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Melting of small Sn clusters byab initio molecular dynamics simulations
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Ab initio Langevin molecular dynamics simulations were performed to study the structural transformation of
tin clusters Snx (x56, 7, 10, and 13! at high temperatures. The melting temperatures of these clusters were
estimated to be 1300 K, 2100 K, 2000 K, and 1900 K, respectively, which are all above the melting tempera-
ture ~505 K! of bulk tin. These results are consistent with recent ion mobility measurements.
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I. INTRODUCTION

Since early 20th century, it has been realized that hig
ratio of number of surface to bulk atoms causes si
dependent melting temperature depression of nanoclust1

This ratio increases as the size of the cluster reduces.
cording to the simple model proposed by Hanszen, mel
temperature of a cluster can be defined as the temperatu
equilibrium between a thin liquid layer at the surface of t
cluster and the solid sphere core that is embedded in
liquid overlayer.2 Experimental studies of surface melting o
metal clusters3,4 further validate the assumption that surfa
atoms contribute to the depression of melting. Nanocal
metric measurements by Laiet al.4 showed that for coppe
substrate supported and carbon coated tin clusters with
radii from 50 to 500 Å, the melting temperature is lower th
bulk melting temperature and decreases as size of clu
reduces. Bachelset al.5 also observed that melting temper
ture for tin nanoparticles with radius of 14 Å~around 430
atoms! is lower than the values obtained by Laiet al.4 Two
x-ray-diffraction studies of tin nanoclusters6,7 showed that
even supported tin nanoclusters with radii around 25 Å s
exhibit melting temperature depression. All the previo
studies as discussed above1,2,4–7 suggest that melting tem
perature of a cluster is lower than the corresponding b
melting temperature and decreases as the size of the cl
reduces.

In the extreme case that the size of a cluster is less
the critical radius, all atoms in a small cluster can be cons
ered as surface atoms and there is no bulk atom undern
surface layer. At this regime, surface premelting can be
garded as a melting of whole cluster. One might expect
the same melting temperature depression still exists for
clusters with radius less than 14 Å. However, recent ion m
bility measurements by Shvartsburg and Jarrold8 showed that
tin clusters exhibit prolate geometries and the melting te
perature of a tin cluster ion with number of atoms betwe
10 and 30 is at least 50 K higher than the bulk melti
temperature. In the experiment, tin clusters were gener
by pulsed laser vaporization of a white tin rod, then coo
down to 78 K. Tin clusters were injected into a temperatu
controlled helium tube. Assuming that a tin cluster shall fo
0163-1829/2004/69~16!/165408~12!/$22.50 69 1654
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a perfect liquid droplet once it melts, the melting of the clu
ter can be monitored by relative ion mobilities defined as
measured mobility divided by the calculated mobility for
hypothetical spherical cluster with the same number of
oms. Therefore, the lower the relative mobility is, the more
deviates from the spherical structure. As the helium tu
temperature is raised, they found that the measured ion
bilities did not change up to 555 K for the clusters of 10
30 atoms. This provides the evidence that tin clusters
keep the prolate structure and have not changed their sh
dramatically at 555 K.

Lu et al.9 have performed Car-Parrinelloab initio molecu-
lar dynamics simulations to study the structures of Si, G
and Sn clusters with up to 13 atoms. Simulated annea
was performed in order to find the lowest-energy structur
In cooling from high temperatures, mean-square displa
ment~MSD! as a function of simulation time was plotted
order to identify the structural transformations. It was sho
that a transition from high-temperature phase to ground-s
structure occurred when no further dramatic change in M
was observed. Using this criterion, the transition tempe
tures for the tin clusters containing up to 13 atoms are
above 900 K. Since the simulations were performed by co
ing from high-temperature gas and liquid phases, the res
of Lu et al. suggest that melting temperatures of the tin clu
ters may be above 900 K.

Very recently, Joshiet al.10,11 performedab initio isoki-
netic molecular dynamics simulations to study thermal pr
erties of Sn10 and Sn20 clusters. For the case of Sn10, they
concluded that there are two transitions at 500 and 1500 K
the temperature is increased.10 They noted from the simula
tions that at 1600 K there were three isomers wherea
2000 K the number of isomers is as many as 7. By analyz
the atomic trajectories, they found that Sn10 cluster retains
lowest-energy structure atT,500 K, undergoes a permuta
tional rearrangement of atoms that preserves the trigo
prism core of the ground state at 500 K<T<1500, and fi-
nally starts to exhibit core distortions and breaks up core
T.1500 K which is suggested to be a detectable chang
ion mobility experiment. In addition to atomic trajectorie
they plotted both the specific heat and root mean squar
bond length fluctuation~RMSD! vs temperature. They
©2004 The American Physical Society08-1
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showed that there is a turning point at 500 K and a pea
around 2300 K in the specific heat. Neither peak nor sho
der at 1500 K is observed in the specific heat. Moreover
spite of fluctuation in the plot of RMSD vs temperatur
there is a trend of slow increment when the temperatur
above 1000 K.

For the case of Sn20 clusters, they chose the combine
structure of two tricapped trigonal prism~TTP! Sn10 as the
initial structure.11 Similar to Sn10, they observed three
modes of ionic motion:~i! change in relative orientation o
two Sn10 units, ~ii ! an internal rearrangement of ions with
TTP unit, observed above 500 K, and~iii ! the distortion of at
least one TTP unit accompanied by the interchange of at
between the two TTP units, observed after 800 K. In the p
of the specific heat vs temperature, they showed that th
are two peaks at 500 and 1200 K and a small shoulder at
K corresponding to transition temperature from mode~ii ! to
mode~iii !. In the plot of RMSD vs temperature, two shoc
increments are at 650 and 1250 K.

Despite the studies as discussed above, our understan
of the melting of tin clusters is still far from complete. Man
interesting questions remain open, such as the dependen
the melting temperature on the size of clusters, atomi
processes of structure isomerization, diffusion as well
melting, and the conceptual connection of cluster melting
melting processes in bulk. Hence, more systematic and q
titative studies on the subject are highly desirable. In t
paper, we present an extensiveab initio molecular dynamics
~MD! simulation study of melting and structural transform
tion of tin clusters. We develop several criteria for monito
ing the structural changes in the clusters during the sim
tions in order to estimate the melting temperatures of
clusters. Sn6 ~tetragonal bipyramid or octahedron!, Sn7 ~pen-
tagonal bipyramid!, Sn10 ~tricapped trigonal prism!, and Sn13
~from Lu’s study! ~Ref. 9! were chosen for this study. Thes
four clusters represent three different classes of clu
shapes: Sn6 and Sn7 are oblate, Sn10 is spherical, and Sn13 is
prolate. We used Langevin dynamics to simulate tin clus
in a helium tube at different temperatures. Melting tempe
tures for Sn6 , Sn7 , Sn10, and Sn13 were estimated to be
about 1300 K, 2100 K, 2000 K, and 1900 K, respective
These temperatures are all above the melting tempera
~505 K! of bulk tin. Simulation results are consistent wi
recent ion mobility measurements.

This paper is organized as follows. In Sec. II the simu
tion and analysis methods are described. In Sec. III, sim
tion results are presented. A discussion of our findings
given in Sec. IV, and the conclusions are drawn in Sec.

II. SIMULATION METHODS

Our calculation is based on first-principles densi
functional theory within the local-density approximation12

The Kohn-Sham equations are solved in real space by
higher-order finite-difference method.13 Electronic configu-
ration of 5s25p05d2 and cutoff radii of 2.5 a.u. fors, p, and
d are used to generate Troullier-Martins nonloc
pseudopotentials14 in Kleinman-Bylander form15 using s as
local component. The exchange-correlation term was
16540
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proximated by Ceperley-Alder functional with Perdew
Zunger parametrization16. We used a grid size of 0.5 a.u. an
zero boundary conditions requiring the wave functions
vanish 12 a.u. away from outermost atoms of a given clus
Furthermore, Langevin dynamics is successfully coupled
this higher-order finite-difference method.17,18 This integra-
tion is very efficient for studying localized systems and h
been successfully applied to determination of the lowe
energy structures for clusters.17–21

Here, we performed isothermal Langevin dynamics17,18 to
simulate the dynamics of the cluster as in ion mobil
experiment.8 In this approach, the atomic positionsRW a
evolve according to Langevin equation

MaRẄ a5FW a2gMaRẆ a1WW a , ~1!

whereFW a is the interatomic force acting onath atom,Ma is
its nuclear mass,g is the friction coefficient which deter
mines the dissipation rate, andWW a are the stochastic force
defined as random Gaussian variables with a white no
spectrum,

^Wa
j~ t !&50,

^Wa
j~ t !Wb

j~ t !&52gMakbTgdabd~ t2t8!,

j5$x,y,z%, ~2!

whereTg is a given temperature and the angular brackets
Eq. ~2! denote ensemble or time average. When tin clus
drift in a helium gas tube, helium atoms collide with t
atoms. Tin cluster reaches an equilibrium with the heat b
~helium gas! through these collisions which produce rando
forces as well as viscous forces on the drifted tin cluste
Since all atoms in a small cluster are surface atoms, we
sume all atoms are collided by helium atoms. Here, frict
coefficientg is taken to be 531024 a.u. and MD time step is
200 a.u.~4.8 fs, 1 a.u.50.024 fs!. The convergence of poten
tial energy at each MD step is 1023 eV.

Since our purpose is to determine transition temperatu
temperature control for small clusters is one of the key iss
in the simulations. For a given simulation temperatureTg ,
the actual temperatureT of the cluster is calculated using tw
different relations. For a tin cluster withn atoms,

3
2 ~n22!kBT5^Ekin2Erot& ~3!

and

3
2 ~n21!kBT5^Ekin& ~4!

are two relations we used to calculate the temperature
systems. Additional three degrees of freedom due to the
tation are reduced from the relation in Eq.~3! as compared to
Eq. ~4!. The kinetic energyEkin and the rotation energyErot
are given as follows:

Ekin5(
i 51

n
1

2
mi uvW i2vW cu2, ~5!
8-2
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MELTING OF SMALL Sn CLUSTERS BY . . . PHYSICAL REVIEW B69, 165408 ~2004!
wherevW i is the velocity ofi th atom andvW c the velocity of
center of mass:

Erot5
1
2 Iv2, ~6!

whereI is the principal moment of inertia andv is the an-
gular velocity. The average kinetiĉEkin& and the average
rotation energŷ Erot& are calculated by averaging over a
simulation steps at each temperature excluding first 250
steps. We verified that the calculated system temperat
using both equations are close to each other within 1% anT
is within average 662% of given temperatureTg .

The force acting on atoms is computed by using
Hellman-Feynman theorem.22 The distribution of electronic
states is modeled by Fermi-Dirac statistics with the Fe
temperature set to 300 K. Since energy gaps betw
HOMO-LUMO ~highest occupied molecular orbital–lowe
unoccupied molecular orbital! are greater than 0.8 eV~at T
50 K) for all tin clusters studied in this work, very few
electrons can be excited above the gap before the meltin
the clusters. We further checked the effects of the Fe
temperature on our simulation results at temperature r
below transition temperature to ensure that the choice
Fermi temperature in our simulation will not affect our co
clusions.

We calculated three different structural properties of
clusters as a function of temperature in order to determin
what temperature tin cluster will change its shape. The fi
one is root-mean-square deviation of pair distances with
spect to ground-state structure as a function of timet :

d~ t !5
2

n~n21! (
i , j

@^r i j
2 & t2r i j

2 ~0!#1/2, ~7!

wheren is the number of atom in the cluster,r i j (0) is the
pair distance ofi th and j th atoms at ground-state structur
andr i j (t) is the pair distance ofi th and j th atoms at timet.
It is clear from Eq.~7! that the higher the value ofd is, the
more the cluster deviates from its ground-state structure.
main difference between our definition and that used in p
vious study in Ref. 10 is that we used the bond lengthr i j (0)
of the ground-state structure~initial structure! rather than the
average bond lengtĥr i j & t of whole simulation. The RMSD
values calculated from our definition of Eq.~7! tell us how
the structure of the cluster deviates from its ground-s
structure whereas the RMSD in Ref. 10 gives informat
about how the structure deviates from its average struc
from the simulation. We believe that using ground-st
structure as the reference should show more clearly to
structural changes in the clusters than using average b
length as the reference used in Ref. 10.

We use RMSD of pair distances instead of commo
used MSD over atomic positions in order to eliminate t
rotational effect caused by Langevin dynamics on the c
ters with small number of atoms. Another reason to cho
the RMSD is that it could directly relate to Lindeman
criterion,23 which states that a bulk crystal structure will me
when the root-mean-square deviation of bond length of
atoms is more than 10% of the equilibrium bond distance
the crystal. Although clusters are different from the bu
16540
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crystalline structure, we will use this criterion as a referen
for our present study of cluster melting. Note that our de
nition of RMSD is referring to all atomic pair distances
the cluster, and the average pair distances of the ground-
structuresr i j (0) are 3.26, 3.44, 3.87, and 4.36 Å, for Sn6 ,
Sn7 , Sn10, and Sn13, respectively. Therefore, we will us
0.326, 0.344, 0.387, and 0.436 Å as the critical RMSD v
ues for Sn6 , Sn7 , Sn10, and Sn13, respectively, in our dis-
cussion of the following section. We calculatedd every 100
MD steps~0.48 ps! at different temperatures and plottedd vs
MD steps at different temperatures to see how thed changes.
We also plottedd vs temperature to determine the transiti
temperatures.

The second quantity we used to monitor the struct
changes in a cluster is based on classical mechanics.
shape of a rigid body is related to the principal moments
inertia of the system. Therefore, distribution of principal m
ments of inertia at different temperatures can be used to id
tify the shape changes of the clusters.

Another quantity to measure the structure of the clust
at different temperatures is the radial distribution functi
j (r ). j (r ) is defined such thatj (r )dr gives the average num
ber of atoms whose distance from a given atom in the clu
is betweenr and r 1dr.

We also examined the atomic trajectories~movies! to
identify the movements of the atoms and isomer chan
during the simulation. We keep track of not only structu
but also the index of atoms. Such inspections together w
quantitative analyses as discussed above give us a more
picture about the dynamics of the clusters.

Finally, we also calculated the total energies of the cl
ters as a function of temperature in order to probe the st
tural transition in the clusters. For each given temperat
Tg , the average temperatureT, the average potential energ
^Epot(T)&, and its standard errors are calculated. The to
energy of system is given aŝEtotal(T)&5^Ekin(T)&
1^Epot(T)& at temperatureT. In addition, the deviation en
ergy dE is defined as the total energy^Etotal(T)& minus its
classical limitE013nkBT, whereE0 is the ground-state en
ergy.dE gives the information about how much the potent
energy differs from that of the ideal simple harmonic osc
lator, and can be used as an indicator for anharmonic eff
or structural transformation. We smoothed the plot ofdE vs
temperatureT using five-point moving average method. Th
error bars in the plots are the standard errors of every
data points

III. RESULTS

A. Sn6

For Sn6, the simulations were performed for at least 60
MD steps at temperatures between 1200 and 2300 K,
5600 MD steps at 600 K, and for 3300 MD steps at 900
The root-mean-square deviation of pair distancesd as a func-
tion of simulation time at different temperatures was calc
lated and plotted in Fig. 1~a!. The behavior ofd can be
divided into three regimes. Below 1200 K, the plot ofd
becomes flat below the level 0.3 Å after around 1000 M
8-3
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CHUANG, WANG, ÖĞÜT, CHELIKOWSKY, AND HO PHYSICAL REVIEW B 69, 165408 ~2004!
steps. At 1300–2100 K, the curve starts out as flat, t
exhibits a sudden rise at some critical MD step. At 1300 Kd
is observed to be flat initially, and then starts to rise abo
the critical value of 0.326 Å~see the discussion in Sec. I!
after 5200 MD steps~25 ps!, which indicates a structura
transition. The plots in Fig. 1~a! show that the higher the
temperature of the cluster, the shorter the first flat reg
tends to be. From 2200 to 2300 K, the plot increases d
matically for a short-time duration, then eventually becom
flat because of the finite size of the cluster.

In Fig. 1~b!, we plot RMSDd as a function of tempera
ture at the moments of 1000, 2300, 3900, and 6000 M
steps, respectively. These data were obtained by intercep
the d vs MD steps curves in Fig. 1~a! by three vertical lines
at 1000, 2300, 3900, and 6000 MD steps, respectively.
cause the clusters do not transform to other isomers be
1200 K, we also calculated RMSD for temperatures fro
400 to 1200 K with interval of 100 K by performing simu
lations over 1000 steps~4.8 ps!. We found that 1000 steps ar
adequate for estimating RMSD at these temperatures as
can see from Fig. 1~a! where RMSD becomes almost a co
stant after about 500 steps at temperatures 600, 900,
1200 K. From the plots of Figs. 1~a! and 1~b!, transition
temperature of the system can be estimated using the su

FIG. 1. ~a! The RMSDd of Sn6 vs MD steps at different tem
peratures.~b! The RMSDd of Sn6 vs temperature at different MD
steps as indicated.
16540
n

e

n
a-
s

D
ng

e-
w

ne

nd

en

increase ofd as an indicator for structural transformation
occur. Transition temperature that we determined from
simulation data at 2300~11 ps!, 3900~18 ps!, and 6000~28.8
ps! MD steps are 1500, 1400, and 1300 K, respectively. T
trend suggests that the transition temperature of the clu
would be lower than 1300 K if the simulations can be p
formed for longer time. We will discuss this point later
this paper.

Distribution of principal moments of inertia at differen
temperatures is plotted in Fig. 2. We observed that there w
two peaks at lower temperatures and the peaks bec
broader as temperature increased. The peaks begin to m
at the temperature of 1200 K. Finally, the distribution is
most uniform at a very high temperature of 2300 K. A
though it is difficult to determine transition temperature a
curately by observing the change in distribution of princip
moments, the evolution of the principal moments of iner
with temperature indicates that there is a structural transi
around 1300 K which is consistent with the prediction fro
the analyses of the RMSDd as discussed above. This is als
true in the cases of Sn7 , Sn10, and Sn13.

The radial distribution functionsj (r ) at different tempera-
tures were also studied. We observed sharp peaks at
temperature and these peaks become broader as tempe
increases.j (r ) is not sensitive to the structural changes
high temperatures probably because the system size is
small. Therefore, not much information about structural tra
sitions can be obtained from the radial distribution functi
in case of Sn6. Similar features are also observed for Sn7 ,
Sn10, and Sn13.

Examining the atomic trajectories of the cluster at diffe
ent temperatures, we found that the cluster retained
lowest-energy structure below 1200 K but the amplitudes
oscillations became larger as temperature increased. At 1
K, we observed that the cluster still retained its shape at
5300 MD steps~25 ps! but started to change its shape afte
ward. A new isomer of Sn6 found at 5476 MD steps at 130

FIG. 2. Distribution of principal moments of inertia of Sn6 at
different temperatures.
8-4
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MELTING OF SMALL Sn CLUSTERS BY . . . PHYSICAL REVIEW B69, 165408 ~2004!
K is shown in Fig. 3~b!. By carefully comparing this struc
ture at 1300 K to the ground-state structure as shown in
3~a!, we could observe the movements of the atoms in
cluster. Specifically, we found that atom 1 moved to the
sition of atom 3 and pushed atom 3 toward atom 2. At
same time, the bond between atom 1 and atom 5 broke w
atom 2 moved more closer to atom 5. The atomic diffusib
ity in a cluster causes dramatic change in the root-me
square deviation of pair distancesd. This is consistent with
the observation in Fig. 1~a! that a sudden increase ind at
1300 K is around 5400 MD steps.

The total energy as a function of temperature is plotted
Fig. 4~a!. We observed that the curve of total energy could
divided into three regions. The low-temperature region~be-
low 1200 K!, transition region (1200,T<2000 K), and liq-
uidlike region (T.2000 K). Two solid lines in Fig. 4~a! are
obtained by fitting data at low-temperature region and liqu
like region, respectively. By extending the fitted line at lo
temperatures to higher temperatures as shown by the d
line, we found that all energy data at the temperature hig
than 1300 K are above the extended line. The deviation
total energy of the system from that of the harmonic lim
~i.e., 3nkBT) as a function of temperature is plotted in Fi
4~b!. The plot shows that there is an increase in energy
viation starting around 1200–1300 K, and reaching a ma
mum around 2100 K. The results in Figs. 4~a! and 4~b! are
consistent with our structural analysis that at 1300 K
structure of Sn6 starts to change and becomes liquidlike
2100 K.

B. Sn7

For Sn7, the simulations were performed for at least 56
MD steps at temperatures between 2000 K and 2500 K,
around 1500 MD steps at temperatures from 1600 to 190
and for at least 2300 steps at 500, 600, 1000, and 150
The RMSDd vs MD steps at different temperatures are pl
ted in Fig. 5~a!. The curves of 2100 and 2200 K were flat
the beginning, and then they started increasing slowly
around 3000 steps, and became flat again in later steps.
values ofd in the first flat region of 2100 and 2200 K ar
very close to critical value of 0.344 Å. Once the curves s
to bend upward, values ofd are greater than 0.344 Å. W
notice that at 2100 K,d started rising earlier than at 2200 K

FIG. 3. Sn6: ~a! Ground-state structure,~b! structure of a new
isomer at 1300 K. The numbers in parentheses are relative pote
energies with respect to that of the lowest-energy isomer.
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which is probably due to statistical fluctuations. RMSDd vs
temperature at 1000~4.8 ps!, 3000~14.4 ps!, and 5600~26.9
ps! MD steps are plotted in Fig. 5~b!. From the plots of Fig.
5, a transition temperature is estimated to be about 210
for Sn7.

Distributions of principal moments of inertia at differen
temperatures are plotted in Fig. 6. We observed that pe
disappeared at 2100 K which indicated that the ground-s
structure was no longer retained. In this case, the pictur
structural transformation emerging from distribution of t
principal moments of inertia is consistent with the plot ofd
vs MD steps in Fig. 5~a! and the plot ofd vs temperature in
Fig. 5~b!.

By examining the atomic trajectories below 2000 K, w
found that the cluster retained its lowest-energy structu
However, the structure starts to change at 2100 K. Fig
7~b! shows a new isomer was found at 3152, 4000, and
MD steps at 2100, 2200, and 2300 K, respectively. Structu
transformation can be seen by comparing this structure w
the ground-state structure@Fig. 7~a!#. Specifically, atom 4

tial

FIG. 4. ~a! Total energy of Sn6 as a function of temperature. Th
solid lines are obtained by fitting to the data at low-temperat
region ~below 1200 K! and liquidlike region~above 2000 K!. The
dotted line is the extension of the low-temperature fitted line
higher temperature.~b! Deviation of total energy of Sn6 from that of
the harmonic limit~i.e., 3nkBT) as a function of temperatureT. The
error bar is the standard error at each temperatureT.
8-5
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moved up to the position of atom 3 and caused a serie
diffusions. This diffusive activity is consistent with the plo
of d ~Fig. 5! and distribution of principal moments of inerti
~Fig. 6!.

Finally, the total energy as a function of temperature
plotted in Fig. 8~a!. The solid line in Fig. 8~a! is obtained by
fitting data at low-temperature region~below 2000 K!. We
also extended the fitting line at low temperatures to hig
temperatures as shown by the dotted line. All data po
above 2000 K are found to be located above the exten
line. The plot energy deviation vs temperature as shown
Fig. 8~b! showed that there is a shape increase indE around
2000 K which agrees well with the result of RMSDd plot in
Fig. 5. In contrast todE plot for Sn6, no flat region was
found in dE for Sn7 at the high-temperature region. This
because the liquid state is not well developed for Sn7 even at
temperatures as high as 2400 K. The transition we obse
at about 2100 K is the isomerization transition. Therefo
the melting temperature of Sn7 would be above 2100 K
Since we are interested in low bound of melting temperatu
the simulations for Sn7 are sufficient.

C. Sn10

For Sn10, the simulations were performed for at lea
4700 MD steps at temperatures between 800–1600 and

FIG. 5. ~a! The RMSDd of Sn7 vs MD steps at different tem
peratures.~b! The RMSDd of Sn7 vs temperature at different MD
steps as indicated.
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K, for 4000 MD steps at 400 and 500 K, and for 2000 M
steps at 100 and 200 K. The root-mean-square deviatio
pair distancesd vs MD steps at different temperatures a
plotted in Fig. 9~a!. We observed that the first structur
change occurs at 500 K. Below 500 K the curves are flat.
500 K, the curve had a short flat part before increasing
became flat again. At 900 K after 3300 MD steps~15.8 ps!,
we noticed that the curve started to bend upward and pa
the critical value of 0.387 Å. This suggests there may b
transition at 900 K. Between 900 and 1400 K, the trends
the plots are similar but with some fluctuations. Above 14
K the curves increased continuously. The root-mean-squ
deviation of pair distancesd vs temperature at 2300~11 ps!,
3000 ~14.4 ps!, and 4700~22.5 ps! MD steps is plotted in
Fig. 9~b!. We observe two abrupt changes at 500 and 1400
A notable peak ofd at 1200 K in the plot of 4700 MD step
and steady increasing region after 1400 K is observed.
plots of d vs MD steps and temperature suggested that lo

FIG. 6. Distribution of principal moments of inertia of Sn7 at
different temperatures.

FIG. 7. Sn7: ~a! Ground-state structure,~b! a common isomer
found at different temperatures. The numbers in parentheses
relative potential energies with respect to that of the lowest-ene
isomer.
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MELTING OF SMALL Sn CLUSTERS BY . . . PHYSICAL REVIEW B69, 165408 ~2004!
distortion happens at 500 K, diffusions start to occur at 9
K, and the cluster becomes liquidlike after 1400 K. The flu
tuation of RMSD between 500 and 1400 K is also obser
in Joshi’s study.10

Distribution of principal moments of inertia at differen
temperatures is plotted in Fig. 10. The lowest-energy str
ture of Sn10 is close to a compact spherical structure
shown in Fig. 11~a!. Hence, two peaks in distribution of prin
cipal moments of inertia at low temperature are close to e
other. As temperature increases above 400 K, the distribu
becomes a single peak which looks like a normal distribut
with different variances at different temperatures. It is int
esting to note that at 2300 K the distribution is very broa
This indicates that at such high temperature the cluster te
to break up and the fluctuation in the shape of the cluste
very large. Because of the nearly compact spherical struc
of Sn10, the structural transitions are not clearly seen in d
tribution of principal moments of inertia.

The atomic trajectories collected during the simulatio
show that below 500 K Sn10 cluster retained its lowest
energy structure and atoms moved and oscillated aro

FIG. 8. ~a! Total energy of Sn7 as a function of temperature. Th
solid lines are obtained by fitting to the data at low-temperat
region ~below 2000 K!. The dotted line is the extension of th
low-temperature fitted line to higher temperature.~b! Deviation of
total energy of Sn7 from that of the harmonic limit~i.e., 3nkBT) as
the function of temperatureT. The error bar is the standard error
each temperatureT.
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FIG. 9. ~a! The RMSDd of Sn10 vs MD steps at different tem-
peratures.~b! The RMSDd of Sn10 vs temperature at different MD
steps as indicated.

FIG. 10. Distribution of principal moments of inertia of Sn10 at
different temperatures.
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CHUANG, WANG, ÖĞÜT, CHELIKOWSKY, AND HO PHYSICAL REVIEW B 69, 165408 ~2004!
equilibrium positions. At 500 K cluster started to have ob
ous distortions. Such distortions seem to change the shap
the cluster if the cluster is viewed from the original directio
However, the structure of the cluster is in fact retained
viewed from a different angle. As shown in Fig. 11, the clu
ter at 500 K and 1200 steps as shown in Fig. 11~c! looks
different from its ground-state structure of Fig. 11~a!. How-
ever, a structure similar to that of ground-state structure
be seen from the same atomic coordinates but from a di
ent viewing angle as shown in Fig. 11~d!. This is because the
structure of Sn10 cluster is pretty symmetric and the fluctu
tions of the atomic positions make the cluster switch ba
and forth between different degenerate configurations. Th
fore, we may classify such changes as the first transition~but
not the melting transition!. Figure 11~e! shows a snapsho
taken at 900 K and at the MD step of 4364. We observed
the relative positions of atoms were changed and atoms w
able to diffuse in the cluster as shown in Fig. 11~e!. This
diffusion caused additional increment in the root-mea
square deviation of pair distancesd as we have already no
ticed at 900 K in Fig. 11~a!. Surprisingly, the ground-stat
structure is still kept if viewed from a different angle a
shown in Fig. 11~f!. At 1200 K, the atoms are observed
diffuse in a way similar to that at 900 K and the diffusio

FIG. 11. Sn10: ~a! is the ground-state sturcture;~b! is an isomer
at 1400 K;~c! and~d! are the same isomer at 500 K;~e! and~f! are
the same isomer at 900 K;~g! and~h! are the same isomer at 120
K. The numbers in parentheses are relative potential energies
respect to that of the lowest-energy isomer.
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does not result in any new structures as one can see
Figs. 11~g! and 11~h!. However, the diffusion process i
much faster at 1200 K as compared to that at 900 K. Fr
experience with Sn6, such diffusive behavior might also oc
cur at temperatures between 600 and 900 K. The isome
1400 K is shown in Fig. 11~b!. It seems that the shape is st
similar to ground-state structure. However, the relative po
tions of atoms have changed.

The total energy as a function of temperature is plotted
Fig. 12~a!. The solid line in Fig. 12~a! is obtained by fitting
data at low-temperature region~below 1600 K!. We extended
the fitting line at low temperatures to higher temperatures
shown by the dotted line. The plot of energy deviation
temperature in Fig. 12~b! shows that there is a small increa
at 1400 K and a shape increase starts at 2000 K. Betw
900 and 2000 K, atoms undergo small diffusive motions. T
temperature of 2000 K can be identified as melting tempe
ture from our present simulation. No flat region indE at the
high-temperature region is observed due to the similar rea
as we discussed for Sn7.

ith
FIG. 12. ~a! The solid line is obtained by fitting data at low

temperature region. The dotted line is the extended fitting line
low temperature to higher temperature.~b! Deviation of total energy
of Sn10 from that of the harmonic limit~i.e., 3nkBT) as a function
of temperature, after smoothing, where error bar is the stand
error at each temperatureT.
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MELTING OF SMALL Sn CLUSTERS BY . . . PHYSICAL REVIEW B69, 165408 ~2004!
D. Sn13

For Sn13, the simulations were performed for 4000–50
MD steps at temperatures between 800 K and 1700 K and
around 1000 MD steps at the rest of the temperatures.
root-mean-square deviation of pair distancesd vs MD steps
at different temperatures andd vs temperature at differen
MD steps is plotted in Fig. 13. We noticed that the plot ofd
at 700 K was flat. At 800 K,d starts to increase at aroun
1000 MD steps~4.8 ps!. As the simulation continued, RMSD
d continued to increase gradually. We observed that
around 3500 MD steps~16.8 ps! the value RMSDd crossed
over the value of 0.36 Å, but was still smaller than the cr
cal value of 0.436 Å. This variation ofd as a function of time
suggests that cluster isomerization starts to take place a
temperature of 800 K. This diffusive dynamics takes pla
faster when temperature is increased, e.g., from 900 to 1
K. At 1300–1600 K, the root-mean-square deviation of p
distancesd starts as flat then increases sharply, indicat
that the cluster is in a liquidlike state. From 1700 K to 24
K, the plot of d increases dramatically in a short period
time indicating that the system is liquidlike after 1700
The increase associated with structural change at 800
1300 K can be seen from Fig. 13~b!.

FIG. 13. ~a! The RMSD d of Sn13 vs MD steps at different
temperatures.~b! The RMSDd of Sn13 vs temperature at differen
MD steps as indicated.
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Distribution of principal moments of inertia is plotted i
Fig. 14. We observed that two peaks are separated far f
each other at low temperatures due to the prolate shape o
cluster. At 800 K the peaks become closer as well as broa
This indicates that prolate structure of Sn13 becomes a less
prolate one above 800 K. The two peaks become broader
merge together at higher temperature of 1400 and 2300
The behavior of the distribution of the principal moment
consistent with that of the RMSDd.

The atomic trajectories from the MD simulators show th
below 700 K atoms move around equilibrium positions a
retain its lowest-energy structure. At 800 K, from 1000
3700 MD steps, atom 2 that was on top of cluster mov
down and pushed atom 10. Atom 10 moved forward a
backward between middle level as shown in Figs. 15~a! and
15~c!. This corresponds to the shift of distribution of princ
pal moments of inertia at 800 K shown in Fig. 14. At 402
MD steps, the cluster distorts and starts to change its sh
by bending the upper half of the cluster as shown in F
15~d!. Hence, we can say that atoms in the upper half star
change their relative positions at 800 K. At 900 K, from 10
to 2300 MD steps, structure of cluster exhibits similar d
namics at 800 K as shown in Fig. 15~e!. After 2300 steps~11
ps!, another type of isomerization was observed. Snaps
taken at 3933 steps~18.7 ps! at 900 K is shown in Fig. 15~f!.
We observed that the cluster changed its shape as follo
Atom 5 in middle layer went to lower layer and atoms 1
and 12 moved toward atom 4. Atom 4 moved from the low
layer up to the middle layer. Shape at 4355 MD steps at 1
K is shown in Fig. 15~b!. One atom in the center of th
structure and the relative positions of atoms changed.
notice that the relative potential energy of this isomer
lower than those of isomers at 800 and 900 K.

The total energy as a function of temperature is plotted
Fig. 16~a!. The solid lines in Fig. 16~a! are obtained by fitting
data at low-temperature region~below 1600 K! and liquid-
like region ~above 1900 K!. We extended the fitted line a

FIG. 14. Distribution of principal moments of inertia of Sn13 at
different temperatures.
8-9
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CHUANG, WANG, ÖĞÜT, CHELIKOWSKY, AND HO PHYSICAL REVIEW B 69, 165408 ~2004!
low temperatures to higher temperatures as shown by
dotted line. The energy deviation vs temperature plotted
Fig. 16~b! shows that the big peak starts at about 1600 K a
peaks around 2100 K. These results together with the st
tural information discussed above suggest that the mel
transition is at 1800–1900 K.

IV. DISCUSSION

Our simulations show that two types of dynamics m
cause the early dramatic changes in the root-mean-sq
deviation of pair distancesd before it reaches a finite valu
when the cluster is in a liquidlike region. One is isomeriz
tion of the cluster where distortions cause the cluster to tra
form to a metastable structure before melting. Such isom
ization processes contribute only very subtle change to
mobility. The other is due to the melting transition whe
substantial atomic diffusion in the cluster is observed. S
diffusion will cause notable change in ion mobility. Th
change in the RMSDd is therefore a good indicator of struc
tural transition in a cluster which also can be probed by
mobility measurement. Here, we define the melting tempe
ture of a cluster as the temperature at which substan
atomic diffusions take place in the cluster. The temperat
defined in this way should be the lower bound to the melt
temperature. In the cases of Sn6 and Sn7, we found melting
temperatures are 1300 and 2100 K, respectively. In the
of Sn10 and Sn13, although we found structural distortion
occurred at 500 and 800 K, and the first diffusion of ato

FIG. 15. Sn13: ~a! Ground-state structure;~b! an isomer at 1700
K; ~c! and ~d! are isomers at 800 K;~e! and ~f! are isomers at 900
K. The numbers in parentheses are relative potential energies
respect to that of the lowest-energy isomer.
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occurred at 900 and 800 K, respectively, the most signific
transitions~melting! to the liquidlike state do not occur unt
2000 and 1900 K. These results indicate that the melt
temperatures of all these clusters are much higher than th
bulk melting temperature of 505 K. There is no obvious s
correlation to melting temperatures from our present res
on the four clusters. The structure and dynamics of tin cl
ters (Sn4-Sn13) upon cooling from high-temperature ga
phase have been studied by Luet al. using Car-Parrinello
molecular dynamics simulations.9 The results from their
simulations also suggest higher melting temperatures for
small Sn clusters.

The molecular dynamics simulations enable us to obse
the atomic dynamics of small tin clusters during the heat
process. Each atom in the cluster starts with a small lo
vibration and distortion~stage I!. As temperature rises, th
amplitudes of the thermal motion increase~stage II!. These
increasing local distortions may sometimes cause pa
isomerization of the clusters if the energy barrier betwe
different local minimum structures is not very high. Bo
stages I and II are regarded as the solid state. In the cas

ith

FIG. 16. ~a! Total energy of Sn7 as a function of temperature
The solid lines are obtained by fitting to the data at low-tempera
region ~below 1600 K!. The dotted line is the extension of th
low-temperature fitted line to higher temperature.~b! Deviation of
total energy of Sn13 from that of the harmonic limit~i.e., 3nkBT) as
a function of temperatureT. The error bar is the standard error
each temperatureT.
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MELTING OF SMALL Sn CLUSTERS BY . . . PHYSICAL REVIEW B69, 165408 ~2004!
Sn6 and Sn7, because the energy barriers between the gro
state and other metastable states are very high, we did
observe isomerization of these clusters until very high te
peratures~1300 and 2100 K, respectively! where the diffu-
sion dynamics dominated. In the case of Sn10, the local fluc-
tuation at 500 K switches the cluster back and forth amo
several energetically degenerate~global minimum! isomers
as shown in Fig. 11. In the case of Sn13, local distortions at
800 K enable the cluster to switch between different me
stable structures that look similar to ground-state struct
As temperature continues to rise, big distortions cause s
atoms to be pushed to nearby positions which induces a
ries of correlated diffusions~stage III!. Consecutive jumps o
atoms in the clusters are often observed when such diffu
takes place. The correlated diffusion induced rapid isom
ization of the clusters eventually leads to fully melting of t
clusters ~liquid state!. The dynamics of the clusters upo
heating is similar to that observed in the MD simulation
Joshi et al. where Sn10 has been studied.10 Moreover, the
temperature for stage III to occur was estimated by Jo
et al. to be 1600 K which agrees with the results from o
studies.

Ion mobility measurement has been used as an exp
mental probe to investigate the melting of Sn clusters. I
assumed that the clusters will change their shape~toward a
spherical shape! upon melting, and the changes can be d
tected by the measurement of their ion mobility. Our sim
lation results show that changes to the shape of the clus
may be very small if the ground-state structure of the clus
is already in a spherical shape. For example, from a ma
scopic viewpoint, Sn10 would not significantly change its
shape until 2000 K, although the diffusive dynamics of t
cluster has already been noticed at 900 K. On the other h
we believe that Sn13 would start to change its ion mobility
significantly above 1300 K and reach a maximum beyo
1900 K according to our simulation.

There is a possibility that the melting temperatures~or the
isomerization temperatures! of the clusters are overestimate
due to the finite simulation time. Using the simulation resu
for Sn6 at different temperatures, we can get a rough estim
tion of the error in the melting temperature due to the fin
simulation time from the following relation:

t5t0* e(Ea /kBT), ~8!

where t is the duration time of a given structure~i.e., the
average time between each diffusion event!, Ea is the acti-
vation energy, andt0 is a prefactor~constant!. Using the data
points from 1300 to 1800 K, we can determineEa
50.875 eV andt051.93 MD step by fitting to the above
relation as shown in Fig. 17. According to these paramet
9164 MD steps~44 ps! would be needed to observed on
diffusion event at 1200 K, and 19 786 MD steps~95 ps! is
needed at 1100 K. Interpolating to lower temperature
shown in the inset of Fig. 17 indicates that the probability
the cluster isomerization is very small when the tempera
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is lower than 800 K. This supports our conclusion that t
melting temperature of Sn6 cluster is much higher than tha
of the bulk crystal.

V. CONCLUSION

We have performedab initio Langevin dynamics simula
tions at different temperatures to study the isomerization
melting of small tin clusters. Through the analysis of t
root-mean-square deviation of pair distancesd, energies, and
the atomic trajectories from the MD simulations, we ha
determined transition temperatures for the isomerization
melting of the clusters.

In our study of heating up small tin clusters, we succe
fully divided the structural dynamics of the clusters in
three stages before the clusters fully melt. In stage I, ato
vibrate around equilibrium position. In stage II, cluster h
distortions but relative positions are preserved. In stage
some atoms start to diffuse and relative positions of ato
are changed. Once most of atoms diffuse inside clusters
clusters melt. It is difficult to determine transition betwe
stages I and II for clusters with very few atoms, Sn6 and Sn7,
because vibration and distortion are strongly coupled
these cases. For Sn10 and Sn13, the change from stage I to
stage II takes place around 500 and 800 K, respectively.
also found that the temperatures for transition from stag
to stage III are 1300, 2100, 1400, and 1300 K, respectiv
for Sn6 , Sn7 , Sn10, and Sn13. The melting temperatures fo
these clusters are 1300, 2100, 2000, and 1900 K, res
tively. These transition temperatures between the solid s
to the fully developed liquid state are all higher than melti
temperature of bulk tin.
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