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Abstract. The purpose of this study is the assessment of the properties of compound Sn,,O, clusters
(m =1, 2,3 4 and n = 1,..,10) and is justified by the theoretical and practical importance of the
crystalline stannic oxides and of the related silicon-oxygen systems. The optimized structure is obtained
from the minimization of the total energy evaluated using the Density Functional Theory. The quantities
analyzed are the cluster structure, its binding energy, the spatial distribution of the electronic charge
and the density of states. This analysis indicates that the cluster structure consists on two approximately
separate sublattices. In agreement with this central feature, the size dependence of the parameters of the
electronic charge is well described by superposing the corresponding values for the elemental clusters.

PACS. 61.46.Bc Clusters — 78.20.Bh Theory, models, and numerical simulation — 71.15.Mb Density
functional theory, local density approximation, gradient and other corrections

1 Introduction

The structural and electronic properties of clusters repre-
sent an important field in condensed matter physics and
attention has been given to clusters formed by almost all
the available elements and also compound structures have
been considered. The trust of studies of this last group is
the development of materials with novel structural, elec-
tronic and magnetic properties with respect to either the
bulk case or the clusters of the pure elements. Furthermore
these researches are also in line with studies of a funda-
mental character directed at the prediction and system-
atization of compounds (see [1,2] and references therein).

Earlier works in the physical literature centered on
clusters formed by simple metals containing one het-
eroatom. For instance, clusters involving alkaline metal
hosts with an aluminum and magnesium impurity atom
and aluminum clusters with a nitrogen heteroatom were
considered in [3] and [4], respectively. The aim of these
studies was the understanding of the perturbation pro-
duced by the heteroatom in the light of the predictions
of the simple jellium model. At the present state of the
art, the focus of the researches on compound clusters is
on the elements of the group IV. In fact, while Si and Ge
clusters are important for semiconductor devices, Sn and
Pb are useful for soldering and doping provides an useful
tool to manipulate these properties at the nanoscale. Cal-
culations at semi-empirical level have been developed for
cyclic clusters with a skeletal part formed by Si, Ge, Sn
and Pb to state their aromatic properties in comparison
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with the ones of hydrocarbons [5]. Hypersilicon clusters
(i.e. clusters of composition Si,,O with m = 2, 3) have
been studied to investigate their analogy with hyperme-
tallic molecules (i.e. molecules of composition Y,,, X where
Y =Li, Na, K, Mg, Al and X is an electronegative atom)
and to clarify how oxygen atoms and molecules react with
various silicon surfaces [6]. Calculations with a different
level of accuracy have been developed for fullerenes, and
analogous silicon cages, containing an endohedral impu-
rity and for silloxenix clusters (i.e clusters of composition
Si, H, O)(see [7-9] and references therein). More recently,
a detailed characterization of ten atom clusters of Si, Ge,
Sn and Pb doped with Ni or Pt has been presented and
the aim of this study was to clarify the capability of en-
capsulation of these clusters known to be magic [10].

The focus of the present study is on clusters of a
mixed tin-oxygen composition. In fact, the elements of
the group IV can, in addition to displaying the +4 oxi-
dation state expected for their group, displaying an oxi-
dation state of two lower. For Sn this is demonstrated by
the occurrence of the two oxides SnO and SnOs, which are
known to crystallize under ambient conditions in a layered
and rutile structure, respectively. However accurate exper-
imental observations shows also the formation of Sn,,O,,
compounds with m,n varying in the range 1-3 and 2-12,
respectively [11]. It is therefore of both practical and con-
ceptual importance to state which compositions are stable
in the clustered state. The following calculations illustrate
structural and electronic properties of stable compound
clusters and dwell on the features of heterogeneous bond-
ing in comparison with bonding in the elemental clusters.
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2 The computational methods

As mentioned above, compound structures considered in
the literature consist on a small aggregate of host atoms
containing only one additive. The issues addressed by
these calculations are if the heteroatom is coordinated
outside or inside the host cluster and which structural
changes of the cluster structure and binding strength are
produced by these configurations. At variance with this
strategy, this study attempts to approach the more gen-
eral problem of the miscibility of two AB elements by con-
sidering clusters formed by a similar number of A and B
atoms (in the following m = metal, n = nonmetal, N and
x = m/n indicate the number of tin and oxygen atoms,
the cluster size and the stoichiometric ratio between the
number of tin and oxygen atoms, respectively). According
to this choice, the number of tin and oxygen atoms vary
in the range to m = 1, 2, 3, 4 and n = 1, 2, 3m. The
values n = 1, 2m are consistent with the stoichiometry
of the bulk oxides whereas n = 3m is somewhat specu-
lative and has to be seen as the asymptotic limit of the
overconcentration of one of the two elements.

Clusters studies clearly indicate that the evaluation
of a global minimum of the potential energy surface is
a delicate task, due to the large number of parameters
to be optimized. For compounds the further degrees of
freedom arising from composition leads to an exponential
growth of the possible structures, with an obvious increase
of the computational burden. Generally, these problems
are dealt with starting the search for a minimum from
families of structures chosen on the basis of a plausible
physical behavior and for compounds the obvious choice
is the shape of the stable elemental clusters. This approach
has also been adopted in this work. The structures used
to start the minimization are the stable tin clusters and
the compound structure is generated by inserting oxygen
atoms, dimers and trimers in a bridging position between
tin atoms. Alternatively, the oxygen subclusters were po-
sitioned externally to the tin skeleton or, for the larger
sizes, the shape of a small fragment of crystalline SnO,
was also used.

The evaluation of clusters total energy is based on
the Density Functional Theory (DFT) using SIESTA [15].
In these recent years DFT with the Local Density Ap-
proximation (LDA) for the correlation-exchange poten-
tial has become a central approach in solid state physics
and has been successfully applied to a wide variety of
solids, nanostructures and molecular systems. In spite of
the deep understanding offered by these calculations, they
have also shown systematic errors, most notably an over-
estimation of the binding energy. A known source of this
error is the LDA potential and significant improvements
are achieved by the Generalized Gradient Approximation
(GGA), which has also the advantages of a simple for-
mulation and easy to use. However controversial results
on the accuracy of GGA and LDA are reported for tin-
based materials. In fact the study of high-pressure prop-
erties of tin, using SIESTA, shows that correct results
on the structure and elastic properties are obtained from
LDA while GGA accurately reproduces the experimental
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binding energies [16]. On the other side the DFT-LDA
study of the cohesion of tin monoxide and dioxide shows
relevant changes of the elastic parameters in dependence
of the formulation of the pseudopotential [17]. This cor-
rection, however, needs the guidance of experimental data
and its application to clusters is unsafe. Furthermore
Hartree-Fock studies of tin clusters suggest that a cor-
rect evaluation of the binding energy can be obtained
using the standard pseudopotential formulation provided
that scalar relativistic effects are included [20]. A further
known source of errors in both DFT and Hartree-Fock
(HF) calculations is the Basis Set Superposition Error
(BSSE) which arises from the limited size of the basis
set by necessity adopted in the calculations. No result di-
rectly comparable with ours is reported for BSSE. The
only available suggestion is offered by the HF study of
CO adsorption onto SnOy in [18], which indicates that
the BSSE error on the molecule adsorption energy is in
the range 0.1 eV.

To assess the accuracy of our calculations an exten-
sive testing was carried out on the parameters needed
by DFT and a comparison between DFT and Hartree
Fock calculations was also made. Unless otherwise spec-
ified the SIESTA inputs are: a mesh cutoff of 80.0 Ry,
the Troullier-Martins nonlocal pseudopotentials in the
Kleinman-Bylander form with or without the relativis-
tic corrections, the Ceperley-Alder correlation functional
with the Perdew-Zunger parameterization or the Perdew-
Burke-Ernzerhof functional (indicated below as LDA or
GGA, respectively). The electronic configuration of Sn
and O is 5525p?4d'Y and 25%2p* with a cut-off radius of the
core pseudopotential equal to 1.90 and 1.55 a.u., respec-
tively. A spin-polarized distribution of charge was adopted
in both LDA and GGA. The basis sets used in SIESTA
are formed by Slater-type Pseudo-Atomic Orbitals (PAO)
constructed from the eigenstates of the atomic potential.
A comparison among PAO with a different accuracy, i.e.
single or double-¢ with or without polarization (indicated
as S¢, D¢, SCP, DCP, respectively), was regularly made as
an empirical estimate of BSSE.

The method implemented in the package
GAMESS [19] has been used for the Hartree-Fock
calculations (this choice is motivated by the high-level
calculations on tin clusters reported in [20]). In GAMESS
core states are represented by the effective Hay-Wadt
potential and the Coulomb and exchange potentials
are evaluated directly from the valence charge density.
The basis set are Slater-type orbitals with atomic pa-
rameters. An important option offered by GAMESS is
that the search for a minimum can be be started from
an optimized geometry obtained from a semi-empirical
Hamiltonian. The MNDO Hamiltonian contained in
MOPAC has been used to this purpose [21,22]. Generally,
first order-geometries were calculated with MNDO and
successively refined with SIESTA. GAMESS was applied
to the structures obtained from either MNDO or SIESTA.

The quantities reported below illustrate the clus-
ter structure and its electronic configuration and are
of common use in the cluster literature. The structural
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parameters are the average, maximum and minimum
interatomic distance, dyy, dmasr and dpn, respectively.
These distances, on their whole, are indicative of the clus-
ter size and symmetry and of its bonding mode. A fur-
ther parameter mentioned below is the aspect ratio. The
aspect ratio quantifies the cluster asymmetry and is eval-
uated from the ratio between the inertial moments with
respect to two in-plane equatorial axes. The parameters
of the electronic configuration are the Mulliken charges
and dipole moments, the binding energy and the density
of states, i.e. DQ, D, E, and DOS (by D@ we indicate
specific components of the Mulliken charge whose mean-
ing is defined when they are used). Ej is the total energy
of the system evaluated with respect to a similar system
of free atoms. Its meaning is analogous to the cohesive
energy of solids as it shows the quality of bonding and
the cluster stability. Furthermore the calculations are per-
formed at zero temperature so that Ej represents also the
total energy in the ensembles of common use in statistical
physics [23]. D@ and D are indicative of the spatial dis-
tribution of the charge whereas the DOS shows its orbital
composition.

3 The compound clusters: structure
and electronic configuration

To set the stage briefly, it is recalled that, under the spur
of the many studies on silicon clusters, also the proper-
ties of tin clusters have been carefully investigated for a
systematization of the group IV elements. Their proper-
ties up to the size 50 have been analyzed by the use of
ab initio HF, DFT and semiempirical calculations and in
experiments. A detailed description of the electronic struc-
ture, including the higher moments of spin-orbit coupling,
of tin clusters with NV < 5 can be found in [20,25,26].
DFT calculations are reported in [27,28] and a compari-
son between silicon and tin is reported in [24] and related
works. Other references are cited in [12]. As for silicon,
the structure of the tin clusters is sustained by hybrid sp?
bonds and the shape of the clusters with N < 7 is equal
in the two elements. In both Si and Sn, in fact, the shape
for N =3 and N =4 is a triangle and a rhombus, respec-
tively, and larger clusters are formed by tetrahedral units
sharing an edge. The tin bondlength is slightly larger than
the one of silicon (the values are around 2.7 and 2.3 A, re-
spectively) and the absolute value of the binding energy
is smaller. For tin Ej decreases irregularly with N and
attains the cohesive energy of the solid (i.e. 3.14 eV) at
N ~ 12. As for oxygen, the Oy molecule, owing to its
unusual triplet state, has been studied frequently in its
gas, liquid or solid phase in theory and experiments (ear-
lier and more recent bibliography can be found in [29,30]
and [31], respectively). It is underlined that the large num-
ber of electrons of tin and the complex spin configuration
of oxygen makes the calculations of Sn-O systems natu-
rally prone to errors. In fact, the experimental value of
the binding energy for Sny is —1.2 eV /atom and its GGA
and LDA evaluations are —1.21 and —2.9 eV/atom, re-
spectively. Similarly, Ej of Os, whose experimental value
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Fig. 1B

Fig. 1. The structure of Sn,,O,, clusters: the clusters reported
in (A) are: SnyO2, SnzO3, and SnsO4. The ones in (B) are:
SnsO, SndO¢. The tin and oxygen atoms are marked by the
paler and darker spheres, respectively.

is —2.62 eV/atom, can be overestimated by DFT up to
—3.73 eV/atom [29]. However the DFT evaluation of the
structural properties is correct and for both the tin clus-
ters and the Og molecule the error on the bondlengths is
in the range few percents with respect to the experimental
data.

Considering these features in the context of this study,
the small shape of the oxygen clusters (the Oy bondlength
is 1.18 A) suggests that the compound clusters retain the
skeleton of the tin clusters and the oxygen atoms are em-
bedded in this skeleton. Furthermore the high binding
strength of Oz and the molecular structure of O4 [31] in-
dicate a splitting of the oxygen subcluster into distant
parts. Therefore the electronic structure of the compound
cluster derives from the separate contributions of the oxy-
gen and tin subclusters, a part from corrections due to
charge exchange and hybridization. Literature results are
in agreement with this description. In fact, in the chemical
literature it is reported that the heavier atoms have a low
tendency to form hybrid orbitals even in compounds (the
so-called ’inert ns?-electron pair effect [5]). In the affine
case of the hypersilicon clusters of composition Si,, O [6]
the silicon skeleton remains intact and the oxygen coor-
dinates outside this skeleton. The calculations reported
below confirm, on their whole, these features though rele-
vant differences are also observed.

The quantities reported in the following figures are: the
cluster structure (Fig. 1), the internuclear distances and
dipole moment (Fig. 2), the binding energy (Figs. 2-4)
and the DOS (Fig. 5). Generally, it was found that clus-
ters of all sizes and composition are in a bonded state with
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an Fj value remarkably smaller than the one of the ele-
mental clusters Sns, Sny (whose values are —2.60, —2.84
eV/atom in the LDA estimate). However at each size an
abundant series of nearly isomeric shapes, with an Ej dif-
ference in the range a few tenth of eV, was also found. No
clear dependence between the relaxed structure and the
one adopted to start the minimization was found. Though
a detailed description of all these shapes is impossible,
an useful systematization has been found separating the
clusters where oxygen coordinates prevalently outside or
inside the tin subclusters. The stability of these two clus-
ter types derives from the balance between bonding and
antibonding interactions and has a complex dependence
on the cluster size and composition.

These properties are illustrated in Figures 1 and 2.
The lattice views in Figure 1 refer to clusters of size IV
up to 10. In Figure 1A the stoichiometric ratio = is equal

DFT and HF calculations.

to one as the clusters composition is Sn,, 0,, with m = 2,
3, 4. On the contrary, the clusters reported in Figure 1B
refer to a large and a small value of z, i.e. x+ = 4 and
0.67, and the cluster composition is SnsO and SnyOg.
The analysis of the bondlengths of these clusters shows
that in all cases the tin-tin and oxygen-oxygen distances
increase of some percents with respect to their values in
the pure clusters. Accordingly, the interaction between the
tin and oxygen subcluster has a partially repulsive charac-
ter which however does not greatly modify the originally
binding strength of the elemental subclusters. From Fig-
ure 1A it is also seen that the increase of N favors struc-
tures with oxygen coordinated inside, rather than outside,
the tin subcluster. This feature is also proved by the eval-
uation of the binding energy reported in Figure 2A. These
calculations refer to the clusters Sn,,O with m =1, 2, 3,
where the oxygen atom is coordinated outside and inside
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Fig. 4. Panel (A): the minimum binding energy
in the three groups m = 2, 3, 4. DFT calculations.

15 The bulk limit is also shown. Panel (B): the bind-
ing energy evaluated using the Bragg rule.
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the cluster structure. This last configuration appears en-
ergetically favored at the larger N and these calculations
indicate that a fairly large size is required to encapsu-
late one oxygen atom. The energy gain is however mod-
est, in the range 0.5 eV/atom. The effect of the oxygen
additives on the tin skeleton is illustrated by the compar-
ison of Figures 1A and 1B. In Figure 1A for m = 4 the
four member ring of the tin atoms has the rombohedral
shape of the elemental Sny cluster whereas it acquires a
pyramidal shape in Figure 1B. This structure represents
a stable configuration on the potential energy surface of
Sny but is higher in energy than the rombohedral one due
the antibonding contributions arising from the formation
of dihedral angles. Its stabilization in the compound clus-
ters arises from Sn-O interactions and the comparison of
Sn,O and SnyOg shows that the addition of only one oxy-
gen atom is sufficient to produce the pyramidal shape.

Fig. 5. The DOS of pure and compound clusters.
The top panel shows the DOS of Snz and Oz and
the bottom one the DOS of Sny O2 and Sns Og.

However, while Sny is the elemental cluster with lowest
binding energy for the sizes considered in this study, the
E}, values of the compounds containing Sny, i.e. Sn O and
SnyO4 are —3.674, —4.29 eV/atom, respectively. These
values are representative. They indicate that an optimal
stoichiometric ratio is needed to preserve a progression of
the binding energy with m equal to the one of the ele-
mental clusters. As shown below, this conclusion is also
supported by a more detailed evaluation of the binding
energy.

A quantitative formulation of the structural properties
of clusters and of their size dependence is offered by the
internuclear distances (Fig. 2B). As mentioned above, at
the smaller sizes, owing to the scarce hybridization of the
bondlenghts, the average and minimum distances d,, and
dmin retain the values of the pure tin and oxygen clusters.
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The increase of the cluster size leads to the increase of
dgy and d,,., and this last one is much sharper than the
former. In our structures the increase of N is prevalently
due to the oxygen content and therefore the increase of
dmaz arises from the oxygen atoms. However even in those
cases the cluster has a compact structure as the aspect ra-
tio is generally around one. Furthermore the values of the
dipole moment D (Fig. 2C) are of one order of magnitude
larger than the ones in the silicon clusters of the same
size [34] which indicates an uneven charge distribution
in the compound clusters. For these clusters the smaller
D values are at the smaller or at the larger N. In these
asymptotes the cluster composition is dominated by the
tin or the oxygen atoms, respectively. Therefore the high
values of D at intermediate N are due to the charge im-
balance between the two subclusters, rather than to their
separate contributions. This indicates a mixed covalent-
ionic type of bonding in this range of sizes.

The plots in Figures 3, 4 illustrate the dependence of
the binding energy on the cluster size and composition.
In Figures 3A and 3B the values of Ej in the groups
with a number of tin atoms m = 2, 3 and 4 are plot-
ted as a function of z and N, respectively. The calcula-
tions in Figure 3C show the minimum values attained in
these groups and a comparison between different theoret-
ical models is also made. The oscillatory behaviour of Ej
(Figs. 3A and 3B) is accounted for by the critical nature of
the stoichiometric ratio, as explained above. However the
existence of ‘magic’ elements is also evident. The group
with m = 4 has the lower binding energies and there is
an optimum stoichiometric ratio  around one. Whereas
the optimum m = 4 is attributable to the stability of
Sny, the optimum x is determined by the inherent stabil-
ity of the two subclusters and is supported by analytical
theories on compounds. In fact, a simple but insightful
relationship to evaluate the stability of compound struc-
tures is offered by the Bragg rule which has been exten-
sively applied to metallic elements in their bulk phase [33].
In this formulation the total energy E of a binary com-
pound formed by the element A and B can be expressed as
FE = x4Vaa+2xVpE where x4 and zp are the concentra-
tion of the elements A and B and V44 and Vg the corre-
sponding on-site energies. This expression can be adapted
to the binding energies in the form E, = mEg, + nEo
where Fg, and Eo represent the strength of the tin and
oxygen bonds. The plot of this energy, obtained using for
FEs, and Ep the E} values of the tin and oxygen dimer, is
presented in Figure 4B where a comparison with DFT cal-
culations and with the bulk limit is also made (Fig. 4A).
A good agreement is observed and the main divergence
of the analytical formulation is that the minimum is only
slight displaced from N = 7, 8 towards N = 8, 9. This
result is obviously attributable to the scarce sensitivity of
the analytical formulation to the details of the bonding in
the clusters.

The analysis of the Mulliken charges in the elemen-
tal tin clusters showed that the overlapping charge D@
has values in the range 0.50 and 0.30 for nearest and
second nearest neighbours interactions, respectively. Sim-
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ilar d@ values are observed also for the compound clus-
ters. These hybrids charges suggest a complex structure of
DOS, which is also a known property of the rutile lattice
(reported, for instance, in [9]). In this case, in fact, owing
to the mixed ionic and covalent character of bonding, the
DOS plot shows a separation of the O 2p and Sn 5p states
across the Fermi energy and the admixture of O 2p and Sn
5s ones above it. In Figure 5 a comparison is made between
the DOS plot of the pure clusters and of the compound
ones (the pure clusters are Oy and Sny and the compound
clusters are SnyO4 and SnyOg). In the first case, the more
evident feature of DOS is a structured shape with many
peaks produced by the slight broadening of the atomic
levels. In the compound clusters the overlapping of these
peaks leads to the formation of bands located across the
Fermi energy (the zero in the energy scale). The width of
these bands is scarcely responsive to the cluster size and
composition but a shift towards the higher energy is gen-
erally produced by the increase of the oxygen content. A
further common feature is a small gap at the Fermi energy
(marked with an arrow in Fig. 5) which is in line with a
semiconductor behaviour.

To conclude this section a few remarks on the accuracy
of the calculations are also in order. From the computa-
tional point of view our calculations are in qualitative and
quantitative agreement with literature results. In fact, as
quoted at the beginning of this section, the literature data
indicate the overbinding of the LDA, which equally ap-
pears in solids and clusters. Our calculations follow the
known trend and the overbinding is reduced on passing
from LDA to GGA whereas HF leads to a small under-
binding (Fig. 3C). It is however underlined that the LDA
evaluation approaches the cohesive energy of crystalline
SnOs at N around 7 (Fig. 4A). This feature is realistic
and is also exhibited by the tin clusters. It therefore ap-
pears that LDA leads to more correct results in the case of
compounds than for the pure clusters. Minor effects arise
from pseudopotentials and basis sets. In fact, as reported
in [16], the inclusion of nonlinear core corrections in the
tin pseudopotential does not qualitatively alter the cluster
structure and has only some influence at a qualitative level
on Fy. The fluctuations of E; arising from the use of D(P,
instead of D¢ or S¢ basis sets, are around 10%. As the for-
mer set is more complete than the latter ones, this result
suggests that BSSE has a limited role in our calculations.
At variance with the binding energy, the evaluation of the
structure is stable and the fluctuations of the bondlengths
arising from the parameters of the DFT formulation fall
in the range few percents.

4 Conclusions

In this study the properties of stable Sn,,, O,, clusters have
been presented and analyzed. The calculations offer some
insight, to be developed in future studies, on the plausible
trends of structures with a complex bonding configuration.
The results indicate that the formation of a compound
cluster has minor effects on the structural properties as
the tin and oxygen subclusters retain the characteristic
lengths of the clusters of the pure elements. Also the size
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dependence of the binding energy can be described by a
simplistic superposition of the binding strength of the two
components and this also applies to the DOS structure.

This research project, code RBAUO1IM974, is partially sup-
ported by MIUR.
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