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Results of a combined photoelectron spectroscopy and first-principles density-functional stugyafiSers
in the size range 2& N < 45 are reported and discussed. Evidence for a prolate-to-near-spherical shape
transition atN = 27 is presented. It is shown that the tricapped-trigonal-prism (TTP) structural metif Si
found in most low-lying clusters §i, 9 < N < 19, is replaced or augmented by a series of structural motifs
consisting of a bulklike “adamantane” fragment plus a magic-number clusteiS{giSi;g) or TTP Sp in
low-lying prolate clusters §i', N = 20. For 28< N < 45, almost all low-lying near-spherical clustergSi

adopt “stuffed-cage”-like structures where the cages are homologous to carbon fullerenes in the sense that

they are composed of only five- and six-membered rings. However the arrangement of the “stuffing” atoms
is not yet diamondlike.

Introduction or high cluster temperatures, well-resolved PES spectra are
rather difficult to measure). (2) A large database on low-energy
clusters is available, typically obtained via using various global
optimization techniques, e.g., genetic algorithrhdyasin-
hopping method?2 or minima-hopping metho#® combined
with first-principles calculation3-3% We have obtained well-
resolved PES spectra for\Si (N = 5—50) at several photon
energies by controlling cluster temperatures from a laser
vaporization supersonic cluster source. On the other hand, in
our density functional theory (DFT) calculations, many candi-
date structures (or database of low-lying clusters) have been
reported in the literatur& 18 On the basis of the calculated
electron binding energies along with the measured PES spectra,
. . . we are able to identify some new generic structural features in
computational study based on a genetic algorithm searchlow_Iying prolate-shaped §i clusters and to provide spectro-

proceduré? uncove_red agenerc structl_JraI feature in low-lying scopic corroboration of the prolate-to-spherical shape transition
neutral clusters § N = 10-18, that is, nearly all clusters . \/— 57

contain the tricapped-trigonal-prism (TTP) &iotif. The most

compelling evidence was later provided by IMu et all! who Methods

both measured and simulated anion PES spectra in the size range

8 < N < 20 and validated the presence of the TTP structural Experimental. The experiments were carried out using a

motif in many medium-sized low-lying & clusters. Indeed, = magnetic bottle time-of-flight photoelectron spectrometer, details

the combined experimental and theoretical PES approach haf which have been described previou¥dyThe Si~ cluster

become a very effective method to identify cluster struc- anions were produced by laser vaporization of a pure silicon

tures10.11,29-31 target with a helium carrier gas and analyzed using a time-of-
However, the combined theoretical/experimental approach is flight mass spectrometer. ThexSi(N = 5—50) species were

most effective when the following two conditions are met: (1) mass selected and decelerated before crossing with a detachment

Well-resolved PES spectra can be obtained, particularly for the laser beam (266, 193, and 157 nm) in the interaction zone of

first two or three PES peaks near the threshold as they arethe magnetic-bottle photoelectron analyzer. Well-resolved pho-

directly related to the frontier orbitals of the cluster (because toelectron spectra for cold$i clusters (Supporting Information)

of congested electronic transitions, multiple low-energy isomers, were obtained by carefully selecting those clusters that had
sufficient resident time in the nozzle to be thermalized (within

* To whom correspondence should be addressed. E-mail: Is.wang@pnl.gov@ temperature range of 36600 K)3'-3 Photoelectrons were

Silicon plays a vital role in the microelectronic industry. As
miniaturization of electronic devices is approaching the nano-
scale, it is important to understand the electronic and structural
properties of §j nanoclusters. The size range that received most
attention is 10< N < 1021728 Experimentally, the structures
of very small silicon clustersN < 8) have been inferred from
molecular spectroscopyand high-resolution photoelectron
spectroscopy (PE®) measurements. For larger Si clusters,
structural shape information has been obtained on basis of ion
mobility data by Jarrold and co-worke¥s2°1t has been found
that medium-sized low-lying clusters are mostly prolate in shape
for N < 27 and become near spherical for > 27. A

(L-§-W;): xczeng@phase2.unl.edu (X.C.Z.); Jellinek@anl.gov (J.J.). collected at nearly 100% efficiency by the magnetic bottle and
, University of Nebraska. analyzed in a 3.5-m-long electron flight tube. The binding energy
Washington State University. . . L
s Argonne National Laboratory. spectra were obtained by subtracting the kinetic energy spectra
'Universita-GH Paderborn. from the photon energies of the detachment laser. The spectra
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TABLE 1: Calculated Total Energy Differences (eV) with
Respect to the Isomer with the Lowest Energy for
Sipo”—Sixg~ Shown in Figures 1 and 2

energy difference energy difference energy difference

anion (primary isomer) (secondary isomer) (tertiary isomer)
Sixg~ 0.0 0.011

Sip1~ 0.0 0.303

Siyo~ 0.0 0.411

Sips™ 0.0 0.326

Sios™ 0.0 1.004

Sips™ 0.0 0.022

Sizs~ 0.008 0.0

Sip7™ 0.0 0.104 0.252
Sixg™ 0.127 0.0 0.093
Sipg™ 0.279 0.0 0.301

were calibrated using the known spectrum of Alihe apparatus
has an electron energy resolution ®E/E ~ 2.5%, i.e., about
25 meV for 1 eV electrons.

Theoretical. Details of the theoretical methodology and
searches for candidate structures of low-lying silicon clusters
have been published elsewhéfé82’The searches generated
a large database for low-energy neutral and anion clusters. Fo
prolate-shaped clusters (in the size range ok1® < 30), we
adopted the basin-hopping (BH) metl&dombined with
DFT.33 In the DFT-BH search®8 the Monte Carlo scheme is
used to explore the potential-energy surface. The potential

energy and energy gradient-driven optimizations were computed

by using the CPMD cod® For larger near-spherical clusters
(in the size range 25 N < 45), we took a two-step approa&h.

The first step is a global search of the potential-energy surface

by using a genetic algoriththcoupled with the tight-binding
model?> The second step is an augmented search using the DFT
BH method or the minima-hopping method coupled with the
density-functional tight-binding (DFTB) theofff based on those
low-energy structures obtained in the first step. For all clusters
after the low-energy anion isomers were identified, all-electron
DFT optimizations at the PBEPBE/6-31G(d) level of theory and
basis set, as implemented in the Gaussian 03 &odere
performed. Total energies of low-lying anion clusters are listed
in Table S1 (Supporting Information) and the total energy
differences with respect to the lowest-energy anion isomers (for
20 < N = 29) are listed in the Table 1. Finally, simulated PES

spectra of low-energy isomers were obtained from the negatives,

of the Kohn-Sham (KS) eigenenergies by shifting them so that
the negative of the highest-occupied molecular orbital (HOMO)
KS eigenenergy coincides with the computed value of the
vertical detachment energy (VDE). The one or two cases that
provide the best fit to the measured PES spectra are shown i
Figures 1-3.

Results and Discussion

The PES of §~ (N = 20—26) measured at 193 nm are shown
in column a of Figure 1, where X and A (peaks) mark the first
two electronic levels of thprimaryisomer and Xand A denote
the first two electronic levels of secondaryisomer. Here the
“primary isomer” refers to the isomer that gives rise to the most

n
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gap. Among these clusters,Si exhibited the largest gap (1.0
eV), which is already quite close to that of bulk silicon (1.12
eV). The VDEs of both the primary and secondary isomers are
listed in Table 2.

TABLE 2: Measured and Computed VDEs of Primary and
Secondary Isomers of Sh™—Sis~ Shown in Figures 1 and 2

VDE (eV)
anions experimental theoretical
Siyo~ X 3.57 3.587
X' 3.38 3.491
Sip1™ X 3.57 3.564
X' 3.16 3.031
Sips~ X 3.37 3.299
X' 3.23 3.155
Sis™ X 3.26 3.194
X' 3.12 3.124
Sipa™ X 3.66 3.597
X' 3.34 3.336
Sixs™ X 3.21 3.206
X' 3.60 3.571
Sixe~ X 3.34 3.311
X' 3.02 3.153

r

In columns b and c of Figure 1, we plot the simulated PES
spectra of the primary and the most plausible secondary isomer.
As is shown from the figure, the simulated spectra of the primary
isomers are in very good agreement with the experimental PES
data. The computed spectra for the leading secondary isomers
can account for many weak PES features. We found that the
primary isomers of $b~—Sie  and the leading secondary
isomers of Si;”—Sips~ are all prolate in shape. Moreover, these
clusters contain a bulklike fragment, either a six-atom (the
‘puckered hexagonal ring highlighted in green color) or a nine-
atom (two fused hexagonal rings highlighted in pink color)
subunit of the “adamantane” gi(Figure 4)1.21.22Note that the
six-atom subunit has been identified earlier in smaller anion
clusters (Sis~ and Sj7")'! as well as in neutral clusters (i
— Sipg),!8 and these two subunits are always coupled with one
or two magic-number cluster (§iSi;, Siyg)*1>16180r the TTP
Sig. It should be noted that the leading secondary isomer of
Sipe~ is no longer prolate in shape, and it is more compact and
near spherical.

A dramatic spectral change is observed at S{Figure 2a),
whose PES spectrum is featureless while the spectra for many
clusters larger than &~ again exhibit resolvable features up
to Siis~ (Figures 2 and 3). This observation suggests that there
must beseveral coexistingsomers for Siz— and many clusters
larger than Si;—, which contribute to the spectrum more or less
equally. In other words the prolate isomer does not dominate
any more. This observation is in complete agreement with the
ion mobility experiments by Jarrold and co-workétd% who
found a structural transition from prolate to near-spherical shapes
for Siy~ clusters in the size rangé= 27—29. Our study shows
that indeed forN < 26 both the primary and the leading
secondary isomer of $i are of prolate shape (Figure 1),
whereas for S~ the primary isomer is prolate, but the leading
secondary isomer is near spherical. It is natural then that for

conspicuous peaks in the PES. Some weak features in theSiy;~ the prolate and some near-spherical isonveexistand
spectra, however, are presumably due to one or a few secondaryhat, for clusters larger thad = 27, the near-spherical isomers
isomers. The spectra are consistent with the results of a previousare expected to become more and more competitive energetically

PES stud§ that had a somewhat lower resolution. FogS{N

= 20—26), we observed fairly large gaps between the binding
energies of the two most external electrons {Ql9 eV) for

the primary anion isomers, implying that the corresponding
neutral S clusters are all closed-shell systems with a reasonably
large HOMO-lowest-unoccupied molecular orbital (LUMO)

than the prolate isomers (Table 1).

Two questions arise: (1) What are the structures of the near-
spherical clusters? (2) Are there any generic structural features
in these near-spherical clusters? Numerous candidates for the
near-spherical clusters have been reported redérfdy N >
26. In Figure 2, we compare experimental PES fo§ St Sipg~
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Figure 1. Comparison of measured and simulated PES spectra for-Six~. (2) Spectra measured at 193 nm (6.424 eV). X and AafXt] A)
denote the first and second photoelectron peaks for the primary (secondary) isomers. (b) Simulated spectra for the primary isomers. (c) Simulated
spectra for the secondary isomers. The simulated spectra were obtained by convoluting the discrete DFT energy eigenvalues with Gaussians of
width 0.08 eV. The primary isomer provides the best comparison with the measured spectra (e.g., the location of the threshold peak X as well as
the separation between the first and the second major peak A). The secondary isomer is intended to compare with certain weak features in the
spectra (e.g., the Xand A peaks).

to simulated spectra with three low-energy isomers: two near- large energy gap between the first and second peak (like Figure
spherical (panels b and c¢) and one prolate (panel d). Each of2d for Skg™). We therefore conclude that the low-lying isomers
the three simulated spectra of,8i is highly structured. The of Sisp~—Siss~ are most likely near spherical in shape and
measured spectrum of this cluster however is largely featureless.exhibit “stuffed-cage”-like structures. Interestingly, theoretical
This suggests that all these three isomers gf Stontribute calculations indicate that the cages of these candidate low-lying
about equally to the measured spectrum. The same can be saidsomers are all homologous to the carbon fullerene cages in
about Sis~. However, for Sig~ only the simulated spectra of the sense that they are composed of only pentagonal and
the primary and one secondary isomer (panel b) appear to agreednexagonal rings and have even numbers of Si atoms. In Figures
with the measured spectrum (panel a), suggesting that the prolat€ and 3, we highlight the core-filling (“stuffing”) atoms inside
isomer of Sig~ (panel d) has a negligible contribution. the cages with blue color. If these core-filling atoms were
In Figure 3, we compare the experimental PES with the removed and the cage atoms were replaced by carbon atoms,
simulated spectra for the leading candidate of the lowest-energyone would obtain the fullerene cages after structural relaxation.
isomer of Si~, N = 30—45. For most sizes, there are certain The reasonable match between the measured and simulated PES
degrees of agreement between the experiment and the computaspectra provides additional spectroscopic support to the view
tions, for example, the location of the first peak and for some that the near-spherical low-lying silicon clusters all exhibit a
clusters, even the location of the second peak. Fgy Swwe “stuffed-fullerene”-like structural feature. In Figure 5, we display
computed PES of a prolate isomer that has the lowest energytwo low-energy isomers of & obtained in two different
in our database, and we found that the simulated PES entails asstudiest’2” One can see that both isomers have “stuffed-
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Figure 2. The same as Figure 1 but for,8i — Sizg .
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Figure 3. The same as Figure 1 but fors8i — Sise~ and Sis .

fullerene”-like structures with seven core-filling atoms. The
core-filling subunits however do not exhibit diamondlike
tetrahedral packing characteristic of bulk silicon with diamond
structure.

Summary

(b) (c)

Our joint experimental and theoretical study confirms that _. o .
oL . Figure 4. (a) A bulk fragment of the cubic diamond silicon,
anionic silicon clusters undergo a major structural chand¢ at  «;jamantane” Sh (b) A nine-atom subunit of the §j two fused
= 27. The well-resolved PES spectra in the size range of 20 pyckered hexagonal rings, highlighted in pink color. (c) A six-atom
N =< 26 allow us to identify some generic structural features subunit of the Si, a puckered hexagonal ring, highlighted in green
for the low-lying prolate clusters. On the basis of these color.
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