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Anion photoelectron spectra of Gen=2-15, have been measured using an incident photon
energy of 4.66 eV. In addition, the spectra of,G&e; , and Gg have been measured at photon
energies of 3.49 and 2.98 eV. From these spectra the electron affinity of the corresponding neutral
cluster has been determined. Vibrational frequencies and term values for several electronic states of
Ge, and Gg have been determined. Vibrational structure inBg, excited state of Gghas been
resolved using zero electron kinetic enef@EKE) photoelectron spectroscopy. The assignment of

the spectra of Ggand Ggq is facilitated by a comparison to the similar spectra of 8nd S} ,
respectively. The spectra of the larger clusters, GQe=5-15, are characterized by many broad
structureless features which indicate the presence of multiple electronic transitions. Several of these
were assigned based on comparison with prevauitio calculations on germanium and silicon
clusters. ©1996 American Institute of Physid$$0021-9606)01108-1]

I. INTRODUCTION good understanding of the spectroscopy of these small sili-
con systems. Owing to the similarity between the anion pho-
The study of semiconductor clusters by photoabsorptionoelectron spectra of small silicon and germanium clusters,
and photoionization methods provides a means of determinas was demonstrated by Cheshnovskal.!! these results
ing how the electronic structure of an element changes as orfer silicon clusters should be useful for the assignment of the
proceeds from a single atom to a bulk solid. Anion photodephotoelectron spectra of small germanium clusters obtained
tachment spectroscopy is particularly well suited for suchunder similar experimental conditions.
studies as it affords the preparation of an internally cold  Compared to the wealth of spectroscopic data for
beam of mass selected ions, thus avoiding the inherent prolgarbort? and silicon clusters, there is very little known about
lem in the study of clusters of separating the cluster of interthe spectroscopy of germanium clusters. Froben and
est from the other species. Recent work from this laboratongchulzé® measured Raman and fluorescence spectra from
includes studies of carbdn, silicon?” and indium  Ge molecules deposited onto a cryogenic matrix and as-
phosphid& clusters using both anion photoelectron Spectrossigned various vibrational frequencies to,GEe;, and Gg,
copy and zero-electron kinetic ener@§EKE) spectroscopy. pyt the absence of mass separation makes these assignments
In this paper we present photoelectron spectra of @@  proplematic. The anion photoelectron spectroscopy study on
=2-15) and the ZEKE spectrum of &e Ge,, n=3-12, by Cheshnovskyrepresents the first spec-
Recent work on small silicon clusters provides an excelyoscopic work on mass-selected germanium clusters. These
lent example of how photodetachment, in conjunction Withspectra were taken using an incident photon energy of 6.42
other experiments. analp initio calculation;, can be used t0 gy 4t 4 resolution of about 150 meV fwhm, yielding electron
learn about the vibrational and electronic structure of cOy¢finities and the first glimpse of the electronic complexity of
valently bound clusters. Kitsopoula al? obtained vibra- these clusters. More recently, two detailed studies of Ge
tionally resolved photoelectron spectra of @ind S, and  pave been reported. Magneto-infrared spectra of Geve
proposed a tentative assignment based on the calculations 8., measured by Lét all in rare gas matrices at 4 K.

small silicon clusters that were available at the time. SubseThey determined that the lowedi .. state of Gghas a term
u

quent calculations by Rohlfing and Raghavachéelped value of 694-2 cm™%, a vibrational frequency of 308 ¢,

elucidate the electronic structures of these two systems, ang 4 n, anharmonicitye.y.) of 0.5 cn L. Amold et al®
1 6,7 — — eXe . . N

ZEKE studies by Amoldetal.” on Sk and Sj further 1,6 st died Gewith zero electron kinetic energZ EKE)
clarmed fths _a§_5|gnments. Hon(:]aal_. ?av?a ulse_d a corgbl— spectroscopy. In addition to determining accurate term values
hation ofab initio quantum mechanical calcu ations an Ra-and vibrational frequencies for the low lying electronic states
man spe_ctroscopy to determine V|t?rat|onal frequ.enmes anglc Ge, and Gg , the high spectroscopic resolution afforded
Z)i/mrl?rec:rrT:etsh(fa(;retZip%rr?;Zit(saIzztéoc?:l:cifgii?;gfirilree, ;isngow by this techniqueé3 cm 1) permitted accurate determination

. ) o -

8f the zero fleld. sphttmg for each component of tﬁEg

state and the spin—orbit components of tiE, state.
dCurrent address: Whiteshell Laboratories, Pinawa, Manitoba, ROE 1L0, There have been numerous theoretical studies of small

Canada. ; : Pt :
) . I ermanium clusters aimed at determining electronic proper-
P’Current address: Department of Chemistry, University of California, Losg 16-27 9 . . P .p
Angeles, CA 90024. ties for Ge, agdstﬁhe most stable geometric cqnf|gurat|on
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2758 Burton et al.: Spectroscopy of germanium cluster anions

neutral clusters Gg Ge;, and Ge have been determined by 146, 218, and 290, respectively. For the larger clusi@es
Pacchioni and Koutecky using a pseudopotential method to Gez) the laser was timed so as to intersect the ion beam at
followed by configuration interaction. Correlation effects the maximum of the corresponding peak in the mass spec-
were taken into account using multireference doubly excitedrum. The third(355 nm, 3.49 eYand fourth(266 nm, 4.66
configuration interactiofMRDCI). For Gg the most stable eV) harmonics of the Nd:YAG laser were used in the present
conformation is found to have a trigonal bi-pyramidal geom-study. In addition, 416 nr2.98 eV} laser light was produced
etry (Ds) and the ground electronic state &,. The by Raman shifting the third harmonic by passage through a
ground state of Ggis found to haveC,, symmetry and a high pressurgabout 300 psi, path length of about 20 cm
A; ground state. Pacchioni and Koutetkypnly considered  cell containing hydrogen. The energies of the resulting pho-
the D, bi-pyramidal structure for Geand determined a toelectrons were determined by time-of-flight down a field-
ground state ofA] symmetry. Noab initio quantum me- free, calibrated flight tube. The resolution of the electron
chanical calculations exist for the larger germanium clustershannel has been determined to be 8 meV fwhm at an elec-
studied in the present work. The only reported geometries fotron kinetic energy(eKE) of 0.65 eV and degrades as
Ge,, n=8-14, reported in the literature were calculated by(eKE)3’2. Most spectra are reported at a laser polarization
Antonio et al*® using molecular dynamics simulations. Saito angle /=55° with respect to the direction of electron detec-
et al3” determined the structures of group-1V microclusterstion; this is the “magic angle” at which the anisotropic an-
(n=2-20) using an anisotropic model potential. gular distributions do not affect relative intensities of elec-
In the present work we report anion photoelectron spectronic bands. In some cases, the overall signal-to-noise was
tra for small germanium clustef§e,, n=2-15 at a reso- better at#=90°, and some spectra are reported at that polar-
lution of about 10 meV fwhm which is significantly better ization angle.
than that in the work of Cheshnovskey al! We also report The threshold photodetachment spectrometer used in the
higher resolution ZEKE spectrum of GeFrom the photo- present work to measure the ZEKE photoelectron spectrum
electron spectra we obtain vibrational frequencies for severalf Ge; has been described in detail previou8tj? Briefly,
electronic states of Geand Gg, and the ZEKE spectrum the cluster ions were produced using the same laser vapor-
yields vibrational structure for an excited electronic state ofization source described earlier. The negative ions that were
Ge,. The photodetachment spectra of;Gand Gg can be produced were accelerated to 1 keV and were separated by
interpreted based on the recent calculations on small germé&ime of flight. The photodetachment pulse from an excimer-
nium clusters®2>30-36a3nd from a comparison with results pumped tunable dye laser was timed so as to intersect the
for corresponding small silicon clusters—results which were
not available in 1987 when the previous study was under-
taken. Although our spectra of the clusters wits5 do not
show any resolved vibrational structure, some of the elec- Ce.”
tronic features are better resolved than in Ref. 11. 2

Il. EXPERIMENT go2'st

The anion photoelectron spectrometer used in the ’,
present study has been described in detail previctishere-
fore only a brief description will be given here. A plasma is 266 nm (a)
produced by focusing the output of a Nd:YAG lagg82 nm,
second harmonjcon a translating and rotating rotof ger-
manium (ESPI, stated purity of 99.9999%The resulting
plasma is entrained in a supersonic expansion of a noble gas
from a pulsed nozzle. Using this source, germanium clusters
up to Gag were produced in detectable quantities. However,
there were not enough of these larger clusters to permit mea-
surement of a reasonable photoelectron spectrum. The nega-
tive ions that are formed are cooled internally during the
expansion. The ions are then pulsed out of the ion source and
into a Wiley—McLaren-typ® time-of-flight mass spectrom-
eter. The ions are accelerated to the same potential and sepa-
rate out in time owing to their different mass to charge ratios. : : : ,
The resolution of the ion time-of-flight channeh(Am) was 1.8 2.0 2.2 2.4 2.6 2.8
about 250 and was sufficient to resolve all the isotopic peaks ELECTRON BINDING ENERGY (eV)
for each germanium cluster up to and including,Ge

A pulse from _a second Nd:,YAG laser is timed so as toFIG. 1. Anion photoelectron spectra of Gmeasured in the present work at
photodetach the ion packet of interest. The spectra gf,Ge 4 jaser polarization angle of 55°, as a function of laser waveletigti266
Ge;, and Gg were measured at mass to charge ratios ofim and(b) 416 nm.

INTENSITY
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FIG. 3. Anion photoelectron spectra of Ismeasured in the present work as
FIG. 2. Anion photoelectron spectra of Seeasured in the present work as  a function of laser wavelength at a laser polarization of ¢)°266 nm and
a function of laser wavelengtiia) 416 nm, laser polarization 90¢h) 355 (b) 355 nm. Pane(c) shows the anion photoelectron spectrum of Biea-
nm, laser polarization 90%c) 266 nm, laser polarization 55°. Panl) sured by Kitsopoulo®t al? at 355 nm and a laser polarization of 55° and
shows the anion photoelectron spectrum of 8ieasured by Kitsopoulos reported on a binding energy scale. The inset to péneshows the ZEKE
et al? at 355 nm and a laser polarization of 55° and reported on a bindingohotoelectron spectrum of Gameasured in the present work from 2.99 to
energy scale. Assignments are discussed in text. 3.20 eV(388 to 415 nm Assignments are discussed in text.

c!uster lon of interest. The spectrometer I designed to e.ﬁ'étates of higher internal energy in the neutral lie at higher
ciently collect those electrons which are produced with

. electron binding energies. As alluded to in the experimental

nearly zero electron kinetic energy and to strongly dISCI‘ImI—SeCtion, varying the photon energy has two effects on the

nate against the other, higher energy, electrons. Using thi . " o SN
) X z . ectrum. First, the transition probabilifgross sectionwill
technique a resolution of 3 cr fwhm (0.4 meV fwhn) is §p P (o n

hievable. This detecti h is similar to that desi vary as a function of energy. Second, the electron resolution
achievabie. This detection SCheme 1S simiiar 1o that designegy v, q spectrometer varies as a function of the kinetic energy

. 43,44 innizati - . .
by Muller Dethlefset al. _for ZEKE photoionization ex of the electron and increases as the electron kinetic energy
periments on neutral species. decreases

The electron affinities determined in the present work for
the clusters of germanium are given in Table I. The electron
A. General affinity of Ge, was measured accurately by Arnaitial®

he electron affinities of Ge and Gg were determined
%om the estimated positions of the 0—0 transitions in the
photoelectron spectrum measured at 416 nm for each mol-
ﬁcule. The presence of overlapping electronic st@gss the
case for Gg) and the lack of clearly resolved vibrational
structure(as is the case for G¢ increase the experimental
E=hv—eKE, (1) uncertainty of the electron affinities for these systems. Ow-
ing to the lack of resolved vibrational structure in the ground
electronic states of the larger clusters of germani@wg; to
In these equations, EA is the electron affinity of the neutralGe,) the electron affinity was estimated from the photoelec-
cluster,T3 and T, are the term values of the accessed stateron spectrum measured at 266 nm following the method
of the neutral and ion, respectively, aE@ andE, are the outlined by Xuet al® in their study of small indium phos-
vibrational energiegabove the zero point energgf the neu-  phide clusters. The electron affinity is determined from the
tral and the anion, respectively. It should be noted that theneasured binding energy spectrum by extrapolating the lin-

Ill. RESULTS AND DISCUSSION

The photoelectron spectra of the germanium cluster
studied in the present work are reported as a function o
electron binding energ¥, from Figs. 1-6. The binding en-
ergy of the electron in the anion is independent of the photo
energy,hv, and is given by

E=EA+T+E-T,—E, . (2)
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FIG. 4. Anion photoelectron spectra of Gen=2-5 measured using an
incident laser wavelength of 266 nm. The spectra of @ed Gg , and Gg
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FIG. 6. Anion photoelectron spectra of 3en=11-15, measured using an
incident laser wavelength of 266 nm. The spectra were measured using a

and Gg , are reported at laser polarizations of 55° and 90°, respectivelyjaser polarization of 55°. The vertical arrows indicate the positions of the
The vertical arrow indicate the positions of the electron affinities determineck|ectron affinities determined in the present work.
in the present work.
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FIG. 5. Anion photoelectron spectra of 3en=6-10, measured using an
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ear portion of the first leading edge in the photoelectron
spectrum to the energy axis. The point where this line crosses
the axis is a reasonable estimate of the adiabatic electron
affinity in the absence of well-resolved vibrational structure.
Using this method, the electron affinities thus obtained are
estimated to be accurate #0660 meV. Fom= 10, the spectra
rise very slowly near the detachment threshold, making the
determination of the electron affinities for these systems
even more difficult. Since hot band excitation is certainly

TABLE I. Measured electron affinities for the germanium clusters studied in
the present work. Fan=4-9, the results have an uncertainty-=09.05 eV,
and forn=10-15, the uncertainty i£0.1-0.2 eV.

Electron Electron
Cluster affinity (eV) Cluster affinity (eV)
Ge, 2.035+0.00F Ge 2.86
Gey 2.23+0.0P Geyp 25
Geg 1.94 Geg; 25
Ge, 2.51 Ge, 2.4
Ge; 2.06 Ges 2.9
Ge, 1.80 Ggy 2.8
Gey 2.41 Ges 2.7

®Electron affinity for Gg determined from the energy of tﬁ@g(xog)(v’
= 0)«—2I1,(3/2)(v" = 0) transition obtained from the ZEKE photoelectron

incident laser wavelength of 266 nm. The spectra were measured using work of Arnold et al. (Ref. 15.
laser polarization of 55°. The vertical arrows indicate the positions of the’Electron affinity for Gg determined from the estimated energy of the
electron affinities determined in the present work.

3A(v' = 0)«2A,(v" = 0) transition.
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present, the electron affinities for these largest clusters mus$bur excited states, thkB,, °B;, 3A;, and'B,, states, that
be viewed with caution. We estimate error bars totti&1—  are accessible from the ground electronic state of the ion at
0.2 eV. 4.66 eV photon energy. Two other states that are energeti-
cally accessible, thBA, and'A, states, cannot be accessed
from the anion ground state via one-electron transitions and
The photoelectron spectrum of Gebtained at incident  are therefore unlikely to be seen in our experiment. Thus, six
laser wavelength of 416 and 266 nm are shown in Fig®. 1 states of Ggare predicted, and this matches the number of
and Xb). The 416 nm spectrum has been fully described byhands that are seen in our spectrum.
Arnold et al® in conjunction with much higher resolution The actual assignment of the {hotoelectron spec-
measurements made using zero electron kinetic energyum is facilitated by its remarkable similarity to that ofSi
(ZEKE) spectroscopy. The 266 nm spectrum was not reThys recent calculatio’s® anion  photoelectron
ported previously. spectroscopyand ZEKE experimenfon Sk can be used to
The 266 nm photoelectron spectrum of Geonsists of  advantage. The lowest energy band of thg Shotoelectron
three distinct bands beginning at binding energies of 2.1, 2.6pectrum shows a resolved vibrational progression with a
and 3.32 eV. The two lower energy bands are much betteffequency of 366:40 cm . Analysis of the higher resolu-
resolved in the 416 nm spectrum as a consequence of thgyn ZEKE spectrum showed that this is a progression in the
energy resolution degrading é=KE)*?. As discussed in Ref. degeneratee’ mode of the3A state of Sj; Dixon and
15, the band at 2.1 eV is aSSigned to transitions from th@o|e’36 predict this frequency to be 322 Eﬁh and Fournier
X 2Il, and?3; states of Gg to the two nearly degenerate et al%® calculate a frequency of 340 cth This mode is
X %34 andA °II,, triplet states of Gg and the band at 2.6 active only because of Jahn—Teller effects inAg state of
eV corresponds to transitions to the*A,, b ‘S5, and  sj;; this appears to be a fluxional species with a low barrier
¢ 1, singlet states. The band at 3.32 eV consists of a singlg, pseudorotatiod.A comparison of the ZEKE and photo-
peak and is too high in energy to be seen in the 416 nnglectron spectra indicates that transitions to the state of
spectrum. Based on the electronic structure calculation b$i3 overlap the triplet band, but no vibrational structure as-
Balasubramanigft®’ this is assigned to the 2'S§«—?S7  sociated with the singlet transition is resolved. This absence
transition. From the term energy of th& state of G&,  of structure probably occurs because the calculated bond
0.035 eV, and the electron afflnlty of 962035 eV (both |engths and ang|e for the anﬁ)(ﬂ:65_2°'Re:2.261 A) are
from Ref. 19, the photoelectron spectrum fix&s for thed  quite close to the equilateral geometry of tRa, state
2 12; state of Gg at 1.32 eV, in excellent agreement with (Re=2.290 A but very different from that of théA,; state
the calculated value of 1.34 eV. (0=79.6°,R,=2.191 A). One therefore expects transitions to
highly vibrationally excited levels of théA; state where
considerable spectral congestion would be expected.
In the case of Gg thee’ vibrational frequency for the
The photoelectron spectra of Geneasured at 416, 355, 3A} state is calculatei to be 157 cm?, in excellent agree-
and 266 nm are shown in Figs(a@?-2(c). The 266 nm ment with the observed spacing of 150 thin band (X,A)
spectrum of Sis is shown for comparison in Fig(@). Inthe  in Fig. 2(a). It therefore appears that the vibrational structure
Ge; spectra, at least five bands are apparent with origins dh this band is from thé A, 2A; transition, implying that
binding energies of 2.23, 2.44, 3.04, 3.2, and 3.83 eV. Thdahn—Teller coupling is important in the anit; state. As
overall intensity profile of the band beginning at 2.23 eV mentioned above, two overlapping transitions contribute to
changes as the laser polarization angle is rotated at 416 artkis band, so we assign the other to ttég— ?A, transition.
355 nm(not shown. As in previous studie® this indicates  No vibrational structure from the latter transition is apparent.
that this feature consists of two overlapping neutrahion  Although the Gg geometry has not been calculated, the
electronic transitions, labeled andA in Fig. 2a). The re-  calculated® geometry for thé'A; state Ggis R,=2.294 A,
maining bands are labeled froB+E. Bands K,A), B, and  #=83.4°, which, as in $i is quite different from théAé
E show associated vibrational progressions with frequenciegeometry(R,=2.457 A, 6=60°). Hence, as in the $ipho-
of 150, 355, and 266 cnt, respectively. In addition, there is toelectron spectrum, we are probably accessing a highly con-
a small peak that lies 290 crh below the bancE origin  gested manifold of vibrational levels of tHé\; state. If the
which is presumably a hot band transition from vibrationally A} state is the ground state of Gehen its electron affinity
excited Gg . is given by the origin of the X,A) band, 2.230.010 eV.
Theoretical studies of Gendicate®* that the ground However, it is possible that tHe\, state is the ground state,
electronic state of the moleculelia, in C,, symmetry with  but that the anion has negligible Franck—Condon overlap
a low-lying, nearly degeneratéA, state ofDg, symmetry.  with the v=0 level of this state, in which case the above
The leading orbital configuration of Gén C,, symmetry value represents an upper bound to the true electron affinity.
has been determined by Daietal® to be We next consider the higher energy bands. Based on the
...(a;)%(b;)?(b,)%(a;)°(*A;). The ground electronic state comparison with the S$i spectrum, band8—E should be
of the anion, as in Si, is therefore expected to be assigned to transitions to tH&, (T,=0.21 eV}, 3A; (0.81
...(a1)%(by)%(b,)%(a;)*(?A,). In addition to the low-lying eV), °B; (1.0 eV), and'B; (1.69 eV} states, respectively, of
1A, and®A) states of Gg Dai et al. predict that there are Ge,, where the experimental term energies are relative to the

B. Germanium dimer (Ge »)

C. Germanium trimer (Ge 3)

J. Chem. Phys., Vol. 104, No. 8, 22 February 1996
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3A, state. The excited state,gissignmentswere based on a thelAgHZBzg transition between two states with similar ge-
comparison of experimental and calculated term energiemmetries.
and on a comparison of the calculated anion and neutral ge- Dai and Balusubramanighhave calculated vertical ex-
ometries with the experimental Franck—Condon profiles. Foritation energies(but not geometrigsfor several excited
example, the band at 3.3 eV in Fig(d? contains only a states of Gg They find the first excited state to be the
single peak, indicating that the geometry of the neutral andBg, State, at a vertical excitation energy of 1.41 eV above
anion are very similar, and the assignment of this feature tthe 1A, state. This suggests that the second band in Fiy. 3
the 3A, state is consistent with this. The trends in calculateds the3ngu<—szg transition, which would be consistent with
geometrie® amongst the Ggexcited states are similar to the assignment of the analogous band in thg Biotoelec-
those for Sj, so given the similarity between the spectra, it istron spectrum. The $iZEKE spectrurf of this band shows
certainly reasonable that the same assignments apply. Howan extended vibrational progression at 312 ¢nassigned to
ever, the calculated energy ordering and term values for ththe a, “breathing” mode of Sj. A long progression in this
Ge; states are somewhat different than what we find experimode is consistent with the calculated geometry chabge
mentally. For example, th#; state is calculated to lie 0.18 tween the Sj B, state and the $P°B3, state; the latter is
eV above the’B; state, whereas we find approximately the also a planar rhombus, but is less elongated than the anion.
same splitting with the opposite state ordering. Also, whileln the case of Gg the 173 cm® progression seen in the
the 1B, state is calculated to be the highest of the group, itsZEKE spectrum of this band is also most likely in the breath-
calculated term energy is only 1.07 eV vs the experimentaing mode of Gg; if the value of 312 cm® for Si, is scaled
value of 1.69 eV. Nonetheless, the overall agreement beby \mg/mg, a frequency of 194 cit is predicted for this
tween experiment and theory is quite good, given the commode in Gg. Hence, the same type of geometry change
plexity of this species. between the anion and neutral is presumably occurring in
this band of the Gg spectrum.

D. Germanium tetramer (Ge ,) E. Larger germanium clusters (Ge 5—Ge;s)

The anion photoelectron spectra of Gat 4.66 eV(266 The photoelectron spectra of Gen=5-15 measured at
nm) and 3.49 eM355 nn) are shown in Figs.@) and 3b), a photon energy of 4.66 e\266 nm are shown in Figs.
respectively. For comparison, the spectrum of Bieasured 4-6; the spectra of the=2-4 clusters are included for
by Kitsopouloset al? at 3.49 eV is shown in Fig.(8). Fig-  completeness. In general, the spectrarier5 are signifi-
ure Ja) shows that there are three distinct bands in the phoeantly broader than those of the smaller clusters and indicate
toelectron spectrum of Ge at binding energies of 2.0, 2.8, the presence of multiple electronic transitions. These spectra
and 3.7 eV. From Figs. (B) and 3c), it is clear that the are similar to those obtained by Cheshnovskyl!! in that
spectra of Gg and Sj are very similar. Furthermore, the no vibrational structure is resolved. However, the electronic
spectrum of Sj measured at 4.66 eV by Kitsopoulesal?  bands are better separated in several of our spectra, and we
(not shown is also qualitatively similar to the spectrum of have spectra fan=13—15 that were not reported previously.
Ge, shown in Fig. 8a). However, the Si spectrum mea- The arrows on the figures indicate the positions of the
sured at 3.49 eVFig. 3(c)] shows distinct vibrational struc- estimated electron affinities for the germanium clusters de-
ture in both bands present in that spectrum, whereas no réermined in the present work and these are given in Table I.
solved vibrational structure is seen in either band of the 3.4%or the clusters witm=<9, the electron affinities in Table |
eV Ge; spectrum. The inset in Fig.(8) shows the ZEKE are in reasonable agreement with Cheshnovsky’s values. The
spectrum of part of the 2.8 eV band. This higher resolutiorlargest disagreement is for G€.23 vs 1.9 eV in Ref. 11
spectrum shows vibrational structure with a characteristidlso, we measure a larger difference in &%;)—EA(Ge)):
frequency of 173 cmt, but the peaks are quite broad in the 0.26 vs 0.1 eV.

ZEKE spectrum, indicating that there is some excitation in  The other noteworthy feature in several of these spectra
the low-frequency vibrational modes of the [Ganion. Such s the presence of a sizeable gap between the first and second
excitation was observed in the ZEKE spectfumfi Si, , but  electronic bands, representing a large spacing between the
in that case it was possible to resolve the individual hotground and first excited electronic state of the neutral cluster.
bands and sequence bands; the lower frequencies,jra@@& This is most prominent in the Geand Ge spectra, as was

Ge;, make this more difficult. seen by Cheshnovsky. A less pronounced gap is evident in

Calculation$®**3*on Gg, indicate that its ground state the Gg spectrum. The electron affinities of GeGe;, and
is a planar rhombus dD,,, symmetry with electronic sym- Ge, are noticeably lower than those of the neighboring clus-
metry lAg, just as for Sj. Although no calculations have ters. In the Gg and Geg, spectra one observes a broad peak
been done on the Geanion, S} has aszg ground staté;  near the detachment threshold, in contrast to the neighboring
this is also a planar rhombus with a geometry quite close tgn=+1) spectra where only a smoothly rising signal is seen.
that of the Sj ground state, as evidenced by the narrow  The significance of patterns in the variation of electron
Franck—Condon profile in the lowest energy band of the Si affinities with cluster size and the presence of electronic gaps
photoelectron spectrum. This band is also very narrow in thdaas been discussed previously with reference to clusters of

Ge, photoelectron spectrum, implying that it, too, is from carbon'*’ gallium arsenidé® and indium phosphid®.For

J. Chem. Phys., Vol. 104, No. 8, 22 February 1996

Downloaded-03-Mar-2003-t0-128.32.220.150.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Burton et al.: Spectroscopy of germanium cluster anions 2763

the linear carbon clusters&9), those with an even number Geg; and Gg , then the first two bands in the photoelectron
of atoms have a greater electron affinity than those with aspectrum may be due to transitions to ﬂﬁqg ground state
odd number. This occurs because the odd clusters hawnd a low-lying triplet state, most Ilkely%E state formed
closed- shell12+ ground states, so that the additional elec-by removal of an electron from the hlghest occupédor-

tron in the anlon must occupy a relatively high-lying orbital, bital (the HOMO in Sj).%° Further calculations on Ge
whereas the even clusters have open-éﬁe]l ground states, and/or experimental Raman spectroscopic investigations may
and the additional electron can then go into a half-occupiedye needed to resolve these two interpretations of the photo-
low-lying orbital. In GgAs, and InP, clusters, the even electron spectrum.

clusters, regardless of stoichiometry, have lower electron af- While a low electron affinity and large electronic gap
finities than odd clusters of comparable size. Moreover, theshould generally be a signature of a closed-shell cluster, the
photoelectron spectra of even clustegRp show a sizeable interpretation of photoelectron spectra that do not display
electronic gap which is absent for the odd clusters. Thesthese attributes is more complex. As an example, consider
trends can be explained by assuming that the even clustetie Gg photoelectron spectrum. This spectrum shows that
are closed-shell species with substantial HOMO-LUMOthe electron affinity of Geis relatively high, 2.51 eV, and
gaps. The additional electron in the anion then must occupthat the splitting between the first two bands is only 0.5 eV.
a relatively high-lying orbital and the electronic gap in the Pacchiori® finds the open-shelfA} trigonal bipyramid
anion photoelectron spectrum is essentially the HOMO{Dj,) state to be the ground state of Gélowever, Ragha-
LUMO splitting in the neutral cluster. In contrast, the odd vachari’s calculations on silicon pentamers predictAd
In,P, clusters have an odd number of electrons, and arelosed-shellDg, structure to be the ground state, with the
therefore open-shell species with high electron affinities. 3A) state lying 1 eV highet: He also finds &B; excited

Neutral Sj and Gg are like carbon clusters in that they state inC,, symmetry that lies 0.5 eV above the ground
have an even number of electrons regardless,dbut the state, and &4, trigonal bipyramid ground state for Si a
pattern of the electron affinities is not nearly so clear as théA) state***°The C,, geometry represents only a slight dis-
even—odd alternation seen for carbon clusters. Of the specttartion of a trigonal bipyramid. ThéA; and 3B, states are
presented here, those for 3and G§ most clearly resemble accessible from the anion, whereas the), state is not.
the photoelectron spectra of ,/, clusters with an even Based on Raghavachari’s calculations, one would assign the
number of atoms, implying that Gand Ge are closed-shell first two bands in the Ge spectrum to transitions to the
species with large HOMO-LUMO gaps. This is consistentanalogous'A; and®B, states in Ge This assignment sug-
with our previous discussion of the electronic states of,Ge gests that the difference betweens@ed Ge is not that one
and also withab initio calculations by Pacchioni and species has an open-shell and one closed-shell ground state,
Koutecky’! on Ge. These predict a pentagonal bipyramid but rather that the closed-shell ground state of @presents
geometry(Dg, symmetry with a A} ground state andE”  a particularly stable electronic configuration, whereas the
first excited state lying 1.89 eV higher. No calculations haveHOMO-LUMO gap in Gg is relatively small.
been performed on Ge but Si is also predicted to be a For the larger clusters, the photoelectron spectra gf Ge
pentagonal bipyramid with 3A% ground staté? Assuming  and Gg, are most consistent with closed-shell neutral clus-
Ge; has the same symmetry and electronic configurationters. Noab initio calculations have been performed on either
then both the'A] and °E” states of Ggare accessible via species. While structures have been obtained using model
one-electron transitiofremoval of an electron from aa, or  potentials®®3” the results of these calculations are somewhat
e’ orbital, respectively and the electronic gap in our spec- suspect since they disagree with thb initio results for
trum, ~1.8 eV, agrees well with the calculated splitting. We many of the smaller{=10) clustersAb initio calculations
therefore assign the first and second bands to transitions tsing an effective core potentitalhave been carried out for
the'A; and®E” states of Ge Si;; and predict two rather close lying stat@githin 6 kcal/

The situation with Ggis more ambiguous. Its electron mol), albeit with quite different geometries. Overall, theory
affinity is almost as low as that of Gebut more bands are provides little help in interpreting either of these spectra.
evident in the spectrum, and the gap between the first two In much of the above discussion, we have interpreted the
bands(~1.0 eV) in the Gg spectrum is significantly smaller Ge, spectra with the aid of calculations on Si clusters. This
than in the Gg spectrum. Pacchioffi predicts an tripyrami- is partly due to necessity, but also appears justified because
dal (C,,) geometry for Ggwith a A, ground state, and a the photoelectron spectra of.Sand G¢ presented here and
3B, excited statéalsoC,,) lying 1 eV higher. If the anion is in Ref. 11 are usually quite similar. The one notable excep-
tripyramidal with a?B, ground state, then Pacchioni’s calcu- tion is for the n=10 clusters. The $ photoelectron
lation supports assigning the first two bands in thg Geec-  spectrum! indicates that S$j has a low electron affinity and
trum to the'A,; and®B, states. However, Raghavachari's a large electronic gap, indicating that S a stable, closed-
most recent calculatioh$*® predict tetragonal bipyramidal shell species. This is supported by calculations of the incre-
Dy, structures for Qiand Si with 1Alg and?A,, ground mental atomic binding energieg,—E,_,, for Si clusters,
states, respectively. Results for this point group were notvhich is particularly large for $j (along with Sj, Sig, and
reported by Pacchioni. Raghavachari's ground stagstBic-  Si;).>2 However, there is no evidence for a comparable elec-
ture is supported by the experimental Raman spectrum dfonic gap in the Gg spectrum. This could be due to differ-
Si.1% Assuming his results for Sand Si can be applied to ing geometries and/or electronic configurations in either the
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neutral or anion clusters, and we hope that futabeinitio
calculations on these species can resolve this issue.

IV. CONCLUSIONS

Using a combination of anion photoelectron and ZEKE

spectroscopy, we have mapped out vibrationally resolved;

electronic states of Ge,. The spectra are remarkably similar
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