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Si 2p photoabsorption in SiH, and SiD,: Molecular distortion in core-excited silane
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We report on a high-resolution photoabsorption study of,%ikH SiD, in the excitation region below the Si
2p threshold. The spectra can be separated into a lower region from valence excitations and an upper region
from Rydberg excitations. In the valence region, intense excitations of vibrational bending modes were ob-
served, reflecting a deviation of the core-excited molecules fronT jreymmetry of ground-state silane. The
derived geometry of the core- to -valence-excited molecules was found to be similar to that of the equivalent-
cores molecule PH For excitations to higher Rydberg states, symmetric-stretching vibrational modes were
exclusively observed, while for the lowest Rydberg states, additional bending-mode vibrational excitations
were found to contribute. The latter observation can be explained by a mixing of Rydberg and valence
character, causing an increase of the deviation figsymmetry with increasing valence character of the
core-excited state. The spectral shape of tpg‘,%%s Rydberg state was analyzed by a four-mode Franck-
Condon fit, providing insight into the structure of the core-excited molecule. The high instrumental resolu-
tion (AE=15meV full width at half maximum allowed the derivation of the natural widtHs of the
Rydberg states, which were found to be identical within the limits of efwith I'=50+5 me\).
[S1050-294{@7)02207-3

PACS numbe(s): 33.15.Dj, 33.70.Ca, 33.20.Tp, 33.80.Eh

I. INTRODUCTION found to be a mixed state and the observed spectral envelope
is treated by a multimode Franck-Condon analysis, resulting
Considerable improvements in the resolution of mono4n the molecular parameters of the excited state, i.e., equilib-
chromators in the soft-x-ray region in the past decade havéum distances and angular distortions.
resulted in photoabsorption spectra of core-excited mol-
ecules with resolved vibrational splitting$—3]. A number

of vibrationally resolved photoabsorption spectra have been The experiments were performed with the high-resolution
reported, including those of the tetrahedral molecules, CH SX700/1l monochromator, operated by the Freie Univérsita
CD, [4,5], SiH,, SiD,[6-8], SiF,, [9], and SiC} [10]. In all  Berlin at the Berliner Elektronenspeicherringr f8ynchro-
of these cases, only one vibrational mode, fyenmetric- tronstrahlung (BESSY). This monochromator includes a
stretchingmode, was found to contribute to the higher Ryd- plane premirror and a plane grating, a fixed ellipsoidal focus-
berg excitations, while the lowest Rydberg resonances in thimg mirror, and a fixed curved exit slit. Using a 2442-
spectra of CH, CD,, SiH,, SiD,, and Sif exhibited addi- lines/mm grating and a gm exit slit, a resolution of
tional nonsymmetrivibrational modes. In earlier studies of =15 meV [full width at half maximum(FWHM)] at hv
SiH, and SiD, there have been some hints to a restriction of=110 eV can be achievdd?]. The photoabsorption spectra
the nonsymmetric vibrations to the lowest Rydberg statesvere recorded with a gas-ionization cell 10 cm in active
[6-8], but it could not been clarified whether the nonsym-length by monitoring the total photoionization current as a
metric vibrations were really missing or just have not beerfunction of photon energy. The gas cell, filled typically with
resolved in the spectral features from excitations to higheP.1 mbar of SiH or SiD,, was separated from the ultrahigh
Rydberg states. vacuum of the monochromator by a 1200-A-thick carbon
In this paper, we present vibrationally resolved $igho-  window. The photon energy was calibrated by monitoring
toabsorption spectra of SjHand SiD, for both the valence the N 1s— 7* (v"=0—v'=0) excitation in gas-phase,ht
and the Rydberg excitation regions. We find strong excitahr=400.88 eV[13].
tions of the symmetric-stretching mode in the case of Ryd- SiH, and Sih, were synthesized by the reaction of SiCl
berg states, while additional vibrational modes are observedith LiAIH , and LiAID,, respectively[14]. The reaction
only in the case of excitations to valence orbitals or to theproducts were purified and analyzed for impurities by infra-
lowestns Rydberg states. The occurrence of nonsymmetriged (IR) spectroscopy as well as by the absence of photoion-
vibrational modes in the core-excitation spectra of highlyization signals in the regions of the G,IN 1s, and O b
symmetric molecules can be understood on the basis of absorption thresholds. In the IR spectrum of Sildnly the
lowering of the molecular symmetry upon core excitation.vibrational modes of Silwere observed. In SiP) additional
We present a model following the lines of the valence-shellweak spectral features were found, originating from isotopi-
electron-pair repulsiof’VSEPR theory of Gillespie[11] to  cally mixed SiDH, due to the finite isotopic purity of the
explain this symmetry lowering. The Sipg,%Ss state is  starting materialLiAID 4, enriched to 98%

Il. EXPERIMENTAL DETAILS
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FIG. 2. Rydberg region of the core-excitation spectrum of
SiH, below the Si 2 ionization threshold. The four bar diagrams
represent the results of a least-squares-fit analysis. The vertical bars
R e e E  EEE abovethe horizontal lines represent Rydberg excitations between

102103 104 105 106 107 108 vibrational ground state)(=0—v'=0), while thosebelowrep-
Photon Energy (V) resent excitations to higher vibrational substates. The gofien
) . . bars mark vibrational excitations of the symmetric-stretciibend-
FIG. 1. Overview of the Si @ photoabsorption spectra of gas- ng) modes. The lengths of the bars represent the spectral intensities

phasie silane: (&) SiH, and (b) SiD,. The lowest Rydberg states of the resonances. The vertical dashed lines marlesipectecen-

2p4;5s and 2p3_,213d(e) and their vibrational sidebands are marked ergies of the missing bending vibrationsd(®)+ w,/w, and
by vertical-bar diagrams. In the case of thp§g3d(e) Rydberg 3d(ty) + wy /@,

state, excitations of the symmetric-stretching vibrational mode are

exclusively observed, whereas thp325s state exhibits additional
excitations of bending-mode vibrations.

dral symmetry, four normal vibrational modes contribute: the
symmetric stretching mode witly, symmetry,w,; the sym-
lIl. PHOTOABSORPTION SPECTRA metric bending mode witle symmetryw,; the asymmetric
OF SILANE MOLECULES stretching mode with, symmetry,w3; and the asymmetric
bending mode witht, symmetry, w,. For the electronic
In Fig. 1, the photoabsorption spectra of gighd SiD;  ground state of Silf (SiD,), the vibrational energies are
below the Si 2 ionization threshold are displayed. For both known: hw|=271.129 meV (193.8 meV), fiw)
molecules, the spectra can be separated into two different 120 38 mev (84.95 meV), hwh=271.417 meV

regions. Below 104.7 eV, broad features are observed, Orig-k'198.177 meV), andiw)=113.25 meV (83.6 meV)18].

nating from excitations to unoccupied antibonding valencq_|enCe the 300-me\(210-me\} vibrational splitting of the
orbitals (c*). Above 104.7 eV, the spectral features aregd(e) state of SiH (SiD,) can be assigned to the

EMCh narrower ?}nd altre c?used by i @(clitfatio;’:s to Ry%— symmetric-stretching mode; (and possibly also taws).
erg states. Such a classification is typical for the second-ro oth stretchin .

i g @1,w3) and bending modesaf,,w,) are
hydride molecules HC]7,15,164, H,S [7,17], PH; [7], and observed in the §%?ydsberg resonance. 4

SiH, [6-8].

In addition to Rydberg excitations between the lowest vi-
brational substatesy(=0—v’'=0), a great number of vi- IV. RYDBERG REGION OF T.HE CORE.-EXC|TAT|ON
brational substates are observed, assigned to excitations from SPECTRA OF SiHy AND SiD,

. a oI

the electron!c groundl stai€’=0 to vibrational substates of A. Assignment of spectral features
the electronically excited state =1,2,3... . In thecase of ) ) .
vibrational energy splittings, the values differ b2 dueto ~_ The Rydberg regions of the silane spectra are shown in
the masses of H and D. Figs. 2 and 3. These spectra are similar to those in Refs.

The lowest Rydberg states are marked byahd 3(e) in  [6—8], but they are considerably improved in resolution and
the spectra of Fig. 1. Typical vibrational substates areSignal-to-noise ratio, displaying a substantial number of ad-
marked by the vertical-bar diagrams, with the vibrational en-ditional structures. The solid curves through the data points
ergy of the 3i(e) state of SiH (SiD,) being =300 meV and the yertlcal bar diagrams represent the r('e:sults1 of least-
(=210 meV). Vibrational excitations of much lower ener- Sqlﬁres'f't analys_els. Three Rydberg seriep™ "2s,
gies were resolved in thes5Rydberg region, originating 2P “nd(e), and 2~ "nd(t;), can be identified, converging
obviously from additional vibrational modes. These vibra-towards the ionization threshold,, (2ps;) and L,
tional modes can be assigned by a comparison of the of2py;). Different from the isoelectronic molecules HCI and
served vibrational splittings with those of the electronicH,S[17,19,2Q, a ligand-field splitting of the ﬁ;,zl threshold
ground state of silane. In a five-atom molecule with tetraheis not observed in silane, in agreement with its tetrahedral
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......... S — the basis of the Franck-Condon analysis presented in Sec.
VI, to an excitation from an asymmetric-bending-mode vi-
brational state in the ground state to the vibrational ground
state of the § Rydberg state, i.e., to @"(w,)=1—v'=0
excitation.

For a detailed analysis of the spectra, a least-squares fit
was performed, resulting in energies, natural widthsand
intensities for all resonances. In this fit analysis, the reso-

P ) nances were described by Voigt profiles, i.e., Lorentzians
na 8O3t 40, Selee) convoluted by a Gaussian to simulate the spectrometer func-

Photoionization Yield
S
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nsls__ R . 7 8910 , b tion. All well-resolved resonance lines were fitted with simi-

nd k& pe 4@ (f)s(e)e,(e> | lar intrinsic widths resulting if"=50 meV, with a scatter of

—_—= 1 . .
nsls js 7 80 Ly less than=5 meV; in the analysis of the less-resolved or
L Ty weaker resonances, thisvalue was adopted and kept con-
e P e . stant. The background was simulated by a superposition of

105 106 107 108 funci hich d i buti ¢ .

Photon Energy (V) arctan functions, which describe contributions from excita-

tions to continuum states and to unresolved higher Rydberg

FIG. 3. Rydberg region of Sipbelow the Si P ionization  Stateswith n>10 fors states aneth>6 for d state$. In each
threshold. For an explanation, see the caption of Fig. 2. The arrogpectrum, four arctan functions were superposed, i.e., for the
h at 104.8 eV marks a spectral feature from a hot band(w,) ~ 2pz3 and ;3 continua of the ionic states without vibra-
=1—-v'=0. tional excitations as well as for thepg and 2p;,3 continua

of the v”"=0—v'=1 vibrational excitations. The energies

symmetry. Excitations to Rydberg states withi=0 are  are summarized in Table I. In addition to tme and nd
marked by vertical barabovethe horizontal lines in the bar series, a few resonances were found, which can be assigned
diagrams, while those to higher vibrational substates witho 4p and 4f states.
v'=1.2,... aremarked by vertical barelowthe horizontal On the basis of the given assignments and the application
lines. Thend Rydberg series splits intod(e) andnd(t;)  of the Rydberg formul&=1,—R/(n— 8)?, with | , the ion-
series, due to the tetrahedral symmetry of the ionic corejzation thresholdR the Rydberg constaii13.605 eV, ands
which removes the degeneracy of spherical symmetry. Fothe quantum defect, the,, andL, ionization thresholds of
all Rydberg excitations, vibrational substates arising fromsjH, (SiD,) were obtained from thes and nd Rydberg
the symmetric-stretching mode, are observed, and these series as 107.1100.010 eV (107.09€0.010 eV) and
are marked by solid vertical bars below the horizontal lines107.720-0.010 eV (107.69%0.010 eV), respectively. A
The 2p3;35s and 27,;5s states exhibit additional strong ex- difference of=25 meV in the ionization thresholds of SiH
citations of the vibrational bending modes andw,; these and SiD, is visible for each well-resolved Rydberg state,
features are marked by open vertical bars below the horizonwhich can be understood by comparing the zero-point vibra-
tal lines. Some very weak bending-mode vibrations are als@onal energies in the electronic ground and excited states of
visible in the 2576s resonance ofleuteratedsilane. In all  SiH, and SiD, [24]. Note that the energies of thedoniza-
other resonances, these bending modes are missing, e.g. tion thresholds obtained in the present work ar200 meV
the 2p§,213d(e) and 2p§,§3d(t2) Rydberg states. The vertical smaller than those derived from photoelectron spg@ba-
dashed lines in the spectra of Sibnd SiD, (Figs. 2 and 3 28]. This difference is apparently not caused by an inaccurate
mark theexpectecenergies of these bending modes, and itenergy calibration since the binding energy of the Kiz3
can be seen that these modes are completely missing or arecaire level found in Ref[26] (Eg=93.798 eV) agrees very
least very weak. This is obvious since the peak intensities invell with the Kr 3ds,, ionization threshold derived by our
the bar diagram of Fig. PFig. 3] can be assigned unequivo- group from the 85 ;np series (93.7860.015 eV)[12].
cally to the 2131’,2155 bending[2p§,§3d(e) stretching vibra- On the basis of the present threshold energies, the quan-
tional mode. tum defectss for the s, d(e), andd(t,) series were derived

Contrary to Sutherlanét al. [8], but in accordance with as 2.45-0.07, 0.15-0.05, and—0.30+0.10, respectively,
Hayes, Brown, and Kuni®,7], we could not observe a reso- and that of the weak @ (4f ) resonance a$=1.60+0.05
nance athv=104.6 eV(see Fig. 1 that had been quite in- (—0.04+0.02). The quantum defect for tiseseries is based
tense and broad in the spectrum of R&l. This additional on the assignment of the 104.9-eV Rydberg resonance to a
structure might have been caused by impurities. Instead, w&s excitation. The derived quantum defects are also close to
resolve twovery weak features in this energy region, which theoretical values obtained by Schwag2], §=2.15, 0.1,
were assigned to%,,4p states in the spectra of both SiH —0.4, and 1.5 for the § 3d(e), 3d(t,), and 4 Rydberg
and SiD. The energy as well as the rather low intensity of states, respectively.
the 4p Rydberg resonance are in conformity with predictions The vibrational energies of the symmetric-stretching
by Friedrich et al. [21] and confirm the theoretically pre- mode in SiH (SiD,4) are obtained from the fitting procedure
dicted sequencept 5s, and 3(e) for the lowest Rydberg as 297-7 meV (210-10 meV), differing by a factor of
states[21-23. In the SiD, spectrum, we also observe an v2. These values agree very well with previous results from
excitation from higher vibrational states of the electronicphotoabsorptioi8] and photoemissiofi25—-28. The vibra-
ground state, i.e., a “hot band,” which can be assigned, ortional sidebands were found to be stronger in Siban in
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TABLE I. Energies of Rydberg states and vibrational substates in thg SioPe-excitation spectra of
SiH, and SiD, as obtained from least-squares-fit analyses. For Rydberg excitations between vibrational
ground statesy"=0—uv'=0), the quantum defecs is also given. The error bars for the energies are
estimated as-5 meV.

SiH, SiD,
Excited 2p32 2py; 2p3; 2p13
state E (eV) ) E (eV) ) E (eV) ) E (eV) )
4p 104.735 1.61 104.710 1.61
5s+hot band 104.800
5s 104.909 2.51 105.507 2.52 104.888 2.51 105.478 2.52
55+ wy/w, 105.013 105.613 104.963 105.562
5s5+2w, 105.119 105.716 105.031 105.621
55+ w; 105.207 105.808 105.099 105.698
55+ w;+ w, 105.311 105.914 105.175
55+ w;+ 2w, 105.403 105.243
55+2wq 105.309 105.910
55+2w;+wy 105.388
6s 106.001 2.46 106.637 2.46 106.001 2.47 106.605 2.47
65+ wy 106.077
6S+2w, 106.159
6s+w; 106.327 106.933 106.218 106.827
7s 106.458 2.43 107.066 2.44 106.431 2.46 107.039 2.45
7s+w, 106.750 107.365 106.622
8s 106.678 2.41 107.281 2.43 106.658 2.39 107.265 2.38
8s+w, 106.985 107.592
9s 106.806 2.31 107.400 2.48 106.795 2.21 107.387 2.36
9s+ w, 107.091 107.704 106.994 107.606
10s 106.881 2.29 107.492 2.28 106.870 2.14 107.480 2.05
10s+ wq 107.180 107.791 107.068 107.687
3d(e) 105.480 0.11 106.084 0.12 105.453 0.12 106.055 0.12
3d(e)+ wy 105.766 106.371 105.658 106.253
3d(e)+2w; 105.860 106.453
4d(e) 106.203 0.13 106.806 0.14 106.187 0.12 106.795 0.11
4d(e) + wq 106.484 107.091 106.994
5d(e) 106.529 0.16 107.133 0.19 106.498 0.21 107.105 0.20
5d(e) + wq 106.829 107.424 107.335
6d(e) 106.709 0.17 106.311 0.23 106.682 0.23 107.289 0.21
6d(e)+ w; 106.592 106.901 107.511
3d(ty) 105.808 —-0.23 106.411 -0.22 105.779 —-0.22 106.387 —0.23
3d(ty) + w; 106.113 106.709 106.001 106.605
4d(ty) 106.985 —-0.30 106.356 —0.31 106.965 —0.32
4d(ty) + wq 106.564 107.175
5d(t,) 107.243 -0.34 107.226 —0.39
5d(t,) + w; 107.546 107.434
6d(t,) 106.779 —-041 106.769 —0.51
4f 106.271 —0.03 106.881 —0.03 106.870 —0.06
4f+w, 106.574 107.180 107.068

SiH,, particularly in the case of the bending modes of thewidth of I'=50=5 meV (FWHM). This value agrees with
2p335s transition. This is also due to the different masses ofprevious photoemission results by Bozekal. [25], who
H and D and does not reflect differences in the geometries glerived I'=45meV with a spectral resolution of

the excited stateee Franck-Condon analysis in Sec).vI =95meV, as well as photoabsorption results by Hayes and
Brown [7], who obtained a total linewidtitFWHM) of

=60 meV with a spectral resolution gE40 meV. In the

present study, the instrumental resolution 4515 meV
The least-squares-fit analyses of all well-resolved resotFWHM), i.e., small compared to the natural width. As a

nances in the spectra of Sjtand Sih, result in a natural consequence, the present value for the natural width should

B. Natural widths



1232 R. PUTTNER, M. DOMKE, D. LENTZ, AND G. KAINDL 56

be more reliable and more accurate than previous results. — T
Note that the present value bf=50+5 meV is larger than

the width predicted by theory =32 meV [29]. In Ref.

[29] the natural widths were calculated for core-ionized
states and it was argued that these values might increase by
up to 20% for resonantly excited state®0]; nevertheless,

this would not be sufficient to resolve the substantial discrep-
ancies between experiment and theory.

C. Symmetry considerations

For the highn Rydberg states, only the symmetric-
stretching vibrational mode was observed, indicating that the
molecular structures of these states h@yesymmetry. The
tetrahedral symmetry of the high-Rydberg states can be
understood by regarding these core-excited states as ionic
SiH,* (SiD,"), with the highly excited electron in the ionic
potential. The excited electron will not influence the core and
the structure of the molecule is therefore identical to that of
the corresponding ion. The structures of both the core-
ionized SiH,* (SiD,") and the valence-ionize& 1) mol- T Y B
ecule PH" (PD,") are known to have tetrahedral symmetry 102 103 104
[31,37. From this tetrahedral symmetry it becomes clear Photon Energy (eV)
why first-order Jahn-Teller distortions due to the triply de-
generate P core hole remain small, in agreement with cal-
culations[31], despite theT, symmetry of the total elec-
tronic wave function of the ion.

Photoionization Yield

FIG. 4. Valence-orbital region of the SpZore-excitation spec-
tra of silane: (a) SiH,, with clearly resolved vibrational fine struc-
ture in the 102—-103 eV region, arf) SiD,, with weak vibrational
substates marked by vertical bars in the spectral region enhanced by
a factor of 3.
V. VALENCE REGION OF THE Si 2 p CORE-EXCITATION

SPECTRA OF SiH, AND SiD . . .
4 4 Therefore, the vibrational fine structures observed for the

The Si 2 to valence-orbital excitation region is shown in silane molecules are quite astonishing since they require a
more detail in Fig. 4. Two resonances split by a spin-orbitpotential-energy surface of the excited state that is stable
interaction are observed in both Silnd SiD, assigned to  with respect to dissociation. However, it had been shown for
Si 2p~'4a, and Si 2 !3t, core-excited states. An unam- the case of HC[36], which is isoelectronic to silane, that a
biguous assignment of the two states is not straightforwardninimum of the potential-energy surface exists even though
however, since the theoretical results contradict each othex fast dissociation process occurs. This is due to changes in
with respect to valence-orbital sequence and intensity ratithe equilibrium distances upon excitation that shift the
of the Si 2~ '4a, and Si 2 13t, excitations. We argue potential-energy curvabovethe dissociation level.
that the configuration-interaction calculations of Friedrich In the case of Silj de Souza, Morin, and NenngB9]
et al.[21] describe the intensities and energies of the lowesbbserved the nondissociated silane molecule as well as dis-
Rydberg orbitals rather we(see Sec. IY and we adopt the sociation products upon a core & excitation. They ex-
valence-orbital sequencag¢and 3, given by these authors. plained their observation by a fast dissociation process along
This sequence has also been given in RE22, 23, 33, a SiH-H coordinate and proposed a schematic potential-
whereas Ref[34] proposed a different sequence that is re-energy curve without any barrier along this coordinate. How-
jected. ever, in silane thes* valence excitations consist of the

In the valence-orbital region of the SjHpectrum[Fig.  4a; and 2, orbitals, with 3, split in the case of a deforma-
4(a)], a vibrational fine structure with an energy splitting of tion along the Sil-H coordinate inta; ande; i.e., there are
hw=83 meV is clearly visible in the photon-energy region three different states. Yavnat al. [40] calculated the
from 102 to 103 eV. In the analogous region of the SiD potential-energy surfaces along the normal coordinates and
spectrunFig. 4(b)], only a weak vibrational fine structure is found that two of the three states ought to be stable. At least
found, with#w=57 meV. The ratio of vibrational energies one of the states originating front3leads to a fast disso-
for SiH, and Sih, is found to beh wy /A wp=1.46, i.e., close ciation, explaining the experimental results of de Souza,
to the expected value of2. Note that the vibrational ener- Morin, and Nenner. We therefore conclude that the lowest
gies obtained experimentally for the valence-orbital regioncore to valence excitationf2 *4a; should be stable against
are smaller than the lowest vibrations in the ground stateglissociation with the Franck-Condon limits of this excitation
hw, andfw, (bending modes they are consequently con- below the dissociation threshold. This stability of the

sidered to represent bending-vibrational modes. 2p~l4a, state agrees also with the stability of the equivalent
For the core too* excitations of most of the hydrogen- cores molecule PHin the electronic ground stafd1].
containing molecule$HBr [35], HCI [36], H,S [37,38, and Note that the vibrational fine structure in the valence or-

SiH, [39]), fast dissociation processes have been observetital region has been observed before by Hudsobal. in
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H,S and BS[17]. Here, however, the fine structure does not . L
occur in the lowest but in the second state and has been SiH, ©%9
explained by vibronic coupling due to an avoided level
crossing within the Franck-Condon limif87,3§.

To further understand the bending-mode vibrations of the
2p !4a, state, we consider thB+1 molecule PH in the
electronic ground state. Most interestingly, the ground state
of the PH, molecule has been found, on the basis of calcu-
lations, to possess an unusual geometry, nameBp,esym-
metry[42—45, as compared to &4 symmetry; theC,, sym-
metry allows a stronger deviation of the bending-mode
normal coordinategi.e., angles than the stretching mode
normal coordinatesi.e., distances Howell and Olser{42]
refer to this geometry wittC,, symmetry as the second-
order Jahn-Teller effect, which can be understood by corre-
spondence with the VSEPR thed®6]: In addition to the
eight bonding electrons, there is a ninth valence electron in a FiG. 5. Core-excitation spectra of Sjldnd Si) in the region of
nonbonding orbital, which is located at the so-called equatothe 2p;15s and 2p323d(e) resonances, with resolved vibrational
rial site of the distorted trigonal-bipyramid. This distorts the fine structure of the @;35s state. The solid lines through the data
molecule by a repulsion of the bonding electrons, enlargingoints represent the results of a three-dimensional Franck-Condon
the angle between two ligand atoms. If this is also valid foranalysis. The most intense vibrational substates are marked by the
the 2p‘14a1 state in silane, which ought to ha@,, sym-  vibrational quantum numbersnkl) of the normal-vibrational
metry, there will be substantial changes of the angles in theodesw,,»,,w,4. The dash-dotted subspectra represent the vibra-
T4 symmetry of the electronic ground state. This explains thédional substat¢000),(100),(200), i.e.,v'=0,1,2 offiw, ; the dashed
strong excitation of bending-mode vibrations; if the changes$ubspectra represe(@01),(002, etc., i.e.v’'=1,2,... offiw,; the
of the distances are minor, we find by simulation that theSolid subspectra represe(@10),(011,(020), i.e.,v'=1,2 of iw,
stretching-mode vibrations will be too weak to be observed@ndv’'=1 of iw;+%w,. In a fit of the weakw, substate in the
in the case of strong angular distortions. spectrum of Sil, % w,(SiDy)=%w,(SiH,)/v2 was assumed. For

In the following, we argue that a first-order or normal SiP4 @ weak feature from a hot bafd” =(001)—v'=(000)] is
Jahn-Teller effect is negligible for thep214al state. The visible; it has been marked by the vertical arrow. For the 25-meV

total electronic wave function of this state Hessymmetry, gﬁ_ﬁozi dsglig bseetvevetﬁg tgg ;((jogg;z:]u =(000) excitations in
i.e., it is degenerate, and a first-order Jahn-Teller effect may ' '

therefore contribute, leading to a deformation of the mol-giate e assume that Morse potentials with asymmetries
ecule. Nevertheless, we assume that a first-order Jahn-TeIIQ_r_:(Xﬁw)_ apply, i.e., the modes were treated as un-
effect is negligible in this case sind® by neglecting the cI(I)upIed ! o

core hole the excited state cannot undergo a first-order Jahn- VarioLJs vibrational modes are resolved in the spectra
TeIIe_r effect d“? to the orbital, symmetry an_o(n) by né-  \yhich can be assigned to the symmetric stretching mode
glecting the excited electron the core hole will also not un—w1 the symmetric bending mode,, and the asymmetric
dergo a first-order Jahn-Teller effetee Sec. IVE As a bending modav,. In a T, molecule, these modes hase,

consequence, only an interaction between the core hole al I andt, symmetry, respectively; the asymmetric stretching

thﬁ? et>.<(r:1|ted elecg]on_ (E[ould t_lead fttoh al flrstljor((jjer Jazn'lTe"e(Ewode w3 was not observed in the spectra. The vibrational
effect; however, the interaction of the localized core hole and, | oo 2o marked bKI) = (0, 0,0,) in Fig. 5.

:Eg ZCIJI:Itle?r;Ztgglt?/z/(ectiicellfgg?gr Itieep)ﬁtpf:;eittz:t :?nimlé " ina single-photon photoionization spectrum, only the ex-

that the second,-order Jahn-Teller eff@l;uall 1o the VSEPR citation of vibrational modes witla; symmetry is optically
A . . . allowed. We therefore have to conclude that the observed

mechanisnis substantially larger than a possible f'rSt'Orderexcitations of thaw, andw, modes are caused by a symme-

LU L try of the excited state lower thar, . This causes a splitting
of the degenerate modes withandt, symmetry into addi-

2p;,— 58
(001)
(100)

Photoionization Yield

1 1
105.0 105.2 105.4
Photon Energy (eV)

104.8

VI. FRANCK-CONDON ANALYSIS tipnal modes witha; symmetry. On _the basis of arguments
OF THE “MIXED” 5 s STATE given in Sec. V for the valence-orbital region, we assume a
C,, symmetry also for the $Rydberg state. All modes with
A. The a, vibrational modes a; symmetry were taken into account in the multimode

Figure 5 displays the core-excitation spectra of Siidd T ranck-Condon analysis.
SiD, in the region of the P535s state and the”=0—uv' N .
=0 excitation of the p323d(e) state in more detail. The B. Prerequisites for the Franck-Condon analysis
2p55s states were treated by a multimode Franck-Condon At this point we give further supportive arguments for the
curve-fitting procedure, with the results given by the solidapplicability and validity of the applied multimode Franck-
lines through the data points. This fit procedure is based o€ondon analysis of thef2—5s excitation in silane. For this,
an algorithm first described by Hutchisspti7,48 that pro- two requirements must be fulfilledi) The total molecular
vides insight into the molecular geometry of the core-excitedvave functionW can be described in the adiabatic approxi-
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mation and(ii) the transition has to be allowed on the basis
of the dipole selection rules. The first-order and second-orde a) T, b) C,,
Jahn-Teller effects may lead to deviations from requirement H
(i), the adiabatic approximation. Although the final state is
triply degenerate due to thep2core hole, the first-order [’\
Jahn-Teller effect can be neglected by transferring the con: [y~ He~
clusions reached for thep2 *4a, state(see Sec. Yto the N~ «
2p~15s4a, state. This means that the given distortion of the \‘/ ’ \/
2p~15s core-excited state in silane must be due to a second
order Jahn-Teller effect; however, the second-order Jahn H
Teller effect ought to be weak, due to the large energy split-
ting of the 5 and 3 states, and the adiabatic approximation
should still be appropriatp49]. As for requirementii), we FIG. 6. (a) Definition of intramolecular distances,r,,r3,r4
argue that the electronic part of the transition matrix elemenind angles,,, e, used in the Franck-Condon analygis) Geom-
should not vanish since thep2-5s transition is dipole al- etry of the core-excited (2 !5s Rydberg state in both SjHand
lowed in both symmetrie§y and C,,. As a result, the SiD,, resulting from the Franck-Condon analysis.
Franck-Condon approximation should be appropriate for de-
s_crlblng_the 2’755 excitation. In the Eranck-Condon analy- In the case of highm vibrational states above the potential
sis, the intensities of the vibrational sideband are determlnegarrier it might be necessary to start from a harmonic oscil
by Franck-Condon factors. This leaves the problem of find- ' : U :

lator that contains all minima: Then there will be no change

ing appropriate vibrational wave functions of the ground, : . o
stgte g?]d I?he excited states 9 in the normal coordinates upon electronic excitation. The

In simple cases, when the symmetry is not reduced, %ﬂbratlonal wave functions will then be approximately or-

harmonic potential with anharmonic terms is used. However logoTaI to thhe grounld-stat((aj \r/]vave funct|on,hr_esult]:rtlﬁ ":].aﬂ
when the symmetry is reduced, more than one minimum ir'ii Most vanishing overiap and hence a quenching ot the nign-

the potential-energy surface of the excited state has to blalwbratlons. If this wou_ld ‘?‘ISO hold for low vibrations, the
|(w4;w2)=1,2,...ex0|tat|ons should not be observed. On

expected. This has the consequence that in a hypothetic ) . i .
xp ! au \ yp I%e basis of the given arguments, the observed intensities of

lanar metry of the molecular groun n atom th ) s
%adizplgigd ?‘:oymo trtleemooleecculfaa; sjlaonue ?nstﬁtee’e?(ci?etg st;té e higher vibrational subgtates can be lower than ex.pected
may assume two image positions due to the double!” thg model of one Ic.)cahzed. minimum, but these high-
minimum potential. In the present silane case, there are si ibrations have essent[ally no influence on the results of the
possible positions for the lonely electron, which enlarges th ranck-Condon anaIyS|s..It turns out tha_t the changes of the
molecular geometry obtained from the fit represent a lower

H-Si-H angle, and hence six minima will exist in the imi 4 th ar di . iaht be2°
potential-energy surface. Each of the vibrations will there-lg?'teran the correct angular distortions might

fore be split into substates, representednyandn~. De-
spite these general aspects, only one of these minima should

actually contribute since for the lower vibrational states the C. Multimode Franck-Condon analysis

time required for a jump from one minimum to the other is  On the basis of the three measured vibrational modes
supposedly much longer than the mean lifetime of the coreg,,, a multidimensional Franck-Condon analysis was per-
excited state. One can therefore assume that the moleculgsrmed by taking the additional normal modes with sym-
configuration is localized at one particular minimum. Thatmetry into account. As a result, the excitation-induced
this is really the case can be seen in the photoionizatioghanges\Q; of the normal coordinate®; were obtained. In
spectrum of Sily from the high intensity of thev”  order to convert these normal coordinates into geometrical
=0—v'(w4) =1 resonancémarked(001) in Fig. 5; see be- parameters of the molecule, such as intramolecular distances
low] and by the energy of the hot-band featw&ws;)  and angles, it is necessary to know the relationship between
=1—v'=0. The vibrational wave function of the"(w;)  the normal coordinates, the symmetry coordinates, and the
=1 state has a nonvanishing overlap only with the=0"  internal coordinategbonding angles and interatomic dis-
substrate of the excited state, whereas #tiee0—v'=0  tance$. This relationship was calculated with the algorithm
excitation populates the'0substate. The energy difference described by Wilson, Decius, and Crd&€]. In a first step,
between the hot band and thé=0—uv'=0 2p,;35s Ryd- the internal coordinates were converted to symmetry coordi-
berg state is 88 meV, i.e., very close to thé vibrational nates, and in a second step, the symmetry coordinates were
splitting in the ground staté83.6 meV[18]). As a conse- transformed to normal coordinates.

guence, the energy spacing between theahd O states For a five-atom molecule such as silane, we are dealing
must be very small, indicating a high potential barrier be-with nine normal coordinate®; and nine symmetry coordi-
tween the various minima and consequently a rather lowatesS;. In theC,, molecular symmetry, four of them have
inversion rate; the same arguments will apply to at least the; symmetry. In a first step, we define the four symmetry
v'=1 states. Since the molecule is localized in a singlecoordinates of silane witha; symmetry in the C,,
minimum and harmonic-oscillator wave functions can bepoint group by relating them with internal coordinates,
used for the excited state, we can apply the algorithm giveme., with the distances between the Si atom and itie

by Hutchisson[47,48 for analyzing the lowa vibrational ~H atom r; and the angle between; and rj, «;; [see
states. Fig. 6@]. We define a symmetry-coordinate vector
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S=(S,,S,,S;,S)and an internal-coordinate vecto, =109.479, only the off-diagonal elementsy, andL 43 have
=(ry,r5,f3,F 4,010,034, 13,014, 03, a24), Which are re- to be considered and all othef,=0 are valid fori #k. The
lated by the transformation matrid;;, with $;=U;;S;. In  following matrix L results:

Ref. [51], U;; has been given explicitly. The symmetry-

coordinate vector S;=(S,,S,,5;,S,) and the normal- Ly O 0 O

coordinate vecto;=(Q;,Q,,Q5,Q,) are related by a ma- L= 0 Lp 0 O 1

trix Ly, with K= 0 0 Ls Lgl- @
0 0 L3 La

Si=LiQx-

In this way, we obtain the following relation between the Any deviation from the tetrahedral geometry of the ground

internal-coordinate vectd; and the normal-coordinate vec- sta_te(all Fi (_equal and; :109'4.77 gives rise tol#0 for .
tor Qy : all i andk, i.e., to normal coordinates that are linear combi-

nations of all four symmetry coordinates. This mixing is as-
S=U;iLiuQx, sumed to be small and is neglected in the excited state. Con-
sequently, the internal-coordinate vectors of the ground and
with the transposed matriy;; = Uﬂ . For tetrahedral symme- the excited states are related to the normal-coordinate vector
try of the molecular ground statér;=const and «; by S;=U;iLikQx= AjiQx:

iLy 0 L33 1La
iLy 0 L3 L4
%Lu 0 - %Lss - %L43
Ly 0 —iLys  —iLa
1 1 1
0 zl«zz _ELM —El«u
0 1 1 1
— Ly —Llis L
L V3 v2 v2 @)
UjiLik=Ajk_ 1 .
0 _'_L22 0 0
V2
1
0 —_—Lzz 0 0
Viz
1
0 ——==Ly, 0 0
Jiz
1
0 —"‘“_L22 0 0
iz

In this way, we obtainAS;=AjAQy, with AS=S/—-Sj  from the matrix Ay to the following equations between
and AQ,=Q,— Q. The double-primed and single-primed changes of the internal coordinat8sand those of the nor-
entities, respectively, refer to the ground and the excitednal coordinate®),:

state.
Applying the procedure of Ref52], the elements ;, can Ari=3L1;AQ;+ 3L33AQ3=Ar;(Qq) +Ar(Qg)
be calculated from the force constahtg, which were taken
for silane from the literatur¢53]. For most sets of force (i=1,2),
constantsL ;=0 was obtained leading us to set its value
equal to zero. Since a nonvanishibg, will have only a very Ari=3L1;AQ;—3L33AQ3=Ar;(Qq) +Ar(Qy)

small influence of less than 0.1° on the angular changes, we
have also neglecteld;,. This reduces the relations obtained (i=3,9,
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TABLE IlI. Vibrational energiesi w/ , anharmonicitiesX% »); , and changes of the geometrical param-
eters of the core-excited molecules with respect to the ground<{gtatevalues[18]. The given numbers
were derived from changes of the normal coordinate®; obtained by Franck-Condon analyses.
fw,(SiD,) was assumed to blews(SiH,)/v2 and is marked by square brackets. The vibrational energies of
the equivalent-cores molecules PHand PD* are included for comparisofb4]. For the splitting of the
w, and w, modes, see the text. The error bars are given in units of the last digit.

SiH, SiD,
Vibrations and geometries g.s. 2p455s g.s. 2p455s PH,* PD,*
fhw, (MeV) 271.129 298.8.0 193.8 212.910) 284.5 205.1
(xtio), (MeV) 0.855)
Ari;2.3.4Q1) (A) —0.055(1) —0.055(1)
hw, (MeV) 120.38 131.11.0 84.95 [92.6] 135.5/127.2  96.3/89.9
Aaiz,34{Q) (deg 3.15 2.1(5)
Ar1.2(Q3)=—Ar3.4(Q3) (A) 0.0066) 0.0066)
fhw, (MeV) 113.25 106.6L.0 83.6 78.01.00 118.3/113.9 86.9/83.3
(Xfiw), (MeV) 3.23) 2.33)
Aa;(Q4)=—Aasz(Q,) (deg 9.65) 10.25)

1 1
Aajo=— LpoAQ,— — Ly AQu=A +A ,
12 V3 22AQ; W 42AQ4 a1 Q2) a1(Qy)

1 1
Aazyy=— LoAQo+ — L4 AQi=Ac +Aa ,
34 V3 22AQ5 v 42AQ4 34(Q2) 34(Qa4)

1
AO[”:_\/TZLzzAszAa”(Qz) (|J 213,14,23,24
)

D. Results

@13:14:23:24With half the change and the opposite sigsy
changes onlyy;, and az,, With Aa,= —Aazy.

The changes of the internal coordinates upon core excita-
tion are the same for SiHand Sih, within the limits of
error. This means that the geometries of core-exited, Sitd
SiD, are very similar and the relative intensities of the vibra-
tional sidebands follow from the different masses of the
ligand atoms.

Within the foura; normal modes, the two bending modes
w, andw,, representing the angular changes upon core ex-
citation, are well separated in the spectral features. The
stretching modesw; and w;, however, coincide with a

From the Franck-Condon analysis of the spectra, the thregingle vibrational energy of 298.5 el212.9 eV for SiH,
normal vibrational modes of the excited state of SiH (SiD,). Consequently, it is simple to separate the effects of

(SiD,) were obtained# w;=298.5 meV(212.9 meV, i w,
=131.1 meV (92.6 meV, and fiw,=106.6 meV (78.8

angular changes 0@, andQ,, while the effects of bond-
length variations orQ; and Qs overlap considerably. As a

meV). The modes were assigned by comparison with theonsequence, a separation of bond-length variations due to

appropriateZ+1 ions PH* and PQ}*, for which the vibra-
tional energies are known from studies of PHPD,l):
hw;=284.5 meV (205.06 meV, fw,=135.5/127.2 meV
(96.3/89.9 meY, fw3=281.7/293.3 meV (205.55/214.7
meV), andw,=118.3/113.94 me\86.9/83.3 meV [54].
Note that thew,, w3, andw, values for P§* (PD,*) are
split due to theD,4 symmetry at the P (PD,") ion in

Ar;(Qq) andAr;(Q3) cannot be performed in an unambigu-
ous way.

The excitation of thew, vibrational mode, withzw,
=106.6 meV(78.0 meV for SiH, (SiD,), is caused by a
change of the normal coordina€, ; it leads to an angular
distortion of the molecule given by an increase @f, by
=10° and a decrease ak, by the same amount, with all the

PH,l (PD,l); therefore, two values were given in each case.other angles unchanged. The fit provides also an anharmo-
In this way, thew; and w; modes are assigned to bending- nicity of the w, vibration of (x4 w),=3.2 meV (2.3 me\)
vibrational modes, while theo; mode is assigned to the for SiH, (SiD,). These values are comparatively large, but

symmetric-stretching mode,, with the possibility of a
weak wz-mode contributior(see below.

they agree quite well with the ground-state anharmonicity of
SiH,, (X% w);=2 meV[55]. This observation could also in-

The results of the multimode Franck-Condon analysis arelicate the existence of multiple minima in the potential-
summarized in Table Il. They include the vibrational ener-energy surface, giving rise to low intensities of the vibra-

giesfiw; , the anharmonicitiesxfi w); , and the contributions

tional substategsee Sec. VIR Note that in the case of

Ari(Qy) and Aa;;(Qy) of the normal-coordinate changes constantAQ, a high anharmonicity will lead to a low inten-

AQy to the bond lengths; and the bond angles;;. A
geometrical interpretation of the four normal modes (i
=1,...,4) is provided by the matrix\;,, with Lg;=L,3
=0: -, causesequal changes in all bond distances;
w3 changes the bond distances in a way that;.,=
—Arz.4; w, influencesa;, and az, in the same way and

sity of the higher vibrational substates.

The weak vibrational mode,, with iw;=131.1 meV
(92.6 meV for SiH, (SID,), is related to a small change of
the normal coordinat®, leading to an angular distortion of
|Aay234Q2)|=3°. Since no anharmonicity could be ob-
tained for this vibrational mode due to the weakness of the
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vibrational sidebands, the sign Afa,.3{Q2) could not be

determined. However, if we assume that the §i-2 valence eor, SiH i
excitations are similar to the valence excitations in
the Z+1 molecule Pl we may adopt the positive
values Aayy3{Q2)=+25° and Aa1x(Qs)= —Aaz4(Qa)
=+37.5°[42]. On the same equivalent-cores basis, we as-
sume thata, and a3, increase by 3° and all other angles
decrease by 1.9%ee Eq(3)] due to the change of the nor-
mal coordinateQ, . i

The largest vibrational splitting in the SIHSID,) spec- 20l 0 20AF(Q)‘(¢'?] A & |
trum, fiw;=298.5 meV (212.9 meV, is due to the two . . . L . .
stretching-vibrational modes. It reflects a decrease of the Si- -40 20 0
H(D) equilibrium distance upon core excitation Ay;(Q,) Ar(Q,) (mA)
=—0.055+0.001 A, with supposedipr;(Q3)=0. This re-
sult agrees very well with recent calculatiof&1], which
obtained a contraction of the silane molecule by 0.05 A upon
core excitation. It also means that the equilibrium distance
changes fronr”=1.471 A in the ground statg56] to r’
=1.416 A in the core-excited state, in good agreement with
the bond length of the equivalent-core molecule,PHr 1.40
=1.42-0.02 A. For SiD an anharmonicity of Xt w)]
=0.85+-0.5 meV is obtained, with the relative large uncer-
tainty caused by the weakness of the=2 vibration. For 139}
SiH,, an anharmonicity could not be derived due to the dis- €< v o L

, T 1.40 1.45 1.50
appearance of a’=2 vibration in the 3l(e) resonance. e A

As mentioned before, the symmetric-stretching made 12
may overlap with the asymmetric-stretching maalg caus-
ing a nonvanishing change @; and hence a nonvanishing
Ar;(Qz). To estimate thev, /w3 correlation, we performed
fits of Ar;(Qg), with Ar;(Q;) being varied between
—0.055 an 0.0 A; the results are presented in F(g).m_ high uncertainty inAr;(Qz). Inset: simulated intensity ratib, /1,
small variation ofAr;(Q,) around—0.055 A causes obvi- fthey'=1 105’ =0 sidebands of the stretching modes in Sits
ously a strong increase iir;(Qg). This can be explained by 5 function of Ar(Q). (b) Calculated bond distances., and
the fact that for one normal coordina@ the v'=1-tov’ . for SiH, (+) and SiD () on the basis of the results ia); the
=0 intensity ratiol; /1, increases very strongly with an in- solid line represents;., as a function ofr}.,. The filled circle
crease iMAr;(Q) [see the inset in Fig.(@]. It means that a represents the geometry of core-ionized Sitér SiD,*. The pos-
small decrease ofAr;(Q,)| at Ar;(Q;)=-0.055A will  sible values for}., andr}., are represented by the dashed rect-
lead to astrongdecrease of the intensity of the first vibra- angle. Note that the ordinate and abscissa scal@s and(b) differ
tional substatey’ =1, which in turn will cause a strong in- by factors of 2 and 3, respectively.
crease ofAr;(Q3) at Ar,(Q3)=0.

From the results given in Fig.(a, we calculated the
shorter bond length; , as a function of the longer bond
lengthr} ,. The results, shown in Fig.(f), reveal that the
shorter bond lengtn} , varies from 1.416 to 1.390 A and
back to 1.416 A, while the longer bond length, changes

20

T
_'__
o
w
I

Ary ;z(Qs) = 'Ar3;4(Q3) (mA)
+

141

34 A)

T T T T T 1T T T T T 11
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FIG. 7. (a) Ar;(Q3) as a function ofAr;(Q,) obtained from a
multimode Franck-Condon fit of thepg;35s excitation spectrum of
SiH, (+) and SiD, (X). The dashed rectangle represents the pos-
sibleAr;(Q4) andAr,;(Q3) ranges from the results if). Note the

state in silane. The two states differ only by a fraction of an
additional valence electron that will influence the bond
lengths, which leads to an estimate of the difference in bond
lengths in SiH* as compared to the short bond length, of
_ 190, ¢ the 2p~'5s Rydberg state of less than 0.005 A. To estimate
from 1.416 t9 1.525 A. This reflects a redl:stnbunon Qf ihe mearr} , value, we use Franck-Condon factors for the
=100% atr;,=1.416 A t0 Q3=100% atrj,=1525 A. symmetric-stretching vibrational substates as obtained from
On the other hand,_the shorter P-H b_ond lengthin the photoemission spectf26,31), assuming\r;(Qs) =0 A. We
ground state of various BH(x=3,4,5) is known to vary ihen obtain Ari(Q)=—0.060 A, €., ri=ry=rg=r,
slightly under very different molecular conditions with dis- _ 1 411 A, this result is marked by a filled circle in Fig.
tances rg=1.420 A (PH;, experimental value[57)),  7(b). Due to the small fraction of a lonely electron in the
=1.404 A (PH,, average value of calculations in Refs. 2p~15s state, we estimate a variation of., from 1.406 to
[42 49), r;=1.42 A (PH,", experimental valug32]), and 1416 A, close to the tetrahedral molecule with.,
=1.415 A (PHs, average value of calculations summa- =1.416—-1.428 A[see the rectangle in Fig.(]. This
nzed in Ref.[58]). By transferring these small variations of r;.,/r3., rectangle is transformed to ther;(Q)/Ar;(Qs)
the P-H bond length on the basis of the- 1 approximation rectangle in Fig. ®). Obviously, Ar;(Q,) varies by only
to the Si-H bond length of core-excited silane, we expec0.001 A, whileAr;(Q;) varies by 0.012 A. This means that
only a small difference in the bond lengths of core-ionizedthe Q, contribution is constantir;(Q,)= —0.055 A, while
SiH," and the short bond lengtt} , of the 2p~5s Rydberg  the Q; contribution results in\r;.,= —0.055 to—0.043 A
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TABLE Ill. Summary of the internal-coordinate changes in sil&8é, and SiH, upon 2~ 15s core
excitation, separated into the individual contributidnS;(Qy). The error bars are given in units of the last
digit.

r1.,=r"+Ari(Q;) +Ar;(Qs)=1.471 A-0.055(1) A+0.006(6) A=1.422(7) A
r5.4=r"+Ar;(Q;)+Ari(Qs)=1.471 A-0.055(1) A-0.006(6) A=1.410(7) A
aj,=a"+Aa1(Q,) + AayQ,) =109.5°+ 3(0.5)°+ 10(0.5)°= 122.5(1.0)°
aby=a"+ Aa1(Q,) + Aa;Q,) =109.5°+ 3(0.5)°— 10(0.5)°=102.5(1.0)°
131423205 @+ Aa13142324Q7) = 109.5°-1.5(0.5)*= 108.0(0.5)°

andAr.,= —0.067 to—0.055 A. Note that thé, /1, inten-  sion of a mixed character of this std21]. The results ob-
sity ratio as a function ofAr;(Q) shows that a fraction of tained in the present work are similar to previous results for
10% to the(100) vibrational sideband can be considered asSiF,, where the 4 Rydberg state had shown additional
an upper limit for Ar;(Q3)=0.012 A, even though bending modes confirming a mixed-state charai@gr
|Ar;(Q3)| can be as large as 20% fr;(Q;)|.

The changes of the internal coordinates of Sighd VIl. SUMMARY AND CONCLUSIONS
SiD, upon Si% ~15s excitation, separated into contributions . . . . , ) ,
from the individual normal coordinates, are summarized in  High-resolution and high-signal-to-noise-ratio photoion-

Table Ill. These geometrical changes are also represented 5;f'it|on spectra of Silfand Sih, were measured in the region
Fig. 6(b). of the Si 2 core excitations. As compared to previous work

[6 8], the improved resolution and higher flux of the
SX700/11 monochromator at BESSY made it possible to de-
rive a wealth of information from the spectra. Different
The spectra of the $Rydberg state reveal excitations of structures were observed, particularly in the higRydberg
the bending-vibrational mode, however, much weaker thamegion. Bending-vibrational modes could be resolved in the
in the valence region. In the case of thp,26s Rydberg  valence-orbital region. Both bending and symmetric-
state, very weak sidebands of this mode could only be obstretching vibrational modes were observed for tsestate,
served for Sil}, but not for SiH,. These bending vibrations while for higher Rydberg states only the symmetric-
can also be understood on the basis of a distofigdym-  stretching vibrations were found. The excitation of bending
metry caused by second-order Jahn-Teller effect; this isibrational modes is due to a deviation frofy symmetry,
analogous to a valence-state excitation leading alsGp i.e., a reduction td&C,, symmetry. The valence region gives
symmetry. The bending-vibrational modes can also be unthe largest distortion frority symmetry. The § “Rydberg”
derstood on the basis of the VSEPR theory if one assumestate was assigned to a mixed state, i.e., a Rydberg state with
mixed states, i.e., states with mixed valence and Rydbergdmixing of valence character, while the highRydberg
character. Such a partial valence character leads to a fractiaates were found to be rather pure. The natural widths of the
of a nonbonding “ninth” electron in the valence shell and core-excited Rydberg states were found to be equal within
hence to a weaker interaction with the bonding orbitals and #e limits of error, withl’ =50+5 meV.
smaller distortion than in a core-valence excitation. The as-
sumption of a mixed state for thesRRydberg orbital is con- ACKNOWLEDGMENTS
firmed by comparing the spectra of gas-phase and condensed
silane: Rydberg states are usually quenched in the condensed This work was supported by the Bundesministear Bil-
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