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The structural and magnetic properties of free-standing ConRhm clusters(N=n+m<110 andn<m) of three
different symmetries—cubo-octahedral, icosahedral, and hcp—were investigated in two different chemical
orders: segregated and alternated layering alloyed. The initial geometrical structures constructed at bulk dis-
tances were relaxed with a many-body Gupta potential to obtain the cluster geometries and energies. We find
that the lowest energy in the different structures in all the cases corresponds to the segregated case(Rh-rich
core surrounded by Co shells), and that the lowest energy is associated with the hcp structure. The interatomic
distance for all the structures is slightly lower than the Rh bulk distance, in good agreement with the experi-
mental observation ,[Zitoun et al., Phys. Rev. Lett.89, 037203(2002)]. The spin-polarized electronic structure
and related magnetic properties of these optimized geometries were calculated by solving self-consistently a
spd tight-binding Hamiltonian. The magnetic moment of the Rh atoms shows a strong dependence on the
position and environment, whereas the Co atoms show a smoother dependence. The magnetic moment of the
Rh (Co) atoms in the alloying case are larger(lower) than the ones in the segregated case, however, the overall
average for the segregated and alloying case are only slightly different for the different structures. The results
are compared with the experimental data and with other theoretical calculations available in the literature.
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I. INTRODUCTION

One of the most active research topics in condensed mat-
ter physics is the investigation of the finite-size effects in the
magnetic properties of the 3d and 4d transition-metal(TM)
systems like surfaces, superlattices, thin films, and clusters.
It is well established that low dimensionality enhances the
magnetic moments in the 3d ferromagnetic-TM clusters(Fe,
Ni, and Co) and induces magnetic behavior in certain 4d TM
systems like the ones composed of Rh, Ru, and Pd.1–13 An-
other way to polarize these 4d TM elements is to create an
intermetallic alloy with a ferromagnetic 3d TM.14 In low-
dimensional systems, it is expected that the superposition of
the finite-size effects and the alloying with a ferromagnetic
3d TM leads to a particular magnetic behavior related to the
interplay of both effects. In fact, such a phenomenon has
been recently reported by Zitounet al.14 for CoRh nanopar-
ticles of about 200 and 600 atoms synthesized experimen-
tally. This is an example of a low-dimensional system inves-
tigated in this context. Most of the theoretical and
experimental studies of the magnetic properties of CoRh sys-
tems have been performed on extended configurations like
surfaces, superlattices, and sandwiches,15–18 but not on clus-
ters like those experimentally investigated by Zitounet al.14

Moreover, no other studies concerning the magnetic proper-
ties of binary clusters of the 3d and 4d elements have been
reported in the literature so far for cluster sizes in the range

of the experimental report. However, it is worth noticing that
very recently some theoretical calculations using the density
functional theory in the generalized gradient approximation
(DFT-GGA) on the magnetic and structural properties have
been done in the case of very small bimetallic clusters such
as Co-Rh,19 although the results are qualitatively consistent
with experiments reported in the nanometric scale. However,
it is still unclear at present to what extent this trend found in
small clusters can be extrapolated to the nanometer size. In
the case of surfaces, superlattices, and sandwiches, most of
the works are oriented to the study of the giant antiferromag-
netic coupling generated in the interface of the Co and Rh
surfaces and its dependence with the distances and the spacer
thickness for the superlattice like systems.15–18In the case of
the Co-Rh clusters, the experiment has shown that the finite-
size effects, together with the presence of the 3d
ferromagnetic-TM, play a cooperative role that induces a
magnetic moment in the rhodium atoms. This leads to a mag-
netism in the binary clusters of values comparable to or
larger than that of the bulk alloy.20,21

It is well known that the geometrical structure plays an
important role in the magnetism of clusters, and in the case
of bimetallic clusters an additional ingredient comes from
the chemical order. Therefore, for a correct understanding of
the magnetic behavior of the bimetallic Co-Rh nanoparticles,
it is relevant to investigate the local geometrical and chemi-
cal environments within the system in relation to the local
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magnetic moment distribution. No clear experimental infor-
mation on the structure and chemical order is yet available,
although results14 based on wide-angle x-ray scattering
(WAXS) and radial distribution functions(RDF) suggest that
the atomic distance in the clusters is approximately that of
Rh bulk, that the structure may be icosahedral-like as re-
ported for CoPt clusters,22 and that segregation is not prob-
able.

Sondón and Guevara23 have studied the structural and
magnetic properties of CoRh free-standing clusters of 13, 33,
and 55 atoms using molecular dynamics with a Gupta poten-
tial for the structural part, and the tight-binding(TB) Hamil-
tonian for the electronic properties. They have found that the
magnetic moment is not a linear function of the relative con-
centration of Co and Rh. For these cluster sizes, the lower-
energy structures are icosahedral and they suggest a segrega-
tion of the cobalt atoms to the cluster surface. Such
structures have also been found by other authors for pure Co,
Rh, and other TM clusters of small sizes. In contrast, the
phase diagram of the binary Co-Rh system shows that these
metals form an hcp solid.24 It is thus quite possible that a
structural transition occurs for the Co-Rh clusters as the clus-
ter size increases. The experiment of Zitounet al.14 concerns
binary Co-Rh clusters larger than 55 atoms with relative Co
and Rh concentrations close to 50%. It would be interesting
to explore the competition between hcp, fcc, and icosahedral
structures for Co-Rh clusters larger than 55 atoms, to inves-
tigate if the structure and local distribution of Co and Rh can
modify the local magnetic properties of the system, and if
this is reflected in the average magnetization, which is the
experimentally accessible quantity. This is the aim of the
present work.

To determine the role of the structure, bond size, and
chemical order in the magnetic properties of bimetallic
Co-Rh clusters of up to 115 atoms, we locally optimized
some of the possible structures quoted by the
experimentalists14 such as icosahedral, fcc, and hcp struc-
tures with different chemical orders using a semiempirical
Gupta potential for the different chemical orders. Although
the problem of finding the true global minimum in bimetallic
clusters of this size range is intractable due to the astronomi-
cal number of distinct permutations, and although the experi-
ments of Zitounet al. do not suggest crystalline structures,
we assume that the three symmetries considered here, along
with the two distinct chemical orders for each symmetry,
provides a reasonable determination of role played by struc-
ture on the magnetic character of bimetallic Co-Rh. The ac-
tual geometries of these clusters will remain an open prob-
lem until more precise experimental data is available. For
these relaxed structures we determined the electronic prop-
erties using a parametrized TB Hamiltonian in the mean-field
approximation forspdvalence electrons of Co and Rh. The
same model has been used in our previous studies of small
pure Co and Rh clusters.6,11 In the following sections, we
present the theoretical models and approximations used for
the geometric and electronic parts of the problem. Next, we
discuss the results and compare them with the experiment
and available theoretical results. Finally, we present a sum-
mary and conclusions.

II. GEOMETRICAL MODEL AND APPROXIMATIONS

In this work, we have considered cluster sizes as large as
possible sN=n+m<110d, which could be reasonably
handled by the parametrized electronic calculation taking
into account the large number of inequivalent sites generated
in the different geometries and chemical orders investigated.

For the initial cluster geometries we assumed three differ-
ent possible structures:(i) fcc truncated cubo-octahedral
growth N=111, (ii ) truncated icosahedralN=115, and(iii )
hcp fragmentN=115. The initial nearest-neighbor distance,
in units of the Rh-bulk values2.69 Åd, between the atoms in
the clusters was set equal to 1.0 for the fcc and the hcp, and
to an average of 1.03 for the icosahedral due to the two types
of interatomic distances within this cluster. In all cases, we
fixed the composition as close as possible to the equiatomic
concentration(ConRhm with n<m) respecting symmetry of
equivalent sites. Concerning the chemical order, we consid-
ered two possibilities: a segregated system and a homoge-
neous alloy. For the segregated case, we considered a Rh
closed-shell core surrounded by Co layers. The homoge-
neous alloy was formed of Rh rich planes alternated with Co
planes in a superlatticelike structure whose central plane is
always a Rh plane(that is …Rh-Co-Rh-Co-Rh…). In this
type of chemical order there is some amount of disorder due
to the finite size of the cluster, particularly in the case of the
icosahedral cluster(since this is not a crystalline fragment).
The layer structure is similar to theL10 of the bulklike fcc
for an equiatomic binary system. The geometrical shapes of
the clusters used in this work facilitated the comparison of
the effect of geometry on the magnetic character, since the
systems are constructed of approximately the same number
of atoms of both types for the different chemical orders(seg-
regated and alloyed).

The cluster energies and optimized geometries were ob-
tained by performing local conjugate gradient relaxations us-
ing an all atom,n-body Gupta potential modeling the inter-
atomic interactions(see Refs. 6, 11, and 25 for details). The
parameters of the potential for the interaction between atoms
of the same metal were taken from the work of Cleri and
Rosato26 obtained from fits to the bulk lattice parameters and
elastic constants. For the bimetallic(Co-Rh) interaction, we
assumed an arithmetic mean of the individual radii param-
eters and a geometric mean of the potential depths. The local
optimizations respected the geometric order, chemical order,
and composition without the need of special precautions. On
average, nearest-neighbor distances decreased by 2% from
the nearest-neighbor distances of the bulk for the interior
atoms, and by 2.5% for the surface atoms. The geometrical
shapes of the clusters resulting from the optimization are
illustrated in Fig. 1. The cobalt concentrationxCo and the
binding energies per atom in eV of the locally optimized
structures are also shown.

III. ELECTRONIC MODEL AND APPROXIMATIONS

Using the cluster geometries and interatomic distances
obtained as described above, we calculated the magnetic-
moment distribution of the clusters by self-consistently solv-
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ing a TB Hamiltonian for thes, p, andd valence electrons in
a mean-field approximation. In the usual second-quantization
notation, the real space HamiltonianH is given by

H = o
i,a,s

eias Nias + o
i,a,s

iÞ j

ti j
abcias

† cjbs, s1d

wherecias
† scjbsd is the operator for the creation(annihila-

tion) of an electron with spins and orbital statea sbd at
atomic sitei s jd, andNias is the number operator. Electron
delocalization within the system is described by the hopping
integralstij

ab, which were included up to the second-nearest
neighbors and assumed to be spin-independent. The hopping
integrals between atoms of the same element were deter-
mined using the Slater-Koster approximation, with two-
center hopping integrals reproducing the band structure of
the bulk metal.27 Since the interatomic distances in the clus-
ters differed a little from the distances in the bulk, we as-
sumed that in the neighborhood of the ideal first- and
second-nearest-neighbors distances the hopping integrals
obey the usual power lawsr0/ r ijdl+l8+1, wherer0 is the bulk
first- (or second-) nearest-neighbor distance andl and l8 are
the orbital angular momenta of the spin-orbital states in-
volved in the hopping process.28 The heteronuclear hoppings
were calculated as the geometrical average of the corre-
sponding homonuclear hoppings, except for the two-center
ppp parameter between second neighbors, for which we use
the arithmetic average because the Papaconstantopoulos’
parameterization27 produces a different sign in the case of Co
and Rh.

The spin-dependent diagonal termseias in the Hamil-
tonian include electron-electron interaction through a correc-
tion of the energy levels, and are given by

eias = eia
0 + zso

b

Ji,ab

2
mib + Via. s2d

Here, eia
0 is the bare energy of orbitala at site i (that is,

excluding Coulomb interactions). The second term is the cor-
rection for spin polarization of the electrons at sitei smib

=kNib↑l−kNib↓ld, that is, the local magnetic moment exclud-
ing the orbital part. In this second term, theJi,ab are the
exchange integrals andzs is the sign functionsz↑= +1;z↓=
−1d. As usual, we have neglected the exchange integrals in-
volving sp electrons, taking into account only the integral
corresponding to thed electrons. Note that spin polarization
of the delocalizedsp band is also possible as a consequence
of hybridization with thed states. As in our previous work on
pure Co clusters,6 the exchange integral of CoJddsCod
=1.44 eV was optimized in order to reproduce the bulk mag-
netic moment(without orbital contribution) of fcc cobaltm̄
=1.59mB.29 Since rhodium bulk is paramagnetic, we have
optimized JddsRhd=0.40 eV so that it provides simulta-
neously the best fit to the magnetic moments of the Rh13 and
Rh19 clusters as calculated by Jinlonget al.12 through the
DFT method within the local spin-density approximation.
This value ofJddsRhd was used in our previous work on pure
Rh clusters.11 For Rh13 we obtained the same value as Jin-
long et al., whereas for Rh19 we slightly underestimated the
magnetic moment; this value ofJddsRhd corresponds to the
best simultaneous fitting considering the dependence shown
in Fig. 1 of Ref. 11. Those Rh-cluster sizes have been se-
lected for the fit because the icosahedral and double icosahe-
dral geometries are typical in almost all calculations. Finally,
the site-and orbital-dependent self-consistent potentialVia
assures the local electronic occupation, fixed in our model by
doing a linear interpolation between the electronic occupa-
tions of the isolated atom and the bulk according to the ac-
tual local number of neighbors at the sitei. For the isolated
atoms we have taken the ground-state electronic occupations
(7 d electrons and 2s electrons for Co; 8d electrons and
1 s electrons for Rh), whereas the electronic occupations for
the corresponding bulk materials are those given by
Papaconstantopoulos,27 which are consistent with a first-
principles scalar relativistic augmented plane-wave method(
8.02d electrons, 0.64s electrons, and 0.34p electrons for
Co; 7.99d electrons, 0.60s electrons, and 0.41p electrons
for Rh). The local coordinations for the isolated atom and an
atom in the fcc bulk are 0 and 12.6, respectively, provided
that we consider a weight of 10% for the second neighbors
relative to the first neighbors.

The spin-dependent local electronic occupations are self-
consistently determined from the local densities of states

kn̂iasl =E
−`

«F

Diass«dd«, s3d

which are calculated at each iteration by using the recursion
method.28 In this way, the distribution of the local magnetic

FIG. 1. Illustration of the cluster geometries obtained from the
local optimization, where the white spheres represent the cobalt
atoms and the gray ones correspond to rhodium atoms. The upper
row corresponds to the segregated order and the lower one corre-
sponds to the alloyed case. The three types of different structures
are: (a) and (d) cubo-octahedral clustersN=111, (b) and (e) icosa-
hedral clustersN=115, and(c) and (f) hexagonal close-packing
clusterN=115. The cobalt concentration and the cohesive energy
per atom in eV are given below each cluster respectively.
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momentssmi =oamiad and the average magnetic moment per
atom sm̄=s1/Ndoimid of the clusters are obtained at the end
of the self-consistent cycle.

The description of the magnetic properties of low-
dimensional 4d transition-metal systems requires the same
ingredients as for the 3d series, in particular, the explicit
consideration of the electronic delocalization in order to ac-
count for the itinerant character of the magnetism of these
materials and also the symmetry of each system which plays

an important role due to the directional bonding. The fact
that this tight-binding model has been successfully applied to
the study of pure Co and Rh clusters give us confidence in its
utilization for the mixed clusters.

IV. RESULTS AND DISCUSSION

We first discuss the details of the optimized geometrical
structures. In Fig. 1 we present a view of the investigated
clusters. We assume three different possible structures:(i)
cubo-octahedral growth(fcc) N=111, (ii ) icosahedralN
=115, and(iii ) hcp N=115, and two different chemical or-
ders: segregated and alloyed clusters. Notice that in the seg-
regated clusters all surface atoms are of Co, and the slight
disorder present in the case of the alloyed icosahedral cluster
is due to the finite size and the noncrystalline structure. In
Table I, we present the results of the relaxation for the dif-
ferent chemical orders and cluster geometries illustrated in
Fig. 1. The initial nearest-neighbor(NN) distance was that of
Rh bulk for the cubo-octahedral and hcp cases, whereas for
the icosahedral case it was 1.03 times the Rh bulk distance.
The results show a nontrivial relaxation in the atomic bonds
as can be seen in the left-hand side of the first three columns
of Table I. The average contraction within the cluster, regard-
less of the chemical species, is shown in the left-hand side of
the fourth column. In general, the average bond length
shrinks with respect to the Rh bulk value(taken as the unit),
as expected, due to the finite size of the system.6,11 The larg-
est shrinking is presented for the icosahedral shapes<3%d,
followed by the cubo-octahedrals<1.5%d, and finally the
hcp s<1%d. These small compressions are reasonable con-

TABLE I. The relaxed interatomic bond distance and the num-
ber of first nearest-neighbors bonds for each type of the different
possible atomic pairs. Interatomic bond distances are in units of the
Rh-Rh bulk distances2.69 Åd.

N

Segregated

Rh-Rh Co-Co Rh-Co Average

Cubo 111 0.992 234 0.981 90 0.983 120 0.987 444

Ico 115 0.994 216 1.016 96 0.970 120 0.992 432

hcp 115 0.993 186 0.986 123 0.991 192 0.991 501

N

Alloy

Rh-Rh Co-Co Rh-Co Average

Cubo 111 0.987 86 0.984 96 0.989 262 0.987 444

Ico 115 0.986 80 0.978 64 0.993 288 0.988 432

hcp 115 0.990 141 0.992 108 0.992 252 0.991 501

TABLE II. The average magnetic momentsm̄i per shelli, for clusters with segregation.Ai is the type of
atom in the shelli and sZRh,ZCod is the number of Rh and Co neighbors forAi. The shells are ordered by
increasing distance to the center of the clusters.

i

Cubo-octahedron Icosahedron hcp

Ai Ni m̄isZRh,ZCod Ai Ni m̄i sZRh,ZCod Ai Ni m̄i sZRh,ZCod

1 Rh 1 −0.11 (12,0) Rh 1 −0.19 (12,0) Rh 3 −0.15 (12,0)

2 Rh 12 0.04 (12,0) Rh 12 −0.21 (12,0) Rh 2 −0.17 (12,0)

3 Rh 6 0.18 (8,0) Rh 30 0.23 (8,2) Rh 3 −0.15 (10,2)

4 Rh 24 0.33 (7,3) Rh 12 0.55 (6,5) Rh 12 0.17 (10,2)

5 Rh 12 0.46 (5,4) Co 60 2.45 (2,3) Rh 6 0.22 (7,5)

6 Co 8 2.05 (3,6) Rh 6 0.23 (7,5)

7 Co 48 2.50 (2,3) Rh 6 0.67 (4,6)

8 Rh 6 0.97 (4,5)

9 Rh 6 0.62 (5,6)

10 Co 6 2.14 (4,4)

11 Co 12 2.15 (4,4)

12 Co 12 2.13 (4,4)

13 Co 3 2.38 (4,2)

14 Co 2 2.03 (3,6)

15 Co 6 2.48 (1,4)

16 Co 12 2.40 (2,4)

17 Co 12 2.44 (2,3)
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sidering that previous semiempirical global optimization for
pure Rh and Co clusters indicate that the interatomic dis-
tances reach the bulk values for relative small sizes.6,11 On
the right-hand side of the first four columns in Table I, we
give the neighbor map, that is, the different numbers of the
first NN pairs (FNNP), which provides insight on the geo-
metrical order within the system. The total number of bond-
ings are given in the right-hand side of the fourth column. In
the segregated case approximately 50% of the FNNP are
Rh-Rh, whereas in the alloy configuration 60% of the FNNP
are Rh-Co. Therefore, one would expect the alloy configura-
tion to display more pronounced 3d-4d cooperative effects
than the segregated case. In our model the hcp structure is
the one with the lowest energy(see Fig. 1), followed by the
cubo-octahedral and the icosahedral. Concerning the chemi-
cal order, the lowest energy of the different structures corre-
sponds to the segregated case, although for the hcp structure
the cohesive energy is practically the same for both cases,
i.e., for the segregated and alloyed cases. Notice, however,
that the concentration for all the structures and chemical or-
ders considered here is in general different and, therefore, a
direct comparison among all the structures is valid only if the
cohesive energy does not depend strongly on the relative
concentrations of Co and Rh at values around 0.5. It is im-
portant to note that the experiment of Zitounet al.14 sug-
gested that the lowest energy structure may be the icosahe-
dral with a uniform Co-Rh distribution. It is pertinent now to
analyze the influence of the chemical order and structure on
the magnetic properties of the clusters.

In Tables II and III, we show the magnetic moments for
the different structures and chemical orders for our optimized
clusters as a function of the position and chemical environ-
ment. In Table II we give, for the segregated clusters[as
illustrated in Figs. 1(a)–1(c)], the local magnetic momentmi
of the different equivalent sites corresponding to the different
shells(together with their multiplicityNi). The coordination
numbersZRh andZCo are also given to identify the position
of the atoms and the type of first NN’s within the cluster, that
is, the local chemical environment. We first analyze the par-
ticular chemical environment of the segregated clusters. In
the case of the cubo-octahedralN=111, the inner Rh atoms
form a 55 cubo-octahedral core and the surface Co atoms are
located at the eight hexagonal umbrellalike spots(made of
seven atoms) on the eight triangular faces of the 55 cubo-
octahedral cluster. The number of Co surface atoms is 56 and
the total number of atoms is 111. For the truncated icosahe-
dral N=115, the inner Rh atoms form a complete icosahedral
structure of 55 atoms, whereas the surface Co atoms are
placed in a fullerene C-60-like surface whose sites belong to
the surface of the 147 icosahedral cluster. In this way, we
have 55 Rh-core atoms and 60 Co-surface atoms. In the hcp
N=115, the inner Rh atoms are placed in five parallel planes
of a total of 50 atoms surrounded by 65 Co atoms placed in
seven parallel planes, all sites belonging to an hcp growth
pattern.

From Table II, we can clearly see that for the segregated
case, the central Rh atoms are antiferromagnetically aligned
with the outer Rh atoms. The largest magnetic moment
within the Rh core is obtained at the interface with Co,
where a ferromagnetic Rh-Co alignment is also obtained.

These trends are in agreement with the experimental results
for Rh-Co superlattices and sandwiches, where at the inter-
face, the Rh and Co atoms are ferromagnetically coupled
(with a Rh magnetic moment of about 0.5mB) and, at the
same time, antiferromagnetic interactions occur in Rh far
from the interface.15,17,18In our cluster geometries, the mag-
netic moments of the Rh atoms at the Rh-Co interface are in
the range of 0.2 to 1.0mB. In general, for the segregated
configuration, the magnetic moment increases in moving
away from the center of the cluster. At the interface, the
larger number of Co atoms around a Rh site induces an en-
hancement of the magnetization in Rh sites. On the other
hand, at the surface, the low coordination is associated with
the high magnetic moment of the Co atoms. Both effects
work in the same direction of increasing the magnetic mo-
ment of the cluster, which is otherwise slightly reduced due
to the antiferromagnetic alignment at part of the Rh core. In
order to understand the origin of the magnetic behavior of
the Rh-Co clusters it is useful to analyze the electronic struc-
ture through both the paramagnetic and magnetic densities of
electronic states. For this purpose, we have chosen, as an
example, the icosahedral Rh-Co cluster of 115 atoms with
the segregated configuration. In all the cases the Fermi level
EF is located at 0 eV. We compare the density of states
(DOS) of this cluster with those corresponding to the pure
Co115 cluster and the pure Rh115 cluster, both with the same
icosahedral structure. In Fig. 2(a) we plot the total paramag-
netic DOS per atom in the three clusters. One can clearly
observe the larger peak at the Fermi level in the pure Co
cluster which displays a narrower DOS. The DOS atEF of
the mixed cluster is between those of the pure clusters. The

FIG. 2. The electronic density of states for three icosahedral
clusters: segregated Rh55Co60, pure rhodium Rh115, and pure cobalt
Co115. The upper panel(a) corresponds to the paramagnetic DOS,
and the lower panel(b) corresponds to the magnetic DOS.
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DOS of the pure Rh cluster is broader, consistent with the
fact that the valence electrons of Rh are more external than
those of Co.

Following the Stoner criterion one expects the pure Co
cluster to have a stronger tendency to be magnetic than the
mixed cluster, and the mixed cluster to have a stronger ten-
dency than the pure Rh cluster. In the magnetic DOS of the
three clusters[Fig. 2(b)], this trend is reflected in the split-
ting of the majority and minority states. The segregated clus-
ter that we have chosen has a well-defined Rh-Co interface,
thus allowing us to analyze separately the two parts. The
DOS corresponding to the 55-atom Rh core and to the
60-atom Co cap can be compared with the corresponding
parts of the pure Rh115 and pure Co115 clusters, respectively.
This analysis allows a deeper insight into the hybridization
effects and induction of spin polarization. In Figs. 3(a) and
3(b) we plot the paramagnetic and magnetic DOS of the Co
cap of both the mixed and pure Co clusters. Notice that the
surface effect clearly dominates over the Co-Rh hybridiza-
tion. A narrow structure is present aroundEF, which is simi-
lar in both clusters, indicating that little Rh character is
present in the Co cap. The magnetic moment of these Co
atoms in the pure cluster is only 0.01mB larger than in the
mixed cluster. These low-coordinated Co sites produce most
of the magnetic character of the cluster. Comparing the para-
magnetic DOS of the Rh core in the mixed cluster with that

of the pure Rh cluster[Figs. 4(a) and 4(b)] one can notice
that the Co-Rh hybridization effects are also small, only
slightly larger than in the Co cap, and more precisely,
slightly more important due to the fact that much less surface
effect is present in the Rh sites. Then, from the Stoner crite-
rion (see the paramagnetic DOS) one would expect a similar
trend towards magnetism of the Rh atoms in both clusters.
However, one must also take into account the external mag-
netic field that the Rh sites feel due to the surrounding Co
atoms in the mixed cluster. This induces a noticeable spin
polarization in the Rh core of the mixed cluster that contrasts
with the nearly paramagnetic pure Rh115 cluster, with less
than 0.1mB in all atoms except the surface atoms which have
0.17mB. From our analysis, we conclude that the presence of
Co does not modify to any great extent the electronic struc-
ture of Rh through hybridization, but the high magnetic mo-
ment at the Co sites induces a noticeable spin polarization of
the Rh atoms.

In Table III, we show the magnetic map obtained for the
alloyed clusters[as illustrated in Figs. 1(d)–1(f)] in a similar
way as that for the segregated clusters in Table II. Since in
this case the geometrical description of the atoms is more
difficult than in the segregated case, due to the alternate or-
der of the two types of atoms, we limit by horizontal lines
the inner core, the surface of the internal core, and the exter-
nal surface atoms(see Table III). The inner core atoms have

TABLE III. The average magnetic momentsm̄i per shelli, for alloying clusters.Ai is the type of atom in
the shelli andsZRh,ZCod is the number of Rh and Co neighbors forAi. The shells are ordered by increasing
distance to the center of the clusters.

i

Cubo-octahedron Icosahedron hcp

Ai Ni m̄i sZRh,ZCod Ai Ni m̄i sZRh,ZCod Ai Ni m̄i sZRh,ZCod

1 Rh 1 0.67 (4,8) Rh 1 0.24 (6,6) Rh 3 0.49 (6,6)

2 Rh 4 0.57 (4,8) Rh 1 0.26 (6,6) Co 2 1.66 (6,6)

3 Co 8 1.54 (8,4) Rh 5 0.11 (6,6) Rh 3 0.49 (6,6)

4 Rh 2 0.84 (4,4) Co 1 1.39 (11,1) Co 12 1.71 (6,6)

5 Rh 4 0.98 (2,6) Co 5 1.40 (7,5) Co 6 1.94 (6,6)

6 Rh 8 0.73 (4,6) Rh 10 0.28 (4,6) Rh 6 0.48 (6,6)

7 Co 16 1.80 (7,3) Rh 5 0.18 (4,6) Rh 6 0.52 (6,4)

8 Rh 4 1.02 (1,8) Rh 5 0.34 (4,6) Co 6 2.07 (5,4)

9 Rh 8 0.64 (4,5) Co 5 1.84 (6,4) Rh 6 0.44 (6,5)

10 Rh 8 0.81 (3,6) Co 5 1.88 (6,4) Rh 6 0.41 (4,4)

11 Co 16 2.49 (3,2) Co 1 1.79 (11,0) Co 12 2.18 (5,3)

12 Rh 16 1.01 (2,3) Co 1 1.82 (5,6) Rh 12 0.55 (4,4)

13 Co 16 2.64 (4,1) Co 5 1.77 (5,6) Rh 3 0.59 (4,2)

14 Co 5 1.78 (7,4) Co 2 2.06 (3,6)

15 Rh 10 0.70 (2,3) Rh 6 0.67 (3,2)

16 Rh 10 1.42 (1,4) Rh 12 0.67 (3,2)

17 Rh 5 1.20 (1,4) Co 12 2.40 (3,3)

18 Rh 5 0.54 (3,2)

19 Co 10 2.51 (3,2)

20 Co 10 2.51 (2,3)

21 Co 5 2.49 (4,1)

22 Co 5 2.46 (2,3)
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coordination number 12, the atoms on the surface of the
internal core have coordination numbers between 8 and 11,
and the surface atoms in the cluster have coordination num-
bers equal to or smaller than 9. In contrast to the segregated
case, for the alloyed case all the atoms are ferromagnetically
coupled. The magnetic moments of the Rh atoms are, in
general, larger than the ones of the segregated case due to the
spin polarization induced by the Co atoms through hybrid-
ization. Furthermore, for the Rh atoms at the surface, even
larger values of the magnetic moment are obtained, despite
the fact of having, in some cases, less Co neighbors. This is
due to the low-coordination effect that works in the same
direction as the Co-Rh hybridization effect. For the Co at-
oms, the magnetic moments are smaller than the ones ob-
tained in the segregated case due to the fact that now a larger
hybridization with Rh is present(more Co-Rh nearest neigh-
bors) as compared with the segregated situation.

An analysis of the local magnetic properties allows an
understanding of the experimentally measurable average
magnetic moments(AMM’s ). In Table IV, we show the
AMM per Rh atomssm̄Rhd, per Co atomssm̄Cod, the AMM
within the cluster sm̄d, the AMM per Rh-Co unitsm̄pair

=m̄Rh+m̄Cod, the Co concentrationxCo, and the ratio of the
average Rh magnetic moment to the average Co magnetic
momentR=sm̄Rh/ m̄Cod for the different structures and chemi-
cal orders. The average magnetic moment of the Rh atoms in
the segregated configuration is considerably smaller than in
the alloyed case. For the Co atoms, instead, the opposite

trend is found. Nevertheless, the overall average magnetic
moment per atom is very similar for both chemical orders,
the differences being in the order of the typical error bars in
Stern-Gerlach experiments for pure Rh clusters.30 The aver-
age magnetic moment per Rh-Co unit in the experiment is
mRh-Co=2.38mB, whereas our calculated values are 10% to

FIG. 3. The contribution of the electronic density of states of the
outermost cobalt shell(C60 fullerenelike shell) of the icosahedral
clustersN=115. The solid line corresponds to the case when the
inner core is Rh55, whereas the dashed line is for the case when the
inner core is Co55. The upper panel(a) corresponds to the paramag-
netic DOS and the lower panel(b) corresponds to the magnetic
DOS.

FIG. 4. The contribution of the electronic density of states of the
icosahedral rhodium core Rh55 of the icosahedral clustersN=115.
The solid line corresponds to the case when the external shell is
Co60, whereas the dotted line is for the case when the external shell
is Rh. The upper panel(a) corresponds to the paramagnetic DOS
and the lower panel(b) corresponds to the magnetic DOS.

TABLE IV. The average values of the magnetic moments for the
two componentsm̄Rh andm̄Co with the different chemical order and
type of clusters, the average magnetic moment per Rh-Co unitm̄pair,
the Co concentrationxCo, and the ratio of the average Rh magnetic
moment to the average Co magnetic momentR=sm̄Rh/ m̄Cod.

Segregated

m̄Rh m̄Co m̄ m̄pair xCo m̄Rh/ m̄Co

Cubo 0.27 2.44 1.36 2.71 0.504 0.11

Ico 0.19 2.45 1.37 2.64 0.521 0.08

hcp 0.34 2.28 1.44 2.62 0.565 0.15

Alloy

m̄Rh m̄Co m̄ m̄pair xCo m̄Rh/ m̄Co

Cubo 0.84 2.20 1.53 3.04 0.504 0.38

Ico 0.64 2.13 1.39 2.77 0.504 0.30

hcp 0.55 2.06 1.23 2.61 0.452 0.27
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30% higher. In previous theoretical calculations, Dennleret
al.19 reported a ratioR in the range of 0.43–0.53 within the
framework of DFT-GGA for Co2Rh2 microclusters; Sondón
and Guevara23 using a tight-binding approximation, obtained
R<0.6 for a Rh-Co icosahedral cluster with 55 atoms; and
finally in the bulk limit for a binary hcp Rh-Co system Mo-
raitis et al.20 obtainedR<0.16 using a tight binding linear
muffin-tin orbital (TB-LMTO). Experimental investigations
in Rh-Co thin-film alloys by Harpet al.21 at room tempera-
ture give 0.25 for this ratio. In the present work this ratio for
the segregated configuration goes from 0.08 to 0.15(with an
average value of 0.11), whereas for the alloyed case it goes
from 0.27 to 0.38(with an average value of 0.32), as given in
the last column of Table IV. All the results forR
=sm̄Rh/ m̄Cod indicate that in general this ratio increases re-
spect to the bulk value20 when the size of the system is
reduced.

The magnetic moments reported experimentally by Zitoun
et al.14 in Rh-Co clusterssN=220d, assuming a homoge-
neous system and the bulk theoretical ratio of Moraitiset
al.,20 are mCo=2.02mB and mRh=0.32mB. Our calculation
for smaller clusterssN<110d, give for the alloyed case a Co
moment in the range of 2.06mB–2.20mB and a Rh moment
in the range of 0.55mB–0.84mB. For our most stable con-
figuration, the hcp with segregation, we obtainmCo
=2.28mB andmRh=0.34mB. Sondón and Guevara,23 for the
icosahedral clustersN=55d, give 2.02mB for Co and 1.23mB

for Rh, respectively. Based on the previously discussed re-
sults, the bulk ratiomRh/mCo used in the interpretation of the
experimental results may not be adequate for these finite sys-
tems and in that case, the proposed experimental values
would be slightly modified when a theory for finite-size sys-
tem is used. Assuming an equiatomic homogeneous alloy
with a superlatticelike structure like ours, and reinterpreting
the experimental results of Zitounet al.14 in Rh-Co clusters
sN=220d using the ratio calculated within our model
s<1/3d, we would have for instancemCo=1.78mB andmRh

=0.6 mB. Interpretation of the experimental results should
consider that this ratio depends on the system size. More-
over, this ratio also depends on the chemical order.

V. SUMMARY AND CONCLUSIONS

We studied the structural and magnetic properties of free-
standing ConRhm clusters(N=n+m<110 andn<m) with

three different symmetries: cubo-octahedral, icosahedral, and
hcp, and with two different chemical orders: the segregated
and the alternated layering alloyed. The optimization results
indicate that the interatomic distance for all the structures is
slightly lower (about 2%) than that of the Rh bulk distance,
in good agreement with the experiment. We find that the
lowest-energy chemical order corresponds to the segregated
case, and that the lowest-energy structure is the hcp. How-
ever, for the hcp structure in particular, both chemical orders
may coexist at room temperature due to the very small en-
ergy difference.

Since theoretical calculations23 suggest that small RhCo
clusterssNø55d prefer the icosahedral structures, whereas
bulklike systems form a hcp solid,24 it is expected that a
structural transition takes place at some intermediate size.
From our calculations, this structural transition may be lo-
cated at sizes in the range of hundreds of atoms. For all the
clusters studied here the magnetic moment of the Rh atoms
show a strong dependence on the geometrical and chemical
environment. In particular, Rh atoms close to Co display a
noticeable spin polarization induced by the magnetic mo-
ment of the surrounding Co atoms. This 3d-4d cooperative
effect works in conjunction with the surface effect. The mag-
netic moment of the Rh(Co) atoms in the alloyed configu-
ration are larger(smaller) than the ones in the segregated
case; nevertheless, the average magnetic moment for a given
structure is very similar in both chemical orders, with differ-
ences in the range of the typical experimental error bars for
Rh clusterss±0.13 mBd.30 Finally, from our results, as well as
from other theoretical calculations,19,20,23it is found that the
ratio R=sm̄Rh/ m̄Cod depends on the size of the system as well
as on the chemical order.
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