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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 betweend ands electrons,
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 Nb10.
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The large dispersion and the spatial confinement of elec-
trons make cluster properties rather different from bulk or
surface properties.1 The size evolution can, in some cases, be
described by scaling relations,2 which intuitively relate the
size evolution to the number of constituent atoms. However,
to confirm the validity of simple models and to achieve a
quantitative understanding, first-principles calculations are
necessary. Computations of this type have, to a large extent,
focused on alkali and metal coinage clusters, which conve-
niently can be treated with effective core potentials. Transi-
tion metals, however, still offer a challenge since thed elec-
trons should be treated explicitly and can give rise to a
complicated electronic structure with many close and/or
highly mixed configurations. Nevertheless, calculations in-
vestigating the size evolution of small transition-metal clus-
ters have appeared, for example, for Nb,3,4 Fe,5,6 Co,7 Rh,8

and Ni.9

In this work, we present calculations of bare niobium
clusters and CO adsorption onto the clusters. Recently,
Goodwin and Salahub3 reported density-functional calcula-
tions with model potentials for Nb2 to Nb7 . Our work in-
cludes a reinvestigation of these bare clusters with an exten-
sion to ten atoms. The CO adsorption is investigated with
respect to ‘‘hollow’’ and ‘‘on-top’’ site preference and clus-
ter size effects.

The theoretical approach is based on the density-
functional theory10 with a local-spin-density approximation
~LSDA! for exchange and correlation effects.11 This approxi-
mation has proven to be suitable for large-scale quantum
systems such as transition-metal clusters. The molecular one-
electron orbitals were expanded in a numerical atomic basis
set. For niobium we used 4s24p64d45s1 together with
4d35s05p0 for the doubly ionized niobium atom. We found
it important to treat the 4p wave functions in a variational
manner and also to include the 5p wave functions. To treat C
and O, we used C(2s22p2),C21(2s22p0) and
O(2s22p4),O21(2s22p2), respectively, together with a hy-
drogenic 3d orbital generated for boron. The inner cores
were treated within the frozen-core approximation. For the
self-consistent evaluation of the Kohn-Sham equations, the
Poisson equation was solved using a projection technique.12

The matrix elements were evaluated using the method of
overlapping spheres.12 The geometry optimization was per-
formed with standard techniques and the structures were con-
verged to 10 meV/a.u. for the largest gradient, except for
Nb7 and Nb9 , which were converged to 100 meV/a.u.

The computational scheme was tested by a comparison
with experimental data for some relevant diatomic molecules
Table I. For Nb2 , we obtained a binding energy of 5.68 eV
and a bond distance of 3.98 a.u. The binding energy is de-
fined as the difference between the total energy of the cluster
and the total energy of the separated, spherical spin-polarized
atoms. Our results are in good agreement with the LSDA
calculations in Ref. 3 of 5.8 eV and 3.93 a.u. We also cal-
culated the binding properties for the niobium oxide and the
niobium carbide. The largest binding energy, 8.94 eV, was
obtained for NbO. This value is larger than the
configuration-interaction ~CI! value of 6.92 eV by
Siegbahn,13 although the bond distance, 3.20 a.u., is in good
agreement with the CI result of 3.23 a.u. The experimental
value14 falls between the LSDA and the CI calculations and
is found to be 7.8 eV. For NbC, we obtained a binding en-
ergy of 6.72 eV and a bond distance close to that of NbO.
The experimental binding energy is 5.8 eV.15 For all the
diatomic molecules, we obtain an overbinding with respect
to the experimental results. This is a well-known deficiency
of the LSDA scheme.16 However, we have chosen not to
include gradient corrections to the functional since the main
objective of this work is to investigate the cluster size evo-
lution and for this purpose the LSDA scheme is suitable;
furthermore, the LSDA method has proven to describe nio-
bium in the bulk satisfactorily.17

TABLE I. Comparison between theoretical and experimental
values for binding energiesDe ~eV! and bond distancesd ~a.u.! for
the investigated diatomic molecules.

Nb2 NbC NbO CO

De d De d De d De d
LSDA 5.68 3.98 6.72 3.20 8.94 3.20 12.62 2.15
Expt. 5.2018 5.815 7.814 11.0914 2.1314
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In Fig. 1, the results for the ground-state structures are
shown. Geometry optimization of clusters is a difficult task
and we do not state that the geometries obtained represent
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
the results reported in Ref. 3. The trimer is an acute triangle
with distances of 4.25 and 4.53 a.u. For the tetramer, the
ground state was a slightly distorted tetrahedron with bond
lengths 4.76 and 4.74 a.u. The pentamer was a bipyramid
also inC3v symmetry and the two bond lengths were 5.24
a.u. for the atomic distances in the plane and 4.65 a.u. for the
bond length between the plane and the top atoms, respec-
tively. The hexamer is a dimer capped tetramer inC2v sym-
metry. The tetramer unit of Nb6 is not planar but slightly
tilted over the short-diagonal axis. It has a long diagonal of
7.87 a.u. and a short diagonal of 5.23 a.u. The dimer distance
is 4.52 a.u. and the distances between a dimer atom and the
two different tetramer atoms are 4.42 and 5.56 a.u., respec-
tively. The structures up to Nb6 were all found to have some
higher symmetry. This was not the case for the larger clus-
ters, which were all distorted from higher symmetry. Since
almost all bond distances are different for these clusters we
chose not to list them here, but rather describe the main
features. The septamer was found to be a ring, distorted from
the plane of five atoms capped with one atom on each side of
the ring. The octamer is a ring of six atoms, not in the plane
but almost inC2v symmetry. The ring was, as in the case of
the septamer, capped with one atom on each side. A ring
structure with six atoms is also present for Nb9 , but with a
dimer instead of a monomer capped on one of the sides. For
Nb10, we found a structure close to theC4v symmetry, but
somewhat distorted.

From the computed low-energy isomers in Fig. 1, the gen-
eral trend when adding atoms into larger units turns out to be
a monotonic increase of the coordination number. The atoms
are added to maximize the number of connected atoms. It is
also important to notice that the low-energy structures are all
of the type with only surface atoms, which is an effect of
maximizing the coordination forall atoms in the cluster. The
transition to structures containing shells of atoms or metal
atoms that are surrounded by other metal atoms are therefore
most likely to take place at larger cluster sizes than the sizes
investigated here. The obtained structures, of course, reflect
the opend shell, with the possibility to form bonds of cova-
lent type. Analyzing the binding contributions from thed
and thes electrons by means of a Mulliken population analy-
sis, we find a charge transfer from thes to thed electrons.
By this transfer the structures become stable also with re-
spect to thes electrons. For example, the Mulliken analysis
gives effectively 8.2 (5s5p) electrons for Nb10. Except for
the dimer, which has a multiplicity of 3, the lowest possible
spin states are obtained for all the clusters investigated.

The monotonic increase in the coordination of the atoms
is accompanied by an increasing binding energy per atom for
the niobium clusters. In Fig. 2~a!, the binding energy per
atom is shown by diamonds as a function ofN21/3. Also

FIG. 1. Optimized cluster geometries. In some cases atoms al-
most in the plane are marked by crosses.

FIG. 2. ~a! shows the binding energies and~b! the fragmentation
energies. The experimental values by Haleset al. ~Ref. 18! are also
included.
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included are the experimental binding energies indicated by
crosses, determined by the collision-induced dissociation ex-
periments by Haleset al.18 using the ionization potentials as
determined by Knickelbein and Yang.19 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)5av1asN

21/3.
av and asN

21/3 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
the cohesive energy of the bulk niobium.20 Our results sug-
gest that another type of binding will occur as the clusters
start to have inner atoms, shells of atoms, that could give a
smaller surface energy coefficient. In Fig. 2~b!, the deviation
from a monotonic increase in the binding energy: the mono-
mer fragmentation energies, or bond dissociation energies,
are displayed. The fragmentation energies are calculated as
the difference in binding energy between adjacent clusters
and are compared to the experimental data in Ref. 18. The
experimental trend is well reproduced by the calculations,
which indicate that the structures we obtained as the ground
state isomers are energetically close to the experimental
ground state configurations. In Fig. 2~b!, the dissociation into
units containing the dimer is also shown~dashed line!. This
channel is always more energetically costly compared to the
monomer fragmentation, except for the tetramer. This could
be viewed as an effect of the monotonic increase of the co-
hesive energy, i.e., all added atoms are strongly bound.

A challenging problem is the underlying reasons for the
strong size fluctuations in the reactivity pattern of niobium
clusters, observed in various experiments.21,24 Nb8 and
Nb10 were, for example, measured as low reactive in the
reaction with H2 .

21(a),21(c)This led to speculations whether
or not the reactivity was influenced by the ionization poten-
tial, since both Nb8 and Nb10 have high ionization poten-
tials. Theoretically, the influence of the Fermi level on
chemisorption energies have been investigated for the
H2-Ni system showing no particular correlation.22 Instead,
the importance of symmetry matching between the adsorbate
and the metal frontier orbital has been stressed.22,23Recently,
the experimental CO reactivity with niobium has been
reported.24 Also in this reaction Nb10 appeared to be unreac-
tive, while Nb8 was as reactive as the adjacent cluster sizes.
To investigate the reason for the size variations in this ex-
periment, we have also studied CO adsorption on the opti-
mized niobium clusters.

Two different adsorption sites—a hollow and an on-top
site — were investigated. In a first step, all atoms were kept
fixed. The on-top site was modeled byd~C-O! 5 2.19 a.u.
andd~C-Nb! 5 4.0 a.u. This represents the optimized values
for CO chemisorbed on Nb3 . The hollow site was modeled
according to the optimized values for Nb4 , d~C-O! 5 2.25
a.u., and the distance from the plane spanned by the three Nb
atoms and the C atom was 3.50 a.u. In Fig. 3, we show the
results for the chemisorption energy as a function of cluster
size and chemisorption site. With the exception of Nb10, the
hollow site is preferred with respect to the on-top site. The
trend for the on-top chemisorption is an increase in chemi-
sorption energy with increasing cluster size. A trend, how-

ever, which is broken for Nb7 and Nb10. For the hollow
position, a general decrease in chemisorption energy was
found with increasing cluster size. These trends could be an
effect of the change in coordination as the clusters become
larger, yielding fewer danglingd orbitals. The result that the
hollow is preferred to the on-top site is expected from the
atomic configuration of niobium and the common picture for
CO adsorption: 5s donation and 2p* backdonation.25 In the
hollow site, the backdonation is efficient because of the un-
filled d orbitals and the Coulomb repulsion in the donation is
smaller than for the on-top site. To reduce the repulsion in
the on-top position, the systems would have to be excited
and the 4d55s0 configuration is 1.4 eV above the 4d45s1

configuration. To quantitatively reveal the donation and
backdonation, we analyze the atomic Mulliken populations
for the carbon C(2s) and C(2p) orbitals. For the free mol-
ecule, the occupation is 1.85 and 2.01, respectively. At
chemisorption on Nb4 , this changes to 1.59~1.67! and 2.45
~2.20! for the hollow ~on-top! position. These values for the
hollow and the on-top site were found to show just minor
variations with clusters size.

In a second step, we let the CO molecule relax from the
sites where the largest chemisorption energies were obtained
in the static computation. In Fig. 3, the results are indicated
by crosses and diamonds. For the on-top position, the opti-
mization resulted in a slight shift in the chemisorption ener-
gies. The CO internuclear distance did not change on aver-
age from the value used above, while the NbC distance was
enlarged to 4.14 a.u. The molecule did not, to any large
extent, bend away from the initial orientation. This was, on
the other hand, the case for the hollow position. As shown in
Fig. 3, a large change in the chemisorption energy was seen
for cluster sizes larger than the tetramer.

In qualitative agreement with experiments,24 we obtained
a low chemisorption energy for CO on Nb10. Since Nb8 and
Nb10 in some respects have similar electronic properties,
with a low-lying HOMO level and a large HOMO-LUMO
~Ref. 26! separation (; 1 eV!, we look for possible reasons

FIG. 3. Adsorption energies for different clusters and adsorption
sites. Results denoted ‘‘max’’ are the highest chemisorption energy
for each cluster with fixed bond distances. ‘‘ave.’’ are the fixed
bond distances computations averaged over all different sites.
‘‘opt.’’ represent the optimized chemisorption energies.
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for the differences in chemisorption energy other than the
differences in cluster stability@Fig. 2~b!#. We do this by turn-
ing the optimized geometries of Nb8 and Nb10 into a C2v
symmetry, which for both clusters were a fairly small geo-
metrical adjustment. In this symmetry group,p* corre-
sponds tob1 andb2 , whiles corresponds toa1 . Analysis of
the computed energy spectrum gives that the symmetry or-
bitals near the Fermi level of Nb8 was ofb1 andb2 character
while the highest occupied orbital for Nb10 was ofa2 char-
acter. A suggestion is, therefore, that the smaller chemisorp-
tion energy for Nb10 partly is due to a less efficient and
energetically more costly backdonation.

In conclusion, we have analyzed the electronic and geo-
metrical properties of niobium clusters in the range from two
to ten atoms. The calculations are in good agreement with
experimental data. The bonding is characterized by a balance
betweens and d electrons. The opend shell gives strong

bonds and tends to maximize the number of nearest neigh-
bors. A charge transfer from thes to thed electrons stabi-
lizes the structures also with respect to thes electrons. In
addition, the reactivity of CO towards the niobium clusters
was investigated. All different on-top and hollow sites were
investigated. For all clusters, the hollow site is predicted as
the preferred chemisorption site. The results indicate cluster
size effects with a local minimum for Nb10.

Valuable discussions with Mats Andersson and Lotta
Holmgren are acknowledged. Most of the calculations were
performed with theDMOL computer program, which was
kindly made accessible by Biosym Technologies. Financial
support was obtained from NUTEK, The National Swedish
Board for Industrial and Technical Development, and NFR,
The Swedish Natural Science Research Council through the
Materials Science Consortium ‘‘Clusters and Ultrafine Par-
ticles.’’

1Clusters of Atoms and Molecules 1, edited by H. Haberland
~Springer-Verlag, Berlin, 1994!.

2J. Jortner, Z. Phys. D24, 247 ~1992!.
3L. Goodwin and D. R. Salahub, Phys. Rev. A47, 774 ~1993!.
4T. Wahnstro¨m, A. Rosén, and T. T. Rantala,Physics and Chem-
istry of Small Clusters, edited by P. Jena, B. K. Rao, and S. N.
Khanna~Plenum, New York, 1987!, p. 511.

5M. Castro and D. R. Salahub, Phys. Rev. B47, 10 955~1993!.
6O. B. Christensen and M. L. Cohen, Phys. Rev. B47, 13 643

~1993!.
7A. Rosén and T. T. Rantala, Z. Phys. D3, 205 ~1986!.
8Y. Jinlong, F. Toigo, and W. Kelin, Phys. Rev. B50, 7915

~1994!.
9F. A. Reuse and S. N. Khanna, Chem. Phys. Lett.234, 77 ~1995!.
10P. Hohenberg and W. Kohn, Phys. Rev.136, 864 ~1964!; W.

Kohn and L.J. Sham,ibid. 140, A1133 ~1965!.
11S. H. Vosko, L. Wilk, and M. Nuisair, Can. J. Phys.58, 1200

~1980!; D. M. Ceperly and B. J. Adler, Phys. Rev. Lett.45, 566
~1980!.

12B. Delley, J. Chem. Phys.92, 508 ~1990!.
13P. E. M. Siegbahn, Chem. Phys. Lett.201, 15 ~1993!.
14K. P. Huber and G. Herzberg,Constants of Diatomic Molecules

~Van Nostrand Reinhold, New York, 1979!.
15S. K. Gupta and K. A. Gingerlich, J. Chem. Phys.74, 3584

~1981!.

16R. O. Jones and O. Gunnarson, Rev. Mod. Phys.61, 689 ~1989!.
17M. Körling and J. Ha¨glund, Phys. Rev. B45, 13 293~1992!.
18D. A. Hales, L. Lian, and P. B. Armentrout, Int. J. Mass Spec-

trom. Ion Phys.102, 269 ~1990!.
19M. B. Knickelbein and S. Yang, J. Chem. Phys.93, 5760~1990!.
20The experimental value is 7.60 eV@in Zahlenwerle und Funk-

tionen, Landolt-Börnstein, Group IV, Vol. 2~Springer-Verlag,
Berlin, 1964!#, p. 212, and the theoretical 7.80 eV~Ref. 17!.

21~a! M. E. Geusic, M. D. Morse, and R. E. Smalley, J. Chem.
Phys.82, 590 ~1985!; ~b! R. L. Whetten, M. R. Zakin, D.M.
Cox, D. J. Trevor, and A. Kaldor,ibid. 85, 1697~1986!; ~c! M.
R. Zakin, R. O. Brickman, D.M. Cox, and A. Kaldor,ibid. 88,
3555 ~1988!; ~d! L. Song and M. A. El-Sayed, J. Phys. Chem.
94, 7907 ~1990!; ~e! C. Berg, T.Schindler, G. Niedner-
Schattenburg, and V. E. Bondybey, J. Chem. Phys.102, 4870
~1995!.

22I. Panas and P. E. M. Siegbahn, J. Chem. Phys.92, 4625~1990!.
23K. Hermann, J. P. Bagus, and C. J. Nelin, Phys. Rev. B35, 9467

~1987!.
24L. Holmgren, M. Andersson, and A. Rose´n, Surf. Sci.331-333,

231 ~1995!.
25R. Hoffmann,Solids and Surfaces~VCH, Weinheim, 1988!.
26HOMO, highest occupied molecular orbital; LUMO, lowest un-

occupied molecular orbital

1552 54BRIEF REPORTS


