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We report the results of detailed thermodynamic investigations of thgcBrster using density-functional
molecular dynamics. These simulations have been performed over a temperature range of 150 to 3000 K, with
a total simulation time of order 1 ns. The prolate ground state and low-lying isomers consist of two tricapped
trigonal prism(TTP) units stacked end to end. The ionic specific heat, calculated via a multihistogram fit,
shows a small peak around 500 K and a shoulder around 850 K. The main peak occurs around 1200 K, about
700 K higher than the bulk melting temperature, but significantly lower than that fgr She main peak is
accompanied by a sharp change in the prolate shape of the cluster due to the fusion of the two TTP units to
form a compact, near spherical structure with a diffusive liquidlike ionic motion. The small peak at 500 K is
associated with rearrangement processes within the TTP units, while the shoulder at 850 K corresponds to
distortion of at least one TTP unit, preserving the overall prolate shape of the cluster. At all temperatures
observed, the bonding remains covalent.
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[. INTRODUCTION the local-density approximatiai.DA ), in which the clusters

Clusters of the semiconducting group IV elements are inwere cooled from a random atomic configuration at 1980 K
teresting not only for their potential technological applica-down b 0 K in 22 ps. Byfollowing the root-mean-square
tions, but also from a fundamental point of view. Small clus-atomic displacements as a function of time, they found that
ters of Si, Ge, and Sn have an unusual size-dependetite final ground-state geometries were reached roughly half
structural evolution. lon mobility measurementsrevealed ~way through the annealing process, at about 1000 K, for 10
that for small sizes the clusters are prolate, with aspect ratios N<13. Majumderet al*! calculated energies of some
up to three, but undergo a rearrangement to a more compad®w-lying isomeric structures within the generalized gradient
spherical form at a size of a few tens. The rearrangement igpproximation (GGA) for the exchange-correlation func-
rather abrupt for Si and Ge, but more gradual for Sntional, and pointed out that the binding energy per atom was
Density-functional theory(DFT) studies of ground-state unusually high, only about 11% less than that of the bulk.
structure$™*! and optical respon&2 confirmed the prolate Finally, we studied the thermodynamics of the stluster>
shape of the small sizes and showed further that many of thiée smallest Sn cluster whose ground state displays the TTP
ground-state structures in this size range contain the triunit. Using DFT within LDA, we found the TTP unit to
capped trigonal prisrfiTTP) unit, a nine-atom unit consisting break up for temperatures of about 1600 K or higher, yield-
of a triangular prism capped by one atom on each of the threg a broad peak in the canonical specific heat around 2300
side faces. K.

Recently, interest was focused on the thermodynamics of In this paper, we revisit the thermodynamics of Sn clus-
the prolate Sn clusters after Shvartsburg and Jartétind ~ ters in greater detail. Prolate structures are identified in ion
evidence, based on measurements of ionic mobility, thamobility experiments by having a smaller mobility than a
these clusters remain solidlike at temperatures up to at leaspherical structure. Shvartsburg and Jarfblsbserved that
50 K higher than the melting point of bulk SAT(bulk)  the mobility of Si clusters (1&N=<30) remained small
=505 K]. This is the only example so far observed of aeven at 50 K above the bulk melting point. They argued that,
small particle melting at a higher temperature than the bulkif the clusters had melted, they would have collapsed to a
It contradicts the standard paradigm, based on thermodynore compact, spherical form, observable by an increase in
namic arguments, that a cluster should melt at a lower temmobility, contrary to the actual observation. Now, the cluster
perature than the bulk because of the effect of the clusteBn, which we studied earliéf, contains just one TTP unit
surface**~1® Many examples of a melting-point depression and already has a compact structure both in its ground state
for clusters of mesoscopic sizgreater than a few thousand and in high-temperature liquidlike states. Thus one would
atoms have been demonstrated experimentify/ and re-  not expect to be able to detect its melting in a mobility ex-
cently a depression was also observed for small Na clustegeriment. We have therefore extended our methods to treat a
in the size range of 50 to 20d8. cluster of twice the size, $g. In its ground state, Sphas a

There have been a few DFT studies that have implicationprolate structure, with an aspect ratio of about 2.5, consisting
for the thermodynamics of Sn clusters. eual!® carried out  of two TTP units stacked end to end. In this paper we study
simulated-annealing studies of Solusters N<13), within  the structural rearrangements, caloric curve, and electronic
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properties of this prolate cluster, and contrast the results witiMD),?* using the nonlocal norm-conserving pseudopoten-
those of Sky. tials of Bacheletet al?® in Kleinman-Bylander forrff* with

As in our earlier pape’’ we use ab initio Born-  the Ceperley-Aldér exchange-correlation functional. We
Oppenheimer molecular dynamics, within the LDA of DFT, use a cubic supercell of length 40 a.u. with an energy cutoff
and norm-conserving pseudopotentials. This first-principle®f 16.3 Ry, which is found to provide a convergence of the
treatment of electronic structure is highly desirable, since théotal electronic energy of better than 10a.u. To have a
directional covalent bonding in small Sn clusters would besufficiently precise evaluation of the Hellmann-Feynman
hard to describe reliably by a parametrized potential, simulforces on the ions, we ensure that the residual norm of each
taneously for the ground state and for the higher-lying isoKS orbital, defined a$H sy — €4i|? (& being the eigen-
mers and liquidlike forms crucial for understanding the melt-value corresponding to eigenstate of the KS Hamiltonian
ing properties. Despite the computational expense ofl.s), was maintained at 10 a.u. The ground state and
ab initio approaches, we obtain a sufficiently long statisticalother equilibrium structures have been found by carrying out
sampling of the ionic phase space as to converge the canorgeveral steepest-descent runs starting from structures chosen
cal specific heat to of order 10%, as extracted from a multiperiodically from a high-temperature simulation.
histogram fit. Ourtotal sampling time is of order 1 ns. We The ionic phase space is sampled by isokinetic f1in
believe that this statistical convergence criterion on the spewhich the kinetic energy is held constant using velocity scal-
cific heat gives us a good sampling of the various dynamicaing. We split the temperature range 156=KI <3000 K into
and rearrangement processes of the cluster as a function about 30 different constant temperatures, performing up to
temperature. 40 ps of simulation for each. We observe no evaporation on

As we shall see, the $cluster undergoes a number of the time scale of our simulations, and therefore a reflective
dynamical processes as a function of temperature. One @ontainer(often used with classical potentiais not explic-
these is a collapse of the prolate structure toward a morily required. Following the multiple-histogram(MH)
spherical, disordered structure. This collapse, which is thenethod?’ we then extract the classical ionic density of states
point where an increase in ionic mobility would be observed)(E) of the system, or equivalently the classical ionic en-
occurs about 700 K above the bulk melting point in our LDA tropy S(E) =kg In Q(E). With S(E) in hand, one can evalu-
model. Thus our calculations confirm, and explain, the exate thermodynamic averages in a variety of ensembles.
perimentally observed stability of the prolate form at 50 KWe focus in this work on the ionic specific heat and the
above the bulk melting poirtf However, at lower tempera- caloric curve. In the canonical ensemble, the specific heat
tures, of order the bulk melting point or lower, we also find ais defined as usual bYC(T)=dU(T)/dT, where U(T)
large number of dynamical processes that lead to a permuta= [Ep(E,T)dE is the average total energy, and where the
tional rearrangement of the atoms of the cluster, but whiclprobability of observing an energyg at a temperaturd is
preserve the overall prolate shape and would therefore bgiven by the Gibbs distribution p(E,T)=Q(E)
unobservable in a mobility measurement. exp(—E/kgT)/Z(T), with Z(T) the normalizing canonical par-

Since we perform DFT calculations of electronic structuretition function. In the microcanonical ensemble, the tempera-
for every ionic configuration in our thermal ensembles, weture T(E) at energyE is defined following the thermody-
can also study electronic properties as a function of tempergramic ~ definiion as T(E)=[dS(E)/JE]"*.  The
ture. Noting that solid bulk Sn undergoes a phase transitiofnicrocanonical specific heat is then defined @$E)
at 286 K between a low-temperature covalent form and a=[ 4T(E)/9E]*. More details of the extraction of thermo-
higher-temperature metallic form, we examine the bondingjynamic averages can be found in our earlier wirk.
characteristics of the various isomers of,gusing the elec- The nature of the bonding can be investigated using the
tron localization functioft (ELF). The bonding is found to ELF (Ref. 21) along with the charge density. Such ELF have
be predominantly covalent at all temperatures consideretheen found to be extremely useful for elucidating the bond-
However, the gap between the highest occupied moleculahg characteristics of a variety of systems, especially in con-
orbital and the lowest unoccupied molecular orbit#OMO-  junction with the charge density. For a single determinantal
LUMO gap) is reduced dramatically during the collapse of wavefunction built from KS orbitals; , the ELF is defined
the prolate structure. Finally, although we study only Sngg
clusters in this paper, we expect that a large number of our

results would be qualitatively similar for Si and Ge clusters, xeLr=[1+(D/Dy)?] 71, )
since the structure and bonding of these clusters is similar to
those of Sn. where
The paper is organized as follows. In Sec. Il we describe
briefly our computational and statistical approaches. Results D,,=(3/10) (3725353, 2

for the structural, caloric, and electronic properties are given

in Sec. lll, and the conclusions are given in Sec. IV. 5 5
D=(12 2 |[V4il*~ (18| Vp[*p, )

Il. COMPUTATIONAL DETAILS . .
with p=p(r) the valence-electron density. A value pf, ¢

All the calculations have been performed using the Kohnhear 1 represents a perfect localization of the valence elec-
Sham formulation of density-functional molecular dynamicstron density?*
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FIG. 1. (a) Some prolate equilibrium geometries having two
distinct TTP units. The structure on the left is the lowest-energy
structure found(b) Nonprolate equilibrium structures found at high
temperaturel >1250 K. (c¢) Structure observed during the transi-
tion from prolate to nonprolate arounid=1250 K. The excitation (b)
energy relative to the ground state is showm\&s in units of eV
per atom. FIG. 2. Isosurfaces of the electron localization functigqg for

a low-lying prolate form of Sg, containing two TTP units(a)
XeLr=0.7, (b) g r=0.55(Ref. 30.

IlI. RESULTS AND DISCUSSIONS

served during the transition from prolate to nonprolate. In

We begin our discussion by presenting some equilibriunthis geometry, one TTP unit is intact while the other is com-
geometries of Sp (shown in Fig. 1. We distinguish two pletely destroyed. This structure is 0.075 eV higher in bind-
broad classes of equilibrium structures: ¢Rey. 1(a)] where  ing energy per atom compared to the ground state.
all the structures have a prolate shape and show the presencelt is of considerable interest to investigate the nature of
of two distinct TTP units, but differ in the relative orientation bonding in the Sy, cluster. It may be recalled that at room
of the TTP units, and a second offéig. 1(b)] with nonpro-  temperature bulk Sn exists in a metallic phdadite tin),
late, compact geometries indicating that the TTP units havevhile in our previous wor we have shown Sg to be a
lost their identity. In Fig. {c), we also show a typical inter- covalently bonded cluster. Therefore, although we expect the
mediate structure in which only one of the TTP units has losbonding within a TTP unit in Sp to be covalent, it is inter-
its identity, but which is still prolate. The most symmetric esting to examine the bonding between the TTP units. In Fig.
structure(proposed as the ground state in Ref) iKlslightly 2 we show isosurfaces of the ELF taken at two different
higher in energy than our lowest-energy structure. The onlywalues of yg ¢ for a typical prolate structure. Recall that a
difference in these two structures is the relative orientation ofigher value of the ELF, approaching unity, indicates a local-
the TTP units. Evidently, changes in the relative orientationized distribution of valence electrons. We note that the iso-
of the TTP units give rise to several low-lying isomét@o  surface for the higher valugg =0.7, shown in Fig. @),
of which are shown in Fig. (8] having excitation energies connects the Sn ions within each TTP unit along the line
of order 0.01 eV per atom relative to the ground state. It i§oining them, implying that the ions within each TTP unit are
also interesting to note that a recent sttidyas found the covalently bonded. However, this higher-value isosurface of
most stable structure of gito be very similar to that for the ELF does not connect the two different TTP units. The
Sny found in the present work. bonds between the two TTP units are only observed at a

In Fig. 1(b), we have shown two nonprolate equilibrium rather lower ELF valugeg g~0.55, shown in Fig. @). Evi-
geometries having a difference in binding energy with re-dently the two TTP units are weakly bonded to each other
spect to the ground state of about 0.1 eV per atom. Theseompared to the bonding within a TTP unit. This leads to a
nonprolate structures are somewhat disordered, althoughumber of low-lying isomers with nearly degenerate ener-
some basic units such as tetrahedra, trigonal prisms, pentaggies, of which some are shown in Figal, and which as
nal bipyramids, etc., may be observed. The equilibriumnoted above differ in the relative orientation of the TTP
structure shown in Fig. () is an intermediate structure ob- units.
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FIG. 4. Normalized potential-energy distributions for 400 to

Tumning to the C_anonlce_ll lonic spemﬂc_he{ahown n Fig. .1375 K. The distributions are obtained from the actual data of an
3), we note some interesting features. First, the main peak in

- . iISokinetic sampling run at the kinetic temperature shown, but have
the SpeCIf.IC heat. occurs around 1200 K, m“?’h higher than thgeen smoothez togsuppress fluctuations apnd make the figure clearer.
bulk melting point(505 K). Second, there is also a small
peak around 500 K and a shoulder around 800 K. Note that,
although the multihistogram methddjields a smooth inter- An examination of Fig. 4 reveals a slight relative broadening
polation, the whole specific-heat curve is in fact subject to &f the PED around 800 K, indicating that other modes of
statistical error. An informal estimate of this error may beexcitation are also available at this temperature, apart from
made by recalculating the curve with only a subset of thehe relative orientation of the TTP units and the internal re-
data(for instance, with just the last 20 ps of each run at eaclarrangements within the TTP units that take place at lower
temperaturgand noting the typical fluctuations. In this way temperatures. This broadening is reflected in the ionic spe-
we find that the positions of peaks on the curve are stable toific heat as a shoulder around 800 K.
within about 100 K, and that the peak heights are stable to As the temperature rises above 800 K, the relative motion
within up to 10%. between the two TTP units becomes more vigorous. The TTP

The specific-heat features can be explained by examiningnits, apart from undergoing internal distortion, also start to
the microscopic processes as a function of temperature. Atome sufficiently close to one another as to initiate the ex-
low temperaturegbelow 400 K, the only motion observed change of atoms. This process ultimately leads at about 1200
is a change in the relative orientation of the two TTP units,K to the collapse of the prolate structure toward a more com-
which spans the class of low-lying isoméFg. 1(a)] having  pact structure such as those shown in Fig).1in fact, in the
two distinct TTP units. However, at around 500 K, the atomstemperature range 1200 to 1300 K, we occasionally observe
within each TTP unit start to rearrange themselves in such that the collapsed structure reforms into a prolate structure.
way that the TTP structure remains intact, but undergoes @hus the time scale at these temperatures for “hopping” be-
reshuffling of at least three atoms in every rearrangementween a prolate and a more compact structure is of the same
including an interchange of capping atoms with atoms of theorder of magnitude as that of our sampling runs, namely,
trigonal prism core. This process is similar to the one ob-about 40 ps. To summarize, there are three main modes of
served in Siy.2° Since this rearrangement does not distortionic motion observed during our simulations up to 1200 K:
the TTP unit, the shape of the cluster remains prolate. Thé) changes in the relative orientation of two,§units, (ii)
distortion of the TTP units themselves begins around 800 Kan internal rearrangement of ions within each TTP unit, ob-
Starting at this temperature, we observe that at least one skrved after 500 K, an(ii ) the distortion of at least one TTP
the TTP units may be seriously distorted at various points irunit accompanied by the interchange of atoms between the
the dynamics, to the extent of losing its identity. The onset otwo TTP units, observed after 800 K, leading ultimately to
these processes at 500 and 800 K is responsible for the fetiie fusion of the TTP units and a shape change at 1200 K.
tures seen in the canonical specific-heat curve. Since it is the collapse of a prolate shape towards a more

This is also reflected in the potential-energy distributionsspherical shape that causes a change in the diffusion coeffi-
(PED’9 for these temperatures. In Fig. 4, we show normal-cient in an ion mobility experimerit it is interesting to in-
ized PED's for a series of temperatures starting at 400 K andestigate these shape changes more explicitly. In Fig. 5, we
going up to about 1300 K. Let us recall that the PR(E, T) show the thermally averaged value of the deformation coef-
at temperatureT follows the Gibbs distributionp(E,T) ficient €0, calculated for temperatures ranging from 200 to
=Q(E)exp(—E/kgT)/Z(T), whereZ(T) is the canonical par- 3000 K, and averaged over 35 ps for each temperature. For a
tition function and()(E) is the density of accessible states. given ionic configurationg,,, is defined as
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FIG. 5. The coefficient,, [see Eq.(4)] describing the degree FIG. 6. The root-mean-square bond-length fluctuatighs [Eq.
of prolate deformation of the cluster as a function of temperature(6)] of Sn,.
Note the significant decrease around 1250 K.

reached quite early, around 650 K. This happens because
€ = 2Q, 4) S m.s.1S sensitive to the permutational rearrangement of ions
PO Q,+Q3’ within a TTP unit that occurs at these temperatures. This
highlights the difficulty of giving a precise definition of
where Q;=Q,=Q are the eigenvalues, in descending or-“melting” in a small cluster. In the temperature range 400 to
der, of the quadrupole tensor 1300 K, Sp, undergoes a series of complex rearrangement
processes. In some sense, an individual TTP unit could be
said to have melted already at 500 K, since after a suffi-
Qjj :EI RiR); . (5 ciently long time the reshuffling motion found at this tem-
perature allows ions to permute throughout a TTP unit. After
about 800 K, when movement of ions between the two TTP
units becomes possible, ions can permute throughout the
whole cluster. However, the dominant peak in the specific
eat and the collapse of the overall prolate shape of the clus-
er do not occur until 1200 K. Note that a small stepdjn, 5.
can also be observed near 1250 K, corresponding to this

. . . . ollapse. In this final, collapsed state, for temperatures of
roughly as having a uniaxial prolate deformation with aspec 300 K and upwards, the ionic motion is diffusive and the

ratio v epo~2.5. This yalue Ofepyo is maintained until about cluster has a highly liquidlike character.

800 K, where fluctuations are observed, corresponding to theé The canonical and microcanonical caloric curves are
distortion of one or bqth TTP units, as described aboveshown in Fig. 7. The canonical curve shows a mild kink-
However, the cluster still maintains an overall prolate shape
until about 1250 K, when there is a very sharp drogjp,

Herei andj run from 1 to 3, runs over the number of ions,
and R;; is theith coordinate of ionl relative to the cluster
center of mass. We note thaf,, will be unity for a spherical
cluster and greater than unity for prolate deformations. A
very low temperatures, we see thgf,~6, corresponding to
the ground-state structure in Figial, which can be regarded

toward a value of about 2 to 3, which is maintained up to € 060
temperatures of 3000 K or more. This drop corresponds to £ 050k
the fusion of the two TTP units to give the more spherical 3
shapes shown in Fig.(h). 2 040
In discussions of cluster “melting” phenomena, it is often 3 030 b
useful to consider the root-mean-square bond-length fluctua- 2
tion &,,,s, defined as g 0.20 F _
TotokL 3
2 (RE)—(RiHM? .g 0.00 , , . . ]
Orm.s= N(N—1) &} (R} ’ ©) 7300 600 900 1200 1500 1800
temperature (K)
where N is the number of ions in the systerR,; is the FIG. 7. The canonicalsolid line) and microcanonicaldashed

distance between ionsand J, and (- - -); denotes a time cajoric curves for Sg. In the microcanonical case, the temperature
average over the entire trajectory. The calculatggls iS is defined asT(E)=[4S(E)/JE] ! for excitation energyE. In the
shown in Fig. 6. It can be observed that the traditional Lin-canonical case, the temperature is the heat-bath temperature, and
demann criterion ofé,,,s=0.1 signaling bulk melting is the excitation energy is the thermally averaged excitation energy.
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FIG. 9. The HOMO-LUMO gap, averaged over 7.5 ps, as a
extending across the temperature range 800 to 1400 K, cofunction of temperature.
responding to the peak in the canonical specific heat in Fig.
3. The microcanonical curve has a somewhat more distinct
step around 1250 K, but the curve does not develop an $hese strained bonds can be considered to introduce disor-
bend, as 8 theoretically possible in the microcanonicaljer, which spreads out the energy levels by lifting degenera-
ensemblé. No S bend was observed either for;$m our  cjes and splitting groupings of energy levels. This is evident
previous work using the same LDA mpcf@lAs is well  from the Kohn-Sham eigenvalue spectrushown in Fig.
known, S bends for the solidlike to liquidlike transition in 1) of 5 prolate and nonprolate structure. Although the total
clusters typically oceur only for special sizes, such as the‘occupied bandwidth is almost the same, the eigenvalue spec-
compl_ete27 Mackay |<_:osahedra for the Lennard-‘]_one%um of the prolate structure shows distinct bands, in contrast
poter)tlal. Correspo.ndmg to the absen.c.e of an S bend in th%o the spread-out eigenvalue spectrum of the nonprolate
palqnc curve, the m|crocan'on|cal specmq .h@(.E)’ shown structure, leading to the observed substantial reduction in the
in Fig. 8, is everywhere finite and positive in the enerngOMO-LUMO gap. To demonstrate that this reduction in

range studied. The curv€(E) shows the same basic fea- _ ) .
tures as the canonical cur&(T) in Fig. 3, but with higher the HOMO-LUMO gap is due to the disorder in the system

resolution. In particular, the shoulder at 800 K and the mairnd MOt to a change in the nature of the bonding, we have
peak at 1200 K irC(T) become clearly resolved i@(E) as also examined the ELF of some ran.domly chosen high-
a small peak at an excitation energy=0.22 eV per atom temperature nonprolate structures. An isosurface of the ELF
and a dominant peak at 0.36 eV per atom, respectively. Thifr one of these structures is shown in Fig. 11 at a value
allows an extraction of the effective “latent heat”for the ~ XeLr=0.7. Quite clearly, there is a significant localization of
collapse of the prolate forra~0.042 eV per atom, taken to electron density between nearest neighbors, and the bonding
be the area under the main peakG(GE) and above a line IS covalent.

joining the points on theC(E) curve atE=0.3 andE

=0.42 eV per atom. 0

Interestingly, the collapse of the prolate form around 1250 (a)
K is accompanied by a rather drastic reduction in the 2 r .
HOMO-LUMO gap. In Fig. 9, we show the thermal average — -
(taken over 7.5 psof the HOMO-LUMO gap as a function Ar ]
of temperature. The gap, which is fairly constant at about S oL = i
0.036 a.u. up to 1200 K, drops sharply by almost a factor of 2 — ————
4 around 1250 K, and continues to decrease as the tempera- & g | _ .
ture rises further. At first sight, it is tempting to interpret this 2 S —
reduction in the gap as related to the change in the nature of 0} = — 4
bonding from covalent to delocalized metallic. —_— I

To investigate this point in more detail, we have examined -12 f— 7
the eigenvalue spectrum of a typical prolate and nonprolate = e
structure, along with an analysis of the number of nearest -4 - — ]
neighbors of these structures. Although the nonprolate struc- 16 —

ture is more compact, the average number of nearest neigh-

bors in both the prolate and nonprolate structures is almost FIG. 10. The eigenvalue spectrum f@ the ground state and
the same. However, in the case of nonprolate structures, thg) a nonprolate structure occurring at high temperature. The arrow
bond angles are not optimal, resulting in strained bonds. indicates 40th state.
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LDA values in Table | with our LDA energies in Fig. 1,
which assume a different pseudopotential, we see further
shifts of order 5%. Calculations we have performed for other
isomers(not shown show similar shifts. Now, the tempera-
ture for the main peak in the specific heat is likely to be
controlled by the excitation energies of isomers visited just
before and after the collapse of the prolate structure, such as
those shown in Figs.(h) and Xc). Assuming the uncertainty

in the position of the main peak to be given by the uncer-
tainty in AE for such isomers, which is overall about 15%,
we infer an uncertainty of roughly 200 K in this peak posi-
tion. Thus, the collapse of the prolate structure is likely to
occur well above the bulk melting temperature independently
of this source of uncertainty.

FIG. 11. Isosurface of the electron localization functjgng for
a randomly chosen high-temperature structure of, Syg r=0.7

and the structure is shown in the inset V. CONCLUSIONS

The presenab initio simulations on Sy, along with ear-

E r work on Sng,?° provide insights and an explanation of
e higher-than-bulk  “melting  point” observed
experimentally® There are two basic reasons for this behav-
ior: (i) the covalent nature of the Sn-Sn bond in the cluster,
compared to the metallic bonding of bulk Sn at room tem-
perature andii) the special stability of the TTP unit. We also
note that the “melting” of a cluster as detected in an ion
mobility experiment is specifically associated with the col-

It is interesting to note that, although in s3the dominant
peak in the specific heat occurs at a much higher temperatu
(1250 K) than the bulk melting poin(505 K), the peak for
Sny, occurs at a still higher temperatu2300 K).2° To un-
derstand this, we note some features of the two clustekg. Sn
contains one TTP unit, whereas,gontains two. Although
the nature of the bonding within each TTP unit is covalent, in
Snyo the two TTP units are weakly bonded to each other.

When ions acquire sufficient kinetic energy, they can CrOS‘?’apse of the prolate cluster shape, which requires a collapse

from one TTP unit to_ the (_)ther, an(_i the two TTP units ingSn of the TTP units themselves. Although many rearrangement
lose their separate identity. That is, the presence of another .

i . . processes can occur at lower temperatures, the dominant fea-
TTP unit provides an extra channel for ions to move. In

X . o ; : . ture of the specific hedbr caloric curve for both Sngy and
Snyg, the main peak in the specific heat is associated with th ) . .
brr:el?iking of CO\eaIent bondspwithin the TTP unit. In future > 20'S associated with the break up of the TTP structure. In

work, it will be interesting to investigate the transition from the cluster containing one TTP unit, 3n the TTP unit

reaks up at higher temperature, since the only processes that
zo%rzl?tjugsrtztrjr;ciizztate to a nonprolate ground state as a fungestroy the TTP unit are the ones that break the bonds. As the

Finally, we should mention that there will be some uncer-sﬁéecglf;ezze;’ tfr?(; §,’v<§’f‘r$'§ ﬁgr::t?s Olgt:é?:]ngt:)w:;r ggtltcszius-
tainty in the melting temperature due to the approximation P 9 b

in our DFT treatment, notably our choices of functioftare ae:n'lsj :ﬁisv:?/tzr;elaegﬁjgzﬂgﬂ ?ﬁé\'ﬁzgﬁhf m(;fatr;cé %%C;rjn?tt
in the LDA) and pseudopotential. To have some idea of thefor Sn, P g
0.

level of possible error, we give in Table | the excitation en- . .
In a general way, in a prolate cluster there will be a com-

ergiesAE (relative to the ground statef two isomers from petition between the covalent bonding, which tends to favor

Fig. 1 that are involved in the collapse of the prolate form. . .
These excitation energies are given by two further DFT mod—StaCkS of TTP units, and the surface energy, which tends to

els: the GGA and the LDA, each computed using thep favor more spherical structures. Our calculations reveal that

codée” with ultrasoft pseudopotentials. We note that the LDATOr S the surface energy does not become the dominant

gives AE about 5% larger than the GGA. Comparing thefactor until temperatures of _abo_ut 1200 K. It is reasonable to
expect that as the cluster size increases, the temperature for

the collapse of the prolate structure will reduce further, until
eventually the ground state structure itself is no longer pro-
late, as observed experimentally.

TABLE 1. Excitation energies(eV per atom relative to the
ground state for two of the isomers in Fig.l1js that in Fig. 1b)
on the left andP is that in Fig. 1c). Calculations are performed
with the vasp code(Ref. 32 using ultrasoft pseudopotentials in the

LDA and GGA.
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