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Photoelectron spectra of Sin
2 (n53 – 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 aided byab initio calculations and
photoelectron angular distributions. ©1998 American Institute of Physics.
@S0021-9606~98!02703-2#
s
a

ol
o

nd
o

al
nt
ic
of
in
e
o
a

fo
-

f
en
e
an

is
be

o

a
e

ra

for
and
ic

tly

tion
man

ome
of

and

rs

ari-
the
on

as
on
the

al
e

on
s.

ho-
-
the
uces
tion
d

ies,
es
ters

re

1L
I. INTRODUCTION

Small silicon clusters have been the subject of a serie
experimental and theoretical studies during the last ten ye
This work has been in part motivated by the important r
that silicon plays in the electronics industry, since studies
silicon clusters can provide insight into how the optical a
electronic properties of semiconductors evolve from the m
lecular to macroscopic size regimes. Silicon clusters are
of considerable interest from the perspective of fundame
chemistry. Silicon lies directly below carbon in the period
table, butab initio calculations predict that the structures
silicon clusters differ substantially from carbon clusters
the same size range. While small carbon clusters form lin
chains and rings, silicon clusters are predicted to form m
compact three-dimensional structures. This difference is
tributed to the much weakerp-bonding in Si clusters,
thereby favoring structures with more single bonds. Thus,
example, the ground state of C5 is linear, whereas calcula
tions indicate the ground state of Si5 to be a trigonal bipyra-
mid. The remarkable differences between the structures
silicon and carbon clusters have motivated the experim
described in this paper, in which anion photoelectron sp
troscopy is used to probe the vibrational frequencies
low-lying electronic states of Sin (n53 – 7) clusters.

The experimental investigation of silicon clusters in th
size range has proved to be a challenge, but there has
considerable progress in recent years. Cheshnovskyet al.
measured anion photoelectron spectra of Sin

2 (n<13) clus-
ters, yielding electron affinities and a qualitative picture
the electronic states of the neutral clusters.1 The experimen-
tal resolution was insufficient to observe any vibration
structure, and no assignments of the electronic states w
attempted. Neumark and co-workers later obtained vib
tionally resolved anion photoelectron spectra2 and zero elec-
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tron kinetic energy~ZEKE! spectra of Si3
2 and Si4

2.3,4 These
spectra showed well-resolved vibrational progressions
several electronic bands, yielding vibrational frequencies
electronic term values for some of the low-lying electron
states of Si3 and Si4. Eberhardt and co-workers have recen
measured the photoelectron spectrum of Si7

2 with sufficient
resolution to observe a vibrational progression.5 These gas
phase studies have been complemented by matrix isola
spectroscopy. Jarrold and co-workers have measured Ra
spectra of mass-selected clusters in matrices, yielding s
vibrational frequencies for the ground electronic states
silicon clusters up to Si7 ~excluding Si5!.

6 Infrared spectra of
silicon clusters in matrices were also obtained recently
assigned to Si3, Si4, Si6, and Si7 by Li et al.7

Ab initio calculations of the properties of silicon cluste
have been carried out by several investigators.8–22These cal-
culations have proved invaluable in understanding the v
ous experiments carried out on Si clusters. For example,
geometries and vibrational frequencies of neutral silic
clusters up to Si10 were calculated by Raghavachari9 before
any of the above experiments were carried out. This w
followed by calculations by Raghavachari and Rohlfing
the negative ion geometries and frequencies as well as
low-lying excited states for several of the neutr
clusters,15–17 work which greatly aided in interpreting th
photodetachment spectra of Si3

2 and Si4
2.

This paper represents an extension of our earlier work
the photoelectron spectroscopy of silicon cluster anion2

Our original attempts to measure vibrationally resolved p
toelectron spectra of clusters larger than Si4

2 were unsuccess
ful. The laser ablation source originally used to produce
anions has been replaced by a new method which prod
substantially colder ions, resulting in less spectral conges
from ‘‘hot bands.’’ As a result, we have obtained improve
spectra for Si3

2 and Si4
2, as well as vibrationally resolved

spectra of Si5
2–Si7

2. The new spectra for Si3
2 and Si4

2 provide
more accurate electron affinities and vibrational frequenc
along with a clearer picture of the low-lying electronic stat
of the neutral clusters. The spectra of the three larger clus
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1396 Xu et al.: Silicon cluster anions Sin
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provide new information on the anion and neutral geomet
as well as the excited state energies of the neutral cluste

II. EXPERIMENT

The experiments were carried out on a time-of-flig
negative ion photoelectron spectrometer. The instrument
been described in detail previously,23 recent modifications
have resulted in considerably improved mass resolutio24

Silicon cluster anions are generated by expanding a di
mixture of SiH4 ~5% SiH4, 95% He! through a pulsed piezo
electric valve/pulsed electrical discharge source.25 In this
source, the gas pulse from the beam valve passes thr
two stainless steel plates between which a high volt
~about 600 V! pulse is applied. The pulse then expands in
a vacuum chamber. The resulting free jet is collimated by
mm diam skimmer located 1.5 cm downstream from the
source and then enters a differentially pumped region. H
the ions are extracted from the beam and enter a time
flight mass spectrometer with a linear reflectron stage.
accelerated ions separate in time and space according to
mass-to-charge ratios, and are selectively detached b
pulsed Nd:YAG laser.

Four different wavelengths, the third and fourth harmo
ics ~355 nm, 3.493 eV and 266 nm, 4.657 eV, respective!
from a pulsed Nd:YAG laser and the first Stokes Ram
lines ~416 nm, 2.977 eV and 299 nm, 4.141 eV! of these
wavelengths generated in a high-pressure H2 cell are used in
these experiments. The photoelectron kinetic energy is m
sured by time-of-flight in a field-free flight tube 100 cm
length. The instrumental resolution is 8–10 me V for
electron kinetic energy~eKE! of 0.65 eV and degrades a
(eKE!3/2. The polarization angleu between the laser polar
ization and the direction of electron collection can be var
using a polarization compensator~New Focus, model 5540!.
The variation of peak intensities withu is used to separat
the contributions of different electronic states to the pho
electron spectra. Secondary electrons resulting from s
tered photons necessitated background subtraction in the
nm spectra.

III. RESULTS

Figure 1 shows the anion mass spectrum obtained f
the discharge source. Bare silicon clusters as well as part
hydrogenated species SixHy

2 are observed. Figure 2 com
pares the photoelectron spectra of Si4

2 at a photodetachmen
wavelength of 355 nm~3.493 eV! using the pulsed discharg
and laser ablation ion sources. It is clear upon inspection
the former spectrum shows considerably better-resolved
brational structure, which we attribute to a lower vibration
temperature and therefore less spectral congestion from
band’’ transitions originating from vibrationally excited an
ions.

The photoelectron spectra for Si3
2–Si7

2 at a variety of
wavelengths are presented in Figs. 3–8. Spectra were t
at laser polarization angles of 90°, 54.7°~magic angle!, and
0° for each anion. The spectra consist of bands corresp
ing to transitions from the anion to various neutral electro
J. Chem. Phys., Vol. 108,
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states. Vibrational structure is resolved in many of the
bands. For each peak, the electron kinetic energy~eKE! is
given by:

eKE5hn2EA2T0
~0!1T0

~2 !2Ev
~0!1Ev

~2 ! , ~1!

where hn is the laser photon energy, EA is the adiaba
electron affinity of the neutral species,T0

(0) andT0
(2) are the

term values of the neutral and anion electronic states,
Ev

(0) andEv
(2) are the neutral and anion vibrational energie

respectively, above the zero point energy. The photoelec
angular distribution is given by26

ds

dV
5

s total

4p
@11b~E!P2~cosu!#, ~2!

FIG. 1. Mass spectrum of bare silicon anion clusters and correspon
silicon hydride anions generated from the discharge ion source.

FIG. 2. Si4
2 photoelectron spectra at 355 nm using different ion sources.

discharge source generates substantially colder ions than the traditional
ablation source.
No. 4, 22 January 1998
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1397Xu et al.: Silicon cluster anions Sin
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wheres total is the total photodetachment cross section a
b(E) is the asymmetry parameter, varying from21 to 2.
One can determineb for each peak in the photoelectro
spectrum through its intensity variation with laser polariz
tion angle. Theb parameter for each electronic band is th
determined by averaging values of the constituent peaks

The Si3
2 spectrum at 266 nm, Fig. 3, shows six distin

bands labeledX, andA–E. BandsX andA at high electron
energy are essentially the same as in our previous spec
at this wavelength,2 with each showing some vibrationa
structure superimposed on a broad background. BandB con-
sists of a very short progression, dominated by the most
tense peak of the spectrum at eKE51.463 eV. The peak

FIG. 3. Photoelectron spectra of Si3
2 taken at 266 nm. Laser polarizatio

angles areu590°, 55°, and 0° with respect to direction of electron colle
tion.

FIG. 4. Photoelectron spectra of Si4
2 taken at 266 nm. Laser polarizatio

angles areu590°, 55°, and 0° with respect to direction of electron colle
tion.
J. Chem. Phys., Vol. 108,
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spacing of bandB is 500620 cm21. The band that was la
beled as bandC in our earlier study is better resolved he
and clearly consists of two bands, labeled as bandsC andD
in Fig. 3. Both show regular progressions. BandC consists
of five main peaks with an average spacing of 4
620 cm21. There is a set of less intense peaks with the sa
peak spacing shifted 260 cm21 towards lower eKE from the
main progression. A similar pattern is observed in bandD.
The intensity profile of bandE resembles that of bandB,
with a single intense peak and a rapid drop of intensity
wards lower eKE. The peak spacing in bandE is 480
620 cm21. BandsB and E have b parameters of 1.9 and
1.5, respectively, both showing high intensity atu50°. These
values are considerably larger than those for bandsX, A, C,
andD, for which b520.2, 20.5, 0.2, and 0, respectively.

FIG. 5. Photoelectron spectra of Si5
2 taken at 355 nm. Laser polarizatio

angles areu590°, 55°, and 0° with respect to direction of electron colle
tion.

FIG. 6. Photoelectron spectra of Si5
2 taken at 299 nm. Laser polarizatio

angle isu555° ~magic angle! with respect to direction of electron collec
tion.
No. 4, 22 January 1998
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1398 Xu et al.: Silicon cluster anions Sin
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The Si4
2 photoelectron spectra at 266 nm in Fig. 4 a

substantially improved over our previous spectra at t
wavelength.2 The vibrational progression of 310620 cm21

comprising bandA is now clearly resolved, and in fact re
sembles our earlier photoelectron spectrum at 355 nm~Fig.
2! where the energy resolution is higher because the e
trons are slower. At lower electron kinetic energies, we n
observe three distinct bands labeledB, C, and D, which
appeared in our earlier spectrum to be a single structu
band ~previously labeled bandB!. BandsB and D show
regularly spaced vibrational transitions, while bandC does
not. At low eKE, bandB is not resolved due to overlap wit
bandC. Seven peaks spaced by 290620 cm21 are apparent
in bandB starting at eKE51.160 eV; the peak spacing an
intensity profile are similar to the first several peaks of ba

FIG. 7. Photoelectron spectra of Si6
2 taken at 355 nm. Laser polarizatio

angles areu590°, 55°, and 0° with respect to direction of electron colle
tion.

FIG. 8. Photoelectron spectrum of Si7
2 taken at 416 nm. Laser polarizatio

angle isu555° ~magic angle! with respect to direction of electron collec
tion.
J. Chem. Phys., Vol. 108,
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A. BandD, on the other hand, consists of six peaks with
average spacing of 355620 cm21. Band E shows a well-
resolved progression of six peaks spaced by 450620 cm21.
The polarization studies indicate bandC is the most intense
band atu50° with b50.8, whereas bandE is the largest
band atu590° with b520.1. For bandsX, A, B, andD,
b50.2, 0.5, 0.3, and 0, respectively.

The polarization dependence of the spectra of Si5
2 at 355

nm ~Fig. 5! clearly shows that two electronic bands, label
X and A, contribute to the spectra. BandX consists of a
regular, well-resolved progression of at least 15 peaks w
an average spacing of 233620 cm21. The apparent origin of
this transition is at 0.735 eV, although this is very appro
mate due to the extended nature of the progression. BanA
is most apparent atu50°. It corresponds to the transition to
low-lying excited state of Si5. While bandA is structured, it
does not show a regular progression as was seen in banX.
Only part of bandA is seen at 355 nm. The photoelectro
spectrum of Si5

2 was also measured at a higher detachm
energy of 4.141 eV~299 nm!, shown in Fig. 6. BandA can
be seen here in its entirety, although there is still no obvio
pattern to the vibrational structure.

The photoelectron spectra of Si6
2 at 355 nm, shown in

Fig. 7, is comprised of three bands labeledX, A, and B.
BandX is a weak unstructured transition that reaches a m
mum at eKE51.13 eV; its apparent onset occurs at eK
51.28 eV. Attempts to observe vibrational structure in ba
X by measuring its photoelectron spectrum at 416 nm w
unsuccessful. BandA, representing a transition to an excite
state of Si6, consists of seven resolved peaks starting at e

FIG. 9. Photoelectron spectra of Si7
2 taken at 355 nm. Laser polarizatio

angles areu590°, 55°, and 0° with respect to direction of electron colle
tion. Top panel showsb(E) parameters.
No. 4, 22 January 1998
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TABLE I. QCISD~T!/6-31G* optimized geometries, frequencies, and normal coordinate displacements for Si3.
a

States
QCISD~T!/6-3111G~3DF!

energy~Hartrees! Te(eV) R(1-2)(Å) R(1-3)(Å) Angle~1-2-3! Frequencies (cm21)/DQ(Å amu1/2)

Si3
2 2A1(C2v) 2867.125 32 22.21 2.261 2.437 65.2° 297(a1), 370(b2), 533(a1)

Si3
1A1(C2v) 2867.043 93 0.0 2.191 2.806 79.6° 148(a1), 525(b2), 551(a1)
3A28(D3h) 2867.043 30 0.02 2.290 2.290 60.0° 285(e), 522(a1)
3A1(C2v) 2867.010 28 0.92 2.281 2.436 64.6° 325(a1)/0.05, 405(b2), 523(a1)/0.09
3B1(C2v) 2867.002 87 1.12 2.333 2.579 67.1° 247(a1)/0.38, 321(b2), 481(a1)/0.41

aGeometries, frequencies, and energies from Ref. 17.

TABLE II. MP2/6-31G* optimized geometries, frequencies, and normal coordinate displacements for Si4.
a

States
QCISD~T!/6-3111G~3DF!

energy~Hartrees! Te(eV) R(1-2)(Å) R(1-3)(Å) a Frequencies (cm21)/DQ(Å amu1/2)b

Si4
2 2B2g(D2h) 21156.209 09 22.06 2.303 2.352 90.0° 361(ag), 485(ag)

Si4
1Ag(D2h) 21156.133 24 0.0 2.312 2.413 90.0° 332(ag)/0.19, 463(ag)/0.15

3B3u(D2h) 21156.101 85 0.85 2.265 2.544 90.0° 330(ag)/1.07, 480(ag)/0.04c

3Bg(C2h) 21156.078 06 1.50 2.285;2.383 2.219 87.3° 148(ag)/0.38, 372(ag)/1.36, 529(ag)/0.36
3B1g(D2h) 21156.070 41 1.71 2.352 2.280 90.0° 353(ag)/0.64, 491(ag)/0.08
3B1u(D2h) 21156.060 20 1.99 2.378 2.443 90.0° 329(ag)/0.22, 440(ag)/0.52

aMP2 frequencies are scaled by 0.95.~Ref. 6! Geometries, frequencies, and energies from Ref. 17.
bOnly totally symmetric modes (ag) are listed.
cQCISD/6-31G* frequencies from Ref. 27; normal coordinate displacements based on QCISD/6-31G* geometries and force constants.

TABLE III. MP2/6-31G* optimized geometries, frequencies, and normal coordinate displacementsa for Si5.

States Te(eV) R(1-2)(Å) R(1-3)(Å) R(1-4)(Å) R(3-4)(Å) Angle~4-3-5! Frequencies (cm21)/DQ(Å amu1/2)b

Si5
2 2A29(D3h) 22.14 3.468 2.326 2.326 2.685 60.0° 473(a18), 309(a18)

Si5 1A18(D3h) 0 3.057 2.296 2.296 2.967 60.0° 476(a18)/0.21, 247(a18)/2.12
3B1(C2v) 0.5 3.575 2.294 2.361 2.483 69.8° 494(a1)/0.70, 373(a1)/0.48, 364(a2)/0.71,

320(a1)/0.29, 159(a1)/0.99

aMP2 frequencies are scaled by 0.95~Ref. 6!.
bOnly totally symmetric modes (a18) are listed.

TABLE IV. MP2/6-31G* optimized geometries, frequencies,a and normal coordinate displacements for Si6.

States Te(eV) R(1-2)(Å) R(1-3)(Å) R~3-4!~Å! Frequencies (cm21)/DQ(Å amu1/2)b

Si6
2 2A2u(D4h) 21.45 3.114 2.397 2.577 444(a1g), 306(a1g)

Si6
1A1g(D4h) 0 2.694 2.356 2.734 447(a1g)/0.49, 298(a1g)/1.90
3Eg(D4h) 1.26 3.282 2.413 2.501
3Blu(D4h) 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.
bOnly totally symmetric modes (a1g) are listed.

TABLE V. MP2/6-31G* optimized geometries, frequencies,a and normal coordinate displacements for Si7.

States Te(eV) R(1-2)(Å) R(1-3)(Å) R~3-4!~Å! Frequencies (cm21)/DQ(Å amu1/2)b

Si7
2 2A29(D5h) 21.25 2.837 2.507 2.431 407(a18), 295(a18)

Si7 1A18(D5h) 0 2.512 2.457 2.483 440(a18)/0.67, 352(a18)/1.15

aMP2 frequencies are scaled by 0.95. Geometries and frequencies are the same as in Ref. 6.
bOnly totally symmetric modes (a18) are listed.
J. Chem. Phys., Vol. 108, No. 4, 22 January 1998
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FIG. 10. Geometries of the silicon clusters studied in the current work.
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50.476 eV with an average spacing of 323620 cm21. Band
B at low eKE is the most intense transition. It corresponds
another low-lying electronic state and only the onset of t
band was observed at 355 nm. BandX is isotropic withb50.
BandsA and B have negativeb parameters of20.3 and
20.2, respectively.

The Si7
2 spectra at 416 and 355 nm in Figs. 8 and

respectively, show evidence for two bands, labeledX andA.
Band X shows a progression of ten peaks spaced by
620 cm21; this progression is slightly better resolved at 4
nm. At the higher wavelength, the onset of bandX occurs at
eKE>1.0 eV. At 355 nm bandA dominates the spectrum a
low electron kinetic energies, with ab parameter of20.3.
As shown in the top panel of Fig. 9,b for bandX varies from
20.5 to 0.5 as the electron energy decreases.

Assignment of the electronic and vibrational features
the experimental spectra is greatly facilitated byab initio
calculations of the geometries, vibrational frequencies, fo
constants, and state energies. From these, one obtains n
coordinate displacements for photodetachment to each
tral state. The displacements are calculated within the pa
lel mode approximation, in which the force constants for
neutral state are assumed for both the anion and neutral.
can then perform Franck–Condon simulations of the sp
trum based on theab initio calculations and compare wit
experiment.

Tables I and II summarize theab initio results for
Si3

2/Si3 and Si4
2/Si4. Most of these are from published an

unpublished calculations at the MP2 and QCISD~T! levels
performed by Rohlfing;17,27 the MP2 frequencies for the
3B3u , 3B1g , and3B1u states of Si4 are from our calculations
usingGAUSSIAN 92,28 as are the normal coordinate displac
ments for all the Si4 states in Table II. In these tables, geom
etries were optimized and frequencies and force constant
calculated at the QCISD~T!/6-31G* level for Si3

2/Si3 and at
the MP2/6-31G* level for Si4

2/Si4. Electronic state energie
J. Chem. Phys., Vol. 108,
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are then calculated at the QCISD~T! level using the larger
6-3111G~3DF! basis. We also calculated geometries, f
quencies, and force constants for various electronic state
Si5, Si6, and Si7 at the MP2/6-31G* level of theory; these
along with previous calculations by Honeaet al.6 are sum-
marized in Tables III–V. Note that low-lying, open she
singlet states are expected for many of these clusters
cannot be calculated with the methods used here. The ge
etries of the silicon clusters used in these tables are show
Fig. 10.

IV. ANALYSIS AND DISCUSSION

A. General

In this section, the photoelectron spectra are analy
and assignments of the various bands made, when poss
The assignments are facilitated by comparison with previ
ab initio studies as well as calculations performed as par
this investigation. Spectral simulations of the vibrational p
files based on the Franck–Condon approximation are
very useful in assigning the bands, as are the photoelec
angular distributions. In the case of Si3

2 and Si4
2 where there

has already been considerable discussion of the anions
the ground and lowest excited states of the neutrals, the
cussion below focuses more on the higher-lying states
are better characterized experimentally in the spectra
sented here. The larger clusters have received less atte
so all aspects of their photoelectron spectra are consid
below.

B. Si3
2

Severalab initio calculations have been performed o
Si3

2 and the low-lying states of Si3.
8–11,16–19,29,30The ground

state of the anion is predicted to haveC2v symmetry with the
valence electron configuration•••(10a1)2(3b1)2(7b2)2
No. 4, 22 January 1998
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1401Xu et al.: Silicon cluster anions Sin
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(11a1)1, yielding a2A1 state. The neutral1A1 ground state is
formed by photodetaching an electron from the highest
cupied molecular orbital~HOMO!, the 11a1 orbital, of the
anion. The low-lying electronic states accessible via an
photoelectron spectroscopy are the singlet and triplet pair
the B2 , B1 , andA1 states, corresponding to removal of a
electron from the 7b2 , 3b1 , and 10a1 orbitals, respectively.
The3B2 state collapses to aD3h

3A28 state, 0.02 eV above th
ground state.Ab initio results at the QCISD~T! level17,27 for
the anion and neutral ground states and several triplet s
of Si3 are listed in Table I.

In our previous photoelectron spectrum of Si3
2, five

bands~C andD in Fig. 3 were labeled as a single bandC!
were observed at 266 nm.2. BandX was also investigated b
ZEKE spectroscopy of Si3

2.4 Based on the experimental an
theoretical results, bandX was assigned to overlapped tra
sitions to the1A1 ground state and the low-lying3A28 state.

FIG. 11. Franck–Condon simulation of the Si3
2 spectrum. Parameters give

in Table VI.
J. Chem. Phys., Vol. 108,
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Rohlfing and Raghavachari assigned bandsA, B, C, andD
to the1B2 , 3A1 , 3B1 , and1B1 states, respectively, based o
their calculations at the QCISD~T! level for the triplet states
and at the single excitation CI level~CIS! for the open shell
singlets.17 Since bandC is now resolved to be two distinc
bands~C and D in Fig. 3! some new assignments are r
quired.

The assignments of bandsX, A, andB are unchanged
To aid in assigning the higher energy bands, we obtained
normal coordinate displacements from the anion ground s
to the neutral states, using the geometries and force cons
from the QCISD~T!/6-31G* calculations for the excited trip
let states.17 These displacements are obtained within the p
allel mode approximation in which the force constants
the relevant neutral electronic state are used for both
neutral and the anion. Given these displacements, one
simulate the photoelectron spectrum within the Fran
Condon approximation. For some bands, the normal coo
nate displacements were adjusted to obtain a better fit to
experimental spectrum. Simulations of bandsB–E are
shown in Fig. 11 superimposed on the experimental data;
parameters used in the simulations are listed in Table VI

The appearance of bandB indicates that the molecula
geometries of the anion and neutral electronic states are
similar, consistent with theab initio results. To simulate the
spectrum of bandB in Fig. 11, we used symmetric stretc
and bend frequenciesn15500 cm21 andn25250 cm21, re-
spectively, and normal-mode displacementsDQ1

50.13 Å amu1/2 and DQ250.19 Å amu1/2. These values
agree reasonably well with the QCISD~T! values of n1

5523 cm21 and DQ150.09 Å amu1/2, and n25325 cm21

andDQ250.05 Å amu1/2. We also obtain a new term energ
of T0(3A1)50.9060.02 eV from our simulation, in good
agreement with the QCISD~T! value of 0.92 eV.17

BandsC andD have approximately equalb parameters
of 0.2 and 0, respectively. The similarity of the vibration
TABLE VI. Term energies, frequencies, and normal coordinate displacements used in the simulations.

States T0(eV)a

Frequencies (cm21)/DQ(Å amu1/2)

n1 DQ1 n2 DQ2

Si3
3A1(C2v) 0.90 500 0.13 250 0.19

EA52.2960.02 eV 3B1(C2v) 1.12 480,x150.5b 0.46 225 0.40
1B1(C2v) 1.43 475,x151.0 0.40 235 0.50
1A1(C2v) 1.76 480 0.23 340 0.20

Si4
3B3u(D2h) 0.85 450 0.18 308 1.14

EA52.1360.01 eV 1B3u(D2h) 1.34 490 0.05 290 1.15
3B1g(D2h) 1.71 517 0.15 355 0.72
3B1u(D2h) 1.93 448 0.65 346 0.22

Si5 1A18(D3h) 0.0 501 0.21 233 2.12
EA52.5960.02 eV 3B1(C2v) 1.1660.05

Si7 1A18(D5h) 0.0 463 0.67 385 1.15
EA51.8560.02 eV 1A1(C3v) 1.1460.05

aThe error bars are60.02 eV, except noticed.
bx1 is the anharmonicity used in the simulations.
No. 4, 22 January 1998
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progressions shows that the two neutral states have sim
geometries and frequencies. These two observations ind
that the neutral states probably have the same molecula
bital configuration. We therefore assign bandsC and D to
the3B1 and1B1 states, respectively. This yields a term val
for the 3B1 state, 1.1260.02 eV, which is in excellent agree
ment with the previously calculated term value of 1.12 eV17

The resulting singlet-triplet splitting of 0.3160.01 eV based
on the apparent band origins is somewhat lower than
calculated value of 0.41 eV by Sabinet al.,10 but is clearly in
the right range. The QCISD~T!/6-31G* calculation17 for the
3B1 state gives DQ150.41 Å amu1/2 and DQ2

50.38 Å amu1/2. Similar normal coordinate displacemen
are expected for the1B1 state, so both the symmetric stretc
(n1) and bend (n2) modes should be active in the3B1 and
1B1 states. The Franck–Condon simulations of these
transitions are shown in Fig. 11. The parameters used in
simulations, listed in Table VI, show that the vibrational fr
quencies and normal coordinate displacements for the
neutral states are quite similar to one another and in g
agreement with the calculated values for the3B1 state in
Table I.

BandE was originally assigned to the1B1 state. Given
our new assignment of bandD to this state, we assign ban
E to the open-shell1A1 state, the singlet counterpart of th
3A1 state~bandB!, corresponding to removal of an electro
from the 10a1 orbital. Our assignment is supported by t
polarization results, which show bandsB andE have similar
b parameters, and by the similar vibrational progression
the two bands. Since the ground state is also a1A1 state, we
were not able to perform an SCF calculation on this hig
energy1A1 state. The simulation shown in Fig. 11 was o
tained using the parametersn15480 cm21, DQ1

50.23 Å amu1/2, andn25340 cm21, DQ250.20 Å amu1/2.
These frequencies and normal coordinate displacements
similar to those for photodetachment to the3A1 state, sup-
porting our singlet-triplet pair assignment.

C. Si4
2

Ab initio calculations show that the ground state of S4
2

is a rhombus withD2h symmetry. The valence orbital con
figuration is •••(b3u)2(ag)2(b1u)2(b2g)1 yielding a 2B2g

electronic state.17 Photodetachment from theb2g HOMO
yields the 1Ag neutral ground state which is also
rhombus.13 Removal of electrons from other orbitals yield
low-lying excited states that are accessible via anion ph
electron spectroscopy. From theab initio calculations17,27 in
Table II, the low-lying triplet states in order of increasin
energy are the3B3u , 3Bg , 3B1g , and 3B1u states; all have
D2h symmetry except the3Bg state with C2h symmetry
which results from slight geometric distortion of
3B2g(D2h) state. Calculated energies, geometries, frequ
cies, and normal coordinate displacements are also show
Table II. Each triplet excited state has a corresponding op
shell singlet state which has not been calculated here
simulation of the Si4

2 photoelectron spectrum resulting fro
J. Chem. Phys., Vol. 108,

Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
lar
ate
or-

e

o
he

o
d

in

r

are

o-

n-
in

n-
A

photodetachment to several of these excited states is sh
in Fig. 12. The simulation parameters are shown in Table

The ground state, bandX, is best seen in the 355 nm
photoelectron spectrum~Fig. 2!. The electron affinity was
measured to be 2.15 eV from our earlier photoelect
spectrum.2 The new spectrum is slightly better calibrate
through comparison with the ZEKE spectrum of Si4

2 .3 The
spectrum in Fig. 2 shows a progression of three peaks sp
by 380620 cm21 in bandX, corresponding to photodetach
ment to the1Ag ground state. The band is dominated by t
vibrational origin at eKE51.365 eV, yielding a new Si4 elec-
tron affinity of 2.1360.01 eV.

Band A was studied by ZEKE spectroscopy3 in some
detail, and a comparison with theory confirmed that this ba
corresponds to the transition to the3B3u state, resulting from
photodetachment from theb1u orbital.17 Several vibrational
frequencies were obtained. The3B3u state has two totally
symmetric vibrational modes, then1 overall stretch andn2

symmetric distortion modes. In addition there are thr
asymmetric stretching modes~n3 , n4 , andn5!, and a bend-
ing mode ofb3u symmetry (n6). Then2 mode has the larges
displacement upon photodetachment, resulting in the m
progression of 310620 cm21 in the 266 nm spectrum. This
is in good agreement with the ZEKE spectrum which yield
a frequency ofn25312 cm21.

Band B appeared as a very short progression in
ZEKE spectrum and was assigned to the1B3u state. In Fig. 4,
bandB consists of a longer progression of peaks spaced
290620 cm21, in good agreement with the ZEKE value o
300 cm21 and close to then2 frequency in the3B3u state.
BandsA and B exhibit similar peak spacings and intensi
profiles. Moreover, the anisotropy parameters are simi
b50.3 for bandB and 0.5 for bandA. These observations
support the previous assignment of bandB to the1B3u state,
which has the same molecular orbital configuration as
3B3u state. BandB can be simulated using almost the sam
normal coordinate displacements as bandA. The simulation

FIG. 12. Franck–Condon simulation of the Si4
2 spectrum. Parameters give

in Table VI.
No. 4, 22 January 1998
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of band B shown in Fig. 12 yields a term energy of 1.3
60.02 eV for the1B3u state, and a1B3u23B3u singlet-triplet
splitting of 0.4960.02 eV.

BandC does not show a regular progression, and it h
the most positiveb parameter~0.8! of all the bands. The
QCISD~T! energy calculations predict the term value of t
3Bg state to be 1.50 eV. The corresponding electron kin
energy of 1.04 eV is just where bandC is found. Moreover,
the 3Bg state is a lower symmetry, Jahn–Teller distort
state, so an additional low-frequency bending vibrat
~156 cm21 in Table II! is totally symmetric. This mode
should also be active~DQ350.38 Å amu1/2 in Table II! due
to the symmetry change upon photodetachment along
the other two modes. One therefore expects a higher den
of vibrational transitions which, given the resolution of o
spectrometer, might well result in the absence of a clear
brational progression. We therefore assign bandC to the3Bg

state.
Band D shows a single progression of 355620 cm21.

From Table II, the3B1g state of Si4 is predicted to lie in this
energy range, and the calculated normal coordinate displ
ments for photodetachment to this state are significant o
for a single vibrational mode with frequency 353 cm21.
BandD is therefore assigned to the3B1g state. The simula-
tion of photodetachment to the3B1g state is shown in Fig.
12. Due to overlap with bandC, the band origin is difficult
to locate. Figure 12 shows the best fit to the experime
vibrational profile. The resulting term energy ofT0(3B1g)
51.7160.02 eV is in excellent agreement with the calc
lated value in Table II, and the normal coordinate displa
ments used in the simulations are in reasonable agree
with the calculated displacements, further supporting this
signment.

Band E stands alone with well-resolved vibration
structure. It lies about 2 eV above the ground state and
peak spacing is 451620 cm21. Theab initio calculation pre-
dicts a term energy of 1.99 eV for the3B1u state, and a large
displacement ofDQ150.52 Å amu1/2 along then1 mode for
which the frequency is 440 cm21. Although the calculated
DQ250.22 Å amu1/2, the resulting Franck–Condon profil
in this mode is much shorter than for then1 mode because o
the smaller frequency of 346 cm21. We therefore assign
bandE to the3B1u state, which is the only state in Table
for which DQ is largest for then1 mode. A term energy of
T0(3B1u)51.9360.02 eV is obtained from the simulatio
shown in Fig. 12, slightly lower than theab initio term value.
Agreement between the simulated andab initio normal co-
ordinate displacements is satisfactory.

One might argue that either bandD or E is due to the
1B2g state, the singlet counterpart of the3Bg state respon-
sible for bandC. Although the vibrational profile of bandC
is quite different from the other two, the1B2g state is not
expected to undergo geometric distortion fromC2v
symmetry,17 so this alone does not rule out an alternate
signment. However, the anisotropy parameterb50.8 for
bandC, while b50 and20.1 for bandsD and E, respec-
tively. Thus it is unlikely that either band is from the1B2g

state. The question remains as to the location of the1B2g
J. Chem. Phys., Vol. 108,
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state. Rohlfing predicts a singlet-triplet splitting of only 0.1
eV for the1B2g and3Bg states. Either this value is too low
or the transition to the1B2g state overlaps with bandC. The
latter is certainly possible given the broad, unstructured
pearance of bandC. This issue can be addressed by high
level ab initio calculations.

D. Si5
2

Little is known about the ground and excited states of5

from previous experimental studies. The concentration of5

was presumably too low to be observed in earlier ma
spectroscopy studies.6,7 The photoelectron spectra of Si5

2 ob-
tained by Cheshnovskyet al.1 did not have sufficient resolu
tion to map out any vibrational structure.

More information is available from theab initio calcu-
lations by Raghavachari and Rohlfing, which predicted t
Si5 and Si5

2 have compressed trigonal bipyrimidal groun
states withD3h symmetry.9,15 The molecular orbital configu-
ration for Si5

2 is •••(e9)4(a18)
2(e8)4(a29)

1, yielding a 2A29
ground state. Removal of an electron from the HOMO lea
a closed-shell neutral1A18 ground state. Si5 was also pre-
dicted to have a low-lying3B1 triplet state with a Jahn–
Teller distortedC2v structure. The molecular orbital configu
ration of this state is•••(a1)2(a2)2(b1)2(b2)2(b1)1(a1)1

which correlates with the•••(e9)4(a18)
2(e8)3(a29)

1) state of
the trigonal bipyramid. The3B1 state is accessible by re
moval of an electron from thee8 orbital in the anion. Calcu-
lations at the MP4/6-31G* level indicate that the3B1 state
lies about 0.5 eV above the ground state.15 ab initio results
for Si5

2 and Si5 are summarized in Table III.
In the Si5

2 spectrum taken at 355 nm~Fig. 5!, bandX
consists of an extended progression with a peak spacin
233610 cm21 beginning around eKE50.75 eV. This long
progression indicates a large geometry change between
anion and the neutral electronic ground states. The1A18
ground state is formed by photodetaching an electron fr
the a29 orbital which is antibonding between the two ap
atoms. Theab initio calculations indicate that photodetac
ment to the1A18 state results in a significant reduction of th
distance between the apical atoms, leading to a large
placement along the totally symmetricn2 normal coordinate
mode. The observed peak spacing is in good agreement
our MP2/6-31G* value ofn25247 cm21 shown in Table III.

The anion, neutral geometries, and force constants f
our MP2/6-31G* calculations have been applied to obta
the normal coordinate change between the anion and neu
The Franck–Condon simulation of bandX is shown in Fig.
13. The experimentaln2 frequency was used, but the oth
parameters were taken directly from the MP2/6-31G* calcu-
lation: DQ150.21 Å amu1/2, DQ252.12 Å amu1/2, and n1

5501 cm21. The extraordinarily large normal coordina
displacement forDQ2 results in poor overlap with the vibra
tional origin; this transition has no intensity in the simulat
spectrum. To obtain the best fit, we chose the vibratio
origin at 0.935 eV electron energy, yielding an electron
finity of 2.5960.02 eV for Si6. Although one could obtain a
satisfactory fit assuming the vibrational origin shifted by
No. 4, 22 January 1998
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vibrational quantum in either direction, this required usi
normal coordinate displacements that differed more from
ab initio values. The adiabatic electron affinity from our a
signment is 0.5 eV less than the vertical detachment ene
of 3.10 eV calculated by Adamowicz.31 This discrepancy is
due at least in part to the large geometry change between
anion and neutral ground state. Raghavachari and Rohlfi16

reported an adiabatic electron affinity of 2.26 eV at t
QCISD~T!/6-311G* level, in reasonable agreement with o
experimental value.

The3B1 state excited state is a Jahn–Teller distortedC2v
state with four totally symmetric vibrational modes. O
therefore expects a congested photoelectron spectrum t
sult from photodetachment to this state. The irregular vib
tional structure of bandA therefore suggests that we assign
as the transition to the3B1 state. From the spectrum atu50°
in which the ground state has little intensity, we estimate
3B1 state origin to be at eKE50.3660.05 eV, 0.58 eV above
the1A18 ground state. This is in agreement with the calcula
term value of 0.5 eV, further supporting our assignment.

Besides theX andA bands, a new bandB shows up at
low eKE in the 299 nm spectrum~Fig. 6!. We estimate the
origin of this band to occur at eKE50.39 eV, yielding a term
energy of 1.1660.05 eV for this neutral excited state.

E. Si6
2

Ab initio calculations predict Si6
2 to have a2A2u ground

state withD4h symmetry, corresponding to a tetragonal b
pyramidal structure, with valence orbital configuratio
•••(eg)4(a1g)2(b2g)2(eu)4(a2u)1.16 Calculations also pre
dict that neutral Si6 has three nearly isoenergetic structures
tetragonal bipyramid (1A1g ,D4h) and two in which this
structure is distorted (1A1 ,C2v). The1A1g state correspond
to the removal of an electron from thea2u HOMO. At the
HF/6-31G* level, Raghavachari found the twoC2v structures
are separated by 0.04 eV while theD4h structure is about 0.4
eV higher in energy.9 Fournieret al. reported similar results
using density functional theory,19 with the three structures

FIG. 13. Franck–Condon simulation of the Si5
2 spectrum. Parameters give

in Table VI.
J. Chem. Phys., Vol. 108,
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lying within 0.2 eV of one another. At the MP2/6-31G*
level, the 1A1g state withD4h symmetry is preferred. The
assignment of this structure as the ground state is consis
with the experimental vibrational frequencies from mat
Raman spectroscopy.6 Ab initio results for the ground and
excited states at the MP2/6-31G* level are summarized in
Table IV.

In the 355 nm photoelectron spectrum, Fig. 7, the tra
sition to the Si6 ground state~bandX! appears as a weak
unstructured band. For aD4h tetragonal bipyramidal mol-
ecule, there are two totally symmetric modesn1 andn2 . A
Franck–Condon simulation using the frequencies and nor
coordinate displacements in Table IV for photodetachmen
the 1A1g state shows extended progressions in both mod
and this along with incomplete vibrational cooling may e
plain the absence of structure in bandX. We note that this
simulation~not shown! is considerably broader than the e
perimental band, indicating that the calculated normal co
dinate displacements and/or vibrational frequencies nee
be adjusted.

In contrast to bandX, bandA in Fig. 7 shows a progres
sion of 323620 cm21 between 0.25 and 0.50 eV. The pre
ence of a single progression indicates that the neutral i
least as symmetric as the anion; if the anion hasD4h sym-
metry, bandA should correspond to the transition to a sta
with D4h or Oh symmetry. Although a low-lying triplet state
with Oh symmetry was investigated in the calculation
Fournier et al., it was predicted to have two imaginar
frequencies.19 We performedab initio calculations on two
low-lying states restricted toD4h symmetry. At the
MP2/6-31G* level, a 3Eg state was found to lie 1.26 eV
above the ground state, corresponding to the removal o
eu electron from the anion2A2u state. However, one imagi
nary frequency was also found at the HF/6-31G* level. Pho-
todetaching ab2g electron from the anion ground state r
sults in a3B1u state which is 3.44 eV less stable than t
neutral1A1g ground state. Neither state appears to be a lik
candidate for bandA. Alternatively, if the anion ground stat
had C2v symmetry, then bandA could be explained as a
transition to the low-lyingC2v structures of Si6 predicted by
Raghavachari.9 In any case, further theoretical work on th
low-lying states of both Si6 and Si6

2 appears needed to ex
plain this band and the intense, unstructured bandB at lower
eKE.

F. Si7
2

Si7
2 is predicted to have a pentagonal bipyramidalD5h

ground-state geometry.15 The valence electron configuratio
is •••(e19)

4(a1)2(e18)
4(e28)

4(a29)
1, resulting in a2A29 state.

Photodetaching an electron from the HOMO orbital yiel
the 1A18 ground state of the neutral species, which also
D5h symmetry. As thea29 orbital is antibonding between th
apex atoms, detachment to the1A18 state results in a more
compact structure along the apex, just as for Si5

2. The 1A18
state has two totally symmetric stretch modes~n1 and n2!.
The optimized geometries, frequencies, and result
normal-mode displacements at the MP2/6-31G* level are
No. 4, 22 January 1998
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shown in Table V. Raghavachari and Rohlfing studied t
other isomers, a tricapped trigonal pyramid and a cap
octahedral structure, both ofC3v symmetry. They were
found to be 0.95 and 2.08 eV less stable than the1A18 state at
the MP4/6-31G* level, respectively.15

In the Si7
2 photoelectron spectrum at 416 nm~Fig. 8!,

bandX shows a resolved vibrational progression with a pe
spacing of 385620 cm21. Comparison to Table V show
that this frequency lies between the calculated values for
two totally symmetric modes of the1A18 state. However, the
experimental value is closer to the calculatedn2 frequency
(352 cm21), and the calculated normal coordinate displa
ment is considerably larger for then2 mode. We therefore
assign the observed progression to this mode. Figure
shows a simulated spectrum in which only then2 frequency
is changed from theab initio values. Note that although th
n2 progression dominates, then1 mode is also active, result
ing in only partial resolution of then2 progression in the
simulation and, presumably, the experiment. The vibratio
origin at eKE51.12 eV yields an electron affinity of 1.8
60.02 eV for Si7. While acceptable simulations at differe
origins can be achieved by changing the normal-mode
placements, the best results are obtained with the value
ported here. Raghavachari and Rohlfing reported an elec
affinity of 1.7 eV at the MP2/6-31G* level.16

Recently, Eberhardt reported the vibrationally resolv
photoelectron spectrum of annealed Si7

2 at a photon energy
of 2.897 eV photon energy.5 They measured a frequency o
380620 cm21 for Si7. This is very close to our value, bu
both gas phase values are slightly less than the vibrati
frequency of 435 cm21 seen in the matrix Rama
experiment.6 This discrepancy may be due to matrix effec

The photoelectron spectrum at 355 nm~Fig. 9! shows
bandX in its entirety and the onset of a second band labe
bandA at low eKE. The origin of bandA was estimated as
the intercept resulting from an extrapolation of the line
portion of this band in the photoelectron spectrum to
energy axis. The best estimate of 0.50 eV electron ene
corresponds to a term energy of 1.1460.05 eV. Raghava-

FIG. 14. Franck–Condon simulation of the Si7
2 spectrum. Parameters give

in Table VI.
J. Chem. Phys., Vol. 108,
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chari and Rohlfing found aC3v tricapped tetrahedron isome
of a 1A1 state which lies 0.95 eV above the1A18 ground state
at the MP4/6-31G* level.15 We therefore assign bandA to
this excited state.

The anisotropy parameterb for band X varies signifi-
cantly with electron energy, as shown in the top panel of F
9. This could signify that transitions to two neutral electron
states with different polarization dependence contribute
bandX. However, this would require an open-shell excit
state of Si7 with nearly the same energy as the1A18 state. The
low electron affinity of Si7 suggests that the1A18 state is
particularly stable, so this is an unlikely scenario. Moreov
no variation ofb occurs in the photoelectron spectrum at 4
nm in Fig. 8. An alternative explanation is that there is
excited electronic state of Si7

2 near 355 nm, and that autode
tachment from this state contributes to the photoelect
spectrum along with direct detachment.

V. CONCLUSIONS

The anion photoelectron spectra presented here pro
new information on the ground and low-lying electron
states of silicon clusters. Several new assignments of
excited state bands are based on the vibrational structure
is resolved in many of these spectra, the angular distribu
of the photoelectrons, and comparison withab initio calcu-
lations. For Si3 and Si4, all excited states accessible via ph
todetachment withT0,2.5 eV have been assigned. Vibr
tional frequencies are obtained for the ground states of5

and Si7. In both cases, an extended progression is obse
for a single, totally symmetric vibrational mode, indicating
substantial geometry change but no change in symm
upon photodetachment. This progression corresponds to
citation in then2 symmetric distortion mode of the neutra
cluster, resulting from a considerable reduction in the sp
ing between the apical Si atoms upon photodetachmen
the Si6

2 spectra, vibrational structure was resolved for a lo
lying excited state, the identity of which still needs to b
determined.
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