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Abstract

The dependence of the structural and magnetic properties of Co–Rh alloys at the nanoscale was investigated by

exhaustively searching the minimum energy via a symbiotic algorithm on a Gupta potential for particle sizes of 13, 19,

and 23 atoms. An unrestricted spd tight-binding Hamiltonian was then used to model the electronic properties. Our

results underscore the importance of determining both the geometrical and the chemical configuration. A central result

points toward a surface segregation that qualitatively and quantitatively depends on system size, with size effects

dominating the surface segregation for small Co–Rh clusters (Rh atoms preferentially occupy surface sites), whereas

surface energy dictates the segregation for large Co–Rh nanoparticles (Co segregates to the surface). This might have

important consequences for heterogeneous catalysis, where the catalytic activity strongly depends on surface

composition.
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1. Introduction

Alloying is one of the most important and
fundamental mechanisms known to modify
material’s behavior. By combining two or more
elements, one aims to impart (or enhance)
a desired set of properties of the individual
d.
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components to the resulting alloy. By alloying, it is
possible to increase the hardness above that of the
individual components, e.g., in Cu–Zn alloys [1];
to avoid corrosion, as in stainless steels [2]; or to
increase the magnetic moment to the largest value
in a binary compound as in the case of Fe–Co
alloys [3]. Also by allowing, it is possible to induce
a magnetic moment in an otherwise nonmagnetic
ion, e.g., Co–Rh alloys [4].

A different way to modify material’s properties
is by controlling its size. Low-dimensional nanos-
cale systems offer an ideal arena to explore the
interdependence between finite size and surface
effects [5]. Because of the technological implica-
tions, as well as for their importance in under-
standing fundamental phenomena, particular
attention has been devoted to transition-metal
clusters. Using a Stern–Gerlach deflection appa-
ratus coupled with a laser vaporization cluster
source and time-of-flight mass spectroscopy, sev-
eral groups have measured the magnetic moment
of 3d transition-metal clusters. Their results
showed that the magnetic moment per atom is
greatly enhanced with respect to the bulk value
[6–10]. In such ferromagnetic systems, the reduc-
tion of the dimensionality leads to a decrease in the
bandwidth thus promoting electronic localization.
However, this mechanism also applies to non-
magnetic 4d transition-metal clusters. It was first
theoretically predicted [11,12] and later experi-
mentally confirmed [13,14], that Rh, Ru, and Pd
nanoparticles presented nonvanishing magnetic
moments.

The cases of Rh and Pd metals deserve some
special attention because of their subtle magnetic
properties, i.e., they are ‘‘almost’’ magnetic even at
equilibrium volumes. First-principles calculations
of the spin-polarized electronic structure of bulk
transition metals showed that, upon a hydrostatic
expansion, the magnetic moment approached the
atomic limit from below, with the exception of Rh
and Pd where the magnetic moment exceeded the
Hund’s rule and approached the atomic limit from
above [15]. Further investigations on Rh and Pd
nanoparticles, either deposited on noble metal
substrates [16,17], neutral and anionic clusters
[18–22], monoatomic chains [23], or in the form of
contacts and nanowires [24], have shown that they
possess subtle magnetic properties, where Hund’s
rule presence strongly depends on the details of the
nanoparticle structure.
Very recently, these two approaches of modify-

ing material’s properties, i.e., alloying and size
control, have been combined to produce nanoscale
bimetallic particles with new and interesting
magnetic, optical and catalytic properties [25].
Metal nanoparticles can be prepared by physical
or chemical methods. The physical methods
consist, in general, of subdividing bulk precursors
to nanoparticles. Chemical methods, on the other
hand, start from the reduction of metal ions to
metal atoms, followed by controlled aggregation
of atoms. From the view point of mass production,
where achieving uniformity is an all-important
aspect, chemical methods are more important and
effective than the physical procedure for produ-
cing metal nanoparticles.
Nonsupported metal nanoparticles have several

advantages over the supported ones: the intrinsic
properties of the nanoparticles can be elucidated
without the particle–substrate interaction. Also, a
more uniform particle size distribution can be
attained than in the supported cases. Ligants or
polymers, especially solvent-soluble polymers
either natural or synthetic, with affinity for metals
are often used as stabilizers of metal nanoparticles.
Polymers also control the aggregation process of
metal atoms in solution. It has been shown that
mono [26–29] and bimetallic [30–33] transition-
metal nanoparticles stabilized by poly(vinylpyrro-
lidone) (PVP) present a narrow size distribution
and virtually no effect from the polymer–particle
interaction. Co-rich Co–Pt [30], Co–Rh [31–33],
and Co–Ru [33], metallic nanoparticles embedded
in PVP show nonperiodical polytetrahedral struc-
ture, whereas 4d transition-metal-rich particles
display the bulk structure of the heavy transition
metal, i.e., face-centered cubic (FCC) in the case of
Pt and Rh, hexagonal closed-packed (HCP) in the
case of Ru.
Regarding the magnetic properties of chemically

produced bimetallic nanoparticles, the most inter-
esting behavior has been observed in Co–Rh
nanoparticles. Zitoun and collaborators [31–33]
have synthesized bimetallic particles of Co and Rh
by the simultaneous decomposition of two
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organometallic precursors in an organic solution
of PVP. The average size of the nanoparticles was
between 1.7 and 4:1 nm with stoichiometries
ranging between Co0.47Rh0.53 and Co0.55Rh0.45.
Magnetic measurements on such samples revealed
a decrease of the coercive field with size but a
simultaneous increase of the anisotropy field.
Surprisingly enough, at 30T the average magnetic
moment per CoRh [34] unit is 2:38mB for the
smaller sized CoRh nanoparticles, i.e., twice of the
corresponding bulk (theoretical) value [35]. The
enhancement of the magnetic moment per atom
cannot be attributed solely to an enhancement of
the Co magnetic moment, even if one assumes
some Co atoms segregated at the surface or
considers the orbital contribution to the magnetic
moment. This suggests a large Rh contribution to
the magnetism of nanoscale Co–Rh particles.
Chemical ordering might also be playing an
important role in determining the magnetic pro-
perties of such Co–Rh particles. However, even
though their wide-angle X-ray scattering (WAXS)
measurements are in favor of an alloyed structure
rather than core-shell particles, the overall results
of Zitoun et al., [31–33] do not permit to
definitively distinguish between phase-separated
and homogeneously alloyed Co–Rh nanoparticles.
The above scenario has prompted some theore-

tical investigations on nanoscale Co–Rh particles.
A first-principles investigation on very small
Co–Rh clusters revealed that, for a given cluster,
the average magnetic moment increased with the
number of Co atoms [36]. In such study, it was
also found an enhancement of the average
magnetic moment per atom, in agreement with
experiment [31–33]. However, due to the rather
small cluster sizes (up to four atoms) considered in
Ref. [36], the question of alloyed vs core-shell
Co–Rh particles was not investigated. This is an
important point that deserves to be emphasized: in
order to make contact with experiments of Zitoun
and coworkers [31–33], it is necessary to consider
particles with several hundreds of atoms and,
consequently, computational tools capable of
handling such number of atoms. The electronic
structure of the bimetallic nanoscale particles can
be fairly well represented in a tight-binding
scheme, being the aspect of the geometry optimi-
zation of the nanoparticles, the major obstacle to
overcome by theoreticians. In a recent paper, we
have investigated the role of the structure and
chemical ordering on the magnetism on Co–Rh
particles (with as many as 115 atoms), in selected
structures that were locally optimized [37]. Our
results showed great consistency with the experi-
mental measurements, in that magnetization of the
uniformly alloyed Co–Rh nanoparticles is virtually
indistinguishable from the phase-separated (core-
shell) structured particles; in that we found an
enhancement of the average magnetic moment per
atom, but also an induced magnetic moment at Rh
sites is found [37].

Assuming a given structure (even with an
educated guess) and then locally optimizing it, in
order to investigate the magnetism on Co–Rh
nanoparticles has, evidently, certain disadvan-
tages. The most evident is that the ‘‘real’’ structure
and configurational ordering are still unknown—
although the alloyed vs core-shell chemical order
of the Co–Rh particle can be studied with the
prototype structures. An investigation of nanos-
cale Co–Rh particles, where global searches for the
most stable structure are carried out, is important
because it is well known that geometry plays an
all-important role determining the physical and
chemical properties of nanoparticles. On the other
hand, it is also important to compare semiempi-
rical schemes (as the one advanced in Ref. [37])
that have proved to be successful in describing the
structure and magnetism of ‘‘large’’ Co–Rh
nanoparticles, with the more accurate, first-princi-
ples total-energy calculations in ‘‘very small’’
Co–Rh clusters [36], so to verify to what extent
the observed trends and behaviors in one extreme
of the size range are still valid in the other. We aim
to fill such gaps with this paper.

A global-search algorithm, based on a symbiotic
variant of the genetic algorithm, was used to
perform exhaustive searches for the ground-state
structure (along with an extensive set of low-
energy isomers) of Co–Rh nanoparticles. Even
with the use of a Gupta potential to describe the
potential energy surface, the practical size limit is
reached very soon for the bimetallic clusters (�40
atoms with current computational capabilities).
This is because the number of nondegenerate
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permutational isomers at this size for equal
numbers of Co and Rh atoms is 40!=20! 20! ¼
1:38� 1011 (symmetries reduce this number some-
what).We focused on Co–Rh nanoparticles of 13,
19, and 23 atoms with an stoichiometry as close as
possible to the equiatomic composition. Due to the
finite size of the system, it is not always possible to
achieve 50/50 Co–Rh nanoparticles, and in most
cases, small deviations from stoichiometry are
found, e.g., for 13-atom nanoparticles we have
investigated both Co6Rh7 and Co7Rh6. This, on
the other hand, has provided us with the oppor-
tunity to test the magnetic and structural proper-
ties against small variations in composition (see,
for example, the paper of Zitoun and coworkers
[31–33]).

We have organized the rest of the paper as
follows. In Section 2, we review the computational
tools used in this study. The results obtained from
applying the combined tight-binding and evolu-
tionary search approached to Co and Rh nano-
particles are discussed in Section 3, followed by the
conclusions in Section 5. Comparison with experi-
ments and previous theoretical work is done when
applicable.
2. Computational methods

2.1. The symbiotic algorithm and the Gupta

potential

Genetic algorithms [38] are inspired by the
Darwinian evolution processes, where the search
of a set of variables that optimizes a fitness
function, e.g. the energy, is performed over
populations (ensembles) rather than on single
individuals. For such reason, the optimization
process can be considered an evolutionary process
on successive generations. The fitness of every
generation is evaluated at each step of the
optimization procedure. The fittest solutions are
then chosen as the ‘‘parents’’ of the next genera-
tion. Broadly speaking, a generation can evolve
through three main processes: crossover, muta-
tion, and selection [39]. In recent years, genetic
algorithms have proved to be the tool of choice for
global geometry optimization in nanoparticles
(see, for example, Refs. [40–44], and references
therein).
We have employed a symbiotic algorithm [44],

an efficient variant of the genetic algorithm, to find
the global minimum structure for CopRhq nano-
particles with p�qp12. The symbiotic algorithm
profits from the fact that interactions in metallic
clusters are short ranged, i.e., nearest neighbors
atoms are tightly bound. Owing to the fact that
bimetallic nanoparticles possess energy landscapes
having many local minima, our approach uses a
global genetic algorithm with stochastic moves on
the potential energy surface (to avoid entrapment
in high-energy local minima), combined with a
conjugate gradient local relaxation (once the
global part has reached the attraction basins of
the lowest-energy minima).
The symbiotic algorithm begins by generating a

random initial configuration of the cluster atomic
coordinates within a sphere large enough to allow
for all possible structural conformations. A
spherical cell of smaller radius is defined so as to
include a small number of atoms whose coordi-
nates are then optimized by a global genetic
algorithm. The rest of the atoms, i.e., those sitting
between the two spheres, remain fixed yet con-
tributing to the cluster energetics. At this point, a
symbiosis is formed between the cell and the rest of
the nanoparticle atoms, updating atomic coordi-
nates if the fitness function is indeed optimized.
The process is then repeated, every time using a
different atom to center the spherical cell. Gradu-
ally, the size of the cell is increased until the whole
cluster fits within a cell. When the binding energy
of the cluster no longer increases from one
generation to the next, for a certain specified
number of generations, the genetic part is stopped
and the whole nanoparticle is then locally opti-
mized by applying the conjugate gradient techni-
que. For each cluster size, we carried out �105

symbiotic optimizations, each optimization begin-
ning from a distinct random initial configuration.
The symbiotic algorithm just described operates

on the potential energy surface of the n-body
Gupta potential [45] which is based on the second
moment approximation to the density of states in a
tight-binding model (second term in the right-hand
side of Eq. (1)). The repulsive part of the potential,
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on the other hand, is described by a Born–Meyer
term [first term in Eq. (1)]

V ¼
Xn

i¼1

A
Xn

jðaiÞ¼1

exp½�pðrij=r0n � 1Þ�

2
4

� x2
Xn

jðaiÞ¼1

exp½�2qðrij=r0n � 1Þ�

 !1=2
3
5, ð1Þ

where A; x; p and q are fitted to the experimental
values of the bulk cohesive energy, lattice para-
meters and elastic constants [46], and the r0n were
taken as the bulk nearest-neighbor distances. For
the hetero-interactions, an arithmetic mean was
taken for the parameters related to the distance, p,
q, and r0n, while a geometric mean was taken for
parameters associated to the strength, A and x.
The values of the parameters used are given in
Table 1.
2.2. Electronic structure

Once the Co–Rh nanoparticles structures were
determined as explained above, their electronic
structure was calculated by solving a spd tight-
binding Hamiltonian in the unrestricted Hartree–
Fock approximation. In its second quantization
form, the Hamiltonian can be written as

H ¼
X
i;a;s

�iasnias þ
X
i;a;s
iaj

t
ab
ij c
y

iascjbs, (2)
Table 1

Parameters used in the Gupta potential [Eq. (1)] as applied in

this work

A (eV) x (eV) p q r0n (Å)

Co–Co 0.0955 1.488 11.604 2.286 2.506

Rh–Rh 0.0629 1.660 18.450 1.867 2.690

Co–Rh 0.0773 1.572 15.027 2.077 2.598

A; x; p and q were fitted to the experimental values of the bulk

cohesive energy, lattice parameters and elastic constants [46],

and the r0n were taken as the bulk nearest-neighbor distances.

For the hetero-interactions, an arithmetic mean was taken for

the parameters related to the distance, p, q and r0n, while a

geometric mean was taken for parameters related to the

strength, A and x.
where the t
ab
ij stands for the hopping integral of

electrons with spin s between orbitals a and b at
sites i and j, respectively. The density of electrons
(the number operator) in the a orbital with spin s
located at site i is expressed in terms of the creation
and annihilation operators, respectively, as
nias ¼ c

y

iascias. The diagonal elements �ias include
the electronic correlations and the dependency on
the spin (see below).

We have solved Hamiltonian (2) in a self-
consistent way, including hopping integrals up to
second neighbors and assuming such hopping
matrix elements to be spin independent. The
chemical dependence of the t

ab
ij ’s was considered

as follows: for the hopping between the same
element (Co or Rh), two-center integrals reprodu-
cing the metal band structure were used along with
the Slater–Koster approximation [47]. For the
hopping between Co and Rh atoms, we have used
the geometric average of the homoatomic hopping
integrals, except for the two-center ppp parameter
between second neighbors, where an arithmetic
mean was used—the parametrization used in
Ref. [47] rendered a different sign in the case of
Co and Rh.

The changes of the hopping integrals, reflecting
in turn the deviation of the interatomic distances
from their bulk values, were considered via a
power law of the type ðr0=rijÞ

lþl0þ1. Here r0
represents the bulk distance, between first or
second neighbors, with l and l0 standing for the
orbital angular momenta of the electronic states
involved in the process [48].

The first term on the right-hand side of Eq. (2)
brings, on the one hand, the spin dependence of
the Hamiltonian and, on the other, the electronic
correlations (in the mean-field approximation) via
a correction of the energy levels of the form

�ias ¼ �
0
ia þ

1

2
zs
X
b

Jiabmib þ Oia, (3)

with the bare energy of orbital a at site i denoted
by �0ia and the exchange integrals represented by
Jiab. The change in sign of the second term on the
right-hand side of Eq. (3) when switching from
spin-up to spin-down is accounted for by the
sign function zs ¼ �1, respectively. The spin
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polarization of the sp band, due to hybridization
with the d states, is negligible as compared with the
dominant d band polarization. Thus, in our
treatment of the spin-dependent part of Hamilto-
nian (2), we have only considered exchange
integrals for the d electrons. In what follows, we
have taken the exchange integral associated with
Co atoms equal to 1:44 eV, in order to reproduce
the Co bulk magnetic moment, without orbital
contribution, of 1:59mB (Ref. [49]). For Rh, on the
other hand, we have fitted the exchange integral to
the magnetic properties of icosahedral Rh13 and
Rh19 clusters [18], because FCC Rh is nonmag-
netic in the bulk. The obtained values JdðRhÞ ¼
0:40 eV and JdðCoÞ ¼ 1:44 eV have proven to
accurately describe the magnetic moment of pure
Co (Ref. [50]) and pure Rh clusters [21,22].

In our model, the local electronic occupation is
fixed by linearly interpolating between the atom
and the metal occupations according to the
coordination at site i. The self-consistent potential
Oia, last term in Eq. (3), assures the local electronic
occupation. Note that Oia has both an orbital and
a site dependence. In all calculations, we have used
the ground-state electronic configurations for the
isolated atoms, i.e., Co ¼ ½Ar� 3d7 4s2 and Rh ¼
½Kr� 4d8 5s. The metal electronic occupations, on
the other hand, are those given in Ref. [47]: 0.64
(0.60), 0.34 (0.41), and 8.02 (7.99) for the s, p, and
d electrons of Co (Rh), respectively.
3. Results

We have applied the computational methods
described in Section 2 to nanoscale Co–Rh
bimetallic particles of 13, 19, and 23 atoms. As
described in the previous sections, we performed
an exhaustive search for the minimum energy
structure and chemical configuration for each
cluster size and stoichiometry. Due to the finite
size of the systems achieving an ideal 50/50 atomic
distribution is not always possible. In the case of
13-atom nanoparticles, we searched the structural
and configurational spaces for the following
compositions Co6Rh7 and Co7Rh6. The results
for the minimum and low-lying energy structures
are shown in Fig. 1. It is interesting, although not
completely unexpected, that both Co6Rh7 and
Co7Rh6 ground-state structures have icosahedral
symmetry [Figs. 1(a) and (d)], as well as the low-
lying energy structures [Figs. 1(b)–(c) and (e)–(f),
respectively], denoted here as iso01-ComRhn and
iso02-ComRhn with m; n ¼ 6; 7.
The atomic configuration depends sensitively on

stoichiometry, as evidenced by the ground-state
structures for Co6Rh7 [Fig. 1(a)] and Co7Rh6
[Fig. 1(d)], where for the latter a layered structure
is found whereas for the former a slightly more
‘‘mixed’’ atomic distribution is obtained. For
either stoichiometry, the low-lying energy struc-
tures are more ‘‘disordered’’ than the ground-state
structures. This brings the important point of how
to quantify the degree of atomic ordering in a
bimetallic nanoparticle. Contrary to what happens
in macroscopic systems, where periodicity allows
for the definition of long- and short-range order
parameters, based on symmetry considerations
[51], in the nanoscale, however, due to the finite
size of the system, such arguments are not fully
applicable. To the best of the authors’ knowledge,
a consensus on how to describe the degree or
ordering in bimetallic nanoparticles has not yet
been achieved.
An order parameter for nanoscale bimetallic

alloys should have the following (desirable)
characteristics. First, it should be positive when
phase separation (segregation) is present, pass by
zero when completely disordered, and become
negative otherwise (see Fig. 2). The following
order parameter s has the above properties:

s ¼
NCo2Co þNRh2Rh �NCo2Rh

NCo2Co þNRh2Rh þNCo2Rh
, (4)

where Nij (with i; j ¼ Co, Rh) is the number of
nearest-neighbors i–j bonds. An order parameter
of this sort has proven to be useful in the
description of the short-range order in bulk binary
alloys and surfaces thereof [51]. We have collected
the value of s together with some other geome-
trical parameters for the 13-atom Co–Rh nano-
particles (average size �5:3 Å) in Table 2. As usual
in transition-metal clusters, the interatomic
distances are shortened with respect to bulk by
about 5%.
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Fig. 1. (color on-line). Schematic representation of the ground-state and low-lying energy structures for 13-atom bimetallic Co–Rh

nanoparticles, as obtained by our symbiotic algorithm based on a Gupta potential. All electronic properties were calculated via an spd

unrestricted tight-binding Hamiltonian. The different averaged values for the magnetic moments (in Bohr magnetons) are reported in

each case, e.g., mðCoÞ stands for averaged value of the magnetic moment of all Co atoms. Observe that (g) and (h) indicate results for

high symmetry configurations of Co6Rh7 nanoparticles that are isomers 11 and 8 in energy from the ground-state. See the text for

further details.

A. Dı́az-Ortiz et al. / Physica B 370 (2005) 200–214206
The magnetic properties of the Co–Rh clusters
are sensitive to the degree of ordering present in
the system. For example, in the case of ComRhn

ðm; n ¼ 6; 7Þ nanoparticles, the magnetic moment
increases from the ground-state to the low-lying
isomers. The Co6Rh7 average magnetic moment
increases from 1:64mB to 1:77mB from the ground-
state to the first isomer (iso01) just by exchanging
two atoms between the five-membered rings
[shadowed in Figs. 1(a)–(b)], in the same way that
the average nanoparticle’s magnetic moment of
Co7Rh6 increases from 1:73mB to 1:90mB by the
exact same mechanism (see Fig. 1). Interestingly
enough, the value of the order parameter s is the
same for both the ground-state and the iso01
structures. Increasing the cobalt content increases
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the value of the average magnetic moment in the
nanoparticle, cf., the magnetic moment for
Co6Rh7 and Co7Rh6 in Fig. 1.

For a 13-atom icosahedron, where 12 out of 13
atoms are at the surface, it is difficult to separate
surface from finite-size effects and their impact on
the magnetic properties. However, comparing the
ground-state configuration between Co6Rh7 [Fig.
1(a)] and Co7Rh6 [Fig. 1(d)], tells us about the
effect of layered vs mixed atomic arrangements,
giving an indication of the surface segregation
trends. Increasing the Co concentration in 1/13
means that one Rh atom has been replaced with a
Co atom in the Co6Rh7 cluster. According to our
results, the atomic substitution does not occur
randomly, but in a way that made the Co7Rh6
ground-state a layered structure. Moreover, both
Co6Rh7 and Co7Rh6 have a Co core atom in the
ground-state and the first low-lying isomers,
indicating that for small ðN ¼ 13Þ Co–Rh nano-
particles, Rh seems to segregate to the surface.
σ>0 σ<0σ    0

Fig. 2. (color on-line). Schematic representation of segregated,

disordered, and layered bimetallic nanostructures, along with

their corresponding value of the order parameter s [defined in

Eq. (4)]. Different colors represent different atomic species.

Table 2

Geometric characteristics of 13-atom Co–Rh nanoparticles

Iso NCo2Co NRh2Rh NCo2

GS-Co6Rh7 8 8 26

01 8 8 26

02 9 9 24

GS-Co7Rh6 11 5 26

01 11 5 26

02 12 6 24

The Co–Co nearest-neighbor bond length ðDCo2CoÞ remained consta

Co6Rh7 and at 0.904 for Co7Rh6. The nanoparticle’s average bond len

The number of bond formed between the A and B atomic species is d

The total number of bonds is 42. All lengths are in units of bulk Rh–
However, any physico-chemical tendency ob-
served in very small clusters should be taken with
caution, since it is well known that cluster
properties are highly dependent on cluster size.
This was corroborated for the bimetallic 19-atom
ComRhn with m; n ¼ 9, 10 systems our symbiotic
algorithm predicted double icosahedra for either
composition as the ground-state and low-lying
isomeric structures (Fig. 3). It is useful to point out
some of the geometrical features characteristic of
the Co–Rh 19-atom nanoparticles. First, and
highly notorious, is the fact that all structures
depicted in Fig. 3 have a Co atoms at the
icosahedral axis, thus reinforcing the above idea
of that Rh segregates to the surface. This
characteristic is not limited to very first isomers.
In fact, a Co10Rh9 isomer with an icosahedral axis
made of exclusively Rh atoms was found to be
isomer number 2537 in energy with respect to the
ground-state [see Fig. 3(g)]. A second important
motif, besides the Co icosahedral axis, is a central
all-Rh pentagonal plane perpendicular to the latter
axis, for all ground-state and low-lying isomers,
irrespective of the composition. The energy pen-
alty of having a Co9Rh10 cluster with a central all-
Co pentagonal plane, sets such isomer in position
1043 with respect to the ground-state [see Fig. 3(h)].
Third, in both the Co9Rh10 and Co10Rh9 nano-
particles, the first low-lying isomer is related to the
ground-state structure by a rotation of the basal
pentagon around the icosahedral axis (indicated in
Fig. 3 by a rounded rectangle) by 2p=5 (clockwise)
and 4p=5 (counter-clockwise), respectively [52].
Rh DRh2Rh DCo2Rh s

0.992 0.956 �0.238

0.992 0.956 �0.238

0.993 0.955 �0.143

0.991 0.955 �0.238

0.991 0.955 �0.238

0.994 0.955 �0.143

nt for the GS and the first two low-lying isomers at 0.901 for

gth was 0.952 and 0.946 for Co6Rh7 and Co7Rh6, respectively.

enoted by NA2B. The associated average bond length is DA2B.

Rh bond length (2.69 Å).
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Fig. 3. (color on-line). Schematic representation of the ground-state and low-lying energy structures for 19-atom bimetallic Co–Rh

nanoparticles, as obtained by our symbiotic algorithm based on a Gupta potential. All electronic properties were calculated via an spd

unrestricted tight-binding Hamiltonian. The different averaged values for the magnetic moments (in Bohr magnetons) are reported in

each case, e.g., mðCoÞ stands for averaged value of the magnetic moment of all Co atoms. The rounded rectangles joining (a) with (b)

and (d) with (e) are meant to emphasize that such structures are related via a rotation of the basal five-membered ring. The angle and

direction of rotation are indicated in each case. Observe that (g) and (h) indicate results for high symmetry configurations of Co9Rh10
and Co10Rh9 nanoparticles, isomers 1043 and 2537 in energy from the ground-state. See the text for further details.
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Table 3

Geometric characteristics of 19-atom Co–Rh nanoparticles

Iso NCo2Co NRh2Rh NCo2Rh DRh2Rh DCo2Rh s

GS-Co9Rh10 14 16 38 1.000 0.958 �0.118

01 14 16 38 0.999 0.958 �0.118

02 15 17 36 1.000 0.958 �0.059

GS-Co10Rh9 13 15 40 0.994 0.954 �0.176

01 13 15 40 0.994 0.954 �0.176

02 14 16 38 0.993 0.954 �0.118

The Co–Co nearest-neighbor bond length (DCo2Co) remained constant for the GS and the first two low-lying isomers at 0.900 for

Co9Rh10 and at 0.896 for Co10Rh9. The nanoparticle’s average bond lengths were 0.956 and 0.952 for Co9Rh10 and Co10Rh9,

respectively. The number of bond formed between the A and B atomic species is denoted by NA2B. The associated average bond

length is DA2B. The total number of bonds is 68. All lengths are in units of bulk Rh–Rh bond length (2.69 Å).

iso01

2.23

1.27

1.78

2.20

1.16

1.71

iso02

2.24

1.29

1.78

GS

µ(Co)

µ(Rh)

〈µ〉(a) (b) (c)

Fig. 4. (color on-line). Schematic representation of the ground-state and low-lying energy structures for 23-atom bimetallic Co12Rh11
nanoparticles, as obtained by our symbiotic algorithm based on a Gupta potential. All electronic properties were calculated via an spd

unrestricted tight-binding Hamiltonian. The different averaged values for the magnetic moments (in Bohr magnetons) are reported in

each case, e.g., mðCoÞ stands for averaged value of the magnetic moment of all Co atoms. In (a) we have shadowed the main icosahedral

axes. The ground-state and the first low-lying isomer are related by the interchange of two atoms (marked with arrows). See the text for

further details.
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This is a quite interesting observation, especially
under the light shed by the results obtained for 13-
atom Co–Rh nanoparticles, where the first low-
lying isomer was related to the ground-state by an
interchange of two atoms between the pentagons,
independently of the composition (see Fig. 1).
Table 3 collects some geometrical properties of
these 19-atom icosahedral Co–Rh nanoparticles
(average size �7:9 Å along the main axis).

Our symbiotic algorithm allowed us to explore
the ground-state and low-lying configurations of
23-atom Co–Rh nanoparticles. Here there are
23!=12! 11! ¼ 1:62� 107 possible distinct permuta-
tional isomers for every geometrical isomer. Due
to these numerical difficulties, we have only
analyzed the case of Co12Rh11 nanoparticles,
especially because the increase of Co concentration
reflects in a simple increase of the cluster average
magnetic moment without any further subtleties.
Our calculations for the 23-atom clusters, enable
us to check the validity of the extrapolation of the
previous geometrical and chemical trends, ob-
served in 13-atom and 19-atom Co–Rh nanopar-
ticles. Fig. 4 contains the resulting geometric
structures and configurational permutations
obtained for the ground-state and the first two
low-lying isomers for Co12Rh11 bimetallic
nanoparticles. These structures form triple double-
icosahedrons, characterized by three interpenetrat-
ing 19-atom double-icosahedron structures, exactly
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AXIS 3
AXIS  2

AXIS  1

Fig. 5. (color on-line). Schematic representation of 23-atom icosahedral nanoparticle and its decomposition into double 19-atom

icosahedra along the three main axes. This structure is observed in Co12Rh11 nanoparticles (cf. Fig. 4).

Table 4

Geometric characteristics of 23-atom Co12Rh11 nanoparticles

Iso NCo2Co NRh2Rh NCo2Rh DCo2Co DRh2Rh DCo2Rh hDi s

GS 21 18 48 0.896 1.001 0.964 0.955 �0.103

01 21 18 48 0.897 1.000 0.964 0.955 �0.103

02 20 17 50 0.895 1.000 0.965 0.956 �0.149

The number of bonds formed between the A and B atomic species is denoted by NA2B. The associated average bond length is DA2B.

Total number of bonds is 87. All lengths are in units of bulk Rh–Rh bond length (2.69 Å).
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as the ones we found to be the ground-state and
low-lying isomers in the case of 19-atom Co–Rh
nanoparticles (cf. Fig. 3). Fig. 5 schematically
shows the three main icosahedral axes and their
associated 19-atom double icosahedral clusters.
It is interesting to observe that Co12Rh11

bimetallic nanoparticles have their three main
icosahedral axes made exclusively of Co atoms
(with the exception of iso02-Co12Rh11, see Fig. 4),
a characteristic shared with the 19-atom Co–Rh
clusters discussed above and depicted in Fig. 3.
Surface segregation of Rh atoms is not as clear for
Co12Rh11 as it is for smaller nanoscale Co–Rh
particles (i.e., 13-atom and 19-atom Co–Rh
clusters). However, the ground-state and the low-
lying isomers Co12Rh11 structures have some
additional geometric peculiarities that are worth
to be mentioned. First, the ground-state structure
each of the three, interpenetrating double icosahe-
drons have the same distribution of Co and Rh,
that is, a main axis composed by Co atoms, with
pentagons perpendicular to such axis each having
3 Rh þ 2 Co atoms, 4 Rh þ 1 Co atoms, and 3 Rh
þ 2 Co atoms; respectively [see Fig. 4(a)]. Second,
the ground-state and the first low-lying isomer are
related via an inter-pentagonal atomic exchange
[marked with arrows in Figs. 4(a) and (b)] between
pentagons belonging to icosahedral axis 2 (cf.,
Fig. 5).

For the triple double-icosahedral Co–Rh nano-
particles, is difficult to visualize whether the
structure has a layered or mixed atomic arrange-
ment. The proposed order parameter s [Eq. (4)] is
helpful here to quantify the degree of ordering in
each nanoparticle as a function of size. Our results
for the Co12Rh11 nanoparticles confirmed the
tendency observed for 19-atom and 13-atom
Co–Rh bimetallic clusters in that the value of s
for the ground-state and the first isomer was the
same for each size. More importantly, however, is
that an inspection of the value of the order
parameter reveals that Co–Rh nanoparticles be-
come less ordered as they get bigger (cf., Tables
2–4), suggesting that large Co–Rh might be either
atomically disordered ðs�0Þ or even showing a
core-shell structure ðs40Þ. Recent tight-binding
calculations on large ConRhm nanoparticles
ðn�m�55Þ, where a local geometry optimization
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was performed on selected structures, showed that
core-shell structures are favored over the alloyed
(mixed atomic distribution) case [37], thus setting
on solid grounds the trends observed in our
symbiotic-algorithm fully optimized (geometry
and atomic configuration) Co–Rh bimetallic clus-
ters. Table 4 presents other geometrical properties
of these triple double-icosahedral Co–Rh nano-
particles (average size �7:9 Å).
4. Discussion

We have used a combined tight-binding and
evolutionary search approach to investigate the
structural and magnetic properties of Co–Rh
nanoparticles. Such approach relies, on the one
hand, on a suitable parametrization of the
electronic Hamiltonian and, on the other, upon
the appropriateness of a Gupta potential to
describe the (structural) energy landscape for such
alloys at the nanoscale. We have discussed the
latter, to a certain extent, in Section 2.1. We now
devote some space to enlarge the discussion of the
former, through the direct comparison of our
electronic parametrization with some published ab
initio results. Fig. 6 schematically shows the
equilibrium geometry, as predicted by Dennler
et al., in Ref. [36], for Co2Rh2 bimetallic clusters.
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〈µ〉
(a) (b) (c)

Fig. 6. (color on-line). Schematic representation of the

equilibrium geometries obtained in Ref. [36] via first-principles

total-energy calculations of Co2Rh2 nanoparticles. All intera-

tomic distances are in angstroms. The different average values

for the magnetic moment (in Bohr magnetons), as obtained

from our tight-binding calculations, are reported for each

bimetallic cluster. Dennler et al. [36] results are shown in

parenthesis. See the text for further details.
In order for our comparison to make sense, we did
not optimize the cluster geometry, but instead used
the ones proposed in Ref. [36]. Below each Co2Rh2
cluster in Fig. 6, we have given the average
magnetic moment, either decomposed by atomic
species or the particle’s total average.
In all cases our results for the magnetic moment

followed the trends displayed by the first-principles
calculations, although the tight-binding calcula-
tions systematically overestimated the magnetic
moment. For the tetrahedral- and rhombohedral-
shaped Co2Rh2 nanoparticles [Figs. 6(b) and (c),
respectively] our calculations overestimate the
magnetic moment by about 13%. However, for
the trapezoidal-shaped Co2Rh2 our tight-binding
parametrization showed a 31% departure from the
ab initio predicted magnetic moment. One must
always keep in mind, that our electronic parame-
trization was carried out on the basis of fitting the
bulk Co magnetic moment and selected icosahe-
dral Rh clusters (13 and 19 atoms), and that it is
well known that such tight-binding parametriza-
tions perform better as the system size increases.
All things considered, we believe that, in general,
our tight-binding calculations are accurate within
13% of the ab initio predicted magnetic moment.
It is inviting to relate the quantitative differences

between our tight-binding and the first-principles
calculations to changes in the nanoparticle bond
lengths. We have analyzed this by monitoring the
magnetic moment as we apply an hydrostatic
distortion (uniform pressure) on Co7Rh6 icosahe-
dral clusters. Fig. 7 summarizes our findings. It is
interesting to observe that for the ground-state, the
magnetic moment varies smoothly with bond-
length and follow the expected behavior, that is,
decreasing with compression and increasing with
expansion (towards the atomic limit). Contrast
this with the results obtained for an artificial
Co7Rh6 nanoparticle constructed so that it dis-
plays a fully segregated configuration: the upper
cap of the 13-atom icosahedron is made of Co
atoms whereas the lower cap is formed of Rh
atoms. The comparison of these two Co7Rh6
isomers brings an interesting observation concern-
ing the sensitivity of Co and Rh to local
environment effects. The averaged Co magnetic
moment (squares in Fig. 7) is virtually insensitive
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Fig. 7. (color on-line). Variation of the magnetic moment as a

function of an hydrostatic distortion. The different averaged

values for the magnetic moments (in Bohr magnetons) are
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the magnetic moment of all Co atoms. Parameter f h ¼ V=V 0
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symbols stand for the Co7Rh6 ground-state structure while

open symbols denote results for Co7Rh6 isomer with a ‘‘block’’

structure (see the insets).
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to the arrangement of remaining Rh atoms.
However, the Rh-averaged magnetic moment
shows a strong dependency on the local environ-
ment (diamonds in Fig. 7), behaving smoothly
when the cluster has an homogeneous atomic
distribution, whereas showing a stepwise behavior
for the segregated cluster. A similar behavior of
the magnetic moment has been reported in pure
Rh clusters under homogeneous deformations [21].
Regarding the effect of the chemical ordering on

the properties of Co–Rh cluster, comparison
between the results of Ref. [37] for large Co–Rh
nanoparticles and the present findings show an
important feature. Large Co–Rh nanoparticles
with hundreds of atoms show that Co segregates
to the surface [37], consistently with its lower
surface energy, whereas for small CopRhq

(p; qo13) the opposite trend is observed, that is,
surface sites are occupied by Rh atoms. In other
words, surface segregation qualitatively and quan-

titatively depends on particle size for Co– Rh
nanoparticles. This is an important result, espe-
cially for catalysis applications, where it is well
known that catalytic activity strongly depends on
surface composition [53,54]. Our results point
toward a critical cluster size that separates the
Rh-segregated regime (small clusters) from the Co-
segregated regime (large particles).
5. Conclusions

Bimetallic nanoparticles of Co and Rh display a
variety of properties that are strongly dependent
on size, composition, and structure. Surface
segregation seems to have two regimes. For small
Co–Rh clusters, segregation is dominated by size
effects, that is, bigger atoms are located in the
surface (in our case Rh), whereas for large
nanoparticles, the component with lower surface
energy segregates to the surface (Co atoms in our
case). In fact, based on the trends observed on this,
and other work on Co–Rh nanoparticles [37],
there should be a critical cluster size, approxi-
mately located between 30 and 110 atoms, that
separates each regime. This might have important
consequences for heterogeneous catalysis, where
the catalytic activity strongly depends on surface
composition.

From our combined tight-binding and evolu-
tionary search approach, we observed that the
enhanced magnetism can be qualitatively related
to the number of Co–Rh bonds present in the
cluster and to the surface effects, particularly when
Rh atoms are located at surface sites. However,
even for structures having the same order (same
value of s), minute variations in the atomic
configuration produce changes in the nanoparticle
magnetism, that is, the magnetic properties of
Co–Rh bimetallic particles are sensitive to the
local environment. This fact underscores the
importance of determining both the geometrical
structure and the chemical configuration for
heterogeneous metallic nanoparticles.

The proposed approach of combining exhaus-
tive search of the structural energy landscape, via a
symbiotic algorithm on a Gupta potential, with an
unrestricted spd tight-binding Hamiltonian ap-
pears as a promising tool for investigating, at the
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experimental size ranges, the structural and
electronic properties of metallic alloys in the
nanoscale.

Finally, the system under investigation has some
resemblance to the FeCo spin glasses possessing
intermediate structural order [55], where the
observed conformations may be explained by the
contributions of the long-range ordered spins to
the electronic dipole moments. This was experi-
mentally confirmed in Ref. [55] via the determina-
tion of the second-order nonlinear optical
susceptibilities caused by the contribution of
collective spin interactions.
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