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ABSTRACT: Previously we searched for the ab initio global minima of several Si,H,
clusters by a genetic algorithm in which we used the AM1 semiempirical method to
facilitate a rapid energy calculation for the many different cluster geometries explored.
However, we found that the AM1 energy ranking significantly differs from the ab initio
energy ranking. To better guarantee locating the ab initio global minimum while retaining
the efficiency of the AM1 method, we present an improved iterative global optimization
strategy. The method involves two separate genetic algorithms that are invoked
consecutively. One is the cluster genetic algorithm (CGA), mentioned above, to find the
semiempirical Si.H, cluster global minimum. A second and separate parametrization
genetic algorithm (PGA) is used to reparametrize the AM1 method using some of the ab
initio data generated from the CGA to form a training set of different reference clusters but
with fixed Si,H,, stoichiometry. The cluster global optimization search (CGA) and the
semiempirical parametrization (PGA) steps are performed iteratively until the semiempirical
GA reparametrized AM1 (GAM]1) calculations give low-energy optimized structures that
are consistent with the globally optimized ab initio structure. We illustrate the new global
optimization strategy by attempting to find the ab initio global minima for the SigH, and
SigH, clusters.  ©2003 Wiley Periodicals, Inc. Int ] Quantum Chem 95: 617-626, 2003
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technological applications. We anticipate that such

Introduction a device would contain silicon clusters whose sur-
faces are passivated by some chemically inert li-

anometer-sized Si particles have attracted gands. In this article we theoretically examine H
much interest due to their potential optoelec- atoms as passivation ligands and investigate the
tronic properties, which could be useful in various low-energy structures and stabilities of Si,H, clus-
ters. The H atom serves as a prototype ligand be-
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air. There have been a number of other studies on
Si,H, clusters. Chambreau et al. [1] performed flash
pyrolysis of silane and disilane to produce Si,H,
clusters in studies of chemical vapor deposition
(CVD). The authors also used second-order Mgller—
Plesset (MP2) calculations to predict the geometries
and relative stabilities of three Si;H and five Si;H,
clusters by starting from geometries built by adding
one or two H atoms onto the stable Si, cluster with
D,, symmetry. Unfortunately, the investigators
were not able to ascertain whether their fabricated
SigH and SigH, clusters actually are the most stable
structures. Meleshko et al. [2] also attempted to
identify global minima for various silicon hydride
clusters using simulated annealing and the
MINDO/3 method to evaluate the cluster energy.
Due to the inaccuracy of the MINDO/3 semiem-
pirical method when compared against ab initio
methods, it is questionable if the authors obtained
the true Si,H, global minima. Miyazaki et al. [3]
used density functional theory—based methods to
study the stable structures of SigH,,, (n = 1-7). Their
search for the local minima was started by using a
combination of simulated annealing with pseudo-
potentials for Si and H atoms, along with optimiz-
ing structures initially built using chemical intu-
ition, and by considering structures previously
proposed by others.

Recently we developed a global optimization
strategy based on a genetic algorithm (GA) for the-
oretically investigating the structures of partially
and completely H-passivated Si clusters [4]. Be-
cause our global minimum search entails many
cluster energy evaluations, we used the computa-
tionally fast AM1 semiempirical method [5] to iden-
tify the most stable Si,H, cluster, along with a num-
ber of low-energy isomers. The AMI1 energy
calculation has the important feature of a solid
quantum mechanical basis so that no additional
empirical information is needed to identify which
atom pairs in the binary Si,H, cluster combine to
form bonds. Nonetheless, we expect ab initio calcu-
lations at either the MP2 [6] or the density func-
tional theory with Becke’s three-parameter ex-
change functional and the gradient-corrected
functional of Lee, Yang, and Paar (B3LYP) func-
tional levels [7] to better predict structures closer to
experimental reality. In our previous work we
hoped by evaluating the ab initio energy for the
various low-energy AM1 structures found by the
GA that we could identify the most stable Si,H,
cluster at the ab initio level. The original AM1 pa-
rameters for Si were determined from a limited

number of small molecules containing one or a few
Si atoms [8], where the Si atoms were mostly four-
coordinate bonded. Thus, it is not surprising that
the AM1 parameters may fail to correctly rank the
relative energies of Si clusters that have surface
atoms not fully passivated or that have great ring
strain. However, we also found that the low-energy
AM1 structures of the fully H-passivated Si clusters
obtained by the global optimization were too close
in relative energies when compared against the ab
initio energies, making it difficult to guarantee that
the set of low-energy AM1 structures always in-
cludes the ab initio global minimum. The AMI1
method performs even worse when it is applied to
evaluation of the relative stabilities of barely H-
passivated Si clusters. We find that the SigH, AM1
global minimum adopts a linear structure even
though the ab initio calculations predict the linear
structure to be highly unstable relative to the more
compact structures, such as Dy, Sig cluster with two
H atoms each on one apex. Most of the other low-
AM1-energy clusters adopt partially linear struc-
tures containing many Si atoms with only two-fold
coordination, which are also determined as unsta-
ble structures with high ab initio energies. Thus,
our strategy is not able to locate the ab initio low-
energy clusters if we select only from the top 10 or
20 AM1 low-energy clusters to perform ab initio
calculations. In this article we present an improved
iterative global optimization strategy based on us-
ing semiempirical calculations that should better
converge to the correct ab initio energetic ranking.
The method involves using two separate GAs that
are invoked consecutively. The first GA, the CGA,
corresponds to the previous GA we developed to
find the Si,H, cluster global minimum [4]. A second
and separate PGA is used to reparametrize the AM1
method against ab initio data, which is generated as
we attempt to find the ab initio global minimum. The
GA-reparametrized AM1 (GAMI1) semiempirical
method is intended to better reproduce the ab initio
energetics of the clusters with a specific Si,H, stoichi-
ometry contained in the training set.

Genetic algorithms have been used previously to
find parameters for semiempirical methods. Rossi
and Truhlar [9] used a GA to obtain specific-reac-
tion parameters (SRP) for use in dynamics calcula-
tions on the Cl + CH, — HCI + CHj reaction. The
NDDO-SRP parameters were obtained by fitting to
reference ab initio data calculated at relevant points
along the specific reaction pathway. Cundari et al.
optimized the PM3 [10] parameters of Tc using a
GA to match the PM3 optimized geometries of the
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Tc compounds with their crystal structures by com-
paring their atom distances [11]. Their GA-revised
PM3 parameters significantly improved the perfor-
mance compared with the original PM3 parame-
ters, which were obtained by the interpolation of
the parameters for Mo and Ru. Our approach re-
sembles the strategy proposed by Hartke of itera-
tively modifying an empirical potential for Si clus-
ters against the true cluster energy calculated by
some ab initio method [12]. As a preliminary test
for this strategy, Hartke used the Stillinger-Weber
potential [13] with modifications by Gong [14] for
the empirical potential and another empirical po-
tential by Bolding and Anderson [15] to simulate
the ab initio energy [12]. More recently, Hartke [16]
applied this approach to find the global minima of
small Si clusters using density functional theory as
the true cluster energy. In the current work, we use
the MP2 ab initio method to define the true cluster
energy. Rather than having a fixed training set for
the specific Si,H, cluster type, we adopt the idea by
Hartke of expanding the training set used in the
GAM1 parametrization iteratively. We first use the
CGA to generate around 50 to 60 structures to be
included in the training set used by the PGA. Once
a set of GAM1 parameters is obtained by the PGA,
we repeat the CGA to find the set of lowest-energy
clusters derived from the new semiempirical pa-
rameters. Any new cluster structures generated are
iteratively included in the training set and the pa-
rametrization is repeated with the PGA to obtain
the next GAM1 parameters. The cluster global op-
timization at the ab initio level is repeated for at
least five GAM1 parameter optimization cycles and
is continued until a consistent set of low-energy
clusters is obtained.

In the next section we describe in more detail
how the ab initio global optimization strategy is
implemented, along with a description of the two
coupled GAs. We then illustrate examples of the
global optimization strategy for the SigH, cluster
with low H passivation and SigH, cluster with me-
dium H passivation. We include a comparison with
the previously found low-energy SigH, and SigHg
structures. Concluding remarks are given in the
final section.

Computational Method

The determination of the global optimization of
Si,H, at the ab initio level consists of five main
steps, outlined as follows.

GLOBAL OPTIMIZATION OF SiH,

1. INITIAL TRAINING SET DESIGN

We perform an initial crude cluster global opti-
mization of the Si,H, cluster and terminate it pre-
maturely once 50 unique AMI locally optimized
geometries are generated. We visually examine any
two AM1 optimized geometries that have energy
differences of less than 0.1 kcal/mol for distinct
structures. This step is intended to generate a num-
ber of different Si,H, clusters with different struc-
tural features spread over an approximately 100
kcal/mol energy range. In contrast, cluster global
optimization steps are intended to generate struc-
tures with low energies. We do not adopt the idea
by Hartke of simply generating random training
compounds, because we find Si hydrides have a
more complicated potential energy surface than do
bare Si clusters. Many of our randomly generated
structures have high MP2 energies. We find both
low- and high-energy structures are needed to en-
sure that the PGA finds new GAM1 parameters that
reasonably match the MP2 energies for the more
stable clusters. We then compute the single-point
MP2 energies for the initial 50 training compounds.
We also use the MP2 method to locally optimize the
five geometries with the lowest single-point MP2
energies. To speed up these MP2 optimizations we
use reduced convergence conditions with the max-
imum gradient < 102 a.u. and root mean square
(RMS) gradient < 0.33 X 10~ a.u. We find that the
reduced convergence criterion usually gives MP2
energies within 0.1 kcal/mol of those obtained by
the default General Atomic and Molecular Elec-
tronic Structure System (GAMESS) convergence
condition (maximum gradient < 10~* a.u. and RMS
gradient < 0.33 X 107* a.u.). The 50 AM1-opti-
mized geometries and the five derived MP2 opti-
mized geometries are all included in the training set
for the first cycle of the GAM1 parametrization. We
selectively exclude some unphysical clusters that
have excessively high MP2 energies. Perhaps sur-
prisingly, this criterion caused us not to include the
linear SigH, AM1 global minimum structure in the
training set.

2. GAM1 PARAMETER OPTIMIZATION USING
THE PARAMETRIZATION GA (PGA)

The semiempirical calculations are all performed
using the original AM1 equations. We redetermine
only the 16 parameters of the Si atom: the atomic
core integrals U, and U, the Slater-type orbital
exponents ¢, and £, the resonance f; and B,, the
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core—core repulsion term «, and the nine core re-
pulsion function parameters (K;_3, L 3, and M;_3)
[8].

Our experience suggests that a PGA with the
population size 100 balances the efficiency and ef-
fectiveness of the optimization well. The initial 100
sets of different GAM1 parameters are randomly
assigned values with a range of =30% from the
original AM1 parameters. For each distinct param-
eter set, a GAM1 single-point energy is evaluated
for every geometry in the training set. We define
the fitness function f to be the RMS deviation be-
tween the GAM1 and MP2 single-point energies
times a penalty coefficient P:

1/2

N
f=P| 2 (EP™ = EY* + D)*/N, (1)

i=1

where D is introduced as a displacement to mini-
mize the RMS deviation between the GAM1 and
MP?2 relative energies:

Ne
D = X (Ef* = EF™)/N.. (2)

i=1

Because it is possible that some of the trial GAM1
parameters do not enable the self-consistent field
(SCF) step to converge for all the training com-
pounds, we evaluate the fitness function using the
N, training compounds reaching SCF convergence.
We also introduce P as the penalty coefficient that
takes into account when there are fewer SCF calcu-
lations reaching convergence:

P = 2 O0WNr=No/Nr (3)

where N is the total number of the training com-
pounds. The smaller is the fitness value, the better
do our GAMI1 energies match the ab initio energies.

After the initial 100 fitness values are obtained,
the top 10% GAM]1 parameter sets with the smallest
fitness values are copied directly into the offspring
generation. The top 30% (including the top 10%
mentioned above) are put into the breeding pool
with equal weight, whereas the least fit 70% are
eliminated from the generation. Pairs of parents are
randomly chosen from the breeding pool to per-
form the uniform crossover to generate the remain-
ing 90% offsprings. Each gene of an offspring has a
50%-50% chance of inheriting the gene of one of the
two parents at the same position. The population

size is kept constant during the evolution. A 6.25%
(1 of 16 GAM1 parameters) rate of mutation is
performed on every offspring. The mutation works
by randomly picking up one parameter and chang-
ing its value randomly within =20%. The best fit-
ness value in one generation drops rapidly during
the first few generations and starts to converge after
10 to 20 generations. We perform the PGA for 50
generations to guarantee well converged final
GAM1 parameters with a small fitness value. We
then replace the previous AM1 or GAM1 parame-
ters with the new GAM1 parameters and repeat the
global optimization of the Si,H, cluster.

3. CLUSTER GLOBAL OPTIMIZATION USING
THE CLUSTER GA (CGA)

This strategy is only briefly described here be-
cause it is essentially the same as our previous
genetic algorithm used for globally optimizing the
Si,H, clusters [4]. The global optimization starts
from a few initial random structures of the Si clus-
ters as our ancestor population. The fitness f; of the
i-th initial individual cluster is based on a Boltz-
mann distribution:

C - BEL-) W

fi= eXp( NRT

where BE; is the optimized GAM]1 cluster binding
energy,—C is a constant whose value is set to be the
lowest energy obtained from the initial N ances-
tors—and N is the total number of atoms in that
molecule. The constant C is used to rescale the
fitness f; to avoid computational overflow. The vari-
able RT is set to 0.2 eV/atom. Roulette selection is
used to select N random parent couples for the next
generation. The probability P; of the i-th geometry
being selected is determined by the normalized
fitness of that cluster:

Pi=fi/ 2 f; (5)

One mating method is to take the arithmetic mean
of the cartesian coordinates from two parent geom-
etries. The second method is to take a fragment of Si
atoms from one parent and replace it with the frag-
ment of the other parent with the same number of
atoms and also cut a fragment of H atoms from one
parent and replace it with a fragment of H atoms in
the other parent with the same number of atoms.
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The last method is to cut each parent into halves
and then recombine one half from each parent to
generate the offspring. The first and second mating
processes produce drastic mutations, whereas the
third method retains much of the local structures of
both parents. The probabilities used for selecting
the first, second, and third methods are 25%, 25%,
and 50%, respectively. After the mating process, N
offspring are generated and fully optimized again
by the GAM1 method. We replace the least stable
structure of its parent population with a new off-
spring if this offspring has relatively lower energy
and it differs with all other parents to guarantee the
variety of the population. The above procedure is
repeated until the lowest-energy structure does not
change for 3N generations.

4. AUGMENTATION OF THE TRAINING SET

After the CGA, we select 10 GAM1 local minima
with the lowest GAM1 energies and evaluate their
single-point MP2 energies. One GAM1 structure
with the lowest MP2 single-point energy is opti-
mized using the MP2 method. The above 10 new
GAML1 structures and the derived MP2 optimized
structure are all added to the training set and used
in the next cycle of the GAMI1 parametrization
starting at step 2. At least five GAM1 parameteriza-
tion cycles are performed using steps 2, 3, and 4 and
the whole global optimization procedure is re-
peated until either the average single-point MP2
energies of the 10 lowest GAM1 energy clusters are
converged to 10 kcal/mol or when at least half of
the different GAM1 parameter sets predict the same
global minimum.

5. DETERMINATION OF RELATIVE
STABILITIES OF THE LOWEST MP2 ENERGY
CLUSTERS

After the final GAM1 parameters and the re-
sulting low GAM1 energy clusters are found, we
fully optimize the 10 clusters with lowest GAM1
energies at the MP2 level. From these 10 opti-
mized structures along with consideration of the
other previously optimized MP2 geometries, we
select the ones with the lowest MP2 energies
within a range of 20 kcal/mol. We then further
compute the zero-point energy (ZPE) and other
thermodynamic properties at the MP2/6-31G*
level using Scott and Radom vibrational scaling
factors [17]. This completes the determination of
the global minimum at the MP2 level. As further

GLOBAL OPTIMIZATION OF SiH,

fine tuning we have also performed single-point
fourth-order Moller—Plesset perturbation theory
including single, double, and quadruple substi-
tution (MP4) and coupled-cluster theory re-
stricted to single, double, and quadruple substi-
tution [CCSD(T)] energy calculations on some of
the low-energy MP2 optimized geometries.

All the MP2 and AM1 calculations were per-
formed using the GAMESS program [18]. The MP2
calculations were performed using a 6-31G* basis
set [19, 20]. Honea et al. [21] used the same MP2/
6-31G* method to calculate the Raman frequencies
of Si, (y = 4,6,7), which are consistent with the
experimental frequencies. Li et al. [22] also used the
same method to compute IR frequencies for the Sig
clusters, and their theoretical results agree well
with the experimental results [22]. The GAM1
semiempirical calculations were also performed us-
ing a slightly modified version of the GAMESS
program, which enabled the inclusion of the GAM1
parameters for the Si atom. The MP4 and CCSD(T)
calculations were performed using the Gaussian 94
package [23]. The PGA and CGA optimizations
were performed with computer codes developed
by us.

Results and Discussion

We illustrate our strategy for two different sili-
con hydride clusters with low and medium H pas-
sivation: SigH, and SigH, clusters. The original AM1
and the two sets of final GAM1 Si atom parameters
are tabulated in Table I. The GAM1 Si atom param-
eters optimized for the SigHy cluster stoichiometry
are generally closer to the AM1 parameters than are
the GAM1 parameters obtained from the SigH,
clusters. This is not surprising, because the original
AM1 Si parameters were obtained using mostly
compounds where the Si atoms were four-coordi-
nate bonded [8]. The Si GAM1 parameters deter-
mined for the SigH, clusters show large increases in
the core integrals U, and U, and the resonance
parameters f3; and B, and is probably a reflection of
the greater degree of multiple Si—Si bonding tak-
ing place in these clusters. For both cluster types we
find the core repulsion parameters L;, L,, and L; to
adopt a wide range of values during the GAM1
parametrization runs, to confirm the original expec-
tation that these parameters play a less important
role in getting the correct energy in the original
AM1 method [5].

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 621



GE AND HEAD

TABLE |
Comparison of the AM1 and the final SigH, and

SigHg GAM1 parameters.

Parameters AMA1 GAM1(SigH,) GAM1(SigHg)
Us/eV —33.953622 —42.809285 —34.499993
U,./eV —28.934749 —31.966910 —26.766126
{J/a.u. 1.830697 1.456994 1.450233
{./a.u. 1.284953 1.315649 1.265556
Bs/eV —3.784952  —5.248804  —4.359965
Bo/eV —1.968123 —4.419519  —2.560926
/A1 2.257816 2.352404 2.183698
K, 0.250000 0.305731 0.281696
K, 0.061513 0.072892 0.098506
Ks 0.020789 0.026816 0.017541
L, 9.000000 10.012125 19.046254
L, 5.000000 5.522481 4.288868
Ls 5.000000 2.014358 7.737797
M, 0.911453 1.351186 0.995406
M, 1.995569 1.807782 1.510432
Mg 2.990610 2.875304 1.655458
SigH,,

Figure 1 compares the AM1 and GAM1 relative
energies against the MP2 relative energies for all
the SigH, clusters included in final training set. The
reparametrized GAM1 method does a good job of
approximating the energy ranking given by the
MP2 relative energies, whereas the AM1 relative
energies hardly show any linear relationship when
compared against the MP2 relative energies. The
AM1 SigH, global minimum has a linear structure
and is 211 kcal/mol less stable than the lowest MP2
energy cluster we locate at the MP2 level.

250 -
+
B
200 - + .+
:2; 150 | ++—i—+ ,
" f‘ i
100 | _H_ S
PR ty
I N 4+
® s ‘*‘:i:i- tﬂ: _ﬁi _ﬁ_-(—
ol
0 50 1;0 MPL’éO 2;0 250

Figure 2 shows the seven most stable SigH, struc-
tures, within the 20 kcal/mol range, that we ob-
tained at the MP2 level. It is worth noting that in
Figure 2 we draw lines connecting two Si atoms to
suggest there is a bond formed when the distance
between the two Si atoms is less than 2.8 A. The
relative MP2 energies (including ZPE) of these
SigH, structures are included in the parentheses
after each label, in increasing order. Structure 2(a)—
consisting of an elongated Siz octahedron, with
elongation occurring for the Si atom bound to the
two H atoms—is what we determine to be the
global minimum at the MP2 level. The C; structure
in Figure 2(e) was previously determined as the
MINDO/3 global minimum by Meleshko et al. [2].
Thus, our method finds four ab initio structures,
Figure 2(a—d), that are more stable than the
MINDO/3 global minimum, by 10.7, 7.6, 3.4, and
2.4 kcal/mol, respectively. It is worth noting that
structure 2(d) has the H, molecule separated from
the Sig framework and corresponds to SigH, losing
H,. Others identified the Dy, Sig compressed octa-
hedron structure 2(d) the Sig global minimum and it
has been characterized experimentally by Raman
and IR spectroscopy [21, 22]. However, our Siy in
structure 2(d) is slightly distorted from the Dy,
symmetry, owing to the presence of the H, mole-
cule about 3.7 A away from the nearest Si atom. The
fact that we find structure 2(d) suggests that even
though the GAMI1 parameter set is optimized for
the SigH, stoichiometry, it can still provide a rea-
sonable estimate of the relative stabilities of the
clusters with different stoichiometries and slightly
lower H passivation. Structures 2(a—c) and 2(f) are

250 |- +
FEH
+
200 :#»
T
- N + Lt 1
2 150 +
+
3 e
I S
+ 4+
+—}$_ +
50 -+++ ) —F*- 4
4+
opf . . . .
o 50 100 150 200 250

MP2

FIGURE 1. The AM1 and GAM1 versus MP2 relative energies for the SigH, clusters. All energies are in kcal/mol.
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FIGURE 2. The SigH, MP2 optimized structures within 20 kcal/mol of the global minimum found by the global opti-
mization procedure. The structures are labeled in order of increasing energy, where the numbers in the parentheses
are the MP2 energies with ZPE corrections given in kcal/mol relative to structure (a). Structure (e) is the MINDO/3

global minimum previously found by Meleshko et al. [2].

the four most stable clusters investigated by Cham-
breau et al. [1] and which were obtained by initially
adding H atoms onto the D, Sig framework. The
authors used Gaussian (G3) theory [24, 25] to eval-
uate the relative energies of the above clusters and
ranked the structures 2(a—c) in the reverse energy
order to our ranking. Their relative energies (in-
cluding ZPE) of the structures 2(a—c) are 0.0, —1.2,
and —2.2 kcal/mol, respectively. However, our
MP2 calculations still agree with their G3 calcula-
tions by ranking the structures 2(a—c) as the most
stable structures within 8 kcal/mol of each other.
When we further evaluate the MP4 and CCSD(T)
single-point energies at the MP2 optimized geom-
etries we obtain 2(a), 2(b), and 2(c) relative energies
(including ZPE) of 0.0, 1.9, and 5.7 kcal/mol with
MP4 and 0.0, —0.8, and 2.9 with CCSD(T), showing
that there are small energy differences between all

¥
250 n g
e
200
- 150 1
2 S
+ e+
100 -
AT
e R
*%*ﬂﬁﬁ, +
ot ;i: L . L .
o 50 100 150 200 250

three structures. The calculations by Chambreau et al.
suggest that the strategy of fabricating low-energy
SigH, clusters from the stable Si; framework is a rea-
sonable one, but in addition to the vertical compres-
sion and horizontal expansion of the Sig framework
found in 2(f) and 2(g) our global optimization strategy
demonstrates the ability to find another low-energy
SigH,, structure 2(e), which has a very different Sig
framework. All seven of the low-energy structures
shown in Figure 2 are about 200 kcal/mol at the MP2
level more stable than the global minimum structure
found using AM1.

The two charts in Figure 3 show the deviation of

the (G)AML1 relative energies from the MP2 relative
energies for all the SigH clusters in the final train-

250 [ ¥ 4
+
200 + #‘
A+
7+L'
S o i
< M
5] +,+
100 | +++
tﬁi'[—
ﬁﬁ* B
oL . . . ,
/] 50 100 150 200 250
MP2

FIGURE 3. The AM1 and GAM1 versus MP2 relative energies for the SigHg clusters. All energies are in kcal/mol.
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(12.8) ;
x(-18.9) E
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x(11.5)
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)

FIGURE 4. The SigHs MP2 optimized structures. Structures (a—i) were obtained by our global optimization proce-
dure and are labeled in order of increasing energy, where the numbers in the parentheses are the MP2 energies with
ZPE corrections given in kcal/mol relative to structure (a). Structure (k) is the lowest-energy structure found by
Miyazaki et al. related to structures (d), (g), and (h) by different H atom arrangements. Structures (x-z) are additional
low-energy structures previously found by Meleshko et al. and Miyazaki et al. [2, 3].

ing set. The AM1 method does a better job at get-
ting relative energies for the SigHy clusters than it
did for the SigH, clusters with lower H passivation.
However, the new GAM1 parameters dramatically
improve the linear relationship between the
semiempirical and the MP2 energies.

Figure 4 shows the nine lowest MP2 energy clus-
ters (a—i) within the 20-kcal/mol range we have
located by our global optimization method. We also
include in Figure 4 three low-energy SigHg struc-
tures (x—z) described previously by Meleshko et al.
[2] and the four structures (k, x-z) discussed by
Miyazaki et al. [3]. Overall, we find the Miyazaki et
al. (k) structure to be the cluster with lowest energy
in Figure 4 but, as we discuss below, (k) is closely
related to structures 4(d), 4(g), and 4(h) found by
us. The MP4 and CCSD(T) single-point energy cal-

culations on the MP2 optimized geometries shown
in Figure 4 provide the same energy ranking as
does the MP2 calculations, apart for structure 4(g),
which becomes 1.1 (MP4) and 3.4 [CCSD(T)] kcal/
mol more stable than 4(f). As a result of the GAM1
reparametrization, all our identified low-energy
structures 4(a—i) are more stable than structure 4(y),
which was found to be the AM1 global minimum.

The nine low-energy structures 4(a—i) exhibit three
different types of Si; frameworks, where each of these
frameworks are surrounded by various arrangements
of the 6 H atoms. The Si framework in structures 4(a),
4(b), 4(c), and 4(f) consists of a Si5 ring with one Si
atom above. Structures 4(d), 4(g), and 4(h) contain a
bipyramidal Si5 cluster, with the sixth Si atom bridg-
ing two of the equatorial Si atoms. The 4(k) structure
also has this Si; framework. Finally, structures 4(e)
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and 4(i) are built on a Si5 tetragonal pyramid with a
silyl, SiH;, group attached to the top the pyramid.
Clearly, these Si frameworks in SigHg are very differ-
ent from those found for low-energy SigH, clusters,
and this must be a consequence of the higher oppor-
tunity for Si to achieve tetravalency provided by the
four extra H atoms. It is interesting that none of the
4(a—i) structures found by our cluster optimization
strategy contain any of the Sig frameworks that occur
in structures 4(x), 4(y), and 4(z). We find the 4(y) Siq
framework type, but because its MP2 relative energy
exceeds our 20 kcal/mol energy retention threshold,
we do not include it with the other low-energy struc-
tures found during the global optimization. The lower
ab initio energy of structure 4(x) suggests it might be
expected to be among our final set of low-energy
structures. Unfortunately, 4(x) is eliminated from ab
initio consideration because its optimized GAM1 en-
ergy is 36.9 kcal/mol higher than for the 4(a) and 4(b)
structures, where even this GAM1 energy represents
a big improvement over the 64.7 kcal/mol calculated
for the optimized AMI1 structure.

The Si4 framework plays the primary role in deter-
mining the relative energies of the different the SigHg
clusters, with the energy of a specific cluster appear-
ing to be finer tuned by the H atom arrangement
around the Sig framework. For instance, our global
minimization strategy locates the degenerate struc-
tures 4(a) and 4(b), which are enantiomers of each
other. Structure 4(c) is 3.2 kcal/mol higher in energy
as the H atom on the top Si atom shifts to a Si atom in
the Si; ring. There is a slightly larger energy change as
two SiH, groups are formed in 4(f) while decreasing
the number of Si—Si bonds between the top Si atom
and the Si; ring atoms. In 4(c) this Si—Si bond length
was 2.5 A and in 4(f) the top Si atom is 3.4 A from the
Si atom in the SiH,. Likewise, for structures 4(e) and
4(i), we find a 8.8 kcal/mol MP2 energy increase as
one of the basal H atom shifts from a Si—H bond to
bridging a pair of Si atoms. Structure 4(i) is a true local
minimum representing an intermediate structure con-
necting 4(e) to another (e)-like structure but with the
H atom shifted to the neighboring unpassivated basal
Si atom, suggesting that there are relatively low bar-
riers to H atom rearrangement on the SigHg clusters.

We could present the same kind of discussion for
the different H atom arrangements on clusters 4(d),
4(g), 4(h), and 4(k), except that (k) is significantly
lower in energy than is our global minima 4(a) and
4(b) as well as (d). One explanation for the lower
stability of 4(k) becomes apparent when one notes
that (g) and (h) have two H atoms each bound to both
apical Si atoms in the Si5 bipyramid, structure 4(d) has

GLOBAL OPTIMIZATION OF SiH,

lower energy because there is only one H atom bound
to one of the available apical Si atoms. In 4(k) there are
no H atoms binding with either apical Si atoms and
the distance between the two apical Si atoms is re-
duced to 2.71 A, suggesting that they are starting to
form a Si—Si bond. Miyazaki et al. [3] initially chose
to investigate the 4(k) structure because the Si; frame-
work corresponds to the “tetrahedral-bond-network”
(TBN) structure designation by Patterson and Mess-
mer [26].

Using our global optimization strategy, it is diffi-
cult to find the 4(k) structure, for two main reasons.
The AM1 optimized 4(k) structure is 12.2, 14.4, and
20.2 kcal/mol less stable than the 4(d), 4(g), and 4(h)
structures, and although we improve the energy rank-
ing with our final GAM1 parameters 4(k) is still 7.8,
19.7, and 7.5 kcal /mol higher in energy than the 4(d),
4(g), and 4(h) structures, respectively. As a conse-
quence, 4(k) is never selected to join the parametriza-
tion training set so that it can more easily be identified
as one of the lower energy structures. Second, al-
though the three mating operations we use to make
new generations of structures in our CGA appear to
be good at finding the different low-energy Si, frame-
works, these mating operations do this while retain-
ing many of the Si—H bonds. As a consequence, the
current CGA explores many different Si, frameworks
but only a subset of the possible H atom arrange-
ments on these frameworks. Our work demonstrates
the well-known feature that GAs are good tools for
searching for the lower-energy local minimum on a
potential energy hypersurface, but the rate of conver-
gence of the genetic algorithm towards the global
minimum is not necessarily enhanced by information
from any of the low-energy structures closely related
to the global minimum [27]. However, a good feature
of the current iterative global optimization strategy is
that it enables us to identify the energetically impor-
tant Si, frameworks in the Si,H, clusters. We are
currently working on developing an improved strat-
egy for examining different H atom arrangements on
these Si frameworks. Even with the current proce-
dure, after visually inspecting the different H atom
arrangements on a specific Si, framework, it would
not be too laborious a task to manually check a few
closely related structures for the possibility that they
have lower energies.

Conclusion

We have attempted to develop a strategy for the
global optimization of binary Si,H, clusters at the
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ab initio level using two coupled genetic algo-
rithms. One GA (CGA) searches among the many
structure candidates for potential low-energy clus-
ters via fast semiempirical calculations so that the
energy of only a few structures—including, it is
hoped, the global minimum—need to be evaluated
using ab initio MP2/6-31G* calculations. Because
semiempirical calculations can often give a differ-
ent energy ranking to the ab initio ranking, we use
a second GA (PGA) to reparametrize the semiem-
pirical method as different new ab initio structures
with low energy appear from the CGA.

To illustrate our global optimization strategy, we
have attempted to find the ab initio global minima
for the SigH, and SigHg clusters. Reparametrizing
AMI1 for specific Si,H, stoichiometries certainly im-
proves the ability of the semiempirical method to
rank the energy of different structure types. For
SigH, we found seven low MP2 energy structures
within 20 kcal/mol of each other. The global mini-
mum has the two H atoms attached to a single Si
atom on a distorted Si, octahedron. Our SiH,
global minimum is over 10 kcal/mol more stable
than the MP2 energy of the global structure previ-
ously found by Meleshko et al. [2] using MINDO/3
calculations. Our results for SigH are more compli-
cated and we find nine lowest MP2 energy struc-
tures within 20 kcal/mol of each other. Unfortu-
nately, none of structures correspond to the
structure that is 18.9 kcal/mol lower in energy, and
presumably the global minimum, found previously
by Miyazaki et al. [3]. Nonetheless, our global op-
timization strategy does find several SigHg clusters
with the same Sig framework as the global mini-
mum but with different H atom arrangements. Sug-
gestions for manual checks of possible lower-en-
ergy structures can be made by visually inspecting
the H atom arrangements on the Si framework.

Our experience with the SigH, and SigHg clusters
suggests that we have developed a useful and effi-
cient ab initio global optimization strategy. For the
binary Si,H, clusters the method is especially use-
ful for finding the important low-energy Si, frame-
works and are now trying to develop a better pro-
cedure for investigating the best arrangement the H
atoms can adopt around the Si framework.
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