
Magnetic structure of free iron clusters compared to iron crystal surfaces

O. Šipr
Institute of Physics, Academy of Sciences of the Czech Republic, Cukrovarnická 10, CZ-162 53 Prague, Czech Republic

M. Košuth and H. Ebert
Universität München, Department Chemie, Butenandtstrasse 5-13, D-81377 München, Germany

(Received 5 May 2004; revised manuscript received 10 August 2004; published 15 November 2004)

Electronic and magnetic properties of free Fe clusters of 9 to 89 atoms are investigated theoretically within
an ab initio fully relativistic framework and compared to results of crystal surfaces. It is found that the local
spin magnetic momentsmspin and the orbital magnetic momentsmorb are enhanced for atoms close to the
surface of a Fe cluster. The corresponding Friedel-like oscillations in the depth profiles ofmspin andmorb are
more pronounced for clusters than for crystal surfaces. Themspin in clusters and at crystal surfaces turned out
to depend linearly on the effective coordination numberNeff. This empiricalmspin-Neff inter-relationship is able
to account for some features of the experimentally measured dependence of the magnetic moment of free Fe
clusters on the cluster size. The spin-polarized density of states(DOS’s) for atoms in clusters is characterized
by sharp atomiclike peaks and substantially differs from the DOS in the bulk. The width of the local valence
band gets more narrow if one is moving from the center of the cluster to its surface. The DOS averaged over
all atoms in a cluster converges to the bulk behavior more quickly with cluster size than the DOS of the central
atoms of these clusters.
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I. INTRODUCTION

Clusters comprising few tens or hundreds of atoms form
an interesting class of materials, because they form a bridge
between atoms and molecules, on the one hand, and solids,
on the other, and yet their properties cannot be described by
a simple interpolation between the two extremes. Conse-
quently, magnetic properties of transition metal clusters at-
tracted a lot of attention—both due to fundamental reasons
and due to a potential application in magnetic recording in-
dustry. As clusters contain a large portion of surface atoms, it
is interesting to study the relation between the electronic and
magnetic properties of atoms which are close to a cluster
surface and of atoms which are close to a planar surface of a
crystal. Although the importance of surface-related effects in
clusters has been universally acknowledged, no systematic
study comparing clusters and crystal surfaces has been per-
formed so far to the best of our knowledge. The aim of this
work is thus to focus on theoretical investigations of free
iron clusters with bcc geometry and bulk interatomic dis-
tances and on comparing their properties with properties of
bcc-Fe crystal surfaces.

Previous work on free medium-sized Fe clusters of 10-
100 atoms with a geometry taken as if cut from the bulk
relied mostly on a parametrized tight-binding(TB) model
Hubbard Hamiltonian.1–3 Early ab initio calculations, on the
other hand, were restricted to Fe clusters containing not more
than 15 atoms.4–6 More recent work relying on anab initio
approach have focused mainly on geometry optimization of
small or medium-sized clusters7,8 and thus cannot be directly
utilized for comparing with crystal surfaces. Generally,
nearly all calculations of electronic structure of free metallic
clusters were non relativistic, meaning that they do not give
access to the orbital contribution to the magnetic moment.
Only recently orbital magnetic moments for free Ni clusters

obtained by means of TB model calculations with spin-orbit
coupling included via an intra-atomic approximation were
presented.9 Preliminary results of fully relativisticab initio
calculations of spin magnetic momentsmspin and of orbital
magnetic momentsmorb of free Fe clusters were published by
the present authors.10

Several calculations of the dependence ofmspin on the
depth below the crystal surface have been published for bcc
Fe, using anab initio formalism11–17 as well as a TB model
Hamiltonian.18 Most of these investigations deal with the
(001) surface; less work has been done on the(110) surface
and only little attention has been devoted to the(111) sur-
face. Similarly as in the case of clusters, not many papers
include morb in their consideration.Ab initio calculations of
the profile ofmorb were published for a perpendicularly mag-
netized(001) surface,13,17,19a systematic study of the orbital
magnetism below surfaces of transition metals was per-
formed by Rodríguez-Lópezet al.18

Magnetic moments of free iron clusters were measured by
Stern-Gerlach-type experiments.20 It was found that the total
magnetic moment of clusters per one atom oscillates with the
size of the cluster, approaching only slowly its bulk value.
Several attempts were made to reproduce this oscillatory de-
pendence either via calculating magnetic moments at each
site of a given cluster3,21 or via simple models relying on the
atomic shell structure of respective clusters,22–24 with partial
success.

In principle,mspin andmorb can be measured separately by
means of the x-ray magnetic circular dichroism(XMCD) of
x-ray absorption spectra, via a judicious use of sum rules.25

Several experimental studies were performed onsupported
iron clusters.26–28 These studies suggest a substantial en-
hancement ofmorb as well as of the ratio betweenmorb and
mspin with respect to the bulk, whilemspin remains the same as
in the bulk or even decreases.
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The purpose of this paper is to investigate theoretically
magnetic properties of free iron clusters. We start with de-
scribing our fully relativisticab initio computational formal-
ism. Then the dependence ofmspin andmorb on the distance of
atomic sites from the cluster center and the dependence of
morb on the direction of the magnetization is discussed for
several cluster sizes. This is followed by a comparison of the
magnetic properties of atoms in free clusters to properties of
atoms at and below crystal surfaces. Then we study system-
atic trends of magnetic moments in clusters and at surfaces
and in particular their dependence on the effective coordina-
tion number. This dependence is then utilized for estimating
the magnetic moments of large clusters and a subsequent
comparison of our results with experimental data. Finally,
spin-polarized densities of states(DOS) of iron atoms in
clusters are analyzed.

II. THEORETICAL METHODS

We investigate free spherical-like clusters constructed
from 1–7 coordination shells of bulk bcc Fe(lattice constant
a=2.87 Å). Our neglect of the geometry relaxation is most
serious for small clusters, which in reality may adopt various
structures with sometimes tiny differences in their total
energies.7,29 The structure of larger clusters seems to be less
effected by geometry relaxation, as suggested by TB model
Hamiltonian calculations1,30 as well as byab initio results.8

In contrast to the previous work, our study primarily focuses
on comparing spin and orbital contributions to cluster and
surface magnetism, in particular for relatively large clusters.
The neglect of the geometry relaxation for both type of sys-
tems seems to be adequate because it allows a more direct
comparison.

Our theoretical investigations are based on the local spin
density approximation(LSDA) scheme to deal with ex-
change and correlation effects. The Vosko, Wilk, and Nusair
parametrization of the exchange-correlation potential was
used.31 The reliance on LSDA as opposed to the generalized
gradient approximation(GGA) is justified in our study be-
cause we focus on magnetic properties of fixed-geometry
systems. Although GGA was found to be superior to LSDA
in exploring structural properties of transition metals,32 its
benefit in magnetic studies is still questionable.33–35

The electronic and magnetic structure of clusters was cal-
culated in real space via a fully relativistic spin-polarized
multiple-scattering technique,36 as implemented in the
SPRKKR code.37 We relied on spherical potentials in the
atomic sphere approximation(ASA). In order to account for
the spilling of the electron charge into the vacuum, the clus-
ters were surrounded by empty spheres. The scattering po-
tential of atoms in the clusters was obtained from scalar-
relativistic self-consistent-field (SCF) calculations for
clusters using an amended XASCF code.38,39 Use of scalar-
relativistic potentials was in fact not crucial in our study: we
found that results of our fully relativistic calculation of the
electronic structure do not change if the scattering potential
is taken from a nonrelativistic SCF calculation instead of
from a scalar-relativistic one. Some further technical details
on our way of constructing the cluster potential can be found
in Ref. 40.

Crystal surfaces were simulated by finite 2D slabs, again
with bulk interatomic distances throughout the whole sys-
tem. For the(001) surface, we used 18 planes of Fe atoms
and 7 planes with empty spheres on both sides of the iron
slab, for the(110) surface we used 18 planes of Fe atoms and
6 planes with empty spheres, and for the(111) surface we
used 34 planes of Fe atoms and 7 planes with empty spheres.
The electronic and magnetic structure of these slabs was cal-
culated via a fully relativistic spin-polarized tight-binding
(TB) Korringa-Kohn-Rostoker(KKR) method.41,42 Similarly
as in the case of free clusters, the potential was taken in the
ASA form. We checked that the convergence to bulk proper-
ties was achieved in the central layers.

All calculations have been done assuming a collinear spin
configuration, i.e., the orientation of the magnetization is
characterized by a common vectorM. This restriction might
be questionable for the clusters because, in this case, noncol-
linear spin structures for the ground state have indeed been
found for very small Fe clusters(containing up to five
atoms).43,44 Test calculations done for a Fe cluster with 9
atoms using the VASP code45 lead to a collinear spin
configuration.46 Because also all other clusters studied within
this investigation had a highly symmetric cubic geometric
structure with closed atomic shells, it is expected that assum-
ing a collinear spin structure is well justified.

III. RESULTS AND DISCUSSION

A. Magnetic profiles of free clusters

The dependence ofmspin on the distance of atomic sites
from the cluster center is displayed in Fig. 1, for cluster sizes
ranging from 9 atoms(a single coordination shell) to 89
atoms(seven coordination shells around the central atom). In
contrast to a nonrelativistic or scalar-relativistic description,
atoms belonging to the same coordination shell need not be
all symmetry equivalent, because the presence of a magneti-
zation and of spin-orbit coupling lowers the symmetry of our
systems.47 Nevertheless, it can be seen from Fig. 1 that the
spin magnetic moments of atoms of the same coordination
shell are practically all identical, even if they are inequiva-
lent due to the presence of spin-orbit coupling(small differ-
ences can be observed only for atoms in the outermost shell
of the 65-atoms cluster). Likewise, there is practically no
dependence ofmspin on the direction of the magnetization, in
line with previous findings, e.g., for bulk systems.48 This
behavior can be explained by the fact that the spin magnetic
moment is determined by the difference in the populations of
the exchange-split spin up and spin down states, that is
hardly changed if the spin-orbit coupling is considered as a
perturbation.

On the other hand,morb exhibits quite a strong dependence
both on the symmetry class of the atoms within a coordina-
tion shell and on the direction of the magnetization. This can
be seen in Fig. 2, where the profiles inmorb are shown for
three magnetization directions(the magnetizationM is par-
allel to one of the[001], [110], and [111] crystallographic
directions). The spread in values ofmorb for inequivalent at-
oms of the same coordination shell clearly differs from one
cluster to another, with no obvious systematic dependence on

ŠIPR, KOŠUTH, AND EBERT PHYSICAL REVIEW B70, 174423(2004)

174423-2



the cluster size(the spread is small for clusters of 15 and 51
atoms but quite large for clusters of 9, 27, or 89 atoms. Note
that the lowering of cluster symmetry induced by the mag-
netization depends on the direction ofM, meaning that the
number of symmetry inequivalent classes into which atoms
of the same coordination shell split may be different for dif-
ferent magnetization directions, as it can also be observed in
Fig. 2. In line with this, we find that the spread ofmorb within
an atomic shell is smallest forM oriented along the high-
symmetry direction([001]) while it is in general largest for
M coincident with the direction of the lowest symmetry
([110]).

It can be deduced from Figs. 1 and 2 that bothmspin and
morb are enhanced when approaching a cluster surface. This
enhancement doesnot monotonously depend on the distance.
Rather, Friedel-like oscillations inmspin and morb appear. At
some sites,mspin or morb may acquire values which are lower
than those at the central atom. Convergence ofmspin andmorb
to bulk values has not yet been attained even at the center of
the 89-atoms cluster(our SPRKKR calculations yields bulk
values of 2.28mB for mspin and 0.054mB for morb).

Although morb at individual atoms may depend quite
strongly on the magnetization direction,morb averaged over
all atoms of a given coordination shell(shown via lines in
Fig. 2) does not exhibit any significant dependence on the

FIG. 1. Dependence ofmspin in free iron clusters on the distance
of the atoms from the center of the cluster. Each cluster is identified
by the number of constituting atoms.

FIG. 2. morb in free iron clusters as a function of the distance of
the atoms from the center(point marks). The magnetizationM is
oriented parallel to the[001], [110], or [111] crystallographic direc-
tions, as indicated in the legend. The solid lines denotemorb aver-
aged over all atoms in a coordination shell. Each cluster is identified
by the number of constituting atoms.
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direction of the magnetic field. This suggests a very small
magnetic anisotropy energy(MAE) for closed-shell spherical
clusters,49 of the same order as in the bulk. In this respect our
clusters differ from smaller low-symmetry clusters investi-
gated by Pastoret al.,50 for which a MAE as large as in thin
films has been found.

So far we were concerned with magnetic profiles, i.e.,
with the distribution ofmspin and morb within each cluster.
However, experiment typically sees only values averaged
over all atoms constituting a cluster. Therefore, we present in
Table I totalmspin andmorb of clusters divided by the number
of atoms m̄spin, m̄orb and also their ratiom̄orb/ m̄spin. As the
analysis of experimental XMCD spectra on the basis of the
sum rules involves the average number of holes in the 3d
band, this quantity is presented in Table I as well. We will
focus on average cluster magnetic moments in Sec. III E in
more detail. Here we would like only to note that Table I
reveals that them̄orb/ m̄spin ratio approaches the bulk value
much more quickly thanm̄spin or m̄orb separately. This might
be seen as a contradiction to some experimental XMCD
studies which suggest that them̄orb/ m̄spin ratio is about twice
as high for supported iron clusters than for the bulk Fe
crystal.26–28We suppose that one of the main reasons for this
discrepancy rests in the shape of the clusters: supported clus-
ters investigated in Refs. 26–28 were probably rather flat
than spherical, containing thus a much larger portion of sur-
face and edge atoms with a largemorb than the spherical
clusters we investigate here. A further reason for the different
dependency of them̄orb/ m̄spin ratio given in Table I and de-
duced from the mentioned XMCD investigations is that rela-
tivistic calculations based on plain spin density functional
theory give the spin-orbit-inducedmorb often too small51 (see
also Sec. III B). This problem is in fact more pronounced for
small clusters than for the bulk.52 Finally, one has to mention
that the estimate ofm̄spin on the basis of the sum rules is
normally based on the assumption that the spin magnetic
dipole termTz in the sum rule can be ignored.53 Our calcu-
lations show that, indeed, for freesphericalFe clusters theTz
term is negligible(typically, it is by three orders of magni-
tude smaller thanmspin). However, for low-dimensional or

low-symmetry systems, the contribution coming fromTz
may be significant.54

It is worthwhile to compare our magnetic profiles with
earlier work. In Fig. 3 we display our results together with
mspin obtained from nonrelativistic SCFXa calculations of
Yanget al.5 and from nonrelativistic parametrized model cal-
culations of Pastoret al.,1 Vegaet al.,2 and Francoet al.3 It is
obvious from Fig. 3 that the spin magnetic profiles calculated
by different methods show a rather pronounced spread. The
differences are larger for the inner atoms than for the outer
ones. This suggests that even without involving geometry
optimization, the task of calculating electronic structure of
metallic clusters is quite a complex one. On the other hand,
in spite of the rather large quantitative scatter of the various
results one nevertheless notices that the qualitative trend of
the profiles is in reasonable agreement.

No other calculations of site-dependentmorb in free iron
clusters have been published so far to the best of our knowl-
edge. Guirado-Lópezet al.9 presented recently results of
their TB model Hamiltonian calculation ofmorb in free
spherical Ni clusters containing up to 165 atoms. Although
our results for Fe clusters cannot be directly compared with
results for Ni clusters, it is interesting to note that quite a
significant dependence ofmorb averaged over all atoms of a
coordination shell on the magnetization direction was found
by these authors, which is in contrast to the present results

TABLE I. Magnetic properties of iron clusters averaged over all
their atoms as a function of cluster size. The first column displays
the number of atoms in a cluster, the second and the third columns
show averagem̄spin andm̄orb, the fourth column contains the ratio of
averagesm̄orb/ m̄spin, and the last column shows the average number
of holes in thed band.

Size m̄spin fmBg m̄orb fmBg m̄orb/ m̄spin nh

9 2.84 0.208 0.0731 2.89

15 2.54 0.070 0.0275 3.02

27 2.83 0.125 0.0441 3.19

51 2.62 0.075 0.0285 3.22

59 2.68 0.062 0.0233 3.27

65 2.66 0.074 0.0281 3.34

89 2.70 0.068 0.0253 3.34

bulk 2.28 0.054 0.0237 3.44

FIG. 3. Comparison ofmspin profiles as calculated by different
methods. Solid lines correspond to this work, coarsely dotted line to
Yanget al. (Ref. 5), dashed line to Pastoret al. (Ref. 1), dash-dotted
line to Vegaet al. (Ref. 2), and densely dotted line to Francoet al.
(Ref. 3). Each cluster is identified by the number of its atoms.

ŠIPR, KOŠUTH, AND EBERT PHYSICAL REVIEW B70, 174423(2004)

174423-4



for Fe clusters. It is conceivable that the local geometry of
clusters is important in this respect: the Ni clusters investi-
gated by Guirado-Lópezet al.9 have either an fcc or an
icosahedral structure while our Fe clusters have a bcc struc-
ture.

B. Magnetic profiles of crystal surfaces

In this section we display the results of our calculations of
mspin andmorb at Fe crystal surfaces and compare them with
available theoretical results obtained via different methods.
Figure 4 summarizes the layer dependence ofmspin for the
(001), (110), and (111) crystal surfaces and compares them
with full-potential linearized augmented plane wave method
calculations of Ohnishiet al.11 and Fu and Freeman,12

Green’s function linear-muffin-tin-orbital(LMTO) calcula-
tions of Niklassonet al.,15 LMTO calculations of Erikssonet
al.,19 full-potential LMTO calculations of Hjortstamet al.,13

TB-LMTO calculations of Spišák and Hafner,14 linear com-
bination of(pseudo) atomic orbitals calculations of Izquierdo
et al.,16 and d-band model Hamiltonian calculations of
Rodríguez-Lópezet al.18

One can see that the basic trend, namely, a rather strong
enhancement ofmspin at crystal surfaces, is attained by all
calculations. For the(110) surface this enhancement is sig-
nificantly smaller than for the(001) and (111) surfaces; this
is consistent with the fact that atoms at the(110) surface
have higher coordination numbers than atoms at the other
two surfaces. The increase ofmspin with decreasing distance
from the surface is usually not monotonous. It was suggested
that these Friedel-like oscillations are an artifact caused by
an insufficient number of layers involved in slab-type
calculations.11,12 However, these oscillations persist even if
the number of layers in which the electronic structure has
been allowed to relax is as large as 9 or 10(which is the case
of our work or Ref. 15) and also when dealing with a semi-

infinite crystal geometry.17 Likewise, these oscillations are
present in ASA as well as in full-potential calculations11,13,16

so approximating the shape of the potential does not seem to
be significant in this respect either. Note that full-potential
KKR calculations confirmed that the ASA is a good approxi-
mation for calculating the electronic structure of Fe surfaces,
as long as one is not interested in surface states that are
relevant, e.g., in scanning-tunneling microscopy.55 It appears
therefore that the presence of Friedel-like oscillations inmspin
below crystal surfaces is well confirmed.

In Fig. 5 we comparemorb at the(001) and(110) surfaces
for the magnetization oriented either perpendicular or paral-
lel to the surface, as computed by the fully relativistic TB-
KKR approach(present work) and by thed-band model
Hamiltonian calculations of Rodríguez-Lópezet al.18 In the
case of the(001) surface with perpendicular magnetization,
LMTO calculations of Erikssonet al.19 and Hjortstamet al.13

are also displayed in the graph.
Our calculations do not include the so-called orbital po-

larization (OP) term that was introduced by Brooks to ac-
count for the enhancement of spin-orbit-inducedmorb due to
electronic correlations.56,57As Hjortstamet al.13 present their
results both with the OP term included and without it, we
choose for comparison their results obtained without the OP
term. Adding the orbital polarization term to the Hamiltonian
is supposed to account heuristically for some many-body ef-
fects which give rise to the Hund’s second rule in atomic
theory and which are neglected by the local approximations
to relativistic spin density functional theory.36,58These essen-
tially atomic many-body effects are presumably better de-
scribed by the model Hamiltonian approach employed by
Rodríguez-Lópezet al.18 or by the LDA+U scheme.59 In fact
the LDA+U as well as the OP schemes can be combined
with the fully relativistic spin-polarized KKR formalism
used here for the electronic structure calculations.58,60As the
present study primarily aims to investigate the dependency

FIG. 4. Layer dependence of
mspin below the (001) Fe crystal
surface(left panel), (110) crystal
surface(middle panel), and (111)
crystal surface(right panel). The
surface structures are schemati-
cally depicted in the insets. To-
gether with our results we display
results of Ohnishiet al. (Ref. 11),
Fu and Freeman(Ref. 12), Hjort-
stamet al. (Ref. 13). Niklassonet
al. (Ref. 15), Erikssonet al. (Ref.
19), Spišák and Hafner(Ref. 14),
Izquierdo et al. (Ref. 16), and
Rodríguez-Lópezet al. (Ref. 18),
as indicated in the legend. The
calculations of Ohnishiet al. (Ref.
11) and of Hjortstamet al. (Ref.
13) yield very similar results and
span the same range of layers, so
that the corresponding lines in the
left panel are hard to distinguish
from one another.
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of local magnetic properties of closed-shell Fe clusters on
their size and to compare these with their counterparts for
corresponding surfaces, we restricted ourselves to plain
LSDA-based calculations. Accordingly, to allow for a com-
parison of our results formorb with those of Rodríguez-López
et al.,18 we scaled their data down by a factor of 0.57, which
is the average ratio betweenmorb obtained without and with
OP at and below the(001) surface in the work of Hjortstam
et al.13

One can observe from Fig. 5 that all the calculations pro-
vide a very similar enhancement ofmorb at crystal surfaces.
Similarly as in the case ofmspin, this enhancement is larger
for the (001) surface than for the(110) surface. A good over-
all agreement between our results and the scaled results of
Rodríguez-Lópezet al.,18 for the two different surfaces, sug-
gests that the effect of orbital polarization onmorb at different
layers indeed can be roughly estimated by a common multi-
plicative factor.

C. Comparison between magnetic profiles of clusters and
surfaces

Our calculations ofmspin and morb of free clusters and at
crystal surfaces were performed within a common theoretical
framework, relying on identical or very similar approxima-
tions and computational methods. Hence they are well suited
for a comparative study of magnetic properties of atoms in
free clusters and at crystal surfaces. For this purpose, we
focus on an 89-atom spherical cluster and slice it into atomic
layers so that these layers form parts of corresponding planes
in the parental bcc crystal. The numbers of atoms in layers

perpendicular to three common crystallographic directions
are summarized in Table II. As atoms belonging to the same
crystallographic layer in a cluster are not all equivalent, that
atom which is most “centrally” located was selected to rep-
resent the whole plane. This choice was made because
among all atoms in such a layer, the properties of this atom
will resemble most the properties of atoms in the correspond-
ing layer below a crystal surface. At the same time, one has
to bear in mind that our comparison of crystal and cluster
surfaces concerns the ideal nonrelaxed bcc structures. Real
clusters will probably have surface faces and interatomic dis-
tances different from those of crystal cuts.

The dependence ofmspin on the distance from the crystal
surface and from the surface of an 89-atom cluster is shown
in Fig. 6. The enhancement ofmspin at the surface is larger in
clusters than in crystals for all three directions we explored,
which is consistent with a lower coordination number of the
atoms at the surface of a cluster than at the surface of a
crystal. The Friedel-like oscillations are more pronounced in
the clusters than for the surface region of crystals. They ap-
pear to be in phase for the[110] and[111] directions but not
for the [001] direction. This could be intuitively understood
given the fact that for semi-infinite crystals, there is only an
abrupt termination by the surface in one direction, while for
clusters there are many such terminations. The oscillations of
mspin in clusters can thus be viewed as arising from a com-
plex interference of several Friedel-like oscillations. The dif-
ferent phase of themspin oscillations for clusters and crystal
surfaces in the[001] direction is thus not very surprising.

Layer-by-layer profiles ofmorb for clusters and semi-
infinite crystals are displayed in Fig. 7. The magnetization
vectorM is either perpendicular to the layers(i.e., parallel to
the direction in which the cluster and the semi-infinite crystal
are probed) or parallel to the layers. In the case of the[110]
probing direction, different profiles inmorb are obtained for
different in-plane orientations ofM (middle panel of Fig. 7,
dashed and dotted lines). For the [001] and [111] probing
directions, no such dependence was found(the magnetic pro-
files for two mutually perpendicular in-plane directions ofM
agree within a thickness of the line).

FIG. 5. Layer-dependence ofmorb below iron crystal surfaces;
left panels stand for the(001) surface, right panels for the(110)
surface. The magnetizationM is either perpendicular(lower panels)
or parallel(upper panels) to the surface, its orientation is schemati-
cally depicted in the insets. Moments calculated by Rodríguez-
Lópezet al. (Ref. 18) (scaled by a factor of 0.57) and in the case of
the(001) surface with perpendicular magnetization also by Eriksson
et al. (Ref. 19) and by Hjortstamet al. (Ref. 13) (without OP) are
shown for comparison. The results of Erikssonet al. (Ref. 19)
nearly concide with our results, hence the corresponding line is hard
to distinguish in the lower left panel.

TABLE II. Number of atoms constituting each layer formed
when slicing an 89-atom spherical cluster into planes perpendicular
to the [001], [110], and [111] crystallographic directions. The first
layer is the outermost one, the last layer is always that one which
contains the central atom.

No. of atoms in layer

Layer [001] 110] [111]

1 1 2 3

2 12 13 1

3 9 18 6

4 16 23 6

5 13 7

6 6

7 12

8 7
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The surface enhancement ofmorb as well as Friedel-like
oscillations are more pronounced at clusters than at surfaces.
Similarly, the difference betweenmorb for M perpendicular to
the layers or parallel to them is larger at clusters than at
surfaces. Note that this finding does not contradict our earlier
statement that there is hardly any anisotropy in shell-
averagedmorb (Sec. III A), because here we focus onmorb for
individual atoms and not on average values.

D. Systematic trends in magnetic moments

The enhancement ofmspin at surfaces is in general as-
cribed to the reduction of the coordination number of the
surface atoms. According to tight-binding considerations,
this leads to a narrowing of the electronic band and in turn in

general to an increase of the DOS at the Fermi level. On the
basis of the Stoner criterion one finally expects an increase of
mspin compared to the bulk system. Although isolated
clusters—in contrast to a surface regime—have a discrete
eigenvalue spectrum, this chain of arguments seems to be
applicable for them as well. In fact, it has been shown by
many examples that magnetic moments of atoms in transi-
tion metals increase if the atomic coordination number
decreases.61 However, such a dependence has never been as-
sessed in a quantitative way. Our study incorporates Fe at-
oms for quite a large range of coordination numbers. Explor-
ing the dependence ofmspin and morb on the number of
neighbors offers thus a natural way for analyzing the theo-
retical data we have obtained.

FIG. 7. morb in an 89-atom
cluster explored in the[001] (left
panel), [110] (middle panel), and
[111] (right panel) crystallo-
graphic directions compared with
morb at and below corresponding
crystal surfaces. The magnetiza-
tion is either perpendicular to the
layers (solid lines) or parallel to
them (dashed and dotted lines).
For the case of an in-plane mag-
netization, the direction of the
magnetic fieldM is also indicated
by the inset drawings. In each
panel, the upper graph corre-
sponds to the cluster while the
lower graph to the semi-infinite
crystal.

FIG. 6. mspin in an 89-atom
cluster explored in the[001] (left
panel), [110] (middle panel), and
[111] (right panel) crystallo-
graphic directions compared with
mspin at and below corresponding
crystal surfaces.
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In order to account for the influence of the nearest as well
as the next-nearest neighbors, we rely on the effective coor-
dination numberNeff (Ref. 62)

Neff = N1 + bN2, s1d

whereN1 is the number of the nearest neighbors andN2 is
the number of the next-nearest neighbors. The coefficientb
is determined by the distance dependence of thed electron
hopping integrals.62,63 Following Pastoret al.63 and Zhaoet
al.,23 we takeb=0.25, meaning that we haveNeff=9.50 for
atoms in a bulk system with bcc structure. We checked that
the main conclusions drawn in this section are not very sen-
sitive to the particular value of theb coefficient. Figure 8
summarizesmspin andmorb for all the cluster sizes and crystal
surface types we explored as a function ofNeff. For clusters
we considermorb averaged over all atoms in a given shell
(which are essentially independent ofM, see Sec. III A), for
crystal surfaces we make an average ofmorb for in-plane and

perpendicular magnetizations. One can see thatmspin depends
on Neff approximately in a linear way, especially if data
points for the smallest clusters of 9 and 15 atoms are ex-
cluded. Fitting these data in theNeff,8.5 region, we arrive at
the following relation:

mspin= − 0.213 Neff + 3.94. s2d

If we considered only atoms in clusters, the slope would be a
bit more steepersmspin=−0.223Neff+3.98d, if we considered
only atoms at crystal surfaces, the slope would be more mod-
erate smspin=−0.163Neff+3.71d. Such a linear dependence
describesmspinsNeffd only for Neff&8.0; for largerNeff, mspin

saturates around the bulk value with considerable deviations
of individual data points from this mean value. Note that the
linear dependence ofmspin on Neff revealed by Fig. 8 differs
from the,Neff

−1/2 form which was used in Refs. 23 and 24
and which follows from certain assumptions about the char-
acter of the DOS and exchange interaction(rectangulard
band, second moment approximation,d-band splitting
caused by exchange interaction same for clusters and bulk).

Similarly to the case ofmspin, one can also observe an
essentially monotonous decrease ofmorb with increasingNeff
for both free clusters and crystal surfaces(lower panel of
Fig. 8). However, one cannot describe this with a mathemati-
cally simple relationship as in Eq.(2) and also the spread of
the values ofmorb for a givenNeff is relatively large. Despite
this fact, the correlation betweenmorb and Neff is obvious,
although less clear cut than in the case ofmspin. This
morb-Neff inter-relationship can be explained to some extent
by an expression for the spin-orbit inducedmorb that is based
on perturbation theory and that relatesmorb to the difference
of the DOS at the Fermi level for the spin up and spin down
components.17 Obviously, this difference will depend on the
coordination numberNeff in a similar way as discussed above
for the total DOS at the Fermi level.

The number of valence electrons of atoms in the surface
region of a cluster or solid will in general be reduced because
of the spill-out of electrons into the vacuum region. Due to
the pronounced exchange splitting(see Sec. III F below) and
the band narrowing discussed above this will primarily affect
the minority-spin electrons. As a consequence, one may ex-
pect at least a monotonous variation ofmspin with the number
of valence electronsNval for atoms in the surface region. In
fact, as it can be seen in the upper panel of Fig. 9, a nearly
linear relationship betweenmspin andNval is found when plot-
ting the data for the various systems considered here. In par-
ticular one finds, in line with the given arguments, that atoms
in the(110), (001), and(111) surface layers of a semi-infinite
Fe crystal with effective coordination numbersNeff of 7.00,
5.25, and 4.75 exhibit a reduction of the number of valence
electronsDNval by −0.23, −0.49, and −0.62 compared to
bulk, accompanied by an increase ofmspin by 0.27, 0.65, and
0.61mB, respectively. As can be seen from Fig. 9, the cluster
data—including those for the 9- and 15-atom clusters—
follow the trend of the crystal surfaces results. Fitting all the
data points satisfyingNval,8.6 by a straight line yields

FIG. 8. mspin andmorb of atoms in clusters and at crystal surfaces
as a function of the effective coordination numberNeff. Assignment
of marks to different clusters and crystal surfaces is indicated by the
legend in the upper panel. The straight line in the upper panel is a fit
to the data in the regionNeff,8.5, with the 9- and 15-atom clusters
omitted.
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mspin= − 0.783 Nval + 8.67. s3d

If one considers data points for clusters only, the slope of the
line is more moderatesmspin=−0.683Nval+8.04d while if
one takes into account only crystal surfaces, the slope is
steepersmspin=−1.043Nval+10.64d. Similarly as in the case
of Neff, the dependence ofmorb on Nval cannot be described
by a simple formula, although a general tendency for in-
creasingmorb if Nval decreases is evident in the lower panel of
Fig. 9.

The systems we study are all bcc-like, with fixed inter-
atomic distances, hence Figs. 8 and 9 show the net effect of
varying the coordination numbers. In real free clusters, re-
laxation of interatomic distances will take place. In order to
check to what extent the quasilinearmspinsNeffd dependence
holds if variations in distances occur, we focus briefly on
mspin of structurally relaxed free clusters as calculated via an
ab initio nonrelativistic method based on numerical local or-
bitals in combination with norm-conserving pseudopotentials

by Postnikovet al.8 The clusters considered by these authors
were either of bcc type(35 and 59 atoms) or of fcc type(38,
43, 55, and 62 atoms). The correspondingmspinsNeffd depen-
dence for these six clusters is displayed in Fig. 10[the b
coefficient of Eq.(1) is taken zero for an fcc structure, ac-
cording to Ref. 23]. It can be seen that themspin-Neff inter-
relationship retains its quasilinear character. Nevertheless,
data points for the two bcc clusters noticeably deviate from
the pattern set by the four fcc clusters. Data points for the fcc
clusters give rise to the approximate relation

mspin= − 0.123 Neff + 3.81, s4d

which is also schematically depicted in Fig. 10. We can con-
clude that the approximately linearmspinsNeffd dependence
seems to hold for structurally relaxed clusters as well, how-
ever, each structure type may have its own “best fit” coeffi-
cients.

E. Magnetic moments of large clusters

Since the experiment of Billaset al.,20 a lot of effort has
been devoted to explain the observed oscillations of the clus-
ter magnetic moment per atomm̄clu with cluster size. A
proper theoretical approach would require calculating mag-
netic moments at each atomic site in the cluster. That is quite
a formidable task; the largest iron clusters for which such a
calculation has been done(relying on a TB model Hamil-
tonian) contained up to 200 atoms.3,21 For clusters containing
several hundreds or thousands of atoms only model estimates
can be done. Jensen and Bennemann,22 Zhao et al.,23 and
Aguilera-Granjaet al.24 calculatedm̄clu of clusters containing
up to thousand of atoms for several cluster growth modes,
making various assumptions about the dependence of mag-
netic moments on the local atomic environment. The depen-

FIG. 9. mspin andmorb of atoms in clusters and at crystal surfaces
as a function of the valence electronic chargeNval. Assignment of
marks to different clusters and crystal surfaces is indicated by the
legend in the upper panel. The straight line in the upper panel is a fit
to the data in the regionNval,8.6.

FIG. 10. mspin of atoms in structurally relaxed fcc-like and bcc-
like clusters calculated by Postnikovet al. (Ref. 8) displayed as a
function of Neff. Assignment of marks to different clusters is indi-
cated by the legend. The straight line is a fit to the data for fcc-like
clusters.
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dence ofmspin andmorb on Neff explored in the previous sec-
tion makes it possible to make such calculations with far less
free parameters.

As an illustration, we present in Fig. 11m̄clu calculated for
clusters formed by spherical sections of the underlying bcc
lattice. We assume that clusters grow by filling successive
coordination shells. Within a particular coordination shell,
new atoms get adsorbed at such sites that theirNeff is the
highest possible(we found that the particular order in which
the sites of yet unfilled coordination sphere are occupied is
not crucial). Localmspin is taken from Eq.(2) for Neff,8, for
largerNeff we take the calculated value of bulk Fes2.28mBd
instead. Similarly,morb is calculated asmorb=−0.017Neff
+0.19(linear fit to the lower panel of Fig. 8) for Neff,8 and
the calculated bulk value of 0.054mB is taken otherwise. As
noted in Sec. III D, the linear fit does not describemorb very
accurately, however, we found that the total momentm̄clu is
not really sensitive to the orbital contribution—it just causes
a more-or-less uniform increase ofm̄clu by about 0.05mB,
independently of the cluster size.

It follows from Fig. 11 that this simple model accounts for
some trends of the experiment. In particular, it is able to
reproduce the three large oscillations inm̄clu with peaks
around 110 atoms, 210 atoms, and 320 atoms. For large clus-
ter sizes, the model predicts that the bulk value ofm̄clu ought

to be approached as reciprocal of the third root of the number
of atoms in a cluster. One would thus need 2500 atoms in
order to approach the bulkm̄clu up to 0.10mB or 17000 atoms
in order to approach bulkm̄clu up to 0.05mB. On the other
hand, experiment suggests that the bulk limit may be reached
for smaller clusters(although this is hard to extrapolate as
the measuredm̄clu still oscillates even for the largest clusters
studied). The inability to describe the steep decrease ofm̄clu
for clusters larger than,400 atoms is a common feature of
all semiphenomenological models.22–24

The amplitudes of them̄clu oscillations provided by our
model are smaller than in experiment(Fig. 11). Possibly, this
may be connected with a wrong shape of our clusters. Sev-
eral other shapes such as cube, octahedron, etc. could be
considered. It is conceivable that the experiment actually
probes a mixture of different shapes for a given cluster size.
At the same time, one has to bear in mind that an earlier
study of Jensen and Bennemann22 showed little sensitivity of
the overallm̄clu curve towards the cluster shape.

F. Spin-polarized densities of states

Local magnetic momentsmspin andmorb carry integral in-
formation about the electronic structure. More specific de-
tails can be revealed through studying spin-polarized densi-
ties of states. Figure 12 displays the DOS at the central atom
of 9-atom, 27-atom, and 89-atom clusters. For comparison,
we show also the DOS for bulk Fe in each panel. The same
energy-broadening(incorporated via a constant imaginary
energy of 0.01 Ry) was applied both for clusters and for
bulk. We found that the direction of the magnetic field has
practically no influence on the DOS as displayed in this scale
(different directions ofM yield DOS curves which are iden-
tical within the thickness of the line). Our results for the
atom in the center of the 27-atom cluster moderately agree
with model Hamiltonian results of Pastoret al.1

Not surprisingly, the atom at the center of a 9-atom cluster
displays quite sharp “atomiclike” features in the DOS.1,5 If
the cluster size increases, the DOS gets smoother and a re-
semblance with the bulk gradually emerges. However, even
for an 89-atom cluster the DOS for the central atom still
differs considerably from the bulk—not only because of a
sharper shape of the peaks but also concerning peak posi-
tions. Let us recall that it was found in Sec. III A thatmspin
and morb at the central atom do not fully converge to their

FIG. 11. Cluster magnetic moment per atomm̄clu as a function
of the cluster size, as calculated via a modelmspinsNeffd dependence
based on Eq.(2). The experiment of Billaset al. (Ref. 20) is shown
for comparison.

FIG. 12. Spin-polarized DOS
at the central atom of a free Fe
cluster(thin solid lines) and for an
atom in bulk Fe (thick dashed
lines). The left panel displays re-
sults for a 9-atom cluster, the
middle panel for a 27-atom cluster
and the right panel for an 89-atom
cluster.
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bulk values even at this cluster size. Through the DOS analy-
sis, the relatively slow convergence of the electronic proper-
ties of clusters to bulk shows once more again.

By summing the DOS at all atoms in a cluster and divid-
ing it subsequently by the number of atoms involved, one
gets an(average) density of states of the whole cluster. It is
displayed in Fig. 13 for three representative cluster sizes,
again together with the DOS of bulk Fe crystal. Our results
for a 9-atom cluster differ considerably from calculations of
Lee et al.,6 who use a symmetrized linear combination of
Gaussian orbitals as basis functions. For the majority-spin
states of the 27-atom cluster, there is a fair agreement of our
results and calculations of Pastoret al.,1 while for spin-
minority states this agreement is worse. Generally, one can
see from Figs. 12 and 13 that the convergence of the DOS of
the whole cluster to the bulk is significantly faster than the
convergence of the central atom alone. This may be surpris-
ing, as the central atom ought to be the “most bulklike” of all
atoms in any cluster and so one would naturally expect that
convergence towards bulk characteristics would be first ob-
served just for this atom. The reason for different conver-
gence properties of the DOS of whole clusters and of the
DOS of individual atoms of the same clusters is the fact that
when DOS curves of several inequivalent atoms are super-
posed, the sharp structures in the DOS get smeared as they
are generally located at different energies for different atoms.
Hence the resulting combined DOS lacks the sharp atomic-
like features which characterize the DOS of the central atoms
in Fig. 12.

As an illustration how the DOS at individual atoms differs
from site to site, we display in Fig. 14 the DOS for three

selected atoms of the 89-atom cluster. The left panel shows
the DOS for an atom in the second coordination shell(at
2.87 Å from the center), the middle panel stands for the fifth
coordination shell(4.97 Å from the center), and the right
panel for the seventh coordination shell(the outermost one,
at 6.26 Å from the center). The total DOS per atom of the
whole 89-atom cluster is displayed by thick dashed lines in
each of the panels for comparison. Generally, it is quite dif-
ficult to observe any systematic trends in the DOS when
moving from one atomic site to another. In analogy with an
oscillatory dependence ofmspin and morb on the radial dis-
tance(Figs. 1 and 2), the DOS character does not change
uniformly when moving farther from the cluster center. Nev-
ertheless, a general tendency to narrowing the local band for
atoms close to cluster surface, which can be seen in Fig. 14,
is present for all clusters. This trend has been, albeit for a
smaller range of cluster sizes, observed also by Yanget al.5

and Pastoret al.1 In this respect the surface of a spherical
cluster resembles the crystal surface, where narrowing of
bands also occurs. However, layer-resolved profiles of DOS
in clusters and at crystal surfaces significantly differ in
details64—similarly as in the case with layer-resolved pro-
files of mspin andmorb (see Figs. 6 and 7).

It is interesting to note that for atoms which belong to the
same coordination sphere but are inequivalent due to the
presence of a magnetization, the corresponding DOS curves
are practically identical(within the thickness of the line).
This may be a bit surprising, however, it is consistent with
the observation thatmspin, which stems from differences be-
tween spin-up and spin-down DOS, also hardly differs in
these circumstances(as noted in Sec. III A). Nonzeromorb,

FIG. 13. Spin-polarized DOS
averaged over all atoms of a free
Fe cluster of 9, 27, and 89 atoms
(thin solid lines) compared with
the DOS of bulk Fe(thick dashed
lines).

FIG. 14. Spin-polarized DOS
at individual atoms of an 89-atom
cluster(thin solid lines) compared
with DOS averaged over all atoms
of that cluster(thick dashed lines).
The left panel displays the DOS
for an atom of the second coordi-
nation shell, the middle panel for
an atom of the fifth coordination
shell and the right panel for an
atom of the seventh(i.e., outer-
most) coordination shell.
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on the other hand, is caused by the small imbalance of the
DOS related to theml-related states due to the presence of
the spin-orbit coupling(ml stands for the magnetic angular
momentum quantum number). Of course the corresponding
shifts in energy are quite small.

Let us make finally a note about the angular-momentum
character of electron states in clusters. Obviously, the DOS
around atoms in clusters has overwhelmingly ad character.
However, some minor peaks at the outer edges of the main
band may have considerables or p components, as one can
expect from the corresponding atomic electron configuration
of a free Fe atom. In particular, e.g., the peaks atE
<−7 eV in DOS around central atom of the 89-atom cluster
are almost exclusively ofs character. Similar trends were
observed for a 15-atom cluster by Yanget al.5 and Vegaet
al.2 The occurrence of theses- andp-character peaks is con-
nected with the still partially atomic character of electron
states in clusters; in bulk iron, there are just structureless
continuum shoulders, typical for a free-electron DOS, in-
stead of well-resolved peaks below the maind band as found
for the clusters. Interestingly, the heights of thes andp peaks
in the cluster DOS decrease with increasing distance of the
atom from the center of the cluster(we do not present cor-
responding plots for brevity).

IV. SUMMARY

In free spherical bcc-structured Fe clusters, bothmspin and
morb are enhanced for atoms close to the cluster surface; their
depth profiles exhibit an oscillatory structure. The orbital
moments of individual atomsmorb exhibit quite a strong de-

pendence on the direction of the magnetic field, however, the
anisotropy inmorb averaged over all atoms of a coordination
shell is very weak. Some common trends in magnetic pro-
files of free clusters and of crystal surfaces can be observed
(enhancement ofmspin and morb at surfaces, Friedel-like os-
cillations). However, the surface enhancement as well as
Friedel-like oscillations ofmspin and morb are more pro-
nounced for clusters than for semi-infinite crystals. Spin
magnetic momentsmspin in clusters and at crystal surfaces
depend linearly on the effective coordination number and on
the valence charge. A semiempiricalmspinsNeffd relationship
is able to account for some features of the measured depen-
dence of the magnetic moment of free clusters on the cluster
size. The DOS of atoms in centers of free clusters is charac-
terized by many sharp peaks and even for a 89-atom cluster
it still differs substantially from the DOS in the bulk. The
combined DOS of whole clusters converges to the bulk DOS
more quickly than DOS of atoms in the center of these clus-
ters, due to a mutual cancellation of sharp atomiclike peaks.
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