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ABSTRACT

The electronic structures of small niobium clusters have been cal-
culated within the local spin density approximation using the LCAO method.
The calculations were done for optimized number of interaction bonds at
the bond length in the bulk and a bond length assuming to be valid for the
dimer. The changes in the Fermi energy is found to be more smooth as a
function of cluster size compared with similar calculations for cobalt
clusters. This may indicate that the change in reactivity for hydrogen
chemisorption on niobium clusters as a function of cluster size is not a
pure electronic structure effect but geometrical.

INTRODUCTION

After the access to modern computers molecular cluster calculations
within different approximations have been performed to evaluate the
electronic structures of bulk materials and different well characterized
surfaces ' -. In these works much efforts have been directed to extend the
calculations to bigger clusters in order to better model the electronic
properties of the bulk material or an extended surface., The new technique
of producing small clusters of virtually any element 4 has however resulted
in a growing interest also for theoretical studies of molecular clusters of
small and medium size 37, The new experimental data open a possibility for
detailed studies of the gap between atoms or small molecules and the bulk by
the successive addition of atoms to the clusters ° ''. Further, the experi-
mentally observed irregular behaviour of abundances in photoionization mass
spectra , iomization potentials 3, stability etc. as a function of cluster
size have made the research on clusters a real challenge for the theoreticians,

Studies on transition metal clusters open another dimension of research
due to the technological use of these elements in commercial_catalysts and
as model systems for applied and basic surface research 14=17 | of particular
interest and very challenging for the theoreticians are the recent observa-
tions 418722 of the strong variation in reactivity as a function of cluster
size for adsorption of D3, Oz, HpSand N9 on some transition element clusters.
Copper clusters, for example, were found to be quite inert to Dy, while the
activity for hydrogen chemisorption changed quite dramatically as a function
of the number of atoms for clusters of cobalt and niobium. It is for example
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known from surface studies 23 that adsorption of tungsten on different
tungsten surfaces give a change of the workfunction which could be compared
“with the change of ionization thresholds observed between neighbouring metal
clustersl3. Selective behaviour of reactivity of species on different
surfaces_of the same type of element have also been found in surface
studies 24, If however, this dramatic change in reactivity for clusters of
Nb is due to electronic or geometric structure is still an open question
However, the trends in reactivity for the transition elements are quite
similar to the trends in hydrogen chemisorption on transition metal sur-
faces as recently summarized by Scillard and Hoffmann26 and Nordlander et
al.27, one would therefore expect that the different models for chemisorp-
tion, which with great success have been used in surface physics would be
applicable for reaction studies of metal clustersl7,28-31, Recently, we
evaluated the electronic structures of small cobalt clusters 32 and found
a striking correlation between the cluster size dependence of the Fermi
energy, and the magnetic moments to the experimentally observed reactivity
of hydrogen chemisorption. We have now extended these type of calculations
to clusters of niobium for which also ionization thresholds have been
measured guite recently

COMPUTATIONAL APPROACH

The electronic structures of the small niobium clusters presented in
this work were calculated within the local-density approximation 3%.35 with
the spin-polarized exchange correlation potential by von Barth and Hedin 306.
A variational method is used to find the molecular wave functions which are
determined within the LCAO method with numerical basis functions. The one
electron_equations are solved within the self-consistent multipolar (SCM)
method 37 with a multipole expansion in § & 2 in addition to the occupation
charges calculated in the self consistent charge method 38. The basis
functions have been generated from a free atom Nb 4d45515p0 configuration
with the addition of 4d, 5s and 5p wave functions generated from a free ion
Nb** with the 4d 5505p0 configuration. This type of basis has in calculations
for Nbap 39 been found to be varitionally better compared with the use of a
neutral atom basis consisting of occupied and virtual orbitals.

The conformation or the geometry of small Nb clusters is not known and
the calculations of all the clusters were performed with the bond-distance
of the bulk 40, d(Nb-Nb) = 5.4 a.u. However, in order to test the sensitivity
of the electronic structure and particularly the properties of levels close
to the Fermi level calculations were also done for a bond-distance of
d(Nb-Nb) = 3.97 a.u. which is close to the equilibrium value found by Walch
and Bausclicher ° in extensive CASCF calculations. Calculations for bond
distances of the two extremes are therefore expected to show the general
trends of the electronic structure for these niobium clusters.

Optimization of the geometry by minimization of the total energy would
be highly desirable but would lead to too extemsive calculations for the
series of clusters treated in this work. Nb form in the bulk a bece structure
which in a molecular cluster calculation can be treated with Nbg and Nb;g
clusters including the nearest and second nearest neighbor atoms. To in-
vestigate the electronic structure for the small clusters calculations were
done for clusters with the optimum number of bonds of equal length which can
be done within the same symmetry group Cqy+ Nb3 is in our calculations
treated as a triangle with extension to a pyramid and double pyramid for
Nb, and Nbg, respectively. Nbgy has been calculated as a double pyramid with
four atoms in a plane, one below and one above the plane which geometry can
also be oriented to C3,, symmetry. This geometry has then been extended to
the bigger clusters up to Nby and Nbg and Nbyg. The calculation for the Nbg
was donme in C4, symmetry in bec structure since we found it difficult to
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construct, such a cluster in Cg, symmetry. The levels close to the Fermi
level have been occupied with a TFermi-Dirac distribution corresponding to a
temperature of about 160 K or a thermal energy of about 14 meV.

RESULTS AND DISCUSSION
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dependence of hydrogen chemisorption
+  on small Nb microclusters which for
convenience is displayed in the
upper part of Fig. 1. The activity
for hydrogen chemisorption is given
by the difference in intensity of
— the photoionization mass spectra
between the beam of pure Nb and the
beam seeded with Dy as visualized in
the middle of Tig. 1. The recently
Nb measured photoionization thresholds
for these small clusters are dis-
played in the lower part of Tig. 1.
We notice how the clusters Nbg and
Nbyy which are inert for hydrogen
chemisorption have higher ioniza-
IONIZATION THRESHOLD tion thresholds compared with the
neighbouring reactive ones. This
—t bt Al = At bbb i . A
2 4 6 8 10 12 14 16 1B does not hold for Nb, which is
reactive but has also a high ioniza-
tion threshold. Whether, the changes
Fig. 1. A schematic_ overview of in ionization thresholds and
reactivity2l and ionization reactivity as a function of cluster
threshold “~“for small HbN size is due to changes of the
clusters. electronic or in geometrical
structure requires extensive
minimization of the total energy for the different clusters. It is however
from the experimental values difficult to derive some absolute number of
the relative reactivity for the different clusters.

Recently 39 e investigated changes in the electronic structure of Nby
for different bond lengths and found that the energy of the last occupied
level changed of the order of 0.4 eV, when the bond length was changed by
¥0.2 a.u, Calculations for reasonable geometries and a fixed bond length is
therefore expected to show some indication of abrupt changes of the
electronic structure by the addition of an atom to a smaller cluster. Molecu-—
lar one electron eigenvalues for the Nby clusters for N=1-10 calculated for
a bond length of the dimer® is shown in Fig. 2. We notice how the position
of the last occupied levels i.e. the Fermi level generally shifts up for the
bigger clusters except for the Nb,, Nbg and Nbyg clusters for which the trend
is broken. The general trends of the experimental values seem therefore to
be reproduced by these theoretical values. In order to get some indication
of the sensitivity of the electronic structure as a function of bond length
calculations were done for the bond distance in the bulk. In this case a
more smooth change take place as a function of cluster size although there

is some indication of small changes for the Nbﬁ’ Nb8 and Nth clusters.
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In the recent calculations for Co clusters the majority up-spin was
found to become stabilized and the minority down-spin to be destabilized
for clusters up to the size of five atoms. For Cog, which was the first big
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Tig. 2. Energy level diagram of the molecular one electron levels in
the Nby clusters for N = 1-10 calculated for a bond length of
3.97 a.u. The labeling of the levels refer to Cyy, symmetry
except for Nbg" which is treated in C4y symmetry. The levels
to the left are those with majority up-spin while those to the
right are those with minority down-spin. Occupancies of the
last occupied levels are marked with arrows.

cluster inert for hydrogen chemisorption, the position of the last occu—
pied levels of up and down spin were located at the same energy. The
exchange splitting for the Nb clusters seem to be considerably smaller
and very close to zero for some of the clusters which are inert to
hydrogen chemisorption as Nby, Nbyg.

A commonly discussed feature in these type of calculations has been
the relative importance of d and s electrons. In order to investigate
this further for the Nb clusters the molecular orbitals were analyzed
through a Mulliken orbital and spin analysis in terms of our basis
functions. In this analysis the contribution of the same orbital sym-
metry for the neutral and ionized basis have been added together. The net
spindensity from the 4d wavefunctions are reduced to less than one elec—
tron for clusters bigger than three while the contribution from the 5s
wavefunctions vary between 0.4-0.0 electrons for these clusters. The
net spin density contribution from all basis functions add up to zero
for the Wb, and Nbjgp clusters.

The models for chemisorptionl7’28_31 of Hyp on transition metal
clusters require participation of an unfilled d-shell and a reduction
of the 5s contribution. Our spin-polarized calculations seem to indi-
cate that chemisorption of molecules on small transition metal clusters
require a net but not too big spin csntribution which holds for Nbj,
Nbs_7, and Nbg. Breaking of the log” bond in H; requires a transfer of
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electrons to the metal cluster followed by a backdonation to the anti-
bonding g, levels of Hp. The possibility of this charge transfer to
take place needs the opening of channels for both spin directions in the
HOMO as well as LUMO levels of the substrate. In the case that the HOMO
levels of the substrate were filled as in the case of Nby and Nbjg would
mean that the electrons have to be transferred to the LUMO levels. The
efficiency of the different charge transfers will depend on the energy
spacing of the HOMO and LUMO levels of the substrate as well as on the
symmetries of the HOMO and LUMO levels of the substrate and adsorbate
which with great success has been used in the interpretation of CO chemi-
sorption on transition metal complexes and surfaces.™ "~ These require
more detailed calculations on the combined systems which are now in pro-
gress.
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