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Electronic structure and stability of polycrystalline cobalt clusters

R. Guirado-López, F. Aguilera-Granja, and J. M. Montejano-Carrizales
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~Received 28 May 2001; revised manuscript received 23 July 2001; published 10 January 2002!

We study the electronic structure and stability of Co(n1m) clusters with mixed (bccn-fccm) structures@57
<(n1m)<177# by means of a self-consistent tight-binding Hamiltonian solved by molecular dynamics. This
type of construction is motivated by recent high-resolution transmission electron microscopy images of Co
nanoparticles@Phys. Rev. B57, 2925~1998!# from which the coexistence of a bcc-like crystalline arrangement
with a distorted compact surface has been inferred. The minimization algorithm reveals that all the clusters
undergo an inhomogeneous radial relaxation, which leads to a complex spatial distribution of the atoms within
the structure. Interatomic distances which can be larger than those of bulk Co are obtained, together with a
considerable surface reconstruction that favors the formation of nonplanar facets. In general, the total energy of
the mixed particles increases as a function of the cluster size. However, these structures are almost in all cases
less stable when compared with a pure fcc growth sequence, a fact that reveals the important role played by the
polymer solution used in the stabilization of structural phases in small particles.

DOI: 10.1103/PhysRevB.65.045420 PACS number~s!: 73.22.2f, 71.15.Ap, 82.70.Uv, 71.28.1d
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I. INTRODUCTION

The design of new materials with novel and special
sired properties is presently the subject of inten
investigations.1 Epitaxial growth technology has recent
made remarkable progress. Currently it is actually possibl
control the formation of new metastable and/or forced pha
of matter with the desired crystal structure and lattice c
stant to some extent. For instance, bulk cobalt in a nat
way exists in two structures depending on the pressure
temperature conditions; hcp for the low-temperature reg
and fcc for the high-temperature regime.2 However, no bcc
phase has been observed spontaneously in nature. At
point we must comment that the existence of the bcc
phase was first suggested by Prinz,3 based on studies o
FexCo12x compounds in the limit ofx→0. Nowadays, ex-
perimental results have shown that the bcc phase can act
be stabilized by low-temperature deposition of thin Co film
~up to 2 nm! on a GaAs substrate.4 This forced Co phase is
expected to show considerably different electronic and m
netic properties when compared to the bulk ground-s
structure,5 due to the strong variations in the energy-lev
distribution around the Fermi energy, as well as due to
considerable distortions and bond length changes induce
the film-substrate interactions.6

The tailoring of structural phases has a greater degre
freedom when the dimensionality of the system is reduc
such as in ultrathin films and small clusters. This is due
the presence of finite-size effects that allow relaxation a
reconstruction in the system, as a consequence stabili
structures not permitted by classical crystallograpy rules.
though for free-standing Co clusters experimental inform
tion concerning the geometrical arrangement of the atom
very difficult to obtain, many calculations and indirect e
perimental measurements~e.g., photoionization, chemical re
activity probes, and spectroscopy data! suggest that compac
structures such as icosahedral and fcc~predecessors of th
hcp bulk structure! are present.7 However, when clusters ar
deposited on a surface or embedded in a matrix, pre
0163-1829/2002/65~4!/045420~9!/$20.00 65 0454
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structural characterizations reveal the presence of cons
able geometrical transformations.8,9 In this respect, recen
high-resolution transmission electron microscopy~HRTEM!
images of Co nanoparticles, synthesized by using an orga
metallic precursor technique, showed the existence of
clusters consisting of a bcc-like crystalline structure s
rounded by a distorted compact surface.9 These results are
similar to the ones obtained in Co thin films deposited o
GaAs~001! substrate, in which the coexistence of bcc a
hcp arrangements was reported.4 In both cases, the adopte
geometrical arrangement is considerably influenced by
growth conditions, thus opening the possibility to reali
metastable states of matter.

In small particles, due to the large portion of surface
oms, surface relaxation effects play an important role in
termining the cluster structure. From a theoretical point
view, surface relaxation effects are difficult to quantify, t
usual approach being to assume uniform contractions in
the interatomic distances in the cluster. For systems in wh
the coexistence of different phases is observed, not only
surface but also the interface between the different struct
must be of crucial importance to determine the ground-s
geometry of the particles. This is physically expected, sin
the local coordination number changes rapidly as we m
from inner atoms to those located at the surface, allowing
existence of different interatomic forces that could lead
crystalline or amorphous types of structures. In this work,
study the structural and magnetic properties of relativ
large Co particles with mixed structures, motivated by rec
HRTEM images of cobalt clusters synthesized by an orga
metallic precursor technique.9 We determine the ground-stat
configuration of our mixed particles by solving a tigh
binding Hamiltonian using the method introduced by C
and Parrinello.10 In this approach, a fictitious Lagrangian
constructed to simulate the physical trajectories of the nu
while keeping the electrons close to their quantum grou
state. The reliability of the calculations presented in this
per are supported by previous results describing the e
tronic and magnetic properties as well as the ground-s
©2002 The American Physical Society20-1



m
it

re
b

a
re
w
pr
ve

u

t
in

in
c

ta

e

he
r

ve

m

es

s,
oms

ters

,

am-
om
th,

of

ic
all
ter.
a-

il-

an-
ng,
ian
n
t

ua-
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structures of several transition-metal clusters.11 In particular,
predictions for the most stable geometries in small syste
using this method were found to be in good agreement w
those obtained by more elaborate calculations.12

Although the size and structure of the clusters conside
in our work do not correspond to those synthesized
Respaudet al. (150610 and 310620 atoms),9 our results
can give us some guidelines to understand the structural
magnetic properties of these clusters with mixed structu
The rest of the paper is organized as follows. In Sec. II
describe the theoretical approach briefly. The results are
sented in Sec. III, and a summary of our conclusions is gi
in Sec. IV.

II. MODEL

For a determination of the ground-state structures, we
a tight-binding Hubbard Hamiltonian for thed band11,13 in
the rotationally invariant form in orbital space,14 expressed
in the basis of reald orbitals of symmetryt2g (xy, yz, zx)
and eg (x22y2, 3z22r 2). In this basis the most importan
matrix elements of the on-site Coulomb interaction, i.e.,
volving one or two orbitals, are intraorbital (U12J) and
interorbital ~U! Coulomb and exchange~J! integrals. The
electronic structure of the clusters is determined by solv
this model with the interactions treated in the Hartree-Fo
approximation~HFA!. Using the basis of 3d atomic spin-
orbitals u ils& centered at each sitei, one finds11,13

HHFA5 (
il,s

e ilsnils1 (
i ,l,mÞl,s

hi ,lm,scils
1 cims

1 (
il, j m,iÞ j ,s

t il, j mcils
1 cj ms , ~1!

in the usual notation. The on-site energy levelse ils are given
in terms of the spin-orbital occupation numbers^nils& and
electron-electron interactions as

e ils5ed
o1~U2 1

2 J!@N~ i !2Na#2 1
2 ~U23J!~^nil&2na!

2 1
2 sJM~ i !2 1

2 s~U1J!^mil&, ~2!

where s is the spin index (s561). Here we have intro-
duced the occupation number^nil&5^nil↑&1^nil↓& and the
magnetic moment̂mil&5^nil↑&2^nil↓& of each orbitall.
N( i ) andM ( i ) are the total number of electrons and the to
magnetic moment at atomi, respectively.

The second term in Eq.~1! corresponds to the intrasit
interorbital Fock terms (s̄52s)

hi ,lm,s5~J2U !^cim,s
1 cil,s&12J^cim,s̄

1
cil,s̄&. ~3!

They vanish in the bulk for symmetry reasons. Finally, t
hopping integralst il, j m are obtained in the Slater-Koste
scheme15 from the parameters (dds), (ddp), and (ddd).
We have carried out a least mean-square fit of the bulk le
which correspond to a wave function of pured character
calculated within the local-density-approximation formalis
using only two parameters (dds0) and (ddp0), since
(ddd0) is very small and can be neglected. As usual, th
04542
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parameters are assumed to vary with the distanceRi j be-
tween atomsi and j as (l5s,p,d)

ddl5ddl0 exp@2q~Ri j /R021!#, ~4!

whereR0 is the bulk interatomic spacing. In the calculation
orbitals located on first- and second-nearest-neighbor at
are included.

The bond length and the magnetic states of the clus
are determined by minimizing the total energy,

Etot~N!5^HHFA&2^H int,HFA&1Erep, ~5!

where ^H int,HFA& refers to the double counting correction,13

and the repulsive energyErep is of the Born-Mayer type, i.e.
it is described by a sum of pair interaction energies:

A~Ri j !5A0exp@2p~Ri j /R021!#, ~6!

between first nearest neighbors. The corresponding par
eters of the model shown in Tables I and II are obtained fr
bulk properties: cohesive energy, bulk modulus, bandwid
and equilibrium distance.13

The total energyEtot can be considered as a function
both ~i! the set of ion coordinates$Ri% and ~ii ! the set of
components$cils

(n) % of the occupied eigenstates in the atom
orbital basis set, and has to be minimized with respect to
these variables in order to find the ground state of the clus
This is carried out using the Born-Oppenheimer approxim
tion, i.e., at any position of the ions$Ri%, Etot should be at its
minimum with respect to$cils

(n) %. In principle, this can be
achieved by a self-consistent diagonalization of the Ham
tonian at each atomic configuration$Ri%. Then the force act-
ing on each ion can be computed, and the positions$Ri% are
updated according to classical dynamics until all forces v
ish. However, this procedure would be very time consumi
and we have preferred to use the fictitious Lagrang
method.10,13,16This method provides an equation of motio
for the components$cils

(n) %, thus avoiding the self-consisten
diagonalization of the Hamiltonian at each step.

The dynamics of the system is thus governed by the eq
tions

TABLE I. Hopping parameters (ddso) and (ddpo), and
electron-electron interaction parameters:U and J ~all in eV! esti-
mated for bulk Co.

(ddso) (ddpo) U J

Co 20.5800 0.2900 1.3 0.76

TABLE II. Number of d electrons per atomNd , equilibrium
interatomic distance in the bulkRo , hopping integral exponentq,
and the parameters of the pair repulsive potential,Ao andp, for bulk
Co.

Nd Ro ~Å! q Ao ~meV! p

Co 8.0 2.446 3.09 159.3 9.12
0-2
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MR̈ig52
]Etot~$cias

(n) %,$Ri%!

]Rig
~7!

for the ions, withg5x,y,z, and

m c̈ias
(n) 52

]Etot~$cias
(n) %,$Ri%!

]cias
(n)

1(
n8

Ls
nn8cias

(n8) ~8!

for fictitious particles~heren andn8 are occupied electronic

states!. The quantitiesLs
nn8 are Lagrange multipliers define

as

Ls
nn85(

ia
F1

2

]Etot

]cias
(n)

cias
(n8)1

1

2
cias

(n) ]Etot

]cias
(n)

2m ċias
(n) ċias

(n8)G .

~9!

The above equations of motion are integrated numeric
using the Verlet algorithm.17 For more details the reader
referred to Refs. 11, 13, and 16.

III. RESULTS AND DISCUSSION

A. Cluster geometries

For the calculations we have considered Co(n1m) clusters
of different sizes~wheren corresponds to atoms with a bc
structure andm specifies those having a fcc arrangeme!
within the following range: 57<(n1m)<177. The particles
consist of a growing bcc core (n59,15,27) embedded b
subsequent fcc layers~up to six! having 48<m<150 atoms,
which are enough to completely cover the inner bcc str
tures. In Fig. 1, we show as representative examples the
tial atomic configurations for Co69 (n515,m554) @Fig.
1~a!#, Co93 (n515,m578) @Fig. 1~b!#, and Co105 (n527,m
578) @Fig. 1~c!# clusters. Obviously, this type of constru
tion originates an abrupt interface between the embed
core and the external fcc layers that, as will be seen in
following, is of fundamental importance in determining th
electronic properties and stability of the particles. It is im
portant to comment that this kind of interface could
present in systems where the coexistence between diffe
geometrical phases was reported, such as in small Co
nanoparticles9 and thin Co films deposited on GaAs~001!.4

As an input for the relaxation procedure we will consid
that all the nearest-neighbor distances within the clusters
the same and equal to the bulk Co hcp value (R0
52.48 Å). However, such a restriction is removed as
minimization process evolves. In this algorithm, a purely
dial dependence of the atomic positions will be consider
thus avoiding any deviation from the initial symmetry of th
particle. The structural relaxations of our optimized geo
etries will be then analyzed in terms of the relaxation of
layers in the clusters, i.e., in terms of the distance of all ot
atoms from the central atom. Despite the fact that ang
distortions must be also included, our symmetry-constrai
minimization procedure could be justified since, as pre
ously stated, HRTEM images of Co nanoparticles embed
in a polymer matrix have revealed that local order for cob
in these particles is not the same for the core and surface
04542
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former being characterized by the presence of square lat
with interatomic distances corresponding to those of a
arrangement, while the latter is formed by a distribution
distances close to those of a close-packed arrangement.

B. Relaxed structures and total energy

To illustrate the complex pattern of interatomic distanc
that occurs in our mixed particles upon optimization, we fi
show in Fig. 2 the distances from the central atom (j 50) to
each one of the neighbor shells (j ), R0 j , for three different
nonmagnetic Co clusters@i.e., by assuming in Eq.~1! that
J50 and^nia↑&5^nia↓& in all cases#, with different bcc core
sizes (n59,15,27). Together with this radial distance dist

FIG. 1. Illustration of the initial atomic configurations for~a!
Co69 (n515, m554), ~b! Co93 (n515, m578), and~c! Co105 (n
527, m578).
0-3
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bution we also plot, for comparison, the interatomic spac
of unrelaxed terminated fcc and bcc bulk clusters. In orde
reduce the number of free parameters and simplify the
cussion, all the clusters in Fig. 2 have ratio of bcc to
atoms of;0.2. From the figure we can see that the grou
state configuration in all the particles is achieved by siza
changes in the positions of the atomic shells with respec
the bulk. Considerable contractions and expansions are
present, the latter mainly localized at the interface@Fig. 2~b!#
and at the outermost layers of the particles@Figs. 2~a! and
2~c!#. In all cases, note that rather large average comp
sions on the embedded bcc clusters are observed. At
point we must comment that it is generally believed that
atom can largely compensate for a coordination deficit
reducing its interatomic distances. However, as can be s
from the figures, close-packed atomic distributions~external
layers! can also suffer considerable expansions and cont
tions ~although more modest!, showing that maximizing the
average coordination may not generate the optimal struc
in all cases. Obviously, the atomic reconstructions obser
in the figures are more complex than the ones obtaine
extended surfaces and, as a consequence, surfaces
unique reactive properties should be expected in these
ticles.

As is well known, as a function of the number and co
dination of surface atoms, different structural rearrangeme
for the external layers are possible, being the cause
geometrical perturbation that propagates into the inner sh

FIG. 2. The relaxation of each one of the atomic shells~j! with
respect to the central atom (j 50), R0 j , for nonmagnetic~a! Co57

(n59, m548), ~b! Co93 (n515, m578), and~c! Co177 (n527,
m5150) clusters. In all cases, the ratio of bcc to fcc atoms is;0.2.
For comparison, the interatomic spacing of unrelaxed termina
fcc and bcc bulk fragments are also included.
04542
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and which produces a complex nonuniform relaxation pro
within the particles.11 However, as previously stated, in sy
tems where different geometrical phases coexist, not only
surface but the presence of an interface should play a m
role in the determination of the ground-state structure. In
face effects are clearly illustrated in Fig. 2~b!, where we
show the radial distance distribution for a Co93 cluster with a
15-atom bcc core. In this case, we note that the last she
the embedded bcc cluster (j 52) and the first layer of the fcc
arrangement (j 53), which form the bcc-fcc interface in thi
particle, suffer a considerable repulsive relaxation which
viously causes a redistribution of the neighboring she
Note that the atoms belonging toj 51 and 2 of the bcc core
are practically located at the same distance from the cente
the particle ~a relaxation process not present in the fre
standing bcc Co15 cluster!, so that the central atom become
a highly coordinated site with 14 first-nearest neighbors. T
collapse of atomic shells in Fig. 2~b! is also observed be
tween j 53 and 4~the first two layers of the fcc structure!,
which leads to the formation of a sizable cavity within th
cluster. This type of atomic relaxation can be at the origin
the formation of radial regions of low~high! atom concen-
tration in the radial distribution function~RDF!, such as the
ones observed in Ref. 9. At this point it is important to co
ment that the contribution of thesp electrons has been omit
ted in the electronic model; as a consequence, the b
length changes presented in the the figures may not be
accurate~see Fig. 5 of Ref. 11!. However, we expect that th
rather complex size and environment dependence obta
for the radial distance distribution should reflect the realis
situation in this kind of system.

In order to furthermore elucidate the structural relaxatio
present in this type of mixed structures, in Fig. 3 we comp
the interatomic distance distribution (R0 j ) @Fig. 3~a!# as well
as the RDF@Fig. 3~b!# for a mixed Co177 particle with the
ones obtained for an optimized fcc Co165 cluster. Despite the
fact that both structures differ in the total number of atom
the number of atomic shells that surround the central
atom are the same (j 59), a fact that could be useful to
quantify the influence of the coexistence of different pac
ings in the particles. From the figures we can observe
nificant variations between both clusters inR0 j and the RDF
as a consequence of the sizable differences in their lo
atomic environment. Our calculations for the fcc cluster
veal that the largest contractions are limited to surface lay
while an almost bulklike distribution can be observed f
those atoms located at the inner shells of the particle@Fig.
3~a!#. These results are in agreement with experimental
servations in transition-metal surfaces in which a noticea
contraction of the first layer has been found, followed by
damped oscillation of the interlayer spacing around the b
values when going into the crystal. On the other hand, n
that for a mixed Co177 structure, strong variations in the loca
coordination number as well as interface and surface eff
are combined to generate a complex nonuniform relaxa
profile. By looking at Fig. 3~a! we can see that, as in prev
ous cases, the distance between the atomic shells withj 51
and 2 is very small, a fact that is reflected in the RDF@Fig.
3~b!# by the formation of a small shoulder in the largest pe

d

0-4
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ELECTRONIC STRUCTURE AND STABILITY OF . . . PHYSICAL REVIEW B 65 045420
of the distribution centered around 2.3 Å. Moreover, a
note that, in this case, the relaxation of the bcc-fcc interf
( j 53 and 4! causes the formation of sizable cavities with
the structure, the location of the peaks in the pure fcc clu
being more uniformly distributed in space.

We have also calculated the total-energies of our mi
particles atT50 by using the tight-binding total energy ex
pression@Eq. ~5!# given in Sec. II. The size dependence
the binding energy per atom for all nonmagnetic (J50 and
^nia↑&5^nia↓&) free-standing Co clusters considered in t
calculations, at their ground state, is shown in Fig. 4. Th
mixed bccn-fccm growth sequences are considered with d
ferent bcc cores:n59, 15, and 27. For comparison, the bin
ing energy of pure fcc relaxed structures (Co55, Co79,
Co135, and Co165) is also shown. From the figure we no
that, in general, mixed structures are found to be less st
when compared to fcc clusters. However, note that for p
ticles with (n1m)587 and 111, which corresponds to th
largest Co structures with a nine-atom bcc core, the ca
lated binding energies are very close to those of the pure
growth sequence, showing the behavior of the local impu
limit due to the small fraction of bcc atoms (;10%) present
in the clusters. From the figure we note that, for fcc str
tures, the binding energy increases as the number of atom
the particles increases, reaching almost an asymptotic v
of 1.96 eV/at for;170 atoms. The same kind of behavior
obtained for mixed structures with nine and 27 bcc cor

FIG. 3. ~a! The relaxation of each one of the atomic shells~j!
with respect to the central atom (j 50), R0 j , for the nonmagnetic
Co177 (n527, m5150) cluster compared with the distribution o
tained for a relaxed and unrelaxed fcc bulk fragment. In~b! the
radial distribution function~RDF! for Co177 in comparison with the
one found for an optimized fcc Co165 cluster.
04542
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whereas for the mixed growth sequence withn515 a para-
bolic dependence for the energy is obtained, the maxim
value being located at (n1m)593.

It is important to comment that, in almost all cases, t
size dependence of the binding energy can be correlated
the average coordination number of the clusters,^z&. This is
clearly seen in the inset of Fig. 4, where the average coo
nation as a function of the number of atoms in the particle
shown. Note that, for pure fcc clusters as well as for
mixed particles withn59 and 27, a monotonically increas
ing behavior is observed in both binding energy and^z&.
Moreover, following simple geometrical arguments, we o
serve that the more compact structures are in general
most stable ones. In contrast, it is important to remark t
the total coordination count cannot explain the binding e
ergy vs (n1m) curve for n515; the former increases with
size while the latter considerably decreases. In this partic
case, electronic effects play an important role in the obser
decreasing behavior of the energy profile. As is well know
clusters with a large energy gap between the highest o
pied molecular orbital~HOMO! and the lowest unoccupie
molecular orbital~LUMO! are expected to show remarkab
stability; as a consequence, in Fig. 5 we plot the HOMO a
the LUMO as functions of cluster size. From the figure w
can see that the relative stability observed in Fig. 4 can a
be correlated to some extent with the HOMO-LUMO ener
separation of the particles. Note that the largest HOM
LUMO energy differences correspond in almost all cases
the pure fcc arrangements which are the most stable of al
considered structures. Moreover, note that for the growth
quence withn515, the smallest HOMO-LUMO energy ga

FIG. 4. Size dependence of the binding energies per atom fo
clusters at their ground-state geometrical configuration: solid l
pure fcc relaxed structures; dotted line, mixed growth seque
with n59; dashed line, mixed growth sequence withn515; long-
dashed line, mixed growth sequence withn527. In the inset we
show the respective size dependence of the average coordin
number.
0-5
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~0.003 eV! is found for the largest particle of the distributio
(Co141), an energy ordering that agrees with the one obtai
for the binding energies in Fig. 4. As is well known, th
small HOMO-LUMO energy difference will result in a larg
value for the density of states at the Fermi levelEF , a fact
that will tend to distort the structure further toward a low
symmetry arrangement~according to the Jahn-Teller theo
rem! in order to reduce the degeneracy aroundEF and lower
the total energy. Obviously, our symmetry-constrained m
mization procedure does not allow such structural trans
mations; however, as will be seen in the following, the
clusion of magnetic effects will induce further atom
reconstructions in the clusters, accompanied by consider
energy gains, thus enhancing the stability of the partic
From these results we can conclude that, as physically
pected, the energetics and structural rearrangements
sented in Figs. 2, 3, and 4 result from a delicate bala
between the electronic and geometrical details present in
particles.

Though our total-energy calculations reveal that in
free-standing case these mixed clusters are less favo
when compared with the fcc structures, the fact that th
have been synthesized in a colloidal suspension shows
important role played by the polymer solution in the stab
zation of these kind of arrangements. At this point, it is i
portant to comment that recently Garzonet al.18 found that
disordered ground-state structures are obtained for gold c
ters when passivated with organic molecules. Similarly,
the case of the cobalt nanoparticles synthesized by Res
et al.,9 the interaction of the Co cluster surface with t
ligand molecules or fragments could play also a major role
the observed geometrical configuration and stability of th
type of nanoparticles.

Up to this stage we have not considered the well-kno
presence of magnetic order in Co particles. In previous t
oretical calculations19 and experimental measurements9,20 the
existence of enhanced magnetic moments with respect to
bulk Co structure was reported. Moreover, as is well know
the lattice constant of clusters21 and bulk22 transition metals

FIG. 5. Size dependence of the HOMO~open symbols! and
LUMO ~filled symbols! for all Co clusters considered in the calc
lations at their ground state.
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are larger in magnetic states than in nonmagnetic states,
therefore are of interest when investigating the depende
of our relaxation profiles and binding energies on the to
magnetization of our clusters. We have thus also perform
spin-polarized calculations by means of the full (UÞ0,J
Þ0) extended multiband Hubbard Hamiltonian presented
Sec. II. Moreover, we have explored the existence of m
tiple magnetic solutions by changing our initial spi
polarized electronic configuration in our self-consistent
agonalization process. These multiple magnetic soluti
correspond to local minima of the total energy as a funct
of the magnetic moment of the system for a given geome
among which the one that gives the lowest total energy
regarded as the ground state of the cluster; the rest,
higher energies, are only metastable states.

The magnetic ground states in all our clusters~mixed and
pure! have been found to be fully polarized, the avera
magnetic moment per atom̂M & being equal to 2mB . This is
actually due to the fact that the large exchange interactioJ
~see Table I! dominates independently of the assumed g
metrical configuration; thus very similar distribution of th
local magnetic momentsM ( j ) are found in all cases. Ou
estimated values for̂M & are in good agreement with th
experimental findings of Ref. 9, where the mean magn
moment of Co nanoparticles containing 150610 and 310
620 atoms is;2.0mB . Our calculations also agree with th
experimetal results of Douglasset al.23 who found that for
free Co clusters with sizes ranging from 56 to 215 atoms
average magnetic moment per atom is 1.96mB60.12mB . In
addition to the fully polarized state, several intermediate v
ues of magnetizations have also been obtained, being
stable and characterized by a complicated distribution of
local magnetic moments within the particles with both ferr
magnetic and antiferromagnetic configurations. This is
contrast to the local-moment distribution obtained for a fu
polarized state in which all moments are of course ferrom
netically aligned and only small fluctuations inuM ( j )u are
observed with respect to average value (^M &52.0mB) of the
clusters.

At this point, it is important to comment that, even thou
the exchange parameterJ plays the most important role in
determining the magnetism of transition-metal clusters,24 the
correlation between the on-site Coulomb interaction and
local charge fluctuations also gives a certain dependenc
the magnetic states on the value ofU. As is well known, low
values of this parameter favor a sizable spin-polarized cha
transfer between geometrically inequivalent sites which
viously could modify the distribution of the local magnet
moments in the particles. Although in a previou
publication11 it was demonstrated that sizable variations
the Coulomb interaction do not induce significant perturb
tions on the relaxation profiles of relatively large nonma
netic clusters, in the present case it is important to anal
whether fluctuations in the local magnetic moments indu
by the local fluctuations of charge could modify the details
the radial distance distributions. Consequently, in order
check the sensitivity of our results with the value of t
on-site Coulomb interaction, we have performed additio
calculations by considering different values ofU. In Fig. 6
0-6
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ELECTRONIC STRUCTURE AND STABILITY OF . . . PHYSICAL REVIEW B 65 045420
we plot the magnetic moments on atoms of thej th shell of
neighbors,M ( j ), for a mixed Co105 cluster forU50.6, 1.3,
and 2.0 eV. We only show the most stable solution found
eachU, which corresponds in all cases to the fully polariz
state^M &52.0mB . Moreover, in the inset we also plot th
respective results for the radial distance distributionR0 j .
From the figure it is clear that a lower value ofU ~0.6 eV!
than the one considered in our work~see Table I! increases
the electron delocalization in the system and, despite the
that the same general shape of theM ( j ) vs j curve is ob-
tained, sizable variations in the magnitude of the local m
netic moments are observed in almost all atoms in the
ticle. Conversely, higher values ofU ~2.0 eV! enhance the
electron localization, and thus produce a less anisotropic
tribution of the local magnetic moments in the structure.

Note that, in all three cases, the largest deviations fr
the average valuêM &52.0mB are always observed atj 50
and at the surface of the particle. In the first case this is
to the fact that the perturbation introduced by the surface
the cluster is symmetric around the atom in the center,
therefore produces very strong changes in its local densit
states, causing strong oscillations in the value ofM ( j 50).
For the atoms at the surface, a small charge tran
(;0.2ē/at) from the core atoms to those located at the o
ermost layers, resulting mainly from the different effecti
bandwidth of the local density of states, causes the minor
spin states to become more filled, lowering the value
M ( j ) at those sites as a consequence. The influence of m
netic effects on the relaxation profiles are clearly illustra
in the inset of the figure, where we show the radial dista
distribution for a mixed fully polarized Co105 cluster ob-
tained for the three considered values ofU. For comparison,
we also show the relaxation profile obtained for the sa

FIG. 6. The distribution of the local magnetic moments for t
mixed fully polarized Co105 (n527, m578) cluster for three dif-
ferent values of the on-site Coulomb interactionU. In the inset, we
show the respective relaxation profiles.
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cluster in a nonmagnetic state. Note that the presence
magnetic order modifies the positions of all atomic she
significantly with respect to the results witĥM &50; the
expansive relaxation at the interface~betweenj 53 and 4!
and at the outermost layers is now more pronounced. Mo
over, note that changing the value of the Coulomb interact
U does not induce appreciable modifications in the rad
distance relaxation profile, the ground-state geometry of
fully polarized state being almost independent of the lo
distribution of the magnetic moments in the structure.

The energy contributions of the spin-dependent terms
Eq. ~2! are also of fundamental importance in determini
the stability of this nanoparticles. In Fig. 7, as a represen
tive example we show a comparison of the binding energ
obtained for two growth sequences~mixed with n515 and
pure fcc! in their magnetic and nonmagnetic states. From
figure it is clear that the magnetic contributions produce
almost rigid energy shift of;0.2 eV/at on the values ob
tained in the nonmagnetic fcc growth, while for a mixe
sequence withn515 sizable changes in the general shape
the energy profile are observed. Actually, it is important
remark that, with the inclusion of magnetic effects, the e
ergy vs (n1m) curve forn515 now shows a monotonically
increasing behavior~compare Figs. 4 and 7!, a fact that
clearly demonstrates how the presence of magnetism se
to be also a key factor for stabilizing this type of mixe
structure.

In order to obtain a clearer picture on the type of surfa
relaxations present in the clusters, in Fig. 8 we show
ground-state atomic configuration for Co69 @Fig. 8~a!#, Co93
@Fig. 8~b!#, and Co105 @Fig. 8~c!# particles in their nonmag-
netic ~left column! and magnetic~right column! ground
states. Despite the complex radial distance distribution
tained upon optimization, we can see that, if we compare
initial configurations of the clusters~Fig. 1! with their corre-
sponding nonmagnetic ground-state geometries~left column
of Fig. 8!, no striking differences are found in the gener
morphology of the particles. However, note that with t
inclusion of magnetic effects~right column of Fig. 8!, addi-
tional geometrical reconstructions occur, as the atoms
cated in the center of the fcc faces contract differently th

FIG. 7. A comparison of the size dependence of the bind
energies per atom for Co clusters at their nonmagnetic and mag
ground state: filled diamonds, magnetic fcc growth; open circ
nonmagnetic fcc growth; crosses, magnetic mixed growth withn
515; open squares, nonmagnetic mixed growth withn515.
0-7
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those located at the corners, resulting in a ‘‘puckered’’ ty
of structure with obviously unique reactive properties. Ac
ally, for larger particles, this effect will become less pr
nounced for the atomic shells located near the center of
structure; however, the outer layers are expected to exh
similar features. At this point, it is important to comment th
this kind of surface reconstruction is absent in pure fcc cl
ters, a fact that clearly shows the close interdependenc
magnetism and cluster geometry, and how the magnetic
dering can affect the atomic configuration of a given str
ture.

Finally, it is important to comment upon a few limitation
of our model. As already discussed in Sec. II, the tig
binding model describes only 3d electrons and neglectssp
electrons andsp-d hybridization effects. With respect t
magnetic properties, it is well known thats andp electrons
have small magnetic moments which are normally antifer
magnetically alligned with respect to those in thed orbitals,
thus causing a small reduction in the total magnetic mom
of the clusters. On the other hand,sp electrons are importan
because they fix the number ofd electrons in thed band by
means ofsp-d hybridization. Actually, within our theoretica
framework, trends forsp-d charge transfers can be inferre
by varying thed-electron occupancy around the value co
sidered in our work,Nd58.0. To see this, in Fig. 9 we show

FIG. 8. Illustration of the nonmagnetic~left column! and mag-
netic ~right column! ground-state atomic configurations for~a! Co69

(n515, m554), ~b! Co93 (n515, m578), and~c! Co105 (n527,
m578).
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additional calculations for a mixed Co105 cluster by consid-
ering Nd57.8, 8.0, and 8.2. From the figure, it is clear th
sizable variations in thed-electron occupancy aroundNd
58.0 only induces minor modifications on the general sha
of the relaxation profile; as a consequence, we believe
no erroneous conclusions are given in our work, despite
unknown occupancy of thed states in all the considere
structures.

IV. SUMMARY AND CONCLUSIONS

Using the tight-binding total-energy formalism togeth
with molecular-dynamics techniques, we have perform
calculations on the structure and total energies of relativ
large sized Co(n1m) clusters with mixed (bccn-fccm) struc-
tures. These particles are characterized by small bcc clus
that have been covered with several fcc layers in orde
simulate the geometrical structure of cobalt nanoparticles
cently synthesized by an organometallic precursor techniq
The relaxation of the atoms forming the bcc-fcc interfa
together with surface relaxations effects were found to be
fundamental importance in determining the electronic str
ture and ground-state geometries of the clusters. In all ca
we obtained complex nonuniform distributions of the atom
shells within the clusters, characterized by sizable contr
tions and expansions with respect to the bulk. The format
of sizable cavities in the particles as well as asymmetrica
broadened peaks in the radial distribution function was
served, being in qualitative agreement with the experime
atomic distribution measured by Respaudet al.9 Our mixed
structures were found to be generally less stable when c
pared with pure fcc arrangements, a fact that clearly sho
the crucial role played by the polymer solution in the sta
lization of these kind of nanoparticles. Small HOMO-LUM
energy gaps were obtained in all cases, indicating
metalliclike behavior in the clusters. In agreement with p
vious theoretical calculations and experiments, we h
found fully polarized magnetic ground states (^M &
52.0mB) in all particles. Actually, the presence of magn

FIG. 9. A comparison of the radial distance distributionR0 j for
the mixed nonmagnetic Co105 cluster for different values of the
d-band filling.
0-8
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tism in the clusters was found to play a key role for t
stability of this kind of arrangement by inducing more favo
able atomic reconstructions, as well as due to the siza
energy contributions of the spin-dependent terms taken
account in the electronic Hamiltonian.

The results presented in this paper can be considered
first step in the study of electronic, structural, and magn
properties of these nanoparticles with mixed structures, s
here we have concentrated on qualitative trends rather
on accurate descriptions of particular systems. The main
vantage of the considered tight-binding model is its simp
a-
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ity, that allowed us to obtain a physical insight into the natu
of the complex structural transformations present in cob
clusters with mixed structures, as well as to elucidate
possible geometrical and electronic features responsible
their stability.
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