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Competition between two- and three-dimensional growth of Co clusters deposited
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Using a quasiab initio molecular-dynamics method we have studied two-dimensi2il versus three-
dimensional(3D) structures in Co clusters deposited on(@1) finding that the magnetism plays a relevant
role. For the magnetic Gg supported cluster, the influence of such a 2D to 3D structural change on the
magnetic propertiesmagnetic-moment distribution an average magnetizatisrinvestigated through self-
consistent calculations within spd tight-binding model parametrized b initio results for the ideal Co
monolayer on C(D01).
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The development of new high-density magnetic storagescanning tunnel microscope observatiSrisave shown the
devices is one of the hot topics in high-technology reserchformation of two-monolayer height Co islands on the Cu
One of the key aspects is the search of novel magnetic maubstrate. Recent atomic scale calculatidfisr Co clusters
terials with two main requirements: size integratioranos-  on Cu(111) indicated the transition from two-dimensional
cale structures and high localized magnetic moments. Sup-(2D)  structures (planar supported clustérsto three-
ported magnetic clusters are considered one of the begimensional(3D) structures above a certain size, estimated
candidates due to their enhanced and very localized magnetigound 25 atoms. It is expected that this type of structural
moments. Recent advances in experimental techniques like,nsition affects the magnetic properties of the system, but

lithography and pattern transfer seem to date the productiofy e same time the magnetism can play an important role in
of size-controlled periodic arrays of clusters in the very neal o<e structural transitions

future, boosting the research in this fiél&or technical ap- In the present communication, we explore 2D versus 3D

pllc_at|ons it is crucial to assure .th_e stab|I.|ty of th_e magnet|—Structures in Cg clusters deposited on QOO1) in connec-
zation of each nanopatrticle avoiding the interaction between

the clusters. The best way to do it is to consider magneti@on to their magnetic properties. For this orientation there is
clusters dep.osited on inert substrates. like noble metals. "° direct experimental observation or theoretical indication

deposited on noble substrates, especially on Cu. It has be&iPstrate during the first stages of the growth. For this pur-
pointed out that these Co nanostructures should display eff°S€ We consider several 2D and 3D atomic arrangements
hanced magnetic moments and that the magnetic interactid@r certain Cg clusters in the range ¥N<25 and we op-
between them should be negligible even for very high clusteimize them using a quasib initio molecular-dynamics
concentration rateslt is well known that the local environ- method, both with magnetic and nonmagnetic parameteriza-
ment (geometry and coordinatiprinfluences strongly the tions. We calculate the corresponding binding energies and
magnetic behavior of these systems. Different measurement®mpare the magnetic and nonmagnetic situation. For the
of the magnetization for free-standing Co clustetsas a  optimized geometries of the magnetic goluster, the local
function of the cluster size found enhancements of aboumagnetic moments at each inequivalent site and the average
25-40 % with respect to the magnetic moment in bulk. Thismagnetization are analyzed by means of self-consistent spin-
effect is due to the loss of coordination at the surface atompolarized calculations within apd tight-binding model pa-

of the particle and should also exist for Co clusters depositedametrized taab initio results for the ideal Co monolayer on
on Cu. The experimental data concerning the growth of C&Cu(001), and we compare the results with those obtained for
on a Cu substrate showed a different growth scenario deghe unrelaxed geometries.

pending on the experimental conditions, due to the competi- We take the Cg cluster as a reference because the
tion between kinetics and energetics in the deposition pro2D-3D transition has been predicted around this size when
cess. Some of the experimental groups have found a godatie Cu substrate is in th€11) orientation. The atomic ar-
epitaxial layer-by-layer growth of Co on Cu substrét®®  rangements of the Ggcluster on the C{®01) substrate have
while others observed segregation and intermixing phenombeen optimized using a quaaly initio molecular-dynamics
ena at the Co/Cu interfac&® or the formation of compact method within the tight-binding model based on fitting the
Co clusters on the Cu substrafe®!’What is clear is that at interatomic potentials to accurate first-principle calculations
the initial stage of Co monolayer growth, small Co clustersof selected cluster-substrate properties for Co clusters on
are formed on the Cu surface. For Co deposited oflCl), Cu?® This improvement in the fit includes implicitly in the
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bility of a trilayer growth mode and found that, at least up to
this cluster size, the two-layer atomic configurations are
more stable. We will come again to this point later.

The positions of the Co atoms in the clusters are different
S 5 from the ideal fcc sites'of the Cu Iattic.e due to the strain
Rty 153 161 166 166 172 1.80 relaxation at the Co/Cu interfadescently it was shown that

(177) (1.79) (1.85) (1.84) (1.88) (1.90) Co clusters and Cu substrates are not flat due to the strain
PELE9 1y (=185 1p) relief2Y) The horizontal interatomic distances within both
planar and bilayer 3D clusters are compressed about 4% as
compared to the Cu ideal lattice values, being the edge Co
atoms relaxed towards the center of the Co clusters. The
in-plane relaxations of the Cu atoms in the uppermost
Cu(00]) plane are nearly negligible. Only the substrate Cu
atoms under the Co clustef€o/Cu interface exhibit small
horizontal distortiongabout 1 %. The interface Co atoms in
the clusters are relaxed down to the substrate by(@8tral
atomg and 3%(edge atoms Since the Cu atoms under the
Site . A B C D E F Co clusters are pushed down into the substrate in the same
ug) 115 146 1.67 152 1.65 1.64 . .

— way due to the out-of-plane relaxatioflsthe average dis-
Lty tance between the Co atoms and the Cu underneath remains
nearly the same as the Cu-Cu interatomic distance in the fcc

FIG. 1. Geometries of 2D and 3D relaxed Co clusters with 25C pbulk. The Cu atoms that are not adjacent to the Co clus-
atoms supported on Q@01 together with the magnetic-moment ters do not vary significantly from the ideal lattice sites.
distribution and average magnetic moment per cluster atajn ( Since it is well known the close relation between magnetism
For the sake of comparison, also the local magnetic moments angind atomic structure, an important question arises at this
average magnetization corresponding to the unrelaxed planar strugpint. Is the magnetism in any sense a driving force in the
ture (ideal fcc lattice positionsare reported between parenthesis. 23D structural transition? In order to shed some light on
Black balls cor'respond to Cu substratg site.s while yvhitg balls arepis question, we have repeated the MD relaxations for both
the Co atoms_, in the clus_ters. A_II the inequivalent snes_ in the Copq planar and the 3D bilayer structures of,Cwith the
clust_e_rs_e}re |nd|cate_d _Wlth capital letters. Only a portion of thenonmagnetic parametrization, that is switching off the mag-
semi-infinite system is illustrated. netic contribution, although the most stable solution is, of

course, the magnetic one. We have found that in this case the
potentials the magnetic character of the systems, as well gdanar structure is more stable than the 3D bilayer structure
information about the local environment, in particular the (with an energy gain of 0.03 eV per Co atprit is therefore
finite size of the supported clusters and the interface. Howelear that magnetism favors the 2D-3D structural transition
ever, in order to analyze the role played by the magnetisiihat takes place for larger sizes if magnetism is switched off.
we have also performed the optimization using another set df the case of the nonmagnetic calculations, all Co atoms of
interatomic potentials fitted to first-principle calculations of the supported cluster approach very close to the substrate
selected cluster properties in the nonmagnetic configuratioecause the forces acting on nonmagnetic Co adatoms are
The potentials are formulated in the form proposed by Ro<onsiderably larger than the forces acting on magnetic
sato, Guillope, and Legran@®GL)?° with a modified form of ~ ones?? This leads to a strong interaction between the Co
the repulsive part. The minimum-energy configurations ofatoms and the substratihe relaxation down to the substrate
Co clusters on C@01) surface were obtained using a is about 18% in the nonmagnetic situatiofaking into ac-
guenched molecular-dynamics minimization technique. count that the 2D-3D structural transition is favored by the

We have considered two typical geometries for,£Zca  magnetism it is expected that for clusters smaller thag; Co
two-dimensional(planay and a three-dimensional one. The the bilayer 3D structure will be also more stable than the
planar geometrysee Fig. 1is represented by a Gos re-  planar one. In fact, the 2D-3D transition could take place at
laxed square island, while the three-dimensional one is &izes smaller thal=25. We have performed the structural
relaxed two-monolayer height structure composed from 1®ptimizations also for Cg and Cgz; supported magnetic
and 9 atoms in the bottom and top layers, respectifghye  clusters. First we take the planar Fa@luster and also the
Fig. 1). From our molecular-dynamics calculations when theplanar Cqg + one Co atom located on top of o We find
magnetism is taken into account the 3D structure is mor¢hat the second structure is more stable than the planar one
stable than the planar one, as proved by the energy gainddnergy gain of 0.24 e) indicating that already at this clus-
(—0.13 eV per Co atom This two-layer 3D structure is ter size the bilayer growth mode is more probable. This
chosen because the growth in the bilayer mode has beegrowth mode, in fact, is preserved at least up tgsCéor an
observed experimentalf§.Although we cannot speak about intermediate size, Gg, we consider two cases: a bilayer
the most stable 3D structutbecause this would implicate an cluster and also a bilayer o+ one Co atom located on top
extensive molecular-dynamid¢#D) study for a very large of Co,,. This second case can be seen as the first stage of a
number of initial configurations we have tested the possi- three-layer growth mode for this cluster size. Here also the
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bilayer structure is again more stable. In the absence of mag 4
netism, as we have pointed out before, the planar 2D growtt
would be stable up to at least £o In resume, the magne-
tism is a driving force, not only for the 2D-3D structural _ o |
transition, but also for the atomic relaxation of the supported®-
Coy clusters, and the bilayer growth mode takes place al%
least up to Ceg;. 5
Let us come again to Ggin order to analyze the influ-
ence of the 2D-3D transition and the atomic relaxation on the z,
magnetic properties. The local magnetic moments at eacl@
inequivalent sites of both planar and 3D clusters have beer& -2
calculated. The electronic structure is determined by solving
self-consistently a tight-binding Hamiltonian for thel,34s,
and 4p valence electrons in a mean-field approximation. In , ,
our case the Co atoms are placed nearly in Cu fcc sites at th -4 -2 0 2
surface, so the hopping integrals fitted to the Co fcc bulk will Energy (eV)
not reproduce the interaction properly. Therefore, we have
used a genetic algorithm cdddo fit the hopping integrals in FIG. 2. Averagg total densities of states for the @Dlid line)
order to reproduce the band structure of a Co fcc bulk witrg"d 3D (dashed ling Cops clusters deposited on @@0Y). The
the lattice parameter of Cu. Tla initio tight-binding linear ~ Fermi levelis at 0 eVv.
muffin-tin orbital (TB-LMTO) method* was used in this
case. Thal-electron exchange integral of Co is fitted to yield Co clusters supported on Cu confirming these predictions has
the spin-polarization of a Co monolayer on the(fQ0) sub-  not been reported so far. It is expected that beyond a certain
strate calculated previously with theb initio TB-LMTO cluster size, larger than 25 atoms, the ground-state geometry
method?*?° The ratio between the Co and @telectron ex-  will be more spherical than the two-monolayer height struc-
change integrals is also taken from first-principleture of our Cgs 3D cluster. In that case the average magne-
calculations® Our self-consistent tight-binding model has tization should decrease approaching the Co bulk limit. For
been successfully applied in previous works to the study oftorage applications it is crucial to get high magnetic mo-
the magnetic properties of free-standing clustérsiusters  ments in the nanoparticles, so our result could be useful as an
embedded in matricéd, rough interface$® and supported indication of how to select the sizes of the particles to get the
nanostructure$?® The values of the magnetic moments andbest magnetic response.
the average magnetization per atom for both the planar and In the fitting of the parameters of our model we calcu-
bilayer 3D structures can be seen in Fig. 1. Both structurekated, usingab initio TB-LMTO, the magnetization of an
are ferromagnetic and every Co atom within the clusters hasleal Co overlayer on the @01 and obtained a magnetic
a significant magnetic moment which in most cases is biggemoment of 1.74g per atom. In Fig. 1 one can see that the
than the fcc Co bulk magnetization (1%&§), in particular ~ magnetic moments of the planar &aluster are smaller than
for the planar structure. The Co atoms that display a highethe magnetic moment of the ideal Co overlayer on (@n
magnetic moment are those at the corner of the clugher  exception being the Co atoms in the corneGonsidering
less coordinated ongswhile the smaller magnetic moments that the coordination of Co atoms in the overlayer is larger
correspond to atoms at the center of the clustee most than the average coordination in this finite cluster, our result
coordinatedl It is well known that for free-standing clusters, is, at first glance, in disagreement with the general trend of
changes in the geometry affect significantly the magnetizathe lower magnetic moment for more coordinated systems,
tion. This effect has been reported experimentally for freebut another fact has to be taken into account. As we men-
standing Ni clusters by Apseit al>° and analyzed theoreti- tioned before the clusters are compressed in the surface plane
cally by Bouarabet al®! and Aguileraet al®? They have with respect to fcc C@' The resulting reduction in the
found oscillations in the average magnetic moment as a fund=0-Co interatomic distances increases the electronic kinetic
tion of cluster size due to the changes in the geometry of thenergy; thed bandwidth increases giving rise to a reduction
clusters (magnetic magic numbers We found that the of the magnetic moment, which explains why the magnetic
2D-3D transition has a noticeable influence on the magneticmoment of such a planar gpcluster is smaller than for the
moments distribution in the cluster and therefore on the avideal Co monolayer on GQ01). We have also calculated the
erage magnetization. The average magnetization for thkcal magnetic moments for the 2D galuster considering
stable 3D cluster is about 10% smaller than for the planathe Co atoms placed in the ideal fcc lattice positions on the
structure. This is consistent with the increase of the averagéu(001) substrate(no relaxed geometjy The results ob-
coordination as going from 2D to 3D structures for the samdained are reported in parenthesis in Fig. 1. The average mag-
cluster size. Figure 2 reports the total density of stdl&3S)  netization of this configuration is 1.8% , about 9.5% higher
at both 2D and 3D supported clusters. It can be observed thtban the value obtained for the relaxed planar configuration,
larger degree of electronic delocalization in the DOS of theand also higher than the magnetization for the Co overlayer
3D structure as compared to the 2D one. To our best knowlen Cu001), as it is expected. These results show again the
edge, experimental information on the magnetic moments aftrong relation between atomic structure and magnetism and
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probe the relevance of the geometrical structure optimizatiothe 3D structures with three-monolayers height for clusters

for the investigation of electronic properties of low- larger than Cg up to at least Cg. Due to the lower aver-

dimensional systems. age coordination of the planar 2D structure, its average mag-
In summary, using a MD scheme in combination with anetization is about 10% higher than for the bilayer 3D struc-

self-consistenspd tight-binding model, both parametrized ture. The in-plane relaxations of the planar cluster give rise

to ab initio results, we have reported on the magnetic prop_to a reduction of the magnetization as compared to the ideal

erties for competing two-dimensional and three-dimensionafO monolayer on GOD). Since the general belief is that
Petling inite transition metal systems should display enhanced mag-

structures of Co clusters deposited on(@4). We obtain  hetization, our result puts in evidence the relevance of per-
that the magnetism is a driving force, not only for the 2D-3Dforming structural optimization for the calculation of the
structural transition, but also for the atomic relaxation. Whenmagnetic properties. It would be interesting to investigate the
magnetism is not considered in the structural optimizationgrowth process of these supported Co nanoparticles to deter-
the forces acting on nhonmagnetic Co adatoms result consigmine the one-dimension to two-dimension structural transi-
erably larger than forces acting on magnetic ones. This lead#n and the corresponding effects in the magnetic behavior.
to a strong interaction between Co atoms and the substraté/e await experimental confirmation of our predictions.

with a larger relaxation down to the substrate than in the We thank J. Kirschner for many helpful discussions. This
magnetic case. The 2D-3D structural transition takes placg, ik was supported by the CICYT, SpaifProject No.
for larger sizes when magnetism is not taken into accountpgg-0368-COR the Junta de Castilla-LedGrant No. VA
The most stable solution corresponds always to the magnetign/99, and Deutsche ForchungsgemeinschafG). One of
configuration, and in this case, the 3D structure with two-us (J.l.) acknowledges the FPI grant from the Spanish Gov-
monolayer height is more stable than both the planar one angfnment.
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