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Self-consistent first-principles calculations based on the molecular-orbital theory and the Korringa-Kohn-
Rostoker Green’s-function method have been used to demonstrate that the magnetism of Rh clusters can be
altered by either modifying their structure or depositing them on a suitable substrate. This ability to alter the
magnetic properties of clusters can also have significant effect on their chemical reactivity, thus linking the
field of magnetism and catalysis of atomically engineered matefa0:163-182607)09337-3

Atomic clusters constitute a unique class of matt€@he the ratios of(binding energyatom of these two isomers dif-
strong dependence of cluster properties on size and geometigr only by 0.06 eV/atom; i.e., they are nearly degenerate. On
and the existence of many isomers allow the possibility otthe other hand, the Rh monomer, dimer, and trimer sup-
designing clusters with tailored propertfe$wo of the most  ported on a R{001) surface are nonmagnetic, while they
interesting quantities in this regard are the magnetic propertpecome magnetic when supported on an(08q) surface’
and reactivity since these are substantially modified by surThese results, based on fully self-consistent state-of-the-art
faces and almost all atoms in a small cluster are surfacrst-principles calculations, demonstrate the possibility that
atoms. It has been well demonstrated that magnetic momenisaterials with tailored magnetic properties can be designed.
of clusters of traditional ferromagnetic elements can be enh the following, we discuss these methods briefly and pro-
hanced over their corresponding bulk valdésyhile clus-  vide results on free and supported Rh clusters.
ters of otherwise nonmagnetic elements can be maghétic. The electronic structure, binding energy, equilibrium ge-
takes hundreds of atoms before the magnetic properties @metry, and magnetic moments of Rénd Rh+H, clusters
clusters approach their bulk linfitSimilarly, the reactivity —are calculated using the self-consistent-fi¢BICP linear
of small metal clustergcontaining less than 30 atoinwith combination of atomic orbitald CAO) and molecular orbit-
reagent molecules often varies by several orders oéls(Mo) method based on density functional theory. Here we
magnitude® What has not been explored thus so far ishave used two levels of approximations—the local spin den-
whether isomers of a cluster exhibit different magnetic propsity and the generalized gradient correction. While both the
erties and if the magnetism of a cluster isomer is related to itsnethods give the same ground-state geometries and mag-
chemical reactivity. netic moments of the clusters, their energetics differ. The

In this paper we report a calculation showing that a clustegradient correction gives a better description of the energet-
in the gas phase can exist simultaneously in magnetic as welts and ionization potentiallP’s) of Rh atoms and dimers
as nonmagnetic form. The different magnetic structures o€ompared to the experimental values. We have examined the
these cluster isomers can lead to different chemical reactivieffect of basis sets by performing calculations using both
ties, thus providing a link between catalysis and magnetisnmumerical and Gaussian bases. For the former we have used
In addition, chemisorption of jon clusters can substantially bMoL softwaré and the nonlocal correction is treated at the
modify their underlying spin structures. This could be impor-BLYP level, while for the latter we have usexhussIAN94
tant since a new class of materials with clusters as buildingoftwaré where the exchange correlation potential is treated
blocks is being envisionedIn this context Rh clusters are within the generalized gradient approximati6BGA) fol-
particularly interesting. Rh clusters containing between 9 andbwing the Becke-Perdew-Wang method.

100 atoms have been found to be magnetic even though bulk First, we give details of our calculation. The basis func-
Rh is nonmagnetic.The ratio of(magnetic momenjatom  tions that we have used in th®aUsSIAN94 software is the
ranges from 0.8g/atom to Qug/atom. We find that the LanL2DZ effective core potential withiKr]4s4p4d5s5p

ratio of (magnetic momenjtatom of small Rh clusters such atomic orbitals. In order to assess the accuracy of the effec-
as dimers and trimers carries substantial moments, nameltive core potential, we repeated the calculation of the ener-
2uglatom and g/atom, respectively. The magnetic mo- getics for small clusters such as Rnd Rh using all elec-
ment of a Rh atom is @g/atom. The most interesting case, trons, namely $2s2p3s3p3d4s4p4d5s5p atomic orbitals.
however, is the Rhcluster. It exists in two isomeric forms: a The results obtained from both the methods are found to be
nonmagnetic tetrahedron structure and a magnetic squaessentially the same. For example, the ground-state binding
structure with a moment of dg/atom. More importantly, energies of Rhand Rh obtained from the effective core
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nearest-neighbor distances evolve rapidly towards the bulk
value of 2.9 A, the ratio ofbinding energyatom is much
below the bulk cohesive energy of 5.75 eV. The dimers and
trimers are magnetic with moments that are much larger than
what have been observed in Rio Rhy,, clusters> The sur-
prising result is, however, connected with the,Rituster:
The two isomers, whose binding energies differ only by 0.06
eV/atom, have entirely different magnetic structures. The tet-
rahedral structure is nonmagnetic, while the square structure
carries a moment of Lg/atom. We should mention that a
FIG. 1. Equilibrium geometries of free Rifn=2-4) clusters.  previous calculation by Jinlongt al® based on local spin
density and the discrete variational meti@¥/M) found the
potential are 1.51 and 1.99 eV/atom, respectively. The corenergy difference between the two isomers of, Rhbe 0.22
responding values in all electron calculation are 1.55 andV/atom, which is larger than the one reported here. To ex-
2.28 eV/atom. Both the methods give the same multiplicity,amine the source of this discrepancy, we repeated the calcu-
namely, 5 and 4 for Rhand RR, respectively. In order to lation using both thesAussiAN94 and DMOL methods at the
see the effect of basis sets, we have also osenl. software local spin density(LSD) level and have found the energy
with numerical basis sets and a polarization funcibiNP) difference between the isomers to be 0.16 eV/atom. The
with a BLYP nonlocal correctioR.The bmoL results agree  small difference in energy between Jinloeg al. and our
guantitatively with theGAussIAN94 calculation. The binding LSD calculation could arise due to the different integration
energy difference, for example, between the twg Rbmers  techniques used in the calculation. Although bbkoL and
(square and tetrahedrpis found to be 0.06 eV/atom in both the DVM code(which is used by Jinlongt al) use numeri-
the calculations. In the following, we present results obtainedal basis sets, the integration in the DVM is carried out with
using the effective core potential given by Hay and Wadt use of a diophantine grid. Improvements in the method of
and the generalized gradient approximation of the densitjntegration have been introduced into theoL code® We
functional theory andsAussIAN94 software. should also point out that the effect of generalized gradient
The equilibrium geometries of clusters for different spin approximation(GGA) on the structural properties of the
multiplicities are calculated by computing the forces at eacliransition metal elements have been systematically investi-
atomic site and relaxing the geometry by the method ofyated by Ozolins and Ktng.*® The authors have shown that
steepest descent. Different starting configurations are used gradient-corrected results give better agreement with the ex-
ensure that the geometry of the cluster corresponds to thgeriments than the corresponding local-density approxima-
global minimum.The numerical accuracy of our method istion results. Since botleaussiaN94 and DMOL with GGA
tested by calculating the ionization potential and binding engive similar results, we believe that our result of 0.06 eV/
ergies and comparing these results with available experiatom as the energy difference between the two isomers is
ment. For example, our calculated binding energy and bondhore accurate than that reported by Jinl@tal.
length of the Rh dimer are 3.03 eV and 2.26 A, in good The effect of cluster topology on its spin multiplicity has
agreement with the corresponding experimental values dbeen studied before. For example, in alkali-metal tetramers,
2.92 eV and 2.28 A! The calculated ionization potential of the tetrahedral structure has a spin multiplicity of 3, while
the Rh atom is 7.68 eV, while the experimental value is 7.4@he rhombus structure has a spin multiplicity of*1How-
ev.!? ever, these two structures are not degenerate: The ground
In Fig. 1 we give geometries of the clusters correspondingtate of the alkali tetramers is spin singlet with a rhombus
to the global minimum configuration. Although the clustersgeometry. Ni, on the other hand, has two isométstrahe-
were given the freedom to distort, their equilibrium geom-dral and squapethat are nearly degenerate, but the ratios of
etries are very symmetric. For Rlwhere isomers exist (magnetic momenjfatom in both these structures are the
within a very narrow range of the ground-state structure, wesame'® In this regard Rhpresents a special case. The tetra-
provide both structures. The interatomic distances, ratio ohedral and square structures are nearly degenerate, but mag-
(binding energyatom (defined as the ratio of energy/atom netically very different.
needed to dissociate the cluster to individual atpmertical The magnetism of a cluster is influenced by a number of
ionization potentiali.e., energy needed to ionize the clusterfactors, such as symmetry, coordination, and interatomic dis-
without changing their neutral geomeknand ratio of(mag-  tance. In general, decreasing coordination and increasing in-
netic momentatom are given in Table I. Note that while the teratomic distance enhances magnetic moments as both fac-

TABLE I. Binding energieqeV/aton), ionization potential, and magnetic moment of Rh clusters.

Cluster Binding energyeV/atom) lonization potentialeV) Spin multiplicity
Rh, 1.51 7.86 5
Rh, 1.99 7.44 4
Rh, (square 2.35 6.99 5
Rh, (tetrahedroin 2.41 6.94 1
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P tions both might be simultaneously present. Since the exis-

FIG. 2. Orbital energy levels of Rhisomers. tence of isomers has been detected in reactivity

experiments$® we have studied the reaction of, Mith both

tors tend to reduce electron overlap. In the tetrahedrakomers of Rl It was hoped that such studies may demon-
structure, each atom has three nearest neighbors, while fgtrate the relationship between the magnetism and reactivity
the square structure there are two nearest-neighbor atoms. clusters. Indeed, this is what we find in our study of the
On the other hand, the interatomic distance in the tetrahedrakaction of H with both the isomers of Rh Starting with
structure is only 0.1 A larger than that in the square structurethe initial geometry of each of the isomers, we allowed the
Thus, the vanishing magnetic moment in the, Ritrahedral  H, to interact and varied the various bonds and bond angles
cluster is due primarily to its enhanced coordination. Theuntil the forces at each site vanished. The corresponding ge-
increasing symmetry of a cluster usually leads to higher spimmetries of RiH, clusters starting with square and tetrahe-
multiplicity, but the situation is reverse in the present casedral forms of Rh are given in Fig. 3. The binding energies of
In this regard, it is interesting to recall that the magneticthe H, molecule in the cluster, defined as the energy differ-
moment of Niz (which is a perfect icosahedrpis smaller  ence between the RH, and dissociated Ri-H, , and the
than that in Nj4 and Ni, and the variation in the moment corresponding spin multiplicities are given in Table Il. There
follows closely the systematics in the coordination number ingre several important features to be not@d.H, dissociates
Ni clusters:® and binds atomically to both the isome(g8) The spin mul-

To gain further insight into the magnetism of Ritusters, tiplicity of both isomers changes as, s chemisorbed. The
we have examined the orbital energy levels for spinct#p  spin-singlet tetrahedral Rhassumes a spin-quintet configu-
spin and spin-down(g-spin states for the two isomers. ration, while the spin-quintet square Rthanges to a spin-
Shown in Fig. 2 are the energy levels for Rhomers. One triplet configuration(3) The binding energy of the fo the
observes from Fig. 2 that for Bhin the square geometry nonmagnetic Rhis almost a factor of 2 larger than its mag-
there are a large number of states in the vicinity of thenetic counterpart. This implies that the reactivity of May
highest-occupied molecular orbitdHOMO) compared to  depend on the underlying magnetic structure of the cluster.
that in the tetrahedral structure. The close spacing in thehjs observation is not only important from the point of view
energy levels gives rise to a large density of states, whiclyf providing a link between magnetism and reactivity, but
invariably leads to magnetic structures as is known in eXtan be used to prove experimentally our prediction of the
tended systems. The orbital character of the HOMO is als@yistence of Rhin two magnetic forms. Since one of the Rh
very different between these two isomers. While the HOMOisomerS is nonmagnetic’ it cannot be detected in a Stern-
of the tetrahedral structure is marked by entirdl)states, Gerlach experiment_ However, the mass-iso|ate£jdﬂj’sters
there is significant hybridization betwesnandd states in  can be reacted with Hand then studied in a Stern-Gerlach
the square structure. This results in the small contraction ofxperiment. Since both the forms of Ry have different
the bond length of the square structure compared to the tekpin multiplicities, they would deflect differently in a Stern-

rahedral structure. _ Gerlach field. The chemisorption of alén a Rh atom and
The vertical ionization potential$P’s) of the Rh, clusters

are given in Table |. Note that unlike in alkali clusters, the
ionization potentials of Rh clusters are considerably Iargei?
and do not decrease significantly from the value in the atom.
Our results are in agreement with the experimental value o

TABLE Il. Binding energies of H and spin multiplicities of
h,H, clusters.

Zakin et all” who were able to bracket the IP’s by using luster H binding energyeV) Spin multiplicity
two-photon ionization. They concluded that the IP's areRhH, 1.62 2
<7.87 eV for Rh_, and <6.42 eV for RR_;5. RhH, 1.08 3
Although the nonmagnetic Rleluster with the tetrahedral Rh,H, (square Rp 0.56 3
geometry is the ground state, its binding energy is so close tRnh,H, (tetrahedron R 1.04 5

its magnetic square isomer that under experimental condi
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between the center of mass of thg iHolecule and the Rh atom. affected when they are allowed to interact with substrate

atoms’ The strength of the interaction between the cluster

dimer also affects the spin structure as can be seen by corgng substrate atoms determines the extent to which the prop-
paring the results in Tables | and II. erties of gas phase clusters can be altered. Earlier calcula-

To illustrate how the cluster spin changes upon chemitions of Rh, (n<4) clusters deposited on Ag01) revealed
sorption of B, we study in detail the interaction ofHvith  that these clusters remain magnétieve have studied this
a single Rh atom as the geometry of Rfisisimple, namely, problem by carrying out calculations of Ritlusters on a
a triangle. Note that Rh atom has a moment pgdut Rhth,  RR(001) surface and find that both the Rh surface as well as
has a moment of 4. Clearly, when the limolecule is far  the supported clusters anenmagneticWe first outline the
away from the Rh atom, the total moment of the Rittis-  method of our calculation. The calculations are based on the
ter has to be gg. But as b dissociates and atomically binds |ocal spin density approximation in the density functional
to the Rh atom, its moment changes tagl To illustrate theory and the Korringa-Kohn-RostokékKKR) Green’s-
how this transition from a multiplicity of 4 to 2 occurs ag H function method that enables us to investigate the electronic
is brought in towards the Rh atom, we have calculated thetructure of single defects at surfaces. Details of the theoret-
binding energy and bond stretching of, s a function of ical method, concerning the calculation of the unperturbed
distancea between the Rh atom and the center of mass of theurface and the impurity, respectively, are described
H, molecule. The results are plotted in Fig. 4. The dotted lineelsewher€:*® Here we only provide the relevant details. In
corresponds to the RiHtluster in the quartet spin configu- the construction of the potential, all angular momenta up to
ration. At a distance of 2.6 A, the spin multiplicity changes| =3 are included. The full anisotropy of the charge density
to a doublet, and at abb A from the Rh atom, the H s taken into account by multipole expansion upl 6. In
molecule splits and binds atomically. The energy needed fopur supported cluster calculation we allow the potentials of
Rh atom to go from a quartet to a doublet structure is aboull cluster atoms and neighboring reference sites to be per-
0.12 eV, and this is close to the energy barrier thaneeds turbed. All atoms are fixed to their ideal lattice positions, and
to overcome before chemisorption in the atomic form. It isrelativistic effects are described in the scalar relativistic ap-
important to emphasize that the spin of Rh atom changegroximation. The experimental bulk-lattice parameter was
before H breaks apart. This can be understood by examininghosen(ag,=7.180 96 a.u.aag="7.728 98 a.y. The occu-
the energy levels of the Rh atom in the quartet and doublgbtancy of states is described by a Fermi-Dirac distribution
configurations and comparing it with the levels of id Fig.  with an electronic temperature of 470°KA sufficient num-
5. For the quartet state of the Rh atom, the HOMO containger of ¢, points, e.g., 465y, points in the irreducible two-
an electron on ths state which repels the Hnolecule. The dimensional Brillouin zone for the two Matsubara poles clos-
Pauli repulsion is reduced when tlseelectron reverts to est to the real axis, is used to assure convergence. The
occupy a hole in thel orbitals, converting the Rh atom into densities of states are calculated withcg5oints by assum-
a doublet configuration. Interestingly, the HOMO of the dou-ing a complex energy with a small imaginary part of 5 mRy.
blet Rh atom is much closer to the antibonding orbital gf H  We first discuss the results of the ®B1) surface. The
than the HOMO of the quartet state, thus making electrormagnetism of the RB01) surface has been a controversial
transfer from the metal atom to the, IFholecule easier. This issue since the first theoretical prediction that the surface
causes the pbond to break, making it possible for the even- could be magneti¢* While experimental investigations are
tual formation of the metal-hydrogen bond. The influence ofinconclusive? recent calculations have indicated that the
H, chemisorption on the magnetism of Ris also seen earlier prediction of a magnetic surface is flawed due to the
where the spin multiplicity of RjH, is 3, while that of Rhis  use of inaccurate pseudopotent@Our study shows that
5. the RH001) surface isnot magnetic and agrees with recent

The magnetic properties of gas phase clusters can also lleeoretical result$? The question of whether single Rh ad-



56 RELATIONSHIP BETWEEN MAGNETISM, TOPOLOGY. .. 8853

@ (b)
2.0}
= 5
S 100 ®
Q ~—
] @ 15
QD -
-~ ©
e & 40k
“w"'OS’ <5 1.0
g 3
B o0.5¢
g ,
3 -t
0 - e E—E———
7 6 -5 -4 -3 -2 -1 0 1 2 -8 -7 6 5 -4 -3 -2 -1 0 1
T
—— 6 ,
= .0 5 gl
E 15 g
@ o af
O -
S 10 3
A B oo
(/2]
0 8
Q osf 2
-1 1k
G 14 1. 1 1 1 1 1 1 L L 0 :
76 5 4 3 -2 1.0 1 2 % 5 -4 -3 2 1 0 1 2
E-E_[eV] E~E,[eV]

FIG. 6. Local density of states of Rh atom supporteda@rmRh(001) and(b) Ag(001) substrates. The upper panels give the density of the
bare surfaces.

sorbatatom or small Rh clusters deposited on €0Bb sub-  Fig. 6(b). Since the Agd band is filled and is therefore
strate exhibit magnetism or not has not been studied. Therdacated well belowEg, the Rh 4l wave functions hybridize
fore we performed calculations for a single Rh atom on awith the sp-like valence electrons of Ag. Due to the weaker
hollow site and small Rh clusters consisting of two, three hybridization with the substrate compared with the Rh sur-
and four atoms in linear and compact geometry. The clustergace, the LDOS of the Rh adatoffower panel in Fig. )]

like the surface, are found to be nonmagnetic. To gain furresylts in a rather sharp virtual bound state which is located
ther ‘insight into why the clusters are nonmagnetic ONygnht pelow the Fermi level. The paramagnetic LDOSEat
RR(002), but magnetic on A@QO01), we plot the local density s however, high enough to satisfy the Stoner condition,
of states of the Rh surface and a single Rh adatom in Figyhq we find a moment of 0w for the single Rh adatom.
6(a). Near the bottom of the band the density of Std®8S)  zi5q Jarger Rh nanostructures are found to be magnetic with
of the surface layer is reduced compared to that in the energy, average moment varying from @ to 0.8ug.

range between-3 eV andEg. Consequently, there is a |, conclusion we have shown that magnetic moments of
strongd-d hybridization of the 4 wave function of the Rh gy ¢jysters are very sensitive to size, shape, and surround-
adatom with thel-like valence electrons of Rh. This leads to ings. Isomers of Rp for example, can exhibit very contrast-

a broad local density of statdsDOS) of the Rh adatom j 4 magnetic behavior. Chemisorption of in Rh clusters
[lower panel in Fig. &)] with n(Eg)=1.19 states/eV being protoundly affects their magnetic character and strong corre-
substantially higher than the one for the bare surfamper  |4tion exists between reactivity and magnetism. Interaction
pane). Neverthele_ss, the_ Stoner criterion is not satisfied folyetween cluster atoms and substrate atoms can also signifi-
the Rh azl(sjatom, since with an exchange constaoftabout  cantly change their magnetic behavior, thus allowing the
0.65 eV.™ the productn(E)I <1. Also, for supported Rh  nossibility of altering the magnetism of clusters by design.
dimers, trimers, and tetramers on nearest-neighbor sites, We strong influence of fHchemisorption on cluster magne-
do not find magnetic solutions. In addition to thed inter-  ism allows the possibility that the magnetic status of the
action with the substrate, the hybridization among the RrRh(OOD surface can be altered by chemisorbing hydrogen.

adatoms leads to a further broadening of the LDOS. In ordegth theoretical and experimental studies of this problem are
to clearly demonstrate the dramatic effect of the interactioryignly desirable.

with the substrate, we compare this result with a former
calculatiorf for an Agi001). The corresponding DOS for the  This work was supported in part by a grant from the U.S.
Ag surface and the Rh adatom on (@Q1) are displayed in Army Research Office.
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