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The chemical order and magnetic behavior of Fe-dilute fcc Fe-Pd nanoparticles are theoretically investigated
using many-body potentials derived in the framework of the generalized second moment approximation �SMA�
and self-consistent spin-polarized tight-binding electronic structure calculations, respectively. The SMA total
energy calculations reveal that surface sites and the core region are not favorable positions for the Fe impurities
and that they prefer to accumulate in the subsurface region of the particles, showing a very strong tendency to
separate. However, additional contrasting atomic configurations close in energy are also found which could
imply the coexistence in real samples of several Fe-Pd nanoparticles with a well-defined composition, but
having different chemical orderings. Magnetic properties are first investigated for a single Fe impurity in bulk
Pd, allowing an extension of the polarization cloud around the Fe atom much larger than in an ab initio
calculation. The results are in good agreement with experiments and serve as a reference to identify surface and
size effects in FePd nanoparticles. Nanoparticles containing from 135 to 561 atoms with up to three Fe
substitutional impurities are then investigated, as well as more concentrated ��10% Fe content� shell struc-
tures. The extension and magnetic structure of the Fe-induced polarization cloud is studied in detail as a
function of the size, surface termination, and the precise location and number of the iron impurities in the
particles. The local electronic structure at the Pd sites located at the outermost atomic shell is considerably
perturbed by the subsurface position of the Fe atoms and could modify the catalytic properties of palladium
nanoparticles. Finally, we show that the value of the orbital-to-spin ratio in our Fe-Pd clusters is very sensitive
to the changes in the internal position of the Fe impurities, a result that suggests that x-ray magnetic circular
dichroism experiments can be very useful in order to reveal precise features of the chemical order in these
magnetic nanoparticles.
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I. INTRODUCTION

It is well known that solids made of 4d elements are non-
magnetic. However, it has been clearly established that the
late 4d elements should exhibit a magnetic moment when
their atomic volume1–3 is moderately increased or, possibly,
in clusters �Rh, for instance�.4 In addition, the presence of a
3d ferromagnetic impurity �Fe, Co, or Ni� induces a spin
polarization in its vicinity.5,6 In particular, much experimen-
tal interest has been directed to analyze the magnetic prop-
erties of Fe-Pd compounds in the form of bulk alloys,7,8 thin
films,9,10 and multilayered structures.11 In the previous ex-
amples, both Fe and Pd species are placed in contrasting
local atomic environments in which Fe atoms can be found
as isolated impurities or highly interacting species in a bulk
Pd host, as well as defining complex FePd surfaces or inter-
faces with different degrees of intermixing. Despite the re-
markable variations in the structure and dimensionality of
these systems, general trends concerning the magnetic be-
havior of the Fe atoms and the magnetic response of the Pd
sites can be established from experimental data, namely �i�
both spin and orbital moments at the Fe sites are generally
enhanced with respect to their bulk values; �ii� Fe atoms tend
to polarize adjacent Pd sites leading to the formation of giant
moments or polarization clouds that extend, for example,
over a range about 10 Å around a single Fe atom in dilute
bulk alloys �implying a rapid variation of the induced mo-

ment with the concentration due to interference effects�, or to
a depth of about 20 Å from the FePd interface in Fe/Pd
multilayers; �iii� the Pd polarization is highly temperature
dependent; �iv� the local moments at both Fe and Pd sites
most often couple ferromagnetically �although there is some
evidence also of antiferromagnetic coupling�, and �v� there is
a strong correlation between the magnetic properties and the
degree of chemical order in the samples.

From the theoretical side, Fe-Pd bulk alloys with different
compositions, as well as various low-dimensional structures,
have been extensively analyzed by means of different
approaches.6,12–14 These studies include the magnetic behav-
ior of isolated Fe atoms embedded �deposited� on Pd bulk
�surfaces�, the magnetic properties of ultrathin Pd films
grown on Fe substrates �or vice versa�, and Fe/Pd multilay-
ered structures with varying thickness and composition.
From these investigations it has been found that the strong
hybridization between the Fe-3d and Pd-4d bands plays a
crucial role in determining the electronic and magnetic prop-
erties of the materials. These hybridization effects lead to the
formation of local magnetic moments in well-defined regions
of the structures called polarization clouds. Obviously, those
palladium atoms located far away from the Fe species will be
little affected by the inclusion of the magnetic impurities. It
is clear then that both electronic and local environment ef-
fects determine the extension of the Fe-induced polarization
clouds, as well as the precise details of the local moment
distribution.

PHYSICAL REVIEW B 74, 064415 �2006�

1098-0121/2006/74�6�/064415�14� ©2006 The American Physical Society064415-1

http://dx.doi.org/10.1103/PhysRevB.74.064415


In spite of the above extensive investigations, the mag-
netic properties and atomic ordering processes of Fe-Pd al-
loys in the form of isolated clusters or nanoparticle arrays
have not received similar attention. These kinds of nano-
structures are also of fundamental importance due to their
possible applications as magnetic recording media or to their
use as novel catalytic materials. On the one hand, theoretical
calculations, mostly within the framework of density func-
tional theory �DFT�, have been performed for relatively
small Pd clusters having up to 55 atoms in which a single Fe
atom was always included as a substitutional impurity in the
center of the particles.15 In general, the main motivation of
these studies was to try to understand the magnetic behavior
of Fe impurities in bulk Pd by using a cluster model for the
macroscopic alloy. In fact, these calculations reproduce the
main experimental features of dilute samples, showing a
modest induced magnetic polarization on neighboring Pd
host atoms, which decays with distance from the Fe impurity.

From the experimental side, and due to the recent ad-
vances in gas evaporation and sputtering methods, as well as
in chemical synthesis techniques, a wide variety of Fe-Pd
nanoparticles with different sizes, morphologies, and compo-
sitions can be now currently made. The experimental char-
acterization of these systems has revealed the existence of
interesting complex phenomena that includes fcc to fct �face-
centered tetragonal� structural transformations,16 strong
changes in the coercivity with annealing of the samples,17 as
well as a highly dependent saturation magnetization on the
particle size and composition.18,19 In general, strong finite-
size effects are expected in Fe-Pd nanoparticles and it is clear
that the form and extension of the Fe-induced polarization
clouds will be considerably influenced by the size of the Pd
host, as well as by the strong localization effects present at
the cluster surface. Furthermore, even in dilute Fe-Pd alloys,
a Fe impurity will possibly have another Fe impurity as its
nearest or next nearest neighbor, inducing the appearance of
Fe-Fe hybridization effects and of strongly interfering polar-
ization clouds.

In this paper we present a systematic theoretical investi-
gation of the chemical order and magnetic properties of Fe-
dilute Fe-Pd cluster alloys. We follow a hybrid approach
combining two different models. On the one hand, the most
favorable positions of Fe atoms in the considered Pd nano-
particles are determined by minimizing the total energy of
the cluster alloys, calculated using a many-body semiempir-
ical potential derived in the framework of the generalized
second moment approximation �GSMA�. On the other hand,
we study the magnetic properties using a self-consistent
spin-polarized tight-binding model. The case of a single Fe
impurity in bulk Pd is first investigated to verify that this
model gives results in good agreement with existing ab initio
calculations and to serve as a reference to put forward the
size and surface effects present in clusters. Then we study the
lowest energy chemical orderings found for FePd clusters.
Specifically, and guided by x-ray diffraction patterns16,19 and
Mossbauer spectroscopy experiments20 obtained from ag-
glomerates of Fe-Pd nanoparticles, we consider only com-
pact fcc cluster arrangements. The efficiency of both ap-
proaches allows applications to cluster sizes well beyond the
range of ab initio techniques. We focus on the dependence of

the magnetic properties on relevant variables, such as Fe-
impurity content, surface structure, and particle size. Finally,
by calculating the orbital magnetic moment to spin magnetic
moment ratio for different cluster alloys, we show that the
use of x-ray magnetic circular dichroism experiments can be
very useful in order to reveal precise features of the chemical
order within magnetic nanoparticles. The paper is organized
as follows. In Sec. II we describe the theoretical models used
for the determination of the lowest energy atomic configura-
tions, as well as for the calculation of the electronic and
magnetic properties of the systems. Section III is devoted to
the study of a single Fe impurity in bulk Pd. In Sec. IV our
results for FePd clusters are discussed, and finally in Sec. V
the summary and conclusions are given.

II. THEORETICAL MODELS

Structural and electronic aspects have to be considered in
the study of the magnetic properties of Fe-Pd cluster alloys.
Strictly speaking, calculations involving a simultaneous un-
constrained relaxation of the geometry and unrestricted total
spin value for the clusters are necessary. However, these
types of calculations imply formidable computational re-
quirements. Actually, for clusters containing more than seven
atoms, the ab initio determinations of the ground-state
atomic structures become computationally difficult and, al-
ready for that range of sizes, it is common to combine dif-
ferent theoretical approaches to obtain, first, the ground state
atomic structures within a simplified scheme �semiempirical
potentials, absence of magnetic interactions, etc.�, and then
use a high level of theory to analyze the electronic and mag-
netic properties of the systems. In this paper we follow the
same methodology and start with a brief description of the
models.

A. The semiempirical many-body potential

In order to find the optimal positions of the Fe atoms
inside the clusters, we have set up an alloy potential which is
the sum of a repulsive pairwise contribution and an N-body
attractive term

Etot = �
i

Ei = �
i
��

j

Aij exp�− pij� rij

r0ij
− 1��

− 	�
j

�ij
1/� exp�− 2qij� rij

r0ij
− 1��
�� . �1�

rij is the distance between two lattice sites i and j which are
occupied either by an Fe or by a Pd atom, in practice inter-
actions are cut-off when rij exceeds the next nearest neighbor
�NNN� distance. Aij, pij, �ij, and qij are parameters which can
take three values depending on the nature of the bond ij
�Pd-Pd, Fe-Fe, or Pd-Fe� and r0ij are reference distances cor-
responding to the three types of bonds. Finally the exponent
� describes the many-body nature of the potential and should
be strictly smaller than 1. This condition on � has a clear
physical origin; the energy Ei of an atom i should decrease
more and more slowly when its coordination increases to-
wards the bulk coordination. In the so-called second moment
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approximation �SMA�, which has often been used in the lit-
erature, �=1/2. However, it has been suggested21 that using
�=2/3 would be more appropriate to take into account the
influence of higher order moments and actually improves
significantly the numerical values of the surface energies.22

Thus all our calculations have been carried out with �
=2/3. The parameters relative to a bond between two atoms
of the same chemical species have been fitted from a number
of physical quantities, the reference distance r0ij being the
bulk equilibrium nearest neighbor �NN� spacing which
should obey the bulk equilibrium equation. The chosen
physical properties include the experimental cohesive energy
and bulk modulus, as well as the surface energies of the three
low index surfaces ��111�,�100�,�110�� taken from ab initio
calculations.23 Indeed, in small clusters the proportion of sur-
face atoms is large and it is important that the potential de-
scribes fairly accurately the surface energetics. We have veri-
fied that the elastic constants C and C� are in qualitative
agreement with experimental values. The Fe-Fe and Pd-Pd
parameters are given in Table I and the fitted physical quan-
tities are compared to the fitting database in Table II.

The parameters corresponding to heteroatomic bonds can
be obtained using a fit on already known properties of or-
dered alloys. Since in this work we only consider Pd clusters
with a low Fe content, we have restricted ourselves to the
alloys Pd3Fe and PdFe for which the equilibrium lattice pa-
rameter, formation energy, and bulk modulus are known
from ab initio calculations.12 Taking r0ab= �r0aa+r0bb� /2 as
the reference distance, it is often assumed in the literature
that the parameters for heteroatomic bonds are given by
pab= �paa+ pbb� /2, qab= �qaa+qbb� /2, Aab= �AaaAbb�1/2, �ab

= ��aa�bb�1/2. We have used these expressions as starting
points but we have allowed all of them to vary by several
percent. Finally, a very good agreement was found by in-
creasing the above values of Aab and �ab by 12%. The result-

ing parameters for heteroatomic bonds are given in Table I
and the fitted properties of the two ordered alloys are com-
pared to the ab initio calculations of Kuhnen and da Silva12

in Table III. As we can see, the good agreement between our
theoretical data and more elaborated calculations is very sat-
isfactory and will serve as a basis to accurately describe the
chemical ordering in our considered Fe-dilute Fe-Pd nano-
particles.

B. Tight-binding electronic Hamiltonian

The next step is to apply a self-consistent tight-binding
approach to analyze the electronic and magnetic properties.
The electronic Hamiltonian includes the intra-atomic Cou-
lomb interactions treated in the unrestricted Hartree-Fock ap-
proximation. The model has been described in detail
elsewhere;24 thus, we only summarize its main points and
discuss the choice of parameters. In the usual notation the
Hamiltonian is given by

H = �
i�,�

��i�ni�� + �
i�,j	,i�j,�

ti�,j	ci��
+ cj	�, �2�

where ci��
+ �ci��� refers to the creation �annihilation� operator

of an electron with spin � in the d orbital, � at atomic site i,
and ni��=ci��

+ ci�� defines the electron number operator. The
first term of Eq. �3�, ��i� corresponds to the site- and spin-
dependent energy shift of the d level �i�=�d

0+��i� �where �d
0

stands for the d orbital energy in the nonmagnetic bulk
which has been taken as the energy zero� and is determined
by the global charge �n�i� and the spin S�i� as follows:

��i� = U�i��n�i� − �J�i�S�i� , �3�

��= +1 �−1� for spin up �down�� with �n�i�=n�i�−nd�bulk�.
The average intra-atomic direct Coulomb repulsion integral
is denoted by U�i� and the average exchange integral is de-
noted by J�i�. They depend on the chemical species of the
atom located at site i. In the second term of Eq. �3�, ti�,j	
denotes the corresponding hopping integrals between atoms
at sites i and j and orbitals � and 	. The number of d elec-
trons at site i,

n�i� = �
�

�
ni�↑� + 
ni�↓�� , �4�

and the local spin S�i� at each cluster site i,

TABLE I. The parameters defining the potential of Pd-Fe alloys:
Aij and �ij are given in eV and r0ij in Å.

Atom pair Aij pij �ij qij r0ij

Pd-Pd 0.142 11.55 1.054 2.53 2.750

Fe-Fe 0.184 8.59 1.293 1.68 2.481

Fe-Pd 0.181 10.07 1.307 2.11 2.616

TABLE II. The fitted values of the cohesive energies �Ecoh in
eV/atom� bulk moduli �B in GPa� and of the surface energies �in
eV/surface atom� of the three low index surfaces of Pd�fcc� and
Fe�bcc� compared with the fitted data �the experimental values of B
and the surface energies obtained from the ab initio calculations
have been obtained from Ref. 23�.

Element Ecoh B ES�111� ES�100� ES�110�

Pd �fit� 4.03 194 0.63 0.79 1.24

Pd �data� 3.89 195 0.68 0.89 1.33

Fe �fit� 4.85 152 2.34 1.29 0.81

Fe �data� 4.35 168 2.69 1.27 0.98

TABLE III. The fitted values of the lattice parameters �a in Å�,
the formation energies �Eform in eV/atom� and of the bulk moduli
�B in GPa� of Pd3Fe and PdFe ordered alloys compared with the
fitted data drawn from the ab initio calculations by Kuhnen and da
Silva �Ref. 12�.

Alloy a Eform B

Pd3Fe �fit� 3.82 −0.20 207

Pd3Fe �data� 3.86 −0.18 183

PdFe �fit� 3.75 −0.27 204

PdFe �data� 3.78 −0.28 215
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S�i� =
1

2�
�

�
ni�↑� − 
ni�↓�� , �5�

are calculated self-consistently by integrating the local den-
sity of states �LDOS� 
i�����=−�1/��Im�Gi��,i������ (where
G���= ��−H�−1 is the Green function operator) up to the
Fermi level �F which is determined by the total number of d
electrons in the clusters. The LDOS 
i����� are computed by
using the Haydock-Heine-Kelly’s recursion method25 in
which Gi��,i����� is written as a continued fraction. For sys-
tems with an infinite number of atoms the continued fraction
coefficients are calculated exactly up to a given number Nl of
levels �i.e., the first 2Nl moments of the LDOS are exact� and
then terminated with the usual square root terminator. In the
case of clusters the number of levels of the continued frac-
tion is finite, the recursion process stops at Nl� steps and thus
the result for 
i����� corresponds to the exact solution of the
single-particle problem.

The parameters used for the calculations concerning a Fe
impurity in bulk Pd and Fe-Pd cluster alloys are the follow-
ing. The two-center d electron hopping integrals �� ,� ,
�
between atoms of the same element �i.e., Fe-Fe and Pd-Pd�
are taken proportional to �−6,4 ,−1� �Ref. 26� and fitted to
reproduce the bulk d-band widths of the elements involved,27

namely, Wb�Fe�=6.0 eV and Wb�Pd�=5.86 eV. Then the
Fe-Fe hopping integrals are modified to take into account the
different interatomic distances in bulk Fe and bulk Pd ac-
cording to the d−5 law. Hopping integrals are neglected be-
yond the second nearest neighbors. The heteronuclear hop-
ping integrals �Fe-Pd� are obtained as the geometric average
of the corresponding homonuclear hopping integrals. This
has been proved to be a very good approximation in calcu-
lations for embedded clusters,28 bulk alloys,29 and
multilayers30 of transition metals. Charge transfer effects are
treated in the limit of large direct Coulomb repulsion U�i�
�i.e., U�i�→ +� and �n�i�→0 with U�i��n�i� finite�, which
amounts to imposing local charge neutrality at each site i.
This assumption can be justified in this case since, in the ab
initio electronic structure calculations performed by Kuhnen
and da Silva12 of various Fe-Pd bulk alloys with different
compositions, the electronic occupations were found to be
independent of the Fe content in the alloys, as well as almost
insensitive to small contractions and expansions around the
equilibrium lattice parameter of the structures. The values for
the intra-atomic exchange integrals JFe �0.67 eV�, as well as
for the d-band filling nd�Fe� �6.5� have been already used in
previous works.31 The determination of the corresponding
parameters for Pd will be discussed in the next section.

III. STUDY OF AN ISOLATED Fe IMPURITY
IN BULK Pd

In this calculation we must start from an accurate density
of states for bulk Pd, i.e., the number of exact levels in the
continued fraction giving the bulk Green function must be
such that the density of states is converged. We have found
that the densities of states �DOS� calculated with 25 and 30
levels are almost indistinguishable. Consequently, in the fol-

lowing all the local densities of states �LDOS� have been
calculated with 30 exact levels �i.e., 60 exact moments�. The
DOS of bulk Pd, obtained with the hopping integrals deter-
mined as explained in Sec. II, is given in Fig. 1.

The next step is to fix the value of the exchange integral
JPd in Pd which is of prime importance in studying the mag-
netization induced by an Fe impurity on the neighboring Pd
atoms. Bulk Pd is not magnetic at its equilibrium distance;
JPd cannot be derived from the experimental magnetic mo-
ment as done for JFe. In the present model JPd is actually the
Stoner parameter which can be calculated from the expres-
sion of the susceptibility, i.e., � /�0= �1−Jn��F��−1 where
n��F� is the bulk density of states per atom and per spin at the
Fermi level. Taking the value of � /�0 and n��F� from the ab
initio calculations of Moruzzi et al.27 yields JPd=0.67 eV.

We must now determine the number of d electrons per
atom in Pd, nd�Pd�. In ab initio calculations the Fermi level
is located on the high-energy side of the peak close to the top
of the d band at about 2/3 of its height. In our DOS this
corresponds to a d-band filling lying in the range 9.2–9.3
electrons per atom. Note that in our calculation Pd would be
magnetic in the bulk for a d-band filling belonging to the
interval �8.85–9.15� and it would be physically unreasonable
to have a d-band filling less than 8.85. An alternative way to
determine nd�Pd� is to ensure that bulk Pd becomes magnetic
when the lattice is expanded by 5% to 6% as found in ab
initio calculations.1–3 This leads to nd�Pd��9.25 by taking
into account that nd�Pd� increases by �0.1 electron1 during
this expansion. We have thus adopted this value. In our cal-
culations we have neglected the perturbation due to the Fe
atom beyond its Nsth nearest neighbors and the number Ns
has been varied until the total moment induced by the Fe
atom is stabilized. It has been found that this moment con-
verges for Ns around 13–17. Indeed the comparison between
the results obtained with Ns=13 and Ns=17 shows that the
moments of the Pd atom beyond the 14th shell are less than
10−3	B, so that the total spin magnetic moment is almost the
same in both calculations �2ST�6.1	B�. The variation of the

FIG. 1. The density of states �DOS� for fcc bulk Pd calculated
within our tight binding scheme. The position of the Fermi energy,
�F, is indicated by the dotted line.
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local moment of a Pd atom as a function of the shell of
neighbors of Fe is shown in Fig. 2. It is interesting to note
that the moments of the Fe atom �almost saturated� and that
of its nearest neighbors are almost independent of Ns and are
in good agreement with previous ab initio calculations.14 On
the experimental side, Verbeek et al.8 have found that the
moment induced by an Fe atom in Pd varies rapidly with
increasing Fe concentration. This can be inferred from our
results since we predict that about 380 Pd atoms are polar-
ized by a single Fe atom and thus, even at very low concen-
tration, interference effects will occur between the polariza-
tion clouds associated with Fe atoms. The measurement at
the lowest Fe concentration �0.27%� yields a moment of
about �7.3	B per atom. Since we have found that about 380
Pd atoms are polarized �i.e., the radius of the polarization
cloud is �11 Å� around a single Fe impurity we expect that
below a concentration of 0.2–0.3 % the total moment per Fe
atom should become rather constant so that our calculations
are in good agreement with experiments.

Finally, it is interesting to look at the LDOS on the Fe
atom and its first nearest neighbor Pd atoms �Fig. 3�. The
LDOS on the Fe atom �Fig. 3�a�� presents very qualitatively
the same characteristics as those calculated on small clusters
by Delley et al.15 with a low density of occupied states and a
high one above the Fermi level for spin down states. How-
ever, the details of the LDOS for both spins cannot be repro-
duced by the cluster calculations, the latter being strongly
affected by the discrete character of the levels which is still
very present in high symmetry clusters as small as 43 atoms,
and by the large broadening �0.4 eV� of the discrete states
chosen in Ref. 15. In particular the down-spin band on Fe
�continuous line of Fig. 3�a�� exhibits a bound state above
the d band of Pd �at E=2.61 eV� due to the t2g orbitals of Fe
and a quasibound state at E=2.40 eV close to the Pd band
edge due to its eg orbitals. Both are strongly localized on the

Fe atom. The LDOS of the Pd atoms belonging to the first
shell of nearest neighbors of the Fe impurity shown in Fig.
3�b� are scarcely changed relative to that of bulk Pd, except
from the small splitting between the up- and down-spin
bands and the appearance of two small peaks at high energy
in the down spin LDOS due to the tails of the two previously
discussed localized states.

IV. STUDY OF FePd NANOPARTICLES

A. Geometry of the clusters

All considered clusters are a fragment of an fcc lattice and
possess the cubic symmetry.16,19,20 Atomic relaxation is ne-
glected and, since we consider only a very small number of
substitutional impurities in the Pd clusters, we have fixed the
lattice parameter to the bulk equilibrium value for Pd. In-
deed, taking relaxation into account would need huge com-
putations for the sizes of clusters we are considering, and we
do not expect that it would change the main trends, in par-
ticular, the chemical order in the cluster. As shown in Fig. 4,
we consider two types of atomic arrangements in the clus-
ters. The first type is closed-shell cuboctahedral clusters
which, starting from a central atom, are built by adding its 12
NN atoms which gives the first shell. Then the second shell
is obtained by adding the missing NN of the atoms of the
first shell and the process is iterated until the desired number

FIG. 2. Calculated local spin-magnetic-moment distribution
2S�j� for a single Fe impurity embedded in a bulk fcc Pd host. Here,
j=1 defines the location of the Fe atom and j=2–18 specifies the
different radial shells of Pd neighbors surrounding the Fe site. In the
inset, we show similar results but where we plot, for the sake of
clearness, only the local values at the Pd sites, 2SPd�j�.

FIG. 3. The local density of states �LDOS� for �a� a single Fe
impurity embedded in a bulk fcc Pd host and �b� at the first shell of
nearest neighbors Pd atoms.The position of the Fermi energy, �F, is
indicated by the dotted line. The vertical lines correspond to the t2g

bound state of spin down �see text� with a weight �.
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of shells is attained �see Figs. 4�a�–4�c� for 147-, 309-, and
561-atom structures, i.e., 3, 4, and 5 shells, respectively�.
These clusters are homothetic and present eight �111�-like
triangular and six �100�-like square facets. The second type
of clusters are spherical. They are built from a central atom
by adding its successive shells of neighbors until a given
radius �see Figs. 4�d�–4�f� for 135-, 249-, and 429-atom clus-
ters, respectively�. For more than two shells of neighbors,
this type of construction leads to the formation of cluster
structures with sizes, shapes, and surface terminations differ-
ent from the closed-shell ones. As will be seen in the follow-
ing, this will strongly influence the spatial distribution of Fe
impurities in the particles, as well as the magnetic properties
of the Fe-Pd cluster alloys.

B. Optimal positions of the Fe impurities

The optimal positions of a single Fe atom within our con-
sidered Pd nanoparticles is obtained by calculating the total
energy of the PdN−1Fe clusters in which the Fe impurity oc-
cupies successively each geometrically inequivalent site. In
Fig. 5 we show some representative examples of our calcu-
lated lowest-energy atomic configurations in which several
Pd atoms of the surface have been removed in order to more
clearly evidence the internal position of the Fe impurities
�indicated by arrows�. Note that, in most cases, in particular

when the cluster is large enough, the Fe atom is located at
the site the farthest from the center, having, however, its
complete shells of nearest and next nearest neighbors
�NNN�. Thus, the Fe atom is directly bound to Pd atoms
belonging to the outermost atomic shells of the particle �see
Fig. 5�. Indeed, it is energetically favorable to have the maxi-
mum number of NN and NNN Fe-Pd bonds in the cluster.
This can be easily seen by comparing the contributions of
Pd-Pd and Fe-Pd pairs in the sum of exponentials appearing
in the attractive and repulsive terms of the potential �Eq. �1��.
It is found that both for NN and NNN bond lengths the
contribution of a Fe-Pd bond is larger than that of a Pd-Pd
bond in the attractive term, while the NN repulsive interac-
tion is decreased when replacing a Fe-Pd pair by a Pd-Pd
one, the NNN pair interaction being almost unchanged.
Thus, the Fe atoms should be inside the cluster and not at the
surface. Let us now consider the Pd atoms which are directly
bound to the Fe atom. The contribution to the total energy of
these Pd atoms is obviously lowered by the presence of one
Pd-Fe bond. However, the smaller the coordination of the Pd

FIG. 4. Illustration of the geometrical structure of some repre-
sentative PdN clusters considered in this work. In �a�, �b�, and �c�
we show atomic configurations for cuboctahedral particles with N
=147, 309, and 561, respectively, while in �d�, �e�, and �f� we show
the structure of spherical clusters with N=135, 249, and 429,
respectively.

FIG. 5. �Color online� Illustration of some representative lowest
energy atomic configurations for one and two Fe impurities embed-
ded in PdN nanoparticles. In �a� and �b� we show the lowest energy
array for spherical FeeqPd134 and FeeqPd200 clusters, respectively.
�c� and �d� illustrate the equilibrium configurations for cuboctahe-
dral FeeqPd308 and FeeqPd560 nanoparticles, respectively, and finally,
�e� and �f� show the lowest energy structure for spherical Fe2

eqPd199

and cuboctahedral Fe2
eqPd559 clusters, respectively. In all the figures,

some Pd atoms have been removed from the surface to put more
clearly in evidence the position of the Fe impurities �marked with
arrows�.
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atom, the larger this lowering of energy. This is due to the
many-body nature of this potential since ��1. Conse-
quently, the total energy of PdN−1Fe clusters reaches its mini-
mum when the Fe atom belongs to the subsurface region so
that some of their Pd neighbors have incomplete NN and
NNN shells. In fact, this environment dependence is at the
origin of the strong variations for the position of the single
Fe impurity observed in Figs. 5�a�–5�c�, since if we change
the surface termination of the particles �by increasing the
size of the Pd host� the Fe atom is forced to change its
position �occupying subsurface regions below edges, cor-
ners, triangular and square facets� in order to have the most
favorable Pd environment. As a consequence, in clusters
with n closed shells, the Fe atom will always occupy the
same type of sites, namely in the �n−1�th shell when the size
is large enough and in the vicinity of the corners �see Figs.
5�c� and 5�d��, whereas in spherical clusters the atomic en-
vironments of the Pd atoms bound to the Fe atom may be
very different.

The optimal positions of two Fe atoms have been deduced
from the calculation of the total energy for all possible con-
figurations. The results show that when the cluster size is
large enough, the two Fe sites can be determined by maxi-
mizing the number of Fe-Pd NN and NNN bonds and, in
addition, they must be sufficiently far from each other so that
they do not share a NN or NNN Pd atom �see Figs. 5�e� and
5�f��. Let us first explain the former condition. The tendency
to form NN �NNN� Fe-Pd bonds is governed by the differ-
ence in energy between the sum of contributions of Pd-Pd
and Fe-Fe pairs minus twice the contribution of a Fe-Pd pair.
This quantity is almost vanishing for the repulsive interac-
tions while the formation of a NN �NNN� Fe-Fe pair is en-
ergetically unfavorable in the attractive term. This first con-
dition does not prevent the two Fe atoms to share NN or
NNN Pd atoms. However, due to the attractive part of the
potential, two Pd atoms, each of them bound to one Fe atom,
are energetically more favorable than one Pd atom bound to
the two Fe atoms so that, finally, in the best configuration the
two Fe atoms should not share NN and NNN Pd atoms. This
can be always be realized when the size of the cluster is large
enough. Note that, in the latter case, several geometrically
inequivalent configurations may have the same energy.

Using the same arguments as above, we predict that the
lowest energy configuration for Fe atoms in the vicinity of a
Pd semi-infinite crystal will be neither in the surface layer
nor in the bulk, but rather in the subsurface region. This is in
qualitative agreement with experimental and theoretical stud-
ies addressing the surface alloying in ultrathin Fe films de-
posited on Pd�001�,10 where it has been found that the com-
position profile is consistent with a sublayer Fe film located
under one monolayer �ML� thick Pd capping layer. In fact,
such sublayer confinement of a film element with a surface
free energy larger than that of the host element has been also
reported in Fe/Au�001�,32 Pd/Cu�100�,33 Ni/Ag�001�,34 and
Mn/Ag�001�35 films. In general, the existence of subsurface
species has been found to strongly influence the roughness of
the surface, the local moment distribution, as well as the low
energy orientation of the magnetization in the system. In
addition, in a recent work, Kitchin et al.36 have demonstrated
that in the case of Pt�111� films, the existence of 3d transi-

tion metal sublayers �e.g., Ti, V, Cr, Mn, Fe, Co, and Ni�
strongly affects the chemical and electronic properties of the
material, resulting in weaker dissociative adsorption energies
of hydrogen and oxygen on these surfaces, a result that could
have important implications in the context of catalyst design.

In the case of bimetallic nanoparticles the stability of
well-defined single-component subsurface layers has been
recently theoretically predicted by Baletto et al.37 These au-
thors have found, by performing classical molecular dynam-
ics simulations, that in the cases of Ag/Pd, Ag/Cu, and
Ag/Ni core-shell nanoparticles, depending on the tempera-
ture and on the morphology of the preformed Ag core, the
deposited Pd, Cu, and Ni atoms present a strong tendency to
accumulate in the layer just below the surface, thus forming
a well-defined intermediate layer. Interestingly, for all the
elements forming stable sublayers it was found that, when
they exist as single isolated impurities in the Ag host, the
most favorable position is located, as in our case, below the
cluster surface below edges and vertices. We believe that our
results are particularly interesting since our magnetic Fe sub-
surface species might induce a strong polarization at the
neighboring surface Pd sites that could lead to a wide variety
of magnetic behaviors since now, in contrast to the bulk en-
vironment, the magnetic response of our finite host is ex-
pected to be strongly influenced by the size and the surface
termination of the nanoparticles. In addition, it is clear that
the electronic structure of the external Pd atomic shells will
be considerably perturbed by the presence of the subsurface
species, strongly changing their electronic and catalytic be-
havior. As a consequence, the magnetic and electronic prop-
erties of our Fe-dilute Fe-Pd cluster alloys will be exten-
sively analyzed in the following.

C. Magnetic behavior of Fe-dilute Fe-Pd nanoparticles

In this section we present electronic structure calculations
in order to analyze the magnetic behavior of the previously
obtained lowest energy chemical order in our Fe-Pd cluster
alloys. We will focus on the dependence of the magnetic
properties on relevant variables such as Fe-impurity content,
surface structure, and particle size. Finally, we will show
how, by combining the theoretical calculations of the orbital-
to-spin ratio with x-ray magnetic circular dichroism experi-
ments, very precise features of the chemical order in this
kind of magnetic nanostructures could be obtained.

In Fig. 6 we show first the evolution of the calculated
local spin moment distribution 2S�j� at each shell of neigh-
bors j for unrelaxed open-shell FePd134, FePd248, and
FePd428 clusters �see Figs. 4�d�–4�f� for representative ex-
amples�, as well as for closed-shell FePd146, FePd308, and
FePd560 particles �such as the ones shown in Figs. 4�a�–4�c��
with nearest neighbor distances equal to the bulk Pd one. We
consider a fixed number of electrons per site nd�Fe�=6.5 and
nd�Pd�=9.25 as previously discussed in Sec. II B and Sec.
III. Note that both values are of the order of the number of d
holes used in various magnetic circular x-ray dichroism ex-
periments performed on ultrathin Fe/Pd�100� films,38 Pd/Fe
multilayers,39, and Fe-Pd macroscopic alloys.40 In all clus-
ters, the Fe atom is placed at the center of the particles in
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order to try to simulate the local atomic environment of the
Fe-dilute Fe-Pd macroscopic alloys. It is clear that the inclu-
sion of the Fe impurity affects the local magnetic moments at
the neighboring Pd sites �see also the inset of both figures�
leading to the formation of the expected polarization cloud
having a spatial form that strongly depends on the local
atomic environment. In particular, the values for the local
spin magnetization at the nearest Pd atoms surrounding the
Fe impurity, 2S�2�, present strong oscillations when increas-
ing the size of the Pd host and actually, in our biggest con-
sidered cluster �having the most bulklike atomic environ-
ment�, Pd561, the induced maximum Pd moment is at the
nearest Pd sites and equal to 0.14	B/atom �see the inset of
Fig. 6�b��, a value that is in good agreement with the DFT
calculations of Oswald et al.14 performed on Fe-dilute
Fe-Pd alloys and with our results for a single Fe impurity
embedded in a bulk fcc Pd host shown in Fig. 2. Actually, by
looking at the magnetization profiles shown in the insets of
Fig. 2 and Fig. 6�b� for the FePd560 nanoparticle, we see that
both infinite and finite systems have very similar local mo-
ment distribution in which a decreasing oscillatory behavior
is obtained with well-defined maxima at j=7 and 12. In the
bulk structure, almost zero values for 2S�j� are found for
j�15 while, at the cluster system, spin moments of the order
of 0.02	B / atom are still obtained due to the strong surface
contributions.

From both Figs. 6�a� and 6�b� we observe that, when
moving out from the center of the particles, the local mo-
ments oscillate; however, we note that at the most external
Pd sites, the values of 2S�j� are strongly affected by the
surface termination of the particles. In particular, we note
from Fig. 6�a� that when the surface is composed of small
ad-islands located at the facets of the particles �see Figs.
4�d�, 4�e�, and 4�d��, the surface considerably increases its
average magnetization, leading �as we will see in Fig. 7� to
appreciable changes in the total spin magnetization 2ST in
the particles. Interestingly, from Fig. 6�b� we note that for
FePd560 which presents the most extended perfectly flat fac-
ets �see Fig. 4�c�� almost magnetically dead surface layers
are found. For the sake of comparison we have carried out
calculations using our spin-polarized self-consistent tight-
binding approach for �111� and �100� semi-infinite crystals in
which the LDOS were derived from a continued fraction
with 30 exact levels. We have found that these surfaces are
not magnetic, a fact that is consistent with the results on
FePd560.

It is important to comment that the trend of a magnetic
enhancement observed at the surface Pd sites in Fig. 6�a� is
also obtained, although less pronounced, in pure Pd nanopar-
ticles as shown in Fig. 7. It is thus interesting to compare our
magnetization data shown in the figure for pure spherical
Pd429 and cuboctahedral Pd561 clusters with the recent experi-
mental works of Sampedro et al.41 and of Shinohara and
co-workers42 where the existence of a well-defined average
magnetization in nanometer-sized Pd particles has been es-
tablished. Both groups have proposed different explanations
for their measurements. On the one hand, Sampedro et al.
argue that the measured magnetization is due to the presence
of internal defects in the clusters while, on the other hand,
Shinohara and co-workers claimed that it is instead the re-
duced local coordination of the Pd atoms forming the �100�
facets that is at the origin of the magnetic behavior observed

FIG. 6. Calculated local spin magnetic-moment 2S�j� at each
shell of neighbors j for representative single Fe-doped nanopar-
ticles. In all cases, the Fe impurity is always placed at the center
�j=1� of �a� spherical and �b� cuboctahedral clusters of different
sizes. In the insets we plot, for the sake of clearness, only the local
values at the Pd shells, 2SPd�j�.

FIG. 7. Calculated local spin magnetic-moment 2S�j� at each
shell of neighbors j for spherical Pd429 and cuboctahedral Pd561

clusters. In the inset, we show the surface structure of the Pd429

particle; note that the 20th shell corresponds to the three atom is-
lands at the center of the �111� facets.
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in their samples. From our calculations on Pd�100� and
Pd�111� surfaces, as well as for the pure Pd561 particle, we
expect that, when increasing the size of the particles, cluster
surfaces containing perfectly flat �111� and �100� facets will
not be magnetic. However, following our theoretical data for
the pure Pd429, we can speculate that the existence of Pd
nanoparticles having low coordinated atoms adsorbed in the
last shell, that is, a rather open or corrugated cluster surface
could contribute to the measured data, although a role played
by inner defects cannot be excluded.

In Fig. 8, we show now the calculated total spin magne-
tization of single Fe-doped Pd nanoparticles, in which the Fe
atom is at the center as a function of the cluster size N.
Following the complex local moment distribution shown in
Fig. 6, we can see that the total moment exhibits complex
oscillatory variations. In particular, the high values found for
N=249 and 429 originate, as already discussed in the previ-
ous paragraphs, from strong surface contributions, while the
very low values obtained for N=177 and 201 are due to the
existence, in the former, of antiferromagnetic configurations
�not shown� between the local moment at the Fe site and
some of the Pd atoms in the structure and, in the latter, to a
less effective polarization of the Pd host. It is thus clear that
the presence of peaks and valleys in the LDOS around the
Fermi level is very sensitive to the local atomic environment
and could be at the origin of the sizable quenchings, en-
hancements, or changes of sign in the local moments ob-
served in the structures.

Actually, in order to roughly eliminate the surface contri-
butions and to analyze more clearly the convergence of the
induced polarization to the bulk value as a function of N, it is
convenient to define an effective �reduced� volume in the
particles in which only the local contributions to the total
magnetization of the Pd atoms, having their complete first
and second shells of neighbors, is taken into account. The
total magnetization of this effective volume for N=249, 309,

369, 429, and 561 plotted also in Fig. 8 shows, as expected,
less pronounced variations as a function of cluster size and
actually, we note that for the largest considered 561-atom
structure, the total magnetization of this effective volume is
already very close to the total induced moment �6.1	B� that
we have found for an isolated Fe impurity in bulk Pd �see
Sec. III� and to the experimental measurements performed on
Fe-dilute Fe-Pd alloys8 that estimate the formation of giant
moments around the impurities of the order of 7.3	B �see the
isolated point in the figure�.

However, as clearly stated in the previous section, Fe-
dilute Fe-Pd nanoparticles are characterized by a well-
defined chemical order in which the Fe atoms are located just
below the surface of the particles. It is clear that the low
symmetry position of the iron impurities, the finite size of the
host, and the localization effects present at the cluster surface
will strongly change the local moment distribution in the Pd
host �with respect to the one presented in Fig. 6� and thus
modify the average magnetization of the particles.

In Fig. 9 we show the local moment distribution at each
site i, 2S�i�, for single Fe-doped Pd particles but where the
iron impurity is located in their optimal position �Feeq�. In
these cases, the low symmetry location of the Fe species,
together with the relatively large number of atoms forming
the nanoparticles is expected to lead to the existence of clus-
ter structures with a high number of inequivalent sites and, as

FIG. 8. Calculated total spin magnetization �dashed line� for the
single Fe-doped Pd nanoparticles in which the Fe atom is at the
center. The continuous line shows, for some representative ex-
amples, the spin magnetization of an effective volume of the par-
ticles �as defined in the text�.

FIG. 9. �a� Calculated local spin magnetic moments 2S�i� at
each site i for the lowest energy location of a single Fe impurity
embedded in various Pd nanoparticles. As in previous cases, we
show in �b� the local spin moments only at the Pd sites for the same
structures. The sites marked with double circles, filled squares, and
gray rhombuses define the locations of the nearest-neighbor Pd at-
oms surrounding the Fe impurity.
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a consequence, the study of large Fe-dilute Fe-Pd nanopar-
ticles requires a large amount of computer time. However, in
our considered Fe-dilute Fe-Pd cluster alloys, even if the
local magnetization at all the Pd sites is perturbed by the
inclusion of the Fe atoms, we have observed that several Pd
atoms belonging to a well-defined radial shell, but located far
away from the iron impurities, have values of 2S�i� which
are almost the same as those obtained in the corresponding
pure PdN clusters �variations of 10−2 and 10−3	B are ob-
tained�. As a consequence and for the sake of simplicity, we
will consider them as being geometrically equivalent in order
to slightly reduce the computer time in our calculations. Still,
as we will see in the following, cluster structures with sizes
of �250 atoms and having as large as 35 inequivalent sites
need to be solved. Therefore, we have chosen some simple,
computationally tractable, examples and then try to infer
from these results the implications for more concentrated
Fe-Pd alloys. In Fig. 9�a� we show the values of 2S�i� for
FeeqPd78, FeeqPd176, and FeeqPd248 cluster alloys and, in Fig.
9�b�, we plot as in previous cases �for the sake of clarity� the
local moment distribution only at the Pd sites for the same
systems and where we have marked with double circles,
filled squares, and gray rhombuses the nearest neighbor Pd
atoms surrounding the Fe impurity for each one of the con-
sidered clusters. It is clearly seen �Fig. 9�a�� that the spin
moment of the iron impurity is almost insensitive to the dif-
ferent locations within the structures �being always quasi-
saturated, i.e., �3.4	B�. However, as we will see in the fol-
lowing, this will not be the case for the orbital moment
which has been found to be highly sensitive to the precise
details of the local atomic environment, a sensitivity that
could be used to identify relevant features of the chemical
order in the particles.

From Fig. 9 we note that, in contrast to the Fe atom, the
magnetic response of the Pd atoms is strongly affected by the
off-center position of the iron impurity. This is clearly seen,
for example, in the case of the FePd248 alloy �compare the
inset of Fig. 6�a� with the results shown in Fig. 9�b�� where
in the equilibrium configuration it is more common to find
local contributions of the order �greater� of �than� 0.2	B.
Interestingly, and following the trend observed in Fig. 6�a�,
we have found that the Pd sites that are first nearest neigh-
bors of the Fe impurity do not always carry the largest local
spin moment. In fact, the largest enhancement observed in
the 249-atom structure is obtained for the surface site i=31,
which is located at a distance of 16 Å from the Fe impurity.
In contrast, for the smallest 79-atom cluster, the largest value
of 2S�i� is obtained for a surface atom located just above the
iron impurity �see the results for i=17�, a result that illus-
trates the complex interplay between surface and hybridiza-
tion effects in determining the general magnetic behavior of
the particles.

Actually, from Fig. 10 in which we plot the total spin
magnetization for our two types of chemical order we note
that, at least for the smallest sizes, different locations of a
single iron impurity can considerably affect the total magne-
tization of Pd clusters. It is thus clear that an accurate char-
acterization of the chemical order in bimetallic Fe-Pd nano-
particles is a prerequisite for a deeper understanding and
modeling of their properties.

Of course, we note that for the more concentrated alloys,
there will be an additional factor that complicates the inter-
pretation of the magnetization data in these kinds of nanoal-
loys, and that is related to the possibility of having several Fe
atoms not very far from each other. These types of atomic
arrays will perturb further the magnetic response of the Pd
host due to the expected strong interference effects between
the various Fe-induced polarization clouds. In principle, in
the dilute limit with increasing the Fe content, we exchange
weakly magnetic Pd atoms by Fe species with high spin
states and, as a consequence, the total magnetization in the
system must increase. This is actually what we observe from
Fig. 11 where we plot the local moments 2SPd�i� for each
type of Pd site i in the 249-atom cluster having up to three Fe
atoms located at their lowest energy positions. The number
of geometrically inequivalent Pd atoms increases rapidly
with the number of impurities and we have represented by a
single point all atoms having very close spin moments. The
values of 2SFe�i� have been excluded from the figure since,
as in previous cases, the spin moment of the Fe impurities
was found to be almost insensitive to their different locations
within the structure, being always quasisaturated and of the
order of 3.4	B. From Fig. 11 we note that the inclusion of
the Fe impurities considerably enhances the local magnetiza-
tion in all the regions of the structure and actually, we have
found that the total magnetization increases from 9.3, 54.7,
65.6, and 71.5	B when going from the Pd249 to the FeeqPd248,
Fe2

eqPd247, Fe3
eqPd246 cluster alloys, respectively. In the latter

two structures, the different distances between the Fe atoms
are of 8.7 and 11 Å and, even if the magnetic impurities are
well separated from each other, the nonlinear behavior ob-
tained for the total magnetization as a function of the Fe
content indicates that the neighboring polarization clouds
�with a diameter of �22 Å in the bulk� are still interacting
with each other. Actually, as we will see in the following,
there are some cases in which the interference between the
Fe-induced polarizations can lead also to appreciable reduc-
tions of the total magnetization in Fe-Pd nanoparticles.

The results discussed in the previous paragraphs could be
important in real systems since variations in composition in

FIG. 10. Calculated total spin magnetization for single Fe-doped
Pd clusters.
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well-defined volumes of Fe-Pd cluster alloys, or the exis-
tence of homogeneous distribution of both Fe and Pd spe-
cies, can result in a large range of magnetization values,
depending on the size and shape of the surface. As is well
known, the atomic organization of the different species in-
side bimetallic nanoparticles depends on the fabrication tech-
nique, as well as on the experimental parameters controlling
the synthesis procedure �e.g., temperature, solvents, etc.�. In
general these synthesized Fe-Pd particles exhibit chemically
disordered configurations. However, the annealing of the
samples can induce the constituent atoms to rearrange them-
selves and, around specific concentrations, this rearrange-
ment can give rise to long-range ordered cluster alloys. As a
consequence, it could be possible to tune the properties of
this type of nanoclusters, not only by varying their size and
composition, but also their chemical order. This fact has been
already clearly demonstrated in the case of Fe-Pd thin films
by Bernas et al.43 who, by means of He ion irradiation, have
found that the transformation from chemical disorder to or-
der could be accurately controlled.

In order to qualitatively analyze the previous effects, we
consider the case of a 201-atom Pd cluster but in which we
introduce, as substitutional impurities, a total of 24 Fe atoms
in different high symmetry locations, i.e., distributed in
radially layered structures. We do not attempt to obtain the
lowest energy chemical order and consider here three
types of atomic configurations in which the Fe atoms are

first mainly located in the core region and at two different
radial distances from the center of the particles forming
the PdFe12Pd30Fe12Pd146 alloy, then a second segregatedlike
configuration in which the iron impurities are at surface
sites defining the Pd141Fe24Pd36 structure and, finally, a
radially multilayered structure forming the
Pd13Fe6Pd24Fe12Pd80Fe6Pd60 compound. In Fig. 12�a�, we
show the values for the average spin moment 
2S�j�� at each
shell j �j=1 �central atom�, 2–12� for these types of chemical
order. It is seen that, as in previous cases �i� the average spin
moment at the radial shells formed by Fe atoms is almost
insensitive to their position within the Pd host having values
in the range of 3.43–3.47	B and that �ii� the spin magnetic
moment 
2S�j�� at the radial layers exclusively formed by Pd
species is strongly affected by the internal distribution of the
Fe impurities. In particular, note that for the atomic configu-
ration in which the Fe atoms are occupying surface sites in
the particle, a less effective polarization of the Pd host is
found �see the continuous line�, together with the existence
of an antiferromagnetic configuration between the pure Pd
core region and the outermost Fe-Pd alloyed external shells.
The average magnetic moment of this atomic array is equal
to 0.55	B/atom. In addition, when the Fe atoms are mainly
located at the inner sites �dashed line�, a ferromagnetic con-
figuration is now obtained together with a notable enhance-
ment �decrease� of the spin moments in the Pd sites of the
core �surface� region, a result that produces only a slight
increase in the average spin magnetization now equal to
0.6	B/atom. Interestingly, in the more alloyed �radially lay-

FIG. 11. Calculated local spin magnetic moments 2SPd�i� at
each site i for �a� one, �b� two, and �c� three Fe impurities substi-
tuted, at their lowest energy position, in a 249-atom Pd host. The
sites marked with gray rhombuses define the locations of the nearest
neighbor Pd atoms surrounding the Fe impurities.

FIG. 12. Calculated average �a� spin 
2S�j�� and �b� orbital

Lz�j�� magnetic moments at each shell of neighbors j for the
Fe24Pd177 bimetallic cluster having different degrees of alloying �as
defined in the text�.
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ered� Pd13Fe6Pd24Fe12Pd80Fe6Pd60 array, a more effective in-
duced polarization is found in all the Pd sites of the structure,
increasing the average spin magnetization to 0.82	B/atom.

From our results shown in Fig. 12�a�, it appears that the
strong sensitivity of the magnetic response of the Pd atoms
to the precise location of the iron impurities within the struc-
tures can lead to a wide variety of macroscopic behaviors.
Even if we have found that low-energy configurations are
obtained when the Fe atoms are located in the subsurface
region of Pd nanoparticles, some experimental techniques
involving high temperatures and rapid cooling of the samples
can lead to the formation of Fe-Pd nanoalloys characterized
by metastable chemical configurations, and, as a conse-
quence, the precise knowledge of the spatial distribution of
the magnetic impurities is of fundamental importance for a
correct interpretation of the measured data.

At this point, we must stress that precise information con-
cerning the way that different species are organized inside a
particle is a very complex issue and requires the use of ele-
ment sensitive techniques. In this respect, gas adsorption44

and x-ray magnetic circular dichroism �XMCD�
experiments45 have been revealed to be powerful tools in
order to obtain an acceptable chemical characterization in
composite materials. In particular in the latter, the applica-
tion of the sum rules in the analysis of the XMCD measure-
ments links the measured spectra to the value of the spin 2S
and orbital L magnetic moments per atom and actually, the
study of their ratio, L /2S, as a function of composition and
structural parameters of the samples give valuable informa-
tion concerning precise microstructural features. In fact, due
to the element selectivity of XMCD, only the properties of
well-defined chemical species can be explored. This has been
clearly established in the reports of Kamp et al.,40 Le Cann
and co-workers,38 and of Vogel et al.,39 who have analyzed
several Fe-Pd thin films and have found strong variations in
the spin and orbital magnetic moments due to changes in the
chemical order. In the case of nanoparticles systems, Ul-
meanu et al.46 have determined the orbital-to-spin ratio in
Fe-Pt clusters for different Fe contents and have obtained a
stronger concentration dependence than the one found for
Fe-Pt bulk samples.

From the point of view of theory, the calculation of the
orbital magnetic moment requires the inclusion of the spin-
orbit �SO� interaction HSO in the Hamiltonian. This has been
already done in previous works.31,47 Briefly, the additional
SO coupling term is written as

HSO = �
i,��,	��

�i�L� i · S� i���,	��ci��
+ ci	��, �6�

in the usual intra-atomic single-site approximation. Here, �i
stands for the SO coupling constant at atom i �i.e., �Fe and

�Pd� and �L� i ·S� i���,	�� refer to the intra-atomic matrix ele-

ments of L� ·S� which couple the up- and down-spin manifolds
and which depend on the relative orientation between the
magnetization direction 
 and the cluster lattice. Due to the
inclusion of the SO interaction, the rotational invariance of
the electronic Hamiltonian is no longer preserved and H de-
pends now on the orientation of the magnetization in the

system. Consequently, the total energy, the local densities of
states, the spin magnetic moments, and the orbital magneti-
zation all depend on 
 and are defined as E
, 
i��


 ���, 2S
,
and L
, respectively. Finally, the component of the local or-
bital moment L
�i� on direction 
 at each cluster site i is
obtained from

L
�i� = �
�

�
m=−2

m=2 �
−�

�F

m
im�

 ���d� , �7�

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

As representative examples, we have decided to calculate
the local orbital contributions for the previously discussed
radially layered structures for which the spin-magnetic mo-
ments have been presented in Fig. 12�a�. Our aim is to look
for the existence of well-defined features in the values of L


Fe

and in the ratio L

Fe/2S


Fe, characterizing the different chemi-
cal configurations. In all cases, we choose the direction 

=z, which is along a principal symmetry axis C4 of the clus-
ter. The presence of a magnetization in a given direction
breaks the cubic symmetry so that the atoms belonging to the
same coordination shell are no longer equivalent, resulting in
a complex distribution of inequivalent sites that varies when
the orientation of the magnetization is changed. Conse-
quently, and for the sake of clarity, only the values for the
average orbital moment 
Lz�j�� at each shell of neighbors j
are shown in Fig. 12�b�. We note, in agreement with the
behavior previously observed for the local spin moments on
Pd atoms �see Figs. 6, 9, and 11�, that remarkable variations
at both inner and surface sites are also found for 
Lz�j��.
However, contrary to the 
2S�j�� distribution where the Fe
species always have the highest spin states, in Fig. 12�b� we
note that some Pd sites can have larger values of 
Lz�j�� than
the Fe impurities �see the results for the
Pd13Fe6Pd24Fe12Pd80Fe6Pd60 compound� due to their larger
spin-orbit coupling constant � �i.e., �Fe=0.05 eV while �Pd
=0.19 eV�. Most importantly, the value of the orbital mo-
ment at the iron sites 
Lz

Fe� is notably affected by their precise
location within the structures. Interestingly, when the Fe im-
purities are located in the core region of the Pd particle, they
always have a well-defined orbital moment that slightly var-
ies in the range of 0.09–0.10	B �see results for j=2, 3, and
5�, a value comparable to that of bulk Fe, where XMCD
measurements give an orbital moment of 0.09	B.48 Similar
�almost constant� values have been found also in Fe-Pt alloys
where for the FePt3, FePt, and Fe3Pt compounds LFe goes
from 0.1, 0.11, and 0.09	B, respectively.46 However, when
Fe atoms are located at surface sites, enhanced orbital mo-
ments, of the order of 0.12 and 0.14	B �see the results for
j=9 and j=10 for the Pd13Fe6Pd24Fe12Pd80Fe6Pd60 and
Pd141Fe24Pd36 cluster alloys, respectively� are obtained. This
result clearly illustrates the strong localization effects present
at the cluster surface.

It is also interesting to calculate the �easily� experimen-
tally accessible orbital-to-spin ratio for the chemical configu-
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rations investigated in Fig. 12. From our theoretical data we
have found, as a consistent trend, that in all the cluster alloys
the Fe atoms located as bulklike impurities have a well-
defined Lz

Fe/2Sz
Fe ratio ranging from 0.025–0.028. On the

contrary, for surfacelike positions, Fe species have an en-
hanced ratio of the order of 0.035 �see the results for the
dotted line with j=9� and 0.042 �see the continuous line for
j=10�, due to the increase of the orbital magnetic moment
since the spin values stay almost constant. Thus, this quantity
could provide valuable information in order to try to identify
the existence of iron surface segregation or the formation of
core-shell structures in Fe-Pd nanoparticles.

Finally, it is important to discuss also the possible impli-
cations of our observed trends on the magnetization mea-
surements of Taniyama et al.18 and Guzman and
co-workers19 performed on Fe-dilute Fe-Pd nanoparticles. In
both works it has been found that when decreasing the par-
ticle size for a fixed composition, a reduction in the satura-
tion magnetization per atom is obtained. These experimental
measurements are very interesting since they do not follow
the expected trend in which, when decreasing the size of
magnetic nanoparticles, an increase in the average magneti-
zation is always obtained due to the reduction in the average
coordination number. However, both groups have offered
different explanations of their results. On the one hand,
Taniyama et al. state that this reduction can be understood by
assuming the existence of a nonmagnetic surface shell, hav-
ing a well-defined thickness, together with a core region hav-
ing a saturation magnetization enhanced �by a factor of 1.3�
when compared to that of the bulk Fe-Pd alloy. On the other
hand, Guzman and co-workers argue that, since no oxide
phase was observed in their x-ray diffraction patterns, the
origin of the measured data could be explained if it is as-
sumed that, in the nanoparticles, the polarization of the 4d
palladium electrons by the iron impurities is not very effec-
tive. Interestingly, from our results shown in Fig. 12�a�, we
can see that both scenarios can occur in our considered
Fe-Pd nanoparticles, without invoking any oxygen chemi-
sorption on the surface, for well-defined types of chemical
order. We can see �Fig. 12�a�� that, if the Fe species are
mainly located in the core region �dashed line�, relatively
large local magnetization values are found for the Pd atoms
near the center of the particles, �0.5	B/atom, together with a
weakly polarized surface region. On the contrary, if the mag-
netic impurities are placed in the outermost shells �continu-
ous line�, we can appreciate that a less effective polarization
of the Pd host is obtained, characterized by values of 2S�j� of
�0.1	B/atom and the existence of antiferromagnetic arrays.
In contrast, in the more homogeneously alloyed configura-

tion, both the core and surface regions have a well-defined
local magnetization that varies in the range of
�0.4–0.6	B/atom. Even if our results are not strictly com-
parable to both experimental works, we believe that the mi-
croscopic features presented in this paper could help to shed
some more light onto the understanding of the measured
data.

V. SUMMARY AND CONCLUSIONS

In this work, we have systematically studied the chemical
order and magnetic properties of Fe-dilute Fe-Pd nanopar-
ticles by using a many-body semiempirical potential derived
in the framework of the generalized second moment approxi-
mation and tight-binding self-consistent electronic structure
calculations, respectively. We have found that significant
variations in the composition and chemical order can have an
important effect on the magnetic properties of Fe-Pd cluster
alloys. The interaction of Fe impurities with the Pd atoms of
the particles results in strong variations in the magnetic re-
sponse at the host atoms surrounding the Fe sites, leading to
the formation of magnetic nanoparticles with a very inhomo-
geneous local moment distribution. The extension and mag-
netic structure of the Fe-induced polarization cloud has been
compared with those obtained for a single Fe impurity in
bulk Pd calculated using the same model. It strongly depends
on the size and surface termination of the particles, as well as
on the precise location and number of the iron impurities in
the structures, and can lead to sizable quenchings or en-
hancements of the average magnetization. Interestingly, we
have found that the lowest energy atomic arrangements are
always obtained when the Fe impurities accumulate in the
subsurface region of the particles showing a very strong ten-
dency to separate, a result that could be important in order to
improve the catalytic properties of nanometer-sized palla-
dium structures. Finally, we show that the value of the
orbital-to-spin ratio in our Fe-Pd clusters is very sensitive to
the changes in the internal position of the Fe impurities in the
Pd particles; a result that suggests that x-ray magnetic circu-
lar dichroism experiments can be very useful in order to
reveal well-defined features of the chemical order in these
magnetic nanoparticles.
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