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Abstract. Using the noncentral embedded atom model potential recently proposed by Besson and Morillo
for Fe1−yAly bulk alloys (y ≤ 0.5), we performed computer simulations to predict the ground-state con-
figurations of Fen and Fen−xAlx clusters (n ≤ 19). The computed structures of Fen clusters are in general
agreement with such theoretical results as have been obtained by density functional calculations (i.e. for
n ≤ 7). The results for Fe-rich Fen−xAlx clusters show surface segregation of Al, which is in keeping with
the findings of a previous study of Nin−xAlx clusters.

PACS. 36.40.-c Atomic and molecular clusters – 61.46.+w Clusters, nanoparticles, and nanocrystalline
materials

1 Introduction

One of the fundamental problems of cluster research is
the determination of the geometrical structures assumed
by the clusters, which may affect their optical, magnetic
and chemical properties, thermal stability and dynami-
cal behaviour. Experimental information on cluster struc-
tures can be acquired by several means, including chem-
ical probes [1,2] and the combination of photoionization
and time-of-flight mass spectrometry [3]. However, in some
cases cluster geometries cannot be determined with cer-
tainty by direct experimental methods, and theoretical
studies provide an alternative means of gaining insight
into the structural features of this kind of system.

Computation of the structures of clusters involving
transition metal atoms by ab initio quantum mechanical
methods is a very demanding computational task that
is only feasible for very small clusters (see, e.g., Refs.
[4,5]). For this reason, most theoretical studies in this
area have been based on semiempirical methods such as
the embedded atom model (EAM) [6,7] and the tight-
binding method (TBM) [8,9]. These studies have mainly
focused on one-component clusters (see, e.g., Ref. [10] and
those cited therein), although some work on binary clus-
ters has also been published. For instance, in reference [11]
we reported the results of using molecular dynamics (MD)
simulations based on the Voter and Chen (VC) version of
the EAM [7] to compute the ground-state configurations
of Ni13−xAlx, Ni19−xAlx and Ni55−xAlx clusters, and the
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same simulation technique has been used by Jellinek and
Krissinel [12] to analyse the structures of Ni13−xAlx clus-
ters using a TBM potential [9].

The scarcity of EAM or TBM studies on binary clus-
ters of metal atoms is probably largely due to the lim-
ited number of reliable model potentials for this kind of
system. In this respect, a welcome contribution has re-
cently been made by Besson and Morillo (BM) [13], who
have developed an EAM noncentral potential for Fe1−yAly
bulk alloys (y ≤ 0.5). This potential has been extensively
tested by evaluating its predictions for bulk and defect
zero-temperature and temperature-dependent properties
[13]. The aim of the work described here was to inves-
tigate its reliability for description of the structures of
pure Fen and Fe-rich Fen−xAlx clusters with n ≤ 19
(although its predictions for Al-rich clusters were also
determined). The computed structures of the Fen clus-
ters have been compared with theoretical predictions ob-
tained by density functional calculations [4,5] or inferred
from the results of chemical probe experiments [1], and
those of the Fen−xAlx clusters with the results reported in
reference [11] for Nin−xAlx clusters and with those of
some theoretical studies of binary clusters of metal atoms
[14–16].

In Section 2 we briefly describe the BM model po-
tential and the computational procedure used in this pa-
per to determine the ground-state cluster structures. In
Section 3 we present and discuss the results, and finally,
in Section 4, we summarize our main conclusions.
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2 Summary of the model potential
and the computational procedure

In the BM EAM potential [13], the energy of the Fe–Al
system is given by
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∑
i∈IAl

FAl(ρi) +
1
2

∑
j 6=i
j∈IAl

VAlAl(rij) + αAlY
2
i



+
∑
i∈IFe

FFe(ρi) +
1
2

∑
j 6=i
j∈IFe

VFeFe(rij) + αFeY
2
i


+
∑
i,j 6=i
i∈IAl
j∈IFe

VFeAl(rij) (1)

where IAl and IFe are the sets of indices of Al and Fe
atoms, Fi and Vij are respectively the embedding func-
tion and pair interaction, αiY 2

i is the noncentral interac-
tion term, rij is the distance between atoms i and j, and
ρi is the host electron density at site i, which is approx-
imated by superimposing contributions by all the atoms
surrounding atom i:

ρi =
∑
j 6=i

fj(rij) (2)

fj(rij) being the electron density of atom j at the posi-
tion of the nucleus of atom i. Analytical expressions for
the embedding functions, pair potentials, noncentral inter-
actions and density functions are given in reference [13].
The parameters included in these expressions were opti-
mized by Besson and Morillo [13] for prediction of the
lattice constants, cohesive energies and elastic constants
of pure Fe (bcc), pure Al (fcc) and the ordered compound
FeAl (B2); it is these parameter values that have been used
in the present study of Fen and Fen−xAlx clusters [17],
in which ground-state structures were calculated by ap-
plying the steepest-descent method [18] to configurations
generated along high-temperature MD trajectories, fol-
lowing a procedure similar to that employed in our study
of Nin−xAlx clusters [11].

3 Results and discussion

Figure 1 shows the computed minimum energy structures
and symmetries of pure Fen clusters (3 ≤ n ≤ 19).
The predicted ground-state geometries of Fe3 and Fe4

(the equilateral triangle and the tetrahedron, respectively)
agree with the results obtained by Chen et al. [4] using
density functional theory. Density functional calculations
for Fen clusters with n ≤ 7 have also been performed
by Ballone and Jones [5] using a simulated annealing ap-
proach based on the work of Car and Parrinello [19], and

their results also agree, in general, with our BM EAM-
based predictions for these clusters; the only slight discrep-
ancy occurs for Fe6, for which Ballone and Jones found
the most stable structure to be a capped trigonal bipyra-
mid that was, however, only 0.02 eV/atom more stable
than the tetragonal bipyramid corresponding to the octa-
hedral ground-state structure obtained in our calculations
(Fig. 1). For Fen clusters with n > 7, no density functional
results have as far as we know been published, but calcu-
lations recently performed by Andriotis and Menon [20]
using a TB MD method predicted that Fe13 has an icosa-
hedral structure, in keeping with our BM EAM predictions
(Fig. 1). In should be pointed out that in spite of the good
general agreement between our BM EAM results and den-
sity functional calculations for small Fen clusters, most of
the Fen structures predicted by the latter method deviate
somewhat from the symmetric structures predicted by the
BM EAM potential [5].

Parks et al. [1] have studied the chemical reactivity of
Fen clusters with small adsorbates such as H2, D2O and
NH3, and have interpreted their results in terms of struc-
tural differences between Fe14 and Fe15 and between Fe18

and Fe19, suggesting likely geometries for Fe13, Fe14, Fe15

and Fe19. In particular, the structures inferred as most
probable for Fe13 and Fe19 are respectively the fcc cubo-
octahedron (or, alternatively, the bcc rhombic dodecahe-
dron) and the fcc octahedron, although the icosahedral
geometries obtained in our BM EAM calculations (Fig. 1)
are not ruled out by the experimental findings. It should
be borne in mind that the geometries revealed as most
probable by chemical probe experiments are not necessar-
ily those of the bare clusters, which can be altered by the
adsorbates.

Figure 2 shows the calculated binding energies (the to-
tal minimum energies per atom, with the opposite sign)
of all the Fen clusters studied in this paper. For compar-
ison, in the same figure we also show the values reported
by Chen et al. [4] for Fe2, Fe3 and Fe4, and by Ballone
and Jones [5] for n ≤ 7. The binding energies computed
in this work are much lower than those obtained by den-
sity functional calculations. This is doubtless because the
parameters of the BM EAM potential were optimised us-
ing only bulk solid state properties (see Refs. [10,20]);
had they been obtained using properties of the diatomic
molecule as well as bulk solid properties, the computed
binding energies of the clusters would no doubt be more
accurate. It is nevertheless worth pointing out that the
density functional results of Chen et al. and Ballone and
Jones were obtained using the local spin density approxi-
mation, which tends to overestimate cluster binding ener-
gies (see, e.g., Ref. [21]), so our binding energy results may
be somewhat better than they appear to be in Figure 2.

Figure 3 shows the computed ground-state configura-
tions of Fe13−xAlx (1 ≤ x ≤ 3) and Fe19−xAlx (1 ≤ x ≤ 4)
clusters. All these Fe-rich binary clusters have the same
basic icosahedral or double icosahedral structure as Fe13

and Fe19 respectively, and the Al atoms are located at
the surface of the cluster in all cases. This latter re-
sult is in consonance with the common finding [14–16]
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Fig. 1. Predicted minimum energy structures of Fen clusters (3 ≤ n ≤ 19), with their symmetries.

(corroborated by the results on Ni–Al clusters reported
in Ref. [11]) that binary clusters of metal atoms exhibit
surface segregation of the atom with the smaller sur-
face energy (in this case Al [22]). By contrast, computed
ground-state configurations of Fe13−xAlx (4 ≤ x ≤ 13)
and Fe19−xAlx (5 ≤ x ≤ 19) are not icosahedral (re-
sults not shown). Since the BM EAM potential was de-
veloped for and tested on Fe1−yAly alloys with y ≤ 0.5
[13], its application to Fen−xAlx clusters is expected to
be less reliable for large x than small. At the high x ex-
treme, computations performed by Yi et al. [23] using the
Car-Parrinello method [19] predict that the most stable
structures for Al13 and Al19 are the icosahedron and the
octahedron respectively, results that are not reproduced
by the BM EAM potential.

4 Summary and conclusions

In this work we performed MD simulations to compute
the structures of Fen clusters (n ≤ 19) and Fe13−xAlx and
Fe19−xAlx clusters. The interactions between the atoms
in the clusters were modelled using the n-body noncentral
EAM potential developed by Besson and Morillo [13] for
Fe1−yAly alloys (y ≤ 0.5), the parameters of which were
optimized for prediction of properties of pure Fe (bcc),
pure Al (fcc) and the ordered FeAl phase (B2). The com-
puted structures of Fen clusters were compared with re-
sults obtained from density functional calculations [4,5]
and also with conclusions drawn from chemical reactivity
experiments [1], although in this latter case comparison is
not easy because the reactions used to probe the structure
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Fig. 2. Computed binding energies of Fen clusters (◦). For
comparison, the values obtained by Chen et al. [4] and
Ballone and Jones [5] using density functional calculations are
also shown (� and �, respectively).

Fig. 3. Predicted minimum energy structures of Fe13−xAlx
(1 ≤ x ≤ 3) and Fe19−xAlx (1 ≤ x ≤ 4) clusters.

of the clusters can induce structural changes. For small
x, the computed structures of the Fen−xAlx clusters are
in keeping with the results of previous studies of binary
clusters of metal atoms [11,14–16]. In general, our results
show that the BM EAM potential may be useful for qual-
itative description of the gross structural features of both

pure Fen and Fe-rich Fen−xAlx clusters. The quality of
the description is expected to be better for large n, i.e.
in environments close to that used in the parameteriza-
tion of the BM EAM potential; the BM EAM structures
of the smaller Fen clusters fail to exhibit the asymmetries
predicted, in most cases, by density functional calcula-
tions [5], and the BM EAM binding energies are much
lower than those obtained by the latter methods. To im-
prove description of the binding energies of Fen clusters
we suggest that properties of the diatomic molecule be in-
cluded among the data to which the BM EAM potential
is fitted.
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