
Magnetism of the Fe9 miroluster supported onNi(001)E. Mart��nez a , A. Vega a , R. Robles b , R.C. Longo  and L.J. Gallego aDepartamento de F��sia Te�oria, At�omia, Nulear y �OptiaUniversidad de Valladolid, E-47011 Valladolid, SpainbCondensed Matter Theory Group, Department of PhysisUppsala University, SE-75121 Uppsala, SwedenDepartamento de F��sia de la Materia Condensada, Faultad de F��siaUniversidad de Santiago de Compostela, SpainAbstratThe morphology and the spin-polarized eletroni struture of the Fe9 luster supported on the (001) surfae of Niis investigated by ombining the Modi�ed Embedded Atom Model (MEAM) with quenhed Moleular Dynamis(MD) and a selfonsistent non-ollinear spd Tight-Binding (TB) method parameterized to ab-initio Tight-BindingLinear MuÆn Tin Orbitals (TB-LMTO) results. Two-dimensional geometry and overall ferromagneti ouplingsare found in agreement with a reent experiment. We analyze the loal magneti moments and Fe-Ni hibridizatione�ets as a funtion of the interfaial relaxation.Key words: magnetism, supported nanostrutures, transition metal systemPACS: 73.22.-f, 75.75.+a1. IntrodutionAlthough many theoretial studies onerningthe magneti properties of nanostrutures havebeen reported so far, the magneti harateriza-tion at the atomi sale has been an experimentalhallenge for many years. Reently, importantadvanes have taken plae in the experimentaltehniques, opening the possibility of on�rmingmany theoretial preditions as well as of explor-ing a great variety of novel nanostrutured mate-rials. Perhaps the most exiting advane in thisontext is the Spin-Polarized Sanning TunnelingMirosopy (SP-STM) and Spetrosopy (SP-STS)[1℄. Also X-Ray Magneti Cirular Dihroism

(XMCD) allows at present to measure quite loallythe magneti moments of supported nanopar-tiles[2℄. Among the wide senario of magnetinanostrutures, supported lusters deserve parti-ular attention due to their tehnologial interestand to the fat that being many free standing lus-ters widely investigated from a theoretial point ofview, one an ompare with them the forthomingresults of the supported ones, thus improving theunderstanding of mehanisms that play a relevantrole in the magneti behavior (eletron hybridiza-tion, geometry, relaxation e�ets).Reently, Lau et al.[2℄ have been able to mea-sure, using XMCD, the magneti moments of sizeseleted iron lusters smaller than ten atoms de-posited on Ni(001). The interpretation of theirPreprint submitted to Computational Materials Siene 16 April 2004



measurements allows these authors to proposetwo-dimensional on�gurations for the Fe lus-ters, whose atoms should be loated on the nikelsites following a pseudomorphi arrangement.Motivated by this experimental study, in thepresent work we investigate the morphology andthe magneti properties (resulting from the spin-polarization) of the 9-atoms iron luster supportedon the (001) surfae of Ni. Several questions willbe addressed like the magnitude of the averagemagneti moment, ompared to the bulk and theorresponding free-standing luster, and the loalmagneti moments distribution within the sys-tem (inluding the substrate); the inuene ofthe Fe-Ni hybridization on both the geometriesand the magneti moments; and the e�ets of theinterfaial relaxation on the overall behavior.The omputational proedure of the presentwork was twofold. First, we wished to determinethe ground-state struture of the Fe luster ontop of the (001) surfae of Ni by ombining theMEAM[3{5℄ with quenhed MD. We omputedthe lowest-energy strutures by onsidering nu-merous starting on�gurations on top of the Nisurfae and, for eah on�guration, alulating theminimum energy of the luster+substrate systemusing a quenhed MD minimization tehnique[6℄.Seond, we wanted to determine the magnetiproperties of the whole system. For this latterpurpose, using the luster geometries and inter-atomi distanes obtained as desribed above,the spin-polarized eletroni struture of the sub-strate+luster system was determined by self-onsistently solving a TB Hamiltonian for the s, pand d valene eletrons in a mean �eld approxima-tion[?℄ and global neutrality using the reursionmethod[7℄. As in our reent study of Fe lusterssupported in Al surfaes,[12℄ the parameters ofthe TB model (homonulear hoppings and the ex-hange integrals) were obtained by �tting them toTB-LMTO[8℄ results for a single system, in thisase the Fe monolayer on top of the Ni (001) sur-fae. This �t allows to take impliitly into aountboth the inuene of the surfae and hybridizationbetween Fe and Ni atoms, Fe lusters having beenfound in the experiment[2℄ to be on top of the(001) surfae of Ni. The interlayer distanes in theFe overlayer on Ni(001) used for the �t were de-

termined using the same geometrial optimizationproedure as for the substrate+luster systems.Our strutural alulations showed that themost stable Fe9 luster on top of the (001) surfaeof Ni was a two-dimensional lose-paked island.In �gure 1 we illustrate this on�guration indiat-ing the inequivalent sites within the iron lusterat the underlying Ni atoms. Notie that the ironatoms are loated on top of nikel sites followinga pseudomorphi arrangement. Therefore, our re-sults onerning the morphology of the system areonsistent with the experiments of Lau et al.[2℄and an be understood in terms of the geometrialenvironment if we take into aount that on the Nisurfae the broken bonds favour the planar stru-tures to a large extent. In ontrast, free-standingiron lusters have been found to adopt more om-pat tree-dimensional strutures[9℄. In partiular,for the free-standing Fe9 luster it has been pre-dited a triapped trigonal prism struture as theground state. Aording to the pseudomorphiarangement of the iron luster, the lateral inter-atomi distanes nearly orrespond to those of theNi substrate. However, a slight interfaial Fe-Nioutwards relaxation of about 4% in average existswith respet to Ni-Ni distanes. This outwards re-laxation is similar to the one found in the Fe over-layer on Ni(001) (the system onsidered for the TB�t) and it is onsistent with the estimation basedon the onstant-atomi-volumes approximationas well as with Low Energy Eletron Di�ranionexperiments by Lu et al.[10℄ and PhotoeletronDi�ration measurements by Gazzadi et al.[11℄ forFe/Ni(001) �lms.For the above optimized geometrial on�gura-tion, we have obtained an average magneti mo-ment per atom in the supported Fe9 luster of2:84�B. The experiments of Lau et al.[2℄ providethe average spin-polarization divided by the num-ber of d-holes (about 0:81� 0:4�B=nh for the Fe9luster). Sine the average number of d-holes ob-tained in our alulations for this luster size is3:37nh, we have a quite good agreement with theexperiment, with only a 4% di�erene. Let us nowanalyze the magneti moments distribution withinthe luster-substrate system. In Table 1 we reportthe magneti moments at the inequivalent sites ofthe iron luster and Ni sites at the interfae. Over-2



all ferromagneti ouplings are found in the wholesystem, that is both within the luster and at theFe-Ni interfae, in good agreement with the experi-mental observations[2℄. In the Fe atoms, loal mag-neti moments onsiderably larger than in the bulkand lose to the magneti saturation limit are ob-tained; this trend is onsistent with the notieablesurfae e�et and is typial in free-standing ironlusters[9℄. Also, like in free-standing Fe lusters,the less oordinated sites display the largest mag-neti moments. The Ni substrate a priori shouldnot modify appreiably through hybridization themagneti behavior of the supported Fe luster dueto its ferromagneti harater and the few d-holesavailable to be polarized in Ni. In order to on�rmthis assesment we performed a new set of TB al-ulations but onsidering now an arti�ial stronginwards interfaial relaxation of about 20% (valuesin parentheses in �gure 1) and we obtained onlya slight redution of the magneti moments. Theweak Fe-Ni hybridization is also reeted in thedensity of states of the Fe9 luster, plotted in �g-ure 2 (upper panel) for both interfaial relaxations.Both DOS ehibit a similar struture, although witha smaller spin-splitting in the ase of the 20% re-laxed ase, onsistent with the slight redution ofthe Fe magneti moment as ompared with the realsituation. Theses trends ontrast with those foundfor FeN lusters on Al(001)[12℄, where the strongFe-Al hybridization kills the magneti moment ofsmall iron lusters, being neessary for them toreah a ritial size in order to exhibit weak mag-neti moments, and prove again the strong inu-ene of the hemial environment on the magnetibehavior. In the lower panel of �gure 2 we plot thedensity of states at the Fe overlayer on the Ni (001)substrate. It is notieable that the main peaks arealready present in the DOS of the supported Fe9luster.One analyzed in detail the behavior of a typi-al iron luster supported on the Ni (001) surfae,the next step will be to investigate how the stru-tural and eletroni properties, in partiular themagnetism, evolve as a funtion of the luster size,and to ompare with the experimental results ofLau et al.[2℄ as well as with available results foriron lusters both free-standing and supported inother substrates. This systematial study, whih is
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Fig. 1. Strutural on�guration of the lowest energy Fe9luster on top of the Ni(001) surfae. The inequivalentsites within the iron luster are indiated together withthe underlying Ni sites. The magneti moments at thoseinequivalent sites are reported in Table 1.
Table 1Magneti moments at the inequivalent sites showed in Fig.1. Values in parentheses orrespond to an arti�ial inwardinterfaial relaxation of 20%.1 2 3 4�(�B) 2.72 2.91 2.81 0.50(2.49) (2.81) (2.66) (0.47)
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Fig. 2. (a) Average density of eletroni states of the Fe9luster on top of the (001) surfae of Ni (full line) om-pared with the result when onsidering an arti�ial inwardinterfaial relaxation of 20%. (dotted line). (b) Density ofstates per iron atom of the Fe overlayer on Ni(001).
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