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A combination of the best available theoretical techniques for energetics, dynamics, and thermodynam-
ics is employed in an extensive study of Si, (n = 20,25) clusters. For T = 0 we solve the electronic
structure by the density functional and the highly accurate quantum Monte Carlo approaches. Finite
temperature and dynamical effects are investigated by the ab initio molecular dynamics method. This
combination of methods enables us to find several new low-energy isomers and to explain the differences
in properties, behavior, and stability of elongated versus compact types of structures and to elucidate the
origin of the existing discrepancies between theory and experiments.

PACS numbers: 61.46.+w, 36.40.—c, 71.15.Nc, 71.24.+q

The study of atomic clusters has become one of the
most active areas of research over the last decade. The
main reasons for such an intense interest can be stated
as follows: (i) fundamental importance of understanding
properties of materials with increasing size, especialy
the transition molecule — cluster — bulk; (i) experi-
mental techniques for production and analysis of clusters
has improved dramatically, providing new data about
their electronic, chemical, and structural properties,
(iii) crucia role of clusters in a number of industrial
applications such as catalysis or in a development of
new semiconducting/magnetic devices, and (iv) use of
clusters as building blocks (“superatoms’) to synthesize
new solid or surface materials. In this Letter we carry
out a thorough study of Si,, clusters for n = 20 and 25
which bracket the range of sizes with known discrepancies
between theory and experiments [1-3] and exemplify a
variety of isomers found in this size range which have
been the subject of several previous theoretical studies
[2,4-13]. Our focus is the prolate — oblate structural
transition [1], in particular, the corresponding struc-
tures and energetic ordering of low-lying isomers and
the impact of dynamical and temperature effects. To
resolve these issues we use a combination of the best
theoretical tools currently available, namely, the density
functional theory (DFT) and quantum Monte Carlo (QMC)
electronic structure methods and the ab initio molecular
dynamics (MD).

The agreement between theory and experiment for Si
clusters with less than 20 atoms appears to be very good
[2]; however, starting from Si,, discrepancies between the
energy ordering of the known isomers and experimental
spectra become visible. In particular, the experiments
indicate an onset of prolate — oblate structural transition
which poses an interesting challenge for theory and which
is still unsolved despite a number of papers on this subject
in the past. The elusive character of our understanding
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of this phenomenon can be illustrated, for example, by
evolving suggestions for the most stable Si,y structures
[2,5,7,12,13], with an accumulated gain in the tota
energy by almost 5 eV. Moreover, while the experimental
mobility spectra at this size clearly favored the elongated
structures, the recent theoretica predictions of Ho
et al. [2] favored the spherical-like geometry. In order
to explain the source of this discrepancy, we investigate
the following possibilities: (i) the previous electronic
structure calculations are not accurate enough; (ii) the
actual atomic structures in question are not known;
(iii) dynamical and finite temperature effects are not
accounted for; (iv) the barriers for spontaneous creation of
elongated versus spherical structures are significant; and
(v) the structure and/or energetics of the charged clusters
studied in the experiments [1] could be different from the
neutral ones. The combination of DFT and QM C methods
enable us to investigate the importance of (i), (v), and
to some extent (iv), and equipped with this knowledge
the finite-temperature ab initio MD method allows us to
investigate the importance of (ii) and (iii).

For T = 0 DFT calculations, we employ the commonly
used approaches of the local density approximation (LDA)
and generalized gradient approximations (GGAS) with
the BPW91, BLYP, B3PW91, and B3LYP functionas
[15-17]. It has been shown that these methods may not
be accurate enough for predicting energy differences of
clusters [6] and therefore we check some of the results
by OMC. QMC has the advantage that many-body
correlation effects are described directly through an
explicit correlation of the trial wave function and through
a stochastic solution of Schrodinger equation. The tria
wave function is a product of Slater determinants with
spin-up and spin-down orbitals and a correlation factor

Yy = DetT{goa}Detl{golg}eXp[ Z u(ri1,rj1,rij):|- (1)

Li<j
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The correlation factor describes electron-electron and
electron-electron-ion many-body effects through the
explicit dependence on distances between electrons (r;;)
and between electrons and ions (r;;, rj;). To obtain the
accuracy beyond the variational ansatz we solve the
Schrédinger equation using the diffusion Monte Carlo
method in the fixed-node approximation [6,18,19]. The
fixed-node solution @ is found by iterating the equation

SRt + 1) = ] GR,R,7)f(R,1)dR/, (2

where
G(R,R’,7) = ¥7(R)(R|exp(—7H)|R)/¥7(R'), (3)

fR,t) = V7(R)D(R, 1), t istheimaginary time, and R
denotes the coordinates of electrons. H isthe usual Ham-
iltonian of interacting electrons and ions with core elec-
trons eliminated by nonlocal pseudopotentials so that in
QMC we explicitly treat only the valence electrons. The
impact of pseudopotential on the accuracy of St QMC re-
sults has been tested in our previous calculations [6,13,19]
and was found to be negligible, i.e., below our statistical
error bars. Findly, typica errors for energy differences
from the fixed-node approximation is 1%—2% [ 18] which,
in our case, is below the obtained error bars.

To understand the T > 0 behavior we use the ab initio
MD [20] method with the BPW91 functional to describe
the electronic degrees of freedom. Simulations have been
done close to the experimental conditions at 7 = 300 K
and then at high temperatures T ~ 1000-3000 K for as-
sessment of stability of different structures. All finite
temperature calculations have been done in the canoni-
cal ensemble using plane-wave [21] pseudopotential tech-
niques [20,22]. We found that a MD observation time of
~2 pswas sufficient for a structural sampling of the poten-
tial energy surface as well as for characterizing the cluster
stability. We also checked that the 6-311G* [17] Gaussian
basis set used for the DFT methods, equivalent of 6-311G*
used for the Hartree-Fock (HF) pseudopotentia method
and the mentioned cutoff [21] in the MD/DFT pseudopo-
tential approach were sufficient for providing the correct
energy differences within 0.1 eV.

We consider a set of five possible low-energy structures
of the Siyy cluster showninFig. 1. Theelongated A and the
spherical-like B structure were suggested by Ho et al. [2]
using a genetic optimization algorithm. A is composed of
two very stable Sijy units while B is a strongly distorted
dodecahedron with one of the pentagons broken (one of
the broken pentagon atoms saturates the dangling bonds in
the dodecahedron interior while the four remaining atoms
are relaxed into a new bonding pattern). Structure C was
suggested by Song et al. [7] and comes from an ab initio
DFT relaxation of the dodecahedron which converged to a
“squished” dodecahedron structure with extensive rebond-
ing and restructuring. Structure D was constructed by us
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FIG. 1. Structures of five studied low-energy isomers (see text)
of the Siy, cluster.

by matching the lobes of the highest occupied molecular
orhitals of the open-shell Sig and Si;; clusters with a sub-
sequent optimization. Finaly, the structure E was obtained
by taking snapshots from our T = 300 K MD run (see be-
low) with a subsequent relaxationto T = 0. Evidently, A,
D, and E belong to the same “Si|y + Sijo” class of elon-
gated structures [2,3].

In order to clarify the accuracy of the different electronic
structure methods we show in Table | our resultsfor energy
differences computed with HF, GGAs, and QM C methods.
Thetableillustrates clearly several important trends. First,
note that HF favors the structure C and disagrees therefore
with the rest of the methods which is aclear indication that
electron correlation effects are important. Second, most
LDA/GGA approaches favor the compact B structure with
structure E being close, and for functionals with the LYP
correlation functional the E structure is actually below B
athough only by a small amount. The bias of the DFT
methods towards more compact structures is well-known
and can be rationalized by the DFT tendency to homog-
enize and increase the electron density of the system. It

TABLE |. Energy differences (eV) for five LDA optimized ge-
ometries (see Fig. 1), listed for each method relative to the total
energy of structure B. All HF and DFT energies are computed
using the 6-311G* basis set. For QMC values, the statistical
errors are in parenthesis.

Sis A B C D E
HF 196 000 -058 184 —0.11
LDA 076 0.0 133 083 053
BPWOL 045 0.0 092 058 0.26
B3PWOL 087 0.0 083 085 0.32
BLYP 023  0.00 026  0.40 ~0.20
B3LYP 070  0.00 029 071 —0.05
QMC 0.19(5) 000 060(5) 0.16(5) —0.65(5)
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is also useful to notice how strongly LDA favors struc-
ture B and how the GGA functionals decrease this differ-
ence; however, the correction is nonsystematic and does
not enable one to predict the actual energy ordering of the
structures. Third, the QM C method shows that the impact
of electron correlation on the energy differences is impor-
tant (0.5-1.0 eV). QMC aso clearly shows that it is the
structure E which is actually the lowest in energy, while
structures A and D are within 0.2 €V from the structure
B. In favor of the structure E speaks also its (vertical)
ionization potential of 7.3 eV in BPW91 which agrees fa
vorably with the experimental value 7.5(1) eV [2,3]. This
can be compared, for example, with structure A having the
corresponding ionization potential of 6.9 V. Our results
for ionized clusters which are actualy being observed in
experiments confirmed our results from the neutral cases
and show the ionization potential for structure E to be the
largest and in agreement with the experiment.

One of the surprising features we have observed in the
zero temperature results is the flatness of the potential en-
ergy surface around structural minima. We have found
that the isomers showed structural differences when opti-
mized with different functionals; nevertheless, the impact
on energy differences has been minimal. For example, the
BLYP and LDA optimized structures A differ by as much
as two bonds, while energetically the two structures are
very close. We confirmed this also by QMC in which the
energies of BLYP and LDA optimized structures A came
out within our QMC statistical error of 0.05 eV. Thus, we
have concluded that the different sets of optimized geome-
tries were essentially equivalent and that the relative ener-
gies of isomers in Table | were dominated by the choice
of methods and functionals.

The dynamical simulations further elucidated the struc-
tural behavior and stability of the competing structures.
Thelow temperatureruns (7 = 300 K) revealed adynami-
cal pattern of bond stretching and bond breaking of one or
two bonds with subsequent rebonding in rather short time
intervals (~0.1 ps). Nevertheless, during the entire simu-
lations both A and B structures remained in essentially the
same structural pattern (i.e., in elongated and spherical-like
configuration, respectively). We also took several snap-
shots from the 7 = 300 K MD trgjectories of structures
A and B and relaxed them to the T = 0 ground state. In
this way we found the energetically most stable structure
E. On the other hand, the snapshots which initiated from
structure B remained all within ~0.01 eV of the initia
structure upon subsequent 7 = 0 optimization, indicating
that, at this temperature, structure B is significantly more
“rigid” than A.

In addition, we checked the stability of the structures
by increasing the temperature to 1000 and 1500 K. At the
higher temperature, structure A broke into two strongly de-
formed Siyo unitsin about 0.5 ps. Breaking of structure A
into two Siyo subunits also indirectly points out the pos-
sible mechanism for formation of the elongated structures.

It is relatively easy to create structure A from two Sij
units which are abundant. The temperature of dissociation
suggests that the actual barrier is rather low, most likely
below 1 eV, athough one has to keep in mind the lim-
ited accuracy of the PW91 GGA functional. On the other
hand, it is much more difficult to find a corresponding
mechanism for structure B as the decomposition of B into
stable units is less obvious and most probably involves a
sequence of additions of units smaller than Siyy, i.e., addi-
tionsof Si,, (m = 2-5) which are energetically much less
stable and less favorable. Therefore, spontaneous creation
of structure B is likely to proceed in a number of steps
with barriers corresponding to a few bond formations per
step which contrasts with structure A where there is only
a single barrier to overcome. The dynamical simulation
confirmed this picture. Heating structure B to 1500 K did
not lead to structural breakdown on our MD observation
time scale. Only after heating B to 3000 K did we ob-
serve arapid breakdown into a number of volatile and re-
active fragments. This suggests that the decomposition is
a concerted process with significantly higher energy bar-
rier. From our dynamical 7 > 0 simulations we predict
that structure B israther stable, but its formation would re-
quire a number of intermediate structures so that the over-
al probability of appearing in the spectrum is quite low.
This contrasts with the abundance of Si;, which can read-
ily fuse into low energy isomers such as E.

Using a combination of MD and T = 0 relaxation we
were able to construct a number of new elongated and
spherical-like structures also for Siys. The lowest-energy
isomers from both families (elongated, spherical) we have
found are shown in Fig. 2. The energy differences are very
small as the compact structure is lower by only 0.15 eV
in PW91 and 0.63 eV in LDA thus, as suggested by ex-
periment [1], corroborating the existence of both structural
branches in this range of sizes.

Itisinteresting to note that the Si,5s elongated cluster has
structural features of both Si; type units and also asixfold
puckered ring, a typical building block in previous stud-
ies [5,6,12,13]. On the other hand, the N = 25 compact
structure shows an intriguing structural feature of “inter-
nal” atoms which are encapsulated in the distorted cage-
like configurations formed of the “surface” atoms. This
is similar to the feature observed in larger spherical clus-
ters with 33 to 45 atoms in which a small cage appeared
encapsulated into a larger one [14]. In fact, cluster B of
Siyy can be considered a precursor of this structural type
with one of the atoms being at the center of a partially
opened distorted dodecahedron. The internal atoms ful-
fill two important roles. First, they saturate the dangling
bonds [14] of the surface atoms which would otherwise
be mostly threefold coordinated (the predominant coordi-
nation for silicon in clusters is 4-5). Second, studies of
structural relaxation and dynamics suggest that the inter-
nal atomsact as“ catalytic” centers:. their high coordination
and multiple weak bonds enable structuresto relax through
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FIG. 2. Structures of two low-energy isomers from the elon-
gated and spherical families of Si,s clusters. The “interna”
atoms discussed in the text are denoted by black circles.

a sequence of rebonding and restructuring steps. This also
suggests a mechanism for the system to surpass the large
energy barriersin the formation process of larger compact
structures. We conjecture that it is the interplay of both
structural and dynamical mechanisms which is respon-
sible for the transition from prolate to oblate observed in
experiments.

In conclusion, our findings can be summarized as fol-
lows. (&) electron correlation has an important effect on
the overall stability of silicon cluster isomers and high ac-
curacy such as quantum Monte Carlo methods are neces-
sary to predict the true energetic ordering; (b) theab initio
dynamical (T = 300 K) simulations show that the energy
surfaces of the silicon clusters are very flat with one or
two bond breaking and subsegquent rebonding appearing
on atime scale of ~0.1 ps, without a significant changein
the overall structure; (c) the structural transition from elon-
gated to compact structuresisrelated to the onset of forma-
tion of structures composed of irregular cages with a small
number of encapsulated atoms which have both structural
and dynamical roles in the formation process. Our results
demonstrate that combination of energetic, dynamical, and
thermal studies using the state-of-the-art methods provides
a unique and revealing picture of the Si,, cluster systems.
The wealth of structural and dynamical information ob-
tained in the present work enabled us to understand the
distinct properties of elongated versus compact types of
structures, to generate the lowest energy isomers known
so far, and to suggest a mechanism which drives the ex-
perimentally observed transition between these two types
of conformation in the range of 20 = n = 25.
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