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Imperfect magnetic nanostructures on a Ag001) surface
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Ab initio calculations are presented for magnetic properties of small islandd,f® and & adatoms on
the Ag002) surface, intermixed with Ag substrate atoms. We show that the intermixing of sichalhd 5
clusters can lead to an unexpected enhancement of the local moments and is very different from the intermix-
ing behavior found in the monolayer regini&0163-182¢08)05148-(

Unusual magnetic properties of nonmagnetic in butk 4 ~ The main goal of our paper is to show that at the initial
and 5 elements have been predicted for monolaydree?  stage of monolayer growth, when small mixed adislands are
and supported clustérsn ab initio calculations within the formed, the intermixing of smalld and 5 islands with Ag
local spin-density approximatioflLSDA) of the density- substrate atoms has a very different effect and is determined
functional theory. Naturally, these unexpected results athy a cluster size effect, which can lead to an unexpected
tracted several experimental groups to test the possibility 0nhancement of magnetic moments in mixed adislands.
the magnetism in new systerfis. Due to theoretical conclu-  Qur calculations are based on density-functional theory in
sio_ns, th_e main possible candidates for new magnetic progne LSDA and the Korringa-Kohn-Rostoker Green’s-
erties might be Ru and Rh among the dystems, and OS  fnction method for impurities and clusters on metal surfaces
and Ir among the & systems. For monolayers and S“pporteddeveloped in our group! We treat the ideal surface as a
clusters, the surfaces of Ag and Au are interesting substratgg,,_jimensional perturbation of the bulk. The Green's func-
gumes tOE\tl?:erﬁiathg%'gézr?;?snmwggstgget;afrzjsl;?lzn{r:ngiileﬁtjtion of the ideal surface and the Green'’s function of clusters

: on the surface are calculated using the multiple-scattering

ments of Coxet al” for free Rh and Ru clusters. Experi- theory. Exchange and correlation effects are included usin
ments of Pfandzeltezt al® have shown that Ru monolayers Y. EX( 9 12 = using
the potential of Voskoet al.= The full charge density is

are magnetic on (@001 surface. The confirmation of the

the Ag surface, which has been predicted in our grobps k . §
been recently reportédAt the same time, the magnetism of 9iés are calculated ‘fls'”gmx: 12. Details of the method can

4d and 5 monolayers on noble metals has not been founde found elsewher?’

in experiment$. This seems to be connected with structural  The discussion will be concentrated on isoelectronic
imperfections(islanding, surface roughness, interdiffusion 3d(Fe,Co, 4d(Ru,Rh, and %(Os,n clusters on the
which exist in real experiments with noble metal surfates. Ag(001) surface. Our previous investigatidris showed that

For example, recent scanning tunneling microscopy techadatoms of these metals are magnetic on th@®®84 surface
niques revealed that for Rh on A1) the direct exchange with large magnetic momentsnore than Jg) except Rh
with Ag surface atoms and the growth of mixed Rh/Ag adis-and Ir, which have small moments (@8 for Rh, and
lands are very important processes at the initial stage of e.35ug for Ir). It is generally assumed that the hybridization
itaxial growth® Ab initio calculations of two-dimensional of thed states of the magnetic adatoms wihstates of the
random alloys RhAg and RuAg on a A1) performed by  Ag substrate reduces the moments. For example, a single Ag
Turek et al1® demonstrated that magnetic moments of Rhadatom on a first neighbor side suppresses the moments of
and Ru are strongly reduced and in some cases magnetisml@h and Os adatoms. However, the interaction between ad-
Rh and Ru monolayers is totally suppressed due to the intertoms in small supported clusters leads to a more compli-
mixing with the substrate. These results can be used to exsated behavior, which cannot be easily explained by hybrid-
plain the null results in magnetic experiments with Rh andization arguments.

Ru monolayers on noble metal substrates. They also show To demonstrate this we performedb initio calculations
that in the one- or two-monolayer regime the mixing of Rhfor the magnetic properties of pure transition-metal clusters
and Ru with Ag atoms always leads to a reduction of mag{C1, first column in Fig. 1 on the Ag001) surface and of
netic moments. clusters intermixed with Ag atomsCR—-C4, Fig. 1. With
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FIG. 1. Magnetic moments of pure and mixed, 34d, and 5 012 008 -004 000 004 008

clustersC1-C4 on the Ag001) substrate. The moments are given

in Bohr magnetons. E-E_[Ry]

FIG. 2. Paramagnetic LDO& component onlyof Rh atoms of
three nonequivalent positios B, andC, four different con-  position B in (a) a mixed RRAg cluster 2); (b) a pure Rh
figurations are considered. We choose plain islands of nineluster C1).
atoms. The structure and the magnetic moments of pure and
mixed clusters are listed in Fig. 1. tion. The moments of the Ir adatoms are enhance@n

In clusterC1, the inner atom has a nearest-neighbor coconfiguration. Thus, even in the case of strong intermixing
ordination like atoms in a complete monolayer, therefore thavith the Ag substrate, smalldtand & clusters can be mag-
difference in the magnetic behavior between this atom angetic and in most cases the moments in mixed clusters can be
atoms in a monolayer is determined by the size of clusterslarger than in pure ones.

The main effect observed is an enhancement of the mag- Furthermore, one expects thatl 4nd X clusters to be
netic moments by intermixing. This is an unusual behavior invery sensitive to changes in size. To demonstrate this, we
comparison with the results for a monolay&i\Ve consider performed calculations of pure Co, Rh, and Ir clusters for
the results for theC2 clusters with a single Ag impurity at some selected sizes and geometries shown in Fig. 3. One can
the A side. Surprisingly, the magnetic moments of the Rh,see that the magnetic moments it 4nd & clusters change
Ru, and Ir atoms at th® and C sides are enhanced. The much stronger than in@Bclusters. Also, the changes depend
effect is particularly strong for Ru and Ir clusters. Contraryin a relative irregular way on the size and shape of the clus-
to the 4 and & clusters, the moments in the@l Zlusters are  ters and are somewhat larger in the Sase, as one can see
only slightly changed, since they are almost saturated. from the different behavior found for the isoelectronic Rh

In order to get a deeper insight into the unusual behavioand Ir systems. In all these cases we expect that by substi-
of clusters with nonmagnetic impurities, we performed cal-tuting the transition-metal atoms with Ag atoms the moments
culations for the paramagnetic local densities of statesf the Rh or Ir atoms will further increase thus leading to an
(LDOS) of the pure and mixed clusters. As an example, weenhancement of magnetism in the cluster. To understand
present in Fig. 2 the LDOS for Rh atoms at the posiim  more in detail which features in the atomic geometry lead to
the mixed RBAg clusterC2 [Fig. 2(a)] and for the pure Rh  the enhancement of the moments, we introduced also empty
clusterC1 [Fig. 2(b)]. One can see that the substitution of spheres in the clusters instead of Ag atoms. The results for
the central Rh atom by an Ag atom leads to an enhancemettie Ru cluster are summarized in Fig. 4.
of LDOS at the Fermi level for the Rh atom. Due to Stoner We use the Stoner model of ferromagnetism to explain in
criterium the magnetic moment therefore increases. Results simple model, how the magnetic momentsAaB, andC
for more “strongly” mixed clustersXsAg, (C3 andC4)  sites in the Ru cluster depend on the arrangement of the Ru
exhibit also a nontrivial magnetic behavior. One can see thaitoms and the Ag impurities. If the exchange integral is
for RusAg, a large enhancement of magnetic moments of alfixed, the local magnetic moment increases with increasing
atoms compared to pure Ruelusters is obtained for both density of states at the Fermi eneng¢E;). An increase of
configurations, especially for the configuratio3. In  n(Eg) is coupled to a decreasing width of tddands. In the
RhsAg, clusters, Ag atoms increase the moment of the cenframework of a tight-binding model the bandwidth is propor-
tral Rh atoms very strongly. Nonmagnetic Os clusters betional to the square root of the second moment of the DOS. If
come ferromagnetic with giant magnetic moments forG@3e  we take into account next nearest-neighbor interactions and
configuration and antiferromagnetic for ti@4 configura- consider a model containing only owkorbital, the second
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FIG. 3. Size dependence of the moments for some selected 3 & iy,
4d, and A clusters. The average magnetic moments per atom are /\% @ @ (6) )

presented in Bohr magnetons.

moment of the local DOS at a certain siteA,B,C) is given

by

2
mi?=(n1+ Y%+ g2+ N, B77) 6

@

® o

FIG. 4. Substitution of Ru atoms in the Raluster by empty
spheres or Ag atoms. The magnetic moments per atom of the Ru
atoms are given in Bohr magnetons.

because we have to sum over all paths of length two hop$his agrees very nicely with the results of the first principles
from sitei. 6 is an effective nearest-neighbor hopping inte-calculations. If the edge atoms are substituted by empty
gral, y§ is the next-nearest-neighbor hopping integral ( sphereqdFig. 42)] the remaining Ru atoms interact as sec-
~0.1). The factorg is used to describe missing atom8 ( ond nearest neighbors only. This leads to a narrowing of the
=0) or Ag atoms in the clusterd<1).n,, ...,n, describe local DOS and therefore to higher magnetic moments at the
the number of paths of the corresponding type. We get fof sites. In Fig. 44), the central Ru atom is removed. The
examplew(2=4(1+ y?) 8 for the central aton(A site) of ~ cormer atoms lose only a second neighbor. Therefore, the
the pure Ru clusteicf. Fig. 41)]. moment at theC site is only slightly enhanced. The edge

Assuming that the square root of the second moment ofitoms loose a nearest neighbor, which leads to a stronger
the local DOS is inverse proportional to the magnetic mo-enhancement of the moment at seln Fig. 46) the atoms
ment, we get the following relations for the magnetic mo-at the corners are removed. Therefore, the central atom
ments at the site&, B, andC in the structure¢1)—(7) of Fig.  looses all next-nearest neighbors which enhances the mo-
4, ment also. The substitution of empty sites by Ag atoms leads
to an increase of the second moments of the DOS in all
cases. Therefore, the local moments are reduced with respect
to the clusters containing empty spheres instead of Ag impu-
rities. Nevertheless, the magnetic moments in the clusters
with Ag impurities are still higher than in the pure Ru cluster
due to a strong size effect similar to the discussion in Fig. 3.

In summary, we have shown that mixed adisland, which
are formed at the initial stage of epitaxial growth af ¢5d)
monolayers on the Ag surface, exhibit unusual magnetic
properties. In sharp contrast with results obtained for the

MB<ME<MP, MP<MD<MP,

MB<MPE<MP, MP<MD<MP,

MP<MP<MP, MP<MP<ME,

MP>ME MB>MP . MEO>MT L ()
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monolayer regimé® the moments of small supported clus-  This project was supported by Deutsche Forschungsge-
ters are enhanced due to the interdiffusion of Ag atoms intaneinschafiDFG) and the TMR-Network “Interface Magne-

4d and W adislands. The resulting local moments are contism” of the European Union. Calculations were performed
siderably larger than the moments for the correspondingn Cray computers of the German supercomputer center
monolayers. (HLRZ).
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