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Small clusters of tin: Atomic structures, energetics, and fragmentation behavior
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~Received 16 July 2001; published 28 November 2001!

Ab initio electronic structure calculations on Snn (n<20) clusters using ultrasoft pseudopotentials and
generalized gradient approximation for the exchange-correlation energy show the binding energies of clusters
with n>10 to be only about 11% less than the calculated bulk value. This is likely to be responsible for the
recently reported@Phys. Rev. Lett.85, 2530~2000!# higher melting temperatures of these clusters than the bulk
value. The growth behavior is found to differ from the one known for Si and Ge clusters atn>8 but 10- and
18- to 20-atom clusters are similar. The calculated lowest energy fragmentation products are in excellent
agreement with experiments and suggest that the lowest energy structures, obtained here, are close to the global
minima.
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It has been a common belief as well as the finding
several experiments1,2 that melting temperatures of cluste
are lower than the bulk value. However, recent experime3

surprisingly suggest that tin clusters melt at least 50 K ab
the bulk value in the range of 16–30 atoms. This result
important implications for nanoscience and technology as
same may also be true for other clusters such as those
and Ge. On the other hand, large clusters of tin with 5–
nm radii exhibit4 a depression of the melting temperatures
compared to the bulk value. Therefore, there appears to
critical size below which tin clusters may acquire high
melting temperatures than bulk. Why is it so?

Properties of small clusters differ from bulk because m
of the atoms lie on the surface. This often leads to structu
that are very different from bulk. Therefore, the higher me
ing temperatures of small tin clusters have been specula3

to be due to their different structures. Also, bulk tin is uniq
as it has two allotropes with distinct properties~1! semicon-
ductinga-tin with diamond structure stable below 286 K an
~2! metallic b-tin with body centered tetragonal structu
that is stable under ambient conditions. It is unkno
whether small tin clusters would prefer covalent or meta
bonding. It is possible that there are competing grow
modes. Mass abundance spectra of tin clusters show bot
and Si/Ge type behaviors5,6 depending upon the growth con
ditions. Ion mobility measurements7 suggest prolate struc
tures of tin clusters similar to Si and Ge and a transition
compact structures in the range ofn535265. Isomers have
also been observed for some clusters. The high melting t
peratures of tin clusters make it interesting to understand
deviations and similarities with respect to properties of
and Ge that have attracted much attention in recent year
this letter, we study Snn isomers withn<20 and report the
finding of unusually high binding energies~BE’s! that could
be responsible for their higher melting temperatures.

Higher melting temperatures of Si, Ge, and Sn clust
with n<13 were reported8 from a first principles study
within the local density approximation~LDA !. However, the
calculated BE’s are even more than the bulk value for so
clusters. The higher melting temperatures could, theref
be a consequence of this overbinding.

We use the generalized gradient approximation~GGA!9

for the exchange-correlation energy and obtain significa
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improved estimates of the BE fromab initio ultrasoft
pseudopotential calculations10,11 with a plane wave basis
The cutoff energy of the plane waves is taken to be 19.1
Ry. Test calculations on bulk tin in the diamond structu
give the lattice constant and cohesive energy to be 6.6
and 3.08 eV/atom which are in excellent agreement with
experimental values12 of 6.49 Å and 3.14 eV/atom, respec
tively. For clusters, we use a simple cubic supercell of s
20 Å and G point for the Brillouin zone integrations. Th
simulated annealing method, often best suited to obtain
lowest energy structures of clusters, is known to fail in s
tems such as Si.13 Therefore, we optimize a large number
structures, including those reported for Si~Ref. 13! and Ge
~Ref. 14! clusters, using the conjugate-gradient method.
a dimer, the bond length and the BE are calculated to be 2
Å and 1.208 eV, respectively, taking four valence electro
for each tin atom. Inclusion of 4d electrons also as valenc
gave very little change in the BE and the bond length. The
fore, all calculations have been done with four valence el
trons in Sn. Sn2 is found to have a magnetic moment of 2mB
but all other clusters are nonmagnetic.

Clusters withn<7 have the same structures as those o
and Ge, in agreement with experiments.15 For n53 to 7,
these areC2V triangle, D2h rhombus,D3h trigonal bipyra-
mid, D4h ~two intersecting rhombi! andD5h pentagonal bi-
pyramid~PBP!, respectively. As the size increases, there
pear other isomers that are comparable or lower in ene
than those obtained from the lowest energy structures o
or Ge clusters. For Sn8, an edge capped PBP~Fig. 1! has
lower energy than the distorted bicapped octahedron for8
~Ref. 12! and Ge8.13 Sn9 is a tetracapped trigonal bipyrami
which is again different from the distorted tricapped trigon
prism ~TTP! structure of Si9 and Ge9. This agrees with the
result reported in Ref. 8 but for Sn8 their results differ from
ours in the way an atom is added to the PBP structure. W
et al.16 have also done an LDA study of tin clusters withn
<10 and their structure for Sn8 is similar to ours. For Sn10,
a distorted tetracapped prism (10a) has the lowest energy a
it is also for Si10 and Ge10. However, we find another com
pact isomer (10b in Fig. 1! with nearC3v symmetry. It lies
only 0.09 eV higher in energy and is important for the lowe
energy structures of Sn11 and Sn12 which are cappings of this
isomer ~Fig. 1!. These differ from the pentacapped trigon
©2001 The American Physical Society05-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 233405
prism and aC2v isomer reported in Ref. 8 and which we fin
to be, respectively, 0.42 and 0.23 eV higher in energy. The
fore, there is an onset of structural divergence of tin clus
at n58 and then atn511 as compared to Si and Ge cluste
It is interesting to note that measurements7 of ionization po-
tentials~IPs! also indicate a different behavior of tin cluste
as compared to Sin at aroundn512. For Sn13, the lowest
energy structure is obtained from the optimization of the i
mer reported in Ref. 8. It differs from Si13 in the way the
bottom rhombus~Fig. 1! caps the rest of the cluster. We als
optimized an icosahedron as the metallic behavior of tin
well as the low intensity of Sn14 ~Ref. 17! as compared to
Ge14 raised speculation about it. However, we find it to
0.59 eV higher in energy. The lowest energy isomer~Fig. 1!
of Sn14 is found to be different from Si14. Other isomers
obtained by removing one or two atoms from the structu
of Sn15 and Sn16 lie significantly higher in energy.

Figure 2 shows the low lying isomers forn515220. We
optimized several structures forn515 and 16 to understan
the growth mode in this size range. Here we show only th
isomers which have lowest energies or are nearly degene
with it. Our results show an intermediate growth behavior
tin clusters, in between the compact structures of metals
the elongated ones of Si.13,18 In particular, icosahedral com
pact structures are not among the low lying isomers. Bu
6-atom capped pentagon, a PBP and a tricapped or t
capped prism are among the units that are present in mo
the clusters in this size range. The lowest energy isomers
n515 and 16 are similar to those of Ge15 and Ge16.14 An-
other isomer, 15b, with two fused tricapped prisms is near
degenerate with 15a while 15c with fused 6- and 9-atom
units is only 0.017 eV/atom higher in energy. Therefo
more than one isomers of Sn15 are likely to be present in
experiments while for Sn16 other isomers lie more than 0.05
eV/atom higher in energy and may not be observed. T
could be a reason for more abundance of Sn15 as the growth
is possible in more than one ways. Sn17 is also different from
Si17 in the way a TTP is capped. For Sn17 the capping 8-atom
unit is aD2d type cluster which is frequently found in met
clusters,1 while for Si17, it is a capped boat type structure13

that is typical in covalently bonded systems. Another isom
17b, resulting from the fusion of two 10-atom capped pris
units on the base, is nearly degenerate. For Sn18-Sn20, a
number of structures were optimized starting with those

FIG. 1. Lowest energy isomers of Snn (n59213).
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rived from 15- and 16-atom isomers as well as the spher
and prolate isomers reported in Ref. 13. We find that
elongated structures based on TTP units are more favor
for Sn clusters as for Sin but these differ in details. A double
icosahedron, often found to be favored for a 19-atom me
cluster, reconstructs for Sn19 and lies 0.036 eV/atom highe
in energy. Therefore, the growth behavior of Sn clusters
flops between partial metal-like and silicon-type structur
The bond lengths also confirm this behavior. Some clus
have a few nearest neighbor bonds that are even longer
in bulk allotropes and at the expense of some strong s
bonds. In some other clusters, however, the nearest neig
bond lengths are nearly uniform and are shorter than in
bulk. This is typical for metal clusters.

The calculated BE5@E(n)2nE(1)#/n, E(n) being the
total energy of ann atom cluster, and the highest occupie
lowest unoccupied molecular orbital~HOMO-LUMO! gaps
~Table I! show significant deviations from LDA results.8 A
linear fit of the calculated values of the BE shows that
data can be fitted well with two slopes. The extrapolation
bulk incidently matches with the calculated bulk value~3.08
eV/atom! ~Fig. 3!. The good agreement of the latter wit
experiments~3.14 eV/atom! also gives confidence in the va
ues for clusters.19 Considering a simple relationEc5EB
1gn2/3 of the cluster BE (Ec) with the bulk BE (EB), we
find the calculated surface energy to be 0.79 eV/atom. Th
in good agreement with the experimental value of 0.72 e

FIG. 2. Lowest energy isomers of Snn (n514220).
5-2



e
th
e
o
h
ue

ut

are
to
ers.
lts

on
han
ur-

s
ing
pec-
or-
ers.
s in
we

in
of

an
ith

se in

ac-
the

, 7,
nce
w

if-
clus-
sed

y of
m

rs.
rgy
g-

-

ner-

ent

in
ed

g-
for
om

s
ies

w
wi

BRIEF REPORTS PHYSICAL REVIEW B 64 233405
atom assuming a~100! type surface. The low value of th
slope indicates low surface energies as compared to o
metals such as Al. An exceptional outcome of the pres
calculations is the high BE of clusters. Even a cluster
about 10 atoms with all the atoms on the surface already
its BE only about 11% less than the calculated bulk val
Thereafter, the BE decreases slightly and then increases
very slowly~Table I!. This result is in sharp contrast to abo
30% lower binding energies of aluminum clusters20 in this

TABLE I. Calculated binding energies~BE! in eV/atom and
HOMO-LUMO gaps~eV! of Snn (n52220). The LDA results are
taken from Ref. 8.

BE BE Gap Gap BE Gap
n GGA LDA GGA LDA n GGA GGA

2 1.208 0.32 14 2.772 1.34

3 1.771 2.227 0.84 1.10 15a 2.786 0.77

4 2.220 2.736 1.05 0.98 15b 2.783 1.32

5 2.402 2.965 1.58 1.25 15c 2.769 1.06

6 2.571 3.167 1.61 1.56 16 2.795 1.37

7 2.695 3.308 1.50 1.55 17a 2.761 0.63

8 2.628 3.236 1.01 0.88 17b 2.751 1.27

9 2.710 3.334 1.45 1.36 18 2.782 0.88

10a 2.772 3.432 1.54 1.54 19 2.772 0.60

10b 2.765 1.71 20 2.793 0.84

11 2.716 0.92

12 2.709 0.98

13 2.720 3.407 0.91 0.80

FIG. 3. Plot of binding energy as a function ofn21/3. The bro-
ken line shows extrapolation to the bulk value. The inset sho
second order difference in energy. Magic clusters are marked
numbers.
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size range and suggests that the bonds in tin clusters
significantly stronger than in the bulk. This is important
understand the higher melting temperatures of Sn clust
As melting starts on the surface of a material, our resu
indicate that for small tin clusters with most of the atoms
the surface, the melting temperatures could be higher t
the bulk. In order to understand this unusual result, we f
ther calculated energies of fragments~center atom and its
nearest neighbors! in the bulk body centered tetragonal a
well as the diamond structures. Atomic relaxations keep
the same symmetry lead to total energies that are, res
tively, 3.06 and 4.28 eV higher than the values for the c
responding ground states of the 7- and 5-atom clust
Therefore, structural rearrangements lead to large gain
the BE’s of these clusters and they affect the bonding. If
could consider a solid with the same bonding nature as
these small clusters, naturally the melting temperature
such a hypothetical solid would be significantly higher th
the bulk tin we know. The present results suggest that w
an increase in the cluster size there is an effective decrea
the binding energy of the interior part of the cluster~as it
tries to attain more bulk-like structure! but a gain in the
surface contribution due to an effective reduction in the fr
tion of surface atoms, leading ultimately to a decrease in
melting temperature for large clusters.

The second order difference of total energies 2E(n)
2E(n11)2E(n21), shows~inset in Fig. 3! 4-, 7-, 10-,
14-, 16-, and 18-atom clusters to be magic. Among these
10, and 18 are in agreement with the mass abunda
spectra.15,17 However, experiments on cation clusters sho
15 also to be magic~weak intensity only! instead of 14 and
16. It is at the boundary in our calculations. This slight d
ference could arise because experiments are on cation
ters and also from the existence of isomers as discus
above. Clusters with 6 and 9 atoms are at the boundar
becoming magic. Interestingly, 4-, 6-, 7-, 9-, and 10-ato
clusters are among the lowest energy fragments forn.9.
This is another important measure of the stability of cluste
Assuming fragmentation to occur along the lowest ene
pathways with no activation barrier, we calculate the fra
mentation energy,Ef(n)5E(p)1E(q)2E(n), of ann-atom
cluster intop- andq-atom (n5p1q) fragments. It is found21

that neutral Snn clusters withn<8 favor monomer evapora
tion ~Fig. 4! similar to metal clusters. However, forn.8, the
fragmentation pattern changes and larger units become e
getically more favorable products. Forn512 and 13, the size
of fragments increases further and the products are Sn6 and
Sn7. These results are in excellent agreement with rec
experiments22 and support the results obtained here. Sn10 is
found to be the largest fragmentation product and it is
good agreement with the available data on charg
clusters15,17 that show 14-atom unit to be the largest fra
ment. This also supports the finding of magic behavior
Sn14. Fragments with more than 10 atoms could arise fr
larger clusters. The fragmentation energy for Sn15 is higher
than the values for Sn14 and Sn16. This could also result in
higher abundance of Sn15. The low fragmentation energie
for n517,19, and 20 again corroborate the low intensit
observed in the mass spectra.15,17 In particular, the energy to

s
th
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BRIEF REPORTS PHYSICAL REVIEW B 64 233405
fragment Sn17 into 7- and 10-atom clusters, both of whic
are magic, is the lowest. Noteworthily, it has been difficult
detect Sn17.15 This good agreement with experimental obs
vations gives us confidence that our search for the low
energy structures should be close to the global minima.
HOMO-LUMO gap shows discontinuity fromn57 to 8, 10
to 11, and 16 to 17. The gap is the largest for the isomer 1b.
Also isomers 15b and 17b have significantly~Table I! larger

FIG. 4. Lowest energy fragmentation channels of tin cluste
The numbers in the brackets indicate the products. The three
gions represent different fragmentation behaviors.
a

,

h
f,

p
:

a
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HOMO-LUMO gaps and this could be used to identify t
lowest energy isomers from photoemission experiments.

In summary we have carried out a systematic investi
tion of the lowest energy isomers of Snn clusters withn
<20. Our results show that tin clusters adopt different str
tures as compared to Si and Ge forn58, 9, and>11 but
some of the larger prolate clusters have similarities. T
bonding nature in these clusters is different from that of
bulk fragments and surprisingly, beyondn510 the BE’s are
within about 11% of the calculated bulk value. This seems
be the reason for the higher melting temperatures in th
clusters as compared to the bulk. A comparison of BE’s
Si10 and Ge10 with bulk gives, respectively, 18 and 15 %
lower BE’s. Therefore, if the silicon clusters would melt
higher temperatures than the bulk, the relative differenc
likely to be much smaller than tin clusters. This findin
makes tin very special. The calculated fragmentation beh
ior of these clusters is in excellent agreement with the
perimental observations that support the structures obta
here.
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