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Abstract. We have studied structural and magnetic properties in small iron oxide clusters, Fe, O, (n =
1-5), by means of the first—principles calculation based on the density functional theory. We have used
not only the usual spin polarized scheme, but also the scheme for noncollinear magnetism to carry out
efficient optimization in magnetic structure. The result of FeO,, (m = 1—4) is in good agreement with
the previous work. We found the stable adduct clusters in FeOs and FeOs. The bridge site of oxygen
atom is more favorable in energy than any other site for the clusters of Fe,O (n = 2—5). As increasing the
number of oxygen atoms, the alignment of Fe magnetic moments changes from ferromagnetic configuration

to antiferromagnetic one at Fe,, O, (n =2-4).

PACS. 61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals —
75.75.4-a Magnetic properties of nanostructures — 71.15.Pd Molecular dynamics calculations

(Car-Parrinello) and other numerical simulations

1 Introduction

Magnetic clusters are the candidate of magnetic nano size
material for the high density magnetic memory storage or
the spintronics of semiconductors. To practically use the
clusters as a nano magnetic material, it is important to
study the effect of oxidation on the structure and mag-
netism of the clusters.

The number of experimental studies for iron oxide clus-
ters have increased since the middle of 1990s. Wang and
co-workers have been performed the systematic studies
for electronic structures by using a photoelectron spec-
troscopy [1-3]. Their important result is the electron affin-
ity of anion clusters. They have tried to approach struc-
tural properties, combined with an electrostatic model [1]
and an ab initio local-spin-density calculation [2]. Griffin
et al. studied the reaction of iron cation clusters with oxy-
gen with using a guided ion beam mass spectrometer [4].
They found that the dioxide cation clusters dominate the
product. The groups of Sumiyama and Kawazoe have de-
voted their collaboration to the study on magic numbers
in iron oxide clusters [5-7]. Gutsev et al. studied the elec-
tronic and geometrical structures of multi-oxide mono-
iron clusters with using a density functional theory. They
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also calculated vibrations, electron affinities, and thermo-
dynamic stabilities [8]. In these works above, however,
there is no theoretical study on multi-oxide multi-iron-
atom clusters, even for ground state structural properties.

Iron oxide compound in bulk is known to have variety
of structural and magnetic properties; FeO has a rock-
salt structure and shows an antiferromagnetic order at
low temperatures, Fe3O4 (magnetite) a spinel-structure
and a ferrimagnetic order, and Fe;O3 (hematite) a corun-
dum structure and an essentially antiferromagnetic order.
In these compounds iron atoms are separated by O atoms
(dpe—rFe ~ 3 A) and there is no direct bond between iron
atoms. This separation causes the tendency of antiferro-
magnet in the oxide bulk rather than that of ferromagnet.
The latter is found in the pure iron bulk and the pure
iron clusters [9,10]. Because ferromangnetic clusters are
available for magnetic devices, it is important to know
transitions from ferromagnet to antiferromagnet in oxide
clusters.

We have studied structural and magnetic properties in
iron oxide clusters, Fe, O,, (n = 1-5), with using a first—
principles molecular dynamics [11]. In the next section
the calculation method is briefly addressed, in Section 3
we present results and discussions and in Section 4 we
summarize the work.



86 The European Physical Journal D

2 Calculation method

We have used the first principles molecular dynamics [11],
which is based on the density functional theory [12].
We employed the ultra-soft pseudo potentials [13,14] and
planewaves. Our scheme used allows us to take the si-
multaneous optimization in both of atomic and elec-
tronic freedoms. The clusters are placed in a cubic cell
of side 20 a.u. The energy cutoffs are 24 Ry for the
planewave expansion of wavefunctions at the I" point and
250 Ry for the augmented electron density [14]. We used
the generalized gradient approximation for the exchange-
correlation energy [15]. To treat the metallic property that
there are some degenerate states around the Fermi level,
we introduced the additional freedom of partial occupa-
tions [16-18], which gives reasonable trajectories on elec-
tronic level crossings at the Fermi level [19]. We used a
value of 0.2 eV for the level smearing at the Fermi level.
Consequently, this treatment resulted in non-integer val-
ues for the magnetizations which are obtained by integrat-
ing spin densities.

In pure iron clusters, there are ferromagnetic and an-
tiferroamgnetic interactions between magnetic moments
on atoms and they are sensitive to the distance between
atoms [20,21]. Due to this fact, noncollinear magnetic
structures could appear at stable clusters or in the opti-
mization process of atomic and electronic configurations.
Therefore, we have also used the scheme of noncollinear
magnetism [20] as well as the usual spin polarized scheme
for density functional calculations.

3 Results and discussion

In this work, we considered only the oxide clusters in which
O atoms could be arranged on iron clusters.

3.1 FeO,, (m =1-6)

The optimized FeO cluster has the bond length of 1.63 A
and the magnetization of 4.1ug. The three clusters are
obtained for FeOgs; the most stable is the obtuse isosce-
les triangle (apex angle 121°) with 3.3up, the next stable
cluster has the OFeO linear structure with smaller mag-
netization (1.7pp). The acute geometry (apex angle 47°)
is less binding with larger magnetization (4.5up).

For m = 3 and 4, the respective ground state clusters
are of nonmagnetic state, which agrees with the results
of Gutsev et al. [8]. The most stable cluster has a plane
structure with D3y, symmetry for m = 3 and a tetrahedral
cage of O atoms with a centered Fe atom for m = 4.

In the stable clusters of m = 5 and 6, the number of
direct bonds between Fe and O atoms is 4. The clusters
obtained could be regarded as an adduct with O5. Espe-
cially, for m = 5, the binding energy between O5 and FeOs5
is found to be ~0.4 eV, much smaller than the bonding
energies between Fe and O atoms (3—5 eV). It is inter-
esting that the magnetization of Oy couples anti-parallel
with that induced on Fe atom in the FeOgs although the
corresponding isolated FeOs cluster is nonmagnetic.
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Fig. 1. The geometries and magnetic arrangements of FeO,
(m = 1-3). The gray and filled balls specify Fe and O atoms,
respectively. The arrows show atomic magnetic moments. The
binding energy and the total magnetization are also presented.

3.2 Fe;0,,, (m =1-6)

We show the geometries and magnetic arrangements of
typical clusters in Figure 1. The arrows represent atomic
magnetic moments, which were estimated by integrating
spin densities within radii of 0.90 and 0.69 A on Fe and O
atoms, respectively. The magnetization on O atoms does
not appear in the figure due to their small values.

For Fe;O, an O atom is added to the bridge site be-
tween two Fe atoms or the edge site which forms a linear
cluster. The cluster with the bridge O atom is the most
stable and has a ferromagnetic arrangement in Fe mag-
netic moments, similar to the pure Fey cluster. The O
atom at edge site induces the antiferromagnetic arrange-
ment, resulting in the cluster which is higher in energy
by 1.1 eV.

The additional O atom at an bridge site for Fe;Oq
make two stable magnetic arrangements; ferromagnetic
(Fig. 1c) and antiferromagnetic (Fig. 1b) clusters with
the similar planar geometry. The latter is more stable by
0.15 eV than the former and has a longer Fe-Fe bond by
0.08 A. For FeyO5 the cluster with two O atoms at the
bridge and an O atom at the edge (Fig. 1d) was obtained
as the most stable one. Such a double-bridge structure is
preserved in low-energy clusters for Fe;O,, (m > 4). The
most stable cluster of FesOg is nonmagnetic, in agreement
with the argument that the cluster has twice stoichiome-
try of FeOs.

In Figure 2, we show the oxidation dependence of total
magnetization for Fe;O,,,. The change from the ferromag-
net to antiferromagnet appears at FeoOs in the sequence
of the ground state geometry.

3.3 Fe30,,, (m =1-5)

The ground state geometry of Fes is a regular triangle.
The stable sites for O atoms are the bridge sites, and the
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Fig. 2. The oxidation dependence of total magnetization for
FexO,,. The crosses specify data of the most stable cluster,
connected with the broken lines. The empty square specifies
data of the linear cluster in FeoO and the filled square data of
ferromagnetic arrangement in FeaOs.

surface sites, that is, the sites on the center of the tri-
angle. When adding an O atom, we obtained two stable
structures; FesO (n, = 1) in Figure 3a, where ny, is the
number of O atoms at bridge sites, and Fe3O (ns = 1) in
Figure 3b, where ng is the number of O atoms at surface
sites. The former (ny, = 1) is more stable by 0.5 ¢V than
the latter (ns = 1). The addition of an O atom extends
the bond length between the bridged Fe atoms by 10% for
np = 1, and the edge lengths of the triangle by 5% for
ng = 1.

In Fe3Os, the most stable cluster is obtained for ny, = 2
in Figure 3¢, which has the larger magnetization (11.6up).
The second stable one is for n;, = ng = 1 in Figure 3d,
and the third one is for ng = 2 in Figure 3e. Both of these
clusters also have a larger magnetization (11—12ug).

In Fe3O,,(m > 3), the configuration of n, = 2 and
ns = 1 is unstable, and three O atoms at the bridge sites
(n, = 3) form the stable clusters. This result greatly
supports the occupation sequence, proposed by Wang
et al. [1], that the O atoms occupy all the three bridge
sites at first. As increase of O atoms, ferromagnetic ar-
rangement in clusters changes to ferrimagnetic one. As
shown in Figure 4, it results in a smaller total magneti-
zation equal or less than 4up for Fe3O3 and FezOy4, and
Oup for Fe3Os (np = 3,ns = 2). It is interesting to find
the cluster with the noncollinear magnetic structure for
Fe305 (Fig. 3h).

3.4 Fe40,,y (m =1-6) and FesO,, (m=1,2)

The ground state geometry of Fey is a tetrahedron. In the
clusters of Fe O, the bridge site is more stable for O atom
than the surface site (see Figs. 5a and 5b). However, in
Fe 05, the cluster for ny, = ng = 1 in Figure 5c¢ is lower
in energy by 0.2 eV than that for n, = 2 in Figure 5d.
The cluster with double surface atoms in FesOo has a
higher energy than the two previous clusters. It was also
found that the Fe O3 (np = 3) is less stable than Fey O3
(n, = 2,ns = 1). The stable structure in Fe,O4 shows
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Fig. 3. The geometries and magnetic structures of FezO,,

(m=1-5).
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Fig. 4. The oxidation dependence of total magnetization for
Fe30,,. The crosses specify data of the most stable cluster,
connected with the broken lines. The diamonds specify data of
clusters only with surface O atoms and the square the cluster
with one bridge and one surface O atoms.

a relatively larger distortion of the tetrahedron and an
antiferromagnetic arrangement in Fe moments (Fig. 6).
For Fe50,,, the oxidation effects are similar to those
of FeyO,,. The bridge site is lower in energy than the
surface site in oxidation of the first atom, and for Fe5Oo,
the cluster of double bridges is not the most stable. The

magnetic arrangements are still ferromagnetic within m =
1 and 2.
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Fig. 5. The geometries and magnetic structures of Fe O,
(m=1-2).
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4 Summary

We have carried out the geometrical and magnetic opti-
mization for the iron oxide clusters, Fe,O,, (n = 1-5),
with using the first—principles molecular dynamics. We
have used not only the usual spin polarized scheme, but
also the scheme for noncollinear magnetism. We found the
noncollinear magnetic structure in FesOs. The results of
FeO,, (m = 1—4) are in good agreement with the pre-
vious work. We also found the stable adduct clusters in
FeOs5 and FeOg. For Fe;O,,, (m = 2), ferro- and antiferro-
magnetic clusters are found as stable cluster, having simi-
lar structural geometries. For Fe,,O (n = 2—5), the bridge
site is lower in energy than the surface site for the first
oxidation with O atom. On such a single-O bridged clus-
ters, the second O atom favors a bridge site in Fe3O5 and
a surface site in Fe, Oz (n = 4,5). Increasing the number
of oxygen atoms, the alignment of Fe magnetic moments
changes from ferromagnetic arrangement to antiferromag-
netic one at m = n for n = 2,3, and 4.

Support is acknowledged from the Japanese Society for the
Promotion of Science under project No. 13640328.
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Fig. 6. The oxidation dependence of total magnetization for
FesO,,. The crosses specify data of the most stable cluster,
connected with the broken lines. The diamonds specify data
of the clusters only with surface O atoms and the square with
one bridge and one surface O atoms.
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