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We study the electronic structure and stability of g, clusters with mixed (bggfcc,,) structureq 57
<(n+m)=<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
nanoparticle$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.
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[. INTRODUCTION structural characterizations reveal the presence of consider-
able geometrical transformatioftS.In this respect, recent
The design of new materials with novel and special de-high-resolution transmission electron microsc@p\RTEM)
sired properties is presently the subject of intensémages of Co nanoparticles, synthesized by using an organo-
investigations. Epitaxial growth technology has recently metallic precursor technique, showed the existence of Co
made remarkable progress. Currently it is actually possible telusters consisting of a bcc-like crystalline structure sur-
control the formation of new metastable and/or forced phaseunded by a distorted compact surfdcehese results are
of matter with the desired crystal structure and lattice consimilar to the ones obtained in Co thin films deposited on a
stant to some extent. For instance, bulk cobalt in a naturabaAg001) substrate, in which the coexistence of bcc and
way exists in two structures depending on the pressure arlscp arrangements was reporfeth both cases, the adopted
temperature conditions; hcp for the low-temperature regimgeometrical arrangement is considerably influenced by the
and fcc for the high-temperature regifélowever, no bcc  growth conditions, thus opening the possibility to realize
phase has been observed spontaneously in nature. At thisetastable states of matter.
point we must comment that the existence of the bcc Co In small particles, due to the large portion of surface at-
phase was first suggested by Prinbased on studies of oms, surface relaxation effects play an important role in de-
FeCo,_, compounds in the limit ok—0. Nowadays, ex- termining the cluster structure. From a theoretical point of
perimental results have shown that the bcc phase can actualjew, surface relaxation effects are difficult to quantify, the
be stabilized by low-temperature deposition of thin Co filmsusual approach being to assume uniform contractions in all
(up to 2 nm on a GaAs substrafeThis forced Co phase is the interatomic distances in the cluster. For systems in which
expected to show considerably different electronic and magthe coexistence of different phases is observed, not only the
netic properties when compared to the bulk ground-statsurface but also the interface between the different structures
structure’} due to the strong variations in the energy-levelmust be of crucial importance to determine the ground-state
distribution around the Fermi energy, as well as due to thgeometry of the particles. This is physically expected, since
considerable distortions and bond length changes induced lifie local coordination number changes rapidly as we move
the film-substrate interactiofis. from inner atoms to those located at the surface, allowing the
The tailoring of structural phases has a greater degree @xistence of different interatomic forces that could lead to
freedom when the dimensionality of the system is reducedgrystalline or amorphous types of structures. In this work, we
such as in ultrathin films and small clusters. This is due tostudy the structural and magnetic properties of relatively
the presence of finite-size effects that allow relaxation andarge Co particles with mixed structures, motivated by recent
reconstruction in the system, as a consequence stabilizitngRTEM images of cobalt clusters synthesized by an organo-
structures not permitted by classical crystallograpy rules. Almetallic precursor techniqudVe determine the ground-state
though for free-standing Co clusters experimental informa<configuration of our mixed particles by solving a tight-
tion concerning the geometrical arrangement of the atoms ibinding Hamiltonian using the method introduced by Car
very difficult to obtain, many calculations and indirect ex- and Parrinelld? In this approach, a fictitious Lagrangian is
perimental measuremer(es.g., photoionization, chemical re- constructed to simulate the physical trajectories of the nuclei
activity probes, and spectroscopy dataggest that compact while keeping the electrons close to their quantum ground
structures such as icosahedral and feedecessors of the state. The reliability of the calculations presented in this pa-
hcp bulk structurgare present.However, when clusters are per are supported by previous results describing the elec-
deposited on a surface or embedded in a matrix, precisgonic and magnetic properties as well as the ground-state
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structures of several transition-metal clustérin particular, TABLE |. Hopping parameters ddo,) and ddw,), and

predictions for the most stable geometries in small systemslectron-electron interaction parametetsand J (all in eV) esti-

using this method were found to be in good agreement witfnated for bulk Co.

those obtained by more elaborate calculatitns.
Although the size and structure of the clusters considered (ddo) (ddr,) U J

in our work do not correspond to those 9synthesized PYeo —0.5800 0.2900 13 0.76

Respauckt al. (15010 and 3120 atoms); our results

can give us some guidelines to understand the structural and

magnetic properties of_ these c_Iusters with mixed StrUCtureiaarameters are assumed to vary with the disteRgebe-

The rest of the paper is organized as follows. In Sec. Il W&\yeen atoms andj as \= o, ,9)

describe the theoretical approach briefly. The results are pre-

§ented in Sec. lll, and a summary of our conclusions is given dd=dd\gexd —q(R;; /Ro—1)], (4
in Sec. IV.
whereR; is the bulk interatomic spacing. In the calculations,
Il. MODEL orbitals located on first- and second-nearest-neighbor atoms
are included.

For a determination of the ground-state structures, we use The pond length and the magnetic states of the clusters
a tight-binding Hubbard Hamiltonian for the band™*in ..o jetermined by minimizing the total energy

the rotationally invariant form in orbital spat®expressed
in the basis of reatl orbitals of symmetnyt,, (xy, yz, zx) E. (N)=(H —(H. +E 5
ande, (x?—y?, 3z2—r?). In this basis the most important o N)= (i) = (Hin a) + Evep, ®
matrix elements of the on-site Coulomb interaction, i.e., in-where (H;y yra) refers to the double counting correctibh,
volving one or two orbitals, are intraorbitaU(+2J) and  and the repulsive enerdy., is of the Born-Mayer type, i.e.,

interorbital (U) Coulomb and exchang)) integrals. The it is described by a sum of pair interaction energies:
electronic structure of the clusters is determined by solving

this model with the interactions treated in the Hartree-Fock A(Rij)=A¢exf —p(Rij /IRy—1)], (6)
approximation(HFA). Using the basis of @ atomic spin-
orbitals|iA o) centered at each siteone find$h13 between first nearest neighbors. The corresponding param-

eters of the model shown in Tables | and Il are obtained from
+ bulk properties: cohesive energy, bulk modulus, bandwidth,
HHFA_;(, 6‘“’”“"+i,x,gw i, oCinoCiner and epquirl)ibrium distanc® Y
The total energyE,,; can be considered as a function of
+ both (i) the set of ion coordinateR;} and (i) the set of
+. E ) ti)\,jMCi)\(erMU’ (1) (n) . . . .
DNPRES R componentgc;,, } of the occupied eigenstates in the atomic
orbital basis set, and has to be minimized with respect to all
these variables in order to find the ground state of the cluster.
This is carried out using the Born-Oppenheimer approxima-
tion, i.e., at any position of the ioAR;}, E, should be at its

in the usual notation. The on-site energy lewgls, are given
in terms of the spin-orbital occupation numbérs, ,) and
electron-electron interactions as

€ino= €2+ (U—2I)[N(i) = N,]— 3 (U=33)((ny)—ny) minimum with respect tdc{{)}. In principle, this can be
achieved by a self-consistent diagonalization of the Hamil-
—30IM(i)—30(U+J){(m;,), (2)  tonian at each atomic configurati¢R;}. Then the force act-

ing on each ion can be computed, and the posit{éh)$ are
updated according to classical dynamics until all forces van-
ish. However, this procedure would be very time consuming,
and we have preferred to use the fictitious Lagrangian
method!®*31 This method provides an equation of motion
for the component$c({)}, thus avoiding the self-consistent
diagonalization of the Hamiltonian at each step.

The dynamics of the system is thus governed by the equa-
tions

where o is the spin index §==*1). Here we have intro-
duced the occupation numbgm;,)=(n;,;)+(n;, ) and the
magnetic momentm;,)=(n;,;)—(n;,) of each orbital\.
N(i) andM(i) are the total number of electrons and the total
magnetic moment at atoim respectively.

The second term in Eql) corresponds to the intrasite

interorbital Fock termsd= — o)
+

hi,)\,u,(r:(‘]_U)<CiJ;L,(rCi)\,U'>+2‘]<Ci#,;Ci)\,;>' (3)
They vanish in the bulk for symmetry reasons. Finally, the TABLE Il. Number of d electrons per atonNg, equilibrium
hopping integralst;, ;, are obtained in the Slater-Koster intératomic distance in the bulk,, hopping integral exponern,
schem& from the parametersddc), (ddw), and ddd). and the parameters of the pair repulsive potentiglandp, for bulk
We have carried out a least mean-square fit of the bulk levelS©:
which correspond to a wave function of pudecharacter N R A
calculated within the local-density-approximation formalism d o (A) q Ao (meV) P
using only two parametersdfloy) and (@ddmg), since co 8.0 2.446 3.09 159.3 9.12
(ddéy) is very small and can be neglected. As usual, these
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3Etot({ci(2)a} AR

MR,= - ——" )
for the ions, withy=x,y,z, and
. IEu({cM Y {R}) o
,LLCi(g)U: - tot { i n} { I} +2 Agn Ci(gg) (8)
&Ci(a)o' n’

for fictitious particlestheren andn’ are occupied electronic

states. The quantities\"" are Lagrange multipliers defined
as
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The above equations of motion are integrated numerically 5/, K ZN\N
using the Verlet algorithmy! For more details the reader is l:;{.";{// \./\\>£l\0§£
referred to Refs. 11, 13, and 16. @l"{_\z\\\‘/’\.//(_/ﬁé/)’\’f
N R
Ill. RESULTS AND DISCUSSION NERKE 0=, V0

N

A. Cluster geometries O=CFE=Y

For the calculations we have considered <@, clusters
of different sizes(wheren corresponds to atoms with a bcc
structure andm specifies those having a fcc arrangement
within the following range: 5% (n+m)<177. The particles
consist of a growing bcc coren&9,15,27) embedded by
subsequent fcc layefsip to siX having 48<m=150 atoms,
which are enough to completely cover the inner bcc struc-
tures. In Fig. 1, we show as representative examples the ini-
tial atomic configurations for Gg (n=15m=>54) [Fig.
1(@], Cayz (n=15m=78) [Fig. 1(b)], and Cqgps (n=27m
=78) [Fig. 1(c)] clusters. Obviously, this type of construc-
tion originates an abrupt interface between the embedded
core and the external fcc layers that, as will be seen in the
following, is of fundamental importance in determining the
electronic properties and stability of the particles. It is im-
portant to comment that this kind of interface could be
present in systems where the coexistence between different
geometrical phases was reported, such as in small Cobalt FIG. 1. Illustration of the initial atomic configurations f¢a)
nanoparticleSand thin Co films deposited on Ga@91).* Cogg (N=15, m=54), (b) Cay (=15, m=78), and(c) Coygs (N

As an input for the relaxation procedure we will consider =27, m=78).
that all the nearest-neighbor distances within the clusters are
the same and equal to the bulk Co hcp valug, ( former being characterized by the presence of square lattices
=2.48 A). However, such a restriction is removed as thewith interatomic distances corresponding to those of a bcc
minimization process evolves. In this algorithm, a purely ra-arrangement, while the latter is formed by a distribution of
dial dependence of the atomic positions will be considereddistances close to those of a close-packed arrangement.
thus avoiding any deviation from the initial symmetry of the
particle. The structural relaxations of our optimized geom-
etries will be then analyzed in terms of the relaxation of the
layers in the clusters, i.e., in terms of the distance of all other To illustrate the complex pattern of interatomic distances
atoms from the central atom. Despite the fact that angulathat occurs in our mixed particles upon optimization, we first
distortions must be also included, our symmetry-constraineghow in Fig. 2 the distances from the central atgms Q) to
minimization procedure could be justified since, as previ-each one of the neighbor shellg) ( Ry;, for three different
ously stated, HRTEM images of Co nanoparticles embeddedonmagnetic Co clustefg.e., by assuming in Eql) that
in a polymer matrix have revealed that local order for cobalt)=0 and(n;,;)=(n;,) in all case$ with different bcc core
in these particles is not the same for the core and surface; thgizes 6=9,15,27). Together with this radial distance distri-

B. Relaxed structures and total energy

045420-3



R. GUIRADO-LOPEZ et al. PHYSICAL REVIEW B 65 045420

24 7 T 7 ] and which produces a complex nonuniform relaxation profile
@) o—o boc-bulk within the particles! However, as previously stated, in sys-
56 | - foo-bukk | tems where different geometrical phases coexist, not only the
¢---en=9,m=48 surface but the presence of an interface should play a major
3.8 role in the determination of the ground-state structure. Inter-
’ face effects are clearly illustrated in Fig(b®, where we
20 show the radial distance distribution for adzcluster with a
7'4 15-atom bcc core. In this case, we note that the last shell of
) the embedded bcc clustgr=€ 2) and the first layer of the fcc
55 arrangementj(=3), which form the bcc-fcc interface in this
_ particle, suffer a considerable repulsive relaxation which ob-
$ viously causes a redistribution of the neighboring shells.
CC53'8 Note that the atoms belonging je=1 and 2 of the bcc core

are practically located at the same distance from the center of
the particle (a relaxation process not present in the free-
standing bcc Cg; cluste), so that the central atom becomes
a highly coordinated site with 14 first-nearest neighbors. The
collapse of atomic shells in Fig.(l is also observed be-
tweenj =3 and 4(the first two layers of the fcc structyre
which leads to the formation of a sizable cavity within the
cluster. This type of atomic relaxation can be at the origin of
the formation of radial regions of lowhigh) atom concen-
tration in the radial distribution functiofRDF), such as the
ones observed in Ref. 9. At this point it is important to com-

FIG. 2. The relaxation of each one of the atomic sh@)isvith ment that the contribution of thep electrons has been omit-
respect to the central atonj£0), Ry;, for nonmagnetida) Cos; ted in the electronic modt_el; as a consequence, the bond
(h=9, m=48), (b) Coys (n=15, m=78), and(c) Co,7; (N=27, length changes presented in the the figures may not be very
m=150) clusters. In all cases, the ratio of bcc to fcc atoms@s2. accuratgsee Fig. 5 of Ref. 11 However, we expect that the

For comparison, the interatomic spacing of unrelaxed terminatedather complex size and environment dependence obtained
fcc and bee bulk fragments are also included. for the radial distance distribution should reflect the realistic

situation in this kind of system.

bution we also plot, for comparison, the interatomic spacing In order to furthermore elucidate the structural relaxations
of unrelaxed terminated fcc and bce bulk clusters. In order t@resent in this type of mixed structures, in Fig. 3 we compare
reduce the number of free parameters and simplify the disthe interatomic distance distributioRRg;) [Fig. 3@] as well
cussion, all the clusters in Fig. 2 have ratio of bcc to fccas the RDHFig. 3(b)] for a mixed Cqy; particle with the
atoms of~0.2. From the figure we can see that the ground-ones obtained for an optimized fcc ggcluster. Despite the
state configuration in all the particles is achieved by sizabldact that both structures differ in the total number of atoms,
changes in the positions of the atomic shells with respect tthe number of atomic shells that surround the central Co
the bulk. Considerable contractions and expansions are botttom are the samej€9), a fact that could be useful to
present, the latter mainly localized at the interfiiéig. 2(b)]  quantify the influence of the coexistence of different pack-
and at the outermost layers of the particJésgs. 2a) and  ings in the particles. From the figures we can observe sig-
2(0)]. In all cases, note that rather large average compresiificant variations between both clustersRp; and the RDF
sions on the embedded bcc clusters are observed. At thaas a consequence of the sizable differences in their local
point we must comment that it is generally believed that aratomic environment. Our calculations for the fcc cluster re-
atom can largely compensate for a coordination deficit byveal that the largest contractions are limited to surface layers,
reducing its interatomic distances. However, as can be seamhile an almost bulklike distribution can be observed for
from the figures, close-packed atomic distributigesternal  those atoms located at the inner shells of the parfi€lg.
layers can also suffer considerable expansions and contra3(a)]. These results are in agreement with experimental ob-
tions (although more modestshowing that maximizing the servations in transition-metal surfaces in which a noticeable
average coordination may not generate the optimal structureontraction of the first layer has been found, followed by a
in all cases. Obviously, the atomic reconstructions observedamped oscillation of the interlayer spacing around the bulk
in the figures are more complex than the ones obtained imalues when going into the crystal. On the other hand, note
extended surfaces and, as a consequence, surfaces wittat for a mixed Cg,; structure, strong variations in the local
unique reactive properties should be expected in these patoordination number as well as interface and surface effects
ticles. are combined to generate a complex nonuniform relaxation

As is well known, as a function of the number and coor-profile. By looking at Fig. 8) we can see that, as in previ-
dination of surface atoms, different structural rearrangementsus cases, the distance between the atomic shellsjwith
for the external layers are possible, being the cause of and 2 is very small, a fact that is reflected in the R[B#.
geometrical perturbation that propagates into the inner shell3(b)] by the formation of a small shoulder in the largest peak

2.0

01234567809
Shell of neighbors |
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o FIG. 4. Size dependence of the binding energies per atom for Co
0.0 L VA clusters at their ground-state geometrical configuration: solid line,
o0 35 5.0 6.5 8.0 pure fcc relaxed structures; dotted line, mixed growth sequence

Distance (A) with n=9; dashed line, mixed growth sequence witk 15; long-
dashed line, mixed growth sequence with27. In the inset we
FIG. 3. (a) The relaxation of each one of the atomic sh¢j)s  show the respective size dependence of the average coordination
with respect to the central atom=£0), Ry, for the nonmagnetic number.
Co,77 (N=27, m=150) cluster compared with the distribution ob-
tained for a relaxed and unrelaxed fcc bulk fragment(bnthe
radial distribution functiofRDF) for Co,77 in comparison with the
one found for an optimized fcc Gg cluster.

whereas for the mixed growth sequence with 15 a para-
bolic dependence for the energy is obtained, the maximum
value being located atn@ m)=93.

It is important to comment that, in almost all cases, the
of the distribution centered around 2.3 A. Moreover, alsosjze dependence of the binding energy can be correlated with
note that, in this case, the relaxation of the bcc-fcc interfacene average coordination number of the clustérs, This is
(j=3 and 4 causes the formation of sizable cavities within clearly seen in the inset of Fig. 4, where the average coordi-
the structure, the location of the peaks in the pure fcc clustemation as a function of the number of atoms in the particles is
being more uniformly distributed in space. shown. Note that, for pure fcc clusters as well as for the

We have also calculated the total-energies of our mixednixed particles witn=9 and 27, a monotonically increas-
particles affT=0 by using the tight-binding total energy ex- ing behavior is observed in both binding energy gm.
pression[Eq. (5)] given in Sec. Il. The size dependence of Moreover, following simple geometrical arguments, we ob-
the binding energy per atom for all nonmagnetic=0 and serve that the more compact structures are in general the
(Niq1)=(ni,,)) free-standing Co clusters considered in themost stable ones. In contrast, it is important to remark that
calculations, at their ground state, is shown in Fig. 4. Threehe total coordination count cannot explain the binding en-
mixed bcg-fcc,,, growth sequences are considered with dif-ergy vs (1-+m) curve forn=15; the former increases with
ferent bcc corem=9, 15, and 27. For comparison, the bind- size while the latter considerably decreases. In this particular
ing energy of pure fcc relaxed structures €60 Coyg, case, electronic effects play an important role in the observed
Coy35, and Cqgg is also shown. From the figure we note decreasing behavior of the energy profile. As is well known,
that, in general, mixed structures are found to be less stabldusters with a large energy gap between the highest occu-
when compared to fcc clusters. However, note that for parpied molecular orbitalHOMO) and the lowest unoccupied
ticles with (h+m)=87 and 111, which corresponds to the molecular orbitalLUMO) are expected to show remarkable
largest Co structures with a nine-atom bcc core, the calcustability; as a consequence, in Fig. 5 we plot the HOMO and
lated binding energies are very close to those of the pure fcthe LUMO as functions of cluster size. From the figure we
growth sequence, showing the behavior of the local impuritycan see that the relative stability observed in Fig. 4 can also
limit due to the small fraction of bcc atoms-(L0%) present be correlated to some extent with the HOMO-LUMO energy
in the clusters. From the figure we note that, for fcc strucseparation of the particles. Note that the largest HOMO-
tures, the binding energy increases as the number of atoms lUMO energy differences correspond in almost all cases to
the particles increases, reaching almost an asymptotic valuge pure fcc arrangements which are the most stable of all the
of 1.96 eV/at for~170 atoms. The same kind of behavior is considered structures. Moreover, note that for the growth se-
obtained for mixed structures with nine and 27 bcc coresguence withn=15, the smallest HOMO-LUMO energy gap
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triangle—sfoc. are larger in magnetic states than in nonmagnetic states, and
circle->n=9 therefore are of interest when investigating the dependence
130 b ouare snets 1 . . I .
\ of our relaxation profiles and binding energies on the total
diamond->n=27 . .
magnetization of our clusters. We have thus also performed
< 145 spin-polarized calculations by means of the full £0,J
L #0) extended multiband Hubbard Hamiltonian presented in
P Sec. Il. Moreover, we have explored the existence of mul-
g, 1.00 - tiple magnetic solutions by changing our initial spin-
w A polarized electronic configuration in our self-consistent di-
E////*‘\e/ agonalization process. These multiple magnetic solutions
085 Y T correspond to local minima of the total energy as a function
¢ HOMO->open symbol of the magnetic moment of the system for a given geometr
LUMO->filled symbol gr € Sy g9 9 y:
0.7 . . . . among which the one that gives the lowest total energy is
T80 80 110 140 170 regarded as the ground state of the cluster; the rest, with

No. of Atoms (n+m) higher energies, are only metastable states.

The magnetic ground states in all our clust@mixed and
pure have been found to be fully polarized, the average
magnetic moment per atofM ) being equal to Zg . This is
actually due to the fact that the large exchange interaction
(see Table )l dominates independently of the assumed geo-
(0.003 eV is found for the largest particle of the distribution metrical configuration; thus very similar distribution of the
(Coy41), an energy ordering that agrees with the one obtainetbcal magnetic moments(j) are found in all cases. Our
for the binding energies in Fig. 4. As is well known, this estimated values fo(M) are in good agreement with the
small HOMO-LUMO energy difference will result in a large experimental findings of Ref. 9, where the mean magnetic
value for the density of states at the Fermi lelzgl, a fact moment of Co nanoparticles containing ¥500 and 310
that will tend to distort the structure further toward a lower =20 atoms is~2.0ug. Our calculations also agree with the
symmetry arrangemertaccording to the Jahn-Teller theo- experimetal results of Douglass al® who found that for
rem) in order to reduce the degeneracy aroliidand lower  free Co clusters with sizes ranging from 56 to 215 atoms the
the total energy. Obviously, our symmetry-constrained mini-average magnetic moment per atom is L6 0.12ug. In
mization procedure does not allow such structural transforaddition to the fully polarized state, several intermediate val-
mations; however, as will be seen in the following, the in-ues of magnetizations have also been obtained, being less
clusion of magnetic effects will induce further atomic stable and characterized by a complicated distribution of the
reconstructions in the clusters, accompanied by considerablecal magnetic moments within the particles with both ferro-
energy gains, thus enhancing the stability of the particlesmagnetic and antiferromagnetic configurations. This is in
From these results we can conclude that, as physically excontrast to the local-moment distribution obtained for a fully
pected, the energetics and structural rearrangements prpelarized state in which all moments are of course ferromag-
sented in Figs. 2, 3, and 4 result from a delicate balanceetically aligned and only small fluctuations jM(j)| are
between the electronic and geometrical details present in thebserved with respect to average valg®l§=2.0ug) of the
particles. clusters.

Though our total-energy calculations reveal that in the At this point, it is important to comment that, even though
free-standing case these mixed clusters are less favorahilee exchange parametdrplays the most important role in
when compared with the fcc structures, the fact that theyletermining the magnetism of transition-metal clustétse
have been synthesized in a colloidal suspension shows tleorrelation between the on-site Coulomb interaction and the
important role played by the polymer solution in the stabili- local charge fluctuations also gives a certain dependence of
zation of these kind of arrangements. At this point, it is im-the magnetic states on the valuelafAs is well known, low
portant to comment that recently Garzenal® found that  values of this parameter favor a sizable spin-polarized charge
disordered ground-state structures are obtained for gold clusransfer between geometrically inequivalent sites which ob-
ters when passivated with organic molecules. Similarly, inviously could modify the distribution of the local magnetic
the case of the cobalt nanoparticles synthesized by Respantoments in the particles. Although in a previous
et al.’ the interaction of the Co cluster surface with the publicatiort! it was demonstrated that sizable variations in
ligand molecules or fragments could play also a major role irthe Coulomb interaction do not induce significant perturba-
the observed geometrical configuration and stability of thes¢ions on the relaxation profiles of relatively large nonmag-
type of nanoparticles. netic clusters, in the present case it is important to analyze

Up to this stage we have not considered the well-knowrnwhether fluctuations in the local magnetic moments induced
presence of magnetic order in Co particles. In previous theby the local fluctuations of charge could modify the details of
oretical calculation’$ and experimental measureméerffthe  the radial distance distributions. Consequently, in order to
existence of enhanced magnetic moments with respect to tteheck the sensitivity of our results with the value of the
bulk Co structure was reported. Moreover, as is well knownpn-site Coulomb interaction, we have performed additional
the lattice constant of clustéfsand bulk? transition metals calculations by considering different values 0f In Fig. 6

FIG. 5. Size dependence of the HOM®pen symbols and
LUMO (filled symbols for all Co clusters considered in the calcu-
lations at their ground state.
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FIG. 7. A comparison of the size dependence of the binding
energies per atom for Co clusters at their nonmagnetic and magnetic
ground state: filled diamonds, magnetic fcc growth; open circles,
nonmagnetic fcc growth; crosses, magnetic mixed growth with

----a J=2.0 =15; open squares, nonmagnetic mixed growth with15.
ST s 4 s e v s cluster in a nonmagnetic state. Note that the presence of
Shell of neighbors | magnetic order modifies the positions of all atomic shells

significantly with respect to the results witfM)=0; the
FIG. 6. The distribution of the local magnetic moments for the expansive relaxation at the interfagdeetweenj=3 and 4
mixed fully polarized Ceys (=27, m=78) cluster for three dif- and at the outermost layers is now more pronounced. More-
ferent values of the on-site Coulomb interactldnin the inset, we  gver, note that changing the value of the Coulomb interaction
show the respective relaxation profiles. U does not induce appreciable modifications in the radial
) distance relaxation profile, the ground-state geometry of the
we plot the magnetic moments on atoms of jtie shell of  fy|ly polarized state being almost independent of the local
neighbors M (j), for a mixed Cqos cluster foru=0.6, 1.3,  distribution of the magnetic moments in the structure.
and 2.0 eV. We Only show the most stable solution found for The energy contributions of the spin_dependent terms in
eachU, which Corresponds in all cases to the fU”y pOlarizequ_ (2) are also of fundamental importance in determining
state(M)=2.0ug. Moreover, in the inset we also plot the the stability of this nanoparticles. In Fig. 7, as a representa-
respective results for the radial distance distributlﬁ(g] . tive examp|e we show a Comparison of the bmdmg energies
From the figure it is clear that a lower value 0f(0.6 €V)  obtained for two growth sequencésixed with n=15 and
than the one considered in our wofkee Table )lincreases pure fcg in their magnetic and nonmagnetic states. From the
the electron delocalization in the system and, despite the fag{gure it is clear that the magnetic contributions produce an
that the same general shape of t€j) vsj curve is ob-  amost rigid energy shift of~0.2 eV/at on the values ob-
tained, sizable variations in the magnitude of the local magtained in the nonmagnetic fcc growth, while for a mixed
netic moments are observed in almost all atoms in the Palsequence witn= 15 sizable changes in the general shape of
ticle. Conversely, higher values ¢f (2.0 eV) enhance the the energy profile are observed. Actually, it is important to
electron localization, and thus produce a less anisotropic disemark that, with the inclusion of magnetic effects, the en-
tribution of the |0ca| magnetic moments in the structure. ergy VS Q’i_i_ m) curve forn: 15 now ShOWS a monotonica”y
Note that, in all three cases, the largest deviations frO”ﬂncreasing behaviofcompare Figs. 4 and)7a fact that
the average valugM)=2.0ug are always observed @0  clearly demonstrates how the presence of magnetism seems
and at the surface of the particle. In the first case this is dugy pe also a key factor for stabilizing this type of mixed
to the fact that the perturbation introduced by the surface o&trycture.
the cluster is Symmetric around the atom in the center, and In order to obtain a clearer picture on the type of surface
therefore produces very strong changes in its local density qilaxations present in the clusters, in Fig. 8 we show the
states, causing strong oscillations in the valueVi{fj =0).  ground-state atomic configuration for GdFig. 8@)], Cays
For the atoms at the surface, a small charge transfqirig. gb)], and Cqys [Fig. 8(c)] particles in their nonmag-
(~0.2e/at) from the core atoms to those located at the outnetic (left column and magnetic(right columr ground
ermost layers, resulting mainly from the different effective states. Despite the complex radial distance distribution ob-
bandwidth of the local density of states, causes the minoritytained upon optimization, we can see that, if we compare the
spin states to become more filled, lowering the value ofinitial configurations of the cluster&ig. 1) with their corre-
M(j) at those sites as a consequence. The influence of magponding honmagnetic ground-state geomef(liefs column
netic effects on the relaxation profiles are clearly illustratedof Fig. 8), no striking differences are found in the general
in the inset of the figure, where we show the radial distancenorphology of the particles. However, note that with the
distribution for a mixed fully polarized Ggs cluster ob- inclusion of magnetic effectgight column of Fig. 8, addi-
tained for the three considered values.bfFor comparison, tional geometrical reconstructions occur, as the atoms lo-
we also show the relaxation profile obtained for the sameated in the center of the fcc faces contract differently than
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FIG. 9. A comparison of the radial distance distributieg) for
the mixed nonmagnetic Gg; cluster for different values of the
d-band filling.

additional calculations for a mixed Gg cluster by consid-
ering Ny=7.8, 8.0, and 8.2. From the figure, it is clear that
sizable variations in thel-electron occupancy aroundy
=8.0 only induces minor modifications on the general shape
of the relaxation profile; as a consequence, we believe that
no erroneous conclusions are given in our work, despite the
unknown occupancy of the states in all the considered

structures.
FIG. 8. lllustration of the nonmagnetiteft column and mag- IV. SUMMARY AND CONCLUSIONS
netic (right column ground-state atomic configurations f@ Cogg . . o )
(n=15, m=54), (b) Cogs (n=15, m=78), and(c) Coygs (N=27, Using the tight-binding total-energy formalism together
m=78). with molecular-dynamics techniques, we have performed

calculations on the structure and total energies of relatively

those located at the corners, resulting in a “puckered” typelarge sized Cg ., clusters with mixed (bggfcc,,) struc-
of structure with obviously unique reactive properties. Actu-tures. These particles are characterized by small bcc clusters
ally, for larger particles, this effect will become less pro-that have been covered with several fcc layers in order to
nounced for the atomic shells located near the center of theimulate the geometrical structure of cobalt nanoparticles re-
structure; however, the outer layers are expected to exhibitently synthesized by an organometallic precursor technique.
similar features. At this point, it is important to comment thatThe relaxation of the atoms forming the bcc-fcc interface
this kind of surface reconstruction is absent in pure fcc clustogether with surface relaxations effects were found to be of
ters, a fact that clearly shows the close interdependence dindamental importance in determining the electronic struc-
magnetism and cluster geometry, and how the magnetic oture and ground-state geometries of the clusters. In all cases
dering can affect the atomic configuration of a given struc-we obtained complex nonuniform distributions of the atomic
ture. shells within the clusters, characterized by sizable contrac-

Finally, it is important to comment upon a few limitations tions and expansions with respect to the bulk. The formation
of our model. As already discussed in Sec. IlI, the tight-of sizable cavities in the particles as well as asymmetrically
binding model describes onlyd3electrons and neglecsp  broadened peaks in the radial distribution function was ob-
electrons andsp-d hybridization effects. With respect to served, being in qualitative agreement with the experimental
magnetic properties, it is well known thatandp electrons  atomic distribution measured by Respaetcal® Our mixed
have small magnetic moments which are normally antiferrostructures were found to be generally less stable when com-
magnetically alligned with respect to those in therbitals, pared with pure fcc arrangements, a fact that clearly shows
thus causing a small reduction in the total magnetic momenthe crucial role played by the polymer solution in the stabi-
of the clusters. On the other harg}) electrons are important lization of these kind of nanoparticles. Small HOMO-LUMO
because they fix the number dfelectrons in thed band by  energy gaps were obtained in all cases, indicating a
means of p-d hybridization. Actually, within our theoretical metalliclike behavior in the clusters. In agreement with pre-
framework, trends fosp-d charge transfers can be inferred vious theoretical calculations and experiments, we have
by varying thed-electron occupancy around the value con-found fully polarized magnetic ground states/ M)
sidered in our workN4=28.0. To see this, in Fig. 9 we show =2.0ug) in all particles. Actually, the presence of magne-
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tism in the clusters was found to play a key role for theity, that allowed us to obtain a physical insight into the nature

stability of this kind of arrangement by inducing more favor- of the complex structural transformations present in cobalt
able atomic reconstructions, as well as due to the sizablelusters with mixed structures, as well as to elucidate the
energy contributions of the spin-dependent terms taken imgos_sible g_eometrical and electronic features responsible for
account in the electronic Hamiltonian. their stability.
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