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The atomic structure and net magnetic moments in nanosized Fe clusters embedded in Cu were determined
as a function of cluster filling fraction by extended x-ray-absorption fine structure �EXAFS� and magnetometry
measurements, respectively. Below the percolation threshold ��25%�, the Fe clusters have an fcc structure
with a lattice parameter of 3.58�0.02 Å and are ferromagnetic with a net atomic magnetic moment of
0.4–0.9 �B. Spin polarized electronic structure calculations were also performed on Fe core/Cu shell systems
to investigate the magnetic behavior as a function of lattice spacing; the calculated moments correlate well with
experiment.
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I. INTRODUCTION

Enhancements in the atomic magnetic moments of nano-
sized clusters of magnetic materials such as Fe or Co, ob-
served in free cluster beams,1 arise in part due to a significant
proportion of atoms with a reduced coordination residing at
the surface of the cluster. Subsequent experimental confirma-
tion of enhancements, in both spin and orbital moments, for
clusters supported on surfaces2,3 has led to intensive research
efforts to develop “new” high performance magnetic materi-
als assembled from clusters. It is now well established that a
flexible way of preparing cluster-assembled materials is to
codeposit clusters with an atomic vapor of another material
�the matrix material�.4,5 This produces a granular film in
which the size and filling fraction of the grains can be varied
independently. An additional advantage of this technique is
the ability to deposit granular mixtures of miscible materials,
for example, granular Fe-Co by depositing Fe nanoclusters in
a Co matrix or vice versa.

The atomic structure in embedded nanosized clusters can
be strongly influenced by the matrix material. Since some of
the key properties, including magnetism, strongly depend on
atomic structure it would be advantageous to be able to “en-
gineer” the atomic structure to produce a given set of mag-
netic properties. For example, the crystal structure of Co
clusters embedded in Fe switches from the hcp structure of
bulk Co to bcc �Ref. 6�; total energy calculations for Co
predict a higher magnetic moment in the bcc form than in the
normal hcp structure.7,8

We report here the measurements of atomic structure and
magnetism in nanocomposite Fe/Cu films. The experiments
show that embedding Fe clusters in a Cu matrix causes their
structure to switch from bcc to fcc, with a sharp change in Fe
atomic magnetic moment. The samples were prepared di-
rectly by cluster deposition and, unlike in some previous
reports9–12 in which the sizes of fcc Fe granules were as large
as 1 �m, the Fe clusters are truly nanosized and single
phase.

Using extended x-ray absorption spectroscopy �EXAFS�,
we have determined that the Fe nanoclusters adopt an fcc
structure with a lattice parameter of 3.58�0.02 Å when the
volume filling fraction �VFF� of clusters is less than �25%.

Magnetometry measurements show that, in the fcc state, the
Fe clusters are ferromagnetic with an average atomic mag-
netic moment between 0.4 and 0.9 �B. We have also per-
formed spin polarized electronic structure calculations to
predict magnetic moments for Fe clusters surrounded by
outer shells of Cu. The calculations were performed over a
range of lattice spacings, and the trends obtained were con-
sistent with the experimental observations.

II. BACKGROUND

It is well known from many theoretical calculations13–23

on bulk fcc Fe that the magnetization undergoes a transition
from a high to a low spin state as the lattice parameter, a, is
reduced. The transition occurs fairly sharply in the range
3.4–3.7 Å. Bagayoko and Callaway15 considered just ferro-
magnetic solutions. They find that the moment falls steadily
to �2.6 �B as the lattice parameter decreases to a�3.6 Å;
the moments of the bcc and fcc structures are in fact very
similar until that point. However below a�3.6 Å the fcc
moment drops rapidly to zero, while the moment of the bcc
structure declines much more slowly with reducing lattice
spacing. Other authors find that a transition to an antiferro-
magnetic phase occurs at roughly the point that Bagayoko
and Callaway observed the onset of the rapid decrease in
moment in their purely ferromagnetic calculation. Zhou et
al.20,21 and Kong23 reported as many as five different phases
at different lattice spacing, but clearly the phases of lowest
energy are successively ferromagnetic �FM�, antiferromag-
netic �AFM�, and nonmagnetic �NM� as the lattice parameter
is decreased.16,17,19 The antiferromagnetic phase comprises
alternating layers of up and down spins normal to the �001�
direction.

The results of our calculations on the bulk material using
the tight-binding linear muffin-tin orbital method in the
atomic sphere approximation �TB-LMTO-ASA�24–26 are
shown in Fig. 1. The TB-LMTO-ASA scheme is related to
the method we use to study clusters. It can be seen from the
lower panel that the FM phase is stable for a�3.62 Å.
Moreover, for smaller values of a, the AFM phase is ener-
getically favored, succeeded at a�3.48 Å by a nonmagnetic
state. The lattice parameters, at which the transitions occur,
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agree with those found by Moruzzi et al.17 to within 2%
despite the fact that their calculations were on fixed moment
states and ours were performed with iterations to self-
consistency from various trial initial moment configurations.
The upper panel in Fig. 1 shows the magnetic moments per
atom. The magnitude of the layer magnetization is plotted in
the AFM case. The net moment is, of course, zero.

Although fcc �-Fe can only be stabilized above 1200 K in
bulk form, it is now well established experimentally that fcc
and fct Fe films can be grown epitaxially at lower tempera-
tures on Cu �Refs. 27–32�, which has a small misfit in lattice
constant with �-Fe. Both high moments ��2 �B /atom� and
low moments ��0.5 �B /atom� have been reported for fcc/
fct Fe films on the �100� �Refs. 29 and 30� and �111� �Refs.
31 and 32� surfaces of Cu. On the �100� surface, high mo-
ments are observed for Fe films up to 4 monolayers �ML�
�Refs. 29 and 30� although the structure in these films is
tetragonally distorted;28 at higher coverages ��5–10 ML�,
the structure in the films becomes more fcc-like and the mo-
ment drops. Fe films grown on Cu�111� have an isotropic fcc
structure, with both low moments31 and high moments32 re-
ported depending on the deposition method. Gradmann and
Isbert33 deposited thin films of fcc Fe on Cu1−xAux�111� sur-
faces. A low Fe moment �0.6�B /atom� was found with a
pure Cu substrate, but increasing the Au content expanded
the substrate resulting in a switch to a high Fe moment

�2.6 �B /atom�. More recently Torija et al.34 have observed a
low spin to high spin thickness driven transition in Fe films
on Cu�111� grown at 65 K. The bcc high spin phase develops
as the film thickness is increased but the Fe layer at the
Fe/Cu interface remains in a low spin state.

In addition to ultrathin films, the fcc structure can also be
seen in Fe precipitates in Cu �Refs. 9–11�. Neutron-
diffraction experiments on single crystals of CuFe alloy con-
taining a few atomic percent Fe, where the diameter of the
fcc Fe precipitates was 1 �m, showed antiferromagnetic be-
havior with atomic moments per Fe atom of �0.7 �B �Refs.
9 and 10�. Later measurements on similar samples, with di-
ameters of the fcc Fe precipitates in the range of 10s–100s
nm, also revealed antiferromagnetic behavior with higher
Néel temperatures for larger precipitates.11 It has also been
reported that fcc Fe particles with a mean diameter of 8 nm
can be deposited by laser-induced dielectric breakdown of
Fe�CO�5 and that they are paramagnetic down to a tempera-
ture of 1.8 K, although there is a mixture of bcc and fcc as
well as oxide phases present.12

Finally we should mention the current interest in Fe/Cu
alloys, which �despite their low miscibility� can be prepared
over most of the compositional range by mechanical
alloying.35 Magnetization,35,36 neutron-scattering,36 and
XMCD measurements37 and theoretical calculations23,38 have
been performed to correlate the variation in magnetism with
structure across the composition range. At intermediate con-
centrations �about 20%–70% Fe�, the alloy forms an fcc
phase and shows a very small thermal expansion below the
magnetic ordering temperature, i.e., it displays an Invar ef-
fect. A high Fe moment �1.5–2 �B /atom� is observed be-
cause the presence of the Cu expands the lattice in compari-
son with that of pure fcc Fe. However it should be noted that
the Fe/Cu solid solution is metastable, and high temperatures
induce segregation.36

III. EXPERIMENT RESULTS

The nanocomposite Fe/Cu films in this study were pre-
pared by codeposition using an ultrahigh vacuum compatible
gas aggregation source, described in detail elsewhere,39 and a
Cu molecular beam epitaxy �MBE� source. The sizes of clus-
ters produced in the source follow a logarithmic-normal dis-
tribution, with a most probable size of �260 atoms/cluster
corresponding to �2 nm diameter. Samples for EXAFS and
magnetometry experiments were deposited onto Si�100� and
PEEK �poly-ether-ether-ketone� substrates, respectively. For
the purposes of comparison, a 500 Å film of Fe was also
grown using an MBE source. In all cases, 150 Å buffer and
400 Å capping layers of Ag were deposited in situ �from an
MBE source� in order to protect the samples against oxida-
tion after removal from the deposition chamber.

A. EXAFS measurements

As demonstrated elsewhere,6 the element specific and lo-
cal nature of EXAFS makes it well suited to probing struc-
ture in nanocomposite materials. Fe K edge EXAFS experi-
ments were performed on beamline 7.1 of the Synchrotron

0

0.5

1

1.5

2

2.5

3
M

ag
ne

tic
m

om
en

t(
µ B

/a
to

m
)

FM
AFM

3.3 3.4 3.5 3.6 3.7 3.8
a (Å)

-44.51

-44.505

-44.5

-44.495

-44.49

-44.485

E
ne

rg
y

(R
y)

FM
AFM
NM

FIG. 1. Lower panel: total energies of bulk fcc Fe as a function
of lattice parameter, a, showing ferromagnetic �FM�, antiferromag-
netic �AFM�, and nonmagnetic �NM� states. Upper panel: spin mag-
netic moments of FM and AFM states; note that in the AFM case
we show the magnitude of the layer moment per atom.

BAKER et al. PHYSICAL REVIEW B 78, 014422 �2008�

014422-2



Radiation Source at Daresbury Laboratory. The Fe edge ab-
sorption spectra ��E� were measured in fluorescence using a
nine-element monolithic Ge detector and a double crystal
Si�111� monochromator, with the incident x-ray intensity
measured using an ionization chamber containing an Ar/He
gas mixture. The measured absorption spectra ��E� were
background-subtracted and normalized to yield the EXAFS
spectra ��E�. These could then be analyzed to obtain experi-
mental values for structural parameters such as interatomic
distances ri, mean square variations in interatomic distances
�i

2 �Debye-Waller factor�, and coordination numbers Ni by
fitting the experimental ��E� to calculated EXAFS functions.
This was achieved with the program EXCURV98 �Ref. 40�, as
described in more detail elsewhere.6

Figure 2�a� shows the EXAFS � �weighted by k3� and
associated Fourier transform for the thick MBE-grown Fe
film, where k is the photoelectron wave vector. A good fit to
the data was obtained, with four statistically significant
shells; the fit was consistent with the bcc structure, as ex-
pected for bulk Fe at room temperature. In the fitting proce-
dure, Ni were held fixed at bcc values while ri and �i

2 were
allowed to vary freely. The fitted values for ri and �i

2 are
listed in Table I, along with those for bulk bcc Fe. The
k3-weighted EXAFS and Fourier transform for a nanocom-

posite Fe/Cu sample containing 6.2% VFF Fe clusters in Cu
are shown in Fig. 2�b�. Comparison with those for the bcc Fe
film reveals qualitative differences. This is reinforced by the
data analysis, which gives a good four-shell fit consistent
with the fcc structure. As in the fit for the thick Fe film, Ni
were held fixed but at values associated with the fcc struc-
ture. The fit values obtained for ri and �i

2 are given in Table
I. The analysis program allows multiple scattering effects to
be included; in the fit here, we allowed for multiple scatter-
ing between the first and fourth shells, as expected in fcc
structures. Also included in Table I are ri and Ni for bulk
�-Fe. The figure of 2.53 Å for the nearest-neighbor distance
r1 in the 6.2% VFF Fe/Cu film implies that the lattice param-
eter a0 in the fcc Fe clusters is 3.58�0.02 Å; this is close to
the values of a0 in �-Fe and Cu, 3.59 Å and 3.61 Å, respec-
tively. Values for ri and �i

2 obtained from fitting the EXAFS
for the other nanocomposite Fe/Cu films are listed in Table I
as a function of composition. From 5% VFF, where the Fe
clusters are isolated within the Cu matrix, to 25% VFF,
where there will be significant agglomerates of clusters
within the film, the crystal structure in the Fe clusters re-
mains fcc. At higher cluster filling fractions, the atomic
structure rapidly switches to bcc, consistent with a three-
dimensional percolation threshold of 24.88%.41 Figure 2�c�
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shows EXAFS data for a sample with 26.6% VFF of Fe
clusters. Qualitative similarities with the data for the bcc Fe
film are confirmed in the fit details. As we have noted
previously,6 the Debye-Waller factors tend to increase with
increasing shell radius. This can be interpreted as being due
to correlations in thermal motions of the near neighbors.42

B. Magnetization measurements

Experimental values for the magnetic moments in the em-
bedded Fe clusters were obtained by measuring the satura-
tion magnetization at sample temperatures of 2 and 300 K in
an Oxford Instruments vibrating sample magnetometer
�VSM�. Figure 3 shows the net magnetic moments per atom
in the Fe clusters—obtained from magnetometry experi-
ments, plotted as a function of composition. The switch to
low moments, between 0.4 and 0.9 �B /atom, is very clear as
the crystal structure in the Fe clusters changes from bcc to
fcc across the percolation threshold. Measurements made at
2 and 300 K yield, within experimental error, the same satu-

ration magnetizations and hence the same moments. This is
illustrated in Fig. 4, which shows the magnetization curves at
2 and 300 K for a sample containing 5.4% VFF of �fcc� Fe
clusters in Cu. The observations of hysteresis at 2 K shows
that the fcc Fe clusters are magnetic at this temperature, al-
though at 300 K they are superparamagnetic. The data indi-
cates that the fcc Fe clusters are not antiferromagnetic, in
contrast to earlier reports for larger fcc Fe precipitates in Cu
�Refs. 9–11�.

IV. THEORETIC CALCULATIONS

A. Computational methods

It is not realistic to perform calculations on particles of
the size of experimental interest embedded in what is essen-
tially an infinite matrix. Thus our approach is to study Fe
core/Cu shell clusters. For simplicity, and because we have
no experimental information about the cluster shapes, we
confine our calculations to fcc cuboctahedral clusters with Oh
symmetry of the form FemCun−m, where m and n are “magic
numbers” for the cuboctahedral system: 55, 147, 309, 561,
923, and n�m.

The main interest is at m=147 and 309 since these num-
bers straddle the size studied experimentally. We investigate
how the magnetism of the Fe core changes with the number
of Cu shells and with the fcc lattice spacing. Most of the
calculations are done at fixed lattice spacing and for spin
only moments. The contribution from the orbital moment is
found to be small. One calculation is done to study the effect
of geometry optimization.

We consider here clusters of up to 923 atoms and we use
both ab initio and tight-binding methodology in the calcula-
tions. Our approach is to use tight-binding �TB� methodol-
ogy for clusters in the size range that is of main interest but,
to check the reliability of the TB parametrization, by com-
paring TB and ab initio results on smaller clusters: princi-
pally Fe55Cu92.

TABLE I. Structural parameters ri and �i
2 obtained from fits to Fe K edge EXAFS for nanocomposite Fe/Cu films.

Structure Shell 1 Shell 2 Shell 3 Shell 4

Bulk Fe bcc r1=2.49 Å, N1=8 r2=2.87 Å, N2=6 r3=4.06 Å, N3=12 r4=4.76 Å, N4=24

�-Fe fcc r1=2.54 Å, N1=12 r2=3.59 Å, N2=6 r3=4.40 Å, N3=24 r4=5.08 Å, N4=12

Fe MBE bcc r1=2.49�0.01 Å
2�1

2=0.011�0.001 Å2
r2=2.86�0.02 Å
2�2

2=0.020�0.003 Å2
r3=4.12�0.02 Å
2�3

2=0.023�0.004 Å2
r4=4.80�0.01 Å
2�4

2=0.014�0.002 Å2

5.7% VFF Fe/Cu fcc r1=2.53�0.01 Å
2�1

2=0.015�0.001 Å2
r2=3.56�0.03 Å
2�2

2=0.029�0.010 Å2
r3=4.42�0.02 Å
2�3

2=0.030�0.005 Å2
r4=5.09�0.02 Å
2�4

2=0.022�0.004 Å2

6.2% VFF Fe/Cu fcc r1=2.53�0.01 Å
2�1

2=0.015�0.001 Å2
r2=3.55�0.03 Å
2�2

2=0.026�0.008 Å2
r3=4.43�0.02 Å
2�3

2=0.027�0.004 Å2
r4=5.08�0.02 Å
2�4

2=0.021�0.003 Å2

15.8% VFF Fe/Cu fcc r1=2.53�0.01 Å
2�1

2=0.020�0.002 Å2
r2=3.56�0.04 Å
2�2

2=0.033�0.014 Å2
r3=4.43�0.04 Å
2�3

2=0.043�0.010 Å2
r4=5.29�0.03 Å
2�4

2=0.016�0.007 Å2

25.0% VFF Fe/Cu fcc r1=2.53�0.01 Å
2�1

2=0.019�0.002 Å2
r2=3.52�0.06 Å
2�2

2=0.035�0.018 Å2
r3=4.43�0.02 Å
2�3

2=0.023�0.005 Å2
r4=5.08�0.02 Å
2�4

2=0.026�0.005 Å2

26.6% VFF Fe/Cu bcc r1=2.49�0.01 Å
2�1

2=0.012�0.001 Å2
r2=2.84�0.03 Å
2�2

2=0.036�0.008 Å2
r3=4.11�0.03 Å
2�3

2=0.031�0.008 Å2
r4=4.78�0.02 Å
2�4

2=0.022�0.004 Å2

54.1% VFF Fe/Cu bcc r1=2.49�0.01 Å
2�1

2=0.011�0.001 Å2
r2=2.86�0.02 Å
2�2

2=0.029�0.005 Å2
r3=4.13�0.02 Å
2�3

2=0.024�0.005 Å2
r4=4.78�0.02 Å
2�4

2=0.019�0.003 Å2
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FIG. 3. Magnetic moment per atom in the Fe clusters as a func-
tion of composition, as determined from magnetometry
experiments.
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It is worth noting that, until recently, there have been very
few reports of discrete Fourier transform �DFT� calculations
on large systems,43–45 and even fewer reports that are spin-
polarized studies. Nava et al.45 consider the effect of spin
polarization on a Pd140 cluster, for example. Recently, how-
ever, calculations have been reported with cluster sizes up to
641 atoms.46,47

For the ab initio calculations we used the linear combina-
tion of atomic orbital �LCAO� method as implemented in the
density-functional package DMOL3 �Ref. 48�. The atomic or-
bitals are obtained via a radial solution of the atomic
Schrödinger equation. Double numerical basis 3d and 4s or-
bitals in addition to 4p polarized functions are included in
the valence basis set. The core orbitals are allowed to hybrid-
ize with the valence orbitals. A generalized gradient approxi-
mation, “PW91,” �Refs. 49–51� was used to represent the
exchange correlation interaction.

TB methodology has been widely used since its early ap-
plications to bulk transition metals. In the most commonly
used orthogonal form, the TB Hamiltonian is expressed in
terms of on-site and nearest-neighbor hopping terms associ-
ated with 4s, 4p, and 3d orbitals, and it can be applied
equally to real space or k-space calculations. For spin polar-
ized calculations, on-site exchange parameters are included.
The main addition, if the TB method is being applied to
clusters �or any system without translational symmetry�, is
the inclusion of a phenomenological on-site potential to
force charge neutrality. A simple functional form for the de-
pendence of the hopping integrals on interatomic distance52

is often used for calculations with varying geometry.53 The
refinement of TB parameters to improve their transferability
from bulk systems to situations in which the atoms are in
very different environments has been discussed,54 including
for systems in which more than one element is present.55,56

However obtaining TB parameters within these schemes is
rather laborious.

Fairly recently, a more straightforward way of obtaining
TB parameters has been proposed.57 This is based on the
TB-LMTO-ASA method that was used to obtain the mo-
ments of bulk fcc Fe in Fig. 1. The essence of the TB-
LMTO-ASA method is a transformation between conven-
tional muffin-tin orbitals �MTOs� and tight-binding ones,
which is realized through a transformation between bare
structure constants S0 and “screened” structure constants
�SSCs� S	 via a Dyson equation,

S	 = 	−1��	−1 − S0�−1 − 	�	−1, �1�

where 	 are site independent screening constants. The SSCs
are well localized �they vanish beyond second neighbors�

and are material independent �they depend only on the struc-
ture�. From the SSCs and material dependent potential pa-
rameters, one constructs the TB-LMTO-ASA Hamiltonian.
Expressions for the ten �ss� ,sp� , pp� , pp
 ,sd� , pd� ,
pd
 ,dd� ,dd
 ,dd�� bare structure constants, S0, as a func-
tion of interatomic distance was listed by Nowak et al.,26 as
are values for the three �s , p ,d� screening constants, 	.

Our procedure is to obtain the material dependent poten-
tial parameters from the bulk calculations and then use them
with screened structure constants generated for the clusters
using Eq. �1�. Thus the parameters of the tight-binding model
are obtained directly from ab initio calculations within the
LMTO-ASA method, without any fitting. In terms of the
screened structure constants Sa, the second-order Hamil-
tonian H in the ASA can be broken down into one, two, and
three center terms.

The procedure is described in greater detail in Ref. 57. It
was tested57 for elemental clusters and core-shell systems,
and has subsequently been used to study magnetocrystalline
anisotropy in Co clusters on Pt �Ref. 58� and, in adapted
form, noncollinear magnetism in small Mn clusters.59 For
calculating orbital moments, spin-orbit coupling among the d
orbitals in the usual single-site form60 is added to the tight-
binding Hamiltonian and the coupling constants are taken
from the last iteration of the self-consistent TB-LMTO-ASA
calculations. The tight-binding parameters for the Fe/Cu
core-shell clusters were obtained from TB-LMTO-ASA cal-
culations on an ordered binary alloy of Fe and Cu on an fcc
lattice with the lattice constant of bulk Cu. We used an Fe3Cu
structure but found essentially the same results if the param-
eters were derived from the Cu3Fe structure.

B. Results

The calculations were performed on fcc cuboctahedral Fe
clusters containing 55, 147, and 309 atoms. We consider ini-
tially bare Fe clusters and then add additional shells of Cu to
study the effect of embedding. For most of the calculations,
we keep all atoms at fixed positions on the fcc lattice and
obtain results over a range of 3.30–3.80 Å lattice spacings.

1. Bare Fe clusters

Figure 5 shows the magnetic moment per atom of 55, 147,
and 309 atom Fe clusters as a function of lattice spacing. For
some lattice spacings, we found that several metastable so-
lutions could be generated from different starting spin con-
figurations. In these cases, we have presented the lowest-
energy solutions in the plots. For a few values of a, we found
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for sample containing 5.4% VFF
of fcc Fe clusters in Cu.
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it difficult to get convergence to any stable solution but a
slight change in the spacing generally yielded a result. The
moment of the 55 atom cluster calculated by DMOL3 is shown
by filled triangles. The results for the ab initio and the TB
calculation are in good agreement with each other, which
gives added confidence in our parametrization scheme. We
also calculated the moments of the 13 atom cluster �not
shown� using the ab initio code as a further check and again
found good agreement with the results using TB methodol-
ogy.

It is apparent from Fig. 5 that the moment is reducing
with the lowering of the lattice spacing as expected. The
moment for a�3.65 Å �or 3.60 Å for the 55 atom cluster�
changes slowly, but the moment drops off quite fast at
smaller lattice spacings, particularly for the larger two clus-
ters. The high moment regime is quite similar in magnitude
to that in the bulk calculation of Fig. 1. However it should be
emphasized that at the smaller lattice spacings, we are plot-
ting the net moment in Fig. 5, whereas in Fig. 1 it is the
magnitude of the atomic moments that are being shown; in
the bulk case we are in an antiferromagnetic regime and the
net moment is zero.

To get more insight into the magnetic behavior, we have
plotted the local moments for the 147 and 309 atom clusters
in Figs. 6�a� and 6�b�. These sizes straddle that of the clusters
of experimental interest ��260 atoms�. The results for two
lattice parameters are shown: a=3.70 Å is in the high mo-
ment regime �ferromagnetic in bulk�, and at a=3.50 Å the
moment is reduced to below 1.5 �B �antiferromagnetic in
bulk�. The lattice sites are indicated on the horizontal axis in
a notation explained in the figure caption. The calculations
produce moment configurations that have Oh symmetry even
though this was not imposed by the calculation itself or bi-
ased by the initial spin configuration in the iterations to self-
consistency. The individual moments at a=3.70 Å mostly lie
between 2 and 3 �B, with some enhancement in the mo-
ments on the surface atoms compared to those on the atoms
in the core of the cluster. In Fe147, the average moment of the
55 core atoms is 2.0 �B, while the 92 surface atoms have a

mean moment of 3.1 �B. The corresponding figures for the
147 atom core and 162 atom surface of Fe309 are 2.4 and
2.9 �B, respectively.

Turning now to the a=3.50 Å lattice spacing, we notice
that the surface atoms have their spins aligned ferromagneti-
cally although somewhat reduced in magnitude compared to
the a=3.70 Å case. However the moments on the core at-
oms are significantly reduced in magnitude and there is a
mixture of positive and negative alignment. Clusters with
this lattice spacing then exhibit ferrimagnetism rather than
the antiferromagnetism expected in the bulk. The mean core
and surface moments are now −0.1 and 2.3 �B for Fe147, and
0.3 and 2.5 �B for Fe309, respectively. Clearly the surface
exerts a strong influence on the behavior and the net moment
of the cluster largely comes from the surface contribution.
We would envisage that, as we go to larger clusters and the
proportion of atoms on the surface decreases, the net ferri-
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000 110 200 211 220 310 222 321 330

-4

-2

0

2

4

M
ag

ne
tic

m
om

en
t(

µ B
/a

to
m

)

3.70 Å
3.50 Å

000 110 200 211 220 310 222 321 330 400 411 420 332 422 431 440

-4

-2

0

2

4

M
ag

ne
tic

m
om

en
t(

µ B
/a

to
m

)

3.70 Å
3.50 Å

(a)

(b)

FIG. 6. �a� Spin moment of individual atoms in the 147 atom
cluster. The moments are plotted for two lattice spacings: a
=3.70 Å �circles� and a=3.50 Å �triangles�. The lattice sites are
indicated on the horizontal axis in the conventional notation, i.e.,
�000� is the central atom of the cluster and the symbols �xyz� are the
Cartesian coordinates of the other atoms with respect to the central
one in units of half the lattice constant �a /2�. The moment configu-
ration has Oh symmetry although this was not imposed in the cal-
culation, and so a moment labeled �xyz� refers to an atom at that
position and those symmetrically equivalent to it. The vertical dot-
ted line separates the core and surface sites of the cluster. �b� As
Fig. 5 for the 309 atom cluster.
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magnet moment will decrease with the eventual convergence
to the bulk antiferromagnetic behavior.

2. Fe clusters embedded in Cu shells

We consider now the effect on the magnetic behavior of
embedding the Fe clusters in Cu. Results are displayed in
Fig. 7 for 55 and 147 atom Fe clusters coated with one and
two shells of Cu: Fe55Cu92, Fe55Cu254, Fe147Cu162,
Fe147Cu414, Fe309Cu252, and Fe309Cu614. We were unable to
obtain convergence to self-consistency for the Fe309Cu614
cluster at a few lattice spacings, so there are fewer data
points available for this case than for the other clusters. Ab
initio calculations at representative lattice constants were
performed on the smallest cluster Fe55Cu92 as a check. The
moments obtained are shown in Fig. 7 and again the TB
calculations are in good agreement.

Comparing Fig. 7 with the plots shown in Fig. 5, it is seen
that the high moment state at large lattice spacings is very
little affected by the embedding; the moment remains a little
above 2.5 �B. However the low moment regime at smaller
lattice spacings is much more significantly affected, with all
plots in Fig. 7 lying below the Fe309 plot in Fig. 5. As with
the bare clusters, the moment per atom decreases with in-
creasing cluster size. Comparing the various plots, it appears
that a second Cu shell has a decreasing influence on the Fe
moment as the size of the cluster increases.

The individual moments for the Fe147Cu162 and Fe309Cu252
clusters are shown in Figs. 8�a� and 8�b� for the same two
lattice parameters a=3.70 Å and a=3.50 Å, which were
used to illustrate the magnetic behavior in bare clusters in
Figs. 6�a� and 6�b�. Again the calculations produce moment

configurations with Oh symmetry. The surface atoms of the
Fe clusters are now at the interface with the Cu and so their
coordination number is restored to 12. Despite this, for the
large lattice spacing �a=3.70 Å�, the embedding in Cu re-
sults in rather little change in the moments from their bare
cluster behavior, with individual moments mostly still lying
in the 2–3 �B range. The surface atoms in the bare Fe clus-
ters are now at the interface with the Cu. The average core
and interface moments are 2.5 and 2.6 �B for Fe147Cu162,
and 2.5 and 2.7 �B for Fe309Cu252, respectively. Comparing
these figures with the bare cluster case, it is seen that the
main effect of the embedding is to bring the core and
surface/interface moments closer in value �see Table II�.

The behavior in the low moment state �at a=3.50 Å dif-
fers somewhat from that in the bare cluster. A number of the
outer Fe atoms, which are now at the interface with the Cu
shell, have reduced moments and, in both the 147 and the
309 atom clusters, one atom �and those symmetrically
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FIG. 8. �a� Spin moment of individual atoms in the 147 atom Fe
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are plotted for two lattice spacings: a=3.70 Å �open circle� and a
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equivalent� has a negatively aligned moment. The results are
summarized in Table II, where it can be seen that, for both
Fe147Cu162 and Fe309Cu252, the average moment on the Fe
atoms at the interface with Cu is considerably reduced from
the bare cluster value and the mean moment on the core is
small and of opposite sign to that of the interface.

In the experimental study, the lattice spacing determined
by EXAFS was 3.58�0.02 Å and the magnetic moment
was found to be in the range 0.5–0.9 �B per atom. We base
our theoretical prediction on the moments of the embedded
147 and 309 atom clusters. The values at a=3.58 Å can be
read off from the plots in Fig. 7 and provide an estimate of
0.4–0.8 �B, which is in rather good agreement with the ex-
perimental results. The experimental lattice spacing is clearly
in the low moment regime. The calculated pattern of indi-
vidual moments at a=3.58 Å appears qualitatively very
similar to the a=3.50 Å plots of Figs. 8�a� and 8�b�. The
average core and interface moments are −0.5 and 1.6 �B for
Fe147Cu162, and −0.6 and 1.5 �B for Fe309Cu252, respectively.

Obviously there are a few caveats in comparing the re-
sults of the calculations with the experimental data. Our cal-
culations are on core-shell particles rather than on embedded
clusters. However it does appear that the sensitivity of the Fe
moment to the number of Cu shells is rather weak. Thus it is
unlikely that a true embedding will change the results much.
Probably, more important, is the shape of the particle and the
quality of the Fe/Cu interface. The spread in values of the
experimental moments is likely to be a reflection of varia-
tions in particle shape and the degree of epitaxy at the
particle-matrix interface. We have considered just high-
symmetry clusters with perfect interface epitaxy and we ob-
tain a moment distribution with the same symmetry as the
cluster. Obviously deviations from these idealized configura-
tions will change the results but we expect that the moments
would still lie within a window of �0.5 �B width somewhat
below 1 �B.

Lattice relaxation could also be important. The calcula-
tions reported above were done with fixed lattice spacings.
To test the sensitivity to lattice relaxation, we performed an
ab initio calculation on a Fe55Cu92 cluster to find the ground
state with optimized geometry. For fixed lattice spacings at
or near a=3.58 Å, there are a number of metastable solu-
tions. Two are close in energy: a high moment state with all
spins aligned parallel and a low moment state. In the low
moment state, all the spins are parallel except those that on
the atoms that are nearest neighbor to the central one and
these are antiparallel to the rest. The configurations of up and

down spins are rather more complex for the larger particles
as can be seen in Figs. 8�a� and 8�b�. We found two other
configurations of up and down spins for the Fe55Cu92 cluster,
but in those cases the energies were considerably higher.

We performed a search for optimum geometries starting
with the lattice spacing at a=3.58 Å for both the high and
low spin starting configurations. We were unable to obtain
convergence to a new geometry with the high spin initializa-
tion but, with the low spin start, convergence to a lower-
energy geometry occurred very easily. There was just a small
increase �by 6%� in the moment from its unrelaxed value of
�1.5 �B. The relaxation resulted in a range �2.46–2.56 Å�
of nearest-neighbor distances between Fe atoms in the cluster
core, the smallest being between the central atom and its
neighbors. The average first and second neighbor Fe–Fe dis-
tances were 2.53 and 3.58 Å, respectively. The rather good
agreement with the experimental values at low volume filling
fraction is rather striking but not overly significant since the
Fe55Cu92 cluster is small compared to the experimental Fe
particles and is covered with just a single Cu shell. However,
the calculation can be taken as an indication that geometry
optimization tends to further stabilize the low spin configu-
ration.

Finally, we note that we performed a number of calcula-
tions of the orbital moment for representative systems
�Fe55Cu92,Fe55Cu254,Fe147Cu162� and lattice spacings. The
calculations show that the orbital moments are small com-
pared to the spin moments. The range of values obtained
was: 3.40 Å �0.016–0.020 �B per atom�, 3.65 Å
�0.065–0.12 �B per atom�, and 3.70 Å �0.10–0.14 �B per
atom�. Clusters with lower symmetry than the ones studied
here are quite likely to show an orbital moment somewhat
larger than these values, but even so it would be surprising if
the orbital moment was above 10% of the spin moment.

V. CONCLUSIONS

This paper reports the results of a combined experimental
and theoretical study of Fe nanoclusters of a mean size of
�260 atoms embedded in a Cu matrix. There is considerable
interest in the behavior of fcc Fe precipitates in Cu. However
in this study involving well-defined particles, a direct cluster
deposition technique was used to prepare the embedded Fe
nanoclusters. For a VFF of less than the three-dimensional
percolation threshold, our measurements show that the Fe
clusters have an fcc structure with a lattice parameter of
3.58�0.02 Å and exhibit a net magnetic moment of
0.4–0.9 �B per atom. A transition to the higher spin bulk
value is observed accompanying a transition from the fcc to
bcc structure as the VFF crosses the percolation threshold.

The theoretical calculations, which used ab initio and
tight-binding techniques, were done on Fe particle/Cu shell
clusters and explored the magnetism of the Fe particles as a
function of lattice spacing and Cu shell thickness. The effect
of geometry relaxation was also investigated, and the contri-
bution of the orbital moment was found to be very small
�less than 10%�. A picture emerges of configurations of up
and down spin Fe local moments, giving a net moment for
the particles of 0.4–0.8 �B per atom, which is consistent

TABLE II. Mean spin moments of core and surface �or inter-
face� atoms for bare and embedded Fe clusters at two lattice
spacings.

a=3.50 Å a=3.70 Å

core ��B� surf ��B� core ��B� surf ��B�
Fe147 −0.1 2.3 2.1 3.1

Fe147Cu162 −0.4 1.3 2.5 2.6

Fe309 0.3 2.5 2.4 2.9

Fe309Cu252 −0.4 1.0 2.5 2.7
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with the experimental observations. The moments on those
Fe atoms that interface with the Cu coating mostly �but not
all� align parallel with each other giving an average moment
at the interface of about 1.5 �B per atom. There is greater
cancellation between up and down spins on atoms in the Fe
core �noninterface Fe atoms� and for these the average mo-
ment is about −0.5 �B per atom. For larger clusters, one can
expect a decrease in the net moment, since the proportion of
atoms that are at the interface will decrease and the cancel-
lation between up and down spins on the core atoms will
become more complete. To a first approximation, of course,
the net moment on a cluster is determined by the number of

uncompensated spins �difference in numbers of up and down
spins�. However there is considerable variation in the mag-
nitude of individual moments so writing the net moment of
the cluster simply as the product of the magnitude of a mo-
ment and the number of uncompensated spins would be
overly naive.
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