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The atomic structures and energetics of neutral and singly positively charged Snn
+ sn=2–20d clusters have

been calculated using a plane wave pseudopotential method under the framework of the generalized gradient
approximation of the density functional theory as well as by using the hybrid exchange-correlation functionals
viz., BLYP, B3LYP and B3PW91 under the LCAO-MO approach. From the results a systematic analysis has
been carried out to obtain the physico-chemical properties such as atomization energies, ionization potentials
and fragmentation behavior of the neutral and cation clusters. A comparison with the available experimental
data shows that the results obtained from the B3PW91 functional provide an overall good agreement for all the
properties calculated here. Our calculations show that the dominant channel for the fragmentation of Snn

+, n
ø11, clusters is the evaporation of an atom such that the charge remains on the rest of the cluster, while for
larger clusters, fission into two subclusters becomes more favorable. Raman and infrared vibrational spectra
have been calculated for a few selected clusters. These confirm the structural stabilities of the clusters and can
provide a way to identify the atomic structures from experiments.
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I. INTRODUCTION

The realization of novel cluster assembled materials re-
quires understanding of the fundamental properties of atomic
clusters.1–4 During the past decade a large number of experi-
mental and theoretical studies have been carried out in this
direction. The structural and physico-chemical properties of
the group 14 elemental clusters have been the subject of
intense research because of the fundamental interest and the
possibility of applications in nano-technologies. Their
growth behavior and the nature of bonding differs consider-
ably as one goes down from C to Pb. Much attention has
been focused on understanding the structural similarities and
differences among Si, Ge, Sn and Pb clusters. The atomic
structures of the group 14 elemental clusters adopt geom-
etries ranging from chain, fullerene cages and nanotubes for
carbon5 and noncompact prolate structures for Si and Ge6–8

to compact structures for Pb. Structures of Si and Ge clusters
progressively undergo rearrangements with an increase in
size and transform into a 3D growth. However, this has not
yet been well understood. Recently tin clusters have become
the center of focus due to the report of their abnormal higher
melting temperatures9 as compared to the bulk value. It is
believed that the higher melting temperatures of tin clusters
could be due to the different isomeric structures of small
clusters as compared to the bulk. In a bulk material, the
melting process initiates at the surface and small clusters
have most of their atoms on the surface. Therefore, knowl-
edge of the atomic structures and bonding nature are neces-
sary for a proper understanding of the melting behavior in
such small clusters. Tin is unique as it exists both in covalent
sad and metallicsbd bulk phases. Therefore, the evolution of
the bonding nature in clusters could show such a different

behavior. In the periodic table, tin is below germanium and
above lead. It is, therefore, not surprising that the mass spec-
trum of tin clusters shows similarities with those of germa-
nium and lead clusters.10 Although some experimental re-
ports are also available on ionization potentials(IPs) of tin
clusters, very little is known about the structures and stabili-
ties of the charged clusters.

Gas phase tin clusters were first detected in vapor in equi-
librium with molten tin by Gingerich and co-workers.11 En-
hanced stability of clusters containing multiples of three tin
atoms, i.e., Sn3 and Sn6 was predicted. Martin and Schabar12

have reported mass distribution of tin clusters using the time
of flight mass spectrometry. The mass spectrum produced by
the ionization of the condensed elemental vapor was found to
resemble that of Pbn, but not that of Gen. This indicated
metallic behavior of tin clusters rather than semiconducting.
In contrast to this, Noda and co-workers13,14 have reported
mass spectrum of tin clusters that resembles those of Sin and
Gen clusters but different from that of Pbn. In these experi-
ments the mass spectra for Sin, Gen, Snn, and Pbn clusters
were generated using the same conditions. This fact was fur-
ther supported by the photoelectron spectroscopy studies of
Snn

− clusters which revealed similar electronic structures of
Sin

−, Gen
− and Snn

− clusters that differed from those of Pbn
−

clusters.15,16These experiments led to the conclusion that tin
clusters are covalently bonded and are not metallic-like.
However, it should be mentioned that the mass abundance
spectra are strongly dependent on the source conditions. The
contrasting behavior of tin mass spectrum in the above stud-
ies could be argued to be due to a change in the source
conditions. Duncan and co-workers10 have surveyed the
abundance of Snn clusters produced by laser vaporization of
b-tin under various conditions and concluded that Sn clusters
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have properties intermediate to those of Ge and Pb clusters.
Yoshida and Fuke17 have measured the IPs of Sin, Gen and

Snn clusters using laser photoionization and time-of-flight
mass spectrometry for ionization and detection of clusters,
respectively. Their results show very similar size dependence
of IPs for germanium and tin clusters having fewer than 12
atoms. However, a sharp decrease observed in the IPs for
Gen clusters betweenn=15 and 26, consistent with silicon
clusters, was not found for tin clusters. The IPs of tin clusters
in the medium size rangesn=15–41d show a gradual de-
crease without any sharp change. These differences in the IPs
have been explained to be due to possibily a different struc-
tural growth of Snn clusters as compared to those of Sin and
Gen. The chemical reactivity of small Snn snø9d anions to-
wards oxygen, nitrous oxide, hydrogen sulfide, ethane, and
several simple alcohols has been determined.18,19 However,
this could not lead to any structural inferences. Jarrold and
co-workers6–9,20,21 have characterized the structures of Sin,
Gen, Snn and Pbn clusters using ion mobility measurements.
It is observed that the growth patterns of silicon, germenium
and tin clusters adopt prolate structures in small cluster re-
gion. However, for lead clusters, near-spherical structures
have been observed for all cluster sizes. In the small size
range Snn clusters start deviating from those of Sin aboven
=14 and of Gen aboven=21. In the range of 35–65 atoms,
tin clusters gradually rearrange themselves towards near
spherical geometries, passing through several intermediate
structural transitions. So the transition to “normal” metal
cluster growth in group 14 elements occurs between tin and
lead, one row lower than the transition from covalent to me-
tallic bonding in bulk solids under ambient conditions.

Theoretical studies of the electronic and atomic structures
of small Snn neutral and anion clusters have been carried out
using molecular orbital(MO) method and density functional
theory.19,22–27These results predict the lowest energy struc-
tures for Snn neutral clusters withnø7 to be identical to
those reported previously for Sin (Refs. 28–30) and Gen
(Refs. 31 and 32) clusters. Also the structural and dynamical
properties of Cn, Sin, Gen and Snn clusters have been inves-
tigated by Luet al.33 using the local density approximation
(LDA ). They found that fornø7, andn=10 and 12, Sin, Gen
and Snn clusters share similar structures. However, for Sn8
and Sn9 different structures have been obtained as compared
to those of the corresponding silicon and germanium clus-
ters. A detailed study of the low lying isomers of neutral Sn
clusters having upto 20 atoms has been carried out by us34

and deviations from the growth behavior in the range ofn
.14 have been identified. Here we present results of the
electronic and atomic structures of singly positively charged
tin clusters in order to obtain the IPs as well as a better
comparison with experiments that are generally performed
on charged clusters.

Earlier theoretical studies on silicon clusters have shown35

that the choice of the exchange-correlation functional plays
an important role in determining the ground state properties
of small clusters. It has been found that for Si20, the BLYP
exchange-correlation functional gives results that are in close
agreement with those obtained from quantum Monte Carlo
calculations. In our earlier study of neutral tin clusters, we
have found34 that the generalized gradient approximation

(GGA) gives far superior binding energies(BEs) defined as
fnEs1d−Esndg /n, Esnd being the total energy of ann atom
cluster, as compared to those obtained by using LDA.33

However, even GGA results were found to predict signifi-
cantly higher BEs as compared to the experimental atomiza-
tion energies available for clusters having up to 7 atoms.
Motivated from these results we have carried out a detailed
study of the electronic structure of neutral and cation tin
clusters using different exchange-correlation functionals. A
comparison of these results with the available experimental
data on the stabilities, IPs and the fragmentation behavior
shows that the B3PW91 form of exchange-correlation func-
tional gives a good description of the bonding in small clus-
ters.

II. COMPUTATIONAL DETAILS

The lowest energy structures of the neutral and charged
clusters have been obtained within the density functional
theory using the ultrasoft pseudopotential36,37 for the
electron–ion interaction and a plane wave basis set for the
wavefunctions. The GGA38 has been used to describe the
exchange-correlation energy. The ionic pseudopotential used
here was also derived within the GGA so that the errors due
to the core-valence exchange-correlation could be avoided.39

The cut-off energy for the plane waves was taken to be
19.1156 Ry. Test calculations on bulk tin in the diamond
structure gave the lattice constant and cohesive energy40 to
be 6.63 Å and 3.16 eV/atom that are in good agreement with
the experimental values41 of 6.49 Å and 3.14 eV/atom, re-
spectively. A comparative study of the equilibrium properties
of bulk tin has also been performed42 within GGA and the
LDA using a linear combination of atomic orbital(LCAO)
method. In this work the cohesive energy is slightly under-
estimated while the lattice constant is slightly overestimated.
We have found a similar difference for clusters as discussed
below. Such small changes can arise due to the use of differ-
ent basis sets as well as pseudopotentials but we believe that
the overall trends will be similar. For neutral clusters, we
used a simple cubic supercell of side 20 Å and theG point
for the Brillouin zone integrations. Some of the larger clus-
ters that are prolate in shape have been placed along the
diagonal axis of the cube so that the distances between the
nearest images are sufficiently large and the interactions be-
tween them are minimal. For the determination of the lowest
energy isomers, the simulated annealing method is generally
best suited and has been successfully used for metal clusters.
However, for covalently bonded systems, it is known to
fail.44 Therefore, we optimize a large number of structures,
including those reported for Si and Ge35,43,44 clusters. For
charged clusters we use a neutralizing background and a
larger supercell that is required to account for the dipolar
corrections. In order to take care of these corrections we
have increased the cell length from 20 to 30 Å and checked
that the energy convergence is achieved within 10 meV.
Therefore, we have used a cubic cell of 30 Å side length for
all geometry optimizations of the cation clusters. Again the
larger clusters with elongated shapes are placed along the
diagonal of the cube. These calculations on cation clusters
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have been carried out using thespin-polarizedGGA due to
the odd number of electrons. The spin multiplicity of all
cation clusters is 2.

The geometry optimizations have also been carried out for
a few selected clusters using the LCAO-MO real space
method with similar type of exchange-correlation functional
(PW91PW91) and the Los Alamos National Laboratory ef-
fective core potentials with double-zeta valence(Lanl2DZ)
basis set as implemented in the Gaussian-98 program.45 A
comparison between these two results suggests that the av-
erage interatomic distances between nearest neighbors in-
creases<2–3%d in the LCAO-MO method and there is a
decrease in the average BE. In order to understand the effects
of different exchange-correlation functionals on the elec-
tronic and atomic structures of these clusters, further calcu-
lations have been carried out on the neutral and cation clus-
ters employing three different hybrid exchange-correlation
functionals46 viz., BLYP, B3LYP and B3PW91 using the
LCAO-MO approach available in the Gaussian-98
program.45 The Lanl2DZ basis functions and effective core
potential were again used for tin.47,48 Presently, it is one of
the most powerful methods to deal with heavier elements
like Sn clusters. For the purpose of comparing results ob-
tained from different exchange-correlation functional we
have used the lowest energy structures obtained from the
GGA calculations34 as the initial guesses. Finally, the struc-
tural stability of the lowest energy isomers of selected clus-
ters(n=6,7,10,16, and 20) has been checked by performing
frequency calculations. However, with the Lanl2DZ basis
set, we found two and one frequencies to be negative in the
case ofn=6 and 20, respectively. Therefore, further checks
were made by using a different basis set, namely the
Stuttgart/Dresden effective core pseudopotential basis set
which showed no negative frequency in all cases tested, sig-
nifying the stablility of the atomic structures. The atomic
structures and the BEs49 obtained by using the SDD basis set
are very close to the results obtained with the Lanl2DZ basis
set. For Sn20 the BE is only 0.1 eV more than the value
obtained by using the Lanl2DZ basis set. Therefore, we be-
lieve that the general conclusions drawn on the basis of the
Lanl2DZ basis set will hold.

III. RESULTS

A. Ground state geometries of neutral and cation tin clusters

In this section we first describe the lowest energy atomic
structures of the neutral and cation tin clusters obtained from
the plane wave pseudopotential calculations. This is followed
by a brief discussion of the atomic structures obtained by
using the B3PW91 hybrid exchange-correlation functional
with the LCAO-MO method. The reason for choosing the
B3PW91 energy functional is its better agreement with the
available experimental results on small clusters.

The structures of neutral tin clusterssn=2–20d obtained
from the plane wave pseudopotential approach have been
reported earlier.34 Here we present atomic structures of cat-
ion tin clusters obtained with the same method in order to
understand the charging effects on the structure of neutral
clusters. In Fig. 1 we have presented the lowest energy struc-

tures of tin cation clusters withn up to 10. The effects of a
single positive charge on the geometries of larger clusters are
less and hence we do not discuss them in detail except for
their electronic structures that is described in the following
section. Although the structures of the cation clusters are
similar to those of their neutral counterparts in general, there
are distortions due to the polarization of the electron spin
charge density. The interatomic distances between the near-
est neighbors do not reflect any systematic increasing or de-
creasing trend when structures of neutral and cation clusters
are compared. For example, in the case ofn=2,3,8, and 9,
the mean interatomic distances increase from 2.78, 2.68,
2.82, and 2.95 Å for the neutral clusters to 2.82, 2.80, 3.01,
and 3.00 Å, respectively, for the cation clusters. The opposite
trend is, however, observed forn=4, 5, 6, and 7, i.e., the
mean nearest neighbor distances decrease from 2.83, 2.83,
2.91, and 3.03 Å for the neutral clusters to 2.82, 2.78, 2.87
and 2.93 Å, respectively, for the cation clusters within GGA.
Similar features in the lowest energy structures of Sn4

+ and
Sn5

+ were also obtained by Balasubramanian and
co-workers23 from ab initio quantum chemical studies using
CASSCF (complete active space multiconfiguration self-
consistent-field method) and MRSDCI (multireference
singles1 doubles configuration interaction) level of theory.
According to their results for Sn4 and Sn4

+ clusters, rhombus
structures with an acute apex angle of 63.4° and 71.8°, re-
spectively, have the lowest energies. Our results obtained by
the plane wave pseudopotential method(acute apex angle for
Sn4 and Sn4

+ being 63.2°and 71.8°, respectively) are in very
good agreement with these calculations.

As the structural relaxation in cation clusters is generally
small, further single point energy calculations were per-
formed using the hybrid exchange-correlation energy func-
tionals (BLYP, B3LYP, B3PW91) in the Gaussian program
by taking the optimized geometries obtained from the plane

FIG. 1. Lowest energy structures of Snn, n=1–10, cation
clusters.
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wave pseudopotential method in order to obtain the effects of
different hybrid functionals on energy. Such calculations re-
veal that B3PW91 functional gives closer agreement with
experiments for small clusters for which experimental data of
the BEs are also available. Therefore, structural optimiza-
tions were further carried out for neutral and cation tin clus-
ters using B3PW91 energy functional. As expected the relax-
ation energy is again found to be small(the largest value of
the relaxation energy is found to be 0.18 eV) among all the
cases. In general, the structures of the neutral and cation
clusters are not significantly different except for the very
small clusters where the effects of the positive charge are
expected to be large. For comparison, we have listed the
mean nearest neighbor bond lengths in Snn (n up to 10) clus-
ters in Table I. It is noted that for clusters withn=2 and 3,
the effects of the different exchange-correlation functionals
are quite significant. For Sn2

+ the increase in the bond length
within B3PW91 is much larger than in GGA. Also for Sn4

+,
there is a significant increase in the mean bond length using
B3PW91 while in GGA there is a very small decrease. The
reverse is found forn=3. In GGA there is an increase in the
mean bond length for the cation cluster while in B3PW91,
there is a significant decrease.

An interesting case is the cation of Sn3 which has a linear
chain structure as compared to a triangular one for the neu-
tral. An isosceles triangle with 67° angle is 0.14 eV higher in
energy as compared to the linear chain. In other cases the
structural differences are small. First, for neutral Sn5, GGA
gives elongated trigonal bipyramid to be of lowest energy. Its
base is an equilateral triangle with the bond length of 3.73 Å
and the distance between the apex and base atoms is 2.83 Å
while the apex to apex distance is 3.63 Å. This is similar to
the result for Si5. The B3PW91 result differs slightly with the
apex to base atoms and apex to apex bond lengths of 2.91
and 3.66 Å, respectively. For Sn5

+ there is distortion in the
structure and it can be considered as a capped rhombus(Fig.
1) with the side of the rhombus to be 2.92s3.0d Å and the
bond lengths between the capping atom and the two diagonal
atoms of the rhombus to be 2.79s2.84d Å using the plane
wave GGA (B3PW91 LCAO-MO) method. For Sn6

+, the
crossed rhombii structure with bond lengths of 2.99 Å for

the neutral34 distorts such that one rhombus becomes wider
than the other with 3.10 and 2.92 Å bond lengths, respec-
tively. In the case of Sn7

+ the pentagonal bipyramid structure
of the neutral cluster becomes distorted with the bond
lengths between the base atoms varying from 2.98 to 3.31 Å
as compared to 3.10 Å for the neutral using the B3PW91
functional. With an increase in cluster size the effects of a
single positive charge on the structure become smaller(Table
I).

A comparison of the structures obtained from the plane
wave pseudopotential approach and B3PW91(LCAO-MO
method) results shows that the overall structures of neutral
clusters remain unaltered. There are<3–4 positively
charged clusters with respect to their neutral counterparts. In
order to further check the stability of the lowest energy struc-
tures of these clusters we have carried out the vibrational
analysis for a few selected clusters withn=6, 7, 10, 16, and
20. The results of the vibrational frequencies are listed in
Table II along with their respective infrared intensities and
Raman activities. In all the cases all frequencies are positive,
suggesting the stability of the structures. For Sn20, there are
very low frequency modes which are due to the prolate shape
of this cluster which has two linked Sn10 clusters. However,
in all the cases, the highest frequencies are similar. The
analysis of the ground state structures for Snn sn=2–20d
clusters reveals that the growth behavior of Sn clusters flip-
flops between partial metal-like and silicon-type structures.
The bond lengths also confirm this behavior. Some clusters
have a few nearest neighbor bonds that are even longer than
in bulk allotropes at the expense of some strong short bonds.
In some other clusters, however, the nearest neighbor bond
lengths are nearly uniform and are shorter than in the bulk as
one expects for metal clusters. This picture remains also for
the cation clusters.

B. Binding energies and stabilities

The BEs of neutral and cation clusters were calculated
using various exchange-correlation functionals(BLYP,
B3LYP, and B3PW91) under the LCAO-MO approach, keep-
ing the plane wave based optimized atomic structures fixed.
Table III summarizes these results.40 It is clear that the re-
sults obtained from B3PW91 exchange-correlation func-
tional are in good agreement with the available experimental
BEs11 in the small size range. Full geometry optimizations of
all the clusters using the B3PW91 exchange-correlation
functional and a few “magic” clusters that are relatively
more stable than the adjacent clusters, using BLYP, B3LYP
hybrid exchange-correlation functionals, also showed only
small changes in the binding energies upon relaxation. The
results are listed in Table IV for the “magic” clusters. Figure
2 shows the BE plots as a function of the inverse cube root of
the number of atoms in a cluster using different exchange-
correlation functionals. It is seen that BLYP, B3LYP, and
B3PW91 functionals underestimate the BEs as compared to
the experimental values, while pseudopotential calculations
using GGA overestimate the BEs. An extrapolation50 of these
results to the bulk cohesive energy shows that GGA would
give a better description of bonding in large clusters. This is

TABLE I. Mean nearest neighbor bond lengthssÅd for small
neutral and cation tin clusters obtained from different exchange-
correlation functionals.

n GGA GGA B3PW91 B3PW91

neutral cation neutral cation

2 2.78 2.82 2.70 3.07

3 2.68 2.80 2.73 2.67

4 2.83 2.82 2.86 3.15

5 2.83 2.78 2.90 2.84

6 2.91 2.86 2.99 2.92

7 3.04 2.93 3.10 2.98

8 2.82 3.01 2.86 3.05

9 2.95 3.00 3.03 3.06

10 2.90 2.93 2.95 2.99

MAJUMDER, KUMAR, MIZUSEKI, AND KAWAZOE PHYSICAL REVIEW B 71, 035401(2005)

035401-4



intuitively correct as with increasing size the bonding nature
in these clusters is likely to be more metallic and electron-
correlation effects would become weaker. We have made an
interpolation between the different calculated results as well
as the experimental data on BEs of clusters and the bulk
cohesive energy. We hope that this would be a good repre-
sentation of the BEs of these clusters leaving aside small

fluctuations due to the “magic” behavior of some clusters.
As emphasized in our earlier paper34 an important aspect

of this graph is the slow variation of the BE with size after
about ten atom clusters. The small slope of the BE curve in
the large cluster range reflects the low surface energy of tin
and the strengthening of the bonds in clusters, particularly at
the surface. The binding energy of a 20-atom cluster in plane

TABLE II. Point group symmetries, vibrational frequenciesscm−1d and IR intensities as well as Raman activity for the ground state
structures of Snn sn=4,6,7,10,16,20d neutral clusters.

System Symmetry
Vibrational frequency

(IR intensity, Raman activity)

4 D2h 32.90(0.28, 0.0), 79.77(0.03, 0.0), 118.92(0.0, 22.35), 160.229(0.0, 6.28), 173.473
(0.0, 70.43), 185.197(11.67, 0.0)

6 C2v 20.420(0.04, 0.0), 20.435(0.04, 0.0), 53.178(0.0, 0.0), 91.126(0.08.63), 106.966
(0.0, 19.9), 121.741(0.39, 0.0), 137.681(0.0, 16.53), 147.730(0.0, 3.07),147.743
(0.0, 3.07), 169.217(2.99, 0.0), 169.2189(2.99, 0.0), 175.169(0.0, 69.23)

7 D5h 57.901(0.0, 0.0), 58.106(0.0, 0.0), 82.684(0.016, 0.0), 82.736(0.016, 0.0), 85.375
(0.19, 0.0), 108.402(0.0, 6.6), 108.466(0.0, 6.53), 126.473(0.0, 3.30), 126.519
(0.0, 3.30), 127.947(0.0, 28.20), 31.878(0.0, 3.18), 131.937(0.0, 3.18), 162.247
(2.38, 0.0), 162.307(2.34, 0.0), 167.5414(0.0, 61.17)

10 C3v 28.763(0.01, 0.13), 29.244(0.149, 0.132), 71.515(0.008, 0.161), 71.5940(0.006, 0.016),
76.9270(0.001, 1.94), 79.6248(0.08, 4.24), 79.7755(0.08, 4.30), 94.5170(0.002, 0.015),
97.6989(0.07, 8.14), 97.8883(0.06, 8.11), 99.9682(0.19, 5.38), 101.7495(0.22, 2.10),
101.976(0.215, 2.20), 110.386(0.05, 11.94), 119.667(0.015,0.28), 119.944(0.015, 0.3),
124.114(0.0, 0.01), 133.845(0.07, 7.80), 140.789(0.08, 74.58), 146.389(0.00, 0.40),
146.746(0.00, 0.42), 161.054(0.97, 2.40), 161.322(0.97,2.37), 182.303(0.73, 6.79)

16 C2v 20.987(0.0, 0.63), 26.146(0.08, 0.02), 30.874(0.0, 0.09), 35.923(0.015, 2.01), 38.331
(0.34,58), 57.030(0.25, 3.60), 61.448(0.01,12.70), 61.745(0.0, 8.33), 66.559(0.02, 0.037),
73.659(0.017, 8.39), 73.719(0.01, 3.57), 75.066(0.08,0.37) 75.476(0.0, 2.21), 80.828
(0.05, 0.91), 80.978(0.028, 0.64), 86.484(0.037, 0.11), 89.016(0.52, 0.04), 91.314
(0.03, 0.88), 92.618(0.23, 7.99), 92.694(0.0, 7.76), 5.688(0.01, 5.15), 98.526(0.02, 1.45),
99.688(0.12, 3.94), 103.143(0.3, 7.42), 105.415(0.12, 3.33), 108.150(0.0, 0.0), 110.169
(0.07, 1.90), 111.097(0.30, 0.63), 112.430(0.06, 20.9), 122.218(0.6, 0.7), 128.084
(1.5, 0.44), 130.612(0.0, 1.16), 132.246(0.2, 81.3), 133.962(1.38, 2.2), 140.218(0.3, 1.3),
141.115(2.3, 1.66), 150.039(0.13, 0.35), 156.918(0.8, 2.13), 167.252(1.4, 0.46), 168.198
(0.22, 4.1), 168.836(0.0,6.06), 174.882(0.13, 2.97)

20 Cs 3.237(0.0,0.05), 8.824(0.01,0.28), 9.546(0.0, 1.0), 12.725(0.43, 1.17), 22.426(0.0, 7.2),
26.429(0.0, 2.8), 36.128(0.05, 1.25), 36.409(0.0, 1.28), 38.749(0.03, 0.91), 40.053
(0.21, 0.11), 64.334(0.0, 0.9), 66.296(0.4, 0.14), 68.913(0.0, 21.30), 9.449(0.65, 0.1),
75.811(0.0 4.62), 76.100(0.01, 0.8), 77.244(0.11, 6.12), 78.794(0.01, 4.80), 80.549
(1.04, 0.52), 80.867(0.02, 25.89), 92.037(0.06, 31.46), 93.869(3.4, 0.04), 94.746
(1.26, 0.07), 95.080(0.05, 0.69), 95.641(3.50, 1.30), 96.982(0.22, 15.35), 97.412
(0.65, 8.92), 98.885(0.06, 118.14), 99.00(0.20, 20.0), 99.996(0.2, 2.60), 101.710
(0.22, 18.09), 103.409(0.388, 0.79), 105.797(8.92, 0.15), 106.718(0.0, 15.82), 117.835
(0.01, 1.01), 118.983(0.2, 0.03), 120.024(0.09, 0.2), 121.791(0.0, 0.15), 125.446
(0.0, 0.9), 125.688(0.0, 0.27), 126.455(0.0, 23.36), 128.072(2.24, 0.12), 136.221
(0.0, 0.65), 137.214(0.0, 291.81), 138.466(0.0, 30.47), 140.545(0.32, 0.30), 141.236
(0.05, 0.34), 142.266(0.01, 0.55), 158.740(1.9, 1.7), 158.974(0.81, 5.98), 159.140
(0.74, 5.92), 159.786(1.74, 6.63), 177.573(5.63, 0.02), 178.244(0.0, 39.68)
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wave GGA calculation is only about 10% less as compared
to the bulk value. On the other hand, if we take the B3PW91
result, then the BE of the 20-atom cluster is about 25% less
than the bulk plane wave GGA calculation which is very
close to the experimental value. Since in this size range the
B3PW91 result is a significantly under estimation, we be-
lieve the more realistic value would be in between as we
have shown from the interpolated result. This would then
suggest that the BE of clusters in this size range would be
about 15–20% less than the bulk value. This is significantly
less as compared to over 20%, e.g., for aluminum clusters.51

We feel it to be important in the understanding of the melting
behavior of these clusters. It is also noticed that the energy
gap between the highest occupied–lowest unoccupied mo-
lecular orbitals(HOMO–LUMO) is higher in the case of the

B3PW91 functional as compared to the value obtained from
the GGA calculations34 (Table III). As it is well known, the
GGA functional is generally expected to underestimate the
HOMO–LUMO gaps and we hope that B3PW91 results pro-
vide a more realistic estimate.

We have also calculated the second order difference in
energy, defined asD2snd=Esn+1d+Esn−1d−2Esnd, of the
neutral and cation clusters obtained from the B3PW91 func-
tional. These are shown in Fig. 3. It is found that cation
clusters with 8, 11, 12 and 17 atoms tend to gain significant
stability with respect to their corresponding neutrals. In con-
trast, clusters with 7, 10 and 16 atoms that are “magic” in the
neutral state tend to become less stable in the cation state.
This could be a possible reason that at high laser fluence 8
and 11 atom cation clusters show high abundances.52 Further,

TABLE III. Comparison of the binding energiesseVd of Snn clusters using different exchange-correlation
functionals under density functional theory formalism. The notation PW/PW91 represents the results form
plane wave based pseudo-potential calculations, while the others are from LCAO-MO based methods. SP
(OPT) represents results of single point(optimized) calculations. The gap(eV) is calculated using B3PW91
functional with optimized geometries. Experimental values(eV) are taken from Ref. 8.

System PW/PW91-OPT BLYP-SP B3LYP-SP B3PW91-SP B3PW91-OPT Exp. Gap

Sn2 1.29 1.10 0.88 0.91 0.93 0.94 1.44

Sn3 1.85 1.53 1.34 1.46 1.47 1.65 1.95

Sn4 2.30 1.86 1.75 1.85 1.90 1.94 1.08

Sn5 2.48 1.97 1.86 2.0 2.02 2.11 2.52

Sn6 2.65 2.07 1.97 2.15 2.17 2.28 2.49

Sn7 2.77 2.15 2.07 2.27 2.29 2.37 2.42

Sn8 2.71 2.10 2.01 2.21 2.23 1.88

Sn9 2.79 2.15 2.06 2.28 2.30 2.27

Sn10 2.85 2.21 2.14 2.36 2.38 2.29

Sn11 2.79 2.15 2.06 2.29 2.31 1.70

Sn12 2.79 2.15 2.07 2.30 2.32 1.79

Sn13 2.80 2.15 2.07 2.30 2.33 1.68

Sn14 2.85 2.22 2.15 2.39 2.41 2.11

Sn15 2.86 2.20 2.14 2.38 2.40 1.35

Sn16 2.87 2.23 2.16 2.41 2.44 2.08

Sn17 2.84 2.18 2.10 2.35 2.37 1.68

Sn18 2.86 2.21 2.14 2.39 2.40 1.49

Sn19 2.85 2.19 2.14 2.38 2.39 1.26

Sn20 2.87 2.23 2.16 2.40 2.41 1.55

TABLE IV. Binding energies(BE) in eV and bond lengths(BL) in Å for optimized structures of a few
magic clusters obtained by using different exchange-correlation functionals.

BLYP B3LYP B3PW91 PW/PW91 Exp.

BE BL BE BL BE BL BE BL BE BL

Sn2 1.13 2.90 0.89 2.71 0.93 2.70 1.29 2.78 0.94 2.74

Sn4 1.92 2.91 1.80 2.88 1.90 2.90 2.30 2.85 1.94

Sn7 2.20 3.16 2.10 3.13 2.29 3.10 2.77 3.03 2.43

Sn10 2.26 2.17 2.38 2.85 2.90

MAJUMDER, KUMAR, MIZUSEKI, AND KAWAZOE PHYSICAL REVIEW B 71, 035401(2005)

035401-6



the abundances would also depend on the fragmentation be-
havior of the cation clusters that is discussed in the following
sections.

In order to understand the electronic structure of clusters
we have shown results of the density of states for 7-, 10-,
16-, and 20-atom neutral and 8-, 10-, 11-, and 20-atom cation
clusters obtained from the Gaussian method(Figs. 4 and 5).
All neutral clusters have significant HOMO–LUMO gaps
and for 7- and 10-atom clusters the spectra are sharper due to
their symmetric shapes. Comparing the electronic spectra of
10 and 20, we find that the main features in the two spectra
are similar, but for the 20-atom cluster, the degeneracies are
lifted and the states are more spread. This also results in a
smaller HOMO–LUMO gap for Sn20. For cation clusters, we

find significant HOMO–LUMO gaps for 8- and 11-atom
clusters and this also favors the “magic” nature of these clus-
ters as compared to the neutral ones. On the other hand, the
HOMO–LUMO gaps for 10- and 20-atom clusters are
smaller as compared to the values for 8- and 11-atom clus-
ters. This is in line also with the reduced “magic” nature of
these clusters. As a whole the spectra are shifted to higher
binding energies due to the presence of a positive charge.
However, this shift is smaller for Sn20 as the positive charge
is distributed over two 10-atom clusters.

C. Ionization potentials

Adiabatic IPs for tin clusters up to 20 atoms have been
reported recently53 using the GGA38 and plane wave pseudo-
potential approach. These results underestimated the IP val-
ues as compared to those obtained from experiments. Here
we present the adiabatic IPs calculated using the B3PW91
functional. First of all, the IP of a tin atom is calculated to be
6.91 and 7.52 eV, respectively, with GGA and B3PW91
functionals. The B3PW91 result is closer to the experimental
value of 7.29 eV. This gives further support that the

FIG. 3. Second order difference in energy for neutral(square)
and cation(triangle) tin clusters. A positive value indicates “magic”
cluster.

FIG. 4. Plots of the density of states for Sn7, Sn10, Sn16 and Sn20

neutral clusters in the lowest energy structures. The HOMO energy
is indicated by vertical dotted line.

FIG. 5. Plots of the density of states for Sn8, Sn10, Sn11, and
Sn20 cation clusters in the lowest energy structures.

FIG. 2. Binding energies of tin clusters as a function ofn−1/3

using different exchange-correlation functionals. Note that GGA
curve (upper) overestimates the binding energies while the hybrid
functionals underestimate these as compared to the experimental
values. An interpolation curve(lower) has been drawn between
these results and the bulk cohesive energy.
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B3PW91 results represent well the bonding in these clusters.
This is important for a proper understanding of the fragmen-
tation behavior of cation clusters. Figure 6 shows the plot of
IPs of tin clusters as a function of the cluster size obtained
with GGA and B3PW91 functionals. It is seen that the results
from the B3PW91 functional are in better agreement with the
experimental values. Calculations were also performed on
nearly degenerate isomers of 10- and 15-atom clusters in
order to check if the cation of another isomer has lower
energy. However, we find that the energy ordering of the
isomers does not change.

D. Fragmentation of neutral and charged clusters

Table V gives a comparison of the results for a few lowest
energy fragmentation channels of cation tin clusters. We
have listed the results obtained from B3PW91 and GGA cal-
culations in order to compare with those obtained from sur-
face induced dissociation(SID) experiments on cation
clusters.52 The fragmentation energy is calculated as the low-
est energy required to dissociate the parent cation cluster into
a neutral part and a cation subcluster. It is found that in both
pseudopotential(GGA) and B3PW91 approaches, small
clusters withnø11 favor atom evaporation, while for larger
clusters, a fission type fragmentation is more favorable. For
Si clusters also fission type fragmentation has been found
and it starts fromn=9 onwards.54 The experimental results
on tin clusters show that the charge should be on the heavier
fragment. In GGA, for small clusters, charge is predicted to
be on the Sn atom whereas in B3PW91, it is with the heavier
fragment, in agreement with experiments. This is due to the
better agreement of the IP of Sn atom using the B3PW91
functional with experiment. Sn11

+ is found to be the largest
fragmentation product. As Sn8

+ and Sn11
+ are fragments of

larger clusters, this could also lead to their higher abun-
dances under high laser fluence for which fragmentation is
more likely to happen. The good agreement with the experi-
mental observations gives us confidence that our search for
the lowest energy structures should represent the global
minima.

IV. DISCUSSION AND CONCLUSIONS

We have presented results of the atomic structures of the
neutral and cation tin clusters usingab initio calculations
under the framework of GGA, BLYP, B3LYP, and B3PW91
exchange-correlation functionals. Our results show that the
B3PW91 functional provides a good description of bonding
in small tin clusters and the calculated fragmentation behav-
ior is in excellent agreement with experiments.52 For nø11,
both experiment and calculations suggest dissociation of a
Sn atom from a cation cluster with charge residing on the
heavier fragment to be the most favorable whereas for larger
clusters, fragmentation into two subclusters is preferred. A
similar fission type fragmentation behavior was obtained for
silicon and germanium clusters. It is to be noted that around
n=18–20 the structures of clusters of all these elements are
similar. The IPs obtained from the B3PW91 functional are
also in very good agreement with the available experimental
data. These represent significant improvement over the val-
ues obtained by using GGA. The B3PW91 BEs for very
small clusters withnø7 agree well with the experimental
data. However, for larger clusters these are underestimated in
B3PW91 whereas GGA results are an overestimate. From
this we conclude that correlation effects are stronger in the
small size range and that the metallic nature of bonding in-
creases as the cluster size grows. Therefore, for larger clus-
ters, GGA would provide a better representation of the bond-
ing in these clusters as it is also evident from the good
agreement with the bulk cohesive energy. Importance of cor-
relation effects has also been noted in small silicon clusters.
An important result is that tin clusters tend to have BEs that

TABLE V. The fragmentation products of cation tin clusters.
The first number in the brackets represents the charged fragment
while the second number represents the neutral product. The experi-
mental results are from Ref. 52.

n GGA B3PW91 Experiment

3 (1,2) (2,1) ¯

4 (1,3) (3,1) ¯

5 (1,4) (4,1) ¯

6 (1,5) (5,1) ¯

7 (1,6) (6,1) (6,1)

8 (1,7) (7,1) (7,1)

9 (8,1),(7.2) (8,1),(7,2) (7,2),(8,1)

10 (9,1),(6,4),(8,2) (9,1),(8,2),(6,4) (9,1),(8,2),(6,4)

11 (10,1),(7,4),(9,2) (10,1),(7,4),(9,2) (10,1),(9,2),(7,4)

12 (7,5),(11,1)(6,6) (11,1),(7,5),(6,6) (6,6),(7,5)

13 (7,6) (7,6) (7,6)

14 (7,7) (7,7) (7,7)

15 (8,7),(9,6) (8,7) (8,7)

16 (9,7),(10,6) (9,7) (9,7), (10,6)

17 (10,7) (10,7) (10,7)

18 (11,7),(8,10),(9,9) (8,10) (11,7),(8,10)

19 (9,10),(10,9),(12,7) (10,9) (10,9),(6,13) (7,12)

20 (10,10) (10,10) (10,10), (7.13)

FIG. 6. Comparison of the experimental and calculated IPs of
tin clusters.
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are rather closer to the bulk cohesive energy even for small
clusters in a size range of about 10–20 atoms than it is nor-
mally the case for other metal clusters. But this should be
expected due to the lower surface energy of tin. Comparing
the BEs of small tin and Al clusters with the corresponding
bulk values, we notice that the difference in the case of tin is
significantly lower. These results suggest that there is a sig-
nificant gain in the bond energies due to the change in the
structure of the Sn clusters as compared to the bulk frag-
ments as it was reported earlier.34 This could be responsible
for an increase in the melting temperatures of small clusters.
The changes in the structures of clusters due to a positive
charge are found to be small. The relative stabilities of cation
clusters are, however, affected more significantly and this
affects the abundances and fragmentation behavior of clus-

ters. We have also calculated the vibrational spectra and the
infrared intensities as well as the Raman activities of selected
clusters and these can be used to identify from experiments
the structures of tin clusters.
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