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We have calculated spin and orbital moments for Fe clusters of sizes up to 700 atoms embedded as
impurities in a bcc Co matrix. The calculations have been carried out using relativistic first-principles real-
space density functional theory, and we have made a comparison with earlier experimental studies. For Fe
atoms close to the FeuCo interface, the spin moments are found to increase while atoms far from the interface
exhibit bulklike moments. The Co moments remain essentially unchanged and close to the moment of bulk bcc
Co. With increasing cluster size, the average moments of the cluster atoms decrease due to the decreased
surface to volume ratio. The orbital moments of both Fe and Co are calculated to be small and they stay almost
constant regardless of cluster size. Our results for spin moments agree with experimental data but the calcu-
lated orbital moments are slightly underestimated. A simplified model indicates that a compound of close-
packed Fe clusters surrounded by Co show higher average total moments compared to bulk and multilayer
systems with a similar concentration. This increase seems to disappear when cluster-cluster interactions are
taken into account. The general trend is that for a given alloy concentration of FexCo1−x, clustering tends to
lower the average magnetic moment compared to that of ordered structures and random alloys.
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I. INTRODUCTION

Magnetic nanoscale clusters of transition metals have re-
cently attracted much attention since such clusters may have
novel properties that are different from bulk, multilayer, or
molecular systems. The progress of improving depositing
techniques with increasing accuracy of size distributions and
characterization of clusters1 has also made it easier to com-
pare well-defined systems with calculations. One system that
shows interesting behavior and that has been thoroughly ex-
amined is Fe clusters. Stern-Gerlach experiments of free Fe
clusters by Billaset al.2,3 have shown increased magnetic
moments for small clusters with an oscillating decrease to-
wards the bulk value for large cluster sizes. Theoretical work
on similar free Fe clusters has examined the magnetic
properties4–6 as well as equilibrium structures.7–9

Improved techniques for producing clusters with well-
controlled size distributions, and methods of depositing clus-
ters while embedding them in another material, have in-
creased the research activity in this field,10,11 which has
paved the way for creating cluster-based materials with tai-
lormade compositions and properties. Many of these novel
properties from embedded clusters are interesting for appli-
cations. Examples of this are granules of Co that in a non-
magnetic matrix are known to exhibit giant
magnetoresistance12,13 (GMR) and Co clusters embedded in
insulating matrices that have shown large tunneling
magnetoresistance14 (TMR). Theoretical work on binary sys-
tems with Fe clusters has mostly been done for adatoms or
clusters on surfaces15–18 while studies of embedded clusters
are more limited.19–21

Fe clusters in Co are interesting for applications where a
high magnetization density is desirable. The reason is the
analogy with FeuCo alloys that might cause interesting be-
havior. Body-centered-cubic FeuCo alloys show a nonlin-
ear concentration dependence of the magnetic moment. As

polarized neutron diffraction22 studies show, this behavior is
due to an increase of the Fe spin moment for an increasing
Co concentration. The spin moment of Fe increases from the
bulk value to a maximum of,3mB/atom for 50% Co. The
Co moment stays nearly constant over the whole concentra-
tion range. The average magnetic moment follows the Slater-
Pauling curve23 with a maximum magnetic moment of
,2.45mB/atom for a concentration of,30% Co. This peak
also gives the highest known saturation field for bulk mate-
rials with a value of,2.45 T. In many applications it is
desirable to increase this number. One way to break this
current limitation and to increase the saturation magnetiza-
tion might be to use tailored systems that behave differently
from bulk materials, such as multilayers and cluster-based
materials.

In this paper we study the magnetic behavior of Fe clus-
ters within the size range of 1–701 atoms embedded in Co.
Such systems seem promising for producing materials with
high saturation magnetization, and have been extensively ex-
amined experimentally. Bakeret al.,24 Binns et al.,25 and
Edmondset al.26 have performed x-ray magnetic circular
dichroism (XMCD) measurements on exposed and Co-
coated Fe clusters and have noticed an increase in the spin
moment and an even larger relative enhancement of the or-
bital moments in comparison with bulk Fe. Despite intense
experimental efforts, theoretical works on embedded Fe clus-
ters in Co are essentially lacking. Some calculations have,
however, been published, e.g., by Xie and Blackman,19 who
based their calculations on a parametrized tight-binding
method that neglects spin-orbit coupling. The present work is
based on a parameter-free, fully relativistic, self-consistent
real-space linear muffin-tin orbital atomic-sphere approxima-
tion (RS-LMTO-ASA) technique that can calculate spin and
orbital moments for different sizes of Fe clusters embedded
in Co in a highly accurate way.
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II. THEORY

The RS-LMTO-ASA technique27 is a self-consistent
method that is similar to the ordinaryk-space LMTO-ASA
method,28,29 except that the eigenvalue problem is solved by
means of the recursion method.30 It is a method that is well
suited for complex systems without periodicity since the
computational effort scales linearly with the number of in-
equivalent atoms and has been successfully applied to stud-
ies of impurities and other defects in metals31 and also on
metallic surfaces. It has recently been used for calculations
on FeuCo multilayers as well.32 The LMTO-ASA method
is a linear method with solutions accurate around a lineariza-
tion energyEn usually taken at the center of the occupied
part of the bands. Starting from the orthogonal representation
of the LMTO-ASA formalism, where the overlap matrix is
approximated as the unity matrix, an expansion that is accu-
rate to sE−End2 can be constructed. In this scheme, the
Hamiltonian can then be expressed in terms of potential pa-
rameters from the tight-binding representation of LMTO-
ASA as

H = En + h̄ − h̄ōh̄ s1d

with

h̄ = C̄ − En + D̄S̄D̄. s2d

HereC̄, ō, andD̄ are potential parameters andS̄ is the struc-
ture matrix in the tight-binding LMTO-ASA representation.
These potential parameters are related to the solutions of the
Schrödinger-like equation inside the atomic spheres around
each site, and are determined self-consistently. The spin-orbit
interaction is treated at each variational step. This method of
including spin-orbit effects is known to give very similar
results to calculations based on the Dirac equation, both in
terms of details in the electronic structure as well as spin and
orbital moments. For instance, the spin and orbital moment
of Fe, Co, and Ni were in Ref. 34 calculated with a Dirac
LMTO-ASA method and they agree within a few percent to
the calculation in Ref. 35 that used a similar method for
treating relativity as we do here. In addition, orbital
polarization33 is included.

Since the Fe clusters in this study are embedded in Co,
they are treated as a local perturbation to the surrounding
host, where Co atoms far from the cluster have fixed poten-
tial parameters of bulk bcc Co, while Co atoms closer to the
Fe cluster are treated self-consistently. Charge transfer be-
tween the self-consistent region and the surrounding bulk is
taken care of by integrating the density of states up to the
Fermi level of the surrounding bulk Co and then distributing
the excess charge from the perturbation to the nearest bulk
neighbors.27

The Co atoms that have been treated self-consistently
have potential parameters that are almost identical to the po-
tential parameters of bulk Co. The charge transfer between
Fe and Co atoms is also small for these systems. This allows
us to make the approximation that the calculated properties
of the Fe atoms do not depend on whether the surrounding
Co atoms are treated self-consistently or not. We have tested
this approximation for a cluster of 51 atoms and found that it

is accurate, with an error of less than,1%, and we have
used this approximation for the Fe clusters that are larger
than 150 atoms.

The continued fraction in the recursion method is termi-
nated after 30 recursion steps with the Beer-Pettifor
terminator.36 To simulate the surrounding bulk, more than
15 000 Co atoms surrounding the Fe cluster are used. Finally,
we have used the von Barth–Hedin exchange-correlation
functional within the local spin-density approximation
(LSDA).37

III. RESULTS

A. Cluster impurities

The thickness of the covering Co layers on the Fe clusters
in the previously mentioned studies24–26was estimated to be
10 Å and thus we find it reasonable to treat the Fe clusters as
fully embedded in Co. For small Fe clusters, the crystal
structure is not fully known, but the bcc structure is generally
assumed. Since Co is known to be stabilized in the bcc struc-
ture in thin FeuCo multilayers, we have assumed a bcc
structure both for the Fe clusters and the surrounding Co
matrix. In our study, we have considered clusters with a
spherical growth pattern. This can be viewed as the clusters
having an onionlike structure, consisting of an increasing
number of shells of equivalent atoms. For large clusters, this
may be a severe approximation since the clusters would
minimize their surface energy and consequently have large
areas of principal surfaces.38 However, the studied clusters in
this article are of limited size and then this effect is weak due
to the small surface area. In most of the calculations we have
used the experimental lattice parameter for bcc Fe. For some
calculations we have also compared with results given for a
lattice parameter corresponding to that of bcc Co when ex-
trapolating the experimental lattice parameter for bcc
FeuCo alloys to the limit of pure Co.39 This parameter is
less than 2% smaller than the lattice parameter of pure Fe.

In Fig. 1 we show the local atomic spin moment per atom
for each shell of the clusters. The central Fe atom of each

FIG. 1. Local spin moment per atom for each shell for different
cluster sizes. The calculated individual Fe moments increase up to
,2.6mB/atom for atoms close to the FeuCo interface. The Co
atoms have almost constant moments of about,1.75mB/atom.
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cluster is located at zero on thex axis. For every cluster size
the local magnetic moment per shell is then plotted. For in-
stance, the Fe15 cluster consists of three shells of Fe atoms
and from the fourth shell on there are only Co atoms. For this
cluster, the outermost Fe shell has a local spin moment of
,2.6mB/atom and the neighboring Co shell has a moment of
,1.75mB/atom. In all calculations we find that the spin mo-
ments of the Co atoms are essentially insensitive to the num-
ber of surrounding Fe atoms. In every curve in Fig. 1 the
“step” in the magnetic moment characterizes the transition
from Fe shells to Co shells.

In general, when moving outwards shell by shell from the
center of a cluster, the number of neighboring crystallo-
graphic sites that are occupied by Co atoms increases. As-
suming dominating nearest-neighbor interactions, the shape
of, e.g., the Fe137 result (Fig. 1) can then be interpreted as
follows: An atom in shell 5 and below has no Co atoms as
nearest neighbors and in this region the magnetic moment
changes slowly with distance from the center of the cluster.
From shell 6 and above the number of nearest neighbors that
are Co atoms is increasing and the local Fe moment hence
increases quite dramatically. Our interpretation of this result
is that the spin moment of Fe is enhanced by the proximity to
the Co atoms. This analysis is consistent with what is known
from bulk alloys, surfaces, and interfaces.40–42 The effect is
not long range but seems to be limited to nearest neighbors.
In addition to the interface effect, quantum-well effects origi-
nating from multiple scattering at the cluster boundaries may
affect the magnetic moments. However, our calculated mag-
netic moment on the central atom in the clusters does not
show oscillatory behavior for different cluster sizes as would
be expected from such interference effects.

In Fig. 2 we show the calculated orbital moments for the
same systems as in Fig. 1. We find that the trend is different
from the spin moments since now the Fe moments are almost
constant and low, whereas the Co moments show a small
decrease in the proximity of the Fe atoms. For both types of
atoms we see only a small effect on the orbital moments
from the number of foreign nearest neighbors. Our calculated

orbital moments for the Co atoms are approximately
0.14mB/atom whereas the orbital moment of the Fe atoms
are of the order of 0.06mB/atom, regardless of the position of
the atom in the cluster. The latter number is lower than the
experimental value for similar systems, since values around
0.15mB have been reported.25 However, our calculated values
are in quite good agreement with the bulk value of bcc Fe,
0.08mB/atom.

The reason why the experimental values of the clusters
are larger than theory may be explained either from difficul-
ties in determining orbital moments via the XMCD sum
rules, or due to the fact that there might be relaxation effects
in the experimental clusters. These relaxations lower the
symmetry and change the coordination for the Fe atoms,
which therefore might increase the orbital moments.

We now turn our attention to the mechanism why the spin
moments of bcc Fe are enhanced at the interface with Co,
and for this reason we display in Fig. 3 the local density of
states(DOS) of selected cluster atoms. As can be seen in Fig.
3 the Fe atom in the center of the cluster has a DOS that is
very similar to bulk bcc Fe. However, although the Fe atom
at the interface with Co has similar features as the Fe atom at
the center of the cluster, there is a marked difference in that
the band filling is much higher. In particular, one encounters
a situation where the spin up band of the interface Fe is full,
a situation normally referred to as “strong” ferromagnetism.
Since there is very little charge transfer between any atom in
the cluster(there is a small charge transfer of 0.05 electrons
from the interface Fe atom to Co), this means that the inter-

FIG. 2. Local orbital moment per atom for each shell for differ-
ent cluster sizes. The calculated orbital moments on the Fe atoms
are constant at around 0.06mB/atom. The Co atoms have a higher
orbital moment that decreases slightly close to the FeuCo
interface.

FIG. 3. Local density of states(LDOS) for atoms in a Fe137

cluster. The LDOS shown are for a Co atom in the bulk region, an
Fe atom at the interface and an Fe atom in the center of the cluster.
The density of states for the Co atoms at the interface is almost
identical to that for bulk Co atoms and are therefore not displayed.
The Fermi level is at zero energy and is given as a vertical line.
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face Fe atom has transferred some of its spin-down electrons
to spin-up electrons, with an increased spin moment as a
result. It may even be observed in Fig. 3 that the most con-
spicuous peaks of especially the spin-up band of the interface
Fe atoms are almost coinciding with the corresponding peaks
of the interface Co atom, a result of strong hybridization
between these two atoms. We end this paragraph by noting
that a full analysis of these effects may be found in the text-
book of Mohn.43

In Fig. 4 we show the average Fe magnetic moment of
each cluster, i.e., the sum of the spin and orbital moments
divided by the number of Fe atoms in a cluster. Experimental
data from Binnset al.25,44 are also shown. The average Fe
magnetic moment is decreasing when the cluster size be-
comes larger both in the calculations and in the experiments.
We interpret this as a result of a smaller surface to volume
ratio for the larger clusters, and since the enhanced Fe mo-
ments are located in the surface region, the average moment
decreases. In the limit of large clusters one thus expects the
average moment to approach the bulk moment of bcc Fe
asymptotically as 1/R, whereR is the radius of the cluster.

When comparing our calculations with the previously
mentioned experiments, it is worth pointing out that even
though the mass for these clusters is well defined, the shapes
and lattice parameters of the clusters are not known. The
crystallographic structure is not fully known either but at
least the inner parts of the clusters are expected to have a
bulklike bcc structure. There might also be some alloying
present in the FeuCo interfaces present in the experiments
that is neglected in the calculations. Nevertheless, our calcu-
lated total moments agree with the trend of the experimental
data. As regards a quantitative comparison one must first
note that in Fig. 4 we show two sets of experimental values:
one is from a direct measurement25 using XMCD, which
unfortunately gives somewhat too low a moment for bulk
bcc Fe. For this reason a smaller correction was made in a
second experiment44 also based on the XMCD technique.
This correction amounted to a small moments0.17mB/atomd
being added to the measured Fe spin moments of all clusters.

As is clear from Fig. 4, theory and experiment agree very
well for larger Fe clusters. The corrected experimental values
are approaching asymptotically the bulk value of bcc Fe
(slightly larger than 2.2mB/atom), whereas the theoretical
value approaches a somewhat larger bulk moment of
2.3mB/atom. This small discrepancy between theory and ex-
periment is well known for LSDA(and generalized gradient
approximation) based theories.43 For smaller clusters theory
underestimates the(corrected) experimental values with
,0.1mB/atom. Hence we draw the conclusion that the
present calculation reproduces the measured moments with
an error not exceeding 5%, and that theory sometimes under-
estimates the moment(smaller clusters) and sometimes over-
estimates the moment(bulk values). In order to investigate
the effect on volume we performed additional calculations
using the Co Wiegner-Seitz radius. As is clear from Fig. 4
this influences the total moment only to a small degree.

Since interface atoms have a higher moment than bulk
atoms and generally the ratio between interface and bulk
atoms decreases with increasing cluster size, an increase of
the cluster size generally lowers the total magnetic moment.
But for the small clusters we find that this trend is not always
true. The number of Fe atoms with many Co neighbors var-
ies for these small clusters, so that the decreasing trend is not
entirely monotonic. For instance, an Fe cluster consisting of
65 Fe atoms has 14 Fe atoms with 4 Co neighbors each,
while an 89-atom Fe cluster has 24 Fe atoms with 6 Co
neighbors, thus the average moment is higher for the larger
cluster. This can be seen in Fig. 5 where we compare our
calculated spin moments with previous parametrized
calculations.19 Both types of calculations give similar values
and the same trend.

B. Cluster-based alloys

Since Fe clusters show high total moments, it is reason-
able to assume that a cluster-based FeuCo alloy may ex-
hibit high saturation magnetization. As is seen from our cal-
culations, the most important factor for enhancing the
magnetic moment of the Fe clusters is to maximize the num-
ber of Co neighbors for the Fe atoms. But since the Co atoms
have an almost constant magnetic moment, that is lower than

FIG. 4. Averaged total moments for the Fe atoms as a function
of number of cluster atoms. The black squares represent experimen-
tal (XMCD) data(Ref. 25) and gray squares represent another set of
XMCD data(Ref. 44), corrected for a systematic error. Open circles
represent theoretical calculations with the bcc Fe lattice parameter
and open triangles theoretical values with the bcc Co lattice
parameter.

FIG. 5. Averaged local spin moments of Fe atoms as a function
of cluster size. The nonmonotonic decrease is due to different co-
ordination for the Fe atoms. Comparison is made with parametrized
tight-binding calculations(Ref. 19).
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the Fe moment, an increased number of Co atoms in the
material tends to decrease the total magnetization density.
Hence, the key to high saturation magnetization density is to
minimize the amount of Co atoms while maximizing the
number of Co neighbors for the Fe clusters. The number of
Co atoms needed to fill out the voids between clusters can be
minimized if the Fe clusters are packed as close together as
possible in the Co matrix.

1. Noninteracting clusters

A simple model of a material built up by Fe clusters sur-
rounded by Co can be constructed in the following way. If
the Fe clusters are considered as spherical and of the same
size, then the number of Co atoms filling out the interstitial
region can be minimized to a concentration of about 25%, by
close packing the clusters. By using this geometry and also
assuming that the Fe clusters do not interact with each other,
our results for the magnetic moments of Fe clusters can be
used to estimate the average magnetization density for such
cluster-based materials.

With this geometry, the average moment of the cluster-
based material can then be calculated by taking the average
moment over not only the Fe clusters, but also a number of
surrounding Co atoms, corresponding to 25% of the total
number of atoms. In Fig. 6 we investigate the total magnetic
moment of such hypothetical materials that are based on
close-packed monodisperse Fe clusters.

As can be seen in Fig. 6, the moments are decreasing with
increasing cluster size. This indicates that large clustering
effects in an FeuCo alloy tend to lower the total magnetic
moment. In Fig. 6, the moment for an ordered Fe3Co sD03d
bulk alloy is also plotted. Since this alloy lies almost at the
peak of the Slater-Pauling curve, the magnetic moment of
this compound is a good reference value. According to Fig.
6, materials based on clusters larger than,50 atoms will not
have higher saturation magnetization than an ordinary
FeuCo alloy. However, alloys with clusters containing less
than,50 Fe atoms could, in this model, yield a higher mo-
ment than the Slater-Pauling curve predicts.

2. Interacting clusters

In the noninteracting cluster model mentioned above, the
total moment for smaller clusters at low Co concentrations is
higher than that for bulk alloys, suggesting that high moment
materials might be built from such systems. However, it
might be difficult to retain these high moments achieved
within our simplified model, since for the low Co concentra-
tion that is necessary to keep the average moment high
enough, the Fe clusters will not have the same coordination
of Co neighbors as in the model case. The clusters will have
more Fe neighbors instead, which results in interactions be-
tween the Fe atoms in neighboring clusters and a possible
decrease of the moments. To investigate this, we have per-
formed a supercell calculation within the RS-LMTO scheme.
The supercell system consists of packed Fe15 clusters with a
global Co concentration of 25%, as displayed in Fig. 7. The
clusters were aligned ferromagnetically and no other mag-
netic ordering was considered, since the clusters are close
enough to each other to share Fe atoms.

The magnetic moment for each shell for the Fe15 single-
impurity cluster and the packed, fully interacting, Fe15 super-

FIG. 8. Total magnetic moment per atom for each shell for
single and packed Fe clusters. For the packed cluster, the Fe mo-
ments close to the FeuCo interface decrease since the nearest-
neighbor coordination is changed.

FIG. 6. Theoretical data of the average total magnetic moment
for various FeuCo systems with 25% Co concentration. The
squares represents Fe clusters covered with Co. The dashed line
refers to ordered Fe3Co sD03d bulk alloy. The result from a super-
cell calculation simulating close-packed Fe15 clusters surrounded by
,25% Co is also shown. For this packed structure, the average
moment is decreased due to cluster-cluster interactions.

FIG. 7. (Color online) The supercell used in the calculations for
packed Fe15 clusters embedded in 25% Co. For this low concentra-
tion, neighboring clusters are sharing their outmost Fe atoms.
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cell is shown in Fig. 8. The magnetic moments of the Fe
atoms are smaller for the supercell system than for the im-
purity system, primarily for the atoms close to the interface
with Co atoms. This is consistent with the magnetic enhance-
ment being caused by the nearest-neighbor interaction since
for the single cluster, the outmost Fe atom has four Co neigh-
bors while the corresponding atom in the supercell have no
Co nearest neighbors at all.

The average magnetic moment for this system is plotted
in Fig. 6 and it is only 2.40mB per atom, which is lower than
the estimation from our simplified model, described above.
Since the average moment for this close-packed structure of
the Fe15 clusters decreased significantly from the noninter-
acting cluster model, it is expected that the average moment
would decrease for other cluster sizes as well. This indicates
that, using theoretical spin and orbital moments for the clus-
ters, it is unlikely to obtain saturation magnetizations exceed-
ing the current limit of,2.45 T for realistic systems of bcc
Fe clusters embedded in bcc Co.

A better way to increase the magnetization density might
be to embed Fe clusters not in Co but in materials that lie
closer to the peak of the Slater-Pauling curve such as ordered
(D03 or B2) or disordered FeuCo alloys. Such studies are
underway.

IV. CONCLUSIONS

We have calculated spin and orbital moments for clusters
of Fe atoms embedded in Co. The spin moments for the Fe

atoms are found to be sensitive to the local environment,
where the presence of Co atoms as nearest neighbors in-
creases the spin moment on the Fe atoms. We have compared
our results with previous XMCD measurements and the total
magnetic moments show good agreement with an error not
exceeding 5%. For the orbital moments we observe a larger
discrepancy, where our calculated values are close to the
experimental bulk moment. The large measured orbital mo-
ments are probably due to structural relaxation effects in the
clusters or due to difficulties in interpreting the experimental
XMCD results.

By using a simple model without cluster-cluster interac-
tions, we have estimated that high saturation magnetization
can in principle be obtained by close packing small Fe clus-
ters in a Co matrix. However, when taking cluster-cluster
interactions into account, the magnetic moments decrease
notably. This implies that the saturation magnetization for
clusters of bcc Fe in a bcc Co matrix will be smaller than that
for ordered alloys.
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