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Abstract

We present new results of ab initio total-energy calculations of small iron clusters, Fe, with 2 < n < 15, in which structural Jahn-
Teller like distortion and competing non-collinear and collinear magnetic moments have been taken care of simultaneously. We used
the density-functional method that employs pseudopotentials and the projector augmented wave method. The full relaxation of the
atoms without imposing any symmetry constraints leads to unsymmetrical arrangements of the atoms (distorted clusters) and
restores collinearity of the magnetic moments of all clusters considered so far. For n < 7 our results agree in part with previous

ab initio calculations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The physics of magnetic transition-metal (TM) clus-
ters is still an intriguing and challenging topic both from
an experimental and a theoretical point of view.
Although certain properties of the clusters can be
explored directly, like the bond lengths of the atoms
from extended X-ray absorption fine structure measure-
ments [1], the vibrational frequencies of free clusters
from resonance Raman spectroscopy [2], the depen-
dence of the magnetic moments of the free clusters on
size and temperature using a Stern—-Gerlach magnet
and time-of-flight mass spectrometer [3] or the orbital
and spin magnetic moments of supported clusters from
X-ray magnetic circular dichroism technique [4,5], a sys-
tematic and accurate investigation of the structural, elec-
tronic and magnetic properties of small TM clusters is
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still not feasible. With respect to theory the development
of computational techniques relying on first-principles
methods as well as the increase in computer capacity
have allowed to study TM clusters containing up to a
few hundred atoms—yet some fundamental problems
are still there like the observation that different methods
yield different results for the spin multiplicity and the
magnetic moments of the clusters (see also the discus-
sions in [6-9]) or like the competition of non-collinear
versus collinear magnetism depending on the morphol-
ogy of the clusters [10,11], on the Jahn—Teller distortions
[12] and on the multi-twinned structures usually ob-
served for the larger clusters [13]. For an overview of
computational calculations on an ab initio basis inclu-
ding tight-binding calculations and a discussion of some
of the problems addressed above we refer to [14].
There are some further interesting works which we
would like to mention. A recent implementation of the
density functional based self-consistent charge tight-
binding method allowing to address larger TM clusters
is discussed in [15]. Different aspects of magnetism of
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small clusters have also been discussed on the basis of
the Hubbard model allowing to deal with correlation ef-
fects [16-18] or on the basis of the Heisenberg model
showing novel quantum effects for the case of antiferro-
magnetic exchange [19]. We finally notice that the mag-
netic moments of TM clusters, which for the free clusters
are usually larger than corresponding bulk values, can
significantly change for the case that the clusters are
supported [20,21] or embedded [22,23].

In the present contribution we present results of total
energy calculations in the framework of density func-
tional theory allowing for full relaxation of the atoms
in free clusters without any symmetry constraints. In
contrast to most results reported in the literature we ob-
serve that for the case of iron clusters all geometries
found correspond to distorted clusters even for the case
of high-symmetry forms like the 13-atom icosahedron,
and that the degree of distortion influences the magni-
tude of the magnetic moments.

2. Computational details

For each iron atom a number of eight valence elec-
trons was taken into account, the remaining core elec-
trons together with the nuclei were described by
pseudopotentials following the projector augmented
wave method as implemented in the Vienna ab initio
simulation package [24]. For the exchange correlation
functional we chose a form proposed by Perdew and
Wang [25]. For all clusters considered the energy cutoff
for the electronic wavefunctions was kept fixed at a

value of 335eV throughout the calculations. For the
supercell we have chosen a cube of size 12° A? which
is large enough to ensure that the interaction of clusters
with their images is negligible. Integration over the Brill-
ouin zone was done for the I'-point only. Besides atomic
relaxation we also allowed for a fully non-collinear mag-
netization density as described in [11].

The ground state geometries of the iron clusters con-
taining up to 15 atoms as obtained from our calculations
are depicted in Fig. 1. The clusters do not possess the
highest possible symmetry but are distorted to some
degree. For the small Fe, clusters (n < 6), the ground
state structures are in agreement with the corresponding
results reported in [8,9], whereas for Fe; we find the
pentagonal bipyramid as in [12]. Comparison of results
for the larger clusters is difficult because no similar
calculations based on the generalized gradient approxi-
mation (GGA) exist.

An exception to this is Fe;;, whose potential energy
surface has been studied extensively before by Boba-
dova-Parvanova et al. [28]. In close agreement to their
results we obtain a distorted icosahedron with a collin-
ear, ferromagnetic alignment of the spins and a total
magnetic moment of 44 g as the isomer with the lowest
total energy. An antiferromagnetic-like state with the
moment of the central atom reversed and a total mo-
ment of 34 ug is located 37.8 meV per atom higher.
These relationships are shown in Fig. 2.

Fig. 3 shows results of geometry optimization for the
Fes cluster in the GGA starting from different initial
geometries without imposing any symmetry constraints.
We have also allowed for non-collinear arrangements of

Fig. 1. Ground state geometries of iron clusters containing between 2 and 15 atoms as obtained from our GGA calculations. All structures exhibit

some degree of distortion from the regular shape.
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Fig. 2. The collinear, ferromagnetic ground state of the Fe;3 cluster
with distorted icosahedral shape (M = 44 ug) (a) is by 37.8 meV lower
in energy than the antiferromagnetic solution (M = 34 ug) (b).

the magnetic moments. The ground state of the trigonal-
bipyramidal (D5, symmetry) cluster is characterized by a
non-collinear magnetization density originating from a
tilt in the moments of the apical atoms in opposite direc-

Energy / atom
14 meV

Trigonal bipyramid (CSV)

tions and corresponds to the state already found earlier
[11,10]. By employing the local density approximation
(LDA), Oda et al. and Hobbs et al. obtain a total
magnetic moment of 14.5 ug, whereas it is calculated
to 15.9 ug when gradient corrections are included [[11],
present study]. The angle by which the moments of the
apical atoms are tilted varies from 30° to 36° in the
LDA calculations and is calculated to 31° by using
GGA. The energetic relationships schematically shown
in Fig. 3 reveal that the effect of the Jahn—Teller distor-
tion on the magnetic moments is to restore collinearity.
For all other clusters considered so far we have made the
same observation, the ground state corresponding to a
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Fig. 4. Comparison of the magnetic moments obtained in the present
calculation (black circles) with available data from other ab initio
calculations (blue: LDA [6,10,15,26], magenta: GGA [11,21,27]). See
text for discussion.
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Fig. 3. Schematic sketch of the energetic and magnetic relationships between local minima on the potential energy surface of the Fes cluster. The
distorted trigonal bipyramid with restored collinear spin moments corresponds to the ground state geometry of Fes. Magnetic moments are

represented by arrows, their values are given by the numbers.
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collinear ferromagnetic arrangement of the spin
moments.

Fig. 4 shows the magnetic moments of the present
GGA calculations together with results of former calcu-
lations using either the local density approximation
(LDA) [6,10,15,26] or the GGA [11,21,27].

3. Conclusions

The results of ab initio calculations of TM clusters
found in the literature are not consistent and seem to
depend strongly on the details of the simulation method.
We have shown that in order to obtain reliable values
for the magnetic moments of the clusters, it is important
to take into account relaxation of the atoms. We found
that the ground state geometries of small iron clusters
are distorted with collinear ferromagnetic arrangement
of the magnetic moments. A systematic extension of
the present calculations to include larger cluster sizes is
needed. A few calculations for larger Fe, clusters with
bee (Fess, Fess) and fec structure (Fesg, Feys, Fess,
Feg,) show that in this case a larger inward relaxation
of the outer shells takes place in all cases, accompanied
by an increase of local magnetic moments beyond 3 ug
[29]. A systematic search for additional distortion of
these clusters has yet to be undertaken.
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