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Investigation of niobium clusters: Bare and CO-adsorption
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Molecular-orbital and linear combination of atomic orbitals calculations within the local-spin-density ap-
proximation formalism have been performed for niobium clusters in the range from two to ten atoms. Opti-
mization of the geometries shows that the structures are determined by a balance likbmelenelectrons,
giving the lowest total energies for cluster geometries with highly coordinated structures and a maximum of
interatomic bonds. Evaluated binding and fragmentation energies are in fair agreement with experiments. In
addition to the calculations of bare clusters, adsorption of CO on niobium clusters was investigated. These
results indicate a strong cluster site and size dependence. Generally, a “hollow” site was preferred compared
to an “on-top” site and a particularly low chemisorption energy was obtained for,yNb
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The large dispersion and the spatial confinement of elecfhe matrix elements were evaluated using the method of
trons make cluster properties rather different from bulk oroverlapping spheré€. The geometry optimization was per-
surface propertiesThe size evolution can, in some cases, beformed with standard techniques and the structures were con-
described by scaling relatioRsyhich intuitively relate the verged to 10 meV/a.u. for the largest gradient, except for
size evolution to the number of constituent atoms. HoweverNb; and Nby, which were converged to 100 meV/a.u.
to confirm the validity of simple models and to achieve a The computational scheme was tested by a comparison
guantitative understanding, first-principles calculations arevith experimental data for some relevant diatomic molecules
necessary. Computations of this type have, to a large extentable I. For NIy, we obtained a binding energy of 5.68 eV
focused on alkali and metal coinage clusters, which conveand a bond distance of 3.98 a.u. The binding energy is de-
niently can be treated with effective core potentials. Transifined as the difference between the total energy of the cluster
tion metals, however, still offer a challenge since thelec-  and the total energy of the separated, spherical spin-polarized
trons should be treated explicitly and can give rise to aatoms. Our results are in good agreement with the LSDA
complicated electronic structure with many close and/orcalculations in Ref. 3 of 5.8 eV and 3.93 a.u. We also cal-
highly mixed configurations. Nevertheless, calculations in-culated the binding properties for the niobium oxide and the
vestigating the size evolution of small transition-metal clus-niobium carbide. The largest binding energy, 8.94 eV, was
ters have appeared, for example, for \bFe>® Co/ Rh8  obtained for NbO. This value is larger than the
and Ni?® configuration-interaction (Cl) value of 6.92 eV by

In this work, we present calculations of bare niobium Siegbahn? although the bond distance, 3.20 a.u., is in good
clusters and CO adsorption onto the clusters. Recenthagreement with the ClI result of 3.23 a.u. The experimental
Goodwin and Salahdbreported density-functional calcula- value** falls between the LSDA and the Cl calculations and
tions with model potentials for Nbto Nb,. Our work in- is found to be 7.8 eV. For NbC, we obtained a binding en-
cludes a reinvestigation of these bare clusters with an extergrgy of 6.72 eV and a bond distance close to that of NbO.
sion to ten atoms. The CO adsorption is investigated witiThe experimental binding energy is 5.8 &VFor all the
respect to “hollow” and “on-top” site preference and clus- diatomic molecules, we obtain an overbinding with respect
ter size effects. to the experimental results. This is a well-known deficiency

The theoretical approach is based on the densityof the LSDA schemé® However, we have chosen not to
functional theory® with a local-spin-density approximation include gradient corrections to the functional since the main
(LSDA) for exchange and correlation effeétsThis approxi- ~ objective of this work is to investigate the cluster size evo-
mation has proven to be suitable for large-scale quanturtution and for this purpose the LSDA scheme is suitable;
systems such as transition-metal clusters. The molecular onérthermore, the LSDA method has proven to describe nio-
electron orbitals were expanded in a numerical atomic basigium in the bulk satisfactorily’
set. For niobium we used s84p®4d*5s! together with _ _ _
4d355%5p° for the doubly ionized niobium atom. We found TABLE I_. (;ompansqn between theoretlc_al and experimental
it important to treat the g wave functions in a variational Values for binding energi3, (eV) and bond distances (a.u) for
manner and also to include the Svave functions. To treat ¢ 1€ Investigated diatomic molecules.
and O, we used CE2p?),Cc2"(2s?2p% and

0(2s%2p*),02" (2s?2p?), respectively, together with a hy- Nb, NbC NbO co
drogenic 3 orbital generated for boron. The inner cores D, d D, d De d De d
were treated within the frozen-core approximation. For the. SDA 568 3.98 6.72 3.20 8.94 3.20 12.62 2.15
self-consistent evaluation of the Kohn-Sham equations, thexpt. 5.20® 5.815 7.8%4 11.09% 2.134

Poisson equation was solved using a projection techrifue.
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FIG. 1. Optimized cluster geometries. In some cases atoms al-
most in the plane are marked by crosses.
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In Fig. 1, the results for the ground-state structures are
shown. Geometry optimization of clusters is a difficult task 2 4 6 8 10
and we do not state that the geometries obtained represent Cluster Size
the true ground state, although they probably are energeti-
cally close to the ground state. For sizes up to seven atoms, . ) .
the geometries in the present work have structures similar to FIG. 2. (& shows the binding energies aftt) the fragmentation

the results reported in Ref. 3. The trimer is an acute trianglgnerg'es' The experimental values by Hadeal. (Ref. 18 are also

with distances of 4.25 and 4.53 a.u. For the tetramer, th'enC|Uded'
ground state was a slightly distorted tetrahedron with bond

lengths 4.76 and 4.74 a.u. The pentamer was a bipyramid From the computed low-energy isomers in Fig. 1, the gen-
also inCj, symmetry and the two bond lengths were 5.24eral trend when adding atoms into larger units turns out to be
a.u. for the atomic distances in the plane and 4.65 a.u. for the monotonic increase of the coordination number. The atoms
bond length between the plane and the top atoms, respeare added to maximize the number of connected atoms. It is
tively. The hexamer is a dimer capped tetrame€ify sym-  also important to notice that the low-energy structures are all
metry. The tetramer unit of Npis not planar but slightly of the type with only surface atoms, which is an effect of
tilted over the short-diagonal axis. It has a long diagonal ofmaximizing the coordination faall atoms in the cluster. The
7.87 a.u. and a short diagonal of 5.23 a.u. The dimer distandgansition to structures containing shells of atoms or metal
is 4.52 a.u. and the distances between a dimer atom and tlaoms that are surrounded by other metal atoms are therefore
two different tetramer atoms are 4.42 and 5.56 a.u., respeenost likely to take place at larger cluster sizes than the sizes
tively. The structures up to Njwere all found to have some investigated here. The obtained structures, of course, reflect
higher symmetry. This was not the case for the larger clusthe opend shell, with the possibility to form bonds of cova-
ters, which were all distorted from higher symmetry. Sincelent type. Analyzing the binding contributions from tloe
almost all bond distances are different for these clusters wand thes electrons by means of a Mulliken population analy-
chose not to list them here, but rather describe the maisis, we find a charge transfer from teeo thed electrons.
features. The septamer was found to be a ring, distorted froBy this transfer the structures become stable also with re-
the plane of five atoms capped with one atom on each side a&fpect to thes electrons. For example, the Mulliken analysis
the ring. The octamer is a ring of six atoms, not in the planegives effectively 8.2 (S§5p) electrons for Nk,y. Except for

but almost inC,, symmetry. The ring was, as in the case of the dimer, which has a multiplicity of 3, the lowest possible
the septamer, capped with one atom on each side. A ringpin states are obtained for all the clusters investigated.
structure with six atoms is also present for Ntbut with a The monotonic increase in the coordination of the atoms
dimer instead of a monomer capped on one of the sides. Fés accompanied by an increasing binding energy per atom for
Nb,o, we found a structure close to ti&,, symmetry, but the niobium clusters. In Fig.(8), the binding energy per
somewhat distorted. atom is shown by diamonds as a function Nf 3. Also
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included are the experimental binding energies indicated by
crosses, determined by the collision-induced dissociation ex-
periments by Halest al® using the ionization potentials as
determined by Knickelbein and Yarlg The agreement be-
tween the experimental and the theoretical results are good,
despite the general overbinding. The results were further
analyzed with the liquid drop model(N)=a,+aN~*3. '
a, and a;N~'2 are the volume and surface terms, respec-
tively. Surprisingly enough, this expression predicts both the
theoretical results as well as the experimental values. How-
ever, the fits to both the experimental and the theoretical
results give volume energies that are too large compared to
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the cohesive energy of the bulk niobitfthOur results sug- 1 ! L ! L L L \

gest that another type of binding will occur as the clusters 2 4 6 8 10
start to have inner atoms, shells of atoms, that could give a Cluster Size

smaller surface energy coefficient. In Figb® the deviation

from a monotonic increase in the binding energy: the mono-

mer f'ragmentatlon energies, qr bond dI.SSOCIa“on Energies, rig 3. Adsorption energies for different clusters and adsorption
are displayed. The fragmentation energies are calculated @fes Results denoted “max” are the highest chemisorption energy
the difference in binding energy between adjacent Clustergy each cluster with fixed bond distances. “ave.” are the fixed
and are compared to the experimental data in Ref. 18. Thgong distances computations averaged over all different sites.
experimental trend is well reproduced by the calculationsiqopt.” represent the optimized chemisorption energies.
which indicate that the structures we obtained as the ground
state isomers are energetically close to the experimentaver, which is broken for Np and Nb,,. For the hollow
ground state configurations. In Figh, the dissociation into  position, a general decrease in chemisorption energy was
units containing the dimer is also showatashed ling This  found with increasing cluster size. These trends could be an
channel is always more energetically costly compared to theffect of the change in coordination as the clusters become
monomer fragmentation, except for the tetramer. This couldarger, yielding fewer danglind orbitals. The result that the
be viewed as an effect of the monotonic increase of the cohollow is preferred to the on-top site is expected from the
hesive energy, i.e., all added atoms are strongly bound.  atomic configuration of niobium and the common picture for
A challenging problem is the underlying reasons for theCO adsorption: & donation and 2* backdonatiorf® In the
strong size fluctuations in the reactivity pattern of niobiumhollow site, the backdonation is efficient because of the un-
clusters, observed in various experimeiftd Nbg and filled d orbitals and the Coulomb repulsion in the donation is
Nby, were, for example, measured as low reactive in thesmaller than for the on-top site. To reduce the repulsion in
reaction with H,. 22219 This led to speculations whether the on-top position, the systems would have to be excited
or not the reactivity was influenced by the ionization poten-and the 41°5s° configuration is 1.4 eV above thed#5s!
tial, since both Nig and Nby;, have high ionization poten- configuration. To quantitatively reveal the donation and
tials. Theoretically, the influence of the Fermi level on backdonation, we analyze the atomic Mulliken populations
chemisorption energies have been investigated for théor the carbon C(8) and C(2) orbitals. For the free mol-
H,-Ni system showing no particular correlatiéhinstead, ecule, the occupation is 1.85 and 2.01, respectively. At
the importance of symmetry matching between the adsorbatghemisorption on N, this changes to 1.5@.67) and 2.45
and the metal frontier orbital has been streséédRecently,  (2.20) for the hollow (on-top position. These values for the
the experimental CO reactivity with niobium has beenhollow and the on-top site were found to show just minor
reported? Also in this reaction NBy appeared to be unreac- variations with clusters size.
tive, while Nbg was as reactive as the adjacent cluster sizes. In a second step, we let the CO molecule relax from the
To investigate the reason for the size variations in this exsites where the largest chemisorption energies were obtained
periment, we have also studied CO adsorption on the optin the static computation. In Fig. 3, the results are indicated
mized niobium clusters. by crosses and diamonds. For the on-top position, the opti-
Two different adsorption sites—a hollow and an on-topmization resulted in a slight shift in the chemisorption ener-
site — were investigated. In a first step, all atoms were kepgies. The CO internuclear distance did not change on aver-
fixed. The on-top site was modeled BYyC-O) = 2.19 a.u. age from the value used above, while the NbC distance was
andd(C-Nb) = 4.0 a.u. This represents the optimized valuesenlarged to 4.14 a.u. The molecule did not, to any large
for CO chemisorbed on Np The hollow site was modeled extent, bend away from the initial orientation. This was, on
according to the optimized values for Npd(C-O) = 2.25 the other hand, the case for the hollow position. As shown in
a.u., and the distance from the plane spanned by the three Nlig. 3, a large change in the chemisorption energy was seen
atoms and the C atom was 3.50 a.u. In Fig. 3, we show théor cluster sizes larger than the tetramer.
results for the chemisorption energy as a function of cluster In qualitative agreement with experimeRifsye obtained
size and chemisorption site. With the exception of j)lithe  a low chemisorption energy for CO on M Since Nk and
hollow site is preferred with respect to the on-top site. TheNb, in some respects have similar electronic properties,
trend for the on-top chemisorption is an increase in chemiwith a low-lying HOMO level and a large HOMO-LUMO
sorption energy with increasing cluster size. A trend, how-Ref. 26 separation 1 eV), we look for possible reasons
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for the differences in chemisorption energy other than thébonds and tends to maximize the number of nearest neigh-
differences in cluster stabilifyFig. 2(b)]. We do this by turn-  bors. A charge transfer from theto thed electrons stabi-
ing the optimized geometries of Nband Nby, into aC,, lizes the structures also with respect to thelectrons. In
symmetry, which for both clusters were a fairly small geo-addition, the reactivity of CO towards the niobium clusters
metrical adjustment. In this symmetry group corre- Was investigated. All different on-top and holl_ow site_s were
sponds td; andb,, while o corresponds ta, . Analysis of investigated. For aI_I clusyers, _the hollow site is pred|cted as
the computed energy spectrum gives that the symmetry O,ﬂ_\e preferred _chemlsorptlo_n_sne. The results indicate cluster
bitals near the Fermi level of Npwas ofb, andb, character ~ Size effects with a local minimum for Nj.
while the highest occupied orbital for Npwas ofa, char- Valuable discussions with Mats Andersson and Lotta
acter. A suggestion is, therefore, that the smaller chemisorgHolmgren are acknowledged. Most of the calculations were
tion energy for Ny partly is due to a less efficient and performed with thebmoL computer program, which was
energetically more costly backdonation. kindly made accessible by Biosym Technologies. Financial
In conclusion, we have analyzed the electronic and geosupport was obtained from NUTEK, The National Swedish
metrical properties of niobium clusters in the range from twoBoard for Industrial and Technical Development, and NFR,
to ten atoms. The calculations are in good agreement witifhe Swedish Natural Science Research Council through the
experimental data. The bonding is characterized by a balanddaterials Science Consortium “Clusters and Ultrafine Par-
betweens and d electrons. The oped shell gives strong ticles.”
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