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Magnetic dimers of transition-metal atoms on the Ag001) surface
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The magnetic properties of transition-metal dimers on08d) are calculated in the local-spin-density
approximation by means of a Korringa-Kohn-Rostoker Green’s function technique. It is shown that many
transition metals which are nonmagnetic in their bulk form are magnetic as dimers on(@@&LAsurface. The
surface-dimer interaction is studied by comparing the magnetic moments of supported and free dimers. The
increased p-d hybridization with the substrate strongly decreases the magnetic momemtsntil dimers
in comparison with the @ ones. However, for these series magnetic dimers with large moments also exist.
[S0163-18296)06043-3

[. INTRODUCTION that many 8, 4d, and %l transition-metal adatoms have gi-
ant magnetic moments on tti@01) surfaces of Ag, Cu, Pd,
The magnetic properties of small metal clusters are ofind Ptt213Also a rich variety of magneticdtnanostructures
interest for a wide range of surface science, catalysis, andn Ag(001) has been predicteld.Experimental confirmation
magnetic recording applicationg.For example, small mag- of the magnetism ofd adatoms on noble metal surfaces has
netic particles can be used with advantage in the charactebeen reported recently. Using the weak localization method
ization of catalysts, in the identification of compounds, andBeckmannet al® found strong dephasing effects due to
in the determination of particle sizé&Recent progress in the magnetism for Mo impurities on Au, while Sdiea and
matrix-isolation method and the development of nanotechBergmann® identified Nb on Ag111) as a Kondo system.
nology has enabled researchers to produce small metal clus- However, there remain many questions about transition-
ters consisting of two to a few hundred atoftEhe results of metal clusters on metal surfaces. For example, what is the
experimental and theoretical investigations show that thénfluence of metal surfaces on the magnetic properties of
magnetic properties depend strongly on the size and geomyysters? What is the relationship between magnetic proper-
etry of the clusters. _ _ ties of free clusters, supported clusters, and overlayers? The
Using a molecular beam deflection experiment, Bucheg,\q\yers on these fundamental questions will depend on the

2 .
et al." have shown that magnet!c mom5ents of small Co clus—tyloe of substrate and the size and geometry of the supported
ters exceed the bulk value. Billat al® have recently re- clusters

ported that in Fe, Co, and Nl clusters ferromagnetism oceurs | e paper we study transition-metal dimers on the
already for small cluster sizes and that the magnetic mo-

ments approach the bulk value for approximately 700 atomég(oc)l) substrate. We consider th|s as a model system to
per cluster. answer some of the above questions. Tlde &, and T

While 4d and & transition metals are nonmagnetic in the dimers are chosen as the smallest metal-metal bonded sys-
bulk phase, small clusters of such atoms may exhibit magt_ems which manifest the adsorbate-substrate interaction.

netism. For example, magnetism of small Rh clusters wa_;Fhere_ are 7many very important and interesting
predicted theoreticalfyand later confirmed experimentafly. investigations’ concerning the electronic structure and mag-

In many applications of clusters metal or semiconductometic properties of free transition-metal dimers, but to our
surfaces are used to fix the clusters. The interaction wittknowledge the effect of the dimer-substrate interaction on
surfaces can reveal many new interesting propettiadact,  the magnetic properties has not been investigated. We com-
one can consider such supported clusters as a link betwegare the magnetic moments of supported dimers with those
monolayers and single adatoms. There are quite a number of free dimers and discuss the stability of the ferromagnetic
theoretical studies of the magnetic properties of transitionand antiferromagnetic configurations. The comparison of the
metal monolayer$.As a general result, it is found that the moments of free dimers, supported dimers, and monolayers
monolayer moments are enhanced compared to the momeralows one to see the “development” of the magnetic prop-
of the bulk. Even magnetic monolayers ofl 4nd & ele- erties in metallic nanostructures. We also show that some
ments have been predicté.Recently experimental evi- transition-metal atoms induce a sizeable magnetic moment
dence of 4 magnetism for Ru monolayers on@01) has on Pd atoms in heterogeneous dimersXP@X=3d, 4d, or
been reportedt Our ownab initio calculations have shown 5d atom).
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FIG. 1. (a) Local magnetic moments of unsupported 01) La Hf Ta W Re Os Ir Pt
monolayers with Ag lattice constant and 3nonolayers supported )
on Ag(001). (b) Local magnetic moments for freedimers(bond FIG. 2. (a) Local moments for free @ dimers(bond length=

length= nearest-neighbor distance of Agnd of supported dimers nearest-neighbor distance of Agupported 4 dimers on Ag00Y)
on Ag(001). In all cases only the moments of the ferromagneticand 4d monolayers on AQ01). (b) Local moments for free &

configuration are given. dimers (bond length= nearest-neighbor distance Agupported
5d dimers on Ag001) and 5 monolayers on A@01). The mo-
Il. CALCULATIONAL PROCEDURE ments refer to the ferromagnetic configuration.

We describe the calculational method used in this work
only briefly, since the details can be found elsewHére:'8 hybridization with the substrate. For example, theontri-
The calculations are carried out with the Korringa-Kohn-bution to the moment of @ supported dimers is less than 0.1
Rostoken(KKR) Green’s function method for surface defects ug. Thed wave functions of the dimer atoms are well local-
and are based on density functional theory in the local-spinized. Therfore the spherical approximation to the potential
density approximatiofLSD). has also no strong influence on the magnetic moment in an-

By removing the atomic potentials of seven monolayergiferromagnetic configurations.
we create two half-crystals which are practically decoupled. Calculations for dimers in free space are performed for a
In this way the surface can be treated as a localized twodimer bond length equal to the nearest-neighbor distance in
dimensional perturbation of the bulk. Multiple scattering Ag. The Green’s function of the central “vacuum” layer in
theory is applied to obtain the Green’'s function from thethe vacuum region between the two half-crystals is used as
Dyson equation. The Green’s function of the ideal surface ishe reference Green’s function in the corresponding Dyson
used as the reference Green’s function for the calculation ofquation. Due to a weak hybridization with the two half-
the dimers on the surface, with the dimers atoms being poerystals, the single particle levels are slightly broadened.
sitioned at hollow sites in the first “vacuum” layer. Nearest- This leads to a fractional occupation of the dimer levels. As
neigbor dimers with(110) orientation are investigated. The is well known, the balance between kinetic and exchange
potential perturbations of the dimer atoms and the first neighenergies or between chemical bonding and magnetism de-
boring sites are taken into account, i.e., a cluster of 20 perpends strongly on the interatomic spactigince the equi-
turbed potentials is considered being perfectly embedded ilibrium distance of the diatomic molecules is much smaller
an otherwise ideal surface. than the Ag nearest-neighbor distance, they do not represent

The full charge density is taken into account using a mul-a proper reference to discuss the effect of the substrate inter-
tipole expansion up t@’,,,,=6. Coulomb and exchange cor- action. Therefore we fix the dimer bond length to the nearest-
relation energies are evaluated usifig,,=12. For the latter neighbor distance of Ag.
ones the local functional of Vosket alX® is used. Potentials In this way magnetic moments for free dimers are com-
are assumed to be spherically symmetric inside the Wignempared with the moments of supported dimers to see the effect
Seitz sphere. The influence of the approximation to the poef the substrate. In our calculations the differences in the
tential is tested by means of full potential calculations for 6moments depend only on the electronic structure of the sur-
Ru atoms close to a void of 13 vacancies in an Ag cube. Théace. Changes in bond lengths and surface relaxations are not
moments calculated by full and spherical potentials are pradaken into account in the present paper. Our calculations for
tically identical (1.7% and 1.8kg). The calculations spin-polarization energiés*4show that in most cases lattice
show that the moments are mainly determined bydfedec-  relaxationdtypical energies<0.1 eV) do not seriously effect
trons of the dimers. The moments are quenched due to thethe calculated moments.
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FIG. 3. Local densities of states of the Nb and Rh adatoms and the Nb and Rh dimerg6d)Agm a non-spin-polarized calculation.

Ill. RESULTS AND DISCUSSION

Figure 1 shows the calculated local magnetic moment

per atom for the free and the supportedl @mers together
with the results of Blgel et al?° for unsupported monolay-

ers and overlayers on A@0J). It is seen that the interaction

with the substrate always reduces the moments. The maf€en discussed by Bie

and Co are nearly the same for the free and supported
imers. This is because the majority band is practically filled
or these two elements. Exactly the same effect is seen for

the 3 monolayers. For Ni dimers and Ni overlayers the

reduction of the magnetic moment is larger. This effect has
12° It has been shown that for Ni

effect is determined by the-sp interaction between the im- Overlayers the magnetism is stabilized bg Boles rather

purity d states and thep states of Ag, which broadens the

than electrons. The small tailing-off of the local density of

density of states and reduces the moments. In the case 8fates of Ni on Ag aEr reduces the moments. The increase
3d dimers the interaction with the surface reduces the moof the coordination number in the monolayers in comparison
ments only slightly, because thel 3vave functions of the to the dimers increases tlied hybridization and broadens

dimers are well localized. For instance, the moments for F¢he d states of the monolayers. This effect is most important

for the early transition metals Ti, V, Cr leading to consider-
ably smaller moments of the monolayers.

0,8
05l - The formation of dimers allows for two different configu-
—_ I rations: ferromagnetic and antiferromagnetic. It is well
E 04 known that around the center of the transition-metal series
0,2'_ antiferromagnetic solutions are more statildt was con-
m& ool_a—" . firmed for the @ dimers in the bulk and for the
w / monolayer$? Our calculations show that the antiferromag-
W 02f netic moments for @ dimers are the same or slightly smaller
':u 04l than the ferromagnetic ones. For instance, we obtained that
sl V, Cr, and Mn dimers on the A§01) surface have the fol-
’ . ) . . . . : lowing magnetic moments in the antiferromagnetic state:
Zr Nb Mo Tc¢ Ru Rh Pd pmy==*3.16ug, pc==*4.38ug, puuyn=*t4.46ug. These

values are very close to the ferromagnetic solutions, cf. Fig.

FIG. 4. Difference of the spin polarization energies for the fer-1. The same trends have been obtained for tle 3

romagnetic and antiferromagnetic state fat dimers. Positive
(negative energies mean that the antiferromagnéicromagnetic

configuration is more stable.

monolayers?
We have also performed calculations for dimers with 4
and & elements, being nonmagnetic as bulk metals. Figure
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TABLE I. Magnetic moments ofd and 5 dimers on Ag001) for the antiferromagnetic configuration.
Calculations for free dimers have only been performed for the some systems.

4d series Free dimeryg) Supp. dimer fig) 5d series  Free dimeryg)  Supp. dimer fig)

Zr - 0.00 Hf - 0.00

Nb 2.50 0.88 Ta - 0.00
Mo 4.15 3.17 W 3.85 2.44
Tc - 2.97 Re 3.86 2.74
Ru - 1.47 Os 2.72 0.89
Rh - 0.00 Ir - 0.00

Pd - 0.00 Pt - 0.00

2(a) shows the local moments for ferromagnetitdimers in  nority states of both dimer atoms hybridize with each other
free space, on the AQ01) surface, and for the corresponding resulting in broad virtual bound states, which suppress mag-
monolayers. Due to the larger extent of trt@hd %l wave  netism. In the antiferromagnetic case the majority electrons
functions the influence of the substrate is much more proef one atom hybridize with the minority electrons of the
nounced. The moments of the early dimers(Y,Zr,Nb) are  second one and due to the large energy difference between
totally quenched at the surface. This is particularly dramatidoth states a rather weak covalent hybridization arises with
for Nb, where the free dimer has a moment of 346  narrow virtual bound states stabilizing antiferromagnetism.
Among the supporteddbdimers only Re and Os have mag- This effect is particularly important forcodimers, leading
netic moments at the surface, cf. FigbR The maximum of for Re and W to antiferromagnetic ground states with large
the magnetic moment forddor 5d monolayers is shifted to moments of 2.7 and 24 (Table ).
higher valencies in comparison to the dimer curves. At the LSD theory does not determine a well-defined many-
end of the series the magnetic moments for the monolayemlectron state. Since the ground state of a diatomic molecule
(Rh and Iy are even larger than the ones for the dimers. Thuss either a spin singletS=1/J/2(1|—|1) or a triplet 33,
at the end of the series th#-d interaction enhances the the antiferromagnetic solution cannot be the true ground
moment, while at the beginning and in the middle of thestate of the dimer. This problem of describing multiplet ef-
series this interaction suppresses magnetism. This effect cdgcts in density functional calculations has been discussed by
be understood from the characteristics of the paramagnetizon Barth?> Nevertheless calculations for the diatomic mol-
density of state&’ ecules Mg and Cr, (Ref. 23 reveal that the antiferromag-
To explain this behavior in more detail in terms of a netic solution describes the trisingled ground state quite
Stoner-like picture the paramagnetic LDOS of Nb and Rhwell. This should be even more valid for the supported
adatoms on A@O01) are compared with the LDOS of the dimers, since in general multiplet effects are suppressed by
corresponding dimer&f. Fig. 3. The Nb adatom has a mo- the interaction with the substrate. A recent publication of
ment of 2.7z, while the moment of the Rh adatom is Cheng and Warf§ demonstrates also that LSD theory is
much smallex0.3ug) . Figure 3 shows a strong decrease of applicable to antiferromagnetic Cr clusters.
the LDOS at the Fermi energy if one compares the Nb dimer There is also significant interest in Pd dimers, because it
with the single Nb adatom. Therefore the Nb dimer is non-has been proven to be a challenging molecule in cataysis.
magnetic. Going through thed4series, the peak of the Similar to bulk Pd also the Pd dimer is nonmagnetic. How-
LDOS moves through the Fermi energy so that the Rh adaever, due to the large spin susceptibility of Pd, one expects
tom has a smaller LDOS & than the Nb adatom and that in a mixed PdX dimer a magnetic moment can be in-
therefore a smaller moment. In contrast to the case of Nb, théduced on the Pd atom by a magnetic partner axorihis is
LDOS atE of the Rh dimer is slightly increased compareda known effect ford impurities in Pd bulk® and on the
with the Rh adatom. This leads to an increase of the momemd100) surface® as well as for & monolayers on the Pd
of the Rh dimer (0.743). Along the same lines the further surface’® Therefore we have also calculated the magnetic
increase of the Rh moment of the monolayer can be undeiproperties of mixed P& dimers X=3d, 4d, or 5d atom
stood. on Ag(00)). The results obtained are presented in Table II. It
We also investigated the antiferromagnetic solutions folis seen that many transition-metal atoms induce magnetic
4d and 5l dimers. The results obtained for the moments arenoments on the Pd atom. The moments induced by the 4
presented in Table I. Total energy calculations show thaand % adatoms are even larger than the moments induced by
among the d dimers on the A@O01) surface the antiferro- Fe despite the fact that the correspondiry ahd % mo-
magnetic solution for Nb and Mo is more stable than thements are much smaller. The same effect has been observed
ferromagnetic one. This can be seen from Fig. 4 giving thén our previous calculations for PaD1) with transition-metal
energy difference between the ferromagnetic and the antifeadatom$® and results from the stronger hybridization of
romagnetic configuration. The comparison of the momentshese adatoms.
obtained for free dimers with the moments for the supported
dimers(Table ) shows that the antiferromagnetic configura-
tion is less sensitive to the surface interaction than the ferro-
magnetic ones. This is due to the fact that for ferromagnetic We have performedb initio calculations for 8, 4d, and
dimers the majority states of both dimer atoms and the mi&d transition-metal dimers on the A@01) surface and com-

IV. CONCLUSIONS
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TABLE Il. Magnetic moments induced at the Pd atom in mixedX®dimers on Ag001). A vanishing Pd
moment signals that also thé atom is nonmagnetic.

3d series Moment 4g) 4d series Moment 4g) 5d series Moment £g)
Ti 0.00 Zr 0.00 Hf 0.00

\Y, 0.00 Nb 0.00 Ta 0.00
Cr 0.05 Mo 0.13 W 0.11
Mn 0.11 Tc 0.21 Re 0.22
Fe 0.12 Ru 0.17 Os 0.19
Co 0.09 Rh 0.05 Ir 0.13
Ni 0.00 Pd 0.00 Pt 0.00

pared with the results for free dimers and monolayers orthat the present calculations will motivate experimental ef-
Ag(001). For alld series many magnetic dimers exist on thisforts to study such dimers on surfaces.

surface. In general the interaction with the substrate reduces
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