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Si 2p photoabsorption in SiH4 and SiD4: Molecular distortion in core-excited silane
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We report on a high-resolution photoabsorption study of SiH4 and SiD4 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 from theTd symmetry 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 PH4. 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 fromTd symmetry with increasing valence character of the
core-excited state. The spectral shape of the 2p3/2

215s 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 ~DE515 meV full width at half maximum! allowed the derivation of the natural widthsG of the
Rydberg states, which were found to be identical within the limits of error~with G55065 meV!.
@S1050-2947~97!02207-5#

PACS number~s!: 33.15.Dj, 33.70.Ca, 33.20.Tp, 33.80.Eh
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I. INTRODUCTION

Considerable improvements in the resolution of mon
chromators in the soft-x-ray region in the past decade h
resulted in photoabsorption spectra of core-excited m
ecules with resolved vibrational splittings@1–3#. A number
of vibrationally resolved photoabsorption spectra have b
reported, including those of the tetrahedral molecules C4,
CD4 @4,5#, SiH4, SiD4 @6–8#, SiF4, @9#, and SiCl4 @10#. In all
of these cases, only one vibrational mode, thesymmetric-
stretchingmode, was found to contribute to the higher Ry
berg excitations, while the lowest Rydberg resonances in
spectra of CH4, CD4, SiH4, SiD4, and SiF4 exhibited addi-
tional nonsymmetricvibrational modes. In earlier studies o
SiH4 and SiD4 there have been some hints to a restriction
the nonsymmetric vibrations to the lowest Rydberg sta
@6–8#, but it could not been clarified whether the nonsy
metric vibrations were really missing or just have not be
resolved in the spectral features from excitations to hig
Rydberg states.

In this paper, we present vibrationally resolved Si 2p pho-
toabsorption spectra of SiH4 and SiD4 for both the valence
and the Rydberg excitation regions. We find strong exc
tions of the symmetric-stretching mode in the case of R
berg states, while additional vibrational modes are obser
only in the case of excitations to valence orbitals or to
lowestns Rydberg states. The occurrence of nonsymme
vibrational modes in the core-excitation spectra of hig
symmetric molecules can be understood on the basis
lowering of the molecular symmetry upon core excitatio
We present a model following the lines of the valence-sh
electron-pair repulsion~VSEPR! theory of Gillespie@11# to
explain this symmetry lowering. The Si 2p3/2

215s state is
561050-2947/97/56~2!/1228~12!/$10.00
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found to be a mixed state and the observed spectral enve
is treated by a multimode Franck-Condon analysis, resul
in the molecular parameters of the excited state, i.e., equ
rium distances and angular distortions.

II. EXPERIMENTAL DETAILS

The experiments were performed with the high-resolut
SX700/II monochromator, operated by the Freie Univers¨t
Berlin at the Berliner Elektronenspeicherring fu¨r Synchro-
tronstrahlung ~BESSY!. This monochromator includes
plane premirror and a plane grating, a fixed ellipsoidal foc
ing mirror, and a fixed curved exit slit. Using a 244
lines/mm grating and a 3-mm exit slit, a resolution of
>15 meV @full width at half maximum ~FWHM!# at hn
5110 eV can be achieved@12#. The photoabsorption spectr
were recorded with a gas-ionization cell 10 cm in acti
length by monitoring the total photoionization current as
function of photon energy. The gas cell, filled typically wi
0.1 mbar of SiH4 or SiD4, was separated from the ultrahig
vacuum of the monochromator by a 1200-Å-thick carb
window. The photon energy was calibrated by monitori
the N 1s→p* (v950→v850) excitation in gas-phase N2 at
hn5400.88 eV@13#.

SiH4 and SiD4 were synthesized by the reaction of SiC4
with LiAlH 4 and LiAlD4, respectively@14#. The reaction
products were purified and analyzed for impurities by inf
red ~IR! spectroscopy as well as by the absence of photo
ization signals in the regions of the C 1s, N 1s, and O 1s
absorption thresholds. In the IR spectrum of SiH4, only the
vibrational modes of SiH4 were observed. In SiD4, additional
weak spectral features were found, originating from isoto
cally mixed SiD3H, due to the finite isotopic purity of the
starting material~LiAlD 4, enriched to 98%!.
1228 © 1997 The American Physical Society
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56 1229Si 2p PHOTOABSORPTION IN SiH4 AND SiD4: . . .
III. PHOTOABSORPTION SPECTRA
OF SILANE MOLECULES

In Fig. 1, the photoabsorption spectra of SiH4 and SiD4
below the Si 2p ionization threshold are displayed. For bo
molecules, the spectra can be separated into two diffe
regions. Below 104.7 eV, broad features are observed, o
nating from excitations to unoccupied antibonding valen
orbitals (s* ). Above 104.7 eV, the spectral features a
much narrower and are caused by Si 2p excitations to Ryd-
berg states. Such a classification is typical for the second-
hydride molecules HCl@7,15,16#, H2S @7,17#, PH3 @7#, and
SiH4 @6–8#.

In addition to Rydberg excitations between the lowest
brational substates (v950→v850), a great number of vi-
brational substates are observed, assigned to excitations
the electronic ground statev950 to vibrational substates o
the electronically excited statev851,2,3,... . In thecase of
vibrational energy splittings, the values differ by>& due to
the masses of H and D.

The lowest Rydberg states are marked by 5s and 3d(e) in
the spectra of Fig. 1. Typical vibrational substates
marked by the vertical-bar diagrams, with the vibrational e
ergy of the 3d(e) state of SiH4 (SiD4) being >300 meV
(>210 meV). Vibrational excitations of much lower ene
gies were resolved in the 5s Rydberg region, originating
obviously from additional vibrational modes. These vibr
tional modes can be assigned by a comparison of the
served vibrational splittings with those of the electron
ground state of silane. In a five-atom molecule with tetra

FIG. 1. Overview of the Si 2p photoabsorption spectra of ga
phase silane: ~a! SiH4 and ~b! SiD4. The lowest Rydberg state
2p3/2

215s and 2p3/2
213d(e) and their vibrational sidebands are mark

by vertical-bar diagrams. In the case of the 2p3/2
213d(e) Rydberg

state, excitations of the symmetric-stretching vibrational mode
exclusively observed, whereas the 2p3/2

215s state exhibits additiona
excitations of bending-mode vibrations.
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dral symmetry, four normal vibrational modes contribute: t
symmetric stretching mode witha1 symmetry,v1 ; the sym-
metric bending mode withe symmetryv2 ; the asymmetric
stretching mode witht2 symmetry,v3 ; and the asymmetric
bending mode witht2 symmetry, v4 . For the electronic
ground state of SiH4 (SiD4), the vibrational energies ar
known: \v195271.129 meV (193.8 meV), \v29
5120.38 meV (84.95 meV), \v395271.417 meV
(198.177 meV), and\v495113.25 meV (83.6 meV)@18#.
Hence the 300-meV~210-meV! vibrational splitting of the
3d(e) state of SiH4 (SiD4) can be assigned to th
symmetric-stretching modev1 ~and possibly also tov3!.
Both stretching (v1 ,v3) and bending modes (v2 ,v4) are
observed in the 5s Rydberg resonance.

IV. RYDBERG REGION OF THE CORE-EXCITATION
SPECTRA OF SiH4 AND SiD4

A. Assignment of spectral features

The Rydberg regions of the silane spectra are shown
Figs. 2 and 3. These spectra are similar to those in R
@6–8#, but they are considerably improved in resolution a
signal-to-noise ratio, displaying a substantial number of
ditional structures. The solid curves through the data po
and the vertical bar diagrams represent the results of le
squares-fit analyses. Three Rydberg series, 2p21ns,
2p21nd(e), and 2p21nd(t2), can be identified, converging
towards the ionization thresholdsLIII (2p3/2

21) and LII

(2p1/2
21). Different from the isoelectronic molecules HCl an

H2S @17,19,20#, a ligand-field splitting of the 2p3/2
21 threshold

is not observed in silane, in agreement with its tetrahed

re

FIG. 2. Rydberg region of the core-excitation spectrum
SiH4 below the Si 2p ionization threshold. The four bar diagram
represent the results of a least-squares-fit analysis. The vertical
above the horizontal lines represent Rydberg excitations betw
vibrational ground states (v950→v850), while thosebelow rep-
resent excitations to higher vibrational substates. The solid~open!
bars mark vibrational excitations of the symmetric-stretching~bend-
ing! modes. The lengths of the bars represent the spectral intens
of the resonances. The vertical dashed lines mark theexpecteden-
ergies of the missing bending vibrations 3d(e)1v2 /v4 and
3d(t2)1v2 /v4 .
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1230 56R. PÜTTNER, M. DOMKE, D. LENTZ, AND G. KAINDL
symmetry. Excitations to Rydberg states withv850 are
marked by vertical barsabovethe horizontal lines in the ba
diagrams, while those to higher vibrational substates w
v851,2,... aremarked by vertical barsbelow the horizontal
lines. Thend Rydberg series splits intond(e) and nd(t2)
series, due to the tetrahedral symmetry of the ionic co
which removes the degeneracy of spherical symmetry.
all Rydberg excitations, vibrational substates arising fr
the symmetric-stretching modev1 are observed, and thes
are marked by solid vertical bars below the horizontal lin
The 2p3/2

215s and 2p1/2
215s states exhibit additional strong ex

citations of the vibrational bending modesv2 andv4 ; these
features are marked by open vertical bars below the horiz
tal lines. Some very weak bending-mode vibrations are a
visible in the 2p3/2

216s resonance ofdeuteratedsilane. In all
other resonances, these bending modes are missing, e.
the 2p3/2

213d(e) and 2p3/2
213d(t2) Rydberg states. The vertica

dashed lines in the spectra of SiH4 and SiD4 ~Figs. 2 and 3!
mark theexpectedenergies of these bending modes, and
can be seen that these modes are completely missing or a
least very weak. This is obvious since the peak intensitie
the bar diagram of Fig. 2@Fig. 3# can be assigned unequivo
cally to the 2p1/2

215s bending@2p3/2
213d(e) stretching# vibra-

tional mode.
Contrary to Sutherlandet al. @8#, but in accordance with

Hayes, Brown, and Kunz@6,7#, we could not observe a reso
nance athn>104.6 eV~see Fig. 1! that had been quite in
tense and broad in the spectrum of Ref.@8#. This additional
structure might have been caused by impurities. Instead
resolve twovery weak features in this energy region, whic
were assigned to 2p3/2

214p states in the spectra of both SiH4

and SiD4. The energy as well as the rather low intensity
the 4p Rydberg resonance are in conformity with predictio
by Friedrich et al. @21# and confirm the theoretically pre
dicted sequence 4p, 5s, and 3d(e) for the lowest Rydberg
states@21–23#. In the SiD4 spectrum, we also observe a
excitation from higher vibrational states of the electron
ground state, i.e., a ‘‘hot band,’’ which can be assigned,

FIG. 3. Rydberg region of SiD4 below the Si 2p ionization
threshold. For an explanation, see the caption of Fig. 2. The ar
h at 104.8 eV marks a spectral feature from a hot band:v9(v4)
51→v850.
h

e,
or

.

n-
o

, in

it
e at
in

e

f

n

the basis of the Franck-Condon analysis presented in
VI, to an excitation from an asymmetric-bending-mode
brational state in the ground state to the vibrational grou
state of the 5s Rydberg state, i.e., to av9(v4)51→v850
excitation.

For a detailed analysis of the spectra, a least-square
was performed, resulting in energies, natural widthsG, and
intensities for all resonances. In this fit analysis, the re
nances were described by Voigt profiles, i.e., Lorentzia
convoluted by a Gaussian to simulate the spectrometer fu
tion. All well-resolved resonance lines were fitted with sim
lar intrinsic widths resulting inG>50 meV, with a scatter of
less than65 meV; in the analysis of the less-resolved
weaker resonances, thisG value was adopted and kept co
stant. The background was simulated by a superposition
arctan functions, which describe contributions from exci
tions to continuum states and to unresolved higher Rydb
states~with n.10 for s states andn.6 for d states!. In each
spectrum, four arctan functions were superposed, i.e., for
2p3/2

21 and 2p1/2
21 continua of the ionic states without vibra

tional excitations as well as for the 2p3/2
21 and 2p1/2

21 continua
of the v950→v851 vibrational excitations. The energie
are summarized in Table I. In addition to thens and nd
series, a few resonances were found, which can be assi
to 4p and 4f states.

On the basis of the given assignments and the applica
of the Rydberg formulaE5I p2R/(n2d)2, with I p the ion-
ization threshold,R the Rydberg constant~13.605 eV!, andd
the quantum defect, theLIII andLII ionization thresholds of
SiH4 (SiD4) were obtained from thens and nd Rydberg
series as 107.11060.010 eV (107.09060.010 eV) and
107.72060.010 eV (107.69560.010 eV), respectively. A
difference of>25 meV in the ionization thresholds of SiH4
and SiD4 is visible for each well-resolved Rydberg stat
which can be understood by comparing the zero-point vib
tional energies in the electronic ground and excited state
SiH4 and SiD4 @24#. Note that the energies of the 2p ioniza-
tion thresholds obtained in the present work are>200 meV
smaller than those derived from photoelectron spectra@25–
28#. This difference is apparently not caused by an inaccu
energy calibration since the binding energy of the Kr 3d5/2
core level found in Ref.@26# (EB593.798 eV) agrees very
well with the Kr 3d5/2 ionization threshold derived by ou
group from the 3d5/2

21np series (93.78660.015 eV) @12#.
On the basis of the present threshold energies, the q

tum defectsd for the s, d(e), andd(t2) series were derived
as 2.4560.07, 0.1560.05, and20.3060.10, respectively,
and that of the weak 4p (4 f ) resonance asd51.6060.05
(20.0460.02). The quantum defect for thes series is based
on the assignment of the 104.9-eV Rydberg resonance
5s excitation. The derived quantum defects are also clos
theoretical values obtained by Schwarz@22#, d52.15, 0.1,
20.4, and 1.5 for the 5s, 3d(e), 3d(t2), and 4p Rydberg
states, respectively.

The vibrational energies of the symmetric-stretchi
mode in SiH4 (SiD4) are obtained from the fitting procedur
as 29767 meV (210610 meV), differing by a factor of
&. These values agree very well with previous results fr
photoabsorption@8# and photoemission@25–28#. The vibra-
tional sidebands were found to be stronger in SiD4 than in

w
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56 1231Si 2p PHOTOABSORPTION IN SiH4 AND SiD4: . . .
TABLE I. Energies of Rydberg states and vibrational substates in the Si 2p core-excitation spectra o
SiH4 and SiD4, as obtained from least-squares-fit analyses. For Rydberg excitations between vibr
ground states (v950→v850), the quantum defectd is also given. The error bars for the energies a
estimated as65 meV.

Excited
state

SiH4 SiD4

2p3/2
21 2p1/2

21 2p3/2
21 2p1/2

21

E ~eV! d E ~eV! d E ~eV! d E ~eV! d

4p 104.735 1.61 104.710 1.61
5s1hot band 104.800
5s 104.909 2.51 105.507 2.52 104.888 2.51 105.478 2.5
5s1v4 /v2 105.013 105.613 104.963 105.562
5s12v4 105.119 105.716 105.031 105.621
5s1v1 105.207 105.808 105.099 105.698
5s1v11v4 105.311 105.914 105.175
5s1v112v4 105.403 105.243
5s12v1 105.309 105.910
5s12v11v4 105.388
6s 106.001 2.46 106.637 2.46 106.001 2.47 106.605 2.4
6s1v4 106.077
6s12v4 106.159
6s1v1 106.327 106.933 106.218 106.827
7s 106.458 2.43 107.066 2.44 106.431 2.46 107.039 2.4
7s1v1 106.750 107.365 106.622
8s 106.678 2.41 107.281 2.43 106.658 2.39 107.265 2.3
8s1v1 106.985 107.592
9s 106.806 2.31 107.400 2.48 106.795 2.21 107.387 2.3
9s1v1 107.091 107.704 106.994 107.606
10s 106.881 2.29 107.492 2.28 106.870 2.14 107.480 2.0
10s1v1 107.180 107.791 107.068 107.687
3d(e) 105.480 0.11 106.084 0.12 105.453 0.12 106.055 0.1
3d(e)1v1 105.766 106.371 105.658 106.253
3d(e)12v1 105.860 106.453
4d(e) 106.203 0.13 106.806 0.14 106.187 0.12 106.795 0.1
4d(e)1v1 106.484 107.091 106.994
5d(e) 106.529 0.16 107.133 0.19 106.498 0.21 107.105 0.2
5d(e)1v1 106.829 107.424 107.335
6d(e) 106.709 0.17 106.311 0.23 106.682 0.23 107.289 0.2
6d(e)1v1 106.592 106.901 107.511
3d(t2) 105.808 20.23 106.411 20.22 105.779 20.22 106.387 20.23
3d(t2)1v1 106.113 106.709 106.001 106.605
4d(t2) 106.985 20.30 106.356 20.31 106.965 20.32
4d(t2)1v1 106.564 107.175
5d(t2) 107.243 20.34 107.226 20.39
5d(t2)1v1 107.546 107.434
6d(t2) 106.779 20.41 106.769 20.51
4 f 106.271 20.03 106.881 20.03 106.870 20.06
4 f 1v1 106.574 107.180 107.068
h
o

s

so

f
and

a
ould
SiH4, particularly in the case of the bending modes of t
2p3/2

215s transition. This is also due to the different masses
H and D and does not reflect differences in the geometrie
the excited states~see Franck-Condon analysis in Sec. VI!.

B. Natural widths

The least-squares-fit analyses of all well-resolved re
nances in the spectra of SiH4 and SiD4 result in a natural
e
f
of

-

width of G55065 meV ~FWHM!. This value agrees with
previous photoemission results by Bozeket al. @25#, who
derived G>45 meV with a spectral resolution o
>95 meV, as well as photoabsorption results by Hayes
Brown @7#, who obtained a total linewidth~FWHM! of
>60 meV with a spectral resolution of>40 meV. In the
present study, the instrumental resolution is>15 meV
~FWHM!, i.e., small compared to the natural width. As
consequence, the present value for the natural width sh
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1232 56R. PÜTTNER, M. DOMKE, D. LENTZ, AND G. KAINDL
be more reliable and more accurate than previous res
Note that the present value ofG55065 meV is larger than
the width predicted by theory,G th532 meV @29#. In Ref.
@29# the natural widths were calculated for core-ioniz
states and it was argued that these values might increas
up to 20% for resonantly excited states@30#; nevertheless,
this would not be sufficient to resolve the substantial discr
ancies between experiment and theory.

C. Symmetry considerations

For the high-n Rydberg states, only the symmetri
stretching vibrational mode was observed, indicating that
molecular structures of these states haveTd symmetry. The
tetrahedral symmetry of the high-n Rydberg states can b
understood by regarding these core-excited states as
SiH4

1 (SiD4
1), with the highly excited electron in the ioni

potential. The excited electron will not influence the core a
the structure of the molecule is therefore identical to tha
the corresponding ion. The structures of both the co
ionized SiH4

1 (SiD4
1) and the valence-ionized (Z11) mol-

ecule PH4
1 (PD4

1) are known to have tetrahedral symmet
@31,32#. From this tetrahedral symmetry it becomes cle
why first-order Jahn-Teller distortions due to the triply d
generate 2p core hole remain small, in agreement with ca
culations @31#, despite theT2 symmetry of the total elec
tronic wave function of the ion.

V. VALENCE REGION OF THE Si 2 p CORE-EXCITATION
SPECTRA OF SiH4 AND SiD4

The Si 2p to valence-orbital excitation region is shown
more detail in Fig. 4. Two resonances split by a spin-or
interaction are observed in both SiH4 and SiD4, assigned to
Si 2p214a1 and Si 2p213t2 core-excited states. An unam
biguous assignment of the two states is not straightforw
however, since the theoretical results contradict each o
with respect to valence-orbital sequence and intensity r
of the Si 2p214a1 and Si 2p213t2 excitations. We argue
that the configuration-interaction calculations of Friedri
et al. @21# describe the intensities and energies of the low
Rydberg orbitals rather well~see Sec. IV! and we adopt the
valence-orbital sequence 4a1 and 3t2 given by these authors
This sequence has also been given in Refs.@22, 23, 33#,
whereas Ref.@34# proposed a different sequence that is
jected.

In the valence-orbital region of the SiH4 spectrum@Fig.
4~a!#, a vibrational fine structure with an energy splitting
\v583 meV is clearly visible in the photon-energy regio
from 102 to 103 eV. In the analogous region of the Si4
spectrum@Fig. 4~b!#, only a weak vibrational fine structure i
found, with \v557 meV. The ratio of vibrational energie
for SiH4 and SiD4 is found to be\vH /\vD51.46, i.e., close
to the expected value of&. Note that the vibrational ener
gies obtained experimentally for the valence-orbital reg
are smaller than the lowest vibrations in the ground st
\v2 and\v4 ~bending modes!; they are consequently con
sidered to represent bending-vibrational modes.

For the core tos* excitations of most of the hydrogen
containing molecules~HBr @35#, HCl @36#, H2S @37,38#, and
SiH4 @39#!, fast dissociation processes have been obser
ts.
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Therefore, the vibrational fine structures observed for
silane molecules are quite astonishing since they requi
potential-energy surface of the excited state that is sta
with respect to dissociation. However, it had been shown
the case of HCl@36#, which is isoelectronic to silane, that
minimum of the potential-energy surface exists even thou
a fast dissociation process occurs. This is due to change
the equilibrium distances upon excitation that shift t
potential-energy curveabovethe dissociation level.

In the case of SiH4, de Souza, Morin, and Nenner@39#
observed the nondissociated silane molecule as well as
sociation products upon a core tos* excitation. They ex-
plained their observation by a fast dissociation process al
a SiH3-H coordinate and proposed a schematic potent
energy curve without any barrier along this coordinate. Ho
ever, in silane thes* valence excitations consist of th
4a1 and 3t2 orbitals, with 3t2 split in the case of a deforma
tion along the SiH3-H coordinate intoa1 ande; i.e., there are
three different states. Yavnaet al. @40# calculated the
potential-energy surfaces along the normal coordinates
found that two of the three states ought to be stable. At le
one of the states originating from 3t2 leads to a fast disso
ciation, explaining the experimental results of de Sou
Morin, and Nenner. We therefore conclude that the low
core to valence excitation 2p214a1 should be stable agains
dissociation with the Franck-Condon limits of this excitatio
below the dissociation threshold. This stability of th
2p214a1 state agrees also with the stability of the equivale
cores molecule PH4 in the electronic ground state@41#.

Note that the vibrational fine structure in the valence
bital region has been observed before by Hudsonet al. in

FIG. 4. Valence-orbital region of the Si 2p core-excitation spec-
tra of silane: ~a! SiH4, with clearly resolved vibrational fine struc
ture in the 102–103 eV region, and~b! SiD4, with weak vibrational
substates marked by vertical bars in the spectral region enhance
a factor of 3.
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56 1233Si 2p PHOTOABSORPTION IN SiH4 AND SiD4: . . .
H2S and D2S @17#. Here, however, the fine structure does n
occur in the lowest but in the second state and has b
explained by vibronic coupling due to an avoided lev
crossing within the Franck-Condon limits@37,38#.

To further understand the bending-mode vibrations of
2p214a1 state, we consider theZ11 molecule PH4 in the
electronic ground state. Most interestingly, the ground s
of the PH4 molecule has been found, on the basis of cal
lations, to possess an unusual geometry, namely, aC2v sym-
metry@42–45#, as compared to aTd symmetry; theC2v sym-
metry allows a stronger deviation of the bending-mo
normal coordinates~i.e., angles! than the stretching mod
normal coordinates~i.e., distances!. Howell and Olsen@42#
refer to this geometry withC2v symmetry as the second
order Jahn-Teller effect, which can be understood by co
spondence with the VSEPR theory@46#: In addition to the
eight bonding electrons, there is a ninth valence electron
nonbonding orbital, which is located at the so-called equa
rial site of the distorted trigonal-bipyramid. This distorts t
molecule by a repulsion of the bonding electrons, enlarg
the angle between two ligand atoms. If this is also valid
the 2p214a1 state in silane, which ought to haveC2v sym-
metry, there will be substantial changes of the angles in
Td symmetry of the electronic ground state. This explains
strong excitation of bending-mode vibrations; if the chang
of the distances are minor, we find by simulation that
stretching-mode vibrations will be too weak to be observ
in the case of strong angular distortions.

In the following, we argue that a first-order or norm
Jahn-Teller effect is negligible for the 2p214a1 state. The
total electronic wave function of this state hasT2 symmetry,
i.e., it is degenerate, and a first-order Jahn-Teller effect m
therefore contribute, leading to a deformation of the m
ecule. Nevertheless, we assume that a first-order Jahn-T
effect is negligible in this case since~i! by neglecting the
core hole the excited state cannot undergo a first-order J
Teller effect due to the orbitala1 symmetry and~ii ! by ne-
glecting the excited electron the core hole will also not u
dergo a first-order Jahn-Teller effect~see Sec. IV C!. As a
consequence, only an interaction between the core hole
the excited electron could lead to a first-order Jahn-Te
effect; however, the interaction of the localized core hole a
the quitedistantexcited electron is expected to be small.
theZ11 model, we conclude for the 2p214a1 state in silane
that the second-order Jahn-Teller effect~equal to the VSEPR
mechanism! is substantially larger than a possible first-ord
Jahn-Teller effect.

VI. FRANCK-CONDON ANALYSIS
OF THE ‘‘MIXED’’ 5 s STATE

A. The a1 vibrational modes

Figure 5 displays the core-excitation spectra of SiH4 and
SiD4 in the region of the 2p3/2

215s state and thev950→v8
50 excitation of the 2p3/2

213d(e) state in more detail. The
2p3/2

215s states were treated by a multimode Franck-Cond
curve-fitting procedure, with the results given by the so
lines through the data points. This fit procedure is based
an algorithm first described by Hutchisson@47,48# that pro-
vides insight into the molecular geometry of the core-exci
t
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state. We assume that Morse potentials with asymmet
xii 5(x\v) i apply, i.e., the modes were treated as u
coupled.

Various vibrational modes are resolved in the spec
which can be assigned to the symmetric stretching m
v1 , the symmetric bending modev2 , and the asymmetric
bending modev4 . In a Td molecule, these modes havea1 ,
e, andt2 symmetry, respectively; the asymmetric stretchi
mode v3 was not observed in the spectra. The vibration
substates are marked by (nkl)[(v1v2v4) in Fig. 5.

In a single-photon photoionization spectrum, only the e
citation of vibrational modes witha1 symmetry is optically
allowed. We therefore have to conclude that the obser
excitations of thev2 andv4 modes are caused by a symm
try of the excited state lower thanTd . This causes a splitting
of the degenerate modes withe and t2 symmetry into addi-
tional modes witha1 symmetry. On the basis of argumen
given in Sec. V for the valence-orbital region, we assum
C2v symmetry also for the 5s Rydberg state. All modes with
a1 symmetry were taken into account in the multimo
Franck-Condon analysis.

B. Prerequisites for the Franck-Condon analysis

At this point we give further supportive arguments for t
applicability and validity of the applied multimode Franc
Condon analysis of the 2p→5s excitation in silane. For this
two requirements must be fulfilled:~i! The total molecular
wave functionC can be described in the adiabatic appro

FIG. 5. Core-excitation spectra of SiH4 and SiD4 in the region of
the 2p3/2

215s and 2p3/2
213d(e) resonances, with resolved vibration

fine structure of the 2p3/2
215s state. The solid lines through the da

points represent the results of a three-dimensional Franck-Con
analysis. The most intense vibrational substates are marked b
vibrational quantum numbers (nkl) of the normal-vibrational
modesv1 ,v2 ,v4 . The dash-dotted subspectra represent the vib
tional substate~000!,~100!,~200!, i.e.,v850,1,2 of\v1 ; the dashed
subspectra represent~001!,~002!, etc., i.e.,v851,2,... of\v4 ; the
solid subspectra represent~010!,~011!,~020!, i.e., v851,2 of \v2

and v851 of \v21\v4 . In a fit of the weakv2 substate in the
spectrum of SiD4, \v2~SiD4!5\v2~SiH4!/& was assumed. Fo
SiD4, a weak feature from a hot band@v95(001)→v85(000)# is
visible; it has been marked by the vertical arrow. For the 25-m
isotope shift between thev95(000)→v85(000) excitations in
SiH4 and SiD4, see the text and Ref.@24#.
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1234 56R. PÜTTNER, M. DOMKE, D. LENTZ, AND G. KAINDL
mation and~ii ! the transition has to be allowed on the ba
of the dipole selection rules. The first-order and second-o
Jahn-Teller effects may lead to deviations from requirem
~i!, the adiabatic approximation. Although the final state
triply degenerate due to the 2p core hole, the first-orde
Jahn-Teller effect can be neglected by transferring the c
clusions reached for the 2p214a1 state~see Sec. V! to the
2p215sa1 state. This means that the given distortion of t
2p215s core-excited state in silane must be due to a seco
order Jahn-Teller effect; however, the second-order Ja
Teller effect ought to be weak, due to the large energy sp
ting of the 5s and 3d states, and the adiabatic approximati
should still be appropriate@49#. As for requirement~ii !, we
argue that the electronic part of the transition matrix elem
should not vanish since the 2p→5s transition is dipole al-
lowed in both symmetriesTd and C2v . As a result, the
Franck-Condon approximation should be appropriate for
scribing the 2p→5s excitation. In the Franck-Condon analy
sis, the intensities of the vibrational sideband are determi
by Franck-Condon factors. This leaves the problem of fi
ing appropriate vibrational wave functions of the grou
state and the excited states.

In simple cases, when the symmetry is not reduced
harmonic potential with anharmonic terms is used. Howev
when the symmetry is reduced, more than one minimum
the potential-energy surface of the excited state has to
expected. This has the consequence that in a hypothe
planar geometry of the molecular ground state, an atom
is displaced from the molecular plane in the excited st
may assume two image positions due to the doub
minimum potential. In the present silane case, there are
possible positions for the lonely electron, which enlarges
H-Si-H angle, and hence six minima will exist in th
potential-energy surface. Each of the vibrations will the
fore be split into substates, represented byn1 andn2. De-
spite these general aspects, only one of these minima sh
actually contribute since for the lower vibrational states
time required for a jump from one minimum to the other
supposedly much longer than the mean lifetime of the co
excited state. One can therefore assume that the mole
configuration is localized at one particular minimum. Th
this is really the case can be seen in the photoioniza
spectrum of SiD4 from the high intensity of thev9
50→v8(v4)51 resonance@marked~001! in Fig. 5; see be-
low# and by the energy of the hot-band featurev9(v4)
51→v850. The vibrational wave function of thev9(v4)
51 state has a nonvanishing overlap only with thev8502

substrate of the excited state, whereas thev950→v850
excitation populates the 01 substate. The energy differenc
between the hot band and thev950→v850 2p3/2

215s Ryd-
berg state is 88 meV, i.e., very close to thev49 vibrational
splitting in the ground state~83.6 meV @18#!. As a conse-
quence, the energy spacing between the 01 and 02 states
must be very small, indicating a high potential barrier b
tween the various minima and consequently a rather
inversion rate; the same arguments will apply to at least
v851 states. Since the molecule is localized in a sin
minimum and harmonic-oscillator wave functions can
used for the excited state, we can apply the algorithm gi
by Hutchisson@47,48# for analyzing the low-n vibrational
states.
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In the case of high-n vibrational states above the potenti
barrier, it might be necessary to start from a harmonic os
lator that contains all minima: Then there will be no chan
in the normal coordinates upon electronic excitation. T
vibrational wave functions will then be approximately o
thogonal to the ground-state wave function, resulting in
almost vanishing overlap and hence a quenching of the h
n vibrations. If this would also hold for low-n vibrations, the
v8(v4 ;v2)51,2,... excitations should not be observed. O
the basis of the given arguments, the observed intensitie
the higher vibrational substates can be lower than expe
in the model of one localized minimum, but these highn
vibrations have essentially no influence on the results of
Franck-Condon analysis. It turns out that the changes of
molecular geometry obtained from the fit represent a low
limit and the correct angular distortions might be>2°
larger.

C. Multimode Franck-Condon analysis

On the basis of the three measured vibrational mo
v i , a multidimensional Franck-Condon analysis was p
formed by taking the additional normal modes witha1 sym-
metry into account. As a result, the excitation-induc
changesDQi of the normal coordinatesQi were obtained. In
order to convert these normal coordinates into geometr
parameters of the molecule, such as intramolecular dista
and angles, it is necessary to know the relationship betw
the normal coordinates, the symmetry coordinates, and
internal coordinates~bonding angles and interatomic dis
tances!. This relationship was calculated with the algorith
described by Wilson, Decius, and Cross@50#. In a first step,
the internal coordinates were converted to symmetry coo
nates, and in a second step, the symmetry coordinates
transformed to normal coordinates.

For a five-atom molecule such as silane, we are dea
with nine normal coordinatesQi and nine symmetry coordi
natesSi . In theC2v molecular symmetry, four of them hav
a1 symmetry. In a first step, we define the four symme
coordinates of silane witha1 symmetry in the C2v
point group by relating them with internal coordinate
i.e., with the distances between the Si atom and thei th
H atom r i and the angle betweenr i and r j , a i j @see
Fig. 6~a!#. We define a symmetry-coordinate vect

FIG. 6. ~a! Definition of intramolecular distancesr 1 ,r 2 ,r 3 ,r 4

and anglesa12,a34 used in the Franck-Condon analysis.~b! Geom-
etry of the core-excited 2p215s Rydberg state in both SiH4 and
SiD4, resulting from the Franck-Condon analysis.
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56 1235Si 2p PHOTOABSORPTION IN SiH4 AND SiD4: . . .
Si5(S1 ,S2 ,S3 ,S4)and an internal-coordinate vectorSi
5(r 1 ,r 2 ,r 3 ,r 4 ,a12,a34,a13,a14,a23,a24), which are re-
lated by the transformation matrixUi j , with Si5Ui j Sj . In
Ref. @51#, Ui j has been given explicitly. The symmetry
coordinate vectorSi5(S1 ,S2 ,S3 ,S4) and the normal-
coordinate vectorQi5(Q1 ,Q2 ,Q3 ,Q4) are related by a ma
trix L ik , with

Si5L ikQk .

In this way, we obtain the following relation between th
internal-coordinate vectorSj and the normal-coordinate vec
tor Qk :

Sj5Uj i L ikQk ,

with the transposed matrixUj i 5Ui j
T . For tetrahedral symme

try of the molecular ground state~r i5const and a i j
d
ite

ue

, w
d

5109.47°!, only the off-diagonal elementsL34 andL43 have
to be considered and all otherLik50 are valid foriÞk. The
following matrix L ik results:

L ik5S L11

0
0
0

0
L22

0
0

0
0

L33

L34

0
0

L43

L44

D . ~1!

Any deviation from the tetrahedral geometry of the grou
state~all r i equal anda i j 5109.47°! gives rise toLikÞ0 for
all i andk, i.e., to normal coordinates that are linear com
nations of all four symmetry coordinates. This mixing is a
sumed to be small and is neglected in the excited state. C
sequently, the internal-coordinate vectors of the ground
the excited states are related to the normal-coordinate ve
by Sj5Uj i L ikQk5LjkQk :
~2!
n
In this way, we obtainDSj5LjkDQk , with DSj5Sj92Sj8
and DQk5Qk92Qk8 . The double-primed and single-prime
entities, respectively, refer to the ground and the exc
state.

Applying the procedure of Ref.@52#, the elementsL jk can
be calculated from the force constantsFik , which were taken
for silane from the literature@53#. For most sets of force
constants,L43>0 was obtained leading us to set its val
equal to zero. Since a nonvanishingL34 will have only a very
small influence of less than 0.1° on the angular changes
have also neglectedL34. This reduces the relations obtaine
d

e

from the matrix Ljk to the following equations betwee
changes of the internal coordinatesSj and those of the nor-
mal coordinatesQk :

Dr i5
1
2 L11DQ11 1

2 L33DQ35Dr i~Q1!1Dr i~Q3!

~ i 51,2!,

Dr i5
1
2 L11DQ12 1

2 L33DQ35Dr i~Q1!1Dr i~Q3!

~ i 53,4!,
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TABLE II. Vibrational energies\v i8 , anharmonicities (x\v) i8 , and changes of the geometrical para
eters of the core-excited molecules with respect to the ground-state~g.s.! values@18#. The given numbers
were derived from changes of the normal coordinatesDQi obtained by Franck-Condon analyse
\v28(SiD4) was assumed to be\v28(SiH4)/& and is marked by square brackets. The vibrational energie
the equivalent-cores molecules PH4

1 and PD4
1 are included for comparison@54#. For the splitting of the

v2 andv4 modes, see the text. The error bars are given in units of the last digit.

Vibrations and geometries

SiH4 SiD4

PH4
1 PD4

1g.s. 2p3/2
215s g.s. 2p3/2

215s

\v1 ~meV! 271.129 298.5~10! 193.8 212.9~10! 284.5 205.1
(x\v)1 ~meV! 0.85~5!

Dr 1;2;3;4(Q1) ~Å! 20.055(1) 20.055(1)
\v2 ~meV! 120.38 131.1~1.0! 84.95 @92.6# 135.5/127.2 96.3/89.9
Da12;34(Q2) ~deg! 3.1~5! 2.7~5!

Dr 1;2(Q3)52Dr 3;4(Q3) ~Å! 0.006~6! 0.006~6!

\v4 ~meV! 113.25 106.6~1.0! 83.6 78.0~1.0! 118.3/113.9 86.9/83.3
(x\v)4 ~meV! 3.2~3! 2.3~3!

Da12(Q4)52Da34(Q4) ~deg! 9.6~5! 10.2~5!
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Da125
1

)
L22DQ22

1

&
L44DQ45Da12~Q2!1Da12~Q4!,

Da345
1

)
L22DQ21

1

&
L44DQ45Da34~Q2!1Da34~Q4!,

Da i j 52
1

A12
L22DQ25Da i j ~Q2! ~ i j 513,14,23,24!.

~3!

D. Results

From the Franck-Condon analysis of the spectra, the th
normal vibrational modes of the excited state of Si4

(SiD4) were obtained:\v185298.5 meV~212.9 meV!, \v28
5131.1 meV ~92.6 meV!, and \v485106.6 meV ~78.8
meV!. The modes were assigned by comparison with
appropriateZ11 ions PH4

1 and PD4
1, for which the vibra-

tional energies are known from studies of PH4I (PD4I):
\v15284.5 meV ~205.06 meV!, \v25135.5/127.2 meV
~96.3/89.9 meV!, \v35281.7/293.3 meV ~205.55/214.7
meV!, and \v45118.3/113.94 meV~86.9/83.3 meV! @54#.
Note that thev2 , v3 , andv4 values for PH4

1 (PD4
1) are

split due to theD2d symmetry at the PH4
1 (PD4

1) ion in
PH4I (PD4I); therefore, two values were given in each ca
In this way, thev28 andv48 modes are assigned to bendin
vibrational modes, while thev18 mode is assigned to th
symmetric-stretching modev1 , with the possibility of a
weakv3-mode contribution~see below!.

The results of the multimode Franck-Condon analysis
summarized in Table II. They include the vibrational en
gies\v i , the anharmonicities (x\v) i , and the contributions
Dr i(Qk) and Da i j (Qk) of the normal-coordinate change
DQk to the bond lengthsr i and the bond anglesa i j . A
geometrical interpretation of the four normal modesv i ( i
51,...,4) is provided by the matrixLjk , with L345L43
50: v1 causesequal changes in all bond distancesr i ;
v3 changes the bond distances in a way thatDr 1;25
2Dr 3;4; v2 influencesa12 and a34 in the same way and
ee

e

.

e
-

a13;14;23;24with half the change and the opposite sign;v4

changes onlya12 anda34, with Da1252Da34.
The changes of the internal coordinates upon core exc

tion are the same for SiH4 and SiD4, within the limits of
error. This means that the geometries of core-exited SiH4 and
SiD4 are very similar and the relative intensities of the vibr
tional sidebands follow from the different masses of t
ligand atoms.

Within the foura1 normal modes, the two bending mode
v2 andv4 , representing the angular changes upon core
citation, are well separated in the spectral features.
stretching modesv1 and v3 , however, coincide with a
single vibrational energy of 298.5 eV~212.9 eV! for SiH4

(SiD4). Consequently, it is simple to separate the effects
angular changes onQ2 and Q4 , while the effects of bond-
length variations onQ1 and Q3 overlap considerably. As a
consequence, a separation of bond-length variations du
Dr i(Q1) andDr i(Q3) cannot be performed in an unambig
ous way.

The excitation of thev48 vibrational mode, with\v48
5106.6 meV~78.0 meV! for SiH4 (SiD4), is caused by a
change of the normal coordinateQ4 ; it leads to an angular
distortion of the molecule given by an increase ofa12 by
>10° and a decrease ofa34 by the same amount, with all th
other angles unchanged. The fit provides also an anhar
nicity of the v4 vibration of (x\v)4853.2 meV ~2.3 meV!
for SiH4 (SiD4). These values are comparatively large, b
they agree quite well with the ground-state anharmonicity
SiH4, (x\v)4952 meV @55#. This observation could also in
dicate the existence of multiple minima in the potenti
energy surface, giving rise to low intensities of the vibr
tional substates~see Sec. VI B!. Note that in the case o
constantDQ, a high anharmonicity will lead to a low inten
sity of the higher vibrational substates.

The weak vibrational modev2 , with \v285131.1 meV
~92.6 meV! for SiH4 (SiD4), is related to a small change o
the normal coordinateQ2 leading to an angular distortion o
uDa12;34(Q2)u>3°. Since no anharmonicity could be ob
tained for this vibrational mode due to the weakness of
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56 1237Si 2p PHOTOABSORPTION IN SiH4 AND SiD4: . . .
vibrational sidebands, the sign ofDa12;34(Q2) could not be
determined. However, if we assume that the Si 2p→ valence
excitations are similar to the valence excitations
the Z11 molecule PH4, we may adopt the positive
values Da12;34(Q2)>125° and Da12(Q4)52Da34(Q4)
>137.5° @42#. On the same equivalent-cores basis, we
sume thata12 and a34 increase by 3° and all other angle
decrease by 1.5°@see Eq.~3!# due to the change of the no
mal coordinateQ2 .

The largest vibrational splitting in the SiH4 (SiD4) spec-
trum, \v185298.5 meV ~212.9 meV!, is due to the two
stretching-vibrational modes. It reflects a decrease of the
H~D! equilibrium distance upon core excitation byDr i(Q1)
520.05560.001 Å, with supposedlyDr i(Q3)50. This re-
sult agrees very well with recent calculations@31#, which
obtained a contraction of the silane molecule by 0.05 Å up
core excitation. It also means that the equilibrium distan
changes fromr 951.471 Å in the ground state@56# to r 8
51.416 Å in the core-excited state, in good agreement w
the bond length of the equivalent-core molecule PH4

1, r
51.4260.02 Å. For SiD4 an anharmonicity of (x\v)18
50.8560.5 meV is obtained, with the relative large unce
tainty caused by the weakness of thev852 vibration. For
SiH4, an anharmonicity could not be derived due to the d
appearance of av852 vibration in the 3d(e) resonance.

As mentioned before, the symmetric-stretching modev1
may overlap with the asymmetric-stretching modev3 , caus-
ing a nonvanishing change inQ3 and hence a nonvanishin
Dr i(Q3). To estimate thev1 /v3 correlation, we performed
fits of Dr i(Q3), with Dr i(Q1) being varied between
20.055 and 0.0 Å; the results are presented in Fig. 7~a!. A
small variation ofDr i(Q1) around20.055 Å causes obvi-
ously a strong increase inDr i(Q3). This can be explained by
the fact that for one normal coordinateQ the v851-to-v8
50 intensity ratioI 1 /I 0 increases very strongly with an in
crease inDr i(Q) @see the inset in Fig. 7~a!#. It means that a
small decrease ofuDr i(Q1)u at Dr i(Q1)520.055 Å will
lead to astrong decrease of the intensity of the first vibr
tional substatev851, which in turn will cause a strong in
crease ofDr i(Q3) at Dr i(Q3)50.

From the results given in Fig. 7~a!, we calculated the
shorter bond lengthr 3,48 as a function of the longer bon
length r 1,28 . The results, shown in Fig. 7~b!, reveal that the
shorter bond lengthr 3,48 varies from 1.416 to 1.390 Å an
back to 1.416 Å, while the longer bond lengthr 1,28 changes
from 1.416 to 1.525 Å. This reflects a redistribution ofQ1

5100% at r 1,28 51.416 Å to Q35100% at r 1,28 51.525 Å.
On the other hand, the shorter P-H bond lengthr s in the
ground state of various PHx (x53,4,5) is known to vary
slightly under very different molecular conditions with di
tances r s951.420 Å ~PH3, experimental value @57#!,
r s951.404 Å ~PH4, average value of calculations in Ref
@42–45#!, r s951.42 Å ~PH4

1, experimental value@32#!, and
r s951.415 Å ~PH3, average value of calculations summ
rized in Ref.@58#!. By transferring these small variations o
the P-H bond length on the basis of theZ11 approximation
to the Si-H bond length of core-excited silane, we exp
only a small difference in the bond lengths of core-ioniz
SiH4

1 and the short bond lengthr 3,48 of the 2p215s Rydberg
-

i-

n
e

h

-

t

state in silane. The two states differ only by a fraction of
additional valence electron that will influence the bo
lengths, which leads to an estimate of the difference in bo
lengths in SiH4

1 as compared to the short bond lengthr 3,48 of
the 2p215s Rydberg state of less than 0.005 Å. To estima
the meanr 3,48 value, we use Franck-Condon factors for t
symmetric-stretching vibrational substates as obtained f
photoemission spectra@26,31#, assumingDr i(Q3)50 Å. We
then obtain Dr i(Q1)520.060 Å, i.e., r 15r 25r 35r 4
51.411 Å, this result is marked by a filled circle in Fig
7~b!. Due to the small fraction of a lonely electron in th
2p215s state, we estimate a variation ofr 3;4 from 1.406 to
1.416 Å, close to the tetrahedral molecule withr 1;2
51.416– 1.428 Å @see the rectangle in Fig. 7~b!#. This
r 1;2 /r 3;4 rectangle is transformed to theDr i(Q1)/Dr i(Q3)
rectangle in Fig. 7~a!. Obviously, Dr i(Q1) varies by only
0.001 Å, whileDr i(Q3) varies by 0.012 Å. This means tha
theQ1 contribution is constant,Dr i(Q1)520.055 Å, while
the Q3 contribution results inDr 1;2520.055 to20.043 Å

FIG. 7. ~a! Dr i(Q3) as a function ofDr i(Q1) obtained from a
multimode Franck-Condon fit of the 2p3/2

215s excitation spectrum of
SiH4 ~1! and SiD4 ~3!. The dashed rectangle represents the p
sibleDr i(Q1) andDr i(Q3) ranges from the results in~b!. Note the
high uncertainty inDr i(Q3). Inset: simulated intensity ratioI 1 /I 0

of thev851 to v850 sidebands of the stretching modes in SiH4 as
a function of Dr i(Q). ~b! Calculated bond distancesr 1;28 and
r 3;48 for SiH4 ~1! and SiD4 ~3! on the basis of the results in~a!; the
solid line representsr 1;28 as a function ofr 3;48 . The filled circle
represents the geometry of core-ionized SiH4

1 or SiD4
1. The pos-

sible values forr 1;28 and r 3;48 are represented by the dashed re
angle. Note that the ordinate and abscissa scales in~a! and~b! differ
by factors of 2 and 3, respectively.



st
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TABLE III. Summary of the internal-coordinate changes in silane~SiD4 and SiH4! upon 2p215s core
excitation, separated into the individual contributionsDSj (Qk). The error bars are given in units of the la
digit.

r 1;28 5r 91Dr i(Q1)1Dr i(Q3)51.471 Å20.055(1) Å10.006(6) Å51.422(7) Å
r 3;48 5r 91Dr i(Q1)1Dr i(Q3)51.471 Å20.055(1) Å20.006(6) Å51.410(7) Å
a128 5a91Da12(Q2)1Da12(Q4)5109.5°13(0.5)°110(0.5)°5122.5(1.0)°
a348 5a91Da12(Q2)1Da12(Q4)5109.5°13(0.5)°210(0.5)°5102.5(1.0)°
a13,14,23,248 5a91Da13,14,23,24(Q2)5109.5°21.5(0.5)°5108.0(0.5)°
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ject
in-
andDr 3;4520.067 to20.055 Å. Note that theI 1 /I 0 inten-
sity ratio as a function ofDr i(Q) shows that a fraction o
10% to the~100! vibrational sideband can be considered
an upper limit for Dr i(Q3)>0.012 Å, even though
uDr i(Q3)u can be as large as 20% ofuDr i(Q1)u.

The changes of the internal coordinates of SiH4 and
SiD4 upon Si2p215s excitation, separated into contribution
from the individual normal coordinates, are summarized
Table III. These geometrical changes are also represente
Fig. 6~b!.

E. Mixed states

The spectra of the 5s Rydberg state reveal excitations
the bending-vibrational mode, however, much weaker t
in the valence region. In the case of the 2p3/2

216s Rydberg
state, very weak sidebands of this mode could only be
served for SiD4, but not for SiH4. These bending vibration
can also be understood on the basis of a distortedTd sym-
metry caused by second-order Jahn-Teller effect; this
analogous to a valence-state excitation leading also toC2v
symmetry. The bending-vibrational modes can also be
derstood on the basis of the VSEPR theory if one assu
mixed states, i.e., states with mixed valence and Rydb
character. Such a partial valence character leads to a fra
of a nonbonding ‘‘ninth’’ electron in the valence shell an
hence to a weaker interaction with the bonding orbitals an
smaller distortion than in a core-valence excitation. The
sumption of a mixed state for the 5s Rydberg orbital is con-
firmed by comparing the spectra of gas-phase and conde
silane: Rydberg states are usually quenched in the conde
phase, whereas valence states remain unaffected. In
present case, the condensed-phase spectrum extends fro
valence region up to the 5s region, supporting our conclu
ys

D

ue
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s

n
in

n

b-

is

n-
es
rg
ion

a
s-

ed
ed

the
the

sion of a mixed character of this state@21#. The results ob-
tained in the present work are similar to previous results
SiF4, where the 4s Rydberg state had shown addition
bending modes confirming a mixed-state character@9#.

VII. SUMMARY AND CONCLUSIONS

High-resolution and high-signal-to-noise-ratio photoio
ization spectra of SiH4 and SiD4 were measured in the regio
of the Si 2p core excitations. As compared to previous wo
@6–8#, the improved resolution and higher flux of th
SX700/II monochromator at BESSY made it possible to d
rive a wealth of information from the spectra. Differe
structures were observed, particularly in the high-n Rydberg
region. Bending-vibrational modes could be resolved in
valence-orbital region. Both bending and symmetr
stretching vibrational modes were observed for the 5s state,
while for higher Rydberg states only the symmetr
stretching vibrations were found. The excitation of bendi
vibrational modes is due to a deviation fromTd symmetry,
i.e., a reduction toC2v symmetry. The valence region give
the largest distortion fromTd symmetry. The 5s ‘‘Rydberg’’
state was assigned to a mixed state, i.e., a Rydberg state
admixing of valence character, while the high-n Rydberg
states were found to be rather pure. The natural widths of
core-excited Rydberg states were found to be equal wi
the limits of error, withG55065 meV.
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Krüerke, and P. Merlet~Springer, Berlin, 1982!, p. 94.

@19# S. Svensson, A. Ausmees, S. J. Osborne, G. Bray,
Gel’mukhanov, H. A˚ gren, A. Naves de Brito, O.-P. Sairane
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Schäfer, and J. Wagner~Springer, Berlin, 1993!, p. 315.

@33# J. A. Tossell and J. W. Davenport, J. Chem. Phys.80, 813
~1984!.
t.

.

.

.

F.

J.

.

.

.

.

l.

.

@34# H. Ishikawa, K. Fujima, H. Adachi, E. Miguachi, and T. F´ujii,
J. Chem. Phys.94, 6740~1991!.

@35# P. Morin and I. Nenner, Phys. Rev. Lett.56, 1913~1986!.
@36# H. Aksela, S. Aksela, M. Ala-Korpela, O.-P. Sairanen, M. H

tokka, G. M. Bancroft, K. H. Tan, and J. Tulkki, Phys. Rev.
41, 6000~1990!.

@37# H. Aksela, S. Aksela, A. Naves de Brito, G. M. Bancroft, an
K. H. Tan, Phys. Rev. A45, 7948~1992!.

@38# A. Naves de Brito and H. A˚ gren, Phys. Rev. A45, 7953
~1992!.

@39# G. G. B. de Souza, P. Morin, and I. Nenner, Phys. Rev. A34,
4770 ~1986!.

@40# V. A. Yavna, V. A. Popov, S. A. Yavna, and L. A. Demekhin
Opt. Spektrosc.~USSR! 74, 413 ~1993!.

@41# A. J. Colussi, J. R. Morton, and K. F. Preston, J. Chem. Ph
62, 2004~1975!.

@42# J. M. Howell and J. F. Olsen, J. Am. Chem. Soc.98, 7119
~1976!.

@43# D. Gonbeau, M.-F. Guimon, J. Ollivier, and G. Pfiste
Guillouzo, J. Am. Chem. Soc.108, 4760~1986!.

@44# A. Demolliens, O. Eisenstein, P. C. Hilberty, J. M. Lefour, G
Ohanessian, S. S. Shaik, and F. Volatron, J. Am. Chem. S
111, 5623~1989!.

@45# C. J. Cramer, J. Am. Chem. Soc.113, 2439~1991!.
@46# L. S. Bartell, J. Chem. Educ.45, 754 ~1968!.
@47# E. Hutchisson, Phys. Rev.36, 410 ~1930!.
@48# E. Hutchisson, Phys. Rev.37, 45 ~1931!.
@49# Gad Fisher,Vibronic Coupling~Academic, London, 1984!, p.

77.
@50# E. B. Wilson, J. C. Decius, and P. C. Cross,Molecular Vibra-

tions ~Dover, New York, 1955!.
@51# J. L. Duncan and I. M. Mills, Spectrochim. Acta20, 523

~1964!.
@52# N. B. Colthup, L. H. Daley, and S. E. Wiberley,Introduction

to Infared and Raman Spectroscopy, 3rd ed.~Academic, Bos-
ton, 1990!.

@53# Gmelin Handbook of Inorganic Chemistry, Silicon Suppl. V
B 1 ~Ref. @18#!, p. 98.

@54# J. R. Durig, D. J. Antion, and F. G. Baglin, J. Chem. Phys.49,
666 ~1968!.

@55# V. G. Trofimenko and V. P. Morozov, Opt. Spektrosc.~USSR!
25, 102 ~1968!.

@56# Structure Data of Free Polyatomic Molecules, edited by K.
Kuchitsu, Landolt-Bo¨rnstein, New Series, Group II, Vol. 21
~Springer, Berlin, 1992!, p. 96.

@57# Structure Data of Free Polyatomic Molecules, edited K.-H.
Hellwege and A. M. Hellwege, Landolt-Bo¨rnstein, New Se-
ries, Group II, Vol. 15~Springer, Berlin, 1987!, p. 118.

@58# Gmelin Handbook of Inorganic Chemistry, Phosphorus Sup
Vol. C 1 ~Ref. @32#!, p. 321.


