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The low-lying states of Geand Gg are probed using negative ion zero electron kinetic energy
(ZEKE) spectroscopy. The ZEKE spectrum of Iogields an electron affinity of 2.0350.001 eV

for Ge,, as well as term energies and vibrational frequencies for the low-lying states,oak
Ge,. Specifically, we observe transitions originating from the arfidp(3/2) ground state anazg
excited statg(T,=279+10 cm %) to several triplet and singlet states of G&erm values and
vibrational frequencies are determined for theﬁié ground state, the low-lyindfI, excited state
(Te=337 cm ! for the 2, spin—orbit componetand the somewnhat higher Iyiﬁgg , 325, and™1l,,
states. We also determine the zero-field splitting forXIﬁlg* and 1, components of thézg state
and the splitings between the 21,, and ¢ spin—orbit components of th8l, state. Detailed
comparisons are made with,%ind Sj . © 1995 American Institute of Physics.

I. INTRODUCTION as with Si. On the other hand, relativistic effects are ex-
ected to be more important in Géhan S, and Gg is

The ongoing effort to characterize the geometries an(g . . )
going g etter described in Hund’s cags), where() is a good quan-

electronic structures of small elemental semiconductor clus: . .
m number butA and 3 are not'*!* Thus the spin—orbit

ters has been fueled by theoretical studies for at least 1 . —
y Qmponents of théll , state are better described gs,00; ,

years. However, experiments on these elusive species ha , ) e
proven extremely difficult, primarily due to the lack of mass\zu’ af.‘d %_SFateS(ZU bf'ng the lowest-lying and the 2.9.
state is split into theXO4 and 1, states. The energy splitting

specificity of most cluster sources. Thus, for example, whileb h iou€) ; hould b b
Si, has been studied in a seriesaif initio calculations dat- etween the various) components of Geshould be sub-

ing back to 1980, the experimental characterization of its Stantially larger than in $j for which the splitting between
the 31, and°IL, states(2A) is 145 cm %, and the splitting

low-lying electronic states has been accomplished only reb heco and f this.- X
cently using negative ion photodetachment technidues. etvvee_rl1 }5(:)(09 and 1, components of the,, state(2\) is

While matrix isolation spectroscopy has been used with i L
some success to obtain vibrationally resolved spectra of sili- P1or to the photodetachment studies in our laboratory,
con, germanium, or mixed semiconductor clustgramarily th? only_ definitive _spectrosco_plc results onGeere ob-
dimerg,®* most spectroscopic information at the vibra- tained in a matrix absorption 3study b),/ Weltner and
tionally resolved level on larger clusters has come from in_co;w?rkerff They observed " the'll,[1,(v'=0,1,2,3)]
trinsically mass-selective techniques such as negative iofi ~¢ (XOg) transition, finding a term energy of 694 ¢

71 . .
photodetachmef or matrix deposition of mass-selected (711 €M betweerllgr_ounc_j vibrational levels of the two
clusters’ stateg and a 308 cm™ vibrational frequency for the lcom-

As an extension of our previous work on,Sithis paper ~ Ponent of the’ll, excited state. This electronic transition is
presents the zero electron kinetic energy, or ZEKE spectrurtidicated by the solid arrow in Fig. 1. A vibrational fre-
of Ge, . A comparison of this spectrum with the lower reso- qUency assigned to th&%; (X0y) state in a matrix was
lution photoelectron spectrurtPES of Ge, recently ob- observed in Raman/fluorescence studfe3o our knowl-
tained in our laboratofyand the matrix spectroscopy work edge, no spectroscopic information on the low-lying singlet
on Ge by Li, Van Zee, and Weltnérenables us to map out States has until now been obtained. No experimentaibor
the five lowest-lying states of Geand the two low-lying initio results are presently available for Gebut if it is elec-
states of Gg; these are shown schematically in Fig. 1. Thelronically similar to_Sj, it should have two close-lying

um di i allelly (2021 a) and 225 (- 201 d) states. For Si, the
germanium dimer has been predicted to be electronically_'u g+ Tu g g+ Tu ' '

very similar to silicon dimer, with & (---20%177) ground 34 state was the ground state, and flig, state was ap-

state and a very low-lyingll, (---20glmy) first excited proximately 25-80 cm - higher in energﬁ- . _
state having a calculated term enef@y) ranging from 50 to . Given th large numbe.r of electronlg states |nvolv_ed in
800 cni 912 There are also four singlet states resultingth's study, it is useful to review the selection rules applicable

from these same orbital occupancies along with (thel ) to photodetachment experiments, since these differ markedly

occupancy predicted to lie within 1.5 eV of the ground state T0m optical spectroscopy. All of the low-lying triplet and
singlet valence states of Gean be generated by removing

an electron from a valence orbital of one of the anion states;
dCurrent address: Department of Chemistry, University of California, LostheSe one-electron photodetachment transitions are indicated
Angeles, CA 90024. K i .. .
b‘ngERc Postdoctoral Fellow. by the arrows in Fig. 1. All of these transitions are allowed in
9Camille and Henry Dreyfus, Teacher—Scholar. the photoelectron spectrum of &eHowever, two-electron
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from the ZEKE spectrum. The relative energies and vibra-
tional frequencies of théHu (3/2) and thezig anion states
are also determined.

II. EXPERIMENT

The apparatus used to obtain the ZEKE spectrum gf Ge
has been described in detail elsewhefgbut the basic op-
eration is as follows. A beam of cold germanium clusters is
generated in a molecular beam source similar to that devel-
oped by Smalleg® The surface of a rotating and translating
germanium rod is ablated using 6 mJ/pulse of the second
harmonic output of a Nd:YAG laser operated at a 20 Hz
repetition rate. The resulting plasma is then entrained in a
pulse of 90% Ne/10% He carrier gas from a piezoelectric
valve?! typically with a backing pressure of 60 to 70 psi. In
order to generate sufficient quantities of;Gehe source was
run under conditions that generally produce vibrationally hot
ions (e.g., lower beam pulse duration, earlier rod ablation
relative to carrier gas entrainmentvhich results in a mass
distribution skewed to lighter masses. The negatively
charged species in the subsequent expansion that pass
FIG. 1. One-electron photodetachment transitions between the tya@e  through a 2 mmskimmer are collinearly accelerated to 1
six Ge, electronic states discussed in the tesawave transitions are indi- keV, and mass selected using time of flight.
cated by solid lines, ang wave by dashed lines. The leftmost transition The mass-separated anions then enter a detector region
indicated by(*) is that observed by WeltndRef. 3 in matrix absorption . . .
studies. where they are selectively photodetached using an excimer-

pumped tunable dye laser. As the dye laser is scanned

through the detachment continuum of the ion of interest,

only those photoelectrons ejected with nearly zero kinetic
transitions, such as the transition from ﬁiﬂg(aéwﬁ) anion  energy (ZEKE’s) in the frame of the molecular beam are
state to either component of tAB; (o577) neutral are gen-  collected as a function of detachment energy. The resulting
erally too weak to be observed. spectrum is therefore peaked at the thresholds of transitions

The selection rules in ZEKE spectroscopy are more refrom anion to neutral levels. This selective detection of
strictive due to the Wigner threshold ldWNear the detach- threshold electrons, based on techniques developed by
ment threshold, the photodetachment cross section goes asiiller-Dethlefs et al?® for the photoionization of neutrals,

yields an energy resolution of 3 ¢rh

0% 0o(Eny— Egrechod " Y2 (1) _ The electron signal for the ZEKE spectrum of;Gwas

signal averaged for 1500 shots/point, and normalized to the
o ion current and detachment laser power. The dyes used were
where (Ep,, — Eqnreshod @and| are the kinetic energy and an- gppogamine 610, Rhodamine 590, Coumarin 540A, Cou-

gular momentum of the ejected electron, respectively. Fromy,5rin 503. Coumarin 480. and Coumarin 450.
Eqg. (1), it can be seen that the cross section rises sharply

above thresholdnly for | =0, ors-wave electrons. As ZEKE

. . Ill, RESULTS
spectroscopy relies on detecting electrons near a detachment
threshold, it is sensitive only t®wave transitions. Given the The previously reported photoelectron spectra of, Ge
symmetry of the orbitals in a homonuclear diatomic, one carobtained at 2.98 eV photon ener@y16 nnm are shown in
show that only transitions involving the detachment fretn ~ Fig. 28 The energy resolution is about 10 meg80 cmi ).
or o, orbitals yields-wave photoelectron. On the other Data were taken at polarization anglés90° and #=90°,
hand, photodetachment fromr, or oy orbitals result in  where ¢ is the angle between the electric field polarization
p-wave (I =1) photoelectrons near threshold. In Fig. 1, thosevector of the photodetachment laser and the direction in
>0 transitions that cannot be observed using ZEKE are inwhich electrons are detected. The ;GEEKE spectrum
dicated as dotted lines. While at times inconvenient, thesolid line) is superimposed onto th&=90° PES. The pho-
ZEKE selection rules effectively reveal the orbital from toelectron spectra are plotted in terms of electron binding
which an electron is ejected in a particular transition, whichenergy(in cm™?) to facilitate comparison to the ZEKE spec-
greatly facilitates spectral assignment. tra.

From the Ge¢ PES and ZEKE spectra presented here,  The photoelectron and ZEKE spectra consist of two dis-
the splittings(or term energigsbetween the) components tinct bands. Based on Fig. 1 and our previous analysis of
are resolved for both th&g and Il states, and the term Si, ,% the band at lower binding energy is assigned to transi-
energies for thelAg, (1)129+ and 'TI, states are extracted. tions to the lowest-lying triplet states of the neutral, and the
Vibrational frequencies for all of these states are determineband at higher binding energy to transitions to the higher-
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FIG. 3. Top: Triplet band of ZEKE spectrum of geBottom: Simulations
of the two electronic transitions responsible for structure. Solid line indi-
cates the32+ (14 0*)b2H (3/2) transitions, dashed line indicates the
FIG. 2. Photoelectron spectra of Sebtained using a 2.98 eV photon S°[1, (07,1, 2u)H 4 transitions.

energy at two different laser polarizatiof@otted lineg and the ZEKE spec-

trum of Ge (solid line).

inthe Ay , andA, , progression, so this appears to be a hot

lying singlet neutral states. Within each band, the relativéband transition from vibrationally excited e
intensities of the peaks in the photoelectron spectra show a In addition to these features, there are lower intensity
strong dependence a@h For instance, peaks,,,, C,,, andF peaks spaced irregularly among the 286 ¢mprogression.
are particularly intense in thé=0° spectrum. Since photo- The most distinct of these i8, , found 58+7 cm ! to
electrons ejected from different orbitals will generally havehigher photon energy &, o. Peakb2 o also appears to be a
different angular distribution: this type of intensity depen- hot band located 32610 cm * to lower photon energy of
dence is a signature of multiple aniemeutral electronic peakB, ,. There are also shoulders on both sides of peak
transitions contributing to both the triplet and singlet bandsA, ; found 30810 and 37410 cm ! (B, , and B, ,, re-
This is entirely consistent with the qualitative energy levelspectively to higher photon energy of peaR, ,. Peaks
pattern in Fig. 1. Bo- o andBy+ o, while appearing to be a part of tb@q, and

Compared to the photoelectron spectra, the peaks in th&, , progressmn are actually spaced by 34® cm ! rather
ZEKE spectrum are considerably narrower, and there ishan 286 cm? from peaksA, , andA; , (peakA, 3, found
clearly more structure in the triplet band where several peak80 cmi* to lower photon energy of pealkm o, IS the next
in the photoelectron spectrum appear as doublets in thmember of thed, , progression Peak positions and relative
ZEKE spectrum. The peak positions and intensities of theenergies are summarized in Table I. The peak positions gen-
ZEKE spectrum agree considerably better with the PES atrally have an uncertainty of 5 cm %, and so the relative
6=90° than at¥=0°. The upper, solid trace in Fig. 3 shows energies are good ta7 cm !
the triplet band of the ZEKE spectrum on an expanded scale. The ZEKE spectrum of the singlet band of Gis shown
The peak labeling convention is based on the assignmentsm an expanded scale as the solid trace in Fig. 4. There
that will be discussed in detail later. Briefly, different letters appear to be three electronic transitions contributing to the
correspond to different electronic bands, and where there agructure in this region. The lowest energy transition consists
two subscripts, the first denotes the valugpbf the neutral  of a progression labeled, (v=0, ..., 4. This progression is
state, and the second is the vibrational quanta in the neutréddng enough to extract an anharmonicity; we find
state(in the singlet band, only the neutral vibrational quantaw,=276+3 cm * andwexe 1.2+0.6 cm L. The origin,Dy,
is denoted in the peak label subscrjpfEhe triplet band is is found 3314 cm?® above peakh, o in the singlet band
dominated by a progression of doublets labelgd andA, Peakd, appears to be a hot band, and is found 80%&m *
(v=0,1,2,3) which have an average splitting of 1*8 to lower photon energy ob,. E, indicates the origin of a
cm L. The centers of the doublets are spaced by+2B6 second electronic transition found 4664 chio higher pho-
cm L this is presumably a vibrational progression. Theton energy of peald, o. PeakGy, is spaced approximately
peaks in the lower-intensity doubla} o anda, , are found 280 cnm’ ! to higher photon energy of pedlk,, which could
309+5 cm ! to lower photon energy of pealéa) oandA; o, reasonably be a vibrational spacing. However, pé&sgk
respectively. The peak spacing in this doublet is the same ashich is found 607 cm ! from Ey, is much less intense
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TABLE |. Peak positions, relative energies, and assignments in both the PES and ZEKE spectra. The asterisk
(*) indicates that the peak was observed only in the PES. In the case where peaks are observed in both spectra,
the detachment energy obtained from the ZEKE spectrum is used. It should be noteg, that B}, and q;

refer to theQ) components of théll, neutral state, andaOand 1, are the components of tHEg neutral state.

Binding energy Relative energy Assignment
Peak (cm™) (cm™) neutrat-e— (eKE~0)«—anion
.0 16 409 —-318 O (v =0)—2I, 45(v"=1)
b o 16 451 —268 2(v'=0)—23(v"=1)
a0 16 534 —-193 1,(v' =0)2T1, 3/(v"=1)
Ao 16 727 0 Q (v’ =0)— 211, 3,5(v"=0)
B, o 16 785 58 ' =0)235(v"=0)
Ao 16 840 113 L' =0)"2I1, 3,(v"=0)
*Coy ~280 2,(v" =0)«2I1, 35(v"=0)
Ag1 17 009 282 J(v'=1)"2I1, 32(v"=0)
By 17 103 376 v’ =1)<23; (v"=0)
Apq 17 129 402 (v’ =1)2I1, 35(v"=0)
B0 17 159 432 W' =0)—25;(v"=0)
A, 17 300 573 g(v':1)<—2 1, 4/5(v"=0)
*Cuy ~670 L(v'=0)"Tl, 35" =0)
A, 17 417 690 o' =2)Al, 35" =0)
By 17 467 740 1 (v'=1)-23}(v"=0)
Ags 17 580 853 g (v’ =3)—"Il, 32(v"=0)
Bo+ .o 17 641 914 Q(v'=0)—2%; (v"=0)
Bo 0 17 753 1026 0(v'=0)—234 (v"=0)
*Cou ~1200 Q (v’ =0)—>IIy 3/5(v"=0)
Bo: 1 17 966 1239 v’ =1)—23; (v"=0)
Bo_1 18 067 1340 0(v'=1)—%3,("=0)
do 19734 3007 Ay (0" =0)2I1, 35(v"=1)
Dy 20040 3313 'Ag (v =0)2I1,, 3/5(v"=0)
D, 20312 3585 IAg (0" =0)2I1, 35(v"=0)
D, 20586 3859 'Ag (v =2)<2I1,, 3/5(v"=0)
D, 20846 4119 Ay (0" =3)2I1, 35(v"=0)
€ 21062 4335 I, (v'=0)—23; (v"=1)
D, 21119 4392 Ay (v =4)<"I1, 35(v"=0)
Eo 21390 4664 M, (v'=0)—23F(v"=0)
o 21552 4825 (DS (v =1)"T1, 32(v"=1)
*F ~4940 M, (v =0)—"2I1, 3/5(v"=0)
Go 21 668/21 690 4941/4963 gl)lEa’(v’=0)2§2+Hu_3,2 (v"=0);

(v’ =1)—"%4 (v"=0)

g, 21784 5057 (D)Zg (v =2)«"I1, 32(v"=1)
G, 21872 5145 (D'Sg (v =1)<T1, 35(v"=0)
E, 21997 5271 I, (v =2)<23] (v"=0)

than would be expected E,, G, andE, formed a progres- ZEKE spectrum. Specifically, the three pedks do not ap-
sion. On the other hand, pedk, is broad, and it is more pear in the triplet band. Based on the discussion in Sec. |, we
likely that two transitions are contributing B,: the 1-0  expect that these apwave transitions that will not contrib-
(i.e.,v'=1< v"=0) member of theE, progression, and the ute to the ZEKE spectrum. Pe&kin the singlet band of the
origin of another electronic band for whidB, is the 1-0 PES has the same intensity dependence a€ thpeaks and
transition. This gives a vibrational frequency of 38cm *  should therefore also involve-wave detachment. There is,
for the neutral state corresponding to the pe&ks and however, a feature in the ZEKE spectru@y, that lies close
204+7 cm ! for the state corresponding to pedBs. Peak to the energy of peak. Upon close inspection of peak of the
e, another hot band, lies 329 cm ! from E,. Peaksg; lower panel of Fig. 2, peals, does appear to lie to some-
andg, are spaced approximately 100 chto lower photon  what higher energy than pedk. It therefore seems likely
energy ofG, andG,, respectively. As the anion frequencies that peakF in the photoelectron spectrum is composed of
so far have been either approximately 309 or 326 tm two transitions, one of which proceeds \avave photode-
peaksg, andg, are spaced appropriately to be the 1-1 andachment, yielding peal, in the ZEKE spectrum, and the
2-1 sequence and hot band transitions, respectively, betweether viap-wave detachment, which does not appear in the
an anion state and the neutral state responsibleGgr ZEKE spectrum.
Again, Table | summarizes peak positions and relative ener-
gies. IV. ANALYSIS AND DISCUSSION

Several of the most intense peaks in the PE®-a0° The assignment and subsequent analysis of the spectra
that are missing in thé=90° spectrum are also absent in the requires consideration of both the ZEKE spectra and the
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PES. The approach taken below is to first analyze the triplefig. 3. Harmonic oscillator wave functions with 309 and 286
band of the PES and ZEKE spectrum considering also them™* frequencies were used for the anion and neutral, re-
spectroscopic information from Weltner’'s matrix studies onspectively. A bond distance difference of 0.052.003 A
Ge,. From this, spectroscopic constants of the anion statewas required to reproduce the extension of the progression,
will be extracted. With more information about the anion and while the direction of the bond length change cannot be
states, the analysis of the singlet band then proceeds in getermined from the simulatiofusing harmonic oscillatoys
straightforward manner. the anion bond length should be shorter than the neutral, as
A. Triplet band _the tr_ansi_tion involves removing a bonding ele_ctron. An an-
ion vibrational temperature of 350 K was required to match
Figure 1 illustrates the three one-electron transitions bethe hot band intensity; this temperature is fairly typical for
tween the doublet anion states and triplet neutral states, tw§ur cluster source given this vibrational frequency.
of which should be observed in the ZEKE spectr(fiyg. 3): Given the® g (om rlg)<_2Hu (3/2) assignment and the
the °Sg (14,X04)—>I1(3/2) transition and thell, (0°,  term energy of théll, (1,) state from Weltner's matrix stud-
07,1,,2,)—34 transitions. We can immediately assign jes, we would expect thalT,(1,)« 2T, (3/2) transition to
peaksAg , to the former. As pointed out by Weltngthe jie approximately 700 cm' above the329* (XOg*)<—2Hu
zero field splitting(ZFS) between theX04 and 3, compo-  (3/2) transition. This will be observed only in the PES as it
nents of the neutralS; state of Ge is expected to be ap- involves the removal of a4 electron and should proceed by
proximately 100 cm* based on the square of the spin—orbit p_wave detachment near threshold. In the upper panel of Fig.
splittings in the Ge and Si atom(§G;/S05=6.3) and the 2 peakc,, lies 670-50 cni ! to higher energy than peak
ZFS in S (2.6 cm 1).*° It is therefore reasonable to associ- we therefore assign peak,, in the PES to the’ll,
ate theA_O,u_Al,v doublet structure, for which the average (1,) <211, (3/2) transition. It then follows that pea€,,,
spacing is 117 cm', with the ZFS between th)zéog and J, found 360 cni* to lower energy, is thall, (2,)— 211, (3/2)
components of the neutré}lg state. This splitting has con- i ansition. We tentatively assign pedky,, 890 cni® to
tributions from both the first order spin—spin interaction andhigher energyC,,, to the 3, (0;)«2II, (3/2) and3Il,
tlhe+ secon?4 order spin—orbit interactionith the low-lying  (o+)._2[1 (3/2) transitions; this is discussed further be-
2, stats, bﬂtl as the for_nler is generally on the order of |5\ The peak betwee@,, and Cy, in the #=¢° spectrum
less thaq 1 e, 117 cm = can pe taken Sas the second- may be thell, (1,) (v’ =1)«2I1, (3/2) transition.
ord_elr spin—orbit constanconventionally, X 9. The 286 We next consider the remaining structure in the triplet
cm - vibrational frequency characteristic of th&, , Pro-  region of the ZEKE spectrum that has not been accounted for
gression is slightly higher than the 27#~10; error bars by the 325 (X0 ,1,)«2I1, (3/2) transition. PeaksS,, ,

were not included in the spectral analysisn = ground state st result from th 11, (0; ,0; ,1 2u)<—22$ transitions,

frequency determined from Raman matrix studfegrom e only others that can proceed davave detachment in
the position of the hot banc{pr?g?ksao:o anda, o) we deter-  his energy region. By comparing the dotted trace of the
mine that the frequency of thidl, anion is 309 cm". simulation with the ZEKE spectrum, the lower-intensity

From the Sj-ZE_r:fE s'pectru'n?, we were alsgz able to de- noaks and shoulders labelBg , stand out more clearly as a
termine the 122 cnv spin—orbit splitting in thell, anion,  gecong set of electronic transitions. The most distinct of

because_ the population of tfe= 1% I(_eveI2 in the ion bea_1m these peaks iB, o. The shouldeB, , is found 374 cmtto
was sufficient for us o E)bszerve thely 711, (1/2) transi-  ioher photon energy, which is close to thd, (2,— 1,)
tion in addition to the, I, (3/2) transition. However, splitting observed in the PE&e., the spacing between peaks

. — . . g . . .
since the Gg spin—orbit splitting is expected to be roughly C,y and Cy,). Moreover,B, ; andB; ; are found approxi-
mately 308 cm* to higher photon energy @, o andB;

700 to 800 cm?, the population of spin—orbit excited anions
respectively, which is the vibrational frequency of tfid,

in the beam is likely to be very small, and we only observe
transitions from thd}=3/2 component. (1,) state determined by Weltner. We therefore assign peak
B,.o to the ®I, (2,)—23 transition, andB, , to the°Il,

We can simulate the vibrational structure in tFﬁg’
+ 2 . . .

(0g . 15)«"11, (3/2) transitions within the Franck—Condon (1u)<—225 transition. Peak8, ; andB, ; are transitions to

thev'=1 levels of the’Il, (2,) and®Il, (1,) states, respec-

approximation. In the simulation, we assume that the inten
sity of individual vibronic transitions within an electronic tively
The relative energies of th&! and 21, (3/2) anion

band are proportional to their Franck—Condon factors
(FCFs), states can now be determined. Tg‘léu (1u)<—22J transi-

Intensity=|(v ' |v")|2. ) giOEl (peakB, o) is 432+10 c.rr.f1 higher in energy than the
2 (XOJ)&ZHu (3/2) transition (peak Aq o). From Welt-

The vibrational wave functions of the neutral and anior)y  ner’s work, theIT,, (1,) v=0 level is known to lie 713
and|v"), respectively, are taken to be harmofic Morse  cm™ ! above thegﬁg (XOJ) v=0 level? This means that for
oscillators with the frequencies determined from the spectrahe anion, the’Il,, (3/2) level is 279-11 cm * below the
The relative bond distances of the anion and neutral are the%ig level. (By using Weltner’s value, the energy splitting we
varied until the extension of the simulated progressiordetermine for the anion states is more accurate than what we
matches the observed progression. would have determined from comparing the position of peak

The simulation of the329’ (0 ,1g)<—2Hu (3/2) transi-  C,, in the PES and peaR, , in the ZEKE spectrum, which
tions is shown as the lighter dashed trace on the lower part afould have yielded 24680 cm 1) The relative weakness of
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the B transitions likely results from their originating from an anion and neutral. The relative bond distances between the
excited anion level. Given the expected spin—orbit splittinganion and neutral states are startlingly similar to those found
in the ?I1 state of Gg, the ’[1, (1/2) excited level may be for Si, and S} . The anion states were found to be different
roughly 400 to 500 cm abovethe 22* state. The vibra- by 0.09 A with the®II, state being longer, and the neutral
tional frequency of théZ+ state is glven from the position states were known to be different by 0.09 A with t?ﬁeg‘
of the b, o hot band, whrch is found 326 cm to lower state being longer. Moreover, spectral simulations of the
photon energy of peaB, . This is slightly higher than 309 ZEKE spectrum of Si gave bond length differences on the
cm™ ! frequency determined for tH&l, (3/2) state. order of 0.04 A in both ZEKE transitions. This interesting
So far, the peaks labeldg}), , and Bo- o have not been similarity between the response of the bond lengths of Ge
addressed. These are approximately half the intensity of pead S to the shifting of valence electrons within the triplet
B, o, and they are spaced 856 and 968 ¢nrespectively, to  manifold further reflects the electronic similarity between
higher photon energy, although the location of pBgk ,is  these two species.
difficult to determine accurately. As there are no other elec- Table | summarizes the peak assignments discussed in
tronic transitions that should be observed in this region of théhis section, and Table Il summarizes the spectroscopic con-
ZEKE spectrum, we tentatively assign them to tfig,, stants extracted from the spectrum and used in the spectral
(05)«°% and °M(0,)« >34 transitions, respectively. simulations, including the term energies of thdl,
This assignment is consistent with the observation that thé0, .0y ,1,,2,) states used in the spectral simulation.
average spacing of these two peaks from p8ak, 912
cm L, is very close to the 890 cht spacing between peaks B. Singlet band

Cau and peak<Ly, in the PES. The major cause of the split- Electronic structure calculationgredict that the'A,

ting of the I, level is from second-order spin—orbit cou- (1)12+ and[I, neutral states lie roughly 0.5-0.7 eV above
pling of either the+ or — parity component to a nearl®,  the ground state and transitions to these states should result
state?® The electronic spectroscopy of,$eveals arelatively i the structure observed to higher energy in both the PES
low-lying (~3 eV) %% state?’ and if an analogous state is and ZEKE spectrum. In Table 11, thab initio term energies
responsible for the perturbation in Gét will repel the Qi  of these three states are listed. Figure 1 shows the four one-

level which will then lie slightly below the D level. ,..  electron transitions between the two anion states and these
Assuming these peaks do representlg (0;)«— 32 three neutral states. An additior(@'S,; state is predicted to
transitions, the sp|n —orbit coupling constahn for the*II,  Jie approximately 1.3 eV above the ground state; the

state is 484 cm' (i.e., one-half the 2— 0y splitting) Wthh (2) '35 234 (p wave transition is not observed in the
is considerably higher than the, 2 1, splitting, 374 cm™.  PES obtained using 2.98 eV photon energy, but in the PES
The asymmetric arrangement of tfH,, (0;) and’I1, (2,)  obtained using 4.66 eV photon energy, it was found to lie
states about thd1, (1,) state was also observed to a lesser(with lower accuracy9300+100 cm ! (1.15 eV} above the
extent for the &31'[ state in Weltner’s studies, and is due to 33 ~ <—2H (3/2) transition. Addlng the term energy of the
the mixing of theQ=1 level with the higher- IylndH state. 22 anion state yieldg,=9580 cm 1 for the (2)12+ state.
This mixing will be further addressed in the next Secuor1There are three transitions expected to be observed in the
where the term energy of tH(ﬂ state is discussed. ZEKE spectrumlA <—2H (3/2), (1)12+ 21] (3/2), and
Simulations of the®l, (0u 04,1,,2)) 34 transi- 1257
tions are shown in the Iower half of Fig (&eavier dashed Srnce thelA state is predicted to be the lowest-lying of
line). The neutral frequency assumed for all four componentshe singlet states peals,(v=0,...,4) areassigned to the
was 308 cm?, and the anion frequency was assumed to béA o(v'=0,. 4)H2H (32 transition The 2763 cm !
326 cm! The transitions to théll, (0;) states were as- (weXe 1.2+ 0 6 cm 1) progression is the most extended of
sumed to be half the intensity of the transitions to the,  all the progressions. This is consistent with calculated geom-
(1) and®Ml, (2,) states, which were in turn scaled to haveetries, which predict théA, state to have the longest bond
0.25 the intensity of théE (X0q4 o)« 2I1, (3/2) transition in  distance of all the low- Iylng states. The position of the hot
order to best match the spectrum Abond length difference aband, d,, gives an anion frequency of approximately 308
0.04 A between the anion and neutral was assumed to matam %, which further supports that this is a transition from the
the extent of the vibrational progression, and again, the aniofil, (3/2) anion state. The energy spacing between gk
should have the shorter bond distance. This bond Iengthnd Ao o d|rectly gives the term energy of th]e& state:
changes should be regarded as quite approximate given t3814+7 cm !
most of these transitions are only partially resolved. As with the triplet band, the Franck—Condon simulation
Geometry calculations on the lowest-lying neutral stategjives an approximate bond length difference between the
predict the bond length of thd1,, excited state to be 0.1 A anion and neutral. The total simulation of the singlet band is
shorter than the32 state; calculatlons yield values from shown as the dashed line in Fig. 4. In the case of the transi-
2.42 to 2.46 A for th@E state and 2.33 to 2.39 A for the tion to thelA state, the bond length difference is determined
311, state®~'? Taking into account the bond length differ- to be O. 095:0.005 A. This further suggests that the bond
ences determined from the spectra, this suggests that the adistance in the1A state is 0.036 A longer than that in the
ion 2I1, state is approximately 0.8 Aonger than theZE+ 32 (XO ) state. Thrs is in qualitative agreement with the
state. Thus shifting an electron from thg to the orbrtal drfference in the calculated bond distances between these
results in shortening the bond by nearly 0.1 A in both thetwo states, 0.06 A.
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, . . . . intuitive given the lower frequency in the excited singlet
- D, ] state, geometry calculations do predict these two states to
- E . have nearly identical bond lengths, presumably because the
(1)'sy state is a mixture of both therf and 2r31 73 con-
figurations, and population in ther] orbital results in a
shorter bond distance!?

The remaining vibrational progression in the ZEKE
spectrum, E,, can be assigned by elimination to the
1,23 transition. The position of the hot bane}, gives

an anion frequency of 3295 cm %, which is in agreement
pois 20 21500 i 8 with th(_a 326t5 cm ! Qetermlned for thezE;_r anion state
Binding Energy (cm) determined from the triplet band. For the simulation in Fig.
4, the neutral frequency was chosen as884&m ! with a
F_IG. 4.‘ Singlet baqd of ZEKE spectrum of Gésolid line) and spectral  phond length change between the anion and neutral of 0.050
simulations(dotted line, see the text +0.005 A.

In order to determine the term energy of tHé, state,

we must add the term energy of tﬁEJ anion state to the

Again referring to the calculated frequencies of the sin-energy separation between pegkandA, o, which gives a
1N+ H 0,0
glet states(Table ), the (1) Eg state has a substantially yalue of 4943 crm?, virtually identical to the term energy of

lower frequency than the other singlet states. We therefor L .
d Y g the (1) 325 state! Within the error bars of the experiment, we

assign theG,— G, progression to the1)S! 21, (3/2
9 o ~>1 Prog a1)2q Ml (3/12) spfannot assert which of the)'=; and ', states is higher

transition, as it exhibits the smallest vibrational spacing, i X . N
cm L. From the average spacing of the sequence bands, lying, and calculations do not give a strong indication; the

and g,, the anion frequency in this transition is approxi- (1'%g and thelll'[u states are predicted to clos$ lying, with
mately 305 cm’, which is close to the previously deter- Balasubramanidnand Pacchiorlf predicting the'l, state
mined 2I1,, (3/2) frequency, further supporting the assign- {0 be higher-lying than the1)'Sy state, and Kingcade
ment. As above, the term energy of 'S state can be €t al? predicting the'll,, state to be lower. This remarkable
extracted from the energy spacing between pe@ksand near degeneracy of electronic states is further supported by
Ag o 4941 cm L. For the simulation in Fig. 4, a bond length the solep-wave transition observed in the singlet band of the
difference of 0.04%0.005 A was found to satisfactorily fit PES (Fig. 2). PeakF in the PES, which can only be the
the progression. This is only 0.014 A less than that used idll,«2I1, (3/2) transition, energetically coincides with peak
the 329’ (xog)<_2nu (3/2) fit, suggesting that the bond dis- Gq in the ZEKE spectrum, which, in addition to irrefutably
tances of the grounazgj (xog* ) and excited(l)lzg states  being ans-wave transition, has been definitively assigned to
have nearly identical bond distances. While this is counterthe (1)1EJHZHU (3/2) transition. Since the coincident tran-

TABLE II. Spectroscopic constants of the low-lying electronic states of d&bel Gg .

Orbital Te we e ab initio
State occupanc§ (cm™Y) (cm™ A) T w?
@'z 17 (51%) 9578 10 840/258

2a§1wﬁ (17%)
1mglmd (14%)

I, 20,173 (80%) 4943 303+ 5 y+ 5794/269
0.05
D3y 20513 (63%) 4941 204+ 7 x+ 5521/192
17 (17%) 0.045
1A, 202172 (83%) 3308 276+ 3 X+ 3982/255
0.095
Ge, °, 0y 2041y (80%) 1305 308 y* 767/251
oy 1193 0.04
1, 71188
2, 337
=y 1. 20517 (85%) 114 286+ 5 X+ 0/259
0a 0.059
2y 20417 279+ 10 326+ 10 y
Ge,
211, 3/ 20317} 0 309+ 5 X

®Reference 9.
bvalue obtained from 4.66 eV PES of Gevith =100 cni® uncertainty.
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sitions originate from the same anion state, the neutral statesd 1, components in 308 cnt, in agreement with Welt-
must coincide energetically. ner’s value for the 1component. It was also determined that
Given the term energies of tHEl, and(1)'S  states, we the *S; (w=326=10 cm ') anion state lie 27910 cm*
can calculate the strengths of the various perturbations in thebove thezl'[u (3/2) (we=309+5 cm Y level.
triplet manifold and compare them with experiment. For ex-  From the singlet band, term energies for thﬁg,
ample, the zero field splitting,A\3,, between thexog and (1) 3}, and I, states were determined. ThéAg
1, levels of theSEg state is caused primarily by second order (w,=276=3 cm 1), as predicted, was found to be the lowest
spin—orbit coupling between the parébf; and's; states® lying with T,=3308£7 cm ™. The (1)'Sy (we=204=7
(S He 'S 12 cm Y ar?dlﬂu (we=304+10 cmfl)istates are nearly degen-
2) S0 ~00" SO =g/l (3)  erate, withT,'s around 49427 cm™*.
E(2))—ECS,)
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