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A molecular-dynamics simulation of 10- to 32-silicon-atom clusters was carried out using the po-
tential of Stillinger and Weber [Phys. Rev. B 31, 5262 (1985)] including two- and three-atom contri-
butions. Both neutral and positively charged clusters were examined to determine their correspond-

ing minimum-energy configurations. The cluster-growth sequence is obtained with these cluster
configurations which resulted from quenches of each equilibrated N-atom duster configuration at
finite temperatures to low temperature. Cooling and heating experiments were carried out up to
temperatures of about 1500 K showing that the solid-liquid phase transition is smeared in these iso-

lated small clusters. Analysis of the pair correlation function g (r) and of the density distribution of
angles between bonds offer a convenient way to observe the local order in these small systems.

I. INTRODUCTION

The structural characteristics of covalent noncrystalline
solids have been discussed from different viewpoints. It is
recognized that such systems have short-range order
without exact symmetry elements. The study of disor-
dered systems has led, for example, to theories such as
statistical geometry' where a prescription of topological
properties allows the construction of an infinite network
with statistical distributions of its metrical properties. A
less explored approach is that of searching for a class of
potential functions ' to model covalent materials and
predict details of the aggregation process that yield local
defects associated with amorphous structures. ' This last
approach can also be of interest in the description of the
growth of "individual" stable conformations of covalent
clusters condensed out of the vapor at low temperatures.

Recent mass spectrometric experiments on Si+ (Refs. 6
and 7), Ge+ (Ref. 7), and Sn+ (Ref. 7) clusters show
trends toward overlapping series of most prominent clus-
ter sizes specially in the (Si)„+ case. Martin and Shaber
have recognized the importance of some kind of topologi-
cal reconnection of the bonds in an aggregate by suggest-
ing the possibility that 5-silicon-atom rings are the build-
ings blocks of certain amorphous types of cluster growth.
This possibility has also been stated in a computer simu-
lation experiment of silicon condensed phases when study-
ing the local structure of defects that aggregate in the
crystalline medium upon annealing.

For silicon and the covalent materials, pair potentials
alone are insufficient to describe the equilibrium diamond
lattice. Several potentials including two- and three-body
terms have been used in the literature to compute
structural energies of covalent crystals. In particular the
Stillinger and Weber (SW) potential has nine parameters
that were adjusted to fit the silicon properties of con-
densed phases such as bond length, cohesive energy, melt-

ing temperature, to satisfy qualitatively the I.indemann
melting criterion for solids and to reproduce the property
of shrinking when silicon melts. The purpose of this con-
tribution is to explore the way in which the SW classical
potential model is adequate for the description of the ini-
tial stages of growth of neutral and charged silicon clus-
ters.

The organization of the paper is as follows. In Sec. II
an outline of the SW nonadditive interaction potential is
given as well as a description of the modification of this
interaction that results when an atom becomes positively
charged in each cluster. Details of the molecular dynam-
ics simulation are also given in order to describe a series
of annealing computer experiments for g- to 17- and 32-
atom clusters. Section III focuses on the resulting se-
quences of growth obtained for both neutral and charged
clusters. The structural properties are discussed in Sec.
IV and the paper is concluded in Sec. V.

II. MODEL AND METHODS

The interaction among X identical atoms vvith coordi-
nates (r„rz, . . . , r~) can be expanded into n-body contri-
butions as follows:

un(rr &r( r ir; )
l 2 fk
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It is usually believed that this series is rapidly convergent
and that the first three terms give a reasonable approxi-
mation to the interaction potential. VA'thout external
fields, the SW potential contains only pair and triplet
terms of the form

A (Br ~ r —t)exp[(r —a) '], r (a
uq(r)= '0

u3(riJ~ ik~rJk) h (riJ~rik~8Jik )

+ Jt (rJ, rJk, 8,,k)+ Ji (rk„rk1, 8,k, ), (3)

where 8.;k is the angle subtended between j and k at ver-
tex i for any triplet of atoms and the function Jt is given

= —0 Q pt"'

where T is the dipole tensor VV(1/r)
In the present work the contribution of the induced di-

pole pJ to the electric field on the clusters atoms was
neglected. Only the linear terms in a were kept leading to
p = qar i lr i an—d such that3

S
U'" = g Vt(rJ): ——,

' g—q (6)
j=2 j=2 ~tj

Higher-order terms in a could have been included in U'",
but since Eq. (6) is to be added to the SW model potential
containing both pair additive and nonadditive contribu-
tions, extra terms in U'" might as well result in a dif-
ferent choice of the nine parameters. Equation (6) is a
realization of augmenting the model potential function
with single-particle terms ui(rj) which reproduces ap-
proximately the interaction between an ionized atom with
all other atoms in the cluster. This situation of ionized
clusters should be closer to the mass spectra experiments.
Thus, for charged clusters, the total potential energy V is
given by the three first terms of Eq. (1). The first term
corresponds to Eq. (6) and the components of the second

Jt(rtt, rk, 8Jk)= A, exp[y(r~J —a) '+y(rk —a) ']

X (cos8J;k+ 3 )

This function vanishes unless both r;J &a and rk &a.
Therefore the range of interaction between atoms has a fi-
nite cutoff ratio at r =a. The choice of the nine parame-
ters in this work is the same as used in Ref. (5), namely,
A =7.049556227, B =0.6022245584, p =4, q =0,
a = 1.8, A, =21.0, and a = 1.2. All values are given in re-
duced units of tr=2. 0951 A for distances and a=2. 167
eV/atom pair for energies.

Consider next that one of the atoms of the cluster, say
atom number 1 is ionized. The electric field which results
from the positive charge q of this atom induces dipole
moment ItJ on the N —1 atoms of the cluster. If the po-
larizability a of the atoms is considered as isotropic, then
the energy U'" added by the charge to the cluster energy
Vis

and third term to Eqs. (2)—(4). The molecular dynamics
simulations were performed with this potential energy,
where q equals zero for neutral clusters and —q equals
one electronic charge for ionized clusters.

Molecular dynamics at constant energy was used
throughout; units of length and energy were chosen to be
o and s. Reduced quantities were adopted for distance,
temperature, energy, and time: r" =r/o, T"=kT/s,
V'= V/e, and t'=t/7. , where ~=(mo. /e)'i =7.66
X 10 '" s and m is the silicon atom mass. A reference
density of po ——0.46tr was chosen equal to the bulk
value. The equations of motion were solved using the
Verlet algorithm with a time step of bt'=0. 01 which
yields good energy conservation.

A "cluster" is defined as that aggregate of N atoms
held together by the interaction energy described in the
above paragraphs. Since the range of interaction between
atoms has a finite cutoff radius a, a configuration of
atoms is kept as a "cluster" if the atoms on the cluster
surface are at distances from their nearest neighbors
smaller than a. Whenever the kinetic energy of an atom
is large enough to push it outside the cutoff, the simula-
tion is stopped since the cluster is "evaporating. " This
last condition restricts the study to clusters at low tem-
perature.

Various annealing and quenching experiments were car-
ried out in the following way. First, an initial configura-
tion is chosen and the cluster equilibrated at the highest
possible temperature consistent with its definition.
Second, the clusters are cooled at rates
AT*/b, t"=5X 10 down to zero temperature. Third,
the clusters are led through a cycle of reheating followed
by cooling to T*=O to assure that the system is not
trapped in a metastable state at zero temperature. Typi-
cally, runs at each temperature step last 20~, allowing 5~
for equilibration followed by an averaging time of 15'

III. BINDING ENERGY AND SEQUENCES
OF CLUSTER GROWTH

Figures 1(a) and 1(b) show some molecular dynamics
results for the mean potential energy per particle ( V' ) /JV
as a function of reduced temperature T'. Figure 1(a) cor-
responds to neutral cluster in Eq. (6), whereas Fig. 1(b)
gives the results obtained for charged clusters with q =1
and a=7.2 A . The behavior of the mean potential ener-
gy displayed in the figure does not show any variation
reminiscent of the bulk silicon first-order phase change at
T*=0.08. This is an indication that under the S%
model potential even JR=32 is not a sufficiently large
number of atoms to demonstrate a sharp phase transition.
However, it should be mentioned, that other classes of po-
tential functions' " show a smeared phase transition for
clusters as small as %=13. Although Fig. 1 shows no
transition, it is pertinent to say that the dispersion of
points for T*=0.06 was larger than near the low- and
high-temperature regions. Indeed, in Fig. 2 are plotted
the results of two selected experiments that might show a
phase change. The neutral 15-atom cluster was heated
with a slight change of heating rate near T*=0.07; the
two paths obtained are shown in Fig. 2(a). Among other
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cooling experiments performed on the positively charged
14-atom cluster, in Fig. 2(b) is shown a fairly clear
sillootll dlscoilt111ulty of ( V ) /N 11eai' T ~0.07. Siiice
for other cluster sizes it was not possible to extract a clean
path, it is risky to advance a final conclusion on the ex-
istence of a smeared phase change near T'=0.07 on the
basis of an analysis of the potential energy dependence on
temperature.

The low-temperature limit in Fig. 1 seems reliable since
it agrees well with the expected equipartition result for
harmonic normal modes, namely the reduced constant-
volume heat capacity

Cu 3N —6
Nke 2N

exactly reproduces the slope of the curves in Fig. 1. The
slope in a macroscopic solid is known to increase to 2 as a
result of anharmonic interactions. In these clusters the in-
crease seems to be some~hat larger, -2.5, probably due
to large anharmonic amplitudes of oscillation of the sur-
face atoms.

The T' +0 limit of—
I
( V')/1V I, defines the binding

energy per particle associated with a specific geometrical
configuration of atoms. The values of these energies are
plotted in Fig. 3 versus N for both neutral and positively
charged clusters. These energies were reached by the
method described at the end of Sec. II, i.e., by a quenching
process where each intermediate state is an equilibrated
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state of the cluster. The approach is therefore different
from other works where certain metastable configura-
tions called amorphous are reached by a mimic of an in-
finitely fast quench. In fact, many metastable configura-
tions of higher energy can be reached by changing the
quenching rate when forming the clusters. Figure 3
shows (dotted line) a sequence of growth that corresponds
to the series of symmetric structures built by 4-atom

FIG. 2. Mean reduced potential energy per atom as a func-
tion of reduced temperature. (a) Heating of the 15-atom cluster
following two paths: (i) from (EI) through {f); and (ii) from (a)
to {b) followed by the dashed line. (b) Cooling path followed by
the 14-atom cluster. Potential energy is in units of c,
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FIG. 1. Mean reduced potential energy per atom as a func-
tion of reduced temperature. Molecular-dynamics runs are plot-
ted in (a) for neutral clusters composed of 8 to 17 atoms and 32
atoms; (b} for positively charged clusters composed of 5 to 16
atoms. Potential energy is in units of f,. The lines are drawn to
guide the eye.

FIG. 3. Reduced binding energy per atom versus the number
of atoms in the cluster. Full and dashed lines sketch the dynam-
ically obtained sequence of most stable configurations of neutral
and positively charged clusters. Dotted line gives the growth
obtained by adding tetrahedrally bonded 4-atom units. Full and
dotted lines are drawn with respect to the left scale and dashed
line to the right scale.
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tetrahedrally bonded units. This sequence should end

with the open diamond crystal. It is evident that using
the S% potential model the tetrahedral growth corre-
sponds to metastable cluster configurations of lower bind-

ing energy, therefore less stable than the sequence of con-
figurations obtained by the previously described quench.

It is tempting to associate the peaks of high binding en-

ergy in Fig. 3 to the most abundant clusters observed ex-
perimentally in mass spectra. However, as pointed out
above, it is possible to draw other sequences of growth
corresponding to metastable structures. It is not clear if
the experimental conditions are going to favor some of
them more than others. ' In the case resulting from the
simulation, it is seen from the T'=0 values of ( V' )/N
in Fig. 1(a), as well as from the small peaks of the binding

energy in Fig. 3, that neutral clusters containing less than
8 atoms are in a region of steady increase of the binding

energy, whereas the pairs with (8,9), (10,11}, (12,13),
(14,15), and (16,17}atoms have almost equal binding ener-

gy per particle. There is a slight enhancement of the
binding energy for clusters with 10 and 14 atoms. For
positively charged clusters [Fig. 1(b) and dashed-line
(right) scale in Fig. 3] the binding energy is about the
same for the (5,6,7)-, (8,9,10,11,12,14)-, and (13,15,16)-
atom clusters with a slight enhancement when N = 13 and
15.

In close packed materials, it is easy to correlate "magic
numbers" (more abundant clusters) to the closing of an
atomic shell around a central atom. This is characteristic
of materials with high-coordination number (mean num-
ber of bonds that each atom is capable of forming}. How-
ever, when the coordination number is low, as in
tetrahedrally bonded materials, this concept of atomic
shells is lost. In addition, in the case of isolated aggre-
gates all the atoms tend to be on the cluster surface and
therefore the coordination number is about 3. This is
shown in Fig. 4, where bonds are defined as nearest neigh-
bor distances & 1.4. Clusters with less than 8 atoms (neu-
tral and charged) have average coordination number
smaller than 3. As the cluster size increases the coordina-
tion number tends slowly toward 4. Notice that the
tetrahedral growth implies much lower coordination num-
ber with a poor asymptotic behavior (dotted line).

On the other hand, the obtained sequence of growth of
maximum binding energy presents a remarkable feature.
If one analyzes the slope of the binding energy per atom
in Fig. 3, it is evident that a sharp change in the qualita-
tive mechanism of aggregation that takes place at %=11

for neutral clusters. This fact may be correlated with the
observation of Martin and Shaber of a well-defined tran-
sition from silicon-rich clusters to hydrogen-rich clusters
(SiH)~+ occurring precisely at N =11. Clusters smaller
than %=11 need to add silicon atoms in order to be
stable. Clusters larger than X =11 have coordination
number 3 and will tend to pick up hydrogen atoms, name-
ly one H per Si atom exactly as observed in the experi-
ments. As the cluster increases its size and the coordina-
tion number is larger the mass spectrum of Si~H„clusters
will show a ratio x/X less than one. The Si-H pairs on
the surface of the cluster are usually at distances approxi-
mately 20% less than the Si-Si. Since H—H bonds are not
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to be formed, ' hydrogens are not likely to change much
the previously described conformations of the neutral
(Si)z clusters. Charged (Si~H„}+ clusters with N&11
probably resemble more the neutral, pure (Si)N clusters,
whereas the (Si)z+ clusters with N & 11 are to be regarded
as charged.

The geometrical configurations at T=0 that result
from this simulation are plotted in Fig. 5 for neutral clus-
ters and in Fig. 6 for positively charged clusters. The

b~
8 10

FIG. 5. Sequence of the most stable configurations of neutral
clusters at T 0 as obtained from the molecular-dynamics
simulation. Bonded atoms are at distances & 1.4o.

4 6 8 10 &2 14 &6 18 32

N

FIG. 4. Mean coordination number as a function of the num-
ber of atoms in the cluster, Bonds are neighbor distances( 1.4u.
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FIG. 6. Sequence of the most stable configurations of posi-
tively charged clusters at T ~0 as obtained from the molecular
dynamics simulation. Bonded atoms are at distances &1.4.
Black dots correspond to charged atoms.
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FIG. 7. Pair correlation function of the neutral 15-atom clus-

ter for each of the six temperature steps labeled (a) through (f)
in Fig. 2(a).

neutral series was complemented with clusters with N & 7
whose configurations were obtained by a complete mini-
mization of the cluster potential energy using a quasi-
Newton method The .neutral clusters tend to form faces
with four and five atoms. However, it is possible internal-
ly to connect the vertex atoms by 5-, 6-, 7-, and 8-member
rings where each atom is bonded only to two other atoms
within the ring. It is interesting to note that only the 6-„
10-, and 14-atom clusters do not allow the formation of
6-member rings. The tetrahedral bonding starts to build
up for the 15-atom cluster. There it is evident a distorted
8-atom unit where two members have coordination four
(black dots in Fig. 5). Finally, the 17-atom cluster shows
an internal 8-member unit of tetrahedral symmetry with a
distortion of the dihedral angle adequate to form a boat
6-member ring. The charged series is qualitatively dif-
ferent, the positive charge tends to assume a coordination
of four. Therefore distorted five atom tetrahedral units
are present very early in the sequence of growth (black
dots and thick bonds in Fig. 6). When the cluster acquires
a size of 14 atoms, then the 8-member unit with
tetrahedral symmetry starts to show up. The 16-atom
cluster presents already a 6-atom ring on its surface.

N =14 N e32
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I
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silicon clusters to the authors' knowledge. It is interesting
though to provide the direct space g (r) in anticipation of
experimental evidence. Figure 7 shows g(r) for the neu-
tral 15-atom cluster as obtained from the molecular
dynamics simulation of the runs labeled (a) to (f) in Fig.
2(a). This function is calculated from a time average of
the number of atom pairs with separation r, n(r), aver-
aged over all r directions, i.e.,

IV. STRUCTURAL PROPERTIES

A convenient way to study local order in condensed sys-
tems is by analyzing the pair correlation function g (r)."
This function is not a directly observed property but is ex-
tracted from the structure factor $(k) obtained in diffrac-
tion experiments. Several experiments in the past have at-
tempted a measurement of S(k) for various isolated clus-
ters. ' However, there are no diffraction experiments on

FIG. 8. Pair correlation function at very low temperatures
for the neutral 14-, 17-, and 32-atom clusters. For 5 =14 and
17, T =0.015, vrhereas for %=32, T =0.006. The dashed
line in the right figure illustrates the inherent pair correlation
function of a supercooled liquid as given in Ref. 5.
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g(&) =n (r)i4mripo . (8)

Comparison of the low- and high-temperature g provides
evidence of the structural rearrangement that occurs when
clusters are heated. At low temperatures g is very struc-
tured showing„when analyzed versus X, how the coordi-
nation shell resolution builds up in the bulk solid (Fig. 8).
The high-temperature g could be associated with "drop-
lets, " or clusters in the liquid state. However, as no phase
transition was resolved from the calculation, it was not
possible to find the melting temperature. Therefore, the
study of a structural quantity as a function of temperature
such as g might be a good candidate for defining a "liquid
cluster. " The first peak grows broader and lower, when
compared to the one at low temperatures. The second
coordination shell has almost lost its structure at stage ( e)
and the gap between first and second coordination shells
tends to disappear with increasing T'. A criterion for
having attained a temperature such as to have a droplet
might be for instance to calculate the averaged coordina-
tion number from g (r), namely
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up to r,„eq ual to the position of the shallow first
minimum. Next, select the transition temperature as that
temperature where an increase (or decrease) of n, (r,„)
takes place. Figure 7 shows this behavior for the 15-atom
cluster, since n, changes by 8% when T'=0.063—0.065.
In stage (f), the cluster has melted, the second coordina-
tion shell is completely smeared out and the choice ofr,„ is therefore ambiguous. In Fig. 7(fl, right scale and
dotted line, the change of n, versus r =r,„ is illustrated.
If the same r,„a insthe previous stages is chosen, then
the coordination number decreases again to 3.2. This
behavior is to be expected since the cluster is isolated in
the vacuum with no constraints to space expansion. The
value of r~,„can be associated to a mean Si—Si bond
length two silicon atoms are bonded if their interatomic
distance is & than r,„.

Interestingly, the g as a function of N and at very low
temperatures carries over to the "inherent" pair correla-
tion function in the slightly supercooled melt of bulk sil-
icon. The latter, as given in Ref. 5, is reproducal by the
dotted line in Fig. 8(c). This "inherent" g is the result of
mapping the 216-atom system configurations onto nearby
potential energy minima. The seeds to build up those
minimum-energy configurations seem to be already
present in the smaller clusters analyzed in this study.

Other structural correlations might further illuminate
the existence of droplets. With this in mind, let's define a
"bond angle" as the angle between two bonds converging
on the same atom. The bond length can be extracted from
g(r) as the value of r,„, or alternatively be fixed atr'= 1.4, the value where the g deep first minimum lies at
very low temperatures. This criterion was used here to be
consistent with the previous discussion of bond statistics
concerning Figs. 3 to 6. The density distribution of bond
angles can be calculated as a function of temperature.

FIG. 9. Density distribution of bond angles in the neutral
15-atom cluster for each of the six temperature steps labeled (a)
through (f) in Fig. 2(a). The distribution is normalized to give
the number of bonds in the cluster.

~ ~

(b) (c)

Cl

0 01
CQ

(/)

c9

Ci
0.05—

Ci
CQ

4J
ED
X 0 I

z 60
". l,

120
I f I i ~ I

60 120 180

BOND ANGLE (deg )

60 120 1ao

FIG. 10. Density distribution of bond angles at very low tem-
peratures for the neutral 14-, 17-, and 32-atom clusters. The
distribution is normalized to give the number of bonds in the
cluster. (a) and (b), T =0.015; (c}, T*=0.006.

Figure 9 shows the smearing of this distribution for the
15-atom cluster as a function of temperature. The dif-
ferent states (a) through (e) correspond to the states shown
in Fig. 2(a). Since the smearing starts to show up atT'-0.07, this temperature can be identified as the melt-
ing temperature. The elapsed time between successive col-
lection of angles was 0.5r and 30 configurations were used
in the averages. Finally, Fig. 10 illustrates how the densi-
ty distribution of bond angles builds up as a function of N
toward the bulk values.
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V. CONCLUSION

The behavior of the Stillinger and Weber potential
model was examined in the process of building up a se-
quence of isolated cluster growth. This model has suc-
cessfully given many of the silicon bulk properties. It is
important to have now the results of the early stages of
aggregation using this silicon model to complete the
description of the condensed phases of that material. Fur-
ther improvements on the choice of the potential parame-
ters are certainly possible, as suggested in Ref. 5. The re-
sults of this study gt've more information that can lead to
a better set of parameter values, especially of e if the ex-
perimental cohesive energy of the more abundant neutral
clusters were known.

Several new conclusions emerge from this study. First,
model potentials of covalent materials should have param-
eters fitted not only on bulk properties but also on proper-
ties of small clusters containing less or enough atoms to
fill the first coordination shell. Second, the clusters found
in the early stages of growth do not have locally the point
symmetry of the more stable bulk crystal. Instead, it
seems that the underlying structure of the liquid (as ob-
tained in Ref. 5) dominates the process of growth. Third,

it is clear that using the same potential model neutral and
positively charged clusters aggregate differently. The
neutral sequence shows a high stability for 10- and 14-
atom clusters, whereas the charged sequence yields 13 and
15. The sequences of growth determined in this simula-
tion experiment were produced in the same way that the
bulk crystal would be produced. However, it cannot be
excluded that other growth sequences obtained by other
quenching methods could better simulate the formation of
amorphous clusters. ' The identification of the clusters
here with "real clusters" will demand a more exact
knowledge of the various growth parameters used in the
laboratory.
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