éhemical probe experimentgsing N,). Drastic changes in
by Lathiotakiset al,, but only one of the two structures was the cluster stability occur when capping umbrellas are com-
studied in each case. We recall that the reactivity experipleted and this prediction agrees with the results of near-
ments support the double icosahedron fogdNind the triple  threshold photoionization experiments for large clust®rs.
icosahedron for Niz. So, the tight-binding results seem to The magic character of the Niclusters with completed um-
be in conflict with other calculations and with the interpreta-brellas is also evident in measurements of the adsorption
tion of the chemical probe experimeritsexcept perhaps in energy of ammonia and water molecules. Molecular dynam-
the rangeN=28-48, where experimental information is not ics simulations of medium size clustgrsind a study of the
yet available. energy barriers between competing icosahedral and crystal-
We have also performed several selected calculations fdme or other structures would be desirable in order to get a
clusters with a fcc structure, allowing for relaxation: cuboc-full picture of cluster growth in the small and medium size
tahedral shapes were considered fogdind Nis5, and clus-  range. Also, one has to notice that the structures determined
ters with closed coordination shells around a central atonfrom chemical probe studies are those of the clusters with the
have been modeled representing;Nand Niy; (two and  adsorbates present. In this respect, it would be interesting to
three coordination shells, respectivelffhe EAM predicts perform calculations for clusters with adsorbed molecules,
the following energy differences between the relaxed fcc andbecause adsorption could induce some structural changes in
icosahedral structures, favoring icosahedral packing: 0.08arder to increase the binding between the molecule and the
(Ni13), 0.055(Nig), 0.074(Ni4g), and 0.048 eV/atoniNi cluster. This is not the case for,Nmolecules, which leave
s5). For Niy3, the result agrees well with other calculations: completely unaltered the structure of the pure Ni clusters. On
a Finnis-Sinclair many-body potentflpredicts an energy the other hand, the analysis of the experiments is based on
difference of 0.052 eV/at’ corrected effective medium cal- adsorption energy data taken from surface studies; these en-
culations give 0.089 eV/at® andab initio density functional ~ ergies could change a little in the clusters. Although distinct
calculations give 0.095 eV/at.The agreement gives confi- versions of the EAM may differ in the absolute values of the
dence on the predictions of the EAM. All these values arebinding energies, the relative energieseofualsizeisomers
substantially lower than the binding energy difference presseem to be very similar. This fact supports the applicability
dicted by the tight-binding method of Lathiotal@sal. (0.46  of the EAM method for the purpose of this work.
eV/at).
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