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We have employed ab initio molecular dynamics to investigate the equilibrium geometries, energetics, and
the nature of bonding in mixed Li-Sn clusters. Our studies reveal that a small percentage of Sn in Li-rich
clusters introduces significant changes in the equilibrium geometries. It is also seen that the geometries of
Sn-rich clusters are influenced by the Sn10 motif. Analysis of the nature of bonding shows that there are two
competing interactions in the clusters: the polar bond between Li-Sn in the mixed clusters and Sn-Sn interac-
tion leading to covalent bond in Sn-rich clusters.
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In this Brief Report, we present the equilibrium geom-
etries, energetics, and the nature of bonding in a series of
Li-Sn clusters; Li10−nSnn�n=0–10�. The present work is mo-
tivated by our earlier investigations on single impurity LinSn
clusters �1�. It was observed that the impurity �Sn� having
higher electronegativity induces a significant charge transfer
from Li to Sn, which was shown to affect the finite-
temperature properties of Li6Sn quite significantly �2�. How-
ever, the scope of the previous studies was limited to a single
impurity case. In the present work, we investigate the series
of clusters with varying concentration of the Li and Sn at-
oms. The interest in Li-Sn mixed system also stems from
earlier reports on alkali-metal–group-IV alloys �3�. These al-
loys show anomalous behavior in properties like electrical
resistivity, density of states, and conductivity as a function of
concentration of the constituents. Among these systems, Li–
group-IV alloys are peculiar. For instance, a peak in the elec-
trical resistivity is observed at 20% Sn concentration for
Li-Sn alloy, as compared to 50% for other alkali-metal–Sn
alloys. It has been argued that this rather peculiar behavior is
due to the completion of octet at 20% Sn concentration in
Li-Sn alloys, which results in a pseudogap in the density of
states near the Fermi level. Genser et al. investigated the
nature of bonding in the crystalline as well as the liquid
phase of Li-Sn alloy systems �4�. They observed a strong
Sn-Sn covalent bond in equiatomic composition, whereas the
octet composition showed dominant Li-Sn ionic bond. Wang
et al. have studied the stability of Sn4 tetrahedron in an
alkali-metal environment on a series of AnSn4 �A=Li, Na,
and K; n=4–10� clusters using the ab initio density-
functional method �5�. They found that the Sn tetrahedron is
more unstable in Li clusters compared to other alkali-metal
clusters. This can be used as a hint for anomalous behavior

seen at 20% Sn concentration in Li-Sn alloys which is absent
in other alkali-metal–Sn alloys.

We first note that the ionic radii of Sn �0.71 Å� and Li
�0.68 Å� are nearly equal �6�, while their electronegativities
are 1.7 and 1.0, respectively �7�. Thus a significant charge
transfer from Li to Sn is expected. The diatomic binding
energies per atom and bond lengths are 0.72 eV and 2.72 Å
for Li-Li, 1.00 eV and 2.76 Å for Li-Sn, 1.77 eV and 2.76 Å
for Sn-Sn. Interestingly, in spite of considerable variation in
the diatomic binding energies, their bond lengths are similar.
In this context, it is quite interesting to study the Li-Sn clus-
ters, especially their bonding properties. In this paper, we
present the evolutionary trends in equilibrium geometries,
bonding, and other properties as a function of Sn content in
the clusters.

We employ Born-Oppenheimer molecular dynamics �8�
based on the Kohn-Sham �KS� formulation �9� of the
density-functional theory to obtain the equilibrium struc-
tures. We also use the ultrasoft pseudopotentials �10� and the
generalized gradient approximation �GGA�, as implemented
in the VASP package �11�. For GGA, Perdew-Wang potential
�12� is used. For Li-rich clusters, we optimize structures
starting from many selected geometries from high-
temperature molecular-dynamic runs. Several additional
structures are obtained by interchanging the positions of Li
and Sn atoms in previously obtained geometries. All struc-
tures are considered to be converged when the force on each
ion is less than 0.005 eV/Å with a convergence in the total
energy of the order of 10−5 eV. We investigate the nature of
the bonding via electron localization function �ELF� �13�
along with the total charge density and the molecular orbitals
�MO’s� and the details can be found in our previous publi-
cations �1�.

The ground-state geometries along with some high-energy
structures of all the clusters are shown in Figs. 1 and 2. The
ground-state geometry of Li10 consists of two interconnected
pentagonal rings �Fig. 1a�i�� with planes perpendicular to
each other. The structure with a trapped atom �Fig. 1a�ii�� is
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nearly degenerate to the ground-state structure �Fig. 1a�i��.
This structure is found to have the lowest energy within
local-density approximation �LDA� by Jones et al. �14�. It
can be seen that substitution of one Li atom by an Sn atom
changes the geometry of the host cluster significantly. The
ground-state geometry of Li9Sn1 �Fig. 1b�i�� consists of only
one pentagonal ring, while the other ring, present in Li10, is
distorted due to the presence of the Sn atom. Other geom-
etries, with the Sn atom as a cap �Fig. 1b�ii�� or at the center
�Fig. 1b�iii��, are much higher in energies. This observation
is consistent with the fact noted earlier that the most pre-
ferred coordination of Sn with Li is 6 and the Sn atom pre-
fers to be on the surface �1�. The ground-state geometry of

Li8Sn2 �Fig. 1c�i�� shows a symmetric configuration with two
Sn atoms separated by a plane of four Li atoms and remain-
ing Li atoms are symmetrically capping both Sn atoms. Evi-
dently, the introduction of a second Sn atom changes the
structure significantly making it more compact. Any rear-
rangement of atoms leads to an unequal distribution of Li
atoms with respect to Sn, thereby resulting in high-energy
structures �see Figs. 1c�ii� and 1c�iii��. The ground-state ge-
ometry of Li7Sn3 �Fig. 1d�i�� is very similar to that of Li8Sn2
�Fig. 1c�i��, except that the additional Sn atom modifies the
distribution of the nearby Li atoms so as to optimize the
Li-Sn coordination. Replacing one more Li by Sn changes
the ground-state geometry drastically as seen in Li6Sn4 �Fig.
1e�i�� where Sn4 forms a bent rhombus structure with Li
atoms capping the faces, in agreement with the observation
by Wang et al. �5�. Such arrangement of Li and Sn atoms
optimizes the Li-Sn coordination and minimizes the electro-

FIG. 1. The equilibrium geometries of the Li10−nSnn�n=0–4�
clusters. The dark circle represents the Li atoms. �E represents the
energy difference with respect to the ground-state energy.

FIG. 2. The equilibrium geometries of the Li10−nSnn�n=5–10�
clusters. The dark circle represents the Li atoms. �E represents the
energy difference with respect to the ground-state energy.

BRIEF REPORTS PHYSICAL REVIEW A 72, 015201 �2005�

015201-2



static repulsion. The ground-state geometries of Li5Sn5 �Fig.
2a�i�� and Li4Sn6 �Fig. 2b�i�� are similar, consisting of two
interconnected pentagonal rings. The lowest energy geom-
etries of Li3Sn7 �Fig. 2c�i�� and Li2Sn8 �Fig. 2d�i�� resemble
one of the isomers of Sn10, shown in Fig. 2f�ii�, with some
Sn atoms replaced by Li. This geometry can be described as
a capped pentagonal bipyramid. The lowest energy structure
of Li1Sn9 �Fig. 2e�i�� is similar to the ground-state geometry
of Sn10 �Fig. 2f�i�� with the tricoordinated Sn atom replaced
by an Li atom. The ground-state geometry of Sn10 �Fig. 2f�i��
is a tetracapped trigonal prism, which has already been re-
ported in the literature �15,16�.

We show the binding energy EB, the energy gap between
the highest occupied molecular orbital �HOMO� and the low-
est unoccupied molecular orbital �LUMO�, and the shortest
bond lengths between Li-Li, Li-Sn, and Sn-Sn in Figs.
3�a�–3�c�, respectively. As expected, EB increases with in-
creasing Sn content in the cluster �Fig. 3�a��. The HOMO-
LUMO gap �Fig. 3�b�� also increases with the Sn content. It
is interesting to see the maximum for clusters with number
of electrons 20, 28, and 40 similar to that observed in jellium
clusters. It is instructive to examine the change of the
nearest-neighbor distances as a function of n, which is shown
in Fig. 3�c�. There is hardly any variation in Li-Sn distance,
while Sn-Sn distance decreases continuously. While going
from n=5 to n=6, the Li-Li nearest-neighbor distance sud-
denly jumps to 4.5 Å, indicating that the formation of Sn-Sn
bonds becomes more favorable keeping positively charged
Li ions far apart. The effect of competing interactions is thus
clearly seen in geometries and the relative change in the
binding energies.

It may be noted that Li10 is known to have delocalized
charge distribution and Sn to be covalently bonded. A sig-
nificant charge transfer from Li to Sn leaves Li ions posi-
tively charged which in turn polarizes orbitals centered on
Sn. Earlier discussion indicates that the cluster tries to mini-
mize energy by balancing two competing interactions, the
ionic one between Sn and Li, and the Sn-Sn interaction lead-

ing to the covalent bond. The mixed clusters studied in the
present work also display this complex nature of bonding.

We have investigated the nature of bonding by examining
the total charge density, the electron localization function
�ELF�, and the molecular orbitals �MO’s�. The isosurfaces of
total charge density at 2 /3 value of the maximum are shown
in Figs. 4�a�–4�f� for Li10 to Sn10 for some representative
clusters across the series. The dramatic change in the charge
density upon introduction of two Sn atoms in Li10 is evident
from Figs. 4�a� and 4�b�. The isosurface of Li10 �Fig. 4�a�� is
well spread over the cluster as expected from the jellium
model. However, for Li8Sn2 �Fig. 4�b�� the density is well
localized around Sn atoms. A considerable overlap can be
seen at 1 /3 of the maximum value �figure not shown�, which
is due to two Sn centered charge densities distorted by the
presence of Li ions. The evolution of the localized charge
along the Sn-Sn bond can be discerned from Fig. 4. With the
increase in Sn content there is an evident increase in the
overlap between the nearest-neighbor Sn atoms and the num-
ber of such bonds. For example, for four Sn atoms, the over-
lap is seen only with one of the Sn atoms forming three
bonds. The six Sn atoms in Li4Sn6 �Fig. 4�d�� form two
groups, consisting of three atoms each, which form stronger
bonds. As the Sn content increases the number of Sn-Sn
bonds increases, and finally all Sn atoms are bonded with at
least three other Sn atoms in Sn10. The picture is consistent
with the evolution of nearest-neighbor distance.

The analysis via ELF provides a complimentary approach
to charge-density analysis. Let us note that ELF is normal-
ized between 0 and 1. The ELF is large in the region in
which Pauli repulsion is small. The higher values of ELF
indicate more electron localization in those regions. The spa-
cial points at which the maxima of ELF are located are called
attractors and the set of all points connected to this by maxi-
mum gradient paths form the basin for that attractor. As the
ELF value decreases, the basins merge in to each other.
These values are called bifurcation values. It is convenient to
discuss the evolution in the nature of bonding via a topologi-
cal analysis of ELF �13,17�. By examining ELF plots for all
the systems, we find that there are as many basins �and at-
tractors� as the number of Sn atoms in the cluster. As the
ELF value is decreased these basins merge into each other
and the number of such bifurcation points could be larger
than 1. The value at which a merger takes place indicates the

FIG. 3. �a� The binding energy EB; �b� the HOMO-LUMO gap;
�c� the shortest bond lengths as a function of number of Sn atoms.

FIG. 4. The isovalued surfaces of the total charge density at 2 /3
of its maximum value for the series. The black circles represent Li
atoms.
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strength and the nature of the bond�s�. For example, in the
case of Li8Sn2, two separate basins around each Sn atom
merge at a low value of 0.61, indicating that there is no
significant localization in the region between Sn atoms. The
value for the first merger increases with Sn content and
reaches 0.71 for Sn10, again indicating progressive evolution
in the nature of bonding between Sn atoms towards covalent
bond formation. In Figs. 5�a�–5�c�, we show typical ELF
isosurfaces with values of 0.8, 0.67, and 0.61 for Li4Sn6
which depict some of the characteristics noted above. The six
basins seen in Fig. 5�a� merge to become two at 0.67 �shown
in Fig. 5�b�� and finally merge in to a single one at 0.61
�shown in Fig. 5�c��. Thus four bonds formed among the
three atoms in each basin are stronger than the rest.

It is instructive to examine the molecular orbitals to bring
out additional features of bonding. In Fig. 6�a�, we show the
isodensity surface of typical MO’s for the cluster Li8Sn2.
Figure 6�b� shows the corresponding MO for a Sn2 dimer
placed at the same distance as in the cluster. In case of pure
dimer, the � bonds formed by pz orbitals are clearly seen.
The significant polarization effect induced by the presence of
positively charged Li ions is evident. The bonds are bent
toward Li ions and overlapped in the region near Li. A simi-

lar MO exists for the lower Li ions. It turns out that all the
MO’s in the clusters studied, except Li9Sn1, are Sn-centric
and can be traced to the MO’s seen in the model system
formed by placing Sn atoms in the same geometry as in the
Li-Sn clusters.

We have presented the equilibrium geometries, energetics,
and the nature of bonding for Li10−nSnn�n=0–10� clusters
obtained by ab initio density-functional studies. We find that
the geometries of Li-rich clusters change significantly by few
Sn impurities. The geometries are governed by a competition
between the charge-transfer-induced polar ionic bond be-
tween Li and Sn and tendency to form a covalent bond be-
tween Sn atoms. The system prefers to minimize energy by
formation of Li-Sn bonds whenever possible.
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FIG. 5. �Color online� The isovalued surfaces of the electron
localization function �ELF� for Li4Sn6 cluster at different values.

FIG. 6. �Color online� 2The isodensity surface of a typical MO
seen in �a� the third molecular orbital of Li8Sn2 at 1 /2 of its maxi-
mum; �b� the fifth molecular orbital of Sn2 at 1 /4 of its maximum.
The black circles represent Li atoms. The bond length of Sn2 is the
same as that of Sn-Sn bond length in Li8Sn2.
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