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and an elementary model
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This work examines the temperature dependence of the coexistence ratios of phaselike forms of
atomic clusters of two kinds, a homogeneous cluster bound by pairwise Lennard—Jones forces that
simulates Ags, and a binary, ionic cluster simulatingcCl)s;,. Two methods have been used:
isothermal molecular dynamics and a simple analytical model based on highly simplified densities
of states. The phase behavior of the alkali halide cluster is well represented by a two-level density
of states, a nondegenerate lower level, and a highly degenerate upper level. The phase behavior of
the argon cluster needs an intermediate level of moderate degeneracy to reproduce the three-phase
behavior of the simulations. €997 American Institute of Physid$$0021-96007)50615-5

It is well known that simulated clusters can undergoas free energies and equilibrium ratios of coexisting phase-
transitions between solidlikeSj and liquidlike L) forms, like forms.
changing their mean vibrational temperature in isoergic mo-  To investigate the ranges of phase coexistence and the
lecular dynamics simulations, or their mean internal energyemperature dependence of the equilibrium concentration ra-
in isothermal simulations. The dynamical coexistence ofios, we have performed molecular dynam{84D) simula-
solid and liquid phaselike forms in equilibrium, or even of tions of the isothermal evolution of the clusters from differ-
more than two such forms, within sharp bands of energy ofnt configurations. These were done with both Ndseover
temperature, has been investigated both analytically and niextended-systeytf~*° and stochastfé-** algorithms, aver-
merically. (For recent reviews, see Refs. 1 anyl This work aging the results over many runs. The effective pressure was
determines, from simulations, the equilibrium ratios of2€ro and uncontrolled, but no evaporative events were ob-
amounts of coexisting phases of two model clusters, i.e., thaerved, so pressure was essentially irrelevant. We have used

equilibrium constants, and how these ratios depend on tenf® Same pairwise potential and parameterSK@l);, most
perature. That is, we quantify the coexistence curve of twé_)ften used for KCF” for the Args cluster, the potential and

specific clusters along one isobar; the work does not ye'lIS parameters are those previously used for this cldster.

achieve the construction of a full phase diagréSuch dia- The results are based on the assumption that both systems

grams have been sketched qualitatively in the PaFhen are ergo_dlc; the agreement O.f the r_esu_lts from the two alto-
) . . ... gether different methods of simulation is strong support for
we interpret these results in terms of simple statistical—

thermodynamic models, slight variants of the Bixon—Jortnerthe V"?‘"d'ty .Of that as;sumpﬂoﬂhg t'|me scales required for
model® the simulations to display ergodicity may, however, be so

long that in the lowest reaches of the coexistence range, be-
The two model systems we have chosen(&€l);, and g g

. . . . . low 33 K for Arg; for example, the molecular dynamics
Args. The first has a staircase potential and readily goes 'ntﬂwodel might not explore the full, available phase space.
a crystalline, rocksalt structure on cooling. The;Acluster !

) le that h h Sabd | | At low temperatures, both clusters are of course solid-
is an example that has a sawtooth poteritiahd is a glass like. In temperature ranges arourd30—760 K for(KCl),

former. The phase coexist?ence of the KCI cluster has beeQ 4 40k for Ares, dynamic solid—liquid phase coexistence
reported by Rose and Berfy,and of the argon cluster, by occurs.(Note that for small finite systems such as these clus-

various author%zé'g . __ ters, solid—liquid coexistence occurs withirands of tem-
Phase coexistence in clusters, the number of CoeX'SI'”Berature and pressure, not along the coexistence curves fa-
phases, and the occurrence of a solid-liquid transition, argjjiar for bulk phase equilibrid=® At still higher
related to the peculiarities of the density of staigl€), and  temperatures, the MD simulations show that the clusters are
in large part to the density of states just of the local minimamaimy in high-potential-energy regions, and spend only very
on that surfacepy(E). Both these densities can be found prief intervals in the vicinity of any individual minimum. By
numerically, in principle. To do this exhaustively becomescontrast, in the intermediate temperature ranges, these clus-
impractical for systems of more than about 15 particles; thergers jump between the phaselike forms, spending times
are perhaps 500 000 geometrically distinct local minima fornonger, relative to their vibrational periods and even to the
Aryg, and the number increases exponentially withthe  times for thermal equilibratiofequipartition of their vibra-
number of atoms in the cluster. Hence, for larger clusters, wéonal energies, in the solidlike and liquidlike regions of their
use statistical sampling or simple analytic models to detereonfiguration spaces. Examples of typical runs are given in
mine densities of states and thermodynamic properties, sudfig. 1. While we have observed coexistence of only two
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FIG. 2. Temperature dependence of the phase occupancies at coexistence
for (KCl)s,, from simulations(large trianglesand from the two-level ana-

lytic model (small, open trianglgs The parameters for the model are
In(N;)=61.2 andd,;=6.10x10"2 eV/ion. The steep, rising curve is, of
course, that for the liquid and the falling curve, for the solid.
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33T hole—floater distance; however, this dependence is weak.

-3.97 ¢ These energies are in the narrow range frerf.245 to

338 P 000000 0000 —5.238>_<10’2 eV/atpm. Configurations V\ﬁtzh an edge hole
(b) Time, in 10 have higher energies, around5.195<10 “eV/atom, de-

pending upon the position of the floater. In the same energy
FIG. 1. lllustration of the phase-coexistence phenomenon in the two clustefé@nge, there are also structures with two vortex holes, from
(@) Arss at 35.9 K, and(b) (KCl)s, at 740 K, as revealed by the time about —5.205 to —5.185x10 2 eV/atom, and high-
depgnden_ces of the energies of their qgenc_hed configurations_, i.e_., of ”@ymmetrsth structures, e.g., at5.202. In our runs, we
configurations around which they are vibrating at each sampling instan .
These patterns are similar in appearance to those of the temporal behaviort’(‘]f"“/e found an apparently nefrs, structure different from
short-time mean potential or total energies, but the information in thesdhose previously reportéd. The next higher-energy excited
curves is rather different, insofar as it shows the range of fluctuations oktructures are associated with greater numbers of holes and
gnergies of the Iopal minima around which the system is oscillating, at eaclﬂoaterS, and their energy range is much wider.
instant of quenching. . . .

The time sequence of Fig. 1 reveals the existence of an
intermediate —5.2459 phase, in addition to solidlike and lig-
uidlike forms, and indicates, to a smaller extent, another

phases fofKCl)s,, crystallike and liquidlike, the simulations (—5.200 phase as well. The first of these has been recog-
show at least three phaselike forms of;Arconsistent with  nized as the so-called surface-melted form, which, although
the results of Kunz and Ber® Figures 2 and 3 illustrate the it has many liquidlike characteristics, is not really an amor-
temperature dependence of occupation of different phases fhous fluid surrounding a solid. There is no evidence of
the coexistence range of temperatures, for the two systemany other phases with energies betweeB.200 and the
The configurational energy spectra of clusters, especialjower bound, approximately—5.090, of the liquid-state
of those corresponding to “magic numbers,” typically ex- manifold.
hibit a gap between the ground level, such as the symmetri- The(KCIl);, cluster has a 444 rocksalt structure at its
cal configurations of the global minima in the examples studglobal minimum. Its long-range, Born—Mayer potential, in
ied here, and a quasicontinuum of higher-energy configeontrast to the Lennard—Jones potential of argon clusters,
urations corresponding to the liquidlike structures. Betweergives rise to relatively low-lying excited configurations ob-
these and inside the gap, there may be states related structtained by displacement of ordered small subunits consisting
ally to the global minimum, states that may have “defects” of several, usually no less than four, ions. Invariably, these
in solidlike configurations. In some systems, intermediatestructures consist of rocksalt-structure blocks, so that their
states may be considered as surface-melted f&riH%:18 energies fall in a narrow range aroureB.35 eV/ion. Par-
The global minimum of Ag; has an icosahedral structure tially rocksalt structures, with amorphous regions, have
with energy —5.296<10 2 eV/atom. The lowest excited higher energies, filling the range up to the liquidlike mani-
configurations correspond to structures with a single hole at #old with energy—3.31 eV/ion. As Fig. 1 shows, tHe-3.35
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partially amorphous configurations do not give rise to a sepa- 19 o
rate phaselike form as the surface-melted states gf do,

but merge smoothly into the fully amorphous structures that
comprise the overwhelming majority of local minima for this
system’

Both (KCl)3, and Aigs show a rapidapproximately ex- 06 |
ponential increase ofpy(E,,,) with E,,, as is expected from
general consideratiors. This suggests that we try to de-
scribe the situation with a very simple “two-level” model,
based on a nondegenerate ground state plus,-fold-
degenerate excited state separated from the ground state by o2}
the energy gap.* The ground state corresponds to the crys-
tallike structure while the excited, highly degenerate level -
represents the set of amorphous, “liquidlike” configurations. 0%5% 30.0 350 400

08

Occupation

0.4

. . . . Te , K
The population or occupation number of the excited state is emperatue
given by the expression FIG. 3. Relative populations of the three phaselike forms of; Afrom

simulations(large, black triangles for solid and liquid; black circles for the

Ny (T)=N;-exp(—d/kT)/[1+N;-exp(—d/kT)], @ surface-melted forinand from the three-level modédmall, open triangles
for solid and liquid; small, open circles for the surface-melted fofar

which becomes equal oo, the OCCUpat_mn number of the phase coexistence. The simulations could only be carried out between ap-
ground state, at the temperature at which the degeneracy gfoximately 33.5 and 37.5 K; this is because below 33.5 K, the processes are

the excited state just compensates for its Boltzmann factorjoo slow for molecular dynamics and the amount of liquid is too small to be
detected, while above 37.5 K, particles evaporate rapidly from the liquid
kT.=d/In(N,). 2 clusters. The steep, rising curve corresponds to the liquid, the falling curve
to the solid, and the intermediate curve, to the surface-melted form. The
At large enoughN; (see below, the change from most of the parameters for the model are(hy)=49.7, I(Ng,)=8.9, d,=2.84x10-3

population being in the ground state to most being in theV/atom, andi,=0.51x10"° eV/atom.
upper level occurs within a rather small temperature range.
In this case,T, can be considered as the temperature of a

solid—liquid transition. The results of molecular dynamics x10=3 ev/atom and degenerady,, Surface melting in
simulations give the transition temperature of 730 K forar_is related to the peak in the cluster's density of states at
(KCl)3, and 36.4 K for Ags. From Fig. 1 we see that the this energy, which seems to be associated with surface-
liquidlike energies that determine the valuedflie in the  mejted state&%172° Two consecutive transitions, solid to
range [—3.305;-3.319-{-5.000;-5.029, respectively. syrface melted and then surface melted to liquid, at the tem-
(While the energies of the solidlike phase and the intermediperatures given by

ate phase can be found rather accurately from the MD runs,

there is some uncertainty about the energy of the liquidlike KTsm= dsm/IN(Nsm), ®)
state, due to the large width of the corresponding quasicorgnd

tinuum of states.With these values, it follows from Edq2)
that kTg=(d1—dsm)/IN(N1/Ngp), (6)

—re7_ a7 can occur if thed’s andN’s have values such tha@i,>T,,.
IN[NL(KCH]=[57-6§, and Ny (An)]=[47 53('3) If values of theds andNs give T,>T, then in this model,

the intermediate state does not show itself at all when
If the total number of locally stable states of a cluster in-T<T. And finally, if T¢,~T. three-phase coexistence oc-
creases as expl), whereN is the number of particles com- curs. For this to happen with this model, the relation
prising the cluster, then we should expect values foN i _ ¢ B
of 64 for (KCl)3, and 55 for Aggs. These values are reassur- Nom=(N1)",  T=dsm/dy, @)
ingly close to those given by E@3), thus, illustrating that should be fulfilled. For Ags, ds,~0.0005, so from Eq(7)
the two-level model may, at very least, be a useful guide fowith d, from the above given range one haéNg,)~9. Fig-
estimating values. For example, if we suppose that the solidure 3 shows the temperature dependence of the occupancies
liquid transition happens wheN; changes from 0.1 to 0.9, of the states for these values of the parameters. Thus, this
the model gives for the range of the transition ratio of N, to N, leads, indeed, to three-phase coexistence.
_ If one uses this value with the above valuesNgfandd,,
dT/Te=2:In 9fn(Ny), @ then Eq.(6) givesT close to 36.4 K, demonstrating that the
also in good agreement with the results of numerical simumodel with a few intermediate states corresponding to peaks
lations, both in the value and in the dependence Ugpna  in the actual density of states is satisfactory for rationalizing
little greater for Agg than for (KCl)3,. multistate coexistence. In the full treatment, three-phase co-
The three-phase coexistence observed igs Aan be existence is possible throughout a band of temperature and
considered in the same model by adding one more intermegaressure, provided the parameters of the system are suitable,
diate, “surface-melted” level at the energy,, of —5.24  as they seem to be for Lennard-Jones clusters, according to
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simulations®® A similar model in which a core-melted state about 21 if there were to be a detectable third form, an un-
replaces the surface-melted state will rationalize the corereasonably large value.
melted clusters postulated in Refs. 8 and 9. One can try to predict from this primitive model how the
One may try to estimat®lg,, from microscopic consid- coexistence criteria depend upon the cluster size. The value
erations. If the surface-melted state corresponds to configwf dg,, must be roughly equal to the energy needed for re-
rations with one atom promoted out of the surface to a site omoval of an atom from the outer shell. This should not de-
region in the next outer shélf then this atom can reside on pend in a sensitive way on the cluster size for clusters with
any of 20 triangle faces, and there are four possible placelsennard-Jones or similar pairwise potentials, provided the
for it on each of the faces, so there should be about 80 placedusters are large enough that the populations of cluster faces
above the surface where the promoted atom can find a localominate those of the edge and vertex sites. Surface melting
potential minimum. The promoted atom can be any of twelveonly occurs with clusters of about 50 atoms or more, which
isosahedron vortex atoms, so the total number of such comakes the lower limit for surface melting just a bit small to
figurations is equal to 1280=960. Molecular dynamics meet the criterion for the weak size dependencelQf. In
simulations illustrate that there is an “exchange” betweenthis range, roughly 50-100 particled,,, can be estimated
the floater and the outer shell, thus, all the atoms of the outegxplicitly by counting the numbers of different kinds of sites
shell participate in floating. Taking this into account in- on the surface. The ratio of density of states for surface-
creases the effective number of configurations to 3360, aelted and liquidlike configurations drops to favor the latter
value between exXp) and ex§9), close to the value found as cluster size increases. It follows from these considerations
above. that in clusters larger than 4y, the solid—liquid transition
The (KCl)g, cluster differs from the Ay cluster, insofar  becomes increasingly likely to engulf three-phase coexist-
as a third phaselike form, the “surface-melted,” occurs inence, as\ grows.
the argon cluster but not the alkali halide.(KCl)5,, there is ) )
no evidence for any peak in the density of states between the 1€ authors would like to thank Keith Ball and John
global minimum and the smoothly rising region of the amor-Rose for_thelr assistance with the programs for the simula-
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