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Assessing the validity of theoretical results
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Abstract. We present recent theoretical results for the V3 and Au4 clusters. Calculations of the V3 doublet
system indicate that the 6-311+G(d) basis set is sufficiently flexible to provide reliable minimum energy
structures and vibrational frequencies, that these structures and frequencies are insensitive to spin con-
tamination of the wave function when the BPW91 functional is used, and that changing to the B3LYP
functional may result in very different structures and frequencies. A computationally less expensive scalar
relativistic treatment of Au4 clusters gives structural properties that are in good agreement with those
obtained using a four-component method.

PACS. 31.15.Ew Density-functional theory – 31.30.Jv Relativistic and quantum electrodynamic effects in
atoms and molecules – 36.40.Mr Spectroscopy and geometrical structure of clusters

1 Introduction

Results obtained from different theoretical methods can
sometimes show substantial disagreement, and it may be
difficult to identify which result and/or method is the most
reliable. In this paper we discuss results obtained from pre-
vious and current investigations of the V3 and Au4 clus-
ters, highlighting discrepancies in the results and shedding
light into possible reasons for these discrepancies.

The structure of the neutral V3 cluster has recently
been calculated by three groups [1–3], with each group ob-
taining a different minimum energy structure. Grönbeck
and Rosén (hereafter referred to as GR) [1] obtained an
acute isosceles triangular structure, Wu and Ray (referred
to as WU) [2] obtained an obtuse isosceles structure and
Calaminici et al. (referred to as CA) [3] obtained an equi-
lateral triangular structure. Although all three groups
used density functional theory (DFT), they used differ-
ent basis sets and different functionals, hence making it
difficult to assess (purely on a theoretical basis) which re-
sult is the most reliable.

Additional complications that may arise when per-
forming DFT calculations of the V3 cluster concern spin
contamination and spin polarization. For example, CA
used a restricted wave function since their unrestricted
calculations yielded an optimized wave function that was
significantly spin contaminated. However, although the re-
stricted calculations ensure that the wave function is spin
uncontaminated, spin polarization is excluded. Since the
effect of spin polarization on the minimum energy struc-
ture and vibrational frequencies is not known, it is difficult
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to assess the quantitative reliability of data obtained from
restricted DFT calculations.

In this paper we present new calculations of the V3

cluster aimed at providing insight into the reasons for the
differences in the previous results. The DFT method with
the BPW91 [4] and B3LYP [5] functionals are used to
study the effect of spin polarization, spin contamination
and changes in basis set size on the minimum energy struc-
tures.

The other investigation reported here concerns gold
clusters, which have been the focus of attention in many
recent studies [6–8]. The gold atom has the peculiarity
that, compared to all other elements, it has very strong rel-
ativistic effects caused mainly by the relativistic stabiliza-
tion and the contraction of the 6s orbital (the gold max-
imum, [9]). Thus, from a methodological point of view,
clusters or compounds containing gold atoms are a “test-
field” of computational methods since a valid description
of the relativistic effects is required. In quantum chemi-
cal calculations, these effects can be included on different
levels of theory. In the scalar relativistic approaches, the
Hamiltonian is diagonalized in the basis of one-component
wave functions. Relativistic effects are included perturba-
tively by adding the expression for the mass-velocity and
Darwin contribution. The two-component approaches are
designed to treat the spin-orbit coupling to some extent on
the basis of the double point group symmetry. The use of
these less computationally expensive schemes, compared
with a fully four-component approach, makes them more
suitable for quantum chemical applications, at least for s-
bound systems. We present the results for planar rhombic
D2h tetramer in this contribution.
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2 Computational methods

2.1 The V3 cluster

Standard optimization methods available in the Gaussian
suite of programs [10] were used to obtain the minimum
energy V3 structures. This software provides the option
of using restricted or unrestricted DFT with the stan-
dard BPW91 and B3LYP functionals, as well as offer-
ing 6-311+G(d) and 6-311+G(3df) basis sets. These basis
sets are used in this study to determine the effect of in-
creasing the wave function flexibility on the minimum en-
ergy structure and vibrational frequencies. The software
also determines the spin of (unrestricted) wave functions,
which should correspond to S2 = 0.75 for a doublet wave
function. All optimizations were performed on a 195 MHz
R10000 SGI processor.

2.2 The Au4 cluster

The geometrical structure of the Au4 cluster was investi-
gated within a four-component relativistic DFT [11]. Ex-
tended numerical basis sets including 5f , 6p and 6d wave
functions were used in order to be more complete and
to provide flexibility in the valence region. In the method
used here, the relativistic local density approximation and
semi-local schemes via different types of the relativistic
generalized gradient approximation can be applied [12].
Particularly, we have used the Becke 88 functional for the
exchange [13] and the Perdew 86 functional [14] for the
correlation.

3 Results and discussion

3.1 The V3 cluster

Fig. 1 shows the three minimum energy structures ob-
tained in the previous calculations [1–3]. These structures
were used as starting geometries for the optimizations per-
formed in the present study. The structure in panel A,
which is a V3 doublet, was obtained by GR using a local
spin density (LSD) functional, augmented with gradient
corrections according to Becke and Perdew [1]. A triple-
zeta basis set with polarization functions was used in the
calculations, which were spin restricted. The structure in
panel B was obtained by WU using the BPW91 functional
and a 6-311G basis set [2]. The structure in panel C, which
is also for a doublet wave function, was obtained by CA us-
ing the Perdew and Wang (PW86) and Perdew (P86) gen-
eralized gradient approximation in conjunction with the
local exchange correlation proposed by Vosko, Wilk and
Nusair [15]. The calculations were based on a DZVP basis
set optimized for gradient corrected functionals [3]. This
structure was obtained using a restricted wave function
since, as mentioned above, there was significant spin con-
tamination in their optimized unrestricted wave function
(the unrestricted calculations yielded the quartet state as
the ground electronic state).
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Fig. 1. The three minimum energy V3 structures obtained in
previous studies [1–3] and that were used as initial structures
in the present geometry optimizations.

The present work focuses solely on the doublet elec-
tronic state, which is the state identified as the ground
state in at least two of the previous studies. The quartet
state will be considered in future investigations.

Optimization using the BPW91 functional with a 6-
311+G(d) basis set and an unrestricted wave function
gave the following results: When the initial geometry was
that obtained by GR (Fig. 1A) an acute isosceles minimum
energy geometry was obtained. However, the S2 value (af-
ter spin annihilation) was 1.27. Spin contamination is thus
large under these conditions, and one cannot assume that
the results are reliable. Optimization from WU (Fig. 1B)
and CA (Fig. 1C) structures yielded a transition state ge-
ometry that had an obtuse isosceles structure. Since the
optimized wave function was spin contaminated, further
optimization to locate a minimum energy structure was
not performed.

Optimizing with the B3LYP functional (with the same
basis set and an unrestricted wave function) led to signif-
icantly different results with an S2 value larger than 5 in
all cases. Since there is a large change in the spin contam-
ination it is not possible to identify if the changes in the
optimized structures and vibrational frequencies is due di-
rectly to the different functional, or indirectly due to the
change in spin contamination.

Optimization with the 6-311+G(3df) basis set (using
the BPW91 and B3LYP functionals) gave nearly identical
structures, vibrational frequencies and S2 values as those
obtained using the the 6-311+G(d) basis. The smaller ba-
sis set is thus sufficiently flexible for this system, and the
results presented below were obtained with this basis.

Since the spin contamination found for the optimized
unrestricted wave functions is fairly large, the above opti-
mizations were repeated using a restricted (open shell)
wave function. When using the BPW91 functional, all
three initial geometries (see Fig. 1) led to the acute tri-
angular minimum energy structure shown in Fig. 2. The
lengths of two equal sides are 4.06 a.u. and the angle they
subtend is 49◦. The vibrational frequencies are 191, 237
and 466 cm−1. This structure is similar to the minimum
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Fig. 2. The BPW91/6-311+G(d) V3 minimum energy struc-
ture obtained using a restricted open shell wave function.

energy structure obtained in the unrestricted calculation,
where the lengths of the equal sides are 4.20 a.u., the sub-
tended angle is 47◦, and the vibrational frequencies are
174, 211 and 486 cm−1. Thus, within the limitations of
the BPW91 functional, the combined effect of spin polar-
ization and spin contamination is sufficiently small to be
able to obtain meaningful semi-quantitative results from
these calculations.

Optimizations using a restricted wave function in com-
bination with the B3LYP functional are in progress. Large
differences between the restricted and unrestricted mini-
mum energy structures may arise in this case, since the
spin contamination is larger for this functional. Indeed,
preliminary results indicate that a (the) minimum energy
structure for this functional using a restricted wave func-
tion is an equilateral triangle similar to that obtained by
CA.

3.2 Results for Au4

The planar rhombic (D2h) Au4 minimum energy struc-
ture is shown in Fig. 3. The LDA functional yields a bond
length, re = 5.01 a.u. and the acute angle is 59◦. These
results compare well with those reported previously [8].
In Ref. [8], where relativistic effects were treated using a
scalar relativistic pseudopotential, re = 4.95 a.u. and the
angle is 59◦. The results are also in good agreement with
those of Häkkinen and Landman [7] who used the Perdew,
Burke and Ernzerhof (PBE) functional with a scalar rela-
tivistic treatment. Thus, in this case, the structural prop-
erties are well described by the computationally cheaper
relativistic pseudopotential. For the GGA optimized D2h

structure the results are re = 5.10 a.u. and the acute angle
is 59.5◦. The increase in the bond length when including
gradient corrections follows previously reported trends [8].

4 Conclusions

4.1 The V3 cluster

The work presented here shows that the 6-311+G(d) ba-
sis set is sufficiently flexible to provide accurate results
for the V3 system, at least when the BPW91 and B3LYP
functionals are employed. It also shows that minimum en-
ergy structures and vibrational frequencies obtained from
unrestricted wave function optimizations may be (semi-
quantitatively) reliable even though the spin contamina-
tion may be large. For example, even though a value of
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Fig. 3. The planar (D2h) structure of Au4 investigated in this
work.

S2 = 1.27 was obtained for the optimized wave function
when using the BPW91 functional, the associated struc-
ture and vibrational frequencies were very similar to those
obtained from the restricted wave function. However, it is
also important to note that results obtained from spin
contaminated wave functions cannot be assumed to be ac-
curate.

Preliminary results based on a B3LYP functional in-
dicate that the minimum energy structure may be sen-
sitive to the functional. This is in agreement with simi-
lar comparisons made using other functionals [2,3]. The
B3LYP studies, together with the results of quartet elec-
tronic state structures, will appear later.

4.2 The Au4 cluster

In this study we have also investigated the planar rhom-
bic (D2h) structure of an Au4 cluster. There are minor
differences in the structural properties compared to the
scalar relativistic calculations. The extent to which these
differences increase when going to clusters of other heavy
transition metals remains an open question.

4.3 Summary

Although the present work has shed important light on
some of the problems associated with DFT calculations,
it has not resolved the discrepancy of the previously pub-
lished results. A possible way of obtaining a more con-
clusive answer is to compare calculated properties with
experiment, taking care that the calculated results are
converged, for example, with respect to the basis set, and
that the experimental data is relevant to the calculations.
For example, in the case of the vanadium cluster, the bet-
ter agreement between the experimental and calculated
properties of the V1 cluster obtained by WU and CA,
compared to those obtained by GR, favors the WU and
CA results. But, since WU obtained results for the V1 sys-
tem that contradict experiment when increasing the flex-
ibility of the basis set, the CA results may be the most
reliable. In addition, the CA results for V3 are in good
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agreement with the pulsed-field-ionization-zero-electron-
kinetic-energy (PFI-ZEKE) spectrum, which provides ad-
ditional support to their results. However, the structures
obtained by GR and WU were not compared to the PFI-
ZEKE data, and can thus not be excluded on this basis.
Moreover, as noted above and by Calaminici et al. [3], the
results may be strongly dependent on the functional used.
Hence the reliability of the CA results would be strongly
supported if a different functional gave V1, V2 and V3

properties that agreed with their results.

One of the authors (S.V.) would like to thank the German
Academic Exchange Service (DAAD) for financial support.
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