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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 Sp(x=6, 7, 10, and 1Bat 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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[. INTRODUCTION a perfect liquid droplet once it melts, the melting of the clus-
ter can be monitored by relative ion mobilities defined as the

Since early 20th century, it has been realized that highemeasured mobility divided by the calculated mobility for a
ratio of number of surface to bulk atoms causes sizehypothetical spherical cluster with the same number of at-
dependent melting temperature depression of nanocldster&ms. Therefore, the lower the relative mobility is, the more it
This ratio increases as the size of the cluster reduces. Acleviates from the spherical structure. As the helium tube
cording to the simple model proposed by Hanszen, meltingemperature is raised, they found that the measured ion mo-
temperature of a cluster can be defined as the temperature lpifities did not change up to 555 K for the clusters of 10 to
equilibrium between a thin liquid layer at the surface of the30 atoms. This provides the evidence that tin clusters still
cluster and the solid sphere core that is embedded in thkeep the prolate structure and have not changed their shapes
liquid overlayer Experimental studies of surface melting on dramatically at 555 K.
metal clustery* further validate the assumption that surface ~ Lu et al? have performed Car-Parrineli initio molecu-
atoms contribute to the depression of melting. Nanocalorifar dynamics simulations to study the structures of Si, Ge,
metric measurements by Lat al* showed that for copper and Sn clusters with up to 13 atoms. Simulated annealing
substrate supported and carbon coated tin clusters with sisgas performed in order to find the lowest-energy structures.
radii from 50 to 500 A, the melting temperature is lower thanIn cooling from high temperatures, mean-square displace-
bulk melting temperature and decreases as size of clustgrent(MSD) as a function of simulation time was plotted in
reduces. Bachelst al® also observed that melting tempera- order to identify the structural transformations. It was shown
ture for tin nanoparticles with radius of 14 f&round 430 that a transition from high-temperature phase to ground-state
atoms is lower than the values obtained by Letial* Two  structure occurred when no further dramatic change in MSD
x-ray-diffraction studies of tin nanoclustéfsshowed that was observed. Using this criterion, the transition tempera-
even supported tin nanoclusters with radii around 25 A stilitures for the tin clusters containing up to 13 atoms are all
exhibit melting temperature depression. All the previousabove 900 K. Since the simulations were performed by cool-
studies as discussed ab&¥é~" suggest that melting tem- ing from high-temperature gas and liquid phases, the results
perature of a cluster is lower than the corresponding bullof Lu et al. suggest that melting temperatures of the tin clus-
melting temperature and decreases as the size of the clustérs may be above 900 K.
reduces. Very recently, Joshet al'®! performedab initio isoki-

In the extreme case that the size of a cluster is less thanetic molecular dynamics simulations to study thermal prop-
the critical radius, all atoms in a small cluster can be considerties of Spy and Sg, clusters. For the case of gn they
ered as surface atoms and there is no bulk atom underneathncluded that there are two transitions at 500 and 1500 K as
surface layer. At this regime, surface premelting can be rethe temperature is increas¥dThey noted from the simula-
garded as a melting of whole cluster. One might expect thations that at 1600 K there were three isomers whereas at
the same melting temperature depression still exists for ti2000 K the number of isomers is as many as 7. By analyzing
clusters with radius less than 14 A. However, recent ion mothe atomic trajectories, they found that;Sweluster retains
bility measurements by Shvartsburg and Jafteltbwed that lowest-energy structure dt<500 K, undergoes a permuta-
tin clusters exhibit prolate geometries and the melting temtional rearrangement of atoms that preserves the trigonal
perature of a tin cluster ion with number of atoms betweerprism core of the ground state at 506<K <1500, and fi-

10 and 30 is at least 50 K higher than the bulk meltingnally starts to exhibit core distortions and breaks up core at
temperature. In the experiment, tin clusters were generateti™> 1500 K which is suggested to be a detectable change in
by pulsed laser vaporization of a white tin rod, then cooledon mobility experiment. In addition to atomic trajectories,
down to 78 K. Tin clusters were injected into a temperaturethey plotted both the specific heat and root mean square of
controlled helium tube. Assuming that a tin cluster shall formbond length fluctuation(RMSD) vs temperature. They
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showed that there is a turning point at 500 K and a peak gbroximated by Ceperley-Alder functional with Perdew-

around 2300 K in the specific heat. Neither peak nor shoulZunger parametrizatidh We used a grid size of 0.5 a.u. and

der at 1500 K is observed in the specific heat. Moreover, irzero boundary conditions requiring the wave functions to

spite of fluctuation in the plot of RMSD vs temperature, vanish 12 a.u. away from outermost atoms of a given cluster.

there is a trend of slow increment when the temperature i§urthermore, Langevin dynamics is successfully coupled to

above 1000 K. this higher-order finite-difference methot® This integra-
For the case of Sp clusters, they chose the combined tion is very efficient for studying localized systems and has

structure of two tricapped trigonal pristiTP) Sny as the  been successfully applied to determination of the lowest-

initial structure'™ Similar to Sn,, they observed three energy structures for clustet&:?

modes of ionic motion(i) change in relative orientation of Here, we performed isothermal Langevin dynarhic&to

two Snyg units, (i) an internal rearrangement of ions within simulate the dynamics of the cluster as in ion mobility

TTP unit, observed above 500 K, afiil) the distortion of at experimenﬁ In this approach, the atomic positioréa

least one TTP unit accompanied by the interchange of atomsyolve according to Langevin equation

between the two TTP units, observed after 800 K. In the plot

of the specific heat vs temperature, they showed that there 3 _ = _ ST

are two peaks at 500 and 1200 K and a small shoulder at 850 MaRa=Fa= MRt Wa, D

K corresponding to transition temperature from mdidgto wherelfa is the interatomic force acting cath atom,M is

mode(iii). In the plot of RMSD vs temperature, two Shock jis nyclear massy is the friction coefficient which deter-
increments are at 650 and 1250 K.

Despite the studies as discussed above, our understandi
of the melting of tin clusters is still far from complete. Many
interesting questions remain open, such as the dependence
the melting temperature on the size of clusters, atomistic

mines the dissipation rate, ahﬁa are the stochastic forces
defined as random Gaussian variables with a white noise
spectrum,

& —
processes of structure isomerization, diffusion as well as (Wa())=0,
melting, and the conceptual connection of cluster melting to ¢ p ,
melting processes in bulk. Hence, more systematic and quan- (Wa() W (1)) =2yM ok Tgdapd(t—t"),
titative studies on the subject are highly desirable. In this
paper, we present an extensie initio molecular dynamics &§={x.y,z}, 2

(MD) simulation study of melting and structural transforma—Where.l.gl is a given temperature and the angular brackets in

tion of tin clusters. We develop several criteria for monitor- Eq. (2) denote ensemble or time average. When tin clusters

ng th_e structural chqnges in the clgsters during the SImu""‘drif.t in a helium gas tube, helium atom:;: collide with tin

::Ilczjns?elrg osrd((atrett; eos;?ztie trg?nirgil:'ggt;irggggur?seﬁ_f th%\toms. Tin cluster reaches an equilibrium with the heat bath

tagonal .bi 3 ramibng (tripc); ed trigonal prisin ar:;dpSn (helium gas$ through these collisions which produce random

(fr%m Lu'spgtud)) (Re?log) wer[()epchosgn for 5“3 s,tud T?\sese forces as well as viscous forces on the drifted tin clusters.

) . Y- Since all atoms in a small cluster are surface atoms, we as-

four clusters represent three d|_fferent _classes of .CIUSteéume all atoms are collided by helium atoms. Here, friction

shapes: Snand Sp are oplate, St 'S spherllcal, andlag IS coefficienty is taken to be % 10~ * a.u. and MD time step is

prolate. We used Langevin dynamics to simulate tin cluster§00 au(4.8fs, 1a.u=0.024f3. The convergence of poten-

in a helium tube at different temperatures. Melting tempera;[ial en.e}gy at éach. I\)ID.step is‘ 18 eV g P

gjggjt f(ljgo?)@k Sznibos&o '2888 E @gr:'éegzoeosﬁ'(m?;esd ;gti\k/); Since our purpose is to determine transition temperatures,
' ’ ’ N P y'temperature control for small clusters is one of the key issues

These temperatures are al! above the meltmg.tempergtu{ﬁ the simulations. For a given simulation temperatiigg

SggntK)io?: rggll;(ilittm.mse:;nslﬂ?:r?]r;r:tes sults are consistent with the actual temperatueof the cluster is calculated using two

. OIlity Me: ' . different relations. For a tin cluster with atoms,
This paper is organized as follows. In Sec. Il the simula-

tion and analysis methods are described. In Sec. I, simula- 3

. . . . s5(N—2)kgT=(Ey;z—E 3

tion results are presented. A discussion of our findings is 2( ke T =(Bin~Eror) ®

given in Sec. IV, and the conclusions are drawn in Sec. V. and

3(n—1)kgT=(Ey; 4
Il. SIMULATION METHODS 2(n= DkaT=(Eyin) @

our calculation is based on first-orincioles densit _are two relations we used to calculate the temperatures of
; e P pies density systems. Additional three degrees of freedom due to the ro-
functional theory within the local-density approximatitin. . o
tation are reduced from the relation in Eg) as compared to

The Kohn-Sham equations are solved in real space by th o _ .
higher-order finite-difference methddl.Electronic configu- Eq. (4.)' The kinetic e.nerg)Ek,n and the rotation energfo,
are given as follows:

ration of 5s°5p°5d? and cutoff radii of 2.5 a.u. fos, p, and

d are used to generate Troullier-Martins nonlocal n g
pseudopotentiaté in Kleinman-Bylander ford? usings as En= > =miloi—v? )
local component. The exchange-correlation term was ap- Mot e
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wherev; is the velocity ofith atom andJC the velocity of ~ crystalline structure, we will use this criterion as a reference
center of mass: for our present study of cluster melting. Note that our defi-

nition of RMSD is referring to all atomic pair distances in

Eroi= 3l w?, (6)  the cluster, and the average pair distances of the ground-state
structuresr;;(0) are 3.26, 3.44, 3.87, and 4.36 A, foreSn
Sny, Sn, and Sns, respectively. Therefore, we will use
0.326, 0.344, 0.387, and 0.436 A as the critical RMSD val-
pes for Sg, Sy, Sny, and Sig, respectively, in our dis-
cussion of the following section. We calculatédevery 100

D steps(0.48 ps at different temperatures and plottédrs

wherel is the principal moment of inertia and is the an-
gular velocity. The average kinetiE,;,) and the average
rotation energyE,.;) are calculated by averaging over all
simulation steps at each temperature excluding first 250 M
steps. We verified that the calculated system temperatur

i i L
using both equations are close to each other within 1%Tand MD steps at different temperatures to see howaluhanges.

is within average & 2% of given temperaturé. . o
The force acting on atoms is computed by using theWe also plotteds vs temperature to determine the transition

Hellman-Feynman theoref.The distribution of electronic ter?r;;]eratures.d it dt itor the struct
states is modeled by Fermi-Dirac statistics with the Fermi € second quantity we used to monitor the structure
temperature set to 300 K. Since energy gaps betwee hanges in _a_cluster 1 based on class_lca_l mechanics. The
HOMO-LUMO (highest occupied molecular orbital-lowest shape of a rigid body is related to th.e pf'”c'pa' moments of
unoccupied molecular orbitakre greater than 0.8 efat T inertia of the system. Therefore, distribution of principal mo-
—0 K) for all tin clusters studied in this work very few ments of inertia at different temperatures can be used to iden-
electrons can be excited above the gap before the melting 6I{y the shape changes of the clusters.

the clusters. We further checked the effects of the Fermi A_nother quantity to measure the struc_tur_e Of. the clus_ters
?t different temperatures is the radial distribution function

temperature on our simulation results at temperature righ (r). j(r) is defined such thg(r)dr gives the average num-

pelow transition temperafure to ensure that the choice ber of atoms whose distance from a given atom in the cluster
Fermi temperature in our simulation will not affect our con- . 9
clusions is betweerr andr +dr.

We calculated three different structural properties of the \é\f atlﬁo ;xa:/mﬁegt thef ?;omut: rt;ajecrfgrl;émcr)%n?s) rt10n
clusters as a function of temperature in order to determine a{éje fy the movements of the atoms and isomer changes

what temperature tin cluster will change its shape. The firs u:mglg thfh 5|_m(LjJIat|o?. :Ne kegp trr]a_ck of ?.Ot orzly s:Luctur_?h
one is root-mean-square deviation of pair distances with re2Ut &S0 the Index of atoms. such iSpections together wi

spect to ground-state structure as a function of time qgantitative analyses as Qiscussed above give us a more clear
picture about the dynamics of the clusters.
2 Finally, we also calculated the total energies of the clus-
o(t)= nn=1) > [rE)e-r501+ (7)  ters as a function of temperature in order to probe the struc-
=< tural transition in the clusters. For each given temperature
wheren is the number of atom in the cluster,;(0) is the Tg, the average temperatufe the average potential energy
pair distance ofth andjth atoms at ground-state structure, {Epo(T)), and its standard errors are calculated. The total
andr;;(t) is the pair distance dfth andjth atoms at time. ~ energy of system is given agEa(T))=(Exin(T))
It is clear from Eq.(7) that the higher the value af is, the  +(E o T)) at temperaturd. In addition, the deviation en-
more the cluster deviates from its ground-state structure. Thergy JE is defined as the total energ§ o, (T)) minus its
main difference between our definition and that used in preclassical limitE,+3nkgT, whereEy is the ground-state en-
vious study in Ref. 10 is that we used the bond lengt(0) ergy. SE gives the information about how much the potential
of the ground-state structutitial structure rather than the energy differs from that of the ideal simple harmonic oscil-
average bond lengtfr;;), of whole simulation. The RMSD lator, and can be used as an indicator for anharmonic effects
values calculated from our definition of E) tell us how  or structural transformation. We smoothed the plo6&fvs
the structure of the cluster deviates from its ground-statéemperaturel using five-point moving average method. The
structure whereas the RMSD in Ref. 10 gives informationerror bars in the plots are the standard errors of every five
about how the structure deviates from its average structurdata points
from the simulation. We believe that using ground-state
structure as the reference should show more clearly to the
structural changes in the clusters than using average bond . RESULTS
length as the reference used in Ref. 10. A Sn
We use RMSD of pair distances instead of commonly T
used MSD over atomic positions in order to eliminate the For Sr;, the simulations were performed for at least 6000
rotational effect caused by Langevin dynamics on the clusMD steps at temperatures between 1200 and 2300 K, for
ters with small number of atoms. Another reason to choos&600 MD steps at 600 K, and for 3300 MD steps at 900 K.
the RMSD is that it could directly relate to Lindemann The root-mean-square deviation of pair distanées a func-
criterion? which states that a bulk crystal structure will melt tion of simulation time at different temperatures was calcu-
when the root-mean-square deviation of bond length of théated and plotted in Fig. (&). The behavior of§ can be
atoms is more than 10% of the equilibrium bond distance irdivided into three regimes. Below 1200 K, the plot &f
the crystal. Although clusters are different from the bulkbecomes flat below the level 0.3 A after around 1000 MD
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‘é’ 04l ] increase ofs as an indicator for structural transformation to
o | _u " occur. Transition temperature that we determined from the
03 _‘,J 1 simulation data at 230(L1 p9, 3900(18 p9, and 600028.8
02k ] ps MD steps are 1500, 1400, and 1300 K, respectively. This
ol ‘—"‘ trend suggests that the transition temperature of the cluster
E R S S S would be lower than 1300 K if the simulations can be per-
400 800 1200 1600 2000 2400 formed for longer time. We will discuss this point later in
Temperature(K) this paper.

Distribution of principal moments of inertia at different
FIG. 1. () The RMSD of Sny vs MD steps at different tem- temperatures is plotted in Fig. 2. We observed that there were
peratures(b) The RMSD 6 of Sry vs temperature at different MD two peaks at lower temperatures and the peaks became
steps as indicated. broader as temperature increased. The peaks begin to merge
at the temperature of 1200 K. Finally, the distribution is al-
steps. At 1300—2100 K, the curve starts out as flat, themost uniform at a very high temperature of 2300 K. Al-
exhibits a sudden rise at some critical MD step. At 130®K, though it is difficult to determine transition temperature ac-
is observed to be flat initially, and then starts to rise aboveeurately by observing the change in distribution of principal
the critical value of 0.326 Asee the discussion in Sec) I moments, the evolution of the principal moments of inertia
after 5200 MD stepg25 p9, which indicates a structural with temperature indicates that there is a structural transition
transition. The plots in Fig. (8 show that the higher the around 1300 K which is consistent with the prediction from
temperature of the cluster, the shorter the first flat regiorihe analyses of the RMSP as discussed above. This is also
tends to be. From 2200 to 2300 K, the plot increases dratrue in the cases of Sn Snyy, and Sns.
matically for a short-time duration, then eventually becomes The radial distribution functiong(r) at different tempera-
flat because of the finite size of the cluster. tures were also studied. We observed sharp peaks at low
In Fig. 1(b), we plot RMSD§ as a function of tempera- temperature and these peaks become broader as temperature
ture at the moments of 1000, 2300, 3900, and 6000 MDncreasesj(r) is not sensitive to the structural changes at
steps, respectively. These data were obtained by interceptifggh temperatures probably because the system size is too
the 8 vs MD steps curves in Fig.(d) by three vertical lines small. Therefore, not much information about structural tran-
at 1000, 2300, 3900, and 6000 MD steps, respectively. Besitions can be obtained from the radial distribution function
cause the clusters do not transform to other isomers beloin case of Sp Similar features are also observed for; Sn
1200 K, we also calculated RMSD for temperatures fromSny, and Sps.
400 to 1200 K with interval of 100 K by performing simu- Examining the atomic trajectories of the cluster at differ-
lations over 1000 sted.8 p9. We found that 1000 steps are ent temperatures, we found that the cluster retained its
adequate for estimating RMSD at these temperatures as ot@vest-energy structure below 1200 K but the amplitudes of
can see from Fig.(® where RMSD becomes almost a con- oscillations became larger as temperature increased. At 1300
stant after about 500 steps at temperatures 600, 900, ahd we observed that the cluster still retained its shape at first
1200 K. From the plots of Figs.(4 and Xb), transition 5300 MD stepg25 p9 but started to change its shape after-
temperature of the system can be estimated using the sudderrd. A new isomer of Snfound at 5476 MD steps at 1300
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(a)Ground State (b)1300K 5476 Steps  H-1250- 1
(0.000 eV/atom) (0.255 eV/atom) g_1251_' ]
FIG. 3. Sp: (a) Ground-state structuréb) structure of a new = 25_2_' |
isomer at 1300 K. The numbers in parentheses are relative potentie — ——— ———
energies with respect to that of the lowest-energy isomer. 0 400 800 1200 1600 2000 2400 2800
Temperature(K)
K is shown in Fig. 8b). By carefully comparing this struc- —~¢4q4 . = =
ture at 1300 K to the ground-state structure as shown in Fig g (b) Sn
3(a), we could observe the movements of the atoms in the 4 012 6 -
cluster. Specifically, we found that atom 1 moved to the po- 5 0 10' ]
sition of atom 3 and pushed atom 3 toward atom 2. At the @ ~ [ ]
same time, the bond between atom 1 and atom 5 broke whil¢ € g gL i
atom 2 moved more closer to atom 5. The atomic diffusibil- -2 3 :
ity in a cluster causes dramatic change in the root-mean -‘;“ 0.06- T
square deviation of pair distancés This is consistent with ~ @© ]
the observation in Fig. (&) that a sudden increase if at a - i 13 {,I ]
1300 K is around 5400 MD steps. 5 0.02} HAH il i
The total energy as a function of temperature is plotted in @ - ’H_I_{’ .
Fig. 4@). We observed that the curve of total energy could be |5 0-00- . !-.“_.H_.!_!TI_I. T
divided into three regions. The low-temperature redibe- 0 400 800 1200 1600 2000 2400 2800
low 1200 K), transition region (1208 T<2000 K), and lig- Temperature (K)

uidlike region (T>2000 K). Two solid lines in Fig. &) are

obtained by fitting data at low-temperature region and liquid- FIG. 4. (a) Total energy of Spas a function of temperature. The
like region, respectively. By extending the fitted line at low soli_d lines are obtained by_ fit_tin_g to th_e data at low-temperature
temperatures to higher temperatures as shown by the dottéggion (below 1200 K and liquidiike region(above 2000 K The
line, we found that all energy data at the temperature highe‘i’,oned line is the extens!op of the low-temperature fitted line to
than 1300 K are above the extended line. The deviation of!gner temperaturéb) Deviation of total energy of Jyfrom that of
total energy of the system from that of the harmonic limit "€ harmonic limiti.e., 3nksT) as a function of temperatufie The

. . . . . error bar is the standard error at each temperature

(i.e., 3nkgT) as a function of temperature is plotted in Fig.

4(b). The plot shows that there is an increase in energy de-

viation starting around 1200-1300 K, and reaching a maxiwhich is probably due to statistical fluctuations. RM3¥s
mum around 2100 K. The results in Figgajand 4b) are  temperature at 100@}.8 pg, 3000(14.4 p3, and 560026.9
consistent with our structural analysis that at 1300 K theps) MD steps are plotted in Fig.(B). From the plots of Fig.
structure of Sp starts to change and becomes liquidlike at5, a transition temperature is estimated to be about 2100 K
2100 K. for Sny,.

Distributions of principal moments of inertia at different
temperatures are plotted in Fig. 6. We observed that peaks
disappeared at 2100 K which indicated that the ground-state

For Sry, the simulations were performed for at least 5600structure was no longer retained. In this case, the picture of
MD steps at temperatures between 2000 K and 2500 K, fostructural transformation emerging from distribution of the
around 1500 MD steps at temperatures from 1600 to 1900 Kprincipal moments of inertia is consistent with the plotf
and for at least 2300 steps at 500, 600, 1000, and 1500 Kis MD steps in Fig. &) and the plot ofs vs temperature in
The RMSD4 vs MD steps at different temperatures are plot-Fig. 5(b).
ted in Fig. 3a). The curves of 2100 and 2200 K were flatin By examining the atomic trajectories below 2000 K, we
the beginning, and then they started increasing slowly afound that the cluster retained its lowest-energy structure.
around 3000 steps, and became flat again in later steps. Thwever, the structure starts to change at 2100 K. Figure
values of § in the first flat region of 2100 and 2200 K are 7(b) shows a new isomer was found at 3152, 4000, and 371
very close to critical value of 0.344 A. Once the curves startviD steps at 2100, 2200, and 2300 K, respectively. Structural
to bend upward, values af are greater than 0.344 A. We transformation can be seen by comparing this structure with
notice that at 2100 K¢ started rising earlier than at 2200 K, the ground-state structufd=ig. 7(a)]. Specifically, atom 4

B. Sny,

165408-5



CHUANG, WANG, &EI:JT, CHELIKOWSKY, AND HO PHYSICAL REVIEW B 69, 165408 (2004

1.4 T T T T 0.06 _

1.2 - 1 88(6) T T T T T T T I
< 1o 2400K - e 2300K
< 2300K ol SN~
8 0-8_ 2500K A S, 0.06; - o ' -
2 e 1 _,z; MZZOOK
E 0.4 /j?_‘\ZEOK 9 T

| 15002K2 Book ] E SN~ PO
02— 4000K 1 ooy oo
_ . . 800K ., . . /\/\
09, 2000 4000 6000 8000 0.00 —/ AN /\. I
MD steps(4.8 fs) 0.1] 500K
] (b) 1 1 1 1 1 1 1 ] 00' ' I/\' : /\ : ' :
121 Sn7 I!. i 10 20PrincipaISnC%oments ?r%ass AZ) %0
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- FIG. 6. Distribution of principal moments of inertia of gat
% 0.8 _:_gggg gtzzz . \:”'. | different temperatures.
8 0.6 2 - K, for 4000 MD steps at 400 and 500 K, and for 2000 MD
= o 4_' T i steps at 100 and 200 K. The root-mean-square deviation of
x ° ] /‘.‘/Aﬂ | pair distancesd vs MD steps at different temperatures are
0.2 ’/_.(_.,_——‘ L plotted in Fig. 9a). We observed that the first structural
| oa—8% . change occurs at 500 K. Below 500 K the curves are flat. At
o+——T—T—T——— 500 K, the curve had a short flat part before increasing and
O 400 800 1200 1600 2000 2400 2800 became flat again. At 900 K after 3300 MD stei§.8 ps3,

Temperature(K) we noticed that the curve started to bend upward and passed
the critical value of 0.387 A. This suggests there may be a
transition at 900 K. Between 900 and 1400 K, the trends of
the plots are similar but with some fluctuations. Above 1400
K the curves increased continuously. The root-mean-square
moved up to the position of atom 3 and caused a series qfeviation of pair distances vs temperature at 230Q1 p3,
diffusio_ns. This diffus_ive _activity i_s c_onsistent with thg—:- pIo_ts 3000 (14.4 p3, and 4700(22.5 p3 MD steps is plotted in
0f_5 (Fig. 5 and distribution of principal moments of inertia Fig. 9(b). We observe two abrupt changes at 500 and 1400 K.
(F'%_ 6)“ the total functi fi t . A notable peak of5 at 1200 K in the plot of 4700 MD steps
inatly, The Jota’ energy as a function ot temperature 1s, steady increasing region after 1400 K is observed. The

plotted in Fig. ). The solid line in Fig. 8) is obtained by
fitting data at low-temperature regidbelow 2000 K. We plots of 6 vs MD steps and temperature suggested that local

also extended the fitting line at low temperatures to higher
temperatures as shown by the dotted line. All data points
above 2000 K are found to be located above the extende:
line. The plot energy deviation vs temperature as shown in
Fig. 8(b) showed that there is a shape increaséknaround
2000 K which agrees well with the result of RMSDplot in

Fig. 5. In contrast toSE plot for Sn;, no flat region was
found in 6E for Sn, at the high-temperature region. This is
because the liquid state is not well developed fof 8ren at
temperatures as high as 2400 K. The transition we observe: 2100K 3152 Step

at about 2100 K is the isomerization transition. Therefore
: ' Ground State 2200K 4
the melting temperature of $rwould be above 2100 K. (a) (b) 2388K ggg zt:g

Since we are interested in low bound of melting temperature,
the simulations for Spare sufficient. (0.000 eV/atom) (0.327 eV/atom)

FIG. 5. (a) The RMSD § of Sn, vs MD steps at different tem-
peratures(b) The RMSD § of Sn, vs temperature at different MD
steps as indicated.

FIG. 7. Sn: (a) Ground-state structuréb) a common isomer
found at different temperatures. The numbers in parentheses are

For Sng, the simulations were performed for at leastrelative potential energies with respect to that of the lowest-energy
4700 MD steps at temperatures between 800—1600 and 23@dmer.

C. Snyg
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region (below 2000 K. The dotted line is the extension of the
low-temperature fitted line to higher temperatuft®. Deviation of
total energy of Spfrom that of the harmonic limiti.e., 3nkgT) as
the function of temperaturé. The error bar is the standard error at
each temperatur€.

distortion happens at 500 K, diffusions start to occur at 900
K, and the cluster becomes liquidlike after 1400 K. The fluc-
tuation of RMSD between 500 and 1400 K is also observed
in Joshi's study®

Distribution of principal moments of inertia at different
temperatures is plotted in Fig. 10. The lowest-energy struc-
ture of Sng is close to a compact spherical structure as:
shown in Fig. 11a). Hence, two peaks in distribution of prin-

cipal moments of inertia at low temperature are close to eact @
other. As temperature increases above 400 K, the distributior©

becomes a single peak which looks like a normal distribution
with different variances at different temperatures. It is inter-
esting to note that at 2300 K the distribution is very broad.
This indicates that at such high temperature the cluster tend
to break up and the fluctuation in the shape of the cluster i<
very large. Because of the nearly compact spherical structur
of Snyy, the structural transitions are not clearly seen in dis-
tribution of principal moments of inertia.

The atomic trajectories collected during the simulations
show that below 500 K Sg cluster retained its lowest-
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FIG. 11. Sny: (a) is the ground-state sturcturgy) is an isomer Temperature (K)

at 1400 K;(c) and(d) are the same isomer at 500 (&) and(f) are
the same isomer at 900 Kg) and (h) are the same isomer at 1200 F|G, 12. (a) The solid line is obtained by fitting data at low-
K. The numbers in parentheses are relative potential energies Witlamperature region. The dotted line is the extended fitting line of
respect to that of the lowest-energy isomer. low temperature to higher temperatugie). Deviation of total energy

of Sny, from that of the harmonic limifi.e., 3nkgT) as a function
equilibrium positions. At 500 K cluster started to have obvi- of temperature, after smoothing, where error bar is the standard
ous distortions. Such distortions seem to change the shape efror at each temperatuiie
the cluster if the cluster is viewed from the original direction.
However, the structure of the cluster is in fact retained if
viewed from a different angle. As shown in Fig. 11, the clus-
ter at 500 K and 1200 steps as shown in Fig(cllooks

does not result in any new structures as one can see from
Figs. 11g) and 11h). However, the diffusion process is
. . . much faster at 1200 K as compared to that at 900 K. From
different from its ground-state structure of Fig.(ail How ﬁxperience with S such diffusive behavior might also oc-

ever, a structure similar to that of ground-state structure ca ‘1 t bet 600 and 900 K. The i ¢
be seen from the same atomic coordinates but from a diffe/SY" at temperatures between an - Ine Isomer a

ent viewing angle as shown in Fig. (. This is because the 1_40_0 K is shown in Fig. 1(b). It seems that the shape_ is still _
structure of S, cluster is pretty symmetric and the fluctua- s_lmllar to ground-state structure. However, the relative posi-
tions of the atomic positions make the cluster switch backions of atoms have changed. _ _
and forth between different degenerate configurations. There- The total energy as a function of temperature is plotted in
fore, we may classify such changes as the first transibon ~ Fig. 12@). The solid line in Fig. 1ga) is obtained by fitting

not the melting transition Figure 11e) shows a snapshot data at low-temperature regidbelow 1600 K. We extended
taken at 900 K and at the MD step of 4364. We observed thahe fitting line at low temperatures to higher temperatures as
the relative positions of atoms were changed and atoms wehown by the dotted line. The plot of energy deviation vs
able to diffuse in the cluster as shown in Fig.(d1 This  temperature in Fig. 1B) shows that there is a small increase
diffusion caused additional increment in the root-mean-at 1400 K and a shape increase starts at 2000 K. Between
square deviation of pair distancésas we have already no- 900 and 2000 K, atoms undergo small diffusive motions. The
ticed at 900 K in Fig. 1(a). Surprisingly, the ground-state temperature of 2000 K can be identified as melting tempera-
structure is still kept if viewed from a different angle as ture from our present simulation. No flat regiondk at the
shown in Fig. 11f). At 1200 K, the atoms are observed to high-temperature region is observed due to the similar reason
diffuse in a way similar to that at 900 K and the diffusion as we discussed for $n
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g, -| —A—4000 Steps | A J 2
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=) 08 I o-o/ = ] Distribution of principal moments of inertia is plotted in
® o6t o/ / \ i Fig. 14. We observed that two peaks are separated far from
E r A,A " Valie 1 each other at low temperatures due to the prolate shape of the
0.4 o= 1 cluster. At 800 K the peaks become closer as well as broader.
L o 1 .. .
02l e ] This indicates that prolate structure of,;gbecomes a less
“l & “"“ ] prolate one above 800 K. The two peaks become broader and
0.0 N L L P I — merge together at higher temperature of 1400 and 2300 K.
0 400 800 1200 1600 2000 2400 The behavior of the distribution of the principal moment is
Temperature(K) consistent with that of the RMSD.

. The atomic trajectories from the MD simulators show that
FIG. 13. (@ The RMSD 6 of Sny5 vs MD steps at different a0y 700 K atoms move around equilibrium positions and
temperaturesb) The RMSD 6 of Smy; vs temperature at different  o14in jts lowest-energy structure. At 800 K, from 1000 to
MD steps as indicated. 3700 MD steps, atom 2 that was on top of cluster moved
D. Sty down and pushed atom 10. Atom 10 moved forward and
backward between middle level as shown in Figdaland
For Sng, the simulations were performed for 4000-500015(c). This corresponds to the shift of distribution of princi-
MD steps at temperatures between 800 K and 1700 K and fgsal moments of inertia at 800 K shown in Fig. 14. At 4026
around 1000 MD steps at the rest of the temperatures. ThgID steps, the cluster distorts and starts to change its shape
root-mean-square deviation of pair distandess MD steps by bending the upper half of the cluster as shown in Fig.
at different temperatures andl vs temperature at different 15(d). Hence, we can say that atoms in the upper half start to
MD steps is plotted in Fig. 13. We noticed that the plotsof change their relative positions at 800 K. At 900 K, from 1000
at 700 K was flat. At 800 K¢ starts to increase at around to 2300 MD steps, structure of cluster exhibits similar dy-
1000 MD step$4.8 p3. As the simulation continued, RMSD namics at 800 K as shown in Fig. (Es. After 2300 step$11
6 continued to increase gradually. We observed that aps), another type of isomerization was observed. Snapshot
around 3500 MD step€l6.8 ps the value RMSDS crossed  taken at 3933 sted8.7 ps at 900 K is shown in Fig. 1(5).
over the value of 0.36 A, but was still smaller than the criti- We observed that the cluster changed its shape as follows:
cal value of 0.436 A. This variation af as a function of ime ~ Atom 5 in middle layer went to lower layer and atoms 13
suggests that cluster isomerization starts to take place at tted 12 moved toward atom 4. Atom 4 moved from the lower
temperature of 800 K. This diffusive dynamics takes placdayer up to the middle layer. Shape at 4355 MD steps at 1400
faster when temperature is increased, e.g., from 900 to 120Q is shown in Fig. 18). One atom in the center of the
K. At 1300-1600 K, the root-mean-square deviation of pairstructure and the relative positions of atoms changed. We
distancess starts as flat then increases sharply, indicatinghotice that the relative potential energy of this isomer is
that the cluster is in a liquidlike state. From 1700 K to 2400lower than those of isomers at 800 and 900 K.
K, the plot of § increases dramatically in a short period of The total energy as a function of temperature is plotted in
time indicating that the system is liquidlike after 1700 K. Fig. 16a). The solid lines in Fig. 1@) are obtained by fitting
The increase associated with structural change at 800 ardhta at low-temperature regidgbelow 1600 K and liquid-
1300 K can be seen from Fig. 3. like region (above 1900 K We extended the fitted line at
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low temperatures to higher temperatures as shown by the Temperature (K)
dotted line. The energy deviation vs temperature plotted in
Fig. 16b) shows that the big peak starts at about 1600 K and FIG. 16. (a) Total energy of Spas a function of temperature.

peaks around 2100 K. These results together with the strud-e solid lines are obtained by fitting to the data at low-temperature
tural information discussed above suggest that the meltingegion (below 1600 K. The dotted line is the extension of the
transition is at 1800—1900 K. low-temperature fitted line to higher temperatui®. Deviation of
total energy of Sy from that of the harmonic limiti.e., 3nkgT) as
a function of temperatur&. The error bar is the standard error at
each temperatur€.
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IV. DISCUSSION . N
occurred at 900 and 800 K, respectively, the most significant

Our simulations show that two types of dynamics maytransitions(melting) to the liquidlike state do not occur until
cause the early dramatic changes in the root-mean-squag®00 and 1900 K. These results indicate that the melting
deviation of pair distances before it reaches a finite value temperatures of all these clusters are much higher than the Sn
when the cluster is in a liquidlike region. One is isomeriza-bulk melting temperature of 505 K. There is no obvious size
tion of the cluster where distortions cause the cluster to transzorrelation to melting temperatures from our present results
form to a metastable structure before melting. Such isomersn the four clusters. The structure and dynamics of tin clus-
ization processes contribute only very subtle change to ioters (Sp-Sn;5) upon cooling from high-temperature gas
mobility. The other is due to the melting transition where phase have been studied by Etial. using Car-Parrinello
substantial atomic diffusion in the cluster is observed. Suchnolecular dynamics simulatioisThe results from their
diffusion will cause notable change in ion mobility. The simulations also suggest higher melting temperatures for the
change in the RMSLJ is therefore a good indicator of struc- small Sn clusters.
tural transition in a cluster which also can be probed by ion The molecular dynamics simulations enable us to observe
mobility measurement. Here, we define the melting temperathe atomic dynamics of small tin clusters during the heating
ture of a cluster as the temperature at which substantiglrocess. Each atom in the cluster starts with a small local
atomic diffusions take place in the cluster. The temperatur&ibration and distortionstage ). As temperature rises, the
defined in this way should be the lower bound to the meltingamplitudes of the thermal motion increa@tage 1). These
temperature. In the cases ofgSand Sk, we found melting increasing local distortions may sometimes cause partial
temperatures are 1300 and 2100 K, respectively. In the cassomerization of the clusters if the energy barrier between
of Sng and Sns, although we found structural distortions different local minimum structures is not very high. Both
occurred at 500 and 800 K, and the first diffusion of atomsstages | and Il are regarded as the solid state. In the case of
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Sny and Sn, because the energy barriers between the grounc 20 %0

state and other metastable states are very high, we did nc 18 25] Sn

observe isomerization of these clusters until very high tem- T ¢ 30] 6
peratures1300 and 2100 K, respectiv@lyvhere the diffu- o 18] O,s

sion dynamics dominated. In the case ofsrhe local fluc- O 14 N

tuation at 500 K switches the cluster back and forth among : 12 32'0'

several energetically degenerdtgobal minimum) isomers o 2%

as shown in Fig. 11. In the case of;$nlocal distortions at L 10 a0

800 K enable the cluster to switch between different meta- 8 8- =051

stable structures that look similar to ground-state structure. 6] o TP T A A I
As temperature continues to rise, big distortions cause som ] T ture (K
atoms to be pushed to nearby positions which induces a se 4 emperature (K)

ries of correlated diffusiongstage Il). Consecutive jumps of 2.

atoms in the clusters are often observed when such diffusior 0] L)
takes place. The correlated diffusion induced rapid isomer- 1000 1200 1400 1600 1800

ization of the clusters eventually leads to fully melting of the
clusters(liquid statg. The dynamics of the clusters upon
heating is similar to that observed in the MD simulation of - .
Joshi et al. where Sg, has been studiel. Moreover, the FIG. 17_. The lifetimegMD steps of Sry at dn‘fere_nt tempera-
temperature for stage Ill to occur was estimated by JosHires are fitted to Eq8). The constant andE are estimated from
et al. to be 1600 K which agrees with the results from Ourthe fitting. The inset shows interpolation to lower temperataee
. text).

studies.

lon mobility measurement has been used as an experi- . .
mental probe to investigate the melting of Sn clusters. It ids 'OWer than 800 K. This suppor_ts our COUCIUS'On that the
assumed that the clusters will change their shapeard a melting temperature of rcluster is much higher than that
spherical shapeupon melting, and the changes can be de-OIc the bulk crystal.
tected by the measurement of their ion mobility. Our simu-
lation results show that changes to the shape of the clusters V. CONCLUSION
may be very small if the ground-state structure of the clusters \\e nave performedb initio Langevin dynamics simula-
is already in a spherical shape. For example, from a macrqjons at different temperatures to study the isomerization and
scopic viewpoint, Sy would not significantly change itS melting of small tin clusters. Through the analysis of the
shape until 2000 K, although the diffusive dynamics of theyot.mean-square deviation of pair distanéegnergies, and
cluster has already been noticed at 900 K. On the other hanghe atomic trajectories from the MD simulations, we have
we believe that Sp would start to change its ion mobility getermined transition temperatures for the isomerization and
significantly above 1300 K and reach a maximum beyond,.nemng of the clusters.
1900 K according to our simulation. In our study of heating up small tin clusters, we success-
~ There is a possibility that the melting temperatui@sthe |y divided the structural dynamics of the clusters into
isomerization temperaturesf the clusters are overestimated {y,ee stages before the clusters fully melt. In stage |, atoms
due to the f-inite simulation time. Using the simulation resyltsvibrate around equilibrium position. In stage I, cluster has
for Sry at different temperatures, we can get a rough estimagjstortions but relative positions are preserved. In stage Il
tion of the error in the melting temperature due to the finitesome atoms start to diffuse and relative positions of atoms
simulation time from the following relation: are changed. Once most of atoms diffuse inside clusters, the

clusters melt. It is difficult to determine transition between
stages | and Il for clusters with very few atomsg&md Sn,

(8) because vibration and distortion are strongly coupled for
these cases. For gnand Sns, the change from stage | to
stage Il takes place around 500 and 800 K, respectively. We
also found that the temperatures for transition from stage Il
to stage Ill are 1300, 2100, 1400, and 1300 K, respectively,
for Srg, Sny, Snyp, and Sps. The melting temperatures for
vation energy, anth, is a prefactofconstant Using the data  these clusters are 1300, 2100, 2000, and 1900 K, respec-
points from 1300 to 1800 K, we can determir®, tjvely. These transition temperatures between the solid state

=0.875 eV andt,=1.93 MD step by fitting to the above tg the fully developed liquid state are all higher than melting
relation as shown in Fig. 17. According to these parametergemperature of bulk tin.

9164 MD steps(44 ps would be needed to observed one
diffusion event at 1200 K, and 19786 MD ste(®5 p9 is
needed at 1100 K. Interpolating to lower temperature as
shown in the inset of Fig. 17 indicates that the probability of Ames Laboratory is operated for U.S. Department of
the cluster isomerization is very small when the temperatur&nergy by lowa State University under Contract No.

Temperature(K)

t= ta‘ e(Ea/kBT),

wheret is the duration time of a given structufee., the
average time between each diffusion eyeBt, is the acti-

ACKNOWLEDGMENTS

165408-11



CHUANG, WANG, &SL"JT, CHELIKOWSKY, AND HO PHYSICAL REVIEW B 69, 165408 (2004

W-7405-Eng-82. This work was supported by the Director of(J.R.C) wishes to acknowledge support from the National
Energy Research, Office of Basic Energy Sciences includingcience Foundation, the Computational Materials Science
a grant of computer time at the National Energy ResearciNetwork(CMSN) of the Department of Energy, and the Min-
Supercomputing CentefNERSQ in Berkeley. One of us nesota Supercomputing Institute.

1p. Pawlow, Z. Phys. ChenfLeipzig) 65, 1 (1909. 50, 11 355(1994); J.R. Chelikowsky, N. Troullier, X. Jing, D.
2K.-J. Hanszen, Z. Phy4.57, 523 (1960. Dean, N. Binggeli, K. Wu, and Y. Saad, Comput. Phys. Com-
3Z.B. Gvencand J. Jellinek, Z. Phys. D: At., Mol. Cluste?s, mun. 85, 325 (1999; V. Saad, A. Stathopoulos, J.R. Che-
304 (1993; R. Garrigos, P. Cheyssac, and R. Kofmiuigl. 12, likowsky, K. Wu, and S. @lt, BIT 36, 63 (1996.
497 (1989. 14N. Troullier and J. L Martins, Phys. Rev. &3, 1993(1991).
4S.L. Lai, J.Y. Guo, V. Petrova, G. Ramanath, and L.H. Allen, *°L. Kleinman and D.M. Bylander, Phys. Rev. Le#8, 1425
Phys. Rev. Lett77, 99 (1996. (1982.
5T. Bachels, H.-J. Guntherodt, and R. Schafer, Phys. Rev.8®tt. °D.M. Ceperley and B.J. Alder, Phys. Rev. Let, 566 (1980);
1250(2000; R. Kofman, P. Cheyssac, and F. Celestilnig. 86, J.P. Perdew and A. Zunger, Phys. Rev2B 5048(1981).
1388(2001). 17N. Binggeli, J.L. Martins, and J.R. Chelikowsky, Phys. Rev. Lett.
6C.E. Bottani, A. Li Bassi, B.K. Tanner, A. Stella, P. Tognini, P. 68, 2956(1992.
Cheyssac, and R. Kofman, Phys. Revo® 15 601(1999. 18x. Jing, N. Troullier, D. Dean, N. Binggeli, J.R. Chelikowsky, K.
"L.E. Depero, E. Bontempi, L. Sangaletti, and S. Pagliara, J. Wu, and Y. Saad, Phys. Rev. 5, 12 234(1994).
Chem. Phys118 1400(2003. 193.R. Chelikowsky, S. §lit, X. Jing, K. Wu, A. Stathopoulos, and
SAA. Shvartsburg and M.F. Jarrold, Phys. Rev. L& 2530 Y. Saad, inMaterials Theory, Simulations and Parallel Algo-
(2000. rithms edited by E. Kaxiras, J. Joannopoulos, P. Vashishta, and
9Z.Y. Lu, C.Z. Wang, and K.M. Ho, Phys. Rev.®, 2329(2000. R. K. Kalia, Mater. Res. Soc. Symp. Proc. 4(08aterials Re-
10K, Joshi, D.G. Kanhere, and S.A. Blundell, Phys. Rev6® search Society, Pittsburgh, 1996
155329(2002. 205, Qjit and J.R. Chelikowsky, Phys. Rev. 35, R4914(1997.
K. Joshi, D.G. Kanhere, and S.A. Blundell, Phys. Rev6B  2!L. Kronik, I. Vasiliev, and J.R. Chelikowsky, Phys. Rev. &,
235413(2003. 9992 (2000.
2P Hohenberg and W. Kohn, Phys. R&B6, B864 (1964; W.  22H. Hellman, Einfuhrung in QuantenchemitDeuticke, Leipzig,
Kohn and L.J. Sham, Phys. ReM0, A1135(1965. 1937; R.P. Feynman, Phys. Rey6, 340(1939.

133 R. Chelikowsky, N. Troullier, K. Wu, and Y. Saad, Phys. Rev. B 2°F.A. Lindemann, Phys. Z11, 609 (1910.

165408-12



