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The threshold photodetachment zero-electron kinetic energy (ZEKE) spectrum of Si, is pre 
sented and discussed. ‘The spectrum shows well-resolved vibrational structure. A comparison 
with several ab initio calculations shdws that the spectrum is due to transitions to the 3Ai ( D3h) 
state of Si3. The symmetric stretch and degenerate e’ frequencies for the Si, 3Ai state are 
determined to be 501 f 10 and 337 f 10 cm--‘, respectively. Additional structure observed in the 
spectrum suggests that the negative ion is a fluxional, Jahn-Teller distorted species. The ZEKE 
spectrum shows no evidence for transitions to the IA, state of the neutral, which is predicted to 
lie very close to the 3Ai state. A comparison of the ZEKE and previously obtained photoelectron 
spectrum of Si; suggests that these two statei are.dose in energy, but that transitions to the 
singlet state are very weak in the ZEKE spectrum. 

1. INTRODUCTION 

The study of small silicon clusters has been motivated 
by their importance in astrophysics’ and chemical vapor 
deposition processes.2 The desire to characterize these spe- 
ties experimentally has been further fueled by a series of ab 
initio studies that have predicted Weresting electronic 
properties and structural trends as a function of cluster 
size.3 However, other than for the dimer,l’ experimental 
work on these elusive species is sparse; thus far, vibration- 
ally resolved spectra have been obtained only for Si3 and 
Sips and no rotationally resolved spectra have been ob- 
served for any species larger than the dimer. In our labo- 
ratory, we are focusing on probing the electronic and vi- 
brational structure of these clusters by performing high 
resolution photodetachment spectroscopy experiments. 
This paper discusses the results of Such a study perf&med 
on Si,. 

Silicon trimer has been the object of considerable the- 
oretical efforts, starting with the work by Grev and 
Schaefer’ and by Raghavachari” in’ 1985. The results of 
their calculations for an extensive set of molecular struc- 
tures indicated that, in contrast to the well-known linear 
structure of C3,?l Si, is strongly bent, with two close lying 
electronic states-the ‘A 1 (C,,)‘and 3&4 ( D3h) states. Both 
calculations predict the singlet C,,, structure to be the 
ground state, but the calculated spacing between the two 
states is less than 1 kcal/mol. More recent calculations 
have yielded similar results.‘“15 The negative ion of Si,, 
while less studied, is also interesting from a theoretical 
standpoint. Rohlfing and Raghavachari16*17 reported a 2A1 
(C,, geometry) ground state which results from Jahn- 
Teller distortion of a 2E’ configuration, with the corre- 
sponding 2B2 saddle point lying only 160 cm-! higher in 
energy. Raghavachan ‘10&%17 has calculated vibrational fre- 
quencies for then anion as well as the low-lying neutral 

“‘NSF Presidential Young Investi$ator and Camille and Henry Dreyfus 
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states, and frequencies for the neutral states have also been 
calculated by Dixon and Gole12 and Depristo.14 

The experimental work to date on Si3/Si3 has not been 
of sufficient quality to test the ab initio predictions con- 
cerning electronic and vibration’ai structure. The negative 
iori photoelectron spectrum (PES) of Sir obtained by 
Smalley and co-workers ‘* -revealed several electrtinic 
bands, ‘but the resolution was insufficient to make any gs- 
signments. In the vibrationally resolved PES of Sic ob- 
tained by our group,6 we observed that the band associated 
with the lowest Si3 electronic state exhibited an extend&d 
vibrational progression with a characteristic frequency ,of 
36Oh40 cm-‘; in poor agreement with the calculated fre- 
quencies of the purported ground ‘Al state. However, this 
progression was congested and poorly resolved, and a bet- 
ter quality spectrum was clearly needed for comparison 
with the ab initio work. A simil&&equency was observed 
in emission spectra obtained by Gole and co-workers7 and 
attributed to Si3. 

In this paper, the substantially high& resolution 
threshold photodetachment (zero electron kinetic energy, 
or ZEKE) spectrum of Si, is presented. As with the 
ZEKE spectra we obtained for SiF and Sir,5V8 more de- 
tailed information regarding both the Si3 anion and neutral 
electronic states is extracted from the spectrum presented 
below than could be determined from the PES. The spec- 
trum, which could be obtained over only a small part of the 
energy range probed by the PES, shows well-resolved tran- 
sitions between what appear to be the ground electronic 
states of the anion and neutral trimer. This spectral struc- 
ture, however, is still not reconcilable with the predicted 
2A1 anion and ?4, neutral ground state frequen- 
cies.10*12V14117 Instead, it appears that the band is due to 
transitions to the neutral 3A$ ( D3h) state which, as men- 
tioned above, is predicted to be nearly degenerate with, but 
slightly higher in energy than the calculated neutral 
ground ?4, state. The ZEKE spectrum also exhibits addi- 
tional structure not resolved in the PES. In order to satis- 
factorily assign this structure, it is necessary to treat the 
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FIG. 1. Photoelectron spectrum of Sic obtained using 3.493 eV photon 
energy with the threshold photodetachment (ZEKE) spectrum superim- 
posed on the inset. 

anion as a fluxional, Jahn-Teller distorted species rather 
than as a rigid molecule. 

II. EXPERIMENT 

The thresh019 photocletachment spectrometer used in 
this study is described in detail elsewhere,19 but the basic 
operation is as follows: A beam of cold silicon cluster an- 
ions is generated in a laser vaporization/pulsed molecular 
beam source and is mass selected using time of flight. ,The 
cluster of interest is then photodetached using an excimer- 
pumped dye laser operated at 20 Hz. The electrons de- 
tached with nearly zero kinetic energy (ZEKE) are col- 
lected as a function of photon wavelength. The selective 
detection of ZEKE electrons, based on the method devel- 
oped by Miiller-Dethlefs et al. ,20 gives an energy resolution 
as good as 3 em-‘. However, because of the small photo- 
detachment cross section of Si, , some resolution was sac- 
ticed for increased signal; the resolution for the spectrnm 
presented below is estimated to be 10-15 cm- ‘. The signal 
was averaged for 1500 shots at each wavelength and nor- 
malized to both laser power and ion current. The two dyes 
used to obtain. the spectrum were coumarin 540 and 
coumarin 503. 

III. RESULTS 

Figure i shows the PES of Si, previously obtained 
with a detachment wavelength of 355 nm (3.493 eV).6 
Band X represents transitions to the lowest electronic 
state(s) of Si3, while band B is a transition to a more 
highly excited state. The inset shows band X on an ex- 
panded y axis (dotted line) with the newly obtained ZEKE 
spectrum superimposed onto the PES energy scale. We 
observed a ZEKE spectrum for this band only. The data 
collection was considerably more time consuming than in 
our recent study of Sic (Ref. 8); the photodetachment 
cross section near threshold was much smaller for Si, than 
for Si, , and the trimer ions were more difficult ‘to produce. 
Figure 2 shows the ZEKE spectrum of band X on an’ ex- 
panded scale showing the detachment wavelength. The 

Detachment Wavelength (nm) 

FIG. 2. Threshold photodetachment spectrum of Sir. 

spectrum is dominated by a 337 cm- ’ progression formed 
by the 18-20 cm-’ wide [full width at half-maximum 
(FWHM)] peaks labeled 0, 1, 2, 3, and 4. Peak 0’ is not a 
member of this progression; it lies 385 cm-’ to the lower 
photon energy of peak 0, which appears to be the origin of 
the main progression. This 337 cm-’ progression is con- 
gested with lower intensity peaks, sometimes hardly dis- 
cernible,from the noise, spaced fairly regularly about the 
progression members. For example, peaks l’, 2’,...$5’ are 
found -80 cm-’ to the red of peaks 0,...,4, respectively. 
Peaks al, a2, and a3 are found -80 cm-’ to the blue and 
peaks bl, bz, and b3 are found roughly 160 cm-’ to the 
blue of peaks 1, 2, and 3, respectively. There are no corre- 
sponding peaks a0 or b. to the blue of peak 0. Additional 
structure occurs to the red of the origin. The fairly intense 
peak 1” is found 128 cm-’ to the red of peak 0, and two 
very low intensity peaks, labeled a and b, occur at -280 
and 565 cm-’ to the red of peak 0, respectively. The peak 
labels, positions, and relative energies are summarized in 
Table I. 

IV. ANALYSIS AND DISCUSSION 

A. Assignment of electronic and vibrational structure 

The high level calculations [QCISD (T)/6-3 lG*] per- 
formed by Rohlfing and Raghavachari17 have predicted 
both the anion and neutral ground states to be isosceles 
(C&) triangles, where the Si-Si-Si bond angle (f3) is 65.2 
for the 2A1 anion ground state and 79.6” for the ‘A, neutral 
ground state. The neutral structure is the result of Jahn- 
Teller distortion of the ‘E’ (D,,) state, which is formed 
by the 

( 1a;)2( le’)4(2a;)2( la;)2(2e’)2 (configuration 1) 

configuration. This distortion to C,, geometry, which 
causes the degenerate e’ orbitals to split into al and b2 
orbitals, results in the ‘A, state with the 

(a1)2(b2>2(a1)2(al)2(b1)2(b2)2 (configuration 2) 
configuration and a more acute ’ B2 state. The ‘A, state is 
calculated to be much lower in energy than the ’ Bz state 
due to second order Jahn-Teller stabilization effects. The 
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TABLE I. Peak positions, relative energies, and proposed assignments for the Sic ZEKE spectrum. The 
assignments, shown as 3,4$ (Y,, v~Y,,, m) + ‘.4, (Y,, vr, j), are based on quadratic Jahn-Teller spectral 
simulation (see the text). Uncertainties in peak positions are given in parentheses. When more than one 
transition contributes to a peak, the transitions are listed in order of decreasing contribution. 

Peak 
Position Relative energy 

m-d (cm-‘) Possible transition in order of descending intensity 

b 
0’ 
4 

1” 
1’ 
0 

555.55 -565(15) wm -(1,0,1/2) 
550.05 -385( 12) um0) + u&1,1/2) 
546.95 -282(10) (O,O,O) + (0,0,5/2) 
542.40 -128(10) ? 
540.55 -62(20) (LW) + (mm) 
538.65 O(7) origin 

2’ 531.20 260( IO) (0,1,1)+(0,0,3/2&), (1,1,1)~(1,0,1/2) 
(W,O)- (0,1,1/2) 

1 
'II 
bl 

3' 

2 519.74 
42 517.79 
4 515.34 

4’ 513.0 

3 
43 

4 
5’ 

529.05 
526.85 
524.40 

521.95 

510.94 
508.39 
506.64 

504.30 

337(10) W,O) 4,0,1m 
416( 15) (0,2,2) + (0,0,5/2) 
504( 15) u,o,o)+ww2h (0,3,1)- (0,1,312) 

594( 15) (0,2,2) c (0,0,3/2+), (0,3,3) + (0,0,7/2) 
(0,3,1)+(0,1,1/2), (O,W)-(1,0,1/2) 

675(10) W,O) +w,v2) 
748( 15) (0,3,2) -(40,5m 
840(15) (l,l,l) c (0,0,1/2), (0,4,2) + (0,1,3/2) 

928(20) (0,3,1) - (0,0,3/2), (0,4,4) + (0,0,7/2) 

(0,4,0)+(0,1,1/2),(1,3,1)+(1,0,1/2) 
1007(10) (0,3,0)+ (w m 
1106(20) (0,4,2) + (0,0,5/2) 
1173(15) (1,2,0) -(0,0,1/2), (0,5,1) +(0,1,3/2) 

1264(?0) (0,4,1)+(0,0,3/2), (0,5;3)+(0,0,7/2) 
(0,5,1)+(0,1,1/2), (1,4,0)+(1,0,1/2) 

4 502.39 1340(10) (0,4,0) c w,m 

undistorted ( Osh)3Ai state, which has been calculated to 
be nearly degenerate with the ‘A i state,9’10,17 has the orbital 
occupancy of configuration ( 1) with parallel spins in the 
2e’ orbitals. 

The anion ground state is obtained by adding an elec- 
tron to the 2e’ orbital of contiguration ( l), resulting in a 
‘E’ state. This state is also subject to Jahn-Teller distortion 
to the previously mentioned ‘Ai state with the orbital 
occupation 

...(a1)2(b1>2(b2>2(a1)’ (configuration 3) 
and a 2B2 state with 8z57”. At the Hartree-Fock level, 
2B2 is the ground state and 2A1 is the saddle point on the 
typical J-T distorted potential, but upon including electron 
correlation effects, these are reversed and 2A1 becomes 
more stable at the QCISD(T) level by -160 cm-1.16f17 
This energy difference corresponds to the pseudorotation 
barrier. 

The 337 cm-’ progression seen both in the PES (Fig. 
1) and, more definitively, in the ZEKE spectrum appears 
to be due to transitions between the ground anion state and 
vibrational levels in the ground neutral state. Because of 
the large bond angle difference between the 2A1 anion and 
the ‘A, neutral, the symmetric bend mode (v2) should be 
the most active in the spectrum. However, this mode is 
consistently calculated to be approximately 150-170 

cm- 1,9*10*14*17 which is approximately half the observed fre- 
quency. The symmetric stretch inode (Ye), which could 
also be active in the spectrum, has a calculated frequency 
of 551 cm-‘, much higher than the observed frequency. 
This suggests that the band in our spectrum does not rep- 
resent transitions to the ‘A, neutral state. 

Alternatively, the calculated e’ frequency of the 3A.$ 
( Dsh) state is in better agreement with the spacing in the 
observed progression. Raghavachari17 and Schaefer’ calcu- 
lated a frequency of approximately 285 cm-’ for the e’ 
mode using the QCISD (T) and self-consistent field (SCF) 
methods, respectively. Density functional studies on the 
D& structure performed by Dixon and Gole,12 Dupuis,13 
and DePristoi4 yielded values -340 cm-’ for the e’ fre- 
quency. Because the calculated e’ frequency is in better 
agreement than either of the “A, frequencies with the ob- 
served 337 cm-’ progression, we believe that the band in 
the ZEKE spectrum is due to the 3Ai +e-- c “A, transition 
and that the 337 cm-i progression can be assigned to tran- 
sitions to levels in the v2 (e’) mode of the neutral; this was 
first suggested in Dixon’s comparison of ab initio frequen- 
cies with the experimental photoelectron and emission 
spectra. l2 Although long progressions seen in photodetach- 
ment spectra are generally only in totally symmetric modes 
of the neutral, one component of the e’ vibration trans- 
forms as the symmetric vz (al) bend mode of the CiU an- 
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ion. Therefore, in the rigid molecule limit (the first situa- 
tion that we will treat), transitions from the totally 
symmetric ground state of the anion to any quanta in the 
neutral mode are allowed. Hence we assign each peak n to 
2: transition. 

Based on further comparison of the ZEKE spectrum 
with ab initio frequency calculations, tie can assign peak bl 
to the 1; transition, yielding 501 f 10 cm-’ for the neutral 
y1 frequency. This is in good agreement with all of the 
calculations for the symmetric stretch (vl) frequency of 
the 3A$ state, but the density functional studies again give 
the closest value, approximately 500 cm-‘. Peaks b2,...,b4 
can then be assigned to y1 + nv2 ( 1;2$) combination bands. 

The structure found to lower photon energy from the 
origin was found to depend on ion source conditions, sug- 
gesting that they are transitions from vibrationally excited 
levels of the anion (hot band transitions). The most in- 
tense hot bands are those labeled 0’ and l”, with peaks b 
and a being less intense. Because the ‘v2 mode is the most 
active in the spectrum, we can tentatively assign 0’ to the 
2: transition. The position of peak 0’ with respect to the 
origin would give an anion frequency of 385 cm-‘, which 
is in poor agreement with the calculated value 297 crne1.17 
Peak b, found 565 cm-’ from the origin, can be assigned 
tentatively to the 17 transition, giving the anion y1 fre- 
quency in fairly good agreement with the 533 cm-’ calcu- 
lated frequency. l7 

The remaining structure found to higher photon en- 
ergy from the origin, such as peaks n’ and a,, , also appears 
to be due to transitions from excited vibrational levels in 
the anion. Based on the v1 and v2 anion and neutral fre- 
quencies determined above, sequence bands originating 
from either the v2= 1 or v3= 1 anion levels should fall to 
the red of the corresponding 2,” transition, in the energetic 
vicinity of peaks n’. Peaks a,, , slightly to the blue of each 2: 
transition, could then be sequence bands in the v3 mode, 
giving an anion frequency of less than 337 cm-’ for this 
mode. 

Since we have determined that the neutral Si3 state in 
the ZEKE spectrum has D3h symmetry, we can attempt to 
extract information regarding the anion geometry most 
simply by assuming that the anion has a rigid, C2, struc- 
ture. With this assumption, we can treat the profile of the 
progression by performing spectral simulations within the 
Franck-Condon approximation, where we assume the vi- 
brational wave functions of the anion and neutral are the 
products of three harmonic oscillators representing the 
three noimal modes. The intensity of a transition between 
vibrational levels in the anion and neutral is therefore pro- 
portional to the Franck-Condon factors of the two levels. 
The neutral and anion frequencies are fixed by the above 
assignments; note that the neutral is treated as a C2, species 
with v2=v3 = 337 cm-’ (where v3 in this instance corre- 
sponds to the component of the neutral degenerate mode 
that transforms as b2 in C,, geometry). 

This “rigid anion” simulation is shown in the second 
panel of Fig. 3. The prolile of the 337 cm-’ progression 
was well matched by assuming a normal mode displace- 
ment (from anion to neutral) of AQ2=0.095 A amu”“, 

4 

Detachment Wavelength (run) 

FIG. 3. Experimental spectrum and three simulations (see the text): rigid 
anion, linear Jahn-Teller (UT), and quadratic Jahn-Teller (QJT). All 
three simulations assume 337 cm-’ (e’) and 500 cm-’ (al) neutral 
frequencies. The rigid anion simulation assumes the following anion fre- 
quencies (and temperatures); v,=560 cm-’ (500 K); v2=385 cm-’ 
(450 K); vS=270 cm-’ (350 K). LJT assumes 120 K for the 0,0,3/2 
level, 250 K for the 0,0,5/2 level, 350 K for the 0,1,1/2 level (385 cm-’ 
above ground), 350 K for the 0,0,7/2 level, and 400 K for the (0,1,3/2), 
(1,0,1/2), and (1,0,3/2) levels. QJT assumes 150 K for the 0,0,3/2 levels 
(degeneracy broken), otherwise, temperatures are the same as L.JT sim- 
ulation. 

given that the anion frequency for this mode is 385 cm-‘. 
The lower intensity b, peaks (the l&$ transitions) were 
accounted for by assuming AQ,=0.03 A amu”2i These 
two displacements compare well to the predicted displace- 
ments between the anion and neutral based on Raghava- 
chari’s geometry calculations and our own determination 
of the normal mode coordinates AQ2=0. 117 A amu1’2 and 
AQI =0.03 w an~ul’~. 

The intensities of all transitions originating from vibra- 
iionally excited levels in the anion are dependent on vibra- 
tional temperature. In general, the lower frequency modes 
tend to have lower temperatures than the higher frequency 
modes. This is not unusual since different modes are ex- 
pected to cool with different efficiencies in a molecular 
beam. Temperatures for the various levels are included in 
the figure caption. 

While the geometry changes between the anion and 
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neutral determined from this simple treatment are in good 
agreement with the calculated geometries, the rigid anion 
simulation exhibits several inadequacies in reproducing the 
positions and intensities of the sequence bands, namely, the 
a,, and n’ peaks. First, the difference in frequencies between 
the anion and neutral symmetric bend produces sequence 
bands of the type 21+‘, marked with circles on the simu- 
lation shown in Fig. 3. These occur approximately 50 
cm -* to the red of the main 20” peaks. Also contributing to 
the intensity of these simulated peaks are l$$ sequence 
bands, which occur 65 cm-’ to the red of the 2,“.peaks. 
This is in contrast to the actual position of peaks n’, which 
are found 80 cm-’ to the red of the main peaks. This 
discrepancy is small but significant. Additionally, as men- 
tioned above, peaks al, a2, and a3 can be proposed as 2:3; 
transitions, which would yield an anion v3 frequency of 
approximately 270 cm-’ [the frequency used in the rigid 
anion simulation shown). However, this also produces a 
fairly intense sequence band to the blue of the origin, 
marked with a star, which is hardly present in the actual 
spectrum. There is also no structure in the experimental 
spectrum where the 3; sequence bands are predicted to lie 
[these are marked with an %c” on the Franck-Condon 
simulation). Finally, this analysis implies anion v2 and v3 
frequencies of 385 and 270 cm:‘, respectively. This fre- 
quency ordering is unusual for a C,, molecule with a bond 
angle greater than 60”, and is the reverse of the calculated 
ordering (vz=297 cm-’ and v,=370 cm--‘).!’ Taken to- 
gether, all of these problems suggest that the analysis is 
partially flawed, and that it is naive to treat the anion as a 
simple, rigid C,, molecule with uncoupled modes. 

B. lncludon of Jahn-Teller distortion in Siy 

Since the barrier to pseudorotation in Si, is calculated 
to be only 160 cm-‘, an alternative approach to that out- 
lined above is to analyze the ZEKE spectrum by treating 
the anion as fluxional, rather than as a rigid molecule. This 
situation arises in symmetric molecules having a set of spa- 
tially degenerate electronic states. which are vibronically 
coupled by a degenerate vibration. The end result is a 
Jahn-Teller distortion of the .molecule along the corre- 
sponding normal coordinate, removing the electronic de- 
generacy with the lowering of symmetry,, In the case of 
Sir, we have a species distorted from a symmetric D3h 
equilibrium geometry because the e’ degenerate vibration 
couples the two components of the “E’ electronic state (see 
Sec. III A). 

The Exe coupling problem can be approached most 
simply by assuming that the vibronic coupling term is lin- 
ear with respect to the e’ normal coordinate, i.e., no barrier 
to pseudorotation. In the basis of the two electronic states, 
and with the degenerate two-dimensional harmonic oscil- 
lator expressed in polar coordinates (p,4), the vibrational 
energies and wave functions are determined from 

=o, 

where Ho is the unperturbed Hamiltonian; k is a unitless 
parameter such that e&@/2 is the stabilization energy from 

the distortion; w2, in this instance, is the harmonic fre- 
quency of the e’ mode in the undistorted molecule (often 
referred to as wc); and x* are the undistorted vibrational 
wave functions associated with the two electronic states. 
The implications of this have been studied extensively by 
Longuet-Higgens,‘l and Whetten,” e.g., and this treatment 
has been applied to, among other molecules, the analysis of 
cu3 ,23 Nq ,“Ag3 ,25 and Li, 26 spectra. These studies dem- 
onstrate that even for moderate values of the distortion 
parameter k, one expects an extended progression in the e’ 
mode for a transition between a Jahn-Teller distorted state 
and an undistorted D3h state. This is exactly the situation 
for the Si3 ( 3Ai) + Si, transition in our ZEKE spectrum. 
The key question then is whether the smaller peak energies 
and intensities can be better explained assuming a Jahn- 
Teller distorted anion rather than a rigid, C2, anion. 

We lirst consider the anion energy levels. For k suffi- 
ciently large, the vibrational energy level patterns should 
approximately follow the familiar formula for a freely 
pseudorotating species21 

where ml is the symmetric stretch frequency, w2 is as de- 
fined above, v1 and v2 are the quantum numbers associated 
with o1 and w2, and j is the half-integer pseudorotation 
quantum number. The pseudorotation constant A is in- 
versely proportional to the reduced mass and the square of 
the equilibrium distortion along the e’ coordinate (ti/ 
2ppi). This produces an energy level pattern similar to 
that shown in Fig. 4, where the anion levels are labeled 
( vl, v2, j) . Deviations from the energy level pattern of Eq. 
(2) occur when # is small (very small distortion), or 
when there is any barrier to pseudorotation. 

In the limit of linear vibronic coupling [Eq. ( 1 )], tran- 
sitions from a particularj level of the anion are allowed to 
Z-j f l/2 levels in the neutral, where I is the vibrational 
angular momentum for the ( D3h) neutral species. The al- 
lowed neutral carrion transitions [and the forbidden tran- 
sition (peak a) which is discussed below] are indicated by 
arrows in Fig. 4. This figure suggests an alternate explana- 
tion for several of the lower intensity peaks in the ZEKE 
spectrum, namely, that they are “‘hot bands” originating 
from excited pseudorotational states of, the anion, rather 
than from excited vibrational levels as assumed in the 
“rigid anion” Franck-Condon analysis. Thus, the sequence 
transitions between the 0,0,3/2 level and the neutral v2>1 
levels would account for peaks 2’-4’, etc., while the tran- 
sitions from the 0,0,5/2 level to the neutral v2>2 levels 
account for peaks a1-a3. 

We can determine if this assignment is reasonable by 
computing the pseudorotation constant A in Eq. (2) from 
the energy difference between peaks 1 and 2’ in the exper- 
imental spectrum, assuming that ; these are the 
0, 1, 1 + O,O, l/2 and the 0, 1, 1 + 0,0,3/2 transitions, respec- 
tively. This difference is 80 cm-‘, yielding A=40 cm-’ 
and &PO = 0.11 A amul”. The latter value is very similar 
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FIG. 4. A schematic of Si, and Si, energy levels and some of the tran- 
sitions proposed in the spectral assignment (see Table I for the complete 
assignment). 

to the 0.095 b; amul” normal coordinate displacement de- 
termined from the Franck-Condon simulation as well as 
the ab initio displacement, indicating that our value for A is 
certainly acceptable. However, with such a small distor- 
tion, Eq. (2) may not give a good approximation of the 
actual energy levels. 

To proceed further, we need to simulate the ZEKE 
spectrum including the effects of Jahn-Teller coupling in 
the anion. This requires that we solve Eq. ( 1) for the anion 
wave functions and energy levels, varying k to best match 
the intensity pattern of the main bending progression. The 
energy levels are obtained in terms of w2, the (undistorted) 
harmonic e’ frequency, which can then be extracted by 
scaling the simulated spectrum to match the spacing be- 
tween peaks 0 and 0’. Intensities are determined by calcu- 
lating the overlap between the anion and neutral nuclear 
wave functions; as before, the symmetric stretch mode is 
assumed to be uncoupled to the e’ mode. The anion bend 
eigenfunctions of Eq. (1) are linear combinations of har- 
monic oscillator wave functions with frequency w2 and, for 
the purpose of intensity calculations only, the neutral e’ 
wave functions are taken to be harmonic with frequency 
oz. As long as the neutral e’ frequency of 337 cm-l differs 
only sightly from o2 [which it does (see below)] this ap- 
proximation will have a negligible effect on the calculated 
intensities. Transitions from levels as high as the ( 1,0,3/2) 
level ( -650 cm-‘) were considered in these simulations. 

The best simulation, shown in the third panel of Fig. 3, 
was obtained with k= 1.9. As expected, such a small k 

gives vibrational and pseudorotational energy levels devi- 
ating sightly from Eq. (2). For instance, the separation of 
the first two j = l/2 levels is - 1.1 w2 [as opposed to o2 per 
Eq. (2)] which should equal the 385 cm-* frequency de- 
termined from hot band 0’. From this, we find w2=350 
cm-‘, which, as would be expected, falls between the cal- 
culated al (297 cm-l) and b2 (370 cm-‘) frequencies for 
the distorted ‘A1 state.17 Moreover, the energies of the 
j = 5/2 and j= 3/2 levels with respect to the groundj= l/2 
level are not at a ratio of 3:1, as given by Eq. (2). 

The overall agreement with the experimental spectrum 
is reasonable, supporting the assignments discussed above. 
One nice feature is that the peak marked with the * in the 
rigid anion simulation is absent, in better agreement with 
the experiment; this peak would correspond to the 
‘(O,l,l) + (0,0,5/2) transition, which is forbidden by the 
I= j =I= l/2 selection rule. However, the linear Jahn-Teller 
simulation still has some shortcomings. The energy sepa- 
ratlbn between the two lowest levels of the anion-the 
(0,0,1/2) and (0,0,3/2) levels-is 0.311 w2 (110 cm-‘). 
Consequently, transitions originating from the (0,0,3/2) 
level, marked with circles in the simulation, are slightly to 
the red of the experimental sequence bands (peaks 2’-4’). 
This small overestimation of thej=3/2 level has also been 
seen in other calculations for several of the excited states of 
Na3 .” As with the rigid anion simulation, Avt=O se- 
quence bands from the 1,0,1/2 anion level fall approxi- 
mately 5%60 cm-’ to the red of the main progression 
members, so there are two peaks to the red of each of the 
main peaks l-3, as opposed to one in the experimental 
spectrum. Finally, the small peak a, found 280 cm-’ to the 
red of the origin, energetically appears to be the transition 
from the (0,0,5/2) level to the ground vibrational level of 
the neutral, but this transition is not allowed because of the 
(2, j ) selection rule: 

We can, however, attempt to better align the n’ se- 
quence bands both by increasing k slightly, which lowers 
the energy of the (0,0,3/2) level, and by including the 
quadratic coupling term 4 gp2ef2@ in Eq. ( 1). This results 
in a barrier to pseudorotation given by E1,,=gk2Wd(l 
4% ‘t which splits the deg enerate j = 3/2 levels substan- 
tially.” Additionally, this quadratic term couples the 
j = l/2 level with the j=5/2 level (through the p2 term), 
resulting in nonzero intensity for the (O,O,O) + (0,0,5/2) 
transition believed responsible for peak a. The effects of 
these two modifications are shown in the bottom panel of 
Fig. 3. For this simulation, k=2.0 and g=O.O05 in the 
quadratic coupling term. With these parameters, El,=7 
cm -l, the (0,0,3/2) level is split by 20 cm-r [the resulting 
levels are labeled (0,0,3/2*) in Table 11, and the stabili- 
zation energy is 725 cm-‘. We now observe only one re-m 
solved peak to the red of each of the peaks l-3, and the 
placement agrees with the experimental peaks 2’4’. The 
simulation shows several weak features which appear to 
correspond to peak a as well as some of the other peaks to 
the red of the origin. 

We also attempted to adjust the linear and quadratic 
parameters to give a greater barrier to pseudorotation, as it 
has been calculated to be 160 cm-‘. However, the spec- 
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trum could not be simulated assuming such a high barrier. 
For instance, with k= 1.8 and g determined using El,,, 
= 160 cm-‘, the simulated bend progression was far too 
extended. We also varied k and g to give a larger barrier 
and a shorter progression, but the sequence band structure 
obtained from these variations was in much worse agree- 
ment with the experimental sequence band structure. 

While none of the three simulations shown in Fig. 3 
exactly match the experimental spectrum (most notably, 
peak 1” is still unassigned), the quadratic Jahn-Teller 
treatment is superior to the other two. The “rigid anion” 
treatment did not correctly match the experimental se- 
quence band transitions, and the anion v2 and 9~~ frequen- 
cies determined from this analysis were the reverse of the 
calculated values. In the linear Jahn-Teller limit, several of 
the simulated sequence peaks were again mispositioned, 
but the overall profile of the spectrum was better matched. 
The quadratic Jahn-Teller coupling treatment yielded a 
closer overall match of the simulated and experimental 
peaks. Moleover, the quadratic model is consistent with 
the ab initio prediction of a small barrier to pseudorotation, 
although we find the barrier to be even lower than calcu- 
lated. The peak assignments based on the quadratic Jahn- 
Teller simulations are given in Table I. Several of the peaks 
consist of overlapping transitions, and in these cases, the 
transitions are listed in order of descending contribution. 
Note that the composition of peaks 2’-4’ is quite different 
from peaks 0’ and l’, even though they appear to be part 
of a single progression. Also note that there are no changes 
in the assignments of peaks n, b,, and 0’ from the rigid 
anion analysis of Sec. III A, although the notation is some- 
what different. 

C. Role of the ‘A, state 

Figure 1 shows that the extent of the ZEKE spectrum 
is considerably less than that of band X in the PES. More- 
over, the ZEKE intensity falls off dramatically just where 
band X degenerates into a mass of unresolved signal at 
lower electron kinetic energies. This congested signal in the 
PES is more likely due to transitions to the IA, state of the 
neutral. From the calculated anion and neutral geometries 
and the form of the normal coordinates, we determine the 
normal mode displacement to be 0.043 and 0.3 14 A amu*” 
for the y1 and v2 modes, respectively. Displacement of this 
magnitude would produce a much longer progression in 
the v2 mode (in addition to significant activation in the y1 
mode) than what is observed in the ZEKE spectrum of the 
X band. 

As a first order approach to determine the extent to 
which the *A 1 + e- c 2Al transition contributes to the PES 
X band, we can simulate this transition at an arbitrary 
origin and then convolute it with the PES experimental 
resolution. We can then add it to the simulation of the 
3Ai+e-+- 2A1 transition, also convoluted with the PES 
resolution, adjusting the origin and the electronic transi- 
tion moment of the ‘A1 simulation until the profile of the 
PES X band is matched. Figure 5 shows the result of the 
added simulations with the origin of the ‘A, + e- + 2z41 
transition placed 10 meV below the origin of the - 

Electron Kinetic Energy (eV) 

FIG. 5. Simulation of band X in the Sic photoelectron spectrum includ- 
ing contributions from (a) the ‘A$+e-+ ‘-4, transition, in which the 
experimental ZEKE spectrum is convoluted with the lower resolution of 
the photoelectron spectrometer, and (b) the ‘A,+e-c ‘A, transition, 
which was simulated using ab initio frequencies and geometries for the 
anion and neutral. Origins for the two bands are indicated with arrows; 
the origin for the singlet band is adjusted to best match the experiment. 

3A;+e-+ ‘A1 transition. However, we hesitate to make 
any final comment as to the actu~al ground state based on 
this somewhat crude analysis. 

It still remains that the transition to the ‘A, state is 
not apparent in the ZEKE spectrum. This state is formed 
by removing the lone al electron from the ion [refer to 
configuration (3 )], while the 3Ai state is formed by remov- 
ing a b2 electron. Following the Wigner threshold 
law2* and the selection rules developed by Reed et al. ,2g the 
total photodetachment cross sections near threshold for 
both of these states should be p:oportional to a0 (Eh,, 
- &reshold ) I”, which rises sharply just above photode- 
tachment threshold (s-wave detachment). However, it ap- 
pears to be the case that u. near threshold for the former 
transition is considerably smaller than for the latter. Inter- 
estingly, band B in the Sir photoelectron spectrum, which 
was assigned to the ‘A1 +e- c ‘A1 transition,17 also in- 
volves the removal of a lower-lying al electron. While band 
B is the most prominent feature in the PES, the cross 
section near threshold for this band was too small to obtain 
higher resolution ZEKE spectra. 

V. CONCLUSIONS 

The analysis of the extensive vibrational structure in 
the ZEKE spectrum of Sir shows that the spectrum is due 
to the 3Ai+e-+ 2A1 transition. Progressions in the bend- 
ing and symmetric stretch modes of the neutral are ob- 
served, yielding frequencies of 337 and 501 cm-‘, respec- 
tively. A comparison of these frequencies with ab initio 
values shows that agreement is best with several of the 
density functional calculations. The ZEKE spectrum 
shows several smaller features in addition to the main pro- 
gressions. These are best explained by treating the anion as 
a fluxional species with some pseudorotational excitation; 
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the smaller peaks are then assigned to sequence bands orig- 
inating from these excited levels of the anion. 

A comparison of the Sir PES and ZEKE spectrum 
suggests that band X in the PES consists of overlapping 
transitions to the neutral ‘Al and 3z4i states, but the 
transitions to the ‘A, state do not appear in the ZEKE 
spectrum. This is presumably due to a small photodetach- 
ment cross section for the transition to the singlet state 
pear the detachment threshold. Unfortunately, this means 
we cannot determine which state of Si3 is the true ground 
state, although simulations of band X using ab initio geom- 
etries suggest that it is the singlet state. 

Note added in prooj Honea et aL3’ have recently pub- 
lished Raman spectra of Si, Sis, and Si,. Hence, our state- 
ment in the opening paragraph needs amendment. 
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