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Abstract The equilibrium geometrical structures of small
AlmFen clusters have been determined through ab initio cal-
culation of the cluster total energy at the UB3LYP/Lanl2dz
level. For dimers of iron and aluminum, the dissociation ener-
gies, the equilibrium atomic distances, and the vibrational
frequencies were calculated. The agreement between calcu-
lations and experiments is reasonable. The ground stable geo-
metrical structures of Fe4, FeAl3, Fe3Al and Fe2Al2 clusters
favor three-dimension configurations, but Al4 tetramers are
planar structures. The Al-rich tetramers are more stable than
the other two composition tetramers. This is different from
that of bulk alloys.
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1 Introduction

In a cluster research, the fundamental problem is the deter-
mination of the geometrical structures assumed by the clus-
ters, which may affect their optical, magnetic and chemical
properties, thermal stability and dynamical behavior. Theo-
retical investigations of micro clusters by ab initio quantum
mechanical calculations have attracted great attention. More
studies focus on pure clusters. For iron clusters, Noro et al.
[1] obtained the ground state of the dimer with multirefer-
ence self-consistent-field (MCSCF) and multireference con-
figuration interaction (CI) calculations. They concluded that
the combination of the d electrons to the bonding is impor-
tant. Bollone et al. [2] have studied the structure and spin
of cluster up to seven atoms with Car-Parrinello molecular
dynamic simulations. The trend is similar to that predicted
with empirical pair-potentials. Chen et al. [3] investigated
the magnetic and structural ordering in iron clusters Fen with
a first-principle all electron linear-combination of Gaussian
orbital method. The ground states are all ferromagnetic with
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the highest dimensional geometry. Dieguez et al. [4] simu-
lated the ground state configurations of Fen with semiem-
pirical methods of embedded atom method (EAM) [5]. For
clusters of aluminum, a great deal of theoretical calculations
has been performed [6,7]. The cluster size reaches several
hundreds atoms. Some works on binary FeAl clusters have
been published [4,8–10].

Iron aluminides are an important class of intermetallic
compounds with high oxidation and corrosion resistance, low
density and interesting magnetic properties. From the phase
diagram, the bulk alloys form ordered Fe3Al, FeAl and FeAl3
compounds. The results of experiment [11] on FeAl nano-
particles indicate that they are magnetic. This is different
from that of ordered compounds. The ferromagnetic behav-
iors arose from the clustering of iron atoms. For microAlmFen
clusters, the structures and mixing can be very different from
that in bulk. The partial segregation could lead to clustering of
iron sites. Dieguez et al. [4] studied the Fe-rich cluster using
molecular dynamics simulations based on EAM. Reddy et al.
[9] obtained the structures and magnetic properties of Fe-rich
Fe-Al binary cluster. The geometric arrangement of (FeAl)n
are different from the bulk ordering and dominated by the
Fe-Fe clustering. Are the lowest-lying states the structures of
clustering of iron atom? How does the composition affect the
structural stability of binary cluster? The density functional
theory (DFT) has been used to study the geometric stability
of binary AlmFen cluster.

2 Computational details

The DFT method with B3LYP [12,13] exchange-correlation
potential and an effective core potential LanL2DZ basis sets
[14–16] are used in the present calculations. The exchange
term of B3LYP consists of hybrid Hartree-Fock and local
spin density (LSD) exchange functions with Beck’s gradient
correlation to LSD exchange [17]. The correlation term of
unrestricted B3LYP consists of the VWN3 local correlation
functional and Lee, Yang and Parr (LYP) correlation correc-
tion functional. The UB3LYP predictions are in qualitative
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Table 1 The bond length, binding energy and vibrational frequency of dimers

Molecule Re(Å) -Eb(eV/atom) ω(cm−1 ) state Refs.

Fe2 D∞h 2.26 3.75 305.5 Multiplicity = 9 Present
2.02,1.87 0.65 299.6 [20–23]
1.98 2.02 418 Ferromagnetic [3]
2.20 0.97 209 Antiferromagnetic [3]
1.83 0.85 461 Paramagnetic [3]
2.10 1.73 390 [24]
2.01 2.0 402 [25]
2.40 204 [26]
2.06 0.79 260.9 [1]
1.96 1.45 7�u [27]
2.02 1.88 [9]
2.13 1.48 [9]
1.88 0.82 S=0 [2]
2.06 1.78 S=4 [2]

Al2 D∞h 2.59 0.49 289.4 Multiplicity=3 Present
2.47 0.75 350.0 [28]
2.23 0.58 647.0 [6]
2.709 0.68 284.0 Multiplicity=3 [7]
2.49 0.92 S=3 [9]
2.48 0.82 S=3 [9]

FeAl C∞v 2.50 2.64 280.1 Multiplicity=2 Present
2.43 1.65 [9]
2.41 1.01 [9]

agreement with experimental values. In general, the DFT
method overestimates the energies, and it gives shorter bond
length than the experimental results. However, the optimi-
zied structures predicted at the UB3LYP level are in good
agreement with the results of experiment. LanL2DZ basis
sets are getting to be widely used to calculate the equilibrium
geometries and spectroscopic properties of clusters, particu-
larly in the investigation on clusters with heavy atoms [17].
The standard LanL2DZ basis sets of ECP theory are capable
of generating results of very satisfactory quality for transi-
tion metal compounds [18]. The examination of equilibrium
bond lengths and angles reveals deviations of typically 1–
6%. The calculated ionization energy of iron and aluminum
are 7.48 eV and 6.20 eV, respectively, while the experimental
values are 7.92 eV and 5.99 eV respectively.

All density functional theory (DFT) computations are per-
formed with Gaussian 98 [19] program package. Geometries
are optimized at the hybrid functional DFT-UB3LYP level,
employing LanL2DZ basis sets.

The binding energy per atom of clusters is defined as

Eb =
[
Ecluster − mEat

Fe − nEat
Al

]

m + n
(1)

where Ecluster is energy of alloy cluster, Eat
Fe is pure iron atom

and Eat
Al is pure aluminum atom.

3 Results and discussions

3.1 Dimer

The calculated binding energies, equilibrium geometries and
vibrational frequencies of dimers are given in Table 1. The

experimental results and the results obtained by other re-
search workers are also included for comparison. From Ta-
ble 1, it can be seen that the present results for equilibrium
bond length, binding energy, and vibrational frequency of
iron dimer are larger than those of experiments [20–23].
The present bond length is close to that of Chen et al. [3]
obtained for antiferromagnetic state of iron dimer and that
of Reddy et al [9]. The available theoretical binding energies
[1–3,9,24,25,27] range from −0.785 to −2.025 eV/atom,
where experimental binding energy is −0.65 eV/atom. The
present result is −3.75 eV/atom. The vibrational frequency
is more closer to that of experiment [23] than those obtained
by other theoretical studies [1,3,24–27].

The calculated bond length, binding energy and vibra-
tional frequency of Al dimer are 2.59 angstrom, −0.49 eV/
atom and 289 cm−1 respectively, where corresponding exper-
imental values are 2.47Å, −0.75 eV/atom and 350 cm−1

respectively [28]. The bond length is longer than that of
experiment and those obtained by other theoretical calcu-
lations [6,9]. The binding energy is less than those of experi-
ment and theories. But, the vibrational frequency is closer
to experimental values [28]. Schultz et al. [7] calculated
the bond length and binding energy using several multilev-
el methods. Results of the present calculations are coincide
with those they recommended.

The investigations of binary dimer are limited. Reddy
et al. [9] calculated the bond length and binding energy. Their
results are smaller than those obtained in the present results.

3.2 Trimer

The present calculations show that for Fe3 and Al3 trimers,
there are two possible stable structures: the linear and
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Table 2 Geometries, binding energy and multiplicity S of trimers

triangular structures in each case. The bond length of iron
trimer with linear structure is longer than those obtained by
Chen et al. [3] and Ballone et al. [2]. The binding energy is
larger than those obtained by Chen et al. and Ballone et al.
As for the triangular structure, the bond length is larger than
that of Chen et al. but coincide with that of Castro et al. [29].
The binding energy is greater than that of Castro and that of
Chen et al.

As for the Al3 trimer with triangular structure, the bond
length obtained in the present calculation is longer than those
of Majumder et al. [30] and Schultz et al. [7], while the bind-
ing energy is smaller. The equilateral triangular structures of
trimer of iron or aluminum are found to be the most stable
geometrical structures.

There are three possible isomer structures for Fe2Al and
FeAl2 trimers, the symmetric and asymmetric linear struc-
tures and the triangular structures in each case. The triangular
structures are found to be the most stable geometrical struc-
tures. For Fe2Al, the bond angle is 59.8 degrees and in FeAl2
the angle is 62.6 degrees.

For the linear forms of 3-atom binary clusters, the present
calculation reveals that the asymmetrical chain of Fe-Fe-Al
is more stable than the symmetrical chain of Fe-Al-Fe for
Fe2Al. Al-Al-Fe trimer is more stable than the trimer of Al-
Fe-Al. Table 2 lists our results for the possible stable equilib-
rium geometries and binding energies for trimers and other
available results.

3.3 Tetramers

For monatomic tetramers, the bond lengths and binding ener-
gies of Fe4 and Al4 are given in Table 3. The ground state
structure of Fe4 is a butterfly shaped structure. Chen et al.
[3] found that Fe4 is tetrahedral structure. However, Ballone
et al. [2] found that the ground state of Fe4 is a butterfly
(C2V) structure. The bond lengths of the present calculation
are longer than those obtained by Chen et al. and Ballone
et al.

There have been several calculations of the aluminum
tetramer [7,30–35]. A tetrahedral structure is favored by Ma-
jumder et al. [30], Ueno et al. [31], Jones [32] and Meier et al.
[33], but Schultz et al. [7], Pacchioni et al. [34] and Petterson
et al. [35] predicted a rhombic ground state.

The present calculations have found numerous local min-
ima in the energy surface of Al4. The most stable structure
is a planar rhombus, but the square is very close in energy
(0.054 eV higher). This is in good agreement with those of
Pacchioni et al. [34] and Meier et al. [33] (0.005 eV and
0.04 eV higher, respectively).

There is a larger number of possible isomers for binary
clusters in contrast to monatomic clusters. As expected, the
number of stable isomers increases rapidly with cluster size
and atomic composition. There are several possible stable
structures for Fe3Al and FeAl3 tetramers. The bond length
and binding energies are also included in Table 3. The ground
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Table 3 Geometries, binding energies and multiplicity S of tetramers (the bond length in Angstrom, binding energy in eV/atom
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state structure of Fe3Al is an asymmetric pyramid and FeAl3
tetramer has also a three-dimensional structure, which is a
symmetric triangular pyramid. For the Fe3Al Y-planar struc-
ture, the segregated configuration is more stable than that of
the mixed one. However, for FeAl3 Y-planar structure, the
mixed configuration is more stable than that of segregated
one. This indicates that the Fe–Fe clustering leads to low
energy structure.

Reddy et al. [9] predicted the stable structures of (FeAl)n
clusters. They found that the ground state of (FeAl)2 tetramer
is a distorted tetrahedral structure. The total energy of planar
structure (rhombic) is only just above the ground state 0.7 eV.

The present calculations for (FeAl)2 tetramers predicted
a ground state with distorted tetrahedral structure. TheY-pla-
nar structure is close in energy to the ground state (0.224 eV
higher).

How does the binding energy of ground state of tetramers
depend on composition? To show this the energy difference
of binary cluster relative to the monatomic cluster is defined
as that of bulk alloys, namely,

�E = E
binary
b − nEFe

b + mEAl
b

m + n
(2)

The calculated energy differences indicate that the Fe3Al
tetramer is the most stable, the next is FeAl3 tetramer and the
least stable is Fe2Al2, the energies being −0.072 eV/atom,
−0.624 eV/atom and −0.394 eV/atom respectively. The for-
mation energies of bulk Fe3Al, FeAl3 and FeAl intermetallic
compounds are −0.32, −0.29, and −0.26 eV/atom respec-
tively [36]. The energy dependence on the composition for
tetramer clusters is different from that of bulk compounds.

4 Conclusions

The ground state structures and binding energies for AlmFen

small clusters have been obtained with DFT. The calcula-
tions indicate that for the ground state structures of aluminum
monatomic is planar structure while the highest dimension
structures are favored for the ground state iron monatomic
clusters and binary clusters. The Fe–Fe clustering leads to
low the binding energy of binary cluster. The dependence of
binding energy on composition is different from that of bulk
intermetallic compounds.
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