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Influence of the softness of the repulsive core interaction on cluster melting
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The influence of the softness of the repulsive core of the pair interaction on the melting behavior of small
clusters was studied by molecular-dynamics simulation of clusters in which particles interact through pairwise
additive, inverse-power-based potentials. The potentials used had minima of the same depth and position and
were identical beyond the minimum, differing only in the softness of the repulsive core. Core softness was
found to favor a two-step cluster melting procgs31063-651X98)05804-9

PACS numbd(s): 61.46+w, 36.40.Ei

[. INTRODUCTION phase behavior of small clusters of particles interacting via
hard-core YukawdHCY) potentials[9]. These calculations
Although considerable effort has been devoted to investishowed that the existence and extent of a liquidlike cluster
gating by molecular dynamidd1D) and Monte CarlqMC)  Phase depends on the range of the attractive Yukawa inter-
simulations the melting behavior of clusters containing a2ction. Decreasing the range of the potential destabilizes the
small number of atomésee, e.g., Ref$1,2] and those cited liquidlike phase, with the result that cluster sublimation takes
therein), this is a phenom(’anon’that in some respects, stilPlace before liquidlike behavior begins. A similar conclusion
remains challenging. In transition-metal clusters of sizes alVas &lso arrived at by Doye and Wale9)] using a Morse
lowing the formation of complete icosahedra or polyicosahePOtential. By comparing the results for HCY clusters with
dra plus an extra atorfe.g., clusters wittN=14 andN= 20 those of Hagen and Frenkgl1] for bulk HCY fluids, it was
atoms the existence of a premelting phenomengocal shown that the shortest tail range allowing a liquid phase in
melting of the cluster due to the destabilization of the extran€ cluster system is significantly longer than for bulk matter.

atom) has been predicted using Gupta-like and embeddedthis means that, in general, the nonexistence of liquidlike
atom potential§3,4]. Because this effect had not been Ob_cluster states is not necessarily incompatible with the exis-
served among Lennard-Jongs)) clusters, the occurrence of tence of a stable bulk liquid phase. The results of Rey, Gal-

premelting was attributed to the many-body character of théf90; @nd Alonsd12] and Cheng, Klein, and Caccarbg]
metallic interaction. show that fullerenéCgy) may be a case in point.

A different phenomenon is that of surface melting, an As far as we know, no similar detailed studies have hith-

effect recognized by Briant and Burtgs] and on which a erto been carried out to investigate the influence of the shape

number of workers have focused their attention recently©f the potential in the core region. This paper reports the

Cheng and Bernf[6] have combined analytical and MD 'eSults of our research in this area. Specifically, we con-
methods to study the dynamic aspects of surface melting i_ﬁtruct_ed a series of pair mtergctlon potentials dlffe_rl_ng only
Ary clusters with LJ interaction potentialsl&40-147 and In thel_r ;hape in the core reglc_(me depth and DOS'F'O” qf

Cuss clusters with embedded-atom potentials. More recently'€ Minimum were the same in all and all were identical
Calvo and Labastig7] have analyzed, from both the thermo- _beyon.d the m'”'m“'?‘a”d we carried out MD swulaﬂo_ns o

dynamic and structural points of view, the melting characterinVestigate the melting of clusters of particles interacting via
istics of double-icosahedron-based LJ clusters up to a size &ach potential in a pairwise additive fashion. We found that

N =34 atoms, showing that for several sizaad particularly these clusters exhibited two-step melting if the core repul-
for N=34) the cluster surface melts before the core, whic ion was soft enough, which suggests that the two-step pro-

remains in a solidlike state until complete melting. The pos-CESS€s observed in simulations of metal clusters may prob-
sibility of surface melting prior to full melting has also been 2Py also be atiributed to the softness of the cores of the
investigated by Krissinel and Jelling&] in Ni3, Al 5, and ~ Potentials used rather than to many-body effects.

some mixed 13-atom Ni-Al clusters using a Gupta-like po- In Sec. Il we introduce a scheme to analyze the effects of
tential for MD simulations. It was found that a two-step pro- <! softness on cluster melting behavior and give some de-
cess occurs in the solid-to-liquid transition for fyiand tails of the computational procedure used in this work. In

Al 13: The first step corresponds to isomerizations involvingsec' i we present and discuss our rgsults. Finally, the main
only surface atoms but without giving rise to a properconclu5|ons of our study are summarized in Sec. IV.
§urface-melted stage and the second to isomerizations that,, MODEL POTENTIAL AND SIMULATION DETAILS
involve the central atom.

MC simulations have been carried out recently to analyze As indicated above, we wish to study how the melting
the influence of the range of the attractive interaction on theharacteristics of a cluster &f particles interacting through
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a pairwise potentiad (r) depend on the softness of the core 1.5 .
potential. To do so, we construct a model fb(r) that al-
lows the range ofb(r), and the location and depth of its 1 ]
minimum, to be held constant while the softness of the core ]
is varied. € 0.5 _:
Consider a generahn-n inverse power potential of the 20-14 1
form ]
O |
yo\™ [yo\" i 1
cp(l’,m,n)—ae< ; ( . ) . (1) 05 j/ E
.. . . [7-1 ]
The minimum ofe(r;m,n) is located at, defined by I A B ! ]
do(r:m.n) 0.7 1 1.3 1.6 19 22 25
( . (9’r , ) =0, @ i
r=ro FIG. 1. Pair potentiatb(r;mqy,ny) for several values ofmg-ng.
which gives and 4(x) is the Heaviside step functiopg(x)=1 if x<O
m\ Um=n) and 6(x)=0 if x?lo]. In constructing our m_odel potential
ro=a'y(—) (3)  @(r), we shall utilize the generah-n interaction potentials
n ¢(r;m,n) introduced above together with the WCA scheme

for splitting the interaction potential. This allows different
choices ofm andn for the reference and perturbation poten-
n)"’(m“)( n ) tials and thereby an extra degree of control. Our model po-

¢(r0;m,n)=ae(— ——1 (4) tential ®(r) is chosen such that
m m

Thus

D(r)=P(r;mg,Ng,My,N1)=@g(r;Mp,Ng) + @1(r;mg,ny).
If we now require the location and depth of the potential (") (1Mo, Mo, My, M1) = 9o(FiMo,Mo) + e1(Fi My, Ny)

minimum for allm andn to be identical to the values for the (10)
familiar 12-6 LJ potential, namely,ro=2"¢ and
¢(ro;m,n)=—¢, then the coefficienta andy of the poten-  We note that the WCA scheme ensures that the composite

tial ¢(r;m,n) will be given by pair potential and its first derivative are continuous forrall
n/(m—n) even whermgy# m,; andngy# n,. To ensure that the range of
E_( _ E) (E ) the potentiakb (r;mgy,ng,m; ,n,) is the same for all systems,
a m/\m we shall choosen; andn; (and hence the long-range region

of the potentialto be the same for all systems under consid-
and eration. For simplicity, we taken;=12 andn,=6. Then the
Yim—n) Iong—rangg.part of the poten@iaIz(r) for r>ry, is identical
y= 21/6( ﬂ) 6) to the familiar 12-6 LJ potential. Henceforth, we shall denote
m the potential ®(r;mg,ng,m;=12n,=6) simply as
d(r;mg,ng) and refer to it as theng-ny potential. Figure 1
respectively. Fom=12 andn=6, we havex=4 andy=1  shows the form of this potential for different values rof,
and thus recover the familiar results for the 12-6 LJ interacgng No.
tion potential. Varyingm andn allows the softness of the We have investiga[ed by means of MD simulations the
core of (r;m,n) to be varied, but not without altering the melting behavior of clusters with= 13 particles interacting
range of the potential. through the model potentiaP(r;my,n,) described above
~ To see how the range of the model potential can be helgyr all the values ofm, and n, indicated in Fig. 1. The
fixed, as well as its minimum, while varying the softness of13-particle cluster is a paradigmatic system for studies on LJ
the core, consider the Weeks-Chandler-Ander$&fCA)  clusters (see, e.g., Refs[2,15,16) since the ground-state
scheme[14] for splitting an interaction potentiap(r) into  jcosahedral structure is very stable and thus offers an appro-

reference and perturbation components: priate system for analyzing the rigigolidlike) to nonrigid
_ (liquidlike) transition. However, although our attention was
¢(1)=o(r) + @4(r), (™) primarily focused on the 13-particle cluster, some calcula-

tions were also made for clusters with=14 particles in
order to highlight some aspects of the premelting phenom-
enon.
— _ _ Computations were carried out using, o, and
eo(r)=Le(r) = e(ro) JOr—ro), ® r=(Mc?/ €)', whereM is the particle mass, as units of
the long-range attractive perturbation potentig(r) is  €nergy, distance, and time, respectively. Quantities ex-
given by pressed in these reduced units will be indicated by an aster-
isk. MD simulations were performed using the velocity Ver-
e1(r)=@(r)0(ro—r)+o(rg)O(r—ry), (9) et algorithm [17] with a time step of %10 3, which

where the short-range repulsive reference potegijét) is
defined by
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FIG. 2. Caloric curves showing the mean kinetic energy per FIG. 3. The rms pair separation fluctuation as a function of the
particle as a function of the total energy per particle for 13-particletotal energy per particleéf(E*) for 13-particle clusters with pair
clusters with pair potential® (r;mg,ng). potentials®(r;my,ng). The energies indicated by arrows are as

follows: A, —3.2; B, —3.05;C, —2.95;D, —2.8;E, —2.7; F,

guarantees conservation of the total cluster energy to within 2-4:1» ~2.8:11, =2.65/1, —2.4, andlV, —2.16.

0.01%. The melting behavior of the different clusters was ) ) o o
investigated by gradually heating nonrotating, nontranslatin%/hererij is the distance between particlesindj, k is the
structures in a stepwise manner to obtain the caloric curvegoltzmann constant, and angular brackets denote averages
(see, e.g., Ref.18]). For each heating step, the system wasOVer an entire run after equilibration.

allowed to propagate over 18110* time steps. The first 0

time steps allowed for equilibration of the cluster, while the IIl. RESULTS AND DISCUSSION
remaining 16 time steps were used to obtain the state point
on the caloric curve by averaging the kinetic enekgyand Figures 2—4 show the computed calori¢Ef)(E*)),

potential energyJ. The total energy¥,+ U is denoted byE. S(E*), and specific-heaf (C*(E*)] curves for the 13-
In general, for each state point this process was repeatgghrticle cluster with interaction potentid(r;mg,ng) for the
twice. However, in the transition region, where large thermo-values ofmy andng given in Fig. 1. The results fany,=12
dynamic fluctuations occur, between four and ten repetitionand no=6, which correspond to the familiar 13-particle LJ
were performed. In the course of the MD simulations thecluster and act as a point of reference, are in good agreement
relative root-mean-squargdms) pair separation fluctuation with those reported elsewhef®,15,14. In all of the cases
S and the specific hed@ were calculated using the expres- studied in this paper, the 13-particle cluster undergoes a sol-
sions[19] idlike to liquidlike transition, which is indicated by the
changes in the slope of the caloric curves, abrupt increases in
the S(E*) graphs, and peaks in the specific heats. For the
softer 7-1, 8-2, 9-3, and 10-4 potentials, there are clearly two
abrupt increases i®(E*); for the harder 12-6 and 20-14
potentials, the second rise is less clearly defined. By careful
examination of the cluster structures during the simulations
and performed with the 7-1 potential, we found that the first
abrupt change id(E*) corresponds to the onset of frequent
, isomerizations involving only the surface atoms, while the
-1 second abrupt change #(E*) corresponds to the onset of
€= N[l_ ( 1= 3N—6)<Ek><Ek >} ’ (12 frequent isorgerizatic?ns[i(hat)involve Fhe central atom.

2 ((ri2j>_<rij>2)1/2
CNNDE (1)

11
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5 10-4 =~ ] FIG. 5. Distribution of the short-timé50 time stepaverage of
25 b s B the potential energy per particle for a 13-particle cluster with a 7-1
20 E : ] pair potential for total energies per particle indicated by the arrows

] labeledA—F in Fig. 3(@. P((U*)y) is the normalized probability
515 | 3 density. Each curve is the best fit to the data of a sum of two
. Gaussians, except for curvésand F, which are the best fits of
10 £ _ single Gaussians.
5 [ 3 caloric curve changes slope. We have observed this bimodal
g ] behavior in the 13-particle cluster for all the potentials con-
o bl o b o L b sidered in this paper. By way of illustration, the results for
-3.6 -34 -32 -3 -2.8 -26 -2.4 -2.2 the softest(7-1) potential are shown in Fig. 5, wheke)s
E* denotes a short-time average. It should be pointed out that
100 L N B such bimodality does not necessarily imply that at certain
* total energies the cluster can fluctuate between well-defined
so[ € . phasedor, invoking the ergodic hypothesis, that there is a
20-14 range of total energies in which a microcanonical ensemble
60 L . ] of clusters is a mixture of rigid solidlike and nonrigid liquid-
5 like forms). For fluctuation between phases, the cluster must
40 [ i remain in each phase long enough to allow its proper char-
acterization. To clarify this point, in Figs. 6 and 7 we show
00 [ b the time course of the short-tim{@50-step averages of the
potential energies of 13-particle clusters with 12-6 and 7-1
N 1 potentials for the total energies indicated by arrows in Fig. 3.
0 e o In the case of the 12-6 potentiavhich does allow fluctua-
-34 -32 -3 -2.8 -26 -24 -22 -2

tion between phases, as we shall)seae can distinguish the
following situations. At low total energyFig. 6(1)], in the
solidlike region, the short-time-averaged potential energy is

FIG. 4. Specific heat per particle as a function of the total en-

ergy per particle for 13-particle clusters with pair potentials

2.4
®(r;mgy,Nng). E
-2.5
Figure 4 shows that only a single peak appears in each

-2.6
specific-heat curve. Although these peaks are very broad for
the softer potentials, the apex corresponds in all cases to an »* 2.7
energy (the “melting energy’) that is slightly higher than 2 2.8
that of the second abrupt increaseS{E* ). Melting requires :
the participation of all atomg&including the central onein 2.9 F
diffusive motion. The absence of any separate peak in 3
C*(E*) at an energy between those of the two abrupt £
changes inS is presumably because in this work the isomer-
izations involving only surface atoms did not constitute a
well-defined surface-melted state.

MD simulations carried out by Jellinek, Beck, and Berry  FIG. 6. Short-time averages of the potential energy as a function
[15] for the 13-atom LJ cluster have shown that the shortof time for a 13-particle cluster with a 12-6 pair potential. The total
time-averaged potential energy has a bimodal distribution aénergy per particle for each curve is indicated by the corresponding
total energies between those at which the long-time-averagetrow in Fig. 3a).

_3.1_”.‘
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FIG. 8. Caloric curve(crosses and 5(E*) (doty for a 14-
FIG. 7. Short-time averages of the potential energy as a functioparticle cluster with a 7-1 pair potential.
of time for a 13-particle cluster with a 7-1 pair potential. The total
energy per particle for each curve is indicated by the correspondingtom that occurs before the melting of the cluster.
arrow in Fig. 3a).

) . ) IV. SUMMARY AND CONCLUSIONS
essentially constant. At higher energj&sg. 6(11)], there are

occasional peaks, some of which correspond to isomeriza- Previous studies have shown that the cluster melting tran-
tions involving only surface atoms. In the region of bimodal-Sition is dependent on the range of the attractive tail of the
ity (i.e., at total energies between abot®.64 and—2.25;  Interatomic potential. In this work we have shown that the
see Ref[15]) (U*), fluctuates between two levels corre- softness of the repulsive core of the potential also has a pro-
sponding to two distinct cluster forms: a rigid, solidlike form found effect on cluster melting. Although the specific-heat
of lower potential energy and a nonrigid, liquidlike form of Curves of the 13-atom clusters studied all show a single peak
higher potential energhFig. &111)]. Finally, at high energies corresponding to a well-defined cluster melting transition,
[Fig. 61V)] there are strong, rapid fluctuations with no fa- their 5(E*) curves show two distinct structural transitions: a
vored potential-energy levels, which reflects the looselow-energy transition at the onset of isomerizations involv-
liquidlike structure of the cluster. The situation is quite dif- N9 only surface atoms and a second, higher-energy transi-
ferent for the softer 7-1 potential, particularly in the region oftion corresponding to the onset of isomerizations that also
total energy for whicU* ) has a bimodal distributiofsee involve the central particle of the cluster. The second struc-
Fig. 5. In this case[Figs. 7B)—7(E)], the two “modal” tural transition occurs at energies just below the cluster melt-
values of(U*), are close together and* ) never remains "9 transition. Such behavior has been seen previously in

close to either for any considerable time, which preclude§tUdieS of metal clusters, but in this case is not attributable to
definition of a “coexistence region” in which the cluster @1 Many-body interaction. The two-step melting process is
exhibits different phases. In other words, when the pair IOOmore evident the softer the core interaction. It was also found

tential is very soft and the total energy is in the bimodalthat 14-particle clusters with soft-core pair interactions ex-

region, the cluster performs transitions between isomers thdtiPited premelting, another phenomenon that has been ob-

are very close in energy and the time spent in each is to§€"Ved previously only in studies of metal clusters.

short to establish the properties of a quasistable phase. ~ For all the potentials considered in this paper, the short-
Graphs of5(E*) showing two abrupt increases have beenumg—averaggd poteptlal energy of the.13-part|cle cluster has

obtained recently by Krissinel and Jelling&] for Ni 5 and a bimodal distribution at total energies between those at

Al ;5 using Gupta-like potentials. In the light of the results of Which the long-time-averaged caloric curve changes slope.

the present paper, these findings may be attributed to thidowever, it is only for the potentials with relatively hard

softness of the repulsive core of the potentials rather than t5°r€S that the two modal potential-energy levels correspond

their many-body character. The same may probably also pio distinct quasistable phases between which the cluster fluc-

said of the premelting phenomenon observed in transitiontuaes; when the core is soft, the modal potential-energy lev-
s are close together and the cluster fluctuates too rapidly

metal clusters described by Gupta-like and embedded-ato . ; ) ;
potentials when cluster size is one more than that of a Conpetw_een them for it to be possible to consider either as a
plete (poly)icosahedror3,4]. Because this latter effect has duasistable phase.

not been observed in LJ clusters, it has been attributed to the
many-body character of the metallic cohesion. However, Fig.
8 shows that a 14-particle cluster with a soft-c6rel) pair This work was supported by the DGICYT, SpdProject
potential does exhibit two abrupt changessE™* ), the first  No. PB95-0720-C02-Q2and the Xunta de GaliciéProject
occurring at an energy well below the melting energy. ThisNo. XUGA20606B96. We are grateful to J. Jellinek for a
premelting effect arises from the destabilization of the extracopy of Ref.[8] prior to publication.
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