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ABSTRACT

The far-infrared vibrational spectra for charged vana-
dium clusters as well as charged and neutral niobium
clusters have been measured size specifically using far-
infrared multiple photon dissociation. The ground state
energy and vibrational spectra of a large number of sta-
ble and metastable structures for each of these sizes
and systems have also been calculated using density-
functional theory (DFT). A comparison of the calcu-
lated vibrational spectra with those obtained in the ex-
periment allows us to deduce the cluster size specific
atomic structures. Our results suggest that sometimes
there is one unique atomic structure, while in other cases
the experiment might observe several isomers. A com-
parison of the results for cationic vanadium and cationic
niobium and the results for neutral niobium allows us
to explore the differences between the different systems,
and clusters with different charges.

Keywords: metal clusters, vibrational spectra, atomic
structure, density-functional theory

1 INTRODUCTION

Small clusters or nano-particles exhibit properties
that are often quite different from those in the bulk
phase. For example, small metal clusters have been
shown to exhibit unusual magnetic properties [1]. In
particular vanadium clusters have been predicted to have
large magnetic moments [2]–[6]. Small nanoparticles
also play an increasingly important role in catalysis [7],
[8]. With new approaches in synthesis, it may become
feasible to control the size and possibly also the struc-
ture of the nanoparticles, and thus to control their prop-
erties. Therefore, it is paramount to gain a better un-
derstanding of the atomic structure and properties of
small metal clusters.

In this paper we present the details of a combined
theoretical and experimental study on the structure de-
termination of metal clusters. We have recently shown
that multiple photon dissociation spectroscopy on metal
cluster rare gas complexes allows for the determination
of cluster size specific far-infrared spectra, and that a
comparison with vibrational spectra calculated by DFT
can be used to determine the atomic structure [9], [10],
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Figure 1: Scheme of the experimental set-up for the IR
multiple photon dissociation spectroscopy of the argon
complexes of metal cluster cations.

because these spectra are typically rather different for
different atomic configurations. Moreover, we have shown
that a detailed analysis and comparison does even allow
for the determination of the atomic structure for differ-
ent isomers for a certain size [11].

2 THE EXPERIMENT

The experiments are carried out in a molecular beam
setup that is coupled to the beam-line of the Free Elec-
tron Laser for Infrared eXperiments (FELIX). This laser
can produce intense, several µs long pulses of tunable
IR radiation in the range of ∼40–2000 cm−1. Each
pulse consist of a train of ∼0.3–3 ps long micropulses
of typically ∼10 µJ, spaced by 1 ns. The time and in-
tensity profile of the radiation makes FELIX a suitable
tool for studying multiple photon excitation processes
in molecules or clusters [12]. Some details of the exper-
imental set-up have already been given in Refs. [9], [10].
In short, cationic vanadium clusters V+

n are formed in
a laser vaporization cluster source (see Fig. 1). Com-
plexes with Ar atoms (V+

n Ar) are formed after passing
through a copper channel that is cooled to about 80
K. The molecular beam containing these complexes is
overlapped with the far-IR output of FELIX. Resonant
absorption of one or multiple IR photons by the com-
plexes can be followed by evaporation of single or more
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Ar atoms from the complex leading to decreases in their
abundances.

After normalization for laser power variations and
intensity fluctuations stemming from the cluster source,
one obtains the absorption spectra of the corresponding
V+

n Arm cluster complexes. Although the thus obtained
spectra correspond to the spectra of the Ar complexes,
the vanadium clusters are the active chromophore and
the influence of the Ar atoms is assumed and expected
to be negligible. The spectra for cationic and neutral
niobium clusters were obtained similarly.

3 DENSITY-FUNCTIONAL THEORY
CALCULATIONS

The calculations presented below were obtained within
the framework of density-functional theory (DFT). We
used the DMol3 code [13], which is an all-electron code
that uses numerical atomic orbitals as a basis set. All
results presented here were obtained using the general-
ized gradient approximation (GGA) in the parameteri-
zation of Perdew, Burke, and Ernzerhof (PBE) [14] for
the exchange-correlation (XC) functional.

We employed the following computational procedure:
First, we calculated the ground state energy for a large
number of geometries for the clusters of each size. The
atomic positions of the structures were always relaxed,
and no symmetry constraints are applied. As initial ge-
ometries we started with all the structures that have
been discussed previously in the literature [15]–[20]. In
addition, we tried a large number of different geometries
that were derived from previously calculated structures.
For example, for many clusters one can describe the
geometry as a superposition of smaller building blocks
that typically are trigonal, tetragonal, pentagonal, or
hexagonal pyramids. Thus, one can often simply add or
subtract an atom from a cluster of size n to obtain a
start geometry for a cluster of size n + 1 or n − 1. In
this manner, we typically generated at least 10 or more
different geometries for each size. It is important to em-
phasize that finding the correct initial geometry is a ma-
jor challenge. As the cluster size increases, the number
of possible atomic configurations increases dramatically.
Therefore, it is possible that for certain cluster sizes (in
particular the larger ones) we did not find the correct
atomic structure.

We also tested the different possible spin states for
all clusters. Once the structures and spin states that
are energetically most favorable were detected, we cal-
culated the vibrational spectrum of these systems. This
was done by displacing each atom in each direction, in
order to evaluate the 3n dimensional force-constant ma-
trix. Then we diagonalized the resulting dynamical ma-
trix. The IR intensities were obtained from the deriva-
tive of the dipole moment. For the purpose of an easy
comparison to the experimental data, we folded for all
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Figure 2: Comparison of the experimentally obtained
spectra (Exp.) and calculated spectra (Calc.) for the six
clusters V+

4 to V+
9 . The corresponding atomic structures

are shown to the right of each pair of experimental and
calculated spectra.

results shown the calculated spectra with a Gaussian
lineshape function of half width of 2 cm−1. We apply a
common scaling factor of 0.87 to all frequencies shown,
which was obtained by comparison of the calculated vi-
brational frequency for V2 with the experimental value.

All the calculations presented below are for V+
n clus-

ters, while the experimental spectra are obtained from
the dissociation of VnAr+ −→ V+

n + Ar. Tests revealed
that this is justified, because the rare gas atoms bind
only very weakly to the V+

n cluster.

4 RESULTS FOR CATIONIC
VANADIUM CLUSTERS

The main results of our calculations and compar-
isons to the experimental spectra are given in Fig. 2.
In this figure we present the experimentally measured
spectra for V+

4 to V+
9 that were obtained as described

above. Underneath the experimental spectra we show
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calculated spectra for these cluster sizes and on the right
side the corresponding structures are shown. Based on
similarities between experimental and calculated vibra-
tional spectra and energetical arguments, these struc-
tures are suggested to be the structures of the clusters
seen in the experiment. More details and further results
for V+

10 to V+
15 are given in [10]. For almost all cluster

sizes discussed here the lowest energy isomer leads also
to the best agreement between calculated and measured
spectra. The only exception is V+

9 ; here we find two
isomers that can be considered (within the accuracy of
the calculations) as energetically degenerate, however,
best agreement in the spectra is obtained for the iso-
mer that is slightly higher in energy. Most structures
are calculated to have the electronic state with the low-
est possible multiplicity as the energetically lowest one,
e.g. S = 0 for odd n and S = 1/2 for even n. For V+

5

and V+
9 the structures with S = 0 and S = 1 are close

in energy, and the shown spectrum corresponds to the
clusters with S = 1.

We will now briefly discuss the results presented here
and compare them to previous work. For more details,
we refer the reader to [10]. We find that a trigonal pyra-
mid is the energetically preferred structure for V+

4 . This
is in agreement with the calculations of Wu et al. [16].
We note that a planar structure (that has been pre-
dicted for neutral clusters) is rather unfavorable. We
find that for V+

5 a (slightly buckled) tetragonal pyra-
mid is the energetically preferred structure, which is in
agreement with previous results [16], [20]. We note that
a buckled tetragonal pyramid is topologically similar to
a distorted trigonal bi-pyramid, which has also been sug-
gested, and that in fact the spectra of these 2 are very
similar. For V+

5 we find that the suggested structure
has a spin of S = 1, but a spin state that is not the low-
est possible spin state has also been reported in optical
absorption spectroscopy experiments [21] for V+

5 The
most stable structure for V+

6 is a tetragonal bi-pyramid.
This is in agreement with previous results [15], [16], [18],
[20] that all predict this structure. Our calculations for
V+

7 indicate that here a strongly distorted pentagonal
bi-pyramid is the energetically most stable structure.
The structure appears to be similar to the second low-
est structure in Refs. [16], [17]. This result seems to be
in contrast to previous DFT calculations [16] that sug-
gested an almost symmetrical pentagonal bi-pyramid.
The most stable structure for V+

8 is the same that has
been predicted previously for cationic vanadium [16],
[17]. We have discussed the details for this isomer in
Ref. [9]. A tricapped trigonal prism with approximate
3-fold symmetry is suggested to be the structure that is
present in the experiment for V+

9 . We base this inter-
pretation on the presence of 3 peaks in the frequency
range 270 cm−1 to 340 cm−1. An alternative structure
that in fact might be even slightly lower in energy has

only 2 peaks in this region (cf. Ref. [10]).
As mentioned above, we have performed similar stud-

ies to determine the structure of larger clusters, e.g. for
V+

10 to V+
15. However, for these slightly larger clusters

an unambiguous structure determination is not always
possible. There are several reasons for this: First, it
is possible (and likely) that more than one isomer is
present, and that in fact the experimentally observed
spectra are a combination of several isomers. But due
to space constraints we will not discuss multiple isomers
for one size here, and refer the reader to Ref. [10]. An
additional complication that arises when larger clusters
are considered is the following: The number of possi-
ble atomic configuration increases dramatically, and it
is very difficult to scan the entire parameter space for
larger clusters. It is therefore possible that in particular
for the larger clusters we have simply not considered the
structure that is actually observed in the experiment.
We believe that the development of efficient schemes to
test a large number of atomic structure is a major chal-
lenge for this type of calculation, and we plan to address
this issue in our future work.

5 COMPARISON WITH CATIONIC
AND NEUTRAL NIOBIUM

CLUSTERS

Following our initial studies on the vanadium clus-
ter cations we measured recently the spectra of cationic
as well as neutral niobium clusters using the same ex-
perimental technique [11], [22]. A comparison of both
metals is interesting, since vanadium and niobium are
often similar in their chemical and physical properties.
However, the questions that may arise are the follow-
ing: What are the differences and similarities between
cationic vanadium and cationic niobium clusters? What
are the differences and similarities between cationic and
neutral niobium clusters? Experimentally it has been
found that for certain sizes, the spectra for cationic
vanadium and niobium clusters are very similar, while
for other they are very different. This suggest that
the atomic structure of vanadium and niobium clus-
ters are sometimes similar, and very different in other
cases. Similarly, for certain sizes the atomic structure
for charged and neutral niobium clusters might be very
similar, while they might differ more for other sizes.
Our initial DFT results indicate that indeed a detailed
comparison between calculated and experimentally mea-
sured spectra sheds new light on these questions. A de-
tailed description of these results is beyond the scope of
this article, and will be reported elsewhere [22].

6 CONCLUSIONS

We have shown that the atomic structure of small
metal clusters can be identified by a comparison of ex-

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-1-4 	Vol. 2, 2005 3



perimental far-infrared spectra with vibrational spectra
calculated with DFT. Results for V+

4 to V+
9 are pre-

sented here. Larger clusters are discussed in more de-
tails elsewhere [10]. For some cases, a unique atomic
structure can be identified. However, for other cluster
sizes an unambiguous identification of the atomic struc-
ture was not possible. The reason is that several isomers
might be present, or that we simply have not found the
correct atomic structure. We propose that more efficient
computational schemes are required to scan the param-
eter space of atomic structures. Nevertheless, we believe
that the methodology outlined here is useful to identify
the atomic structure of small metal clusters, and in fact
small nanoparticles in general.
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