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Photoelectron spectra of S{n=3-7) have been measured at several photodetachment energies.
The anions were created using a pulsed discharge source, resulting in considerably colder clusters
than in earlier work. As a result, vibrationally resolved spectra were obtained for larger clusters and
more electronic states than in previous studies of these species, leading to more accurate electron
affinities, term energies, and vibrational frequencies for the ground and excited electronic states of
the neutral clusters. The assignments of excited states were aidad mjtio calculations and
photoelectron angular distributions. €998 American Institute of Physics.
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. INTRODUCTION tron kinetic energyZEKE) spectra of § and Sj.3* These
N ] _ spectra showed well-resolved vibrational progressions for
Small silicon clusters have been the subject of a series afeyeral electronic bands, yielding vibrational frequencies and
experimental and theoretical studies during the last ten yeargjactronic term values for some of the low-lying electronic
This work has been in part motivated by the important rolegisiag of Sjand Sj. Eberhardt and co-workers have recently
that silicon plays in the electronics industry, since studies ofeasured the photoelectron spectrum 6f @ith sufficient

silicon clusters can provide insight into how the optical and,qgqution to observe a vibrational progressiofhese gas

electronic properties of semiconductors evolve from the MOphase studies have been complemented by matrix isolation

lecular to macroscopic size regimes. Silicon clusters are aISQpectroscopy. Jarrold and co-workers have measured Raman
of considerable interest from the perspective of fundamentalq 4 of mass-selected clusters in matrices, yielding some
chemistry. Silicon lies directly below carbon in the periodic iy ational frequencies for the ground electronic states of
table, butab initio calculations predict that the structures of silicon clusters up to Si(excluding Si).® Infrared spectra of

silicon clusters differ substantially from carbon clusters ingj;i-o clusters in matrices were also obtained recently and
the same size range. While small carbon clusters form "neaéssigned to Si Si,, Sk, and Sj by Li et al”

chains and rings, silicon clusters are predicted to form more Ab initio calculations of the properties of silicon clusters

compact three-dimensional structures. This difference is atz . . peen carried out by several investigafoféThese cal-

:::butebd fto the TUCT wealgttar:r—bondw_]g Ilan|chu_|§Lers,f culations have proved invaluable in understanding the vari-
ereby favoring structures with more single bonds. 10us, 10, experiments carried out on Si clusters. For example, the
example, the ground state of @& linear, whereas calcula-

fi indicate th d state 030 be a tri | bi geometries and vibrational frequencies of neutral silicon
T e B e o oot (USr Up 1 S vere caleated by Raghaacitaclor
) any of the above experiments were carried out. This was

silicon and carbon clusters have motivated the experimen ; : '
. . . . . . ollowed by calculations by Raghavachari and Rohlfing on
described in this paper, in which anion photoelectron spec; R . .
e negative ion geometries and frequencies as well as the

troscopy is used to probe the vibrational frequencies an . .
by P q ow-lying excited states for several of the neutral

low-lying electronic states of $i(n=3-7) clusters. 5_17 . ) . .
The experimental investigation of silicon clusters in thisCIUSterSWE work: which great!y a'd?d in interpreting the
Bnotodetachment spectra of;Sand Sj .

size range has proved to be a challenge, but there has be . ) .
This paper represents an extension of our earlier work on

considerable progress in recent years. Cheshnoeslaf. the photoelect ‘ ¢ sil lust P
measured anion photoelectron spectra qf Gi<13) clus- € pholoeiectron Spectroscopy ot siicon Cluster anions.
fOur original attempts to measure vibrationally resolved pho-

ters, yielding electron affinities and a qualitative picture o o
the electronic states of the neutral clustefihe experimen- toelectron spectra of clusters larger thap @iere unsuccess-
|ful. The laser ablation source originally used to produce the

tal resolution was insufficient to observe any vibrationa :
structure, and no assignments of the electronic states wef311oNS has been replaced by a new method which produces

attempted. Neumark and co-workers later obtained Vibra_substantially colder ions, resulting in less spectral congestion

tionally resolved anion photoelectron spet@ad zero elec- T0M “hot bands.” As a result, we have obtained improved
spectra for §§ and Sj, as well as vibrationally resolved

spectra of §j—Si,. The new spectra for $iand Sj, provide

dCurrent address: Lam Research Corporation, 77 West Montague ExpreSﬁ,—]ore accurate electron affinities and vibrational frequencies
way, Milpitas, CA 95035. !

bCurrent address: Whiteshell Laboratories, Pinawa, Manitoba, ROE 1Lo@long with a clearer picture of the low-lying electronic states
Canada. of the neutral clusters. The spectra of the three larger clusters
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1396 Xu et al.: Silicon cluster anions Si, (n=3-7)

provide new information on the anion and neutral geometries .
as well as the excited state energies of the neutral clusters. SigH,
. X= Dﬂmﬂe
Il. EXPERIMENT SiH,

x=0””m6

The experiments were carried out on a time-of-flight
negative ion photoelectron spectrometer. The instrument has Si.H-
been described in detail previougfyrecent modifications ”ﬁm Si,H,
have resulted in considerably improved mass resolifion. x= 0l m SiH,
Silicon cluster anions are generated by expanding a dilute o ol
mixture of SiH, (5% SiH,, 95% He through a pulsed piezo-
electric valve/pulsed electrical discharge soudrcén this
source, the gas pulse from the beam valve passes throug
two stainless steel plates between which a high voltage
(about 600 V pulse is applied. The pulse then expands into
a vacuum chamber. The resulting free jet is collimated by a 2 r ¥ 7 ; i
mm diam skimmer located 1.5 cm downstream from the ion ~ ° 100 150
source and then enters a differentially pumped region. Here, Mass (amu)
the ions are extracted from the beam and enter a time-of G, 1. Mass spectrum of bare silicon anion clusters and corresponding
flight mass spectrometer with a linear reflectron stage. Theilicon hydride anions generated from the discharge ion source.
accelerated ions separate in time and space according to their

mass-to-charge ratios, and are selectively detached by a o ) )
pulsed Nd:YAG laser. states. Vibrational structure is resolved in many of these

Four different wavelengths, the third and fourth harmon-Pands. For each peak, the electron kinetic ended$E) is
ics (355 nm, 3.493 eV and 266 nm, 4.657 eV, respectively 9iven by:
from a pulsed Nd:YAG laser and the first Stokes Raman  okg=h,— EA-TO+T()—E@+E), (1)
lines (416 nm, 2.977 eV and 299 nm, 4.141 )edf these
wavelengths generated in a high-pressusecéll are used in  Where hv is the laser photon energy, EA is the adiabatic
these experiments. The photoelectron kinetic energy is me&lectron affinity of the neutral specieky” and T§™) are the
sured by time-of-flight in a field-free flight tube 100 cm in term values of the neutral and anion electronic states, and
length. The instrumental resolution is 8—10 me V for anE'" andE{™) are the neutral and anion vibrational energies,
electron kinetic energyeKE) of 0.65 eV and degrades as respectively, above the zero point energy. The photoelectron
(eKE)®2. The polarization anglé between the laser polar- angular distribution is given 5§
ization and the direction of electron collection can be varied o i
using a polarization compensat®tew Focus, model 5540 a0 = A
The variation of peak intensities with is used to separate
the contributions of different electronic states to the photo-
electron spectra. Secondary electrons resulting from scat-
tered photons necessitated background subtraction in the 266 Di

ischarge

nm spectra. Source

[1+ B(E)Py(cosb)], (2

ol

hydrogenated species,Bi, are observed. Figure 2 com-
pares the photoelectron spectra of &t a photodetachment

wavelength of 355 nni3.493 eV} using the pulsed discharge aser Ablation
and laser ablation ion sources. It is clear upon inspection that Source
the former spectrum shows considerably better-resolved vi-

brational structure, which we attribute to a lower vibrational

temperature and therefore less spectral congestion from “hot

band” transitions originating from vibrationally excited an-

ions.

The photoelectron spectra for;SiSi; at a variety of 0 05 10 15 20
wavelengths are presented in Figs. 3—8. Spectra were taken Electron Kinetic Energy (eV)
N A !
a£ laser pOIanz,atlon angles of 90°, 54.(7ﬁag|c anglég and FIG. 2. S}, photoelectron spectra at 355 nm using different ion sources. The
p for eaCh. anion. The specFra Con5|§t of bands CorreSpanTscharge source generates substantially colder ions than the traditional laser
ing to transitions from the anion to various neutral electronicablation source.

Intensity

Il. RESULTS
Figure 1 shows the anion mass spectrum obtained from
the discharge source. Bare silicon clusters as well as partially
L
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FIG. 3. Photoelectron spectra of;Siaken at 266 nm. Laser polarization FIG. 5. Photoelectron spectra ofsSiaken at 355 nm. Laser polarization
angles are#=90°, 55°, and 0° with respect to direction of electron collec- angles are#=90°, 55°, and 0° with respect to direction of electron collec-
tion. tion.

where oo is the total photodetachment cross section andspacing of band is 500+ 20 cm X, The band that was la-
B(E) is the asymmetry parameter, varying froml to 2. peled as band in our earlier study is better resolved here
One can determings for each peak in the photoelectron gnd clearly consists of two bands, labeled as bahdsdD
SpeCtI’um through |tS intensity Variation Wlth |aser pOlariza-in Fig 3. Both ShOW reguiar progressionS. Baad:onsists
tion angle. Th% parameter for each electronic band is thenof five main peaks with an average Spacing of 480
determined by averaging values of the constituent peaks. +20 cmi . There is a set of less intense peaks with the same
The S spectrum at 266 nm, Fig. 3, shows six distinct peak spacing shifted 260 crhtowards lower eKE from the
bands labele&, andA—E. BandsX andA at high electron  main progression. A similar pattern is observed in band
energy are essentially the same as in our previous spectruithe intensity profile of ban& resembles that of banB,
at this WaVElengtﬁ,With each ShOWing some vibrational with a Singie intense peak and a rapid drop of intensity to-
structure superimposed on a broad background. Baodn-  wards lower eKE. The peak spacing in bafdis 480
sists of a very short progression, dominated by the most in+ 20 cnv!. BandsB and E have 8 parameters of 1.9 and
tense peak of the spectrum at eKE463 eV. The peak 1 5 respectively, both showing high intensitygat0°. These
values are considerably larger than those for batda, C,
andD, for which =-0.2, —0.5, 0.2, and 0, respectively.
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FIG. 4. Photoelectron spectra of,Siaken at 266 nm. Laser polarization FIG. 6. Photoelectron spectra ofsSiaken at 299 nm. Laser polarization

angles are#=90°, 55°, and 0° with respect to direction of electron collec- angle is#=55° (magic angl¢ with respect to direction of electron collec-
tion. tion.
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FIG. 7. Photoelectron spectra ofgSiaken at 355 nm. Laser polarization
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The SE phOtoeIeCtron spectra at 2,66 nm in Fig. 4 ar(,':‘FIG. 9. Photoelectron spectra of;Siaken at 355 nm. Laser polarization
substantially improved over our previous spectra at thisangles are9=90°, 55°, and 0° with respect to direction of electron collec-
wavelengtr?. The vibrational progression of 3#®0 cm ! tion. Top panel showg(E) parameters.
comprising bandA is now clearly resolved, and in fact re-
sembles our earlier photoelectron spectrum at 355(IRig.

2) where the energy resolution is higher because the ele¢g pangp | on the other hand, consists of six peaks with an
trgns are Elowecrj.. A_t Iowt()ar e(;ecrr%n IIgnect:lc engrgles,r\]/yehnowaverage spacing of 38520 cm . Band E shows a well-
observe three distinct bands labelBd C, and D, which  oqqyed progression of six peaks spaced by-480 cm .

appeared in our earlier spectrum to be a single structureg, o o4 rization studies indicate bagxdis the most intense
band (previously labeled band®). BandsB and D show 4" ~ts—0° with =0.8, whereas ban& is the largest

regularly spaced vibrational transitions, while batiddoes band at§=90° with B=—0.1. For bands, A, B, andD
not. At low eKE, bandB is not resolved due to overlap with 5_05 55 03 and 0. respectivel B ’
bandC. Seven peaks spaced by 2920 cni ! are apparent A=0.2, 0.5, 0.3, and 0, respectively. — o

: P P y PP The polarization dependence of the spectra gf&8i355

n ban_dB starting at _eK_E=1.160 e\_/; the peak spacing and ,, (Fig. 5 clearly shows that two electronic bands, labeled
intensity profile are similar to the first several peaks of ban and A, contribute to the spectra. BarXi consists of a
regular, well-resolved progression of at least 15 peaks with
an average spacing of 2320 cmi . The apparent origin of
this transition is at 0.735 eV, although this is very approxi-
Qi mate due to the extended nature of the progression. Band
7 is most apparent at=0°. It corresponds to the transition to a
low-lying excited state of $i While bandA is structured, it
does not show a regular progression as was seen inXand
Only part of bandA is seen at 355 nm. The photoelectron
spectrum of § was also measured at a higher detachment
energy of 4.141 eM299 nm), shown in Fig. 6. Band\ can
be seen here in its entirety, although there is still no obvious
pattern to the vibrational structure.
The photoelectron spectra ofgSat 355 nm, shown in
Fig. 7, is comprised of three bands labeléd A, and B.
00 o 50 BandX is a weak unstructured transition that reaches a maxi-
mum at eKE=1.13 eV; its apparent onset occurs at eKE
Electron Kinetic Energy (eV) =1.28 eV. Attempts to observe vibrational structure in band
FIG. 8. Photoelectron spectrum of;Siaken at 416 nm. Laser polarization X by measuring its phOtoeleCtr,on spectrqm at 416 nm _Were
angle is6=55° (magic angle with respect to direction of electron collec- UNsuccessful. Band, representing a transition to an excited
tion. state of Sj, consists of seven resolved peaks starting at eKE

0=55°
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TABLE I. QCISD(T)/6-31G" optimized geometries, frequencies, and normal coordinate displacements.for Si

QCISI(T)/6-311+G(3DF)

States energy(Hartree$ T(eV) R(1-2)(A) R(1-3)(A)  Angle(1-2-3 Frequencies (cm')/AQ(A amu?)
Si;  2A(Cy) —867.125 32 -2.21 2.261 2.437 65.2° 29&(), 370(,), 533(@;)
Si,  !Ay(Cy) —867.043 93 0.0 2.191 2.806 79.6° 148, 525(b,), 551,
SAL(Dapn) —867.043 30 0.02 2.290 2.290 60.0° 285(522(@,)
3A,(Csy) —867.010 28 0.92 2.281 2.436 64.6° 325)/0.05, 405b,), 523(a,)/0.09
3B,(C,,) —867.002 87 1.12 2.333 2.579 67.1° 247)/0.38, 321p,), 481(a,)/0.41

aGeometries, frequencies, and energies from Ref. 17.

TABLE Il. MP2/6-31G* optimized geometries, frequencies, and normal coordinate displacements.for Si

QCISI(T)/6-311+G(3DF)

States energy(Hartree$ T.(eV) R(1-2)(A) R(1-3)(A) a Frequencies (cm)/AQ(A amut?)P

Si;  2By(Day) ~1156.209 09 ~2.06 2.303 2.352 90.0° 364(), 485(@,)

Siy 1Ag(Dzh) —1156.133 24 0.0 2.312 2.413 90.0° 33gX/0.l9, 4636g)/0.15
38,,(Dp) ~1156.101 85 0.85 2.265 2.544 90.0° 38()(1.07, 4808,)/0.04
3By(Cap) ~1156.078 06 1.50 2.285:2.383 2.219 87.3°  BB(0.38, 372,)/1.36, 5294,)/0.36
3B14(D2p) ~1156.070 41 1.71 2.352 2.280 90.0° 383(0.64, 4914,)/0.08
3B, (Dap) —1156.060 20 1.99 2.378 2.443 90.0° 389(0.22, 4408,)/0.52

P2 frequencies are scaled by 0.9Ref. 6 Geometries, frequencies, and energies from Ref. 17.
®Only totally symmetric modesag) are listed.

‘QCISD6-31G frequencies from Ref. 27; normal coordinate displacements based on QCISDf6ggb@etries and force constants.

TABLE Ill. MP2/6-31G* optimized geometries, frequencies, and normal coordinate displacérfeensis.

States  Te(eV) R(1-2)(A) R(1-3)(A) R(1-4)(A) R(3-4)(A) Angle4-3-5 Frequencies (cm)/AQ(A amut?)®
Si;  2Ay(Dg) —2.14 3.468 2.326 2.326 2.685 60.0° 473(ay), 309(@y)
Sis  Al(Dsp) 0 3.057 2.296 2.296 2.967 60.0° 476(@})/0.21, 2476])/2.12
3B,(Cy,) 0.5 3575 2.294 2.361 2.483 69.8° 484)/0.70, 373@,)/0.48, 3646,)/0.71,

320(a,)/0.29, 1594,)/0.99

aMP2 frequencies are scaled by 0.9%ef. 6).
®Only totally symmetric modesa) are listed.

TABLE IV. MP2/6-31G* optimized geometries, frequencfeand normal coordinate displacements fog. Si

States Te(eV) R(1-2)(A) R(1-3)(A) R(3-4)(A) Frequencies (cm')/AQ(A amut?)®
Sig 27,,(Dap) —1.45 3.114 2.397 2.577 44d(;), 306@,)
Sig TA14(Dap) 0 2.694 2.356 2.734 443(;)/0.49, 298@,,)/1.90
3E4(Dan) 1.26 3.282 2.413 2.501
3By (Dan) 3.44 3.156 2.441 2.632

aMP2 frequencies are scaled by 0.95. Geometries and frequencies are the same as in Ref. 6.

Only totally symmetric modesa;) are listed.

TABLE V. MP2/6-31G optimized geometries, frequencitand normal coordinate displacements foy. Si

States To(eV) R(1-2)(A) R(1-3)(A) R(3-4(A) Frequencies (cm)/AQ(A amut3)®
Siy 2A5(Dsp) ~1.25 2.837 2507 2.431 407(@a}), 295@})
Si, A(Dgp) 0 2512 2.457 2.483 440(@a})/0.67, 3526])/1.15

aMP2 frequencies are scaled by 0.95. Geometries and frequencies are the same as in Ref. 6.
®Only totally symmetric modesaf) are listed.
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2 127

FIG. 10. Geometries of the silicon clusters studied in the current work.

=0.476 eV with an average spacing of 3230 crm %, Band  are then calculated at the QCIED level using the larger
B at low eKE is the most intense transition. It corresponds td-311+G(3DF) basis. We also calculated geometries, fre-
another low-lying electronic state and only the onset of thisguencies, and force constants for various electronic states of
band was observed at 355 nm. Batiés isotropic with3=0.  Sis, S, and S} at the MP2/6-31G level of theory; these
BandsA and B have negative3 parameters of~0.3 and along with previous calculations by Honegal® are sum-
—0.2, respectively. marized in Tables IlI-V. Note that low-lying, open shell
The Si; spectra at 416 and 355 nm in Figs. 8 and 9,singlet states are expected for many of these clusters but
respectively, show evidence for two bands, labé{eahdA. cannot be calculated with the methods used here. The geom-
Band X shows a progression of ten peaks spaced by 388tries of the silicon clusters used in these tables are shown in
+20 cm ; this progression is slightly better resolved at 416Fig. 10.
nm. At the higher wavelength, the onset of batdccurs at
eKE=1.0 eV. At 355 nm band\ dominates the spectrum at |y ANALYSIS AND DISCUSSION
low electron kinetic energies, with & parameter of—0.3.
As shown in the top panel of Fig. 8 for bandX varies from
—0.5to 0.5 as the electron energy decreases. In this section, the photoelectron spectra are analyzed
Assignment of the electronic and vibrational features inand assignments of the various bands made, when possible.
the experimental spectra is greatly facilitated d&ly initio  The assignments are facilitated by comparison with previous
calculations of the geometries, vibrational frequencies, forceb initio studies as well as calculations performed as part of
constants, and state energies. From these, one obtains norniik investigation. Spectral simulations of the vibrational pro-
coordinate displacements for photodetachment to each nefites based on the Franck—Condon approximation are also
tral state. The displacements are calculated within the paralrery useful in assigning the bands, as are the photoelectron
lel mode approximation, in which the force constants for theangular distributions. In the case of,Sind Sj where there
neutral state are assumed for both the anion and neutral. Opgs already been considerable discussion of the anions and
can then perform Franck—Condon simulations of the specthe ground and lowest excited states of the neutrals, the dis-
trum based on thab initio calculations and compare with cussion below focuses more on the higher-lying states that
experiment. are better characterized experimentally in the spectra pre-
Tables | and Il summarize thab initio results for sented here. The larger clusters have received less attention
Si3/Si; and S} /Si,. Most of these are from published and so all aspects of their photoelectron spectra are considered
unpublished calculations at the MP2 and QC($Dlevels  below.
performed by Rohlfind/?’ the MP2 frequencies for the
3B3,, °Byg, and®B,, states of Sjare from our calculations _
using GAUSSIAN 9228 as are the normal coordinate displace-B' Sis
ments for all the Sistates in Table IlI. In these tables, geom- Severalab initio calculations have been performed on
etries were optimized and frequencies and force constants ag; and the low-lying states of $F~1116-192°3%he ground
calculated at the QCISD)/6-31G" level for Si;/Si; and at  state of the anion is predicted to ha®g, symmetry with the
the MP2/6-31G level for Sj,/Si,. Electronic state energies valence electron configuration: --(10a;)2(3b;)2(7b,)?

A. General
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A Rohlfing and Raghavachari assigned baAd®, C, andD
- Experiment Si. — to the!B,, 3A,, °B,, and'B; states, respectively, based on
3 1 L L} L 7

Simulation H their calculations at the QCISD) level for the triplet states
and at the single excitation CI levéClS) for the open shell
singlets!’ Since bandC is now resolved to be two distinct
bands(C and D in Fig. 3 some new assignments are re-
quired.
The assignments of bands A, andB are unchanged.
To aid in assigning the higher energy bands, we obtained the
normal coordinate displacements from the anion ground state
to the neutral states, using the geometries and force constants
from the QCISOT)/6-31G" calculations for the excited trip-
. let states’ These displacements are obtained within the par-
o 7 v allel mode approximation in yvhich the force constants for
Electron Kinetic Energy (V) the relevant neutral electronic state are used for both the
neutral and the anion. Given these displacements, one can
FIG. 11. Franck—Condon simulation of the;Sipectrum. Parameters given simulate the photoelectron spectrum within the Franck-
in Table VI. Condon approximation. For some bands, the normal coordi-
nate displacements were adjusted to obtain a better fit to the
experimental spectrum. Simulations of banBs-E are

(11a,)%, yielding aA; state. The neutrdiA; ground state is - . . )
formed by photodetaching an electron from the highest oc-ShOWn In Fig. 11 superimposed on the experimental data; the

cupied molecular orbitalHOMO), the 1%, orbital, of the parameters used in the simulgtiqns are listed in Table VI.
anion. The low-lying electronic states accessible via anion The .appearance_of bartsl indicates that Fhe molecular
photoelectron spectroscopy are the singlet and triplet pairs &.eo.metnes Qf the anllon and pggtral electronic §tates are very
the B,, B;, andA, states, corresponding to removal of an similar, consistent Wlth t_hab initio results. To S|mglate the
electron from the B,, 3b;, and 1@, orbitals, respectively. SPectrum of band in Fig. 11, we used symmetrli:lstretch
The3B, state collapses toRg, 3A; state, 0.02 eV above the and bend frequencies; =500 cm = and v, =250 cm %, re-
ground stateAb initio results at the QCIS) level”?"for ~ Spectively, and  normal-mode  displacementa\Q,
the anion and neutral ground states and several triplet states0-13 A amd’”? and AQ,=0.19 A amd”. These values
of Si; are listed in Table |. agree reasonably well with the QCISD values of v,

In our previous photoelectron spectrum of; Sifive =523 cm ' and AQ;=0.09 A amd?, and »,=325cm*
bands(C andD in Fig. 3 were labeled as a single bagi ~ andAQ,=0.05 A amd”. We also obtain a new term energy
were observed at 266 nfnBandX was also investigated by of To(*A;)=0.90+0.02 eV from our simulation, in good
ZEKE spectroscopy of $i* Based on the experimental and agreement with the QCIS[D) value of 0.92 e\A’
theoretical results, band was assigned to overlapped tran- BandsC andD have approximately equ#@ parameters
sitions to the!A; ground state and the low-lyingA, state.  of 0.2 and 0, respectively. The similarity of the vibrational

TABLE VI. Term energies, frequencies, and normal coordinate displacements used in the simulations.

Frequencies (cm)/AQ(A amu?)

States To(eVv)? 2 AQ; V2 AQ,
Sy 3A.(Cy,) 0.90 500 0.13 250 0.19
EA=2.29+0.02 eV 3B,(Cy,) 1.12 480x,=0.% 0.46 225 0.40
1B,(Cy,) 1.43 475x,=1.0 0.40 235 0.50
1A1(Cyy) 1.76 480 0.23 340 0.20
Siy 3B3u(Dap) 0.85 450 0.18 308 1.14
EA=2.13+0.01 eV 1B5y(D2p) 1.34 490 0.05 290 1.15
®B1g(Dan) 1.71 517 0.15 355 0.72
3B1u(Dan) 1.93 448 0.65 346 0.22
Sis 1A (D3p) 0.0 501 0.21 233 2.12
EA=2.59+0.02 eV 3B,(Cy,) 1.16+0.05
Si, 1A (Dsp) 0.0 463 0.67 385 1.15
EA=1.85+0.02 eV 1A4(Ca,) 1.14+0.05

&The error bars are-0.02 eV, except noticed.
Px, is the anharmonicity used in the simulations.
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progressions shows that the two neutral states have similar .
geometries and frequencies. These two observations indicate °B,, Si, T Experiment
that the neutral states probably have the same molecular or- ] Simulation
bital configuration. We therefore assign bar@sand D to
the®B, and'B; states, respectively. This yields a term value
for the 3B, state, 1.12:0.02 eV, which is in excellent agree-
ment with the previously calculated term value of 1.12'8V.
The resulting singlet-triplet splitting of 0.310.01 eV based
on the apparent band origins is somewhat lower than the
calculated value of 0.41 eV by Sakénal,'° but is clearly in
the right range. The QCISD)/6-31G" calculatiort’ for the
’B, state gives AQ;=0.41A amd? and AQ,
=0.38 A amd’?. Similar normal coordinate displacements A
are expected for th&B, state, so both the symmetric stretch A
(»,) and bend ¢,) modes should be active in ti&, and 00 10 20
!B, states. The Franck—Condon simulations of these two Electron Kinetic Energy (eV)
transitions are shown in Fig. 11. The parameters used in the
simulations, listed in Table VI, show that the vibrational fre- FIG. 12. Franck—Condon simulation of the, Sipectrum. Parameters given
quencies and normal coordinate displacements for the twt T20!e Vi
neutral states are quite similar to one another and in good
agreement with the calculated values for &, state in
Table I. photodetachment to several of these excited states is shown
Band E was originally assigned to theB; state. Given in Fig. 12. The simulation parameters are shown in Table VI.
our new assignment of baridl to this state, we assign band The ground state, band, is best seen in the 355 nm
E to the open-sheltA; state, the singlet counterpart of the photoelectron spectrurtFig. 2). The electron affinity was
%A, state(bandB), corresponding to removal of an electron measured to be 2.15 eV from our earlier photoelectron
from the 1@, orbital. Our assignment is supported by the spectrunf. The new spectrum is slightly better calibrated
polarization results, which show banBsandE have similar  through comparison with the ZEKE spectrum of; Si The
B parameters, and by the similar vibrational progressions igpectrum in Fig. 2 shows a progression of three peaks spaced
the two bands. Since the ground state is aléa astate, we by 380+ 20 cm * in bandX, corresponding to photodetach-
were not able to perform an SCF calculation on this higheiment to thelAg ground state. The band is dominated by the
energy'A, state. The simulation shown in Fig. 11 was ob-vibrational origin at eKE-1.365 eV, yielding a new $elec-
tained using the parametersy;=480cm?!, AQ, tron affinity of 2.130.01 eV.
=0.23 A amd’? andv,=340 cm’?, AQ,=0.20 A amd”. Band A was studied by ZEKE spectroscdpin some
These frequencies and normal coordinate displacements agetail, and a comparison with theory confirmed that this band
similar to those for photodetachment to the; state, sup- corresponds to the transition to thB,, state, resulting from
porting our singlet-triplet pair assignment. photodetachment from thie;,, orbital!” Several vibrational
frequencies were obtained. TH8,, state has two totally
symmetric vibrational modes, the; overall stretch and,
C. sic symmetric distortion modes. In addition there are three
T asymmetric stretching modés;, v,, andvs), and a bend-
Ab initio calculations show that the ground state of Si ing mode ofbs, symmetry (g). Thev, mode has the largest
is a rhombus withD,,, symmetry. The valence orbital con- displacement upon photodetachment, resulting in the main
figuration is ---(bs,)%(ag)?(b1,)%(byg)* vielding a ?B,;  progression of 31820 cmit in the 266 nm spectrum. This
electronic staté! Photodetachment from thb,; HOMO s in good agreement with the ZEKE spectrum which yielded
yields the 1Ag neutral ground state which is also a a frequency ofv,=312 cm L.
rhombus'® Removal of electrons from other orbitals yields Band B appeared as a very short progression in the
low-lying excited states that are accessible via anion photoZEKE spectrum and was assigned to tBg,, state. In Fig. 4,
electron spectroscopy. From the initio calculation$”?’in  bandB consists of a longer progression of peaks spaced by
Table Il, the low-lying triplet states in order of increasing 290+ 20 cm %, in good agreement with the ZEKE value of
energy are théBs,, 3By, °By4, and®By, states; all have 300 cni* and close to the, frequency in the’Bs, state.
D,, symmetry except the""Bg state with C,, symmetry BandsA and B exhibit similar peak spacings and intensity
which results from slight geometric distortion of a profiles. Moreover, the anisotropy parameters are similar:
3Bzg(DZh) state. Calculated energies, geometries, frequeng=0.3 for bandB and 0.5 for bandA. These observations
cies, and normal coordinate displacements are also shown Bupport the previous assignment of bahto theB,, state,
Table 1. Each triplet excited state has a corresponding operwhich has the same molecular orbital configuration as the
shell singlet state which has not been calculated here. AB,, state. BandB can be simulated using almost the same
simulation of the § photoelectron spectrum resulting from normal coordinate displacements as b&ndlrhe simulation

3
3 B
B1g 1B3 3u
u
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of band B shown in Fig. 12 yields a term energy of 1.34 state. Rohlfing predicts a singlet-triplet splitting of only 0.17
+0.02 eV for the'Bs, state, and aBs,— *Bj, singlet-triplet eV for the'B,y and®By states. Either this value is too low,
splitting of 0.49+0.02 eV. or the transition to théBzg state overlaps with ban@. The
Band C does not show a regular progression, and it hadatter is certainly possible given the broad, unstructured ap-
the most positive8 parameter(0.8) of all the bands. The pearance of ban@. This issue can be addressed by higher
QCISD(T) energy calculations predict the term value of thelevel ab initio calculations.
3Bg state to be 1.50 eV. The corresponding electron kinetic
energy of 1.04 eV is just where baflis found. Moreover,
the 3Bg state is a lower symmetry, Jahn—Teller distorted
state, so an additional low-frequency bending vibration Little is known about the ground and excited states gf Si
(156 cm'! in Table I)) is totally symmetric. This mode from previous experimental studies. The concentration of Si
should also be activeAQ;=0.38 A amd?in Table Il) due  was presumably too low to be observed in earlier matrix
to the symmetry change upon photodetachment along witspectroscopy studiés. The photoelectron spectra of;Sob-
the other two modes. One therefore expects a higher densitgined by Cheshnovskst al! did not have sufficient resolu-
of vibrational transitions which, given the resolution of our tion to map out any vibrational structure.
spectrometer, might well result in the absence of a clear vi- More information is available from thab initio calcu-
brational progression. We therefore assign b@rtd the3Bg lations by Raghavachari and Rohlfing, which predicted that
state. Sis and S} have compressed trigonal bipyrimidal ground
Band D shows a single progression of 3520 cm . states withD g, symmetry>*° The molecular orbital configu-
From Table II, the’B, 4 state of Sj is predicted to lie in this  ration for Sk is ---(e")*(aj)*(e")*(a3)*, yielding a®A;
energy range, and the calculated normal coordinate displacground state. Removal of an electron from the HOMO leaves
ments for photodetachment to this state are significant onlp closed-shell neutralA; ground state. §iwas also pre-
for a single vibrational mode with frequency 353¢hm  dicted to have a low-lying’B; triplet state with a Jahn—
BandD is therefore assigned to tH®, state. The simula- Teller distortedC,, structure. The molecular orbital configu-
tion of photodetachment to thB,, state is shown in Fig. ration of this state is -+ (a1)?%(a,)?(by)?(b,)%(by) Y (ay)*?
12. Due to overlap with ban@, the band origin is difficult which correlates with the--(e")*(a;)?(e’)3(a3)*) state of
to locate. Figure 12 shows the best fit to the experimentathe trigonal bipyramid. TheéB, state is accessible by re-
vibrational profile. The resulting term energy 255(3819) moval of an electron from the’ orbital in the anion. Calcu-
=1.71+0.02 eV is in excellent agreement with the calcu-lations at the MP4/6-31Glevel indicate that théB, state
lated value in Table II, and the normal coordinate displacelies about 0.5 eV above the ground st&ab initio results
ments used in the simulations are in reasonable agreemefar Sig and Si are summarized in Table Il1.
with the calculated displacements, further supporting this as- In the SE spectrum taken at 355 niffrig. 5, bandX
signment. consists of an extended progression with a peak spacing of
Band E stands alone with well-resolved vibrational 233+ 10 cmi ! beginning around eKEO0.75 eV. This long
structure. It lies about 2 eV above the ground state and thprogression indicates a large geometry change between the
peak spacing is 45120 cm . Theab initio calculation pre- anion and the neutral electronic ground states. ¥Aé
dicts a term energy of 1.99 eV for ti&,,, state, and a large ground state is formed by photodetaching an electron from
displacement oA Q,=0.52 A amd’? along ther, mode for  the aj, orbital which is antibonding between the two apex
which the frequency is 440 cm. Although the calculated atoms. Theab initio calculations indicate that photodetach-
AQ,=0.22 A amd”? the resulting Franck—Condon profile ment to the'A] state results in a significant reduction of the
in this mode is much shorter than for the mode because of distance between the apical atoms, leading to a large dis-
the smaller frequency of 346 cth We therefore assign placement along the totally symmettig normal coordinate
bandE to the®B,, state, which is the only state in Table Il mode. The observed peak spacing is in good agreement with
for which AQ is largest for thev; mode. A term energy of our MP2/6-31C value ofv,= 247 cni* shown in Table Ill.
To(®B;,)=1.93+0.02 eV is obtained from the simulation The anion, neutral geometries, and force constants from
shown in Fig. 12, slightly lower than thab initio term value. our MP2/6-31G calculations have been applied to obtain
Agreement between the simulated aatal initio normal co-  the normal coordinate change between the anion and neutral.
ordinate displacements is satisfactory. The Franck—Condon simulation of baXdis shown in Fig.
One might argue that either bai or E is due to the 13. The experimentab, frequency was used, but the other
1829 state, the singlet counterpart of tﬁBg state respon- parameters were taken directly from the MP2/6-31¢alcu-
sible for bandC. Although the vibrational profile of ban@ lation: AQ;=0.21 A amd”?, AQ,=2.12 A amd”?, and v,
is quite different from the other two, th’eBzg state is not =501 cm . The extraordinarily large normal coordinate
expected to undergo geometric distortion from@,, displacement foA Q, results in poor overlap with the vibra-
symmetry'’ so this alone does not rule out an alternate astional origin; this transition has no intensity in the simulated
signment. However, the anisotropy parameft0.8 for  spectrum. To obtain the best fit, we chose the vibrational
bandC, while =0 and —0.1 for bandsD andE, respec- origin at 0.935 eV electron energy, yielding an electron af-
tively. Thus it is unlikely that either band is from tHBzg finity of 2.59+0.02 eV for S§. Although one could obtain a
state. The question remains as to the location oflmfg satisfactory fit assuming the vibrational origin shifted by a

D. Sig
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lying within 0.2 eV of one another. At the MP2/6-31G
Qi level, thelAlg state withD,, symmetry is preferred. The
5 assignment of this structure as the ground state is consistent

with the experimental vibrational frequencies from matrix
Raman spectroscopyAb initio results for the ground and
excited states at the MP2/6-31Cevel are summarized in
Table IV.

In the 355 nm photoelectron spectrum, Fig. 7, the tran-
sition to the S ground statgband X) appears as a weak,
unstructured band. For By, tetragonal bipyramidal mol-

seenennass EXpEriment

Simulation

X ecule, there are two totally symmetric modesand v,. A
l Franck—Condon simulation using the frequencies and normal
. s : coordinate displacements in Table 1V for photodetachment to
0.0 0.5 10 1.5 the 1A1g state shows extended progressions in both modes,
Electron Kinetic Energy (¢V) and this along with incomplete vibrational cooling may ex-

. . e ) plain the absence of structure in bakd We note that this
FIG. 13. Franck—Condon simulation of the Sipectrum. Parameters given _. . . .
in Table VI. simulation(not shown is considerably broader than the ex-
perimental band, indicating that the calculated normal coor-

dinate displacements and/or vibrational frequencies need to

vibrational quantum in either direction, this required usingbe adjusted.
normal coordinate displacements that differed more from the I contrast to ban&, bandA in Fig. 7 shows a progres-
ab initio values. The adiabatic electron affinity from our as-Sion of 32320 cm* between 0.25 and 0.50 eV. The pres-
signment is 0.5 eV less than the vertical detachment energgnce of a single progression indicates that the neutral is at
of 3.10 eV calculated by Adamowic2.This discrepancy is |east as symmetric as the anion; if the anion bag sym-
due at least in part to the |arge geometry Change between tﬁ'éetry, bandA should Correspond to the transition to a state
anion and neutral ground state. Raghavachari and RoHifingWith D4, or O, symmetry. Although a low-lying triplet state
reported an adiabatic electron affinity of 2.26 eV at theWith O symmetry was investigated in the calculation by
QCISD(T)/6-31+G* level, in reasonable agreement with our Fournier et al, it was predicted to have two imaginary
experimental value. frequencies® We performedab initio calculations on two
The3B, state excited state is a Jahn—Teller distoiggl ~ low-lying states restricted toD,, symmetry. At the
state with four totally symmetric vibrational modes. One MP2/6-31G level, a*E, state was found to lie 1.26 eV
therefore expects a congested photoelectron spectrum to rabove the ground state, corresponding to the removal of an
sult from photodetachment to this state. The irregular vibra€u electron from the aniofiA,, state. However, one imagi-
tional structure of bané therefore suggests that we assign it Nary frequency was also found at the HF/6-31@vel. Pho-
as the transition to th#B, state. From the spectrum @t0°  todetaching &, electron from the anion ground state re-
in which the ground state has little intensity, we estimate théults in a°By, state which is 3.44 eV less stable than the
3B, state origin to be at eKE0.36+0.05 eV, 0.58 eV above neutrallAlg ground state. Neither state appears to be a likely
theA] ground state. This is in agreement with the calculatedcandidate for band. Alternatively, if the anion ground state
term value of 0.5 eV, further supporting our assignment. had C,, symmetry, then band\ could be explained as a
Besides theX and A bands, a new banB shows up at transition to the low-lyingC,, structures of Sipredicted by
low eKE in the 299 nm spectrurtFig. 6). We estimate the Raghavacharl.In any case, further theoretical work on the
origin of this band to occur at ekE0.39 eV, yielding a term  low-lying states of both giand S§ appears needed to ex-

energy of 1.16-0.05 eV for this neutral excited state. plain this band and the intense, unstructured Harad lower
eKE.

E. Sig
F. Siy

Ab initio calculations predict Sito have &A,, ground
state withD,, symmetry, corresponding to a tetragonal bi- Si; is predicted to have a pentagonal bipyramiei,
pyramidal structure, with valence orbital configuration ground-state geometry.The valence electron configuration
- (eg)*(a19)2(2g)%(e,)*(az,) ~."® Calculations also pre- is ---(€])*(a;)%(e1)*(ep)*(ay)*, resulting in a”Aj state.
dict that neutral Sihas three nearly isoenergetic structures: aPhotodetaching an electron from the HOMO orbital yields
tetragonal bipyramid 1(Alg ,D4) and two in which this the *!A] ground state of the neutral species, which also has
structure is distorted'@\;,C,,). ThelAlg state corresponds Dg, symmetry. As thea; orbital is antibonding between the
to the removal of an electron from the, HOMO. At the  apex atoms, detachment to tha; state results in a more
HF/6-31G" level, Raghavachari found the tv@y, structures —compact structure along the apex, just as fqy. Sihe 1A]
are separated by 0.04 eV while tbg;, structure is about 0.4 state has two totally symmetric stretch modes and v»).
eV higher in energy.Fournieret al. reported similar results The optimized geometries, frequencies, and resulting
using density functional theory, with the three structures normal-mode displacements at the MP2/6-31Bvel are
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chari and Rohlfing found &, tricapped tetrahedron isomer
of aA, state which lies 0.95 eV above tha] ground state
at the MP4/6-316 level1® We therefore assign bam to
this excited state.

The anisotropy paramete® for band X varies signifi-
cantly with electron energy, as shown in the top panel of Fig.
9. This could signify that transitions to two neutral electronic
states with different polarization dependence contribute to
bandX. However, this would require an open-shell excited
state of Sj with nearly the same energy as th&] state. The
low electron affinity of Sj suggests that théA; state is
particularly stable, so this is an unlikely scenario. Moreover,
. S— no variation ofB occurs in the photoelectron spectrum at 416
0.0 0.5 Lo L5 20 nm in Fig. 8. An alternative explanation is that there is an

Electron Kinetic Energy (¢V) excited electronic state of Sinear 355 nm, and that autode-
FIG. 14. Franck—Condon simulation of the, Sipectrum. Parameters given tachment from th.IS St.ate contributes to the photoelectron
in Table VI. spectrum along with direct detachment.

................... Experiment

Simulation

V. CONCLUSIONS
shown in Table V. Raghavachari and Rohlfing studied two . .
. . . . The anion photoelectron spectra presented here provide
other isomers, a tricapped trigonal pyramid and a capped ) . . .
new information on the ground and low-lying electronic
octahedral structure, both df;, symmetry. They were

found to be 0.95 and 2.08 eV less stable than'thestate at statg s of silicon clusters. Several new aS_S|gnments of the
. 5 excited state bands are based on the vibrational structure that
the MP4/6-31& level, respectively

In the Sj photoelectron spectrum at 416 nifiig. 9), is resolved in many of these spectra, the angular distribution

L . ) of the photoelectrons, and comparison wéth initio calcu-
bandX shows a resolved vibrational progression with & pealTations. For Sjand Sj, all excited states accessible via pho-

. 71 .
spacing of 38% 20 cm . Comparison to Table V' shows todetachment withl',<<2.5 eV have been assigned. Vibra-
that this frequency lies between the calculated values for th? . . .
ional frequencies are obtained for the ground states ©f Si

H ’
two totally symmetric modes of theA; state. However, the and Sj. In both cases, an extended progression is observed

experimental value is closer to the calculatedirequency for a single, totally symmetric vibrational mode, indicating a
(352 cm'}), and the calculated normal coordinate displace- ge y sy ' 9

ment is considerably larger for the, mode. We therefore substantial geometry chan.ge but no_change In symmetry
. . . . pon photodetachment. This progression corresponds to ex-
assign the observed progression to this mode. Figure 14

; . . citation in thev, symmetric distortion mode of the neutral
shows a simulated spectrum in which only thefrequency cluster, resulting from a considerable reduction in the spac-
is changed from thab initio values. Note that although the . ' 9 P

: . . : ing between the apical Si atoms upon photodetachment. In
v, progression dominates, thg mode is also active, result- =z S
c2 B : ! L the S} spectra, vibrational structure was resolved for a low-
ing in only partial resolution of the, progression in the

simulation and, presumably, the experiment. The vibrationagéqgrri?:ggd state, the identity of which still needs to be
origin at eKE=1.12 eV yields an electron affinity of 1.85 '
+0.02 eV for Sj. While acceptable simulations at different
origins can be achieved by changing the normal-mode dighCKNOWLEDGMENTS
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