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Abstract. The spin and orbital moments of fcc Fe−Ni cluster alloys are determined within the frame-
work of a d-band Hamiltonian including the spin-orbit coupling non perturbatively. Different sizes (up to
321 atoms), compositions, and chemical configurations (random alloys as well as core-shell arrays of iron
and nickel atoms) are considered in order to reveal the crucial role played by local order and stoichiom-
etry on the magnetic moments of the clusters. Interestingly, we have found considerably reduced average
magnetizations for Fe−Ni clusters with Fe cores compared to that of the bulk alloy with the same com-
position. Indeed, in these configurations not only antiparallel arrangements between the local moments of
some Fe atoms within the iron core are found, but also the total magnetization of the surface Ni atoms is
significantly quenched. On the opposite, the disordered and Ni-core cluster alloys are characterized by high
magnetizations resulting from saturated-like contributions from both Ni and Fe atoms, in agreement with
recent ab-initio calculations. In general, the local orbital magnetic moments are strongly enhanced with
respect to their bulk values. Finally, the variation of the orbital-to-spin moment ratio with the chemical
order is discussed.

PACS. 73.22.-f Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals – 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals –
75.75.+a Magnetic properties of nanostructures

1 Introduction

An important contribution to the remarkable progress in
nanoparticle magnetism is well-known to come from the
development of advanced manufacturing techniques such
as gas evaporation experiments [1], colloidal chemistry
strategies [2], and electrodeposition techniques [3] which
have allowed the fabrication of a large variety of pure
and alloyed particles with different sizes and morphologies
having contrasting properties. Besides the importance of
studying still open problems on basic research, nanopar-
ticle systems have been found to be also attractive due to
their applications on chemical catalysis, optical devices,
and magnetic recording. Intensive experimental studies
have clearly shown that the characterization and control
of their microstructure and chemical composition are of
fundamental importance for a complete understanding of
the observed macroscopic behavior and that small varia-
tions of these quantities can lead to the existence of novel
phenomena.
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It is generally believed, on the basis of experimental
data and theoretical calculations, that the magnetic mo-
ment (per atom) of nanoparticles is enhanced compared
to the bulk value due to the reduced dimensionality and
strong surface contributions. This is observed, not only for
pure metal clusters, for example of ferromagnetic elements
(Ni [4], Co [5]) or of elements which are not magnetic in
the bulk and magnetic in clusters (Rh for instance [6]), but
also for alloys. As a representative example of the last case
we would like to mention the recent magnetic measure-
ments performed by Zitoun et al. [7] on bimetallic Co−Rh
clusters synthesized by means of an organometallic pre-
cursor technique where it has been found that remarkably
large magnetic fields of up to 30 T are not sufficient to fully
saturate the magnetization of the nanoparticles. In fact,
average magnetic moments of ∼2.3 µB/Co atom have been
obtained in these clusters, that are considerably larger
than the ones found in the bulk Co−Rh alloys [8], and
even larger than the values obtained in the case of pure
CoN particles [9].

Recently, Li et al. [10] have synthesized ultra-fine
Fe−Ni particles (with a mean diameter of 30–35 nm)
of several chemical compositions by using the hydrogen
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plasma reaction method and determined their structure
and magnetization. Using the X-ray diffraction technique,
they have shown that the structure of these nanoparticles
remains fcc up to at least 60% of Fe content above which
the bcc structure starts to appear. Surprisingly, they have
found that the magnetic moment per atom in these clus-
ters is much lower than that of the corresponding bulk
samples in the whole range of compositions. This reduc-
tion of the magnetization is also observed for pure Ni and
Fe nanoparticles. As suggested by Li et al., this low magne-
tization might be due to a non alignment of the magnetic
moments of surface atoms in the applied field, or the ex-
istence or not of single domains. In addition, due to the
preparation method, adsorbed gases are expected to be
present on the surface, a fact that is well-known to lead,
at least in most of the extended transition metal surfaces,
to a sizable quenching of the local magnetization [e.g., H
adsorption on Ni(001) thin films [11]]. However Li et al.
pointed out that another source of reduction of magnetiza-
tion should be present since the saturation magnetization
does not increase significantly in the Fe−Ni cluster alloys
with increasing Fe content as in the bulk samples. They
also stated that this cannot be explained only by the ex-
istence of magnetically dead (or considerably quenched)
surface layers since no obvious change in the mean parti-
cle size with the Fe content is observed.

This experimental study has motivated two theoret-
ical works. We would like to mention first the work
of Guevara et al. [12] who have investigated the mag-
netism of an fcc Fe47Ni178 cluster built from alternate
shells of Fe and Ni atoms by using a tight-binding model
Hamiltonian. They found, for their most stable solution,
a ferromagnetic configuration with an average magnetic
moment of 1.25 µB/atom, which is slightly larger than
the bulk alloy value and cannot explain the experimen-
tal findings in Fe−Ni nanoparticles for that composition
(∼0.5 µB/atom). However they mentioned the existence
of anti-ferromagnetic (AF) solutions close in energy. Later
on, Rao et al. [13] have analyzed, by using a first-principle
molecular-orbital approach, the magnetic and structural
properties of very small Fe−Ni clusters with equi-atomic
composition (having up to 8 atoms). They have obtained
that the magnetic moment per atom in these alloys is al-
most insensitive to the specific geometry of the clusters
and found average moments as large as 2.3 µB/atom, i.e.,
considerably enhanced with respect to the bulk alloy value
for that composition. Furthermore, by considering clus-
ter structures made of small fractions of the bcc lattice,
the authors of reference [13] have analyzed the energetics
and magnetic behavior of iron-rich clusters (Fen−1Ni with
n = 9, 15, 27 and Fe7Ni2). The average magnetic moment
in all cases was found to be unaffected by the precise lo-
cation of the Ni atom(s) within the structures and equal
to 2.67 and 3.07 µB/atom for Fe8Ni and Fe14Ni clusters
respectively, which are values again enhanced with respect
to both Fe−Ni bulk and nanoparticle measurements.

Thus, at least up to now, there is no explanation for the
measurement of Li et al. However we believe that there are
some important aspects not included in the previous theo-

retical modelling that make difficult the comparison with
experimental findings. First, the size of the observed parti-
cles is much larger than the size that can be reached in any
type of electronic structure calculations. Second, the effect
of the possible existence of adsorbed gases on the external
shell of the clusters needs to be considered. However, as
clearly shown in the experimental work of Knickelbein and
co-workers [14] and Cox et al. [15], that have analyzed the
effect of hydrogen and oxygen adsorption, respectively, on
the magnetic moments of Fe clusters, the correlation be-
tween the magnetic properties and the degree of surface
contamination can be very subtle. Actually, unlike the case
of thin films where adsorption of these molecules quenches
the magnetic moment, in cluster systems these authors
have found that the magnetic moments of hydrogenated
or oxydized clusters could be higher than those of free
clusters, being thus probably a source of either reduction
or enhancement of the average magnetization. Third, the
configuration of the synthesized Fe−Ni particles could be
the result of a competition between thermodynamic and
kinetic factors (due to the rapid condensation of the evap-
orated gases in the method of hydrogen plasma reaction).
This fact might lead to the formation of unusual struc-
tural and chemical phases (completely different from the
ones observed in the equilibrium Fe−Ni phase diagram)
that could strongly affect the magnetic behavior, and it
is actually the contribution of this separate effect that we
would like to underline in the present contribution. Actu-
ally, the existing calculations have been limited to a given
chemical order and the influence of a change of chemical
order, for instance, the possible existence of a phase seg-
regation, leading to nanoparticles of the core-shell type,
has not been analyzed and may be of fundamental impor-
tance in determining the magnetic behavior observed on a
macroscopic scale. Finally, it should be remarked that the
previous semi-empirical and ab-initio calculations were re-
stricted to analyze only the spin magnetization of the clus-
ter and, as a consequence, the contribution of the orbital
moments to the total magnetization in low dimensional
systems and its complex behavior as a function of the lo-
cal atomic environment have been neglected [16–18].

In the present work we have performed a system-
atic theoretical investigation of the magnetic properties
of Fe−Ni cluster alloys by using a d-band tight-binding
Hamiltonian treated in the unrestricted Hartree-Fock ap-
proximation, as proposed in reference [20], where the ef-
fects of the spin-orbit interaction (which allows us to
calculate the orbital contributions to the total magneti-
zation) are included non perturbatively. Concerning the
cluster structures we assume [guided by X-ray diffraction
(XRD) spectra reported in Ref. [10]] unrelaxed fcc frag-
ments and, consequently, we limit ourselves to Fe contents
smaller than 75%. For the reasons that we have discussed
above, we have decided to analyze, for each one of the
considered compositions, (1) Fe−Ni alloyed particles (in
which starting from pure Ni, a gradual random substitu-
tion of the Ni atoms by Fe is performed) as well as (2) seg-
regated clusters with a core-shell structure, namely, Fe at
the core and Ni in the outer shells and vice-versa. In these
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last cases, we will consider both ideal core-shell Fe−Ni
nanoparticles (characterized by a perfect separation of
species) as well as structures having different degrees of
intermixing at the Fe−Ni interface. Special attention is
paid on the local distribution of the magnetic moments
in the particles (both spin and orbital contributions) and
with this analysis we have been able to observe well de-
fined chemical configurations that can considerably reduce
the total magnetization of the system. In particular this
reduction of the magnetic moment per atom begins to ap-
pear in Fe core structures when the size of the core is not
too small. This trend is revealed by complete calculations,
i.e., including spin-orbit coupling, on 19 and 43 atom clus-
ter alloys. It is confirmed by the study of larger clusters
(up to 321 atoms) which have been carried out neglecting
the spin-orbit coupling to make the calculations tractable
since we have found that the main effect comes from the
spin polarization. Even if within the considered theoreti-
cal framework we are not able to determine the most sta-
ble chemical configuration in our cluster alloys, we believe
that the strong correlation between chemical order and
magnetic behavior in Fe−Ni cluster alloys could play an
important role in the magnetization data reported by Li
et al. The rest of the paper is organized as follows. In Sec-
tion 2 we briefly describe the theoretical model used for
the calculations. In Section 3 we present the discussion
of our results and finally, in Section 4 the summary and
conclusions are given.

2 Theoretical model

Self-consistent semiempirical calculations have been per-
formed for several Fe−Ni cluster alloys by using the
realistic d-band tight-binding Hamiltonian, proposed in
reference [20], which includes the intra-atomic Coulomb
interactions in the unrestricted Hartree-Fock approxima-
tion and the effects of the spin-orbit coupling non per-
turbatively. The model has been described in detail else-
where [21,22], thus we only summarize its main points.

Due to the inclusion of the spin-orbit (SO) interaction,
the rotational invariance of the electronic Hamiltonian is
no longer preserved and depends now on the orientation δ
of the magnetization in the system. In the usual notation
the Hamiltonian is given by

Hδ =
∑

iλ,σ

∆εδ
iσniλσ +

∑

iλ,jµ,i�=j,σ

tiλ,jµc+
iλσcjµσ

+
∑

i,λσ,µσ′
ξi(Li · Si)λσ,µσ′c+

iλσciµσ′ , (1)

where c+
iλσ(ciλσ) refers to the creation (annihilation) oper-

ator of an electron with spin σ in the d orbital λ at atomic
site i and niλσ = c+

iλσciλσ defines the electron number op-
erator. The first term of equation (1), ∆εδ

iσ corresponds
to the site- and spin-dependent energy shift of the d level
εiσ = ε0d + ∆εδ

iσ (where ε0d stands for the d orbital energy
in the paramagnetic bulk) and is determined by the global

charge and the spin as follows

∆εδ
iσ = U(i)∆nδ(i) − σJ(i)Sδ(i), (2)

with ∆nδ(i) = nδ(i)−nd(bulk). The average intra-atomic
direct Coulomb repulsion integral is denoted by U and
the average exchange integral is denoted by J . The spin-
quantization axis is taken to be parallel to the magneti-
zation direction, which is assumed to be uniform within
the cluster. In the second term of equation (1) tiλ,jµ de-
notes the corresponding hopping integrals between sites i
and j and orbitals λ and µ and finally, the third term
corresponds to the spin-orbit interaction treated in the
usual intra-atomic single-site approximation [23,24]. Here,
ξi stands for the SO coupling constant at atom i (i.e.,
ξFe and ξNi) and (Li · Si)λσ,µσ′ refer to the intra-atomic
matrix elements of L · S which couple the up and down
spin-manifolds and which depend on the relative orienta-
tion between the magnetization direction and the cluster
lattice. The number of d-electrons at site i,

nδ(i) =
∑

λ

(〈
nδ

iλ↑〉 + 〈nδ
iλ↓

〉)
, (3)

and the local spin S(i) = [Sx(i), Sy(i), Sz(i)] at each clus-
ter site i and for a given direction of magnetization δ,

Sδ(i) =
1
2

∑

λ

(〈
nδ

iλ↑〉 − 〈nδ
iλ↓

〉)
, (4)

are calculated self-consistently by integrating
the local density of states (LDOS) ρδ

iλσ(ε) =
−(1/π)Im{Gδ

iλσ,iλσ(ε)}, where Gδ(ε) = [ε − Hδ]−1

is the Green function operator, up to the Fermi level εF

which is determined by the number of d electrons per
atom in the clusters.

The local orbital moments Lδ(i) at each cluster site
are calculated from

Lδ(i) =
∑

σ

m=2∑

m=−2

∫ εF

−∞
m ρδ

imσ(ε) dε, (5)

where the real d-orbitals have been transformed to the
complex spherical harmonics basis and m refers to the
magnetic quantum number. Here, the quantization axis of
the orbital momentum is the same as the spin quantization
axis.

The LDOS ρδ
iλσ(ε) are determined by performing in-

dependent self consistent calculations for each orientation
of the magnetization δ. In all cases, we will consider a
magnetization direction, along the z-axis taken as a prin-
cipal symmetry axis of the particle, as well as one in-plane
direction within the xy-plane of the clusters, taken along
a nearest neighbor bond. However, it is important to re-
mark that the magnetization direction in the structures
can be chosen without restrictions. The LDOS ρδ

iλσ(ε)
are computed by using Haydock-Heine-Kelly’s recursion
method [25]. The number of levels used in the continued
fraction expansion of the Green’s function is such that the
results for ρδ

iλσ(ε) correspond to the exact solution of the
single-particle problem.
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3 Results

The parameters used for the calculations on Fe−Ni cluster
alloys are the following. The two-center d electron hop-
ping integrals between atoms of the same element (i.e.,
Ni−Ni and Fe−Fe) are given by the canonical expres-
sion [26] in terms of the corresponding bulk d-band widths
of the elements involved in the cluster alloys [27], namely:
Wb(Fe) = 6.0 eV and Wb(Ni) = 5.0 eV. On the other
hand, the heteronuclear hoppings integrals (Fe−Ni) are
obtained as the geometric average of the corresponding
homonuclear hopping integrals. This has been proved to
be a very good approximation in calculations for embed-
ded clusters [28], bulk alloys [29] and multilayers [30] of
transition metals. The intra-atomic exchange integral J is
chosen to yield the proper magnetic moment and exchange
splittings in the bulk at T = 0 [J(Fe) = 0.67 eV and
J(Ni) = 0.5 eV] with bulk d-band fillings of nd(Fe) = 7.0
and nd(Ni) = 9.0 as used in previous works [16,31]. Charge
transfer effects are treated in the limit of large direct
Coulomb repulsion U [i.e., U(i) → +∞ and ∆nδ(i) → 0
with U(i)∆nδ(i) finite], which amounts to impose local
charge neutrality at each site i. This approximation is well
justified in this case due to the similar electronegativity
of both elements, which is at the origin of the negligible
charge transfer obtained in small Fe−Ni clusters [13], thin
films [32], and bulk alloys [33]. Finally, the correspond-
ing values of the SO coupling constants are taken from
reference [24] [ξFe = 0.05 eV and ξNi = 0.11 eV].

Concerning the structure of our particles we use, fol-
lowing the XRD spectra of Fe−Ni nanoparticles of ref-
erence [10], bulk fcc fragments of 19, 43, 201, 249, and
321 atoms. We will consider low, medium, and high (how-
ever less than about 75%) concentrations of Fe atoms in
the particles being 1) randomly distributed in the struc-
ture as well as 2) in segregated configurations (core-shell
arrays) in which Fe can be at the core and Ni in the outer
shells or vice versa (having both abrupt and alloyed in-
terfaces), for the two previously mentioned orientations of
the magnetization. In the following subsections we present
and discuss our results.

3.1 Magnetic properties of fcc Ni19 and FeNi18 clusters

We would like to show first our results for the magnetic
properties of pure unrelaxed fcc Ni19 and single Fe-doped
FeNi18 clusters, in order to analyze the behavior of the
local moment distribution across the particles and how
this distribution is affected by the presence of a single Fe
atom included as a substitutional impurity in the struc-
ture. No lattice relaxation effects were included and thus
the cluster sites refer to the positions of an ideal small
fragment of the fcc lattice with an interatomic distance of
2.5 Å, which corresponds to the bulk interatomic spacing
of both Fe and Ni elements (RNi−Ni = RFe−Fe = 2.50 Å).

In Figure 1 we plot the decomposition of the local mo-
ment into spin 2Sδ and total Mδ = 2Sδ +Lδ contributions
at each site i of the fcc Ni19 cluster for two orientations
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Fig. 1. Calculated local spin 2Sz(i) and total magnetic mo-
ments Mδ(i) for the fcc Ni19 cluster. In the inset we show the
structure of the Ni19 cluster together with the two considered
orientations of the magnetization. The central site is defined
by i = 1, values from i = 2−13 specify atoms located at the
first shell of neighbors, and sites with i = 14−19 define the
outermost atomic shell.

of the magnetization as referred to in the inset. The cen-
tral site is defined by i = 1, values from i = 2−13 specify
atoms located at the first shell of neighbors around the
central atom, and sites with i = 14−19 define the outer-
most atomic shell. First, we would like to comment that,
in agreement with the results obtained in previous theo-
retical studies on surfaces [21], thin films [34], and small
particles [20,35], the spin moments are found to depend
very weakly on the direction of magnetization so we only
refer here and in the following to the results for 2Sz, which
corresponds to the magnetization oriented along the z-axis
of the particle. By looking at the behavior of 2Sz(i) at
the different sites i we observe no sensitivity to the local
atomic environment since the spin magnetic moments are
nearly saturated (∼0.96 µB), and are thus independent of
the existing small intra-atomic redistributions of charge,
the local coordination, and of the precise details of the
electronic spectra (degeneracy, local d-band widths, etc.).
A similar result has been reported at the fcc surfaces of Ni
by both semiempirical [21] and ab-initio [36] calculations
where the magnitude of 2Sz (∼0.6 µB) has been found to
be also almost independent of the open or closed-packed
character of the surface layer and of the position of the
Ni atoms in the structure (at the surface or at the in-
ner planes). On the contrary, we note that the total local
moment Mδ(i) depends significantly on the local atomic
environment and on the direction of magnetization, due to
the sizable orbital contributions, and is thus different for
the different sites. As can be inferred from Figure 1, the
values of Lδ(i) for the central and outer atoms can even
differ by more than 500%, and also the variations at the
inner sites are remarkable. In particular, it is important to
note that geometrically equivalent sites in the cluster [i.e.,
atoms belonging to a given shell of neighbors (i = 1, 2–13,
and 14–19)] can become inequivalent when the spin-orbit
coupling is considered since the direction of the magneti-
zation must be fixed and a preferential axis is introduced.
Consequently, there is a lowering of the symmetry with
respect to the geometrical one. For instance, when the
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magnetization is along the z-axis, the sites i = 6−9 which
belong to the z = 0 plane have the same value of Lz and
which is different from that found for sites i = 2−5 and
i = 10−13 which are themselves equivalent. Similarly, the
second nearest neighbors of the central atom located in
the z = 0 plane (i = 15−18) are equivalent but different
from the two others (i = 14 and 19). However, as will be
seen in the following sections, in the case of cluster alloys
the symmetry can be completely destroyed or conserved to
some degree, the latter case occurring for instance when
the chemical configuration is such that there remains a
rotational invariance with respect to the magnetization
direction.

From Figure 1 we also note that, when compared
with the measured values for the orbital moment in the
bulk [37], Lexp

bulk(Ni) = 0.051 µB, a sizable enhancement
is found at all the sites, being more pronounced at the
atoms located at the outermost shell (as large as 600%
for Lz). Actually, it is this complex structure of Lδ(i)
vs. i that induces also a complex behavior for Mδ(i)
[Mδ(i) = 2Sδ(i)+ Lδ(i)] which is thus of fundamental im-
portance for a realistic determination of the magnetization
profile within the structure. The average orbital magnetic
moment 〈Lδ〉 ∼ 0.18 µB/atom is thus an important con-
tribution, is always parallel to the spin moment and thus
adds to 2〈Sδ〉 = 0.96 µB/atom representing about 16% of
the total magnetization 〈Mδ〉 of the Ni19 cluster. Similar
enhancements for the orbital moments have been obtained
in previous calculations for NiN clusters [16], where their
importance for a quantitative comparison between the-
ory and the experimental average magnetization data has
been demonstrated.

The local spin moment distribution when a single Fe
atom is introduced as a substitutional impurity in sev-
eral different positions in the previous fcc Ni structure re-
veals also some interesting trends. The most important
feature to remark is that the average spin moment in
FeNi18 clusters (1.07 µB/atom) is independent of the po-
sition of the Fe atom in the structure, being the result of
saturated-like contributions from both Ni (∼1.0 µB) and
Fe (∼3.0 µB) species. In our FeNi18 clusters, the well de-
fined value for the average spin magnetization can be un-
derstood in terms of the corresponding changes induced
in the electronic spectra of the 19-atom structure with the
inclusion and different locations of the Fe atom. Actually,
by analyzing the average electronic density of states (not
shown) of all configurations we have noticed that, even
if significant removal of degeneracies as well as level in-
versions are obtained all along the electronic spectra in
FeNi18 clusters, the existing highly degenerated states for
the up- and down-spin bands located around the Fermi
level do not change their position with the location of the
Fe atom within the structure. As a consequence, the total
occupations for the up and down spin bands are practically
always the same, giving thus an almost constant average
spin moment. A similar result has been also obtained by
Rao et al. [13] when analyzing the spin magnetization of a
single Ni impurity in a bcc 15-atom iron structure, as well
as of small equiatomic FeNi clusters, by means of first
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Fig. 2. Local orbital magnetic moments Lδ(i) as a function
of the atom number i for two representative FeNi18 clusters.
The results shown in (a) and (b) correspond to atomic config-
urations in which an Fe atom is placed in the second and first
shell of neighbors of the 19-atom structure, respectively. The
values of Lδ(i) at the Fe sites are denoted by the filled circles.

principles calculations, where the average spin magnetic
moments were also unaffected by the precise location of
the Ni and Fe atoms within the clusters.

Next, in Figures 2a and 2b, we plot representative re-
sults showing the behavior of the local orbital magnetic
moments for two different positions (nearest and next-
nearest neighbor of the central atom) of the Fe atom (de-
noted by a filled circle) within the 19-atom structure. From
the figures we note that, contrary to the spin case, the or-
bital moments in both FeNi18 clusters are very sensitive
to the local atomic environment and show a complicated
distribution as a function of i and of the position of the
Fe atom. We note also that, when compared with the re-
sults presented in Figure 1, a more complex oscillatory
behavior across the clusters is found for Lδ(i) together
with a larger anisotropy, ∆Lzx(i) = Lz(i) − Lx(i), be-
tween the values obtained for the two considered orienta-
tions of the magnetization, which implies that the orbital
magnetic moments at the Ni sites are very sensitive also to
the chemical environment. Actually, we have found that,
in contrast to the spin moments, the orbital moments of
the Ni atoms surrounding the Fe impurities are most of-
ten considerably reduced when compared with the corre-
sponding values in the pure Ni19 structure [compare for
example Lδ(i) with i = 5, 8, 9, 13 in Figs. 1 and 2a]. How-
ever, sizable enhancements can be also observed at the
more distant Ni sites [see for instance the results for i = 1
in Figs. 1 and 2a] a behavior that, on the average, only
slightly affects the orbital moment per Ni atom in both
FeNi18 clusters (〈Lδ〉 ∼ 0.18 µB/Ni).

As in the pure Ni19 cluster, we can appreciate both
in Figures 2a and 2b the existence of values as large as
0.30 µB for Lδ(i) at some Ni atoms, i.e., about 600% larger
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than in the bulk. The orbital moment at the Fe site is
most often enhanced (up to 180%) with respect to the
measured bulk value [37], Lexp

bulk(Fe) = 0.092 µB, however
it is considerably reduced when the Fe atom moves from
the outermost shell to the interior of the structure, going
from 0.17 → 0.11 → 0.08 µB when the Fe atom is located
in the second shell [Fig. 2a], in the first shell [Fig. 2b] and
at the central site of the cluster (not shown), respectively.
At this point, it is important to remark that in all the pre-
vious configurations for the FeNi18 cluster, which roughly
correspond to the limit of an Fe impurity in a nickel-rich
environment, the orbital-to-spin ratios 〈Lz〉/2〈Sz〉 for Fe
are equal to 0.058, 0.037, and 0.03, respectively, which are
very similar to the ratio 〈Lz〉/2〈Sz〉 = 0.05 ± 0.02 for Fe
measured by Foy et al. [32] in dilute random alloys of Fe
in nickel by means of X-ray magnetic circular dichroism
(XMCD). Finally we must say that, in contrast to the
general behavior observed at Ni atoms, small anisotropies
between the values of Lx and Lz at the Fe sites are always
observed [see the results for i = 18 and 10 in Figs. 2a
and 2b, respectively], a fact that anticipates small mag-
netic anisotropy energy contributions since according to
reference [24] Lz − Lx ∝ Ex − Ez , where Ex − Ez is the
variation of the total electronic energy when the orienta-
tion of the magnetization is rotated from the z- to the
x-axis. Thus the local contributions of the Fe atoms are
unimportant in determining the orientation of the global
magnetization in the system.

3.2 Magnetism of fcc FeNNi19−N cluster alloys
(N = 6, 9, 13)

The results discussed in the previous section have already
revealed the existence of an interesting behavior for the
spin, orbital, and total magnetic moments in both Ni19
and FeNi18 clusters as a function of the local geometri-
cal and chemical environments. However, it is clear that
when increasing the Fe content in the clusters, additional
interesting phenomena may appear due to the increasing
Fe−Ni interactions and appearance of Fe-rich regions in
the clusters. Furthermore, it should be possible to analyze
the role of the chemical ordering in the total magnetiza-
tion of the particle and to quantify how the possible ex-
istence of random alloys or the clustering of a particular
species in the structure affects the energy level spectra as
well as the local moment distribution across the clusters.
This fact might induce dramatic changes in the magnetic
properties of the system.

The cluster structures, orientations of the magnetiza-
tion, and the chemical configurations used in the calcula-
tions are illustrated in Figure 3. In the figure we consider
again 19-atom Fe−Ni cluster alloys but having now 6, 9,
and 13 iron atoms (denoted by light grey circles) incorpo-
rated as substitutional impurities which corresponds to 30,
47, and 68% of Fe content, respectively. The configurations
(in which only the front view is presented) shown in Fig-
ures 3a, 3d, and 3g illustrate random arrays of Fe atoms,
Figures 3b, 3e, and 3h correspond to core-shell arrays
(cs1) in which Ni atoms are at the center surrounded by

col. 1 col. 3col. 2

ran.

cs1

cs2

Mz

Mx

a)

b)

d)

e)

c)

g)

h)

f) i)

Fe6Ni13 Fe9Ni10 Fe13Ni6
Fig. 3. Illustration of the cluster structures and chemical con-
figurations for FexNi19−x (x = 6, 9, 13) cluster alloys. The
structures shown in (a), (d), and (g) correspond to random
(ran.) arrays of six, nine, and thirteen Fe atoms (light grey
circles) included as substitutional impurities in the 19-atom
cluster. (b), (e), and (h) define core-shell arrays (cs1) of six,
nine, and thirteen Ni atoms (dark grey circles) clustered in the
center of the structure surrounded by Fe atoms, and (c), (f),
and (i) illustrate core-shell configurations (cs2) of six, nine,
and thirteen Fe atoms covered by Ni species. The considered
orientations of the magnetization are also shown.

Fe atoms, while Figures 3c, 3f, and 3i show again core-shell
configurations (cs2) in which now Fe atoms are clustered
at the center covered by Ni atoms.

Let us emphasize that, similarly to the single impurity
case, in the random and cs1 configurations, the value of
the average spin moment 2〈Sz〉 in both Fe6Ni13 [Figs. 3a
and 3b] and Fe9Ni10 [Figs. 3d and 3e] clusters is in-
dependent of the chemical ordering, being the result of
saturated-like contributions from both Ni (∼1.0 µB) and
Fe (∼3.0 µB) atoms. The magnitude of 2〈Sz〉 increases
with the Fe content giving values of 1.61 µB/atom for
both configurations shown in Figures 3a and 3b and of
1.93 µB/atom for the alloys shown in Figures 3d and 3e.
As already discussed in the previous section, the robust-
ness of the energy level distribution around εF is at the
origin of this behavior. On the other hand, for the Fe13Ni6
random cluster alloy [see Fig. 3g], the high percentage of
Fe content leads to the existence of some iron-clustering in
well defined regions of the structures. This Fe aggregation
in the particle induces the formation of nonsaturated local
moments at the iron sites (a well-known tendency of pure
iron clusters) that reduces also the spin magnetization at
the Ni atoms. Even if for this larger content in Fe 2〈Sz〉
still increases, its magnitude is now more sensitive to the
chemical ordering of the Fe and Ni atoms in the cluster
alloys yielding values of 2.26 and 2.40 µB/atom for the
configurations shown in Figures 3g and 3h, respectively.

As in the single Fe-impurity case, the different be-
havior for the average magnetization obtained between
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Fig. 4. Calculated local spin moments 2Sz(i) for (a) Fe6Ni13,
(b) Fe9Ni10, and (c) Fe13Ni6 clusters. We show results only for
cs2 configurations as specified in col. 3 of Figure 3.

Figures 3g and 3h can be explained by looking at the pre-
cise details of the DOS around the Fermi level in both
alloys. In this case, by comparing the paramagnetic aver-
age DOS of the Fe13Ni6 cluster (not shown) in the random
and core-shell cs1 configurations, we have noted the ex-
istence of sizable differences between the two atomic dis-
tributions all along the electronic spectra, however, the
most remarkable feature is that the value at the Fermi
level for the cs1 configuration is almost 30% larger than
that found in the random array. Therefore, according to
the Stoner theory we can expect that the magnetic mo-
ment of the core-shell cs1 structure will be higher than
in the random distribution. This is actually the behavior
obtained when the calculation is performed by switching
on both the considered exchange interactions as well as
the SO contributions in our electronic Hamiltonian.

A more interesting situation occurs for the core-shell
arrays in which the Fe atoms are clustered inside the parti-
cles (cs2). The local spin magnetization profiles for these
chemical configurations are shown in Figure 4 where 6
[Fig. 4a], 9 [Fig. 4b], and 13 [Fig. 4c] Fe atoms are assumed
to be located at the center of the structure. In these cases,
even for the lowest Fe content shown in Figure 4a, appre-
ciable local variations of 2Sz(i) are already observed both
in iron- and nickel-rich regions, which is in contrast with
the saturated values obtained for the configurations shown
in Figures 3a and 3b. Indeed, the values of 2Sz(i) at the Fe
sites vary now between 2.7–3.0 µB while at the Ni atoms
we find values ranging from 0.75–0.98 µB. This behavior
is similar to the local moment distribution obtained for
the Fe-rich Fe−Ni random cluster alloys discussed in the
previous paragraph where a small aggregation of Fe atoms
in the structure [see Fig. 3g] was at the origin of the de-
velopment of non saturated local moments in the particle.
When increasing the Fe content we note from Figure 4b
a sizable quenching of the spin magnetization at the Fe
atom located at the center of the structure and finally, an
antiparallel configuration sets in for 13 Fe-atoms [Fig. 4c],
a behavior which can be compared with the well-known
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Fig. 5. Local orbital magnetic moments Lδ(i) as a function of
the atom number i for Fe6Ni13 clusters. We show results for
(a) random, (b) cs1, and (c) cs2 configurations as illustrated
in col. 1 of Figure 3. The values of Lδ(i) at the Fe sites are
specified by the filled circles.

tendency to antiferromagnetic-like alignments of the local
moments in γ fcc Fe [39], and that has been also observed
in free uncovered small fcc Fe clusters by Lee et al. [40] as
well as by Dorantes-Dávila and co-workers [41].

It is thus clear that, by increasing the concentration
of Fe atoms in the cs2 configuration, the average value of
the spin magnetization in the clusters has a non mono-
tonic behavior going from 1.52 → 1.72 → 1.21 µB when
the Fe content varies from 30 [Fig. 4a] to 47 [Fig. 4b] to
68% [Fig. 4c]. In these configurations, the considerably re-
duced value for the average magnetization in the Fe13Ni6
structure [see Fig. 3i] is related to the appearance of a well
defined fcc Fe-rich region having spin configurations with
antiparallel arrays. Actually, it is important to comment
that the magnetization of the iron core strongly influences
the magnetic behavior of the surface Ni atoms, where the
spin moments can be lowered to values as small as 0.2 µB

in the Fe13Ni6 cluster alloy [Fig. 4c]. However, as will be
discussed in the following sections, for the larger sizes we
have found that, when increasing the number of Ni atoms
covering the iron-rich cores, this significant quenching of
the local moments will be restricted only to the nickel
atoms near the Fe−Ni interface, the outermost Ni sites
exhibiting a bulk-like value (∼0.6 µB) for 2Sδ(i).

In Figures 5 and 6 we show now the behavior of the
local orbital moments Lδ(i) for 19-atom Fe−Ni clusters
having low and high Fe contents, respectively, with ran-
dom, cs1, and cs2 configurations. From both figures we
note a complex behavior as a function of the concentra-
tion and chemical ordering within the clusters that pre-
cludes us from deriving simple general rules. As in previ-
ous cases, we found sizable enhancements of the orbital
moments with respect to both Fe and Ni bulk values, that
are most often more pronounced at the outermost atomic
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Fig. 6. Local orbital magnetic moments Lδ(i) as a function of
the atom number i for Fe13Ni6 clusters. We show results for
(a) random, (b) cs1, and (c) cs2 configurations as illustrated
in col. 3 of Figure 3. The values of Lδ(i) at the Fe sites are
specified by the filled circles.

sites. Large anisotropies are sometimes found between the
values of Lδ(i) for the two considered orientations of the
magnetization, and finally, even if in pure solids the orbital
moment is larger for Fe than for Ni, we note that this is no
longer necessarily the case when they are alloyed to form
small clusters.

Actually, it is interesting to look at the evolution of the
orbital-to-spin ratio in our random cluster alloys [Figs. 5a
and 6a] and to see how the sizable modifications in the lo-
cal order as a function of the Fe content [namely: presence
of relatively isolated Fe impurities for a low Fe content as
shown Fig. 3a and the formation of iron-rich regions in
the clusters as shown in Fig. 3g with 68% of Fe] is re-
flected in this experimentally accessible quantity. Besides,
as already referred in the previous paragraphs, there are
some XMCD measurements on disordered fcc Fe−Ni thin
films as a function of the Fe content to which it would be
interesting to compare our results. For the low, medium
(not shown), and high concentration regimes of iron in our
Fe−Ni clusters we obtain always the same 〈Lz〉/2〈Sz〉 ra-
tio for Fe, being thus independent of the alloy composition
and approximately equal to 0.045. This value is similar to
that measured by XMCD on disordered fcc Fe−Ni thin
films at different degrees of Fe content [32] from which
also a constant orbital-to-spin ratio for Fe was found to be
equal to 0.05±0.02. On the other hand, for Ni we observe a
more sensitive behavior in our cluster alloys in which the
〈Lz〉/2〈Sz〉 value changes from 0.135 → 0.118 → 0.096
when we increase the Fe content from 30, to 47, and
68%, respectively. Interestingly we can notice that, for the
low Fe content regime [Figs. 3a and 5a], our calculated
〈Lz〉/2〈Sz〉 ratio for Ni is close to the value measured in
disordered fcc Fe−Ni thin films which report a value of
0.14 ± 0.02 for Ni [32]. On the contrary, in the random
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Fig. 7. Illustration of the cluster structures and chemical con-
figurations for FexNi43−x (x = 13, 19) cluster alloys. The struc-
tures shown in (a) and (d) correspond to random (ran.) arrays
of thirteen and nineteen Fe atoms (light grey circles) included
as substitutional impurities in the 43-atom cluster. (b) and (e)
define core-shell arrays (cs1) of thirteen and nineteen Ni atoms
(dark grey circles) clustered in the center of the structure sur-
rounded by Fe atoms, and (c) and (f) illustrate core-shell con-
figurations (cs2) of thirteen and nineteen Fe atoms covered by
Ni species. The considered orientations of the magnetization
are also shown.

Fe13Ni6 cluster, for which a highly interacting system with
nonsaturated magnetic moments is obtained, our theoret-
ical orbital-to-spin ratio for Ni is considerably reduced,
being of the order of 0.09, a value that is comparable to
the one measured in bulk-like nickel thin films (0.096) [42].

3.3 Magnetism of fcc FeNNi43−N cluster alloys
(N = 13 and 19)

We have considered also 43-atom nickel fcc clusters in
which we have included 13 and 19 Fe atoms as sub-
stitutional impurities in random configurations [Figs. 7a
and 7d] as well as in core-shell arrays where again Ni atoms
are clustered in the center of the structures surrounded
by Fe atoms [Figs. 7b and 7e] and vice-versa [Figs. 7c
and 7f]. The decomposition of the spin moment Sz at each
site of the structures and for the two considered orienta-
tions of the magnetization, as illustrated in Figure 7, re-
veals similar trends as the ones discussed in the previous
sections. As a representative example, we would like to
discuss the Fe19Ni24 cluster (44% of Fe content). In this
case, we have found that the random alloy as well as the
core-shell configuration in which the Ni atoms are located
at the center of the Fe19Ni24 structure are characterized
by the existence of saturated-like contributions from both
Fe and Ni atoms. Thus their average spin magnetizations
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Fig. 8. Calculated local spin moments 2Sz(i) for the Fe19Ni24
cluster. We show results only for the cs2 configuration as spec-
ified in col. 2 of Figure 7.

2〈Sδ〉 are approximately equal (∼1.8 µB/atom). This value
for 2〈Sδ〉 is also almost the same as in the 19-atom clus-
ter alloys shown in Figures 3a and 3b that have almost
the same iron composition (47% of Fe content), in which
an average spin magnetization of 1.72 µB/atom has been
found. Finally, it is also close to the average magnetiza-
tion measured in both Fe−Ni thin films and bulk alloy
(∼1.7 µB/atom) for that percentage of Fe content [32].

On the other hand, as we show in Figure 8, for the core-
shell Fe19Ni24 cluster having an iron core [see Fig. 7f], we
observe a more complex magnetization profile. As in pre-
vious cases, the central site is defined by i = 1, values from
i = 2−13 specify atoms located at the first shell of neigh-
bors, sites with i = 14−19 define the next nearest neigh-
bors and finally, for i = 20−43, the outermost atomic shell
is defined. In this case, we note again the formation of an
antiparallel spin configuration in which the local moment
at the central site is aligned in an opposite direction with
respect to those obtained in the rest of the atoms of the
structure. As already observed in Figure 4c, this behavior
is related to the formation of a well defined iron-rich fcc
region in the clusters. Notice that reduced values for the
local spin moments at the Fe sites are found, especially
on the nearest neighbors of the central atom, accompa-
nied with a significant quenching in the spin moments at
the surface Ni sites. Furthermore, we note well defined in-
terface effects in Figure 8: the Fe atoms forming the last
atomic shell of the embedded iron cluster (i = 14−19),
which are characterized by a sizable reduction in their
number of Fe−Fe pairs, have local spin moments with val-
ues as large as 2.2 µB, being remarkably increased when
compared to the fcc Fe bulk value (∼0.7 µB) and of the
order of the one obtained for the bcc macroscopic iron
structure (∼2.1 µB). It is thus clear that the magneti-
zation profile in Fe−Ni cluster alloys strongly depends
on the chemical configurations of the Fe and Ni atoms
within the structures, producing dramatic changes in the
average spin magnetization of the clusters. Actually, the
value of the average spin moment 2〈Sz〉 = 0.5 µB/atom
found in the cs2 Fe19Ni24 cluster alloy [see Figs. 7 and 8]
is considerably reduced when compared to the average
values obtained from the random and cs1 distributions
(2〈Sz〉 ∼ 1.8 µB/atom). However, as will be seen in the
following, it is close to the experimentally obtained av-
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Fig. 9. Local orbital magnetic moments Lδ(i) as a function of
the atom number i for Fe19Ni24 clusters. We show results for
(a) random, (b) cs1, and (c) cs2 configurations as illustrated
in col. 2 of Figure 7. The values of Lδ(i) at the Fe sites are
specified by the filled circles.

erage magnetization in Fe−Ni ultrafine particles for that
range of compositions.

The local orbital moments Lδ(i) in the 43-atom clus-
ter with a 44% of Fe content and for the three consid-
ered chemical configurations are shown in Figure 9 from
which it is obvious that the orbital moments, in contrast
to the spin magnetization in random and cs1 structures,
strongly depend on the local geometrical and chemical en-
vironments. In fact, large fluctuations between the differ-
ent sites are found and no tendency to a uniform orbital
magnetization, as in the case of Sz(i), is observed. From
Figures 9a and 9b, Lδ(i) follows a clear trend with re-
spect to the local coordination for both Fe and Ni. In-
deed, the less coordinated sites located at the outermost
atomic shell (sites with i = 20−43) are the ones with
the largest enhancements relative to the bulk [values for
Lδ(i) of the order of ∼0.2 µB at the Ni sites can be
found]. However, when compared with the distributions
shown in Figures 2, 5 and 6, we note an average decrease
of Lδ(i) together with smaller anisotropies, ∆Lzx(i), be-
tween the two considered orientations of the magnetiza-
tion, due to the increased electron delocalization and to
the more spherical shape of the cluster. Note also that,
similarly to Fe13Ni6, the average orbital moment is signif-
icantly smaller for the Fe-core cluster. It is also interesting
to analyze the orbital-to-spin ratio in these bigger cluster
alloys. On the one hand, for the random distributions with
30 and 44% of Fe content we obtain, as in previous cases,
the same values of 〈Lz〉/2〈Sz〉 for Fe, equal to 0.043. In
the case of Ni, the existence of still a large number of iso-
lated Fe atoms in the structures for the considered iron
contents (no sizable Fe clustering is present) leads also
to an almost constant value for 〈Lz〉/2〈Sz〉 of the order
of 0.13 and 0.12 in both Fe13Ni30 and Fe19Ni24 cluster
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alloys. As previously discussed, these values are similar to
those obtained from XMCD measurements in disordered
Fe−Ni thin films [32] where a composition-independent
orbital-to-spin ratio for Fe has been observed, together
with a considerably enhanced value of 〈Lz〉/2〈Sz〉 for Ni
with respect to the bulk, and of the order of 0.14 ± 0.02.

4 Discussion

It is interesting to discuss also about the possible impli-
cations of the observed strong correlation between chem-
ical order and magnetic behavior obtained in our model
Fe−Ni cluster alloys on the magnetization measurements
of Li et al. [10] performed on Fe−Ni ultrafine particles.
However, it is important to underline first that, in the
previous experiments, Fe−Ni particles with an average di-
ameter of 30−35 nm have been produced, thus a size out
of reach of computer calculations. Furthermore, there are
some effects related to the chemical and magnetic struc-
ture of their surfaces that need to be mentioned. First,
the particles were exposed to hydrogen, argon and air be-
fore the magnetic characterization and as a consequence,
the possible presence of adsorbed gases on the surface is
expected to yield already reduced values for the average
magnetization. Second, complex non collinear spin con-
figurations at the surface can be present due to a possi-
ble uneffective alignment of the moments by the applied
magnetic field. Of course, both surface effects will tend
to reduce the average magnetization and in fact, this is
clearly reflected in the measurements for the pure Ni and
Fe particles where the average magnetization has been
found to be reduced by approximately 35 and 20%, re-
spectively, with respect to the expected bulk values. How-
ever, as clearly stated by the authors of reference [10],
when both Fe and Ni atoms are alloyed to form the ul-
trafine particles there should exist an additional factor
leading to an extra quenching of the average magnetiza-
tion that cannot be explained by the surface effects, since
the saturation magnetization of the particles does not in-
crease significantly with increasing Fe content as in the
bulk Fe−Ni samples (see Fig. 8 of Ref. [10]). As stated by
the authors of reference [10] the reason for this behavior
is uncertain and we believe that the strong sensitivity of
the magnetic properties of Fe−Ni clusters to the chemical
order, already illustrated in the previous sections, could
play an important role.

In Figure 10, we show our calculated values for 〈Mz〉 =
2〈Sz〉+〈Lz〉 obtained for the different sizes, compositions,
and chemical configurations considered in our work. By
analyzing first our 19-atom cluster alloys (see the inset of
the figure) we note that, for the random and cs1 configura-
tions we always obtain 〈Mz〉 values that linearly increase
as a function of the Fe content and that are systemat-
ically larger than the Fe−Ni bulk measurements within
the range of compositions studied, similarly to previous
theoretical studies [12,13]. As already shown in the previ-
ous sections these high magnetization values are the result
of saturated like contributions from both Fe and Ni sites.
On the contrary, for the cs2 configurations (see Fig. 3),
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Fig. 10. Average total magnetic moment 〈Mz〉 [〈Mz〉 =
2〈Sz〉 + 〈Lz〉] of 43-atom Fe−Ni cluster alloys as a function of
the Fe content and for different chemical configurations: ran-
dom, cs1, and cs2 (see Fig. 7). The filled and empty triangle-
up symbols correspond to the results obtained for Ni201 and
cs2 Fe13Ni188 clusters (6.4% of Fe content). In the inset, we
show similar results but for the 19-atom fcc structure. The
experimental results from reference [10] for the average mag-
netization for bulk (filled circles) Fe−Ni alloys at different com-
positions are also shown. The lines are just guides to the eyes.

a non monotonic behavior as a function of the Fe con-
tent is observed and, as already seen from Figure 4, the
existence of iron rich regions having nonsaturated local
moments with antiparallel configurations are at the origin
of this behavior. In particular, we note that our results for
〈Mz〉 in the Fe13Ni6 cluster (68.5% of Fe content) [Fig. 3i]
clearly deviates from the Fe−Ni bulk data and becomes
now considerably reduced.

Our calculations for the 43-atom cluster alloys (also
shown in Fig. 10) clearly reveal that the strong correla-
tion between chemical ordering and magnetism in Fe−Ni
clusters results in a remarkable size- and environment-
dependent magnetic behavior. We note the existence of
high magnetization states for the random and cs1 alloys
as well as considerably reduced values for the cs2 config-
urations which are characterized by well defined fcc iron-
rich core regions. Actually, we can see that our values for
〈Mz〉 in the core-shell cs2 arrays are quite comparable
to the experimental findings in Fe−Ni nanoparticles for
Fe13Ni30 (30.2% of Fe content) and Fe19Ni24 (44.2% of Fe
content). These low values for 〈Mz〉 are also observed in
the more dilute Fe9Ni34 cluster and in the highly concen-
trated Fe27Ni16 structure having both cs2 configurations
and Fe contents of 21 and 62.3%, respectively, as well as in
calculations for the more realistic cs2 Fe13Ni188 structure
(see the isolated empty triangle-up symbol for ∼6% of Fe
content) where reduced magnetizations are also observed.
In addition, we must emphasize that when compared with
the value of 〈Mz〉 obtained for the pure Ni201 cluster (see
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Fig. 11. Calculated local spin moments S(j) at each shell of
neighbors j for iron-rich core Fe43Ni158 [(a) and (d)], Fe87Ni156
[(b) and (e)], and Fe135Ni186 [(c) and (f)] nanoparticles. In
the left column we show results for ideal core-shell configura-
tions while, in the right column, core-shell nanoparticles having
Fe−Ni interfaces with different degrees of intermixing are pre-
sented. The values of S(j) at the atomic shells having only Fe
species are specified by the filled circles.

the isolated filled triangle-up symbol), in which already a
bulk value is found (0.62 µB/atom), the inclusion of only
6% of Fe in the center of the structure induces an apprecia-
ble reduction in the total magnetization of the particles.

Our results thus clearly reveal that the only type of
chemical ordering leading to a significantly lowered mag-
netization in the clusters compared with the bulk alloys
is a core shell structure with Fe atoms in the center of
the fcc structure. Note that Fe and Ni atoms have similar
surface energies and, as a consequence, upon alloying, it
is not easy to establish a priori the existence of surface
segregation in favor of a particular species. However, we
would like to mention that Parks et al. [43] by analyzing
the structure of gas phase Fe−Ni cluster alloys by means
of the adsorption of molecular nitrogen on their surfaces
concluded that the nickel-rich Fe−Ni alloy clusters tend
to adopt the same geometrical structures as pure Ni clus-
ters with the iron atoms located inside. In addition, the
ab-initio calculations of Rao et al. [13] addressing the en-
ergetics and magnetic behavior of a single Ni impurity in
an iron-rich environment concluded that it is more favor-
able for the nickel atom to reside at the cluster surface.
It is thus clear that both previous experimental and theo-
retical results point towards the existence of a Ni surface
segregation in real Fe−Ni cluster alloys.

Finally, it is advisable to analyze also the local mo-
ment distribution and the average magnetization of larger
Fe−Ni structures having 201, 249, and 321 atoms. Fol-
lowing our results presented in the previous paragraphs
we will consider only cluster arrays having iron-rich cores
with 21, 35, and 42% of Fe content and, in order to avoid
very large time-consuming computations, we will neglect
the spin-orbit interaction in all cases. In Figures 11a, 11b,
and 11c we show the behavior of the spin moment in each
shell of neighbors for Fe43Ni158, Fe87Ni156, and Fe135Ni186
nanoparticles which actually confirms the trends discussed

in the previous paragraphs. In all cases, we note the exis-
tence of complex magnetization profiles within the struc-
tures being defined by strong variations in the magnitude
and changes of sign of the moments. As already observed
in the small particle regime, we note that the iron cores
are characterized by the presence of antiferromagnetic like
ordering and for having local spin moments most often
considerably reduced with respect to the bulk fcc value
(∼0.7 µB). Similarly also to the results of Figures 4 and 8,
we notice how the reduced values of the magnetization in
the Fe core is accompanied with a significant quenching
of the local magnetization at the Ni sites. Actually, we
have found that the lowering in the magnitude of the lo-
cal moments at the surface atoms of the particles is highly
dependent on the size and composition in the structures,
being less effective when high magnetization states are ob-
tained at the Fe sites closest to the Ni coating material [see
Fig. 11b].

Concerning the behavior of the average magnetic mo-
ment per atom in the particles we have found an almost
constant value in all three cases being of the order of
0.2 µB/atom. However, in this case we would like to com-
ment that even if the Ni atoms would have been deposited
on an already stabilized Fe core, it is very difficult in gen-
eral to obtain high-quality core-shell nanoparticles [as the
ones considered in Figs. 11a–11c] due to the possible ex-
istence of inhomogeneous growth or to the formation of
internal interfaces having some degree of alloying [45]. In
order to explore the role played by this last effect on the
magnetic properties of our Fe−Ni cluster alloys, we have
also performed some calculations for the same structures
considered in Figures 11a–11c but for which we allow some
intermixing between the last atomic shells of the Fe core
and the first layers of the Ni coating. As we can see from
the corresponding local moment distribution shown in Fig-
ures 11d–11f higher values for the spin moments are found
in most of the sites compared to those of a perfect core-
shell structure, resulting in an overall enhancement of the
average magnetization in the nanoparticles. Actually, av-
erage values of 0.42, 0.45, and 0.62 µB/atom are obtained
for the configurations shown in Figures 11d, 11e, and 11f,
respectively.

5 Conclusion

In conclusion, we have systematically studied the mag-
netic behavior of several fcc Fe−Ni cluster alloys with dif-
ferent sizes (19−321 atoms), compositions and chemical
configurations by using a d-band tight-binding Hamilto-
nian. We have found that significant variations in the com-
position and chemical order can have an important effect
on the magnetic properties of the particles. Indeed high
magnetization states are found in the random alloys as
well as in core-shell arrays with a Ni core. On the contrary
perfect core-shell arrays in which Fe atoms are clustered
in the center of the structures have considerably reduced
magnetizations. However, in this last case, the presence of
some intermixing tends to increase the average magnetic
moment. Our results might provide new insight into the
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reduced values of the average magnetization observed in
Fe−Ni nanoparticles [10] and suggesting a core-shell struc-
ture with an Fe core. Thus the knowledge of the chemi-
cal order in the Fe−Ni nanoparticles studied by Li et al.
would be highly desirable to interpret their experimen-
tal results. More generally, the new features that appear
in our bimetallic clusters give the hope that, by simply
altering the composition ratios as well as the chemical or-
dering within the particles (e.g., by thermal treatments or
low energy ion scattering experiments), it is possible to
obtain various structures with different functionalities.
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Sobal, M. Hilgendorff, M. Giersig, Phys. Rev. B 68, 064424
(2003)

19. M.C. Desjonquères, D. Spanjaard, in Concepts in Surface
Physics, edited by R. Gomer, Springer Series in Surface
Science (Springer-Verlag, Berlin, 1993), Vol. 30

20. G.M. Pastor, J. Dorantes-Dávila, S. Pick, H. Dreyssé,
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