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Abstract  The meling of & &= wn misroeryatal of KCT was studied by imeans of 8 mslecular
dynamics compiaber sumulation. We wsed g ceniral par inlraction with an inverse power lnw
repulsion. The thermody namocs, kinetic and stroctarnl propertics soch as mselting lemperature, Isfent
beal, mean square displacement, diffusion comstam, rsdinl distribution function and ool angle
distnbwution are calculated. The simulation indicared that the melting tempernture of the microcrysal
i bower than the expetinental value of the hulk, which is combstent with the Gibbs. Thompson
telatson. 1 is shown that all the features of tha met ling transition which ane ohserved in o bulk gystem
wre glengshibited by such asmall microcrystsl, The simsilstbon i progrommed in FORTRAN snd run
ion a PC.
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INTRODUCTION

The melting is a process in which at o cenain em-
perature a=olid undergoes a phase change to a ligquid,
This has been the subject of intensive investigation
from the theoretical, experimental and the computer
sormulanons points of view during the last few vears
[ 1]. One reason for this tendency is that while there is
n question about the thermodynamic significance of
melting, the mechanism of how the transition eocurs
15 not yel completely understood. Acoording 1o ther-
modymunics, at melting wempermatun: the solid and
lhguid coexist in equilibrivm with equal Gibbs lree
energics. However, itsays nothing about the structural
arrangements of the atoms and their charseterisic
motion during melting, i e although it is generully
known that why and when the phase transition occuwrs,
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it is nod clear how it tikes place, At various times
rumber of theores hove been proposed, An carly
model, presented by Lindemann [2], ireats melting as
a vibrational instability. By Lindemann criterion, the
melting stins when the mean-sguare amplitude of
vibrations of atoms about their equilibrium position
becomes larger than o certnin fraction of the lnmce
spacing, Later it was suggested by Bom [ 3] that the
transition arises from the onset of a mechamical
im=takality, manfesting itself in an imaginnry phonon
frequency. Finally, in the theories of Caln and others
[4], the spomaneous production of ntrinsic ntice
defects, such as the catastrophic generation of
dislocarion near the melting point [5], or the presence
of thermal vacancies and other point defects [6] are
thought o be responsible for melting,

In all of these miodels only the effects of intrinsic
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defects an: considened and the role of extrinsic defects
such as surfaces, dizlocations mnd grain boundanes
are totnlly ignoned. Hence, the extent (o which the
theores ane reliahle is sl inopen guestion. Specially,
in contrast to the assumptions of the above theones,
o varety of experimental data indicates the significans
robe of the extringic surface [7-12].

The experimental study of melting i difficult
bhecouse 10 i an extremely rapid process and hence
sirueturml changes connotexsily be followed through
the melting trnsiton, parscalary in the case of a
hilk gample. Omothe other hiand, moleculnr dymumics
simulations as a powerful wchnigue Tor studying the
thermal kehnvior of maner has become o smitable
method for the study of meling,

In this paper, fist we discuss the molecular
dynumics [ MDY simulation amd then we repor an MD
expenment on the melting of potassium chionde
crystals with free surfaces. The simulaled system is 5
cubic microcrystnl of 64 jons. The sualy of tlese
small clusters are particudarly imporiant because they
cun provide the intermediate information desired for
the transition from small solated atomic systems (o
the large scale bulk materials [13-18]. Interesting
enough that the major features characienizing physical
meling are ohserved in this smod]l systesn,

MOLECULAR DYNAMICS SIMULATION

Since the proncening work of Alder and Wainwright
[19, 20] the molecular dynamics method hos been
psed for simulating several different systems; ¢ ¢
Lennard-Jones systems [21], liquid metals [22], ionie
Tigriads (23] andd molecular liquids [24]. The method
has also beenused msudy melting and glass formation
[25-28]. The ME? 8 a compuater-based wechnigue for
modeling Muids, crysials and glasses i microscopic
levels of disance and time, This kind of compater
simniilatbon s now well established and many physical
resulis can be obtained from such simulmions [29].
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In pm MDY study, a system of N panicles is ploced
within a box, genendly a fixed volume cube, called
the "caleulation box”, A setof velocites is assigned
im such  way thit the average kinetic encrigy of the
particles in the system gives the desired emperanine,
while the net linear momentum is chosen to be zem,
Mathematically the miodel is described by applyving
the law of force between each pair of paricles and
stating thst the particles move acconding to Newton s
Lws of maotion under these forees. The Toroe on &
particle, i, with mass m, position v, and velocity ¥
due w pamicle j is Fyr, . r) ad the equations ol
motion are simply

]I'i.=\'i !I::I'
mir=IF j{n.r) i1k
]

Where,i= 1,2, ... N. This is nsystem of 6N ordinary
differential equations, which can be solved
numerically, From the positions and velocities of the
partiches at eoch timestep both the static and dynamic
properties of the system canbe caloulated accurtely.

MD simulations hive o mamberaf valuable feamunes
such gz the possibility of direct monitonng of
individunl apomic molions, access i practically non-
ohiainable Iahorstory conditions, und e ability 1w
study the rapid processes. Another aspect of MD
smdics is that they can provide the possibility for
investgating the reliahility of theoretical models by
comparing their results with queisi-cxperimental daia
obstained by simulation with similar preconditions,

However, the technigue has some limitstions
related 1o the approximate nature of the inlermlomic
potentinls, finite system sige and durstion of the
simulation which can be explained as follows:

(i1 In n stmulated system the pamicles interact
according o some prescribed force low, This has the
great advantage of iesting and improving the theories,
but it puts the results of the simulation in doubt
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hecise of uncertaindy in the form of the force law.

{4} To solve the equations of motion mimencally.
the continuous differential equations 1o and 1h are
replnced by fnite difference equations which give
vilues of rand v ol discrere time intervids. The length
of the timestep, which comes into such calculations,
deepends on anumberof factors | 30]: the temperure,
the density. the mass of the particles, wd the nature
of the force lnw, A typical timestep s of the order of
1014 seconds, This small timestep makes the simula-
tiom of even one second of physical ime totally
impo=sible, @0 that although MDD can examine very
shorn time-scale effects, it cannot model w
experimentaly ohservable ime-scale.

(i) The bulk of computational effon in MD
sumulation is concemed with the calenlnfion of fonce
at ench siep (s of Equation 1h), 10l the ineractions
oof M particles e individually calculated, the number
of Modting-point compuier operations in each step is
proportiopnal 0 square of N, This mits N o a few
humdred or thowsand even on the fasiest compuaters
currently availahle. Therefore, the numberof panticles
in o simulated system is far below the numberin o real
system (= 10 compane with = 1027}, This makes the
madel much smaller than any physical sy=tem whach
can be smdied in the lbomtory, Too simalate the
properties of a bulk system more closely, penodic
houndary conditions ane usually imposed [29, 30] in
which the cubic box ix replicated throughout space 1o
form an infiniie lattice, £, e, the calculation box is
surrounded by infinite numberof images. Each image
i 1 box, exactly as the calculmion box, containing N
panicles with the same relative positions. When a
particle leaves the central box. one of the images will
enter through the spposite Gice o balance the move,

SIMULATION DETAILS

In this paper, we report the result of simulation for a
system of 64 panicles (32 CF and 32 K+). The jons
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were placed in the calculation hox in the fonm of o
cuhic microcrystal with the rocksalt crysial siructune
This is an altemative o the usual echnigue in which
the calculation box is filled with panicles, amd the
perindic boundary condition creates a pseudo-in-
finite system, The choice of isolated microcrysial is
mativimed by al least three [actors: Firstly, the
advantige of having free surfaces which albows the
crystal to expand during the heating while remaining
a rero pressure, Secondly, the significant role of the
surfaces on melting. and finally the complicating
effect on the generstion of dislocations due 1o the
imposition of periodic boandary condirion.

Here, we hive used a simple central paar sile -
iy with an inverse power law repulsion [25-27].
Tha fowrce of imeraction berween o pair of fons i ad
j, W seperation ris

Fuir={ 2L (21 15+ S /el ) (2
SnEs
The sign of the first (Coulombic) term is positive for
similar ions and negative for others, The pammeter s
is proportional to the ionic radios, o n determines
the hardness of the repalsion (in this simulaion n =
8.) Thevalue of s,/s_was taken from Pauling (31 ] and
we chose the value of s +5
reproduce approximately the observed lattice spacing
for the erystal {5, = 010971, & = (L1ISOZRY nm ),
The time integration of Mewion's laws of motion
wis conducted by the “leapfrog” algonthm L30] i
which the position e» and the velocity v @ of a
particlzat Ih'l'ﬂl.‘.fl'!-l‘lml.hiéﬂl'l! defined altemativiely:

in such n way o

-u"i- ¥ ;+: Ffmh DT i 3u)
e+ Y3 DT (3h)

Here Fr i the wotal force on panicle i (of mass m) at
step n. The timestep DT wis chosen to be abowt one-
sixteenth of the period of oacillation of a typical ion
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in the crystal (here we used DT = 0.75E- 14 53, As the
positiens. are calenlped at each umesep o the
wilocities are known at each half time-kevel, the
kinetic energey of the sysem, K=, ol mmestepn (avermge
values of the kinetic encrgies of all particles in the
system al step n), was cidculated (32, 33] from:

K'=(K"3+ KT T2+ P 4PV L2 4)

wihiere P is the potential energy of the system a siep
i

For this simulation the wns wene given imtially a
velociry distrihution corresponding w o lemperatune
of BN K, and the tem peratore wies hebd anthis valee
by scaling the velocities in each timestep for 800
steps. This was followed by 300 tmesteps in which
the velocities were not scaled. The microcrystal wiks
then subpectizd o cyehic henting with a perod of 300
timesteps. Ateachof the first 25 steps the system wis
hemed by multiplying cach velocity by the ficior
HTFALC = LOOL It was then allovwed o egquilibrte
forr the remaining 275 steps of the cycle. The kinctic
encrgy. potentinl enesrgy. total energy and the
temn perature of the sysem were averaged over the List
64 sieps of the cycle. and the mean sgunre
displacements of the ions in the sysicm were
pecumulited over the lnst 275 steps of the cycle,

In order 10 measure the melting point and the
themmodynamic properties of the solid and liguid, ihe
sinalation mist star well below the melting poim
and continue 0 oa emperature above i Since e
compputer time required for this Kind of simulation is
suhstiwntinl, it limited ws o 64 paricles,

RESULTS AND DISCUSSION

Figure | show_ e graph of udal encegy against
temperature of simolated system. Each pont
represents the result after a heating cycle. The crysial
1= liefed from A through B o C, melis berween C o
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Figure 1. Yanstion of imemal energy per particle (L1) with
temperaheme during ihe besting of fd oas system. The labels A-
E represen the selectsd pomix whach are studial i deail

D, and the ligquid is heated from D w E. A clear first
order phase change occurs between the points C and
[ from whidch the melting point, Ty=T (O or TV,
the latent heat, Ly=L{D) - U{C), canalso be obtained,
The specific heat of solid and liguid can be obtamed
froam e slopes of this lines AC and DE.

The meliing temperniune and the lent beal ob-
Euned from our simulagion are 950+ 50K and 1L 1E-
2 Mparticle respectively, and the cormesponding
expermeantal valuzs for the bulk are 045K and
2 IRE-20 Npamicle [26]. It is clearly seen that the
strmalatesd melting point and Exem hear of the cluster
are: Iower than the experimental values for the hulk,
It is believed that the difference in the surface-io-
vorlume ratio leads o the depression of the meling
temperature in microcrystals as predicted by the
Gibhs-Thompson relation | 3], This themodynunics
eguation predices a temperature reduction inversely
propofionate 1o the diameter of the clusier. The
lowerng of the melting temperature with decreasing
size of the cluster has alzs been ohserved by
cxpernments | 35],

Apan from the U-T curve, thene are several other
guantities which canbe used o detect the meliing. To
study the diffusion of the particles we determined the
mean square displocement (MSD) of the jons. The
plots of MSD versus time for five selected point: A,
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Figure 2, Plot of mesn square displacemant of the ions as o
functim af time of the frve selectes] poings. The poinks are &

sbovwn im Figure 1, with comesponding lemperulures: A= 0K,
Hed¥ L C=010 K. D=0 Kaml E=1HOK.

B, C (crystal). D and E (liguid) are show in figure 2,
The MSDvalucs for K= ane slightly higher than O s,
This can be attributed o laxeger ionic mdios of O
compared 1o K* jons [36]. For simplicity the svemge
value of MSD for all 64 paricles are used in this
figure. The diffusion constant can be calculsted from
the slope of the MSD-time curve. In the solid, the
MSD increases for a few steps and then stays nearly
ponstant, which is the characteristic behavior of
vibrutional motion, In the liquid, the MSD increases
almost linearly with time, indicating diffusion. A
pseful imdication of the amount of diffusion is the
final MSD of the ions from their staning position
the end of each heating cycle, This quantity is shown
as i function of iempeniture in Figuee 3, The labels A
to E on this figune represent the selected points which
are studied in detail. The sudden increase of the
accumulated value of MSD at T, gives o good indica-
tion of the melting transition.

Figure 4 is the plots of 1otal encrgy, temperiin
and MSD obiained in thiz stmalation os o fonction of
time. This kind of presentation may help one 1o find
ol iore about thie melting mechanism and convey
the actual feeling of the simulation. In order o save
the compater lime, al the beginning we heated the
crystal more rapidly and the mie of heating was then
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Figure 3. Accumilsted values of mesn sjusre displacemend of
the ions over the last 275 lmestep of each cycke 2 & funcion of
temperatire.

decreased. The change at point distinct at tme 45 is
cuused by the change in HTFAC from 1002 o
1.001. These figures show that, although during the
melting T drops slightly (due 10 ansferming part of
kinctic energy 10 the potential). the wotal encrgy

Figikre 4. ¥anaton of some thermadynamics properiies of the
sysiem wiih time during the simulation: (a) internal energy, (k)
iemperabare, (<) mean sguare displacement,
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Figure 5. Instanianeous position ol 16 lons engmally cased im
i liyer obtamed by a hypothetical abomic camern at the selected
I.qmp-;.nh.lrl::ll'nre:l'nr solids (A, B and C) and one for 'quu.lld (.
The filled carcles are OV ard the open cucles represest K+

i | 4 nx

increases at the same rate as before the meling.
Figure 4{c) is possibly the best means of detecting the
melting podnt, in which the value of MSD} increases
ihruptly, due 1o the diffusing of the ions

Fipure 5 show the instantaneous plane position of
the parmicles, on ome layver only, obtained by o
hypothetical atomic camern al the five selected
temperatures, On the fgwee the filled encles are O
and the open circles represent K* As mentioned
earlicr the original microcrystal is composed of 4
layers, each comtanang 16 ionz, 1t is cleasly seen that
ot bow temperature, the jons are located on an onder
array. By increasing the temperature the regulation
diminishes and finally abowve the meting lemperstone
(ot [ the ions are diswributed without any observable
omder, A gimilar result can be obiained by ploiting the
one dimensional position of the panicles on a penod
oof time. This is shown in Figure 6 for four selected
iy in the sysiem and ot four different temperatune.
The wons are selected in such a way to be a good

" |
[; a0 L[] [ HiK
IE (DT}

Figure fi. One dimensional positen featimes of s selectad lns with respectiofim e ot the selected temperature:
thiree far solsds {A, B and C) and one for quid (1), The selected ions are marked on lgure 5-A (L b, c. d).
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representition of all the jons, among them there ane
o K e b O wehich awre chosen from the comer
(a}, middle (b and ¢} and edge (d) of the layer (see
Figure 5-A), Asexpected by warming ap the system.,
the fluctuation of the ions increases.

Another feature which can be observed during
the simulation is the plol of tmjectories of some
selected particles in the system over o consilernble
mumber of fimesteps, This is shown in Figune 7 for
4 dons which originally located @ outer layer of the
system the selected ons are the sume as in Figune 6
(@, b, ¢ and d), Again incan be seen clearly that s low
iemperiming, the ions of the crysial are vibeating
arniund theironginal positions with 2 smnll amplimde.
By increasing the temperature of the cryvstal the
amplitude of vibmation has increased, Aroumd the
melting podnt {point C of Figune 1) some ions stan (o
dilfusze, Finally in the liquid case, the ions mowe
prounad withowt any shservable onler,

/! A
(1 B
= L
# L]
L] T
i T
T »
#, 7
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¥
-
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Figure 7. Progction of the rajeciones of selecied inns on the x-
¥ plane over B0 sieps, o the selected iemperniures: ihree for
solids { &, B ard C) and ome for liquid (D). The selecied wons ae
marked on FI,E-‘I' A (a by, d),
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Iy ocdesr 1o xtudy the structuenl changes of the
system under melting, we have ploned Figures 8
and 9, The K -Cf radial distriburion funcrion {RDF)
of crysial (T=230K) and lguid (T=1240K) are
compared in Figure 8, The fgure shows thit, for
erystal there are 4 distinet peaks, The firs neighbor
peak ot aroand 0,32 nm shows the Lutice separation
of the simulated system s equal 1o the physical
valise of the bulk, As the system melis (Figure B-hj,
the Tirse pesk moves slightly inward, and ihe other
peaks diminish indicating loesing of long range
order. The - K- hound angle distributions
(BALD) for the crystal and the liguid ststes of the
system are compared in Figure 9, In the case of the
erystal (Figure 9-a) there are two sharp peaks an90°
and 1807, which is expected from rocksalt crysial
structure. When the system mizlis (Figure 9-b), the
Cl K-CH ongles range from abowt 60° 1o 1807
clearly showing the Hguid strecnare.
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Figure 8. The K-Clradial distributian Fusction (RDF) of crystal

a1 T= 230K (a}, and ligusd at T=1240K [b),
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Figure 4. The £ K-C bond angle distributioss (BAL ) for ihe (2)
erystal af T=230K and (b} ibe liquid ai T=1240K

COMULUSIONS

I Wi presenl piapier we have shaown that 5 molecular
dyrumics simulation of o small KT micmcrystal of
B4 jons exhibitz most of the features of the melting
transition which are observed in a bulk system, I is
s shown thm easily accessible micro-compusers
can be successfully used o perfonm scientilc
experiments, For present simulation, o mn of 22000
timesteps, corresponding to K5 hours CPL pme on
1BM-PC wis necded, I this caloalmion, the requined
cormputer time for tial mns and additional analysis
are nid included. The renquirement of compuier e
limited us w a system of 64 panicles, although there
are many interst in the simulstion of small cluster
iisclf, 1F was possible 1o obtain the themodynamics,
kinetic and stmectural properties of the systém and
compare them with the commesponding vilues for the
Builk. Iy wis shovwmn that all the featuwnes of the melung

62 - Vol B, No. 2, May 1995

transition which are observed in g bulk system ane
il=o exhibited by such a small microenestal. Finally
o should keep in mind tha the significance of the
sl ntion results is always mited by tie reainy of
thiz interatomic polentioad wsed,
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