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Far-infrared absorption spectra of small neutral and cationic niobium clusters containing 5 to 9 Nb
atoms have been obtained by multiple photon dissociation spectroscopy of their argon complexes.
The experimental far-IR spectra are recorded in the 85-600 cm™' region and cover the range of
the structure-specific vibrational fundamentals, i.e., the finger-print range, for these metal clusters.
The experiments are accompanied by quantum chemical calculations employing density-functional
theory. A comparison of the experimental and calculated far-IR spectra spectra allows to identify
the cluster structures. Although the experimental spectra for clusters containing 5, 6, 8, and 9 Nb
atoms are very different for cationic and neutral clusters, the comparison with theory reveals that,
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nevertheless, the overall geometries for cations and neutrals are very similar, except for Nbg’ .

PACS numbers: 36.40.Mr, 61.46.-w, 82.80.Gk
I. INTRODUCTION

Small particles often differ considerably in their prop-
erties from the bulk material. This has triggered a large
interest in the study of matter on the nano-scale, but the
basic determination of the structure of nano-materials
on an atomic scale can be exceedingly difficult.! Even
when the atomic composition is known, as for isolated
gas-phase nanoparticles or clusters, the determination of
their geometric structures is still very challenging. How-
ever, knowing the atomic arrangements of gas-phase clus-
ters is one of the crucial ingredients that is needed for
understanding their physical and chemical properties.

Recently, new experimental techniques that are sen-
sitive to the geometric structure have been applied
to gas-phase metal clusters, like measurements of
ion mobilities,?3 electron diffraction on trapped clus-
ter iomns,*® or high resolution anion photoelectron
spectroscopy®”. Particularly sensitive to the internal
cluster structure is vibrational spectroscopy, since it di-
rectly maps the bonding forces and, in its appropriate
variant, it is susceptible to the cluster symmetry.® We
have recently demonstrated far-infrared multiple pho-
ton dissociation (far-IR-MPD) spectroscopy on transition
metal cluster rare-gas complexes as a method to obtain
the vibrational spectra in the range of their structure-
specific vibrational fundamentals.® Far-IR spectra of
vanadium clusters containing between 3 and 23 atoms
have been reported. Comparison of calculated vibra-
tional spectra for different cluster geometries obtained us-
ing density-functional theory (DFT) with those obtained
in the experiment allows to deduce the cluster-size spe-
cific structures. Using this approach for the vanadium
clusters, for several cluster sizes the atomic structures
have been clearly identified.”'9 It has been shown that
in most cases the rare-gas atom does not significantly
influence the vibrational spectrum and merely acts as a
probe for detecting the resonant absorption of IR photons
by the metal cluster.'®:!!

We have now applied this technique to small neutral
and cationic niobium clusters. Partly because of their
relative ease of production and the favorable isotopic dis-
tribution, niobium clusters have been intensively investi-
gated experimentally and this has been followed by ex-
tensive theoretical studies. Experimental studies include
single and multiphoton ionization,'3 ¢ as well as photo-
electron spectroscopy!” 2 and the measurements of the
bond dissociation energies.?!2? Optical absorption spec-
tra of neutral niobium clusters have been measured by
means of photodissociation of their complexes with rare-
gas atoms?> 2% and this technique is also used here for
obtaining the vibrational spectra.

Niobium clusters show interesting size effects in their
gas phase reactivity, e.g., towards hydrogen, nitrogen, or
small hydrocarbons.!326-3% The reaction rate towards Hy
and N is found to correlate with the electronic properties
as expressed, e.g., by an (effective) ionization potential
of the cluster.'33% The presence of isomers for several
cationic and neutral clusters in the size range between
9-20 atoms has been observed in reactivity studies30 35
but also spectroscopically.!?14:15 In electric deflection ex-
periments on neutral niobium clusters a strong variation
in the per-atom polarizability has been found and it has
been suggested that this is related to large size-dependent
variations in the electronic or geometric structures.?6 At
cryogenic temperature neutral niobium clusters show a
permanent electric dipole moment implying that they are
ferroelectric, but that vanishes at higher temperature or
upon laser heating.?”3® This behavior is explained by a
two component model that assumes a low-energy transi-
tion between two electronically very different states of the
cluster, but the nature of these states is not understood.

First principle electronic structure calculations have
been applied in numerous studies to investigate electronic
and geometric structures of niobium clusters. Mainly
density-functional theory has been employed to study
their geometric and electronic structures with the aim
to find correlations with experimental observations, e.g.,



on the size dependence of reactivities, electron binding
energies or bond dissociation energies.!”375% The mul-
tireference character of the wavefunctions of small nio-
bium clusters containing 3 to 5 atoms has been taken
into account by using the complete active space multi-
configuration self-consistent field (CASMCSCF) method
followed by the multireference singles plus doubles config-
uration interaction (MRSDCI).4* %% This approach gen-
erally gives similar ground state structures compared to
DFT, although it is expected that explicit treatment
of the interaction of different electronic configurations
leads to a better description of the various low-lying elec-
tronic states. Identification of global minima becomes
more complicated for larger clusters where the success of
the traditional gradient following techniques strongly de-
pends on the accurate choice of the starting structures.
The application of global search algorithms solves this
problem and such methods have recently been applied
for structure optimization of niobium clusters.5' 24

Although, in principle, these techniques are able to
identify the lowest energy structure within the applied
theoretical model, those structures can be different to
the ones present in the experiments. This can be due
to the limits of the theoretical approach, or because in
the experiments the cluster growth mechanism might fa-
vor isomers of higher energy that are kinetically stabi-
lized. To check for these effects, experimental probes of
the cluster structures are required as provided, for in-
stance, by the vibrational spectrum. In case of niobium
clusters, the neutral dimer and trimer have been inves-
tigated before in the gas phase and embedded in rare-
gas matrices. Using matrix isolation resonance Raman
spectroscopy the dimer stretching frequency was found
to be we = 421 cm™',5556 in agreement with the gas-
phase value of 424.9 cm ™! from the rotationally resolved
electronic spectrum.®” For the trimer, vibrational funda-
mentals of 235 and 227 ecm ™! have been derived from the
observed band progressions and they are assigned to the
totaly symmetric stretch and the doubly degenerate bend
of a nearly Dsj, symmetric structure.?® Theory identifies
a triangular 2 B; state with an obtuse angle of 63.4 degree
as the ground state for this species.*’

In our study we focus on slightly larger niobium clus-
ters containing 59 atoms. The lower limit of this range
is determined by experimental constraints; for smaller
clusters the abundance of the rare-gas complexes in the
beam becomes too low. For clusters with more than 9
atoms, we suppose, a more evolved theoretical approach
for probing the configurational space would be needed.
In the following we present the experimental far-infrared
vibrational spectra of cationic and neutral niobium clus-
ters and compare them with calculated spectra obtained
for energetically low-lying isomers.

II. EXPERIMENTAL

The experiments are performed in a molecular beam
machine that is permanently coupled to a beam line
of the “Free Electron Laser for Infrared eXperiments”
FELIX®® located at the FOM Institute for Plasma
Physics in Nieuwegein, The Netherlands. This setup and
the experimental procedure to record IR spectra have
been described in detail before.!!

In short, neutral and charged metal clusters are pro-
duced by pulsed laser ablation in a source that is in part
cooled to 80 K. At this temperature the metal clusters
can form complexes with Ar that is admixed to the He
carrier gas. The Ar concentration is typically 20 % to
form complexes with the neutral clusters and only 0.5 %
for the cations. After leaving the source, the cluster beam
is shaped by a skimmer and an aperture with 1 mm di-
ameter opening before it enters the extraction range of a
reflectron time-of-flight mass spectrometer. Neutral clus-
ters are ionized with 6.42 eV photons from an ArF ex-
cimer laser.

Before detection in the mass spectrometer the cluster
beam is irradiated with the counterpropagating IR beam,
which is loosely focussed on the aperture. Absorption of
multiple IR photons by a cluster complex can lead to its
fragmentation and the resulting reduction of the abun-
dance of the Ar complex is size-selectively measured as
a function of the IR wavelength. From these “depletion
spectra”, absorption spectra are constructed, taking the
intensity changes of the IR radiation over the scanning
range into account. Details of the conversion procedure
are reported elsewhere.!! In general, absorption of mul-
tiple far-IR photons is required to overcome the barrier
for dissociation of the Ar complex within the time win-
dow of 40 us between IR irradiation and arrival in the
time-of-flight mass spectrometer.

For the experiments on the niobium clusters FELIX
is tuned between 85 and 600 cm~!. In this range a sin-
gle TR macropulse contains an energy of 10-40 mJ at
a macropulse length of 7-9 us. The bandwidth of the
emitted far-IR radiation is adjusted to be about 1 % of
the central frequency (full width at half maximum). The
central frequency has been calibrated with a grating spec-
trometer resulting in an absolute accuracy of better than
0.5 cm™! for the reported experimental spectra. These
spectra are composed of averages of 4-10 individual fre-
quency scans, which amounts to an average of up to ~500
single mass spectra per point.

III. THEORETICAL METHODS

We have performed DFT calculations to find the ener-
getically most preferred structures for small neutral and
cationic niobium clusters. The calculations were carried
out using the DMol® code,’ an all-electron code that
uses numerical atomic orbitals as a basis set. It is an
extremely efficient code for small clusters. Convergence



of our basis set has been tested carefully, and for all the
results reported below, a basis set is used that is labeled
“all” in the code. This basis set includes the 1s, 2s, 2p,
3s, 3p, 3d, 4s, 4p, 4d, 5s, and 5p orbitals. The cutoff ra-
dius was 12 Bohr and the mesh parameter 1.6. We used
the generalized gradient approximation (GGA) for the
exchange-correlation functional.®! These are essentially
the same parameters and exchange-correlation functional
as we used for our work on vanadium, where details of
the convergence tests have been published in ref. 10.

We calculated the ground state energy for a number
of possible geometries for each cluster size. The initial
geometries in the optimizations are the ones that have
been previously discussed in the literature.3? 44 Often
these geometries are very similar to the ones of the cor-
responding vanadium clusters and, therefore, we tested
in particular all the structures that have also been con-
sidered by us in our previous work on vanadium.'® In
all calculations the atomic positions were completely re-
laxed. There were no symmetry constraints in the geome-
try optimization procedure. We also tested the different
possible spin states for all clusters (see discussion be-
low). The vibrational spectrum for each cluster has been
calculated by displacing each atom in each direction, in
order to evaluate the 3n dimensional force-constant ma-
trix. No frequency scaling has been applied. The IR
intensities have been obtained from the derivative of the
dipole moment. All reported relative energies include the
vibrational zero-point energies.

We note that our approach does not amount to a com-
plete scan of the configuration space, and that in par-
ticular for larger clusters a more sophisticated approach
to search for the ground state geometry is needed. But
we suppose that for the cluster sizes discussed in this pa-
per all relevant structures have been considered. This
assessment is supported by the good agreement between
the calculated and experimentally obtained vibrational
spectra.

IV. RESULTS AND DISCUSSION
A. General remarks

Far-IR multiple photon dissociation spectra are ob-
tained for the Ar complexes of the neutral and cationic
niobium clusters in the 85-600 cm ™! range. The exper-
imental spectra shown in Figs. 2-6 have been measured
for the complexes with a single Ar atom, and no sig-
nificant changes in the spectra have been observed for
the complexes containing up to four Ar atoms, with the
exception of Nbg (see below). Possible distortions in
the far-IR-MPD spectra of a metal cluster Ar complex
M,, Ar,,, arising from sequential Ar atom loss of M, At 41
have been extensively discussed elsewhere.!! Complexes
with larger m show often more intense absorption bands
and this effect becomes more pronounced with decreas-
ing photon energy. In most cases, however, this affects
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FIG. 1: Ionization potentials and dissociation energies of neu-
tral niobium clusters. The calculated values for the structures
identified in this study are represented by squares and the ex-
perimental values by crosses with error bars as given in the
literature.'®?! For Nbg two isomers are present.

the relative intensities of the observed bands only moder-
ately. The frequencies of the absorption bands are hardly
influenced by the Ar coverage. This small influence of the
Ar coverage on the observed far-IR-MPD indicates that
the structure of the bare metal cluster is not significantly
altered by the Ar binding. This conclusion is addition-
ally supported by the results of the DFT calculations on
the bare metal clusters, see below.

For clusters containing 5-9 Nb atoms pronounced ab-
sorption bands are found in the 120-300 cm™! range,
and there are no bands observed above 300 cm~!. This
observation is in line with, both, the measured vibra-
tional frequencies for the dimer and trimer species, and
the frequencies of the bulk phonon modes for body
centered cubic (bcc) niobium; the latter are found at
~192 cm~! (longitudinal modes) and at ~129 cm~!
(transverse modes).%3:64

Calculated vibrational spectra for selected low-lying
isomers are shown together with their structures above
the experimental spectra in Figs. 2-6. The labels of the
isomers indicate the number n of atoms in the cluster,
the charge state, and the isomer (A,B,C). The capital
letter is chosen according to the ascending relative en-
ergies with A indicating the energetic minimum. For
all isomers the vibrational fundamentals are found below
350 cm~!, which gives us additional evidence that the
experiment completely covers the higher energy part of
the clusters vibrational spectra. Most bands are slightly
blue-shifted in the calculations with respect to their ex-
perimental counterparts, probably mainly due to the use
of the harmonic approximation in the calculation of the
vibrations. In addition, the experimental frequencies
might have a general red-shift due to the nature of the



IR-MPD process.®2 The calculated IR intensities are rel-
atively low, on the order of up to 10 km mol~! only.

Generally, the cationic and neutral niobium clusters
are found to be more stable in the lowest possible elec-
tronic spin state. The only exception is Nb;r, where
the ground state is found to be a triplet in agreement
with theoretical predictions. The low spin multiplicities
correspond to the results of Stern-Gerlach type exper-
iments on the neutral niobium cluster that find mag-
netic moments of 0 up for even-numbered clusters and
close to 1 pp for most odd-numbered clusters.’> As an
additional check for consistency of our calculations we
compare in Fig. 1 the calculated dissociation energies
DRy, = Exb+ Exb,_, — Exb, and the ionization poten-
tials (IP) for the finally assigned structures of the neutral
niobium clusters with experimental values from the lit-
erature. Although the calculated values are slightly too
low, their size-dependence nicely follows the experimen-
tal findings.

B. Nb; and Nb;

The experimental IR spectra of Nbs and Nb; to-
gether with the calculated spectra of low energy isomers
are shown in Fig. 2. For Nbj one identifies (at least)
three distinct bands at 119, 189, and 262 cm™!. The
spectrum of the corresponding cation is more noisy and
rather different with indications for two bands at 228 and
278 cm~t. The seemingly “negative” absorptions in the
spectrum of Nb;‘ and the positive signal above 370 cm™!
are related to small intensity drifts in the mass spectra
that become amplified in the energy normalization of the
IR spectrum due to the lower flux of IR radiation in that
frequency range. Other clusters are, mainly because of
their higher Ar complex abundances, much less affected.

Calculations find lowest energy isomers with similar
geometries for the neutral species and the cation. The
structure of 57 A and 5A can be described as a trigonal
bipyramid based on an obtuse isosceles. In the cation
the basis of the isosceles is slightly elongated to 294 pm
(289 pm in 5A). All other bond lengths agree within 2
pm. For Nb; the triplet state isomer 5T A is signifi-
cantly lower in energy as compared to the singlet struc-
ture 5B by 0.16 eV. The positions of the two intense
bands in the calculated spectrum of 5+ A agree well with
the experimental findings. A minor contribution of 57 B
to the spectrum cannot be fully excluded due to some
signal around 175 cm™'. The calculated spectrum of 5A
contains four bands in the range of the experiment and
reproduces overall the experimental band pattern.

For the neutral clusters, geometries similar to 5A have
been reported before as the ground state, mostly agreeing
on a spin multiplicity of 2.39:49:42:44 Tonization has been
found to lead only to minor structural changes under
slight expansion.?® Finally, the assigned structures of 5A
and 5T A perfectly match the 2B; and 3A4; ground states
of Nbs and Nby, respectively, identified by Majumdar
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FIG. 2: Vibrational spectra of Nbs (upper panel) and NbZ
(lower panel). The bottom traces in each panel show the
experimental multiple photon dissociation spectra of the cor-
responding complexes with Ar atoms. They are compared
with the calculated vibrational spectra for energetically low-
lying isomers. The calculated stick spectra are folded with a
Gaussian line width function of 5 cm™* full width at half max-
imum for ease of comparison. The experimental data points
are overlayed with a five-point running average to guide the
eye.

and Balasubramanian.3:44

C. Nbg and Nb

For the neutral cluster, theory predicts two isoen-
ergetic isomers, the dimer-capped rhombus 6B with
C5 symmetry that can also be described as a capped
distorted trigonal bipyramid and the tetragonal-square
bipyramid 6A (Fig. 3). Structure 6B has a singlet elec-
tronic state while 6 A has two unpaired electrons. The
spectroscopic signatures of 6A in the range of the exper-
iment are two closely spaced peaks at 243 and 259 cm™!.
The IR spectrum of 6B is more complex and fits the
experiment best. Only the highest energy band is blue-
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FIG. 3: Vibrational spectra of Nbg (upper panel) and NbZ
(lower panel).

shifted in the calculated spectrum by 35 cm™!. A minor
contribution of 6A to the experimental spectrum cannot
be fully excluded, since it shows peaks in the 230-260
cm~! range, where both isomers have bands. Neverthe-
less, the bands around 190 cm~! indicate that Nbg is
predominantly present in the structure 6B.

The cation seems to have a different geometry. Here
again the spectrum of the energetically lowest isomer
from the calculations, 67 A, matches the experimental
spectrum, although two of the three intense bands at
232, 258, and 285 cm ™! are not resolved in the exper-

iment. The geometry of 6T A is a tetragonal bipyra-
mid (non-square, Dqj, symmetry) with the lowest possible
electronic spin, s = 1/2. The capped rhombus structure
61B is 0.12 eV higher in energy and shows a spectrum
that does not comply with the experimental findings.

The neutral structure 6B corresponds to the “dis-
torted prism” structure found before as the most stable
isomer.*? It differs from the structures suggested in Refs.
39 and 40 by a rotation of the rhombus-capping dimer
relative to the long rhombus diagonal by a dihedral an-
gle of 18 degrees.

The experimental vibrational spectrum of Nbér is re-
markably similar to the spectrum of V{ that is found to
adopt a structure close to 67 A;'9 the resonance frequen-
cies in the spectrum of the Nb cluster appear to just be
scaled down by a factor of about 0.9. This is less than
if the vibrational frequencies would scale with the ratio
of the reduced masses which can be approximated by
V/(my /mnw), i.e., 0.74. Apparently, the lowering of the
vibrational frequencies due to the higher mass of Nb is
partly counteracted by a stronger bonding in the niobium
clusters. For comparison, an increased force constant is
also found for the neutral niobium dimer.5” This stronger
bonding can be related to a more efficient overlap of the
larger 4d orbitals of niobium than the 3d orbitals of vana-
dium.

D. Nb; and Nb7

In case of the heptameric niobium clusters the exper-
imental spectra are very similar for the cation and the
neutral (Fig. 4). The spectra are dominated by two bands
with their maxima at 213 cm™! and 271 cm™! for the
cation and at 223 cm™' and 274 cm™! for the neutral
cluster. The bands might contain unresolved structure
as evidenced by the shoulders at 280 cm™! (cation) and
212 cm~! (neutral). Calculations find in both cases a dis-
torted pentagonal bipyramid as the most stable isomer.
The most intense bands are nicely reproduced by the
calculations, for the cation even the shoulder at the high
energy peak is found. The cationic structure 77 A has C,
symmetry, only one of the atoms of the pentagon is out of
its plane. The neutral 7A is slightly more distorted. Such
a structure is in agreement with earlier studies.3?:40:42

The similarities of the spectra of Nbd and Nby to the
spectrum of VI have been pointed out before.!’ As in
the case of the hexamers, these similarities are related to
a close resemblance in the geometric structures.

E. Nbs and Nb{

The experimental and calculated spectra of the nio-
bium octamers are shown in Fig. 5. Overall good agree-
ment is found between the experimental spectra and
those calculated for the lowest energy isomers 8 A and
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FIG. 4: Vibrational spectra of Nb; (upper panel) and Nbl
(lower panel).

8A, Both have structures of a distorted bi-capped octa-
hedron, and have very similar geometries, only the dis-
tance between the capping atoms is in the neutral species
about 5 % longer than in the cation. The distorted
hexagonal bipyramides 8 "B and 8B are in both cases
significantly higher in energy and their spectra do not fit
the experiments. Also, in earlier computational studies
bi-capped octahedra were found to be the most stable
configurations for cation and neutral.*!»42

The Nbg cluster is one of the rare examples where vi-
brational data for a gas-phase metal cluster is available
from earlier experiments.!? Vibrational frequencies for
the anion and neutral have been obtained from a Franck-
Condon analysis of the vibrational progressions found in
the anion photoelectron spectrum. This results in fre-
quencies of 180 4 15 cm™! for the neutral and 165 + 20
cm™! for the anion that are assigned to one of the totally
symmetric A; modes of an isomer similar in structure to
8A. The Franck-Condon analysis reveals that under elec-
tron detachment from the anion the structure is changed
only very slightly. In fact, our study shows that neu-
tral Nbg has practically the same geometry as suggested
for the anion and this geometry is hardly changed in the
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FIG. 5: Vibrational spectra of Nbg (upper panel) and NbZ
(lower panel).

cation. The reported frequency for neutral Nbg fits very
well to our experimental far-IR spectrum that shows an
intense peak at 184 cm™!. In the calculated spectrum
of 8A we find in this range two closely spaced IR ac-
tive vibrations at 186 cm~! and 188 cm™! of A; and
By symmetry, respectively. The A; mode observed in
the photoelectron spectrum is probably a fully delocal-
ized stretching mode with out-of-phase stretching of the
bonds perpendicular to the symmetry plane through the
axial atoms of the octahedron. In other words, this mode
can be described as an oblate/prolate transformation of
the cluster.
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F. Nby and Nbg

For the cationic cluster, a close resemblance is observed
between experimental and theoretical spectra above 230
em~! for isomer 9T A (Fig. 6), indicating the predomi-
nance of this lowest energy isomer. This is different for
the neutral cluster. Here the far-IR MPD spectrum of
NbgAr corresponds closely to the second isomer 9B. Any-
how, Nbyg is a special case: it is the only cluster where the
far-IR-MPD spectra of the NbgAr,, complexes change

significantly with the number m of rare-gas atoms at-
tached to the cluster. With increasing m some bands re-
duce in intensity, others appear completely new. This is
different to the behavior described in section IV A, where
with increasing m only a gradual increase in the band in-
tensity is expected. We have discussed this in more detail
in a previous communication'? and the dependence on m
can be understood by the presence of two isomers with
different affinity towards the argon atoms. The change
in the spectra reflects the gradual change in the ratio of
the isomer abundances with m and this has been used to
obtain the isomer specific vibrational spectra.

Fig. 6 shows the spectrum recorded via dissociation
of the NbgAr complex whose intensity is dominated by
one of the isomers. The neutral Ar complexes are ion-
ized with 6.42 eV photons, which efficiently ionizes both
isomers. Near-threshold photoionization of the complex
NbgAr with 4.96 eV photons allows to selectively detect
only a single isomer. Its IR spectrum is shown in Fig. 7
together with the isomer specific spectra that are ex-
tracted from the spectra of NbgAr,, (m = 1—4). Details
of the extraction procedure have been reported before in
ref. 12 and only the results are discussed here. The spec-
trum of the isomer with the lower ionization potential
ionized with the 4.96 eV photons closely resembles the
spectrum of the isomer with the lower affinity towards
Ar (isol) and fits the spectrum of 9B. Its structure is
similar to the structure 97 A found for the cation, a buck-
led hexagon capped on one side by a dimer and on the
other side by a single atom.

The calculated ground state of Nbg is 9A, a distorted
triply capped trigonal prism. The agreement of its spec-
trum with that of the second isomer iso2 is not very clear,
although there is resemblance in the band positions, but
the intensities do not match. The experimental spec-
trum can be affected by the multiple photon absorption
process, or the interaction with multiple Ar atoms might
affect the structure of this isomer, eventhough such a
strong effect is not observed for any other niobium clus-
ter. Additional evidence for the structural assignment is
obtained from the calculated adiabatic ionization poten-
tials of the Nbg isomers. We find values of 5.05 eV and
4.76 eV that correspond reasonably well to the experi-
mental values of 5.20 eV and 4.92 eV 1415

The monomer/dimer-capped hexagon and the triply
capped trigonal prism have been identified before as low
lying isomers of Nbg and Nbg‘ in DFT studies. Their
energetic ordering is found to depend on the employed
functional, i.e., using LSDA one identifies for the neutral
a structure like 9B as more stable, whereas the order
is reversed by using BLYP*!' or a GGA functional.*? For
the cation BLYP and LSDA consistently favor the capped
hexagon.*!
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FIG. 7: Isomer selective IR spectra of Nbg. The two up-
per traces show the spectra extracted out of the spectra of
NbgAr,, ionized with an ArF laser (6.42 eV) using the pro-
cedures described in ref. 12. The lower spectrum is measured
with selective ionization of the Ar complex of a single isomer
with 250 nm radiation (4.96 eV).

V. CONCLUSIONS

Multiple photon dissociation spectroscopy on the Ar
complexes of neutral and cationic niobium clusters is used
to obtain their vibrational spectra in the far-infrared.
Although, this method actually probes the vibrational
structure of the Ar complexes, close resemblance is found
with the linear absorption spectra of the bare metal clus-
ters, calculated by means of density-functional theory.
For most of these clusters best agreement between exper-
imental and calculated spectra is obtained for the lowest
energy isomers. This finding indicates that binding of the
Ar does not significantly affect the internal geometric or
electronic structures of the investigated niobium clusters.

All clusters in the investigated size range form compact
3-dimensional structures like distorted bipyramides, but
there is not yet a common buildup principle for the clus-
ter geometries. Although the experimental vibrational
spectra are, except for Nbg/ +, rather different for neu-
tral and cationic clusters, the comparison with theory
reveals that the geometric structures, with the exception
of Nbg/ *.do hardly change upon removal of an electron.

Strong similarities are found between the spectra of
Nbg, Nb;‘, and Nb7 and the spectra of the corresponding
vanadium cluster cations. Although there are not that
obvious correlations in the spectra for the other sizes, for
most niobium clusters the identified geometric structures
are very similar to those of the cationic vanadium clusters
except for Nbg and Nb;‘.

The comparison of the experimental spectra with the
present and earlier theoretical studies shows that density-
functional theory applying the generalized gradient ap-
proximation is well suited to describe these small nio-
bium clusters and is (in most cases) capable of predict-
ing the correct ground state structures. However, even
if there exists a reliable method of calculating the elec-
tronic structure, the chance for identifying the correct
ground state is limited by the method for scanning the
configurational space. For larger cluster, therefore, one
can anticipate a substantial benefit from the combination
of DFT with global optimization methods.
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