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Influence of the potential range on the heat capacity of 13-atom Morse clusters
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Heat capacity curves as a function of temperature were studied for 13-atom clusters bound by Morse
potentials with different range parametggse {3,4,5,6,14 using J-walking Monte Carlo. Decreasing the range
of the pair potentiali.e., increasing,) increases the peak of the heat capacity in the melting transition region
and decreases the boiling temperature. g+ 14 the melting and boiling peaks merge. The short-range
potential favors a transition from the catchment region of the icosahedral ground state to the basins of higher
minima. On the other hand, clusters bound by the long-range potepgalJ) remain in the ground-state
basin even for elevated temperatures, which can be explained by the destabilization of important higher
minima for py<4.[S0163-182¢09)08839-4

[. INTRODUCTION potentials, in order to deal with as few parameters as pos-
sible. More specifically, we chose the Morse potential which
In a recent experiment the caloric curvEéT) and heat  after renormalization of length and energy has only one free
capacities of free sodium clusters have been deterntided. parameter. This parameter determines the range of the poten-
peak of C(T) occurring at a temperature below the melting tial and can be adjusted in order to describe qualitatively a
temperature of bulk sodium was interpreted as the meltingariety of materials such as alkali metals, transition metals,
transition of the finite system. Such a phase change in smafir noble gases.
clusters has been predicted by computer simulations more We have performed extensive J-walk Monte Carlo simu-
than ten years agolt was shown by Jellinek, Beck, and lations for 13-atom clusters. For very long-ranged potentials,
Berry that small Lennard-Jones clusters may appear in twé1e melting peak nearly vanished in agreement with the ob-
distinct forms with properties reminiscent of the solid andserved reduction of coexistenteie can characterize the
liquid phases of bulk matter, respectively, and that these tw&@ES by a set of local minima and a trajectory by the dwell
forms can coexist dynamically over a finite temperatureprObab”ity in their basing.In order to gain further insight
range starting with a freezing temperatufe and ending into the interrelation between the PES-morphology and the
with a melting temperatur&,,. Consequently, for tempera- thermodynamic behavior we separated the histogram of po-
tures betweefT,, and T the potential energy distribution is tential energies into two parts, the first one accumulating
bimodal, and therefore has a larger standard deviation leadnly configurations belonging to the catchment region of the
ing to a peak inC(T). absolute minimum and the second one accumulating all other
However, such bimodality is greatly affected by the shapeconfigurations. Analyzing these two parts separately allowed
of the potential energy surfad®ES applied in the simula- Us to identify two distinct origins of a heat-capacity peak.
tion. Mainz and Berry studied the molecular dynamitD)
trajectories of seven-atom clusters bound by a pairwise ad- Il. COMPUTATIONAL METHOD
ditive Morge potential. They demonstrated that an increase of The PES of theN-atom Morse clustefin this studyN
the potential range can drastically reduce coexistence. The 13) is given by
influence of the range of the potential on purely thermody-
namic properties like the heat capacity has been studied by
Rey and co-workers. Strengthening the repulsion of a  V(ri,...ry)=>, eerolli/fem(grolrj/rem)—2) (1)
Lennard-Jones potentidi.e., reducing the potential range =
resulted in an enhanced melting pda®n the other hand, In the following, energies and distances are measured in re-
the melting peak vanished when the range of the attractivduced units, i.e., the well depthand the equilibrium sepa-
part of a hard core Yukawa potential was decredsddw-  rationr, are set to unity. The parametgg determines the
ever, these latter findings cannot be explained in terms of theange of the potential. For metals rather long ranges pth
presence or absence of coexistence, because sublimatibetween about 3 and 5 are appli@dhe shorter range of rare
takes place before melting, merging the melting and boilinggases may be modeled lpy=6, and the Girifalco potential
peaks. for Cgg can be approximated by a Morse potential with
The present study aims on a deeper understanding of how 14 ! Therefore, in the following calculations the range
the PES influences th€(T) curve. Though more realistic parameter was chosen to be 3, 4, and 5. For a comparison of
many-body potentials for metals like sodium are availdble, metals with other materials the casps=6 and 14 were
we decided to employ a PES formed by pairwise additivestudied, too. In order to reflect evaporated atoms back to the
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cluster, the system was enclosed within a spherical container 5

of radiusR=4 centered on the cluster’s center of mass. ' ' L T T2
Cluster heat capacities were calculated using the w0k i Em ol o -

J-walking Monte Carlo methdd which, compared to ordi- i

nary Metropolis Monte Carlo, reduces substantially errors 35 | [ o“ Ll 14

caused by incomplete sampling of configurational space. : '1 I AT

Large barriers can be more easily surmounted with this 30 I i 348 8

method. In our J-walking calculations Monte Carlo trajecto- ,’ i

ries for three different temperaturesslt> 1/8,> 1/8; were Gy, BF Do 7

1 \

generated. Each trajectory consisted ok B warmup
sweeps followed by 210° sweeps of data accumulation.
Every tenth sweep the cluster configuratioa(rq,...ry)
was recorded forming a sample

rg?(izl,...,zomoo, ji=1,...,3 )

of the Boltzmann distribution. For the high-temperature tra-
jectory standard Metropolis sampling was u$&dshere the 015 02 035 03 L, 03 04 045 05
maximum displacement of an atom was adjusted to yield a
move acceptance of about 50%. The temperatugg ®as
chosen to be 9'5 reduced unitse., kg=1). This IS well . FIG. 1. Heat-capacity curves of ld=13 Morse cluster as a
above the melting temperature and therefore barrier crossingncion of temperature. The inset displays a nearly linear depen-
occurs frequently enough. However, at the lower temperaturgence of the maximum nedr=0.3¢/kg on the range parametgg.

1/8, a Metropolis Monte Carlo trajectory may be trapped in

the catchment region of a local minimum. In order to avoid

such a nonergodic walk, jumps to a randomly selected con- Q(E)zj d3Nrs(V(r)—E). (5
figuration of thergi distribution were attempted every move

with a propability P;=0.1. In order to guarantee detailed !t is also useful to calculate the entropy from each of the 12

balance of this jump-walk, the acceptance probability for thehistograms alone. Wherever two or more of the histograms
jump fromr to r(ﬁi) was given by are overlapping, they should yielgip to an additive con-
! stan} the same entropy curves. This offers a thorough test of
) A the consistency of the histograms.
|0=mm(l,exr{(ﬁrﬁz)[V(YSD—V(r)]})- ) The canonical constant volume heat capacity was com-
puted by

These frequent jumps encourage trajectories to overcome 1 2] 3
barriers and thus increase the convergence of the heat'CV(T):7U dE Ezfﬁ(E)—(JdE EfB(E)) }L—N,
capacity results. The inverse temperatrewas automati- T 2
cally adjusted to yield a 10% acceptance of the attempted (6)
jumps. This ensures a sufficient overlapping of the two enyhere the potential-energy distribution is given by
ergy distributions. The whole procedure was repeated for a J
walk at the third temperature 84<<1/8,, where now jumps , ,
to the 3, configurations were attempted. This temperature fﬁ(E)=e(S(E)’8E)/ f dE’elS(E)=AE], (7
was low enough allowing the walk to sample the solid phase
of the cluster.

The results of a J-walk depend slightly on the starting Il RESULTS
configuration of the high-temperature wafkTherefore, for Figure 1 shows the heat-capacity curves for the different
every range parametep four J-walk chains potential ranges. For a range parametge6 a solid-liquid
transition peak occurs betwedn=0.25 and 0.3. The height
(B1.B2.B3) (4)  of this peak is roughly a linear function pf, as indicated in

the inset of Fig. 1. Fopo=5 and 6 a second peak associated

with different random starting configurations for tBg walk  with the boiling of the cluster is perceptible. Decreasing the
were calculated. Due to their automatic determination, thepotential range lowers the boiling temperature. For the very-
temperatures B, and 1f3; are slightly different in the indi-  short-ranged potential withy= 14 melting and boiling coin-
vidual J-walk chains. Typical values for the casepgi=3  cide. One may consider the shoulder on the right-hand side
are 1B,=0.29 and 1B8;=0.18. Forpo=14, on the other of the boiling peak as a remainder of the melting peak.
hand, one has B,=0.31 and 18;=0.24. The resulting 12 The interrelation of the PES morphology and the thermo-
histograms for every, have been analyzed using the mul- dynamic behavior can be further analyzed by a basin map
tiple histogram methodf providing the configurational en- B(r), which determinegby conjugate-gradient minimiza-
tropy S(E) =In Q(E) as a function of potential enerdywith  tion) for each configuratiom the local energy minimum to
the configurational density of states which it belongs. The set of all configurations associated in
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FIG. 2. Frequencies of occurrence of configurations belongingthe_ heat capacity _CurveéFlg. b 'F becemes evident tha_t
to different catchment areas @t~0.3¢/kg. The horizontal axis mainly the proportion of the configuration space belonging
displays the energy of the respective local minimum. The largd® the higher minima determines the height of the heat ca-

needle on the left-hand side corresponds to the global minimum. Pacity peak. . .
This conjecture can be stated more precisely in the fol-

lowing way. Let us split the density of states into two con-

this way with a certain minimum is called its basgor its tributions: the density of states in the catchment basin of the

catchment region _ round state
For the distributions%j’ we have calculated histograms of 9

the local minimum energidS(rgj)) by the conjugate gradient

method!® An inspection of the frequencies of the global Ql(E)_L(r)_E_

minimum (the icosahedronand the other local minima e

proved to be very useful for an explanation of the differencesind the remaining pafi,(E) = Q(E) — Q,(E) belonging to

in the Cv(_T_) cgrves(Fig_ 2). The clusters withp,>3 fre-  the higher local minima. Splitting the histograms analo-

quently visit higher states at elevated temperatures, as exously and then applying the multiple histogram method we

pected. However, they=3 cluster remains almost com- gain the two entropiesS;(E)=InQ,(E) and S,(E)

pletely in the catchment region of the icosahedron. Thus=In Q,(E). In Fig. 3 they are depicted together with the total
obviously the part of the configuration space occupied by thentropy

catchment region of the icosahedron becomes the more
dominant the larger the range of the potentia., the lower S(E)=In[Q4(E)+ Q,(E)]. (9)
po) is.

This trend is additionally increased by the destabilizationTwo different types of behavior can be observed. They be-
of the three most important higher minima, which are icosacome most clearly, if one compares the caggss3 and
hedra with one particle plucked out and put onto three dif-pg=6. At py=3, S, is always less tha,. That means, in
ferent locations on the surface. These minima became uraccordance with our previous observation, that at any tem-
stable for values ofpy<4 leading to the qualitative perature only states from the basin of the icosahedron make a
differences betweepy=3 and 4 in Fig. 2, including the perceptible contribution to the partition function. Thus the
larger energy gap between the absolute minimum and thkeat-capacity peak, which is very small in this césee Fig.
higher minima forpy= 3. Comparing these observations with 1), originates from the anharmonicity of the icosahedron’s

d®Nr 8(V(r)—E) 8)
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catchment region alone. The presence of further minima has 2 T T T T T T

no perceptible influence in this case. b /‘\‘
The situation is different giy==6. In this case there exists

an intersection of the two curveS;(E) and S,(E) at E

~ —33. This intersection leads to a segment of positive cur-

vature in the total entropy and thus to a heat capacity peak.

That means that in this case the thermodynamic behavior can

be interpreted in terms of a two-state model. Each of the two

parts of the distribution function represents a different ther- ﬁjv

modynamic state with its own entropy and its own thermo-

dynamic functions. The behavior of the system as a whole

results from a mixture of these two thermodynamic states. It

is true, that a slightly positive curvature occurs3palone,

and so the low-energy phase should not be called a purely

solid phase. But by far the most important contribution to the

characteristic feature d(E) originates from the combina- -

tion of S; andS, according to Eq(9). That is proven in Fig. ) ) ) | ! I !

4, which shows forp,=6 the heat capacities as calculated 015 02 025 03 03 04 04 0.5

fromS,, S,, andS. The total heat capacity is not predictable

from the two partial heat capacities alone. Thus here, in op-

position to the caspo=3, the heat-capacity peak is due 0 £ 4. Heat-capacity curves fpp=6. Solid curveC,(T) cal-
the fact that above a certain threshold temperature the clustgfated from the entropg, of the ground-state basin: long dashes:

can assume a great number of excited structures correspong;(T) determined by entropy, of higher-energy basins; short
ing to a sudden increase of available configuration space. gashes: total heat capacity.

kgle

could be due to transition states joining different permuta-
IV. CONCLUSION tional ground-state isomers or due to saddles between the

In th ¢ found i lation bet ﬁround—state and a small number of higher local minima.
n the present paper we found an anticorrelation betwee Despite the simplicity of the Morse PES a few conclu-

the height of the melting heat-capacity peak of a 13-atomyjqng concerning real materials can be drawn from our re-
Morse cluster and the range of the interatomic potential. Thigits: Since metal potentials exhibit generally a larger range
effect can be explained in terms of the distribution of con-ihan for instance rare gases, our results suggest smaller heat-
f|gurat|0n Space among the dlffel’ent CatChment reg|0ns. /%apacity peaks for meta| C|usters Compared to the pro_
sizable heat-capacity peak occurs, when at a certain tempergounced peaks in Lennard-Jones clusters. Furthermore, the
ture a remarkable amount of configuration space belongingbserved lowering of the boiling point with increasipg is

to the catchment regions of higher minima becomes availeonsistent with the narrow temperature range in which melt-
able. This is the case for rather short-ranged potentjgds ( ing and boiling of bulk rare gases occur. However, in order
=6). For the longer-ranged potentialpo& 3) the largest to interprete experimentally measur€dT) curves in more
part of configuration space belongs to the catchment regiodetail, further studies for a variety of cluster sizes and using
of the absolute minimum and the great majority of configu-more flexible potentials will be necessary. Hopefully, this
rations remains there even at elevated temperatures. Nevemll provide a more systematic understanding of the relation
theless a small peak is observable in this case, too. Thisetween the PES morphology and the heat-capacity curve.

IM. Schmidt, R. Kusche, W. Kronntfier, B. von Issendorff, and (1997.
H. Haberland, Phys. Rev. Leff9, 99 (1997; M. Schmidt, R. 9F.G. Amar and R.S. Berry, J. Chem. Phg§, 5943(1986.
Kusche, B. von Issendorff, and H. Haberland, Nat8e& 238 10L A. Girifalco and V.G. Weizer, Phys. ReiL14, 687 (1959.

(1998. 113. Doye and D. Wales, J. Chem. Soc., Faraday Tra@s1061
2J. Jellinek, T.L. Beck, and R.S. Berry, J. Chem. PI84.2783 (1994.

(1986. 12D D. Frantz, J. Chem. Phy&02 3747(1995.
3D. Mainz and S. Berry, Mol. Phy®8, 709(1996. 13N, Metropolis, M. Rosenbluth, M.N. Rosenbluth, A. Teller, and
4C. Rey, J. Garcia-Rodeja, L.J. Gallego, and M.J. Grimson, Phys. E. Teller, J. Chem. Phy£1, 1087(1953.

Rev. E57, 4420(1998. 14D.D. Frantz, J. Chem. Phy405, 10 030(1996.
5C. Rey and L.J. Gallego, Phys. Rev58, 2480(1996. 15A.M. Ferrenberg and R.H. Swendsen, Phys. Rev. 168t.1195
6Y. Li, E. Blaisten-Barojas, and D.A. Papaconstantopoulus, Phys. (1989.

Rev. B57, 15519(1998. 16\W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery,
"R. Poteau and F. Spiegelmann, Phys. Re¥i531878(1992. Numerical RecipegCambridge University Press, Cambridge,

8J. Doye and D. Wales, J. Chem. Soc., Faraday Tra8s4233 1986.



