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Comparative study of Si-2p core-excitation spectra in the tetrahedral molecules $i,
(with X=H, D, F, ClI, Br, CHjy)

Ralph Pitner, Michael Domke, and Guer Kaindl
Institute of Experimental Physics and Material Science Center, Freie UniveBsitdin, Arnimallee 14,
D-14195 Berlin-Dahlem, Germany
(Received 21 August 1997

High-resolution Si-® photoabsorption spectra of>§j molecules X=H, D, F, Cl, Br, CH,) are presented.
High-resolution spectra were obtained for SiBnd S{CHs),, and they are compared to the Si-2pectra of
the other SX, molecules studied before. In all cases, vibrational fine structure of the Rydberg states could be
resolved, allowing a derivation of vibrational energies and intramolecular distances of the core-excited mol-
ecules from Franck-Condon analyses. The results obtained for the various ligand atoms are compared with
each other, and are discussed in the context of the equivalent-cores approximation. A detailed analysis of the
core-to-valence excitations in all>§ molecules studied is also given.
[S1050-294{@8)06001-9

PACS numbg(s): 33.80.Eh, 33.20.Rm, 33.20.Tp, 33.15.Dj

I. INTRODUCTION grating was employed, resulting in a resolutionsaf5 meV
(fullwidth at half maximum at h»=110 eV [18]. Photoab-
Core-excitation spectra of silicon-containing moleculessorption was recorded as a function of photon energy by
have been investigated by photoabsorption and photoemigneasuring the photoion current using a 10-cm-long gas-
sion for quite a few molecules in the past. For deep corgonization cell separated from the ultrahigh vacuum of the
excitations(Si 1s, hv=1850 eV}, the spectra were found to  monochromator by a 1200-A thick carbon window. The pho-
depend only slightly on the ligand atd], while, for Si-20  ton  energy was calibrated by monitoring the
e_zxcitations athy=100-110eV, strong changes with t_he N 1s~l7*(v”"=0—v’'=0) state of N at hy=400.88 eV
ligand atom were founfil—14]. In recent years, substantial [1g] The silicon compounds were studied in the gas phase,
progress has been ac_hleved in high-resolution photoab_sorRmh typical pressures of0.1 mbar, which assures negli-
tion spectroscopy, which even allowed us to separate V'bragible saturation effects. The chemical stability of the studied

ltiloral ﬁu?Stﬁ?s iofnc[olrg 1eZ|]<C|ter(]d dRydhb(irg Statresti' EElzens']n €3 ompounds was demonstrated by the absence of changes
er photoemissio ' and - photoabsorptioni -~ \A/ith time of the photoionization spectra.
spectra with moderate resolution, vibrational substates coul . . . .

The observed spectral lines have Voigt profiles, which

be resolved in cases of low-mass ligariis=H, D, partly B originate from the convolution of a Lorentzian profile due to
with relatively large vibrational energies. Vibrations of ginate . . . Pro !
H‘he lifetime widthT’, with an approximate Gaussian profile

heavy ligands, however, can be discerned only with hig h \uti he high h
resolution: well-separated vibrational substates have been rgue to monochromator resolutiakE. The high monochro-

solved recently by photoabsorption for $iRL5], for SiCl, mator resolution of the present study allows us to separate
[16], and also in a preliminary way for SiBF17). the vibrational substates for all given molecules. The vibra-

In the present paper, this systematic study of vibrationallyionally resolved spectra were subjected to Franck-Condon
resolved spectra is extended to SjBmd S{CH),. The analyses, following the algorithm first given by Hutchisson
spectra are subjected to Franck-Condon analyses, resultingii®:23- In this procedure, essentially the overlap of the ini-

geometrical information for the excited state. The derivedfi@l ground-state vibrational wave function with the final

vibrational energies and equilibrium distances in the Core_excited—state vibrational wave functions is fitted to the enve-

excited states of Sifj SiD,, Si(CHs),, SiF,;, SiCl,, and lopes of the vibrational bands. Generally, only vibrational
SiBr, are discussed in a comparative way, also in connectio idebands are expected, when sufficiently large differences in

with vibrationally unresolved photoabsorption spectra ofthe normal coordinate, €9, the equilibrium distance;, b_e-
Si(CH,), [7,9], SiF, [4—7,13, and SiC} [8—10], as well as tween ground state and excited state occur. The relative in-

S " . tensities of the vibrational substates in the excited stdte
hotoemission spectra of (8iH 14], SiF, [13,14], and N
giCI4 [14] P (€Hy), [14], SR, [ 4 =0,1,2,..., depend on the Franck-Condon parameters in the

excited state, the vibrational energw’, the anharmonicity
xhw', and the equilibrium distand®, . For the calculations,
literature values for the ground-state vibrational energies,
he', as well as the equilibrium distance®,, were used. In
the case of well-separatad =2 substates, a value for the
The measurements were performed with the high-anharmonicity and hence the sign of the change of the equi-
resolution plane-grating SX700/Il monochromator operatedibrium distance can be derived. The ground-state anharmo-
by the Freie UniversitaBerlin at the Berliner Elektronen- nicity (X% w)” is usually set to zero, since ony/’=0 and
speicherring fu Synchrotronstrahlung. A 2442 lines/mm low v” values are occupied. For all molecules, hot bands

Il. EXPERIMENT AND DATA FITTING
PROCEDURE
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FIG. 1. Overview of the Si-@ core-excitation spectra of tetrahedral silicon molecules, in appropriate 8-eV energy windows. The spectra
are ordered in the sequence of decreasing vibrational energies of the symmetric-stretching vibrational mode, i.e., in the segugilige SiH
SiF,, Si(CH5),, SiCl,, and SiBy. In the low-energy region, valence transitioi® 2p~* val) are marked; in the Rydberg region, typical
2p4;5ns, nd excitations are marked hys, nd.

were included in the Franck-Condon analysis, i.e., excitabroad Z— valence excitationg2p ! val, with a; andt,

tions from a vibrationally excited ground stat&”  symmetries, which are in most cases dissociataed in

large vibrational splittingg«” in the ground state. (2p~! Ryd), where typical Pyins, nd transitions are
marked. The Si-B ! val excitations occur in the low-

lll. Si-2 p PHOTOABSORPTION SPECTRA energy region, bele 5 s insilane ad 4 s in Sif, SiCl,, and
SiBr,.
In Fig. 1, an overview of the Si42 excitation spectra of In addition, shape resonance features around the ioniza-

SiH,, SiD,, SiF,, Si(CHj)4, SiCl,, and SiBy are shown tion thresholds are visible in the spectra of molecules with
over 8-eV energy regions. These 8-eV energy windows are dérge equilibrium distances d,=2 A at 106.0, 110.5, and
slightly different energies for the various molecules due t0110.0 eV for S(CH,),, SiCl,, and SiBy, respectively; these
different chemical shifts caused by the ligands. The §i-2 shape resonances overlap with vibrationally split Rydberg
spectral features exhibit a spin-orbit splitting ®600 meV  states. The energy of a shape resonances correlates with the
between the [él;,zl and ajl’,é states, converging towards the internuclear distancg22], since shape resonances have their
L,, andL, thresholds, respectively. In the low-energy spec-origin in excited electrons trapped by a centrifugal barrier in
tral region, typical spin-orbit splittings are marked by con-a region of space with molecular dimensid@8]. As a con-
nected vertical-bar diagrams. The spectra are separated $equence, the shape resonance of, Fshifted to higher
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energies(thr=120 eV [6]; not shown in the present work e L e
due to a smalleRy=1.5 A. For light ligand atoms, like in
silane, no shape resonances are observed. Note that in m¢
cases the spin-orbit-split@2 'a; valence excitation is the
most intense spectral feature, but its assignment is uncerta
in the cases of Silj SiD,, and S{CHs),. The a; valence
states in silane (SiHSiD,) were assigned in agreement with
Ref.[24], but they cannot be assigned unambiguously in cas
of Si(CHs),. Obviously, the energy distance af andt, is
small for SiH, and SiD, and large for Sif; SiCl,, and SiBg;
this gives a decrease in tlag —t, difference for decreasing
electronegativity of the ligandg25], which is reflected by
decreasing threshold energisge Fig. 1. As a consequence, d gLl
in Si(CH,), thea, andt, differences might lead to a reversal 4s 3d(e)/|(t2|) 4d 5d
of the orbital order.

For the Rydberg states, the vibrational substates could k 103 P;g?on Enerms 106

gy (eV)

resolved. Except for these substates, the spectra are ve
similar to previous medium-resolution results for Qit$iD,
[2—4], SiF, [6], Si(CH3), [9], and SiC} [9], where in most FIG. 2. Photoionization spectrum of Sp2core-excitation in
cases vibrational features were not resolved. We would likeSi(CHz),. The valence states “val” of; andt, symmetries as
to point out some typical observations in the present spectravell as the Rydberg statesAnd(e), andnd(t,), are represented
For SiH, and SiD, the lowest Rydberg transitionpgéSs by the vertical-bar diagrams. For the Rydberg states, the vertical
shows different vibrational splittings in the energy regionPars mark the”=0—v’=0 excitation, with the bold bars repre-
between 104.9 and 105.4 eV. In the cases of,SiRd senting fit results and the light bars marking estimated values.
Si(CH,)4, the vibrational fine structurgradually develops, it
is first visible for the 4/3d excitations of Sifp at hy  dure. It is obvious that only a single vibrational mode is
=109.2—-110.8 eV and are also resolved for thé¢eg/4d(e) excited in each case, i.eanly one normal coordinate is
excitations of SiICH;), athy=104.3-105.0 eV. For Sigl  changed upon excitation. TMS has 19 normal vibrational
the vibrational fine structure appeasddenlyin the 4s ex-  modes; three of them hawg symmmetry and are symmetry
citations athy=107.0 eV. For SiBy, the vibrational sub- allowed due to the selection rules of the given molecular
states are masked due to their small energy differences; howymmetry. On the basis of the measured vibrational energy
ever, they will be clearly visible in an expanded spectrum(fio’'=75 me\), we assume excitations of the; normal

Si(CH,),

Photoionization Yield

discussed further below. mode with a ground-state energy bh"=73.47 meV[26]:
The normal coordinat€); is changed according ta Q4
A. Tetramethylsilane, S(CH2), =Q3—Q3#0. For all other normal coordinatéy;, AQ; is

close to zero, below our limit of detection.
To understand the geometrical changes represented by a
change of the normal coordinat@;, we can restrict our

TetramethylsilangTMS) is a very stable molecule, de-
spite its multiatomic nature; it is used as a calibrant in NMR

spectroscopy, and it is also stable on $i-ore excitation. considerations to the three symmetry and normal coordinates

In Fig. 2, the Si-2 core-excitation spectrum of &Hy), is . . .
shown in more detail, together with the results of our analy—W'th 3, symmetry and define a Symmetfy coordinate vector
and a normal-coordinate vectorQ;

sis. A rather complicated sequence of valence and Rydbera:(sl’sz'&")

orbitals is observed: The most prominent Rydberg states arE(Ql’QZ’Q3)' The three elements of the symmetry-

: : : : coordinate vector arg, describing equal changes in the C-H
spin-orbit-splitnd states converging towards the, andL, . o1 : )
thresholds. These Sig2 'nd states are additionally symme- distancess, describing equal changes in the Si-C-H angles

try split intond(e) andnd(t,) states, characterized by quan- as well as the H-C-H angles by equal amounts, but opposite
tum defects ofs(e) =0.2 ands(t,) = —0.3. The broad spec-

tral feature athr=102.8 eV is assigned to thepg,%4s TABLE |. Excitation energiegin eV) between the vibrational
Rydberg state on the basis of its quantum defiect.96; this ~ ground statesy(’=0—uv'=0) of the 23;nd and 2p;,nd Ryd-
Rydberg state has been moved to an energy far below thRerg states, quantum defecs and ionization thresholds, of
region of valence states, which startrat=103.5 eV. The Si(CH3),4, as obtained from the least-squares fit analysis. The error
results of the fit analysis for thed Rydberg states are given bars for the energies are estimated to*E) meV.

in Table I. From this assignment, and using the Rydberg

; _ 2 (with R 2p3; 8 2p1; 8
ormulaE=1—R/(n— §) (with R=13.605 eV, and wherk
is the ionization threshojdwe obtained thé.,, andL, ion-  3d(t,) 105.365 -0.19
ization thresholdslp(§)=106.075t 0.030 meV andlp(%) 4d(e) 105.144 0.17 105.752 0.21
=106.700:0.030 meV. 4d(t,) 105.335 —0.29 105.961 —0.29
In Fig. 3, the Rydberg region of the Sip2excitations of  5d(e) 105.476 0.23 106.094 0.26
Si(CHy),4 is shown in greater detail. The spectral featuressd(t,) 105.602 -0.36  106.217 —-0.31
with an appropriate number of Rydberg states and their vi1p 106.07%30) 106.70030)

brational sidebands, were fitted by a Franck-Condon proce
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FIG. 3. Rydberg-state section of the Sp-2ore-excitation spec-

trum of S(CHjz),, and the result of a Franck-Condon analysis rep-

resented by the solid line through data points. The saakshed
subspectra representp2'nd(t,) [2p *nd(e)] Rydberg states.
The observed resonancepznl (2pyanl) are marked bynl
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can also derive a value for the dissociation enerDy,
=4.8eV. The latter can be compared with the results ob-
tained for Siff (D,=6.3 eV) [15] and SiC} (D.=5.8 eV)

[16]. The quoted error bars for the fit parameters represent
the variety of Franck-Condon results for the different Ryd-
berg states. Note that a suitable Franck-Condon analysis can
also be obtained by shifting all'=0—uv'=0 excitations by
one vibrational quantum to lower excitation energies: This
leads to a fit result of only slightly worsg?; however, the
fitted parametersAR(Si-C)=—0.080 A and K;fiws)'
=0.7 meV (which is equal to a dissociation energy bf,

=2 eV) are unreasonably large as compared to the results for
all the other SX, molecules studied so far; consequently,
this fit has to be rejected.

B. Silicon (IV) bromide, SiBr,

In the overview spectrum of SiBrgiven in Fig. 1, the
valence features Si 2 'a; and 20~ 't, consist of one spin-
orbit-splita, feature and a larger number fstructures that
will be discussed in Sec. IV. The Sip2* Ryd excitations
are presented in more detail in Figs. 4 and 5, revealing well-
separated vibrational substates with a vibrational energy of
=33 meV. In Fig. 4, these substates are visible in the energy
region from 106.6—107.8 eV, and they are assigned to
2pza4s, 2pya4s, and 2544p excitations. In Fig. 5, vibra-
tional splittings of the P5znd and 2p;3nd excitations(at
h»=108.0 eV are clearly observed, even though the vibra-

(nl"). The dotted curve represents the background regarding Rydional substates of the different Rydberg states are only
berg states in the low-energy region, which have not been fitted, agreakly developed, due to a natural lifetime width =#0
well as continuum features in the high-energy region. The ampliimeV; in addition, the vibrational states overlap strongly. It is

tudes of all subspectra were scaled by a fadtaith respect to the
measured spectrum.

impossible to determine the”=0—v’'=0 excitations un-
ambiguously from the spectra in Figslaband 5b); there-
fore, we can only approximately assign the various Rydberg

signs, ands; describing equal changes of the Si-C distancesstates in the spectra. This ambiguity renders it impossible to

[27]. TheL matrix describes the relation betwe§nandQ;
by S=L;;Q; . For the electronic ground state, the matrix
for the threea; coordinates is taken from the literatJiZ7]:

1 0 0
Lj=|0 1.09 —0.09]. oY)
0 014 02

By assuming equadl;; for the excited state, we obtain

The observedw; and the relatedAQs;#0 (with AQ;
=AQ,=0) change the Si-C bond distancéS; with Lgg
=0.25, the Si-C-H and the H-C-H bond angléS, with

L,3=—0.09, whereas the C-H bond distances remain un-

changedS; with L,5=0).

calculate the ionization thresholds on the basis of the Ryd-
berg formula; we hence use the following arguments to ob-
tain estimates of the ionization thresholds: The three fitted
Rydberg states [%;4s, 2p;34s, and %34p are all at
excitation energies, which are smaller by 375 meV than in
SiCl,; we also transfer this energy shift between Siéhd
SiBr, to the 2p53nd and 2;,3nd series. This then leads to
estimatedv”=0—v’ =0 excitation energies of thep2 *nd
states, which are a few tens of meV too high: This can be
seen, e.g., with the %,;4d state, with thev”=0—v'=0
excitation at=108.90 eV, while distinct vibrational fine
structures of this state are observedhat=108.85eV. As a
consequence, we assume thg andL,, ionization threshold
energies to be 42650 meV below the SiGlvalues: for
SiBr,, we then obtainlp(§)=109.675t 0.050 meV and

Ip(3)=110.275-0.050 meV.

The Franck-Condon analysis, taking ground-state values We find that, in all Rydberg states, a single vibrational

of iwi=73.47 meV andR,y(Si-C)=1.888 A [26], results
in a vibrational energy ofiw;=76=2 meV for the core-
excited state, an anharmonicity ofsfi w3)' =0.3=0.1 meV,
a decrease of the Si-C bond distance BR(Si-C)=

mode is excited, with a vibrational energy close to that of the
normal modea, in the ground state of SiBr with 7 ]

=30.87 meV[28]. The solid curves and the subspectra in
Fig. 4 are the results of a Franck-Condon analysis, taking

—0.065 A, a decrease of the Si-C-H angles by 0.5°, and athis 7] value and a ground-state equilibrium distance of
increase of the H-C-H angles by 0.5°. From the obtainedRg=2.150 A[29]. The Franck-Condon fits were restricted to
anharmonicity, we determine the sign of the geometricalpz4s, 2p334p, and 2134s states, resulting in vibra-

changes, and by using the formuls,= (% w)%/4xkw, we

tional energies ofiw;=33.6+0.5 meV and equilibrium
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FIG. 4. Results of Franck-Condon analysis of the vibrationally ~ FIG. 5. Vibrationally split Si-2~'nd excitation in SiBj: (a)
split (a) Si-2pg24s, (b) Si-2pyids, and Si-D324p core excita-  Rydberg region with p373d, 4d(3d,4d), and 2;,33d (3d'); (b)
tions in SiBy,. Solid subspectrum: Franck-Condon fits; dotted sub-Rydberg region with higher 2 *nd Rydberg states. The vertical
spectrum: hot-band contributions; dashed subspectrum: without hobars mark the energies of the estimatéd-0—uv'=0 excitations
band contributions. The arrows indicate the’=0—uv’=0  of these Rydberg statésee text
excitations of the Rydberg states. Dash-dotted curve: background

. ) 1 =
including a 2 val transition. nance structures dty=109.5—110.5 eV occur, similarly to

Si-2p Rydberg excitation in SiGl[16,10,3(; these effects
hinder an adequate Franck-Condon analysis for the high-
energy vibrational structures.

distances in the core-excited state Rif=2.103+0.002 A.
The fits reveal two special propertiesee Fig. 4a)]: (i) Re-
markably strong spectral features from “hot bands” are
identified (dotted subspectrumwhich represent excitations o _ )
from ground-state vibrational stateé=1,2,... to excited vi- C. Silicon (IV) chloride, SiCl,

brational states of the electronically excited state’ ( As seen in Fig. 1, the Si42 spectrum of SiClis quite
=0,1,2,...); they are so intense due to the low ground-statsimilar to that of SiBj, consisting also of excitations @,
vibrational energy. The “hot-band” intensity is larger than andt, valence states as well as to S§p-2'4s, 4p, andnd

for other moleculege.qg., SiC}, see below In the dashed Rydberg states with a single vibrational splitting which is
subspectrum, the “non-hot-band” contribution is given, i.e., assigned to the symmetric-stretchiagmode. The 2@%43,

from the usuab”=0—v"'=0,1,2,... excitations(ii) At hv  2p..24s, and 20;;4p excitations are well separated, and the
=106.65eV, a Py val feature is observeddash-dotted results of a Franck-Condon analysis of these spectral shapes
subspectrum which overlaps with the ﬁg,% 4s Rydberg are shown in Figs. ® and Gb). The following results are
transition; for details, see Sec. IV. Similar vibrational ener-obtained: The vibrational energy in the electronic ground
gies as in the spectra of Fig. 4 are also observed in thetate, #w]=52.69 meV [28], increases tofw;=58.1
2p53d and 2p;33d as well as D;34d,5d,6d,... and  +0.5meV in the core-excited state; the anharmonicity in the
2p,;34d,5d,6d, ... spectral features shown in Figgaband  core-excited state isx(w,)'=0.12+0.05meV, and the
5(b), respectively. We also assume thateant, splitting of  equilibrium distance decreases fr&®g=2.019 A[31] in the

the Si-2~13d excitation and broad overlapping shape reso-ground state toR.=1.953+0.003 A in the core-excited
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FIG. 7. Rydberg region of the Sif2photoabsorption spectrum
of SiF,. The observed resonanceszanl (2p;3nl) are marked by
nl (nl’); the vertical bar diagrams mark th€=0—v'=0 exci-
tations. Inset: Details of the spectral region dominated by the
2p~13d and 2 '4d excitations, with the subspectra resulting
from the Franck-Condon analysis; th&€=0—v’'=0 transitions
are marked by vertical arrows. The solidashed subspectra rep-
resent excitations from the Sip3;, (Si-2p,,,) core state.

state. Again, spectral features from hot bands can be clearly
identified(dotted subspectrumeven though they are weaker
than in the spectrum of SiBrdue to the larger vibrational
energy in SiC). The spectrum in Fig. @ also contains
Si—2p1‘,21t2 valence features in the energy region from 107.4
to 107.6 eV(dash-dotted subspectrijmvhich are identified

by core-to-valence excitations that are not vanishingadilid
SiCl, [10] (see also Sec. IV More details on vibrational
excitations and equilibrium distances are presented in Table
Il and in Ref.[16].

TABLE Il. Summary of the results of the Franck-Condon analysis of the Rydberg regions of the Si-2
core-excitation spectra of %j molecules: Vibrational energiésy” and#e’, and intramolecular equilibrium
distancesR, and R, in the ground and excited states, respectively. The force congtdot the Si-X
symmetric-stretching modes, calculated on the basis of the vibrational ground-state energies, are also given.
For comparison, the vibrational energies and equilibrium distances of the iorzedl)(molecules, R,",

are given in the last two columns. The numbers in

parentheses represent the error bars in units of the last

digit.
ha' F ho'? Ry R ~AR?*  Zhe(PX,")  R(PX,")
(meV) (mdyn A  (meV) R) A) A) (meV) (meV)

SiH, 271.13 2.81 298.51.00 1.47Ff 1.4141) 0.0551)  284.5 1.422)°

SiD, 193.8& 2.87 212.91.0 1.47F 1.4161) 0.0551) 205.1 1.422)¢

SiF, 99.18 7.16 109.02.0 1.554 1.4862) 0.0682)

Si(CHy),  73.47 3.10 76.02.00 1.88¢' 1.8232) 0.0652)

SicCl, 52.69 3.72 58.10.5 2.019 1.9533) 0.0663) 55.8 1.971)

SiBr, 30.87 2.92 33.60.5 2.150" 2.1032) 0.0472) 28.1

This work. ‘Referencd32]. KReferencd51].

bReferencq 36]. 9Referencd 33]. 'Referencd52].

‘Referencd37]. PReferencd 26]. "Referencq29].

dReferencd49]. iReferencd 28).

*Referencd50]. IReferencd 31].
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D. Silicon (1V) fluorine, SiF,

Figure 1 also gives an overview of the Sp2core-
excitation spectrum of Sjfwith a; valence features that are
farther away from thed, features than in the case of SjBr
and SiC}. In addition, the 4 transition is more intense in
SiF, than in SiC} and SiBy. In Fig. 7, the higher Rydberg
region 20~ Ind is shown, also revealing a single symmetric
stretching vibration, which was fitted by a Franck-Condon
analysis. The following Franck-Condon parameters were de
rived: The vibrational energy in the electronic ground state
fiw7=99.18 meV[32], increases tdiw;=109.0+2.0 meV
in the core-excited states, with anharmonicity in the core:
excited state ofX;% w;)’ =0.45+0.15 meV; the equilibrium
distance decreases froRy=1.554 A [33] in the electronic
ground state toR.=1.486+0.002 A in the core-excited
state. In the case of thep2 !4s states, both stretching and
bending vibrational modes are excited. This is caused by th
mixed-valence—Rydberg character of this state, resulting il
deviations from thelTy symmetry in the excited state. For L L
more details, see Refl15] and Sec. V. 105.0

Photoionization Yield
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i 1 1 ! 1 L

1052 1054 1056 105.8
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E. Silane: SiH, and SiD,

For silane, both Siijand SiD, were studied. This allows FIG. 8. Spectral regions of the lowest Rydberg excitations in the
an easy separation of Rydberg states and vibrational sulgere-excitation spectra of SiHuppe) and SiD, (lowen), including
states, since the latter are strongly changed by an isotopRe 2p;35s, 2p;35s, 2p3d(e), and 2,33d(t,) resonances.
effect on the vibrational energies, which diminishes vibra-Note that the energies of thé¢=0—v’=0 excitations of Siljand
tional energies by=v2 upon deuteration. In Fig. 8, the low- SiD, differ by 25 meV due to an isotopic effect on the zero-point
lying Rydberg transitions [2?:,355, 2p1’,§55, and Vibrational energiegsee Ref[34]). Thev”=0—v’'=0 transitions
2p§,§3d(e/t2) are shown with their intense vibrational side- @nd the excitations_ to symmetric-stretch_ing-mode v_ibrat.ional states
bands; the given assignment of the vibrational states is bas@f€ Marked by solid vertical bars. Bending-mode vibrational states
on the ground-state vibrational energies. The energy separ re identified t_)y dashed vertltlzal bars; these latter vibrations are
tion of vibrational substates from the’=0—v'=0 Ryd- clearly absent in case of thepg;3d resonances.

berg excitations are smaller yv2 in SiD, as compared to — R,=1.416+0.001 A, note thaR, (R,) is the ground-
a . . ' g a.

S.iH4' both in case of the dashed sub_sta(tbending vit_)ra- state(averaged excited-statequilibrium distance. By sepa-
tions) and the solid substatgsymmetric stretching vibra- rating the four H atoms to H H,, Hs, and H, we obtain

tions). In addition, thev”=0—uv"=0 excitations of all Ry- istortions in the distances by0.006 and—0.006 A for the
dberg states are shifted in Siby 25 meV to lower energies Si-H,, and Si-H., distances, respectively. The H-Si-H
relative to SiH [34]; this shift is caused by different zero- anglés change from 109.5° to 12245P.0° to 102.5%1.0°

point vibrational energies in the electronic ground and ex-.4 5 108.020.5° for I-ii-Si-Hz H3-S.i-l-,|4 and .H-_Si.-H-’
cited states of Sigland SiD, [34]. A close look at the vibra- (ij =13,14,23,24), respectively; that is, we obtai]n a
tional substates reveals single vibrational mode(i.e., the Hl-Si-H; sp,)re:—ildiné of 13° and a}Bi-H‘l narr,owing of 7° as
symmetric stretching modior the 3d excitations, but three well as corresponding changes of the other angles. These

vibrational qugs of both §tretch|ng and bending ?haraCteaistortions enable the nonsymmetric vibrational excitations.
for the 5 excitations(see Fig. 8 The existence of aingle Further details were given in Ref35).

vibrational mode continues to highs and nd excitations
(not shown here Similar to SiR, the excitation of a bending
vibrational mode reveals the mixed valence—Rydberg char-
acter of the p~15s state in silane, but with better separation A. Vibrationally split valence features
and higher intensity of the bending vibrational modes.

The existence of bending modes reflects a change in thgX

T symme'try of the grounq state of.sna.\ne towardCa, excitations. Nevertheless, in some cases vibrational substates
symmetry in core-excited silane. In SJiSID,), a Franck- 56 150 been resolved for core-to-valence excitations: In
Condon analysis is possiblg35], resulting in fe] Fig. 9, e.g., part of the Si12 '4a, and Si-2~!9t, states
=271.13 meV(193.8 meV [36] —/w;=298.5-1.0meV  gre displayed for Sik¥SiD, and SiF, respectively, showing
(212.9+1.0 meV), hw;=120.38 meV (84.95 meV [36]  well-resolved fine-structure features, i.e., vibrational sub-
—hw,=131.1+*1.0meV  (92.6-1.0 meV), fw,; states. The vibrational energies of these substates are 83, 57,
=113.25meV (83.6 meV [36] —fw,;=106.61.0meV  and 50 meV for Silj, SiD,, and Sif, respectively. As ex-
(78.0£1.0 meV). The Si-H equilibrium distances are ap- pected, the vibrational energy for Six smaller by a factor
proximately independent of H and D, wily=1.471 A[37]  of v2 then that of SiH.

IV. VALENCE STATES IN Si X4 MOLECULES

In the molecules studied, vibrational splitting of core-
cited states can only be resolved well for $i-2 Ryd
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In all cases, the measured vibrational energies of the ve T T L T T T
lence features are much smaller than in the case of th |, l/ | | | l
symmetric-stretching vibrational modes for highRydberg | |
states: Bending vibrational modes are obviously excited, N,-' | /
similar to the well-resolved Si42 15s vibrational substates
in SiH, and SiD, and to the Si-p~!4s in SiF,, and this is
due to molecular distortions, destroyifig, symmetry. To
explain such distortions, two different mechanisms are
known: (i) the first-order or normal Jahn-Teller effect, which
requires degenerate states; atid the second-order or
pseudo Jahn-Teller effect, which applies to nondegeneral
states.

In all SiX, molecules, the total electronic wave function
of the electronic ground state ha@s symmetry, and only ,
final states with &, symmetry in the total electronic wave- 102.4
function can be excited. This shows that in principle all ex-
cited states in 3, molecules can undergo a first-order Jahn-

Teller distortion. In Ref[35], we show for silane that the

triply degenerate Si-2 core hole(t, symmetry does not FIG. 9. Details of the Si-B534a, valence excitations in SiH
undergo a first-order Jahn-Teller distortion. The questiorand SiD, as well as of the Si-f;29t, state in Sif, with vibra-
whether theexcitedelectron is in a degenerate or in a non- tional bending modes.

degenerate orbital results in a possible occurrence of a first-
order Jahn-Teller distortion.

In case of SiH/SiD,, the excited electron is in thea4
orbital; a first-order Jahn-Teller distortion is not possible.
Consequently, we explain the observed bending modes by
second-order Jahn-Teller effect on the basis of calculation
for the (Z+ 1) molecule PH[38]. In case of the Si-@~19t,
excitation in Sig, the situation is different. By neglecting
the core hole, we do not have the excited electron iraan
orbital, but in a degeneratg molecular orbital. In this case,

a first-order Jahn-Teller effect is possible, which might alsc
explain the observed bending vibrational modes.

The second-order Jahn-Teller effect can also be unde
stood in a much more qualitative way following the valence-
shell electron-pair repulsion theof¢ SEPR of Gillespie
[39]. For the Si-2 ! val excitations of SX, molecules, ge-
ometries close to thgroundstate X, [36] are expected,
which is a radical with an unpaired electron. This unpairec
electron interacts with the eight bonding electrons, and ma
lead to a molecular distortion as proven by calculations fol
PH, [38,40—42 and PF [38]. These calculations result in
one X-P-X angle that is distinctly larger than the 109B§
angle(PH,: 172°[38]; PF,: 162°[38]); all other angles are
slightly smaller than the tetrahedral angle of 109.47°. This
distortion enables the excitation of bending-vibrational
modes.

Photoionization Yield
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B. Valence-orbital region in SiCl, and SiBr,

Figure 10 displays the valence region of Si@hd SiBy,.
In both molecules, the lowest valence states are assigned
spin-orbit-coupled; states, and a large variety Bfvalence
states is observed. The latter are indicated by arrows ar
exhibit at least severeight) states for SiCJ (SiBr,). Note
that valence states extending to thgerégion are essential to
achieve reasonable fits in the Sp2! Ryd states. For SiG|
this valence state is also visible in the spectrum of solid SiCl  F|G. 10. Low-energy part of the Sig2 ! excitation spectra of
[10,43, whereas Rydberg states are quenched in the cong) Sicl, and (b) SiBr,, with thea, andt, valence states and the
densed phase. For Siprcondensed-phase spectra are nofowest Rydberg state#34s. All peaks assigned to thep2 't,
available. multiplet are indicated with vertical arrows.

| 1
105 106 107
Photon Energy (eV)

1
104



57 COMPARATIVE STUDY OF Si-2 CORE-EXCITATION ... 305
Ishikawaet al.[30] and Tseet al.[11] predicted only two TABLE lll. Experimental and theoreticgl45] linewidths of

valence orbitals with orbital ordees, andt, for SiCl,, while ~ Si-2p™* excitations in SK, molecules.

for SiBr, no calculations exist. On the basis of these calcu-

lations, the large variety of peaks has to be assigned to Experiment Theory[45]
2p~1t, valence states both for SiCand SiBy. By consid- (meV) (meV)
ering only the triply degenerate, valence orbital, with a  SiH, 50(5) 32
possible first-order Jahn-Teller distortion, as well as the spinsip, 50(5) 32
orbit coupling of the core hole, we achieve six different Sir, 85(10) 14
states at most. This number is obviously too small for thesi(CH,), 76(9) 37
observed structures. However, we may consider an interaicl, 48(2) 32
tion between the core hole and the excited electron, whiclsiBr, 39(6)

would lead to an increase of the number of final states. Thi
has been shown in Rg#4] for the S 2~ 13b, valence state
in SO, with five electronic substates, increasing the threeorbitals in their valence shell, and consequently the gI-3
possible electronic substates by using only spin-orbit splitand Br-4p electrons do not delocalize to the central atom.
ting and ligand-field splitting of the core hole. Only an addi- It is also observed that the core-excited states in all mol-
tional consideration taking the core-hole excited-orbital in-ecules have vibrational energies of the symmetric-stretching
teraction into account, can explain the complete spectratibrational mode, which are about 8% larger than in the elec-

structure. tronic ground state. This can be understood by a shrinking of
the molecules by=0.06 A upon excitation, caused by a
V. COMPARISON OF 2p~! Ryd steeper attractive part of the potential surface that originates
CORE-EXCITATION SPECTRA OF from an electron configuration without a change of the repul-

sive part. As a consequence, the potential surface becomes
narrower and the vibrational energy increases.
A. Franck-Condon analyses The spectra reveal that the lowest Rydberg states in,SiH
#SiD4, and Sif exhibit the symmetric-stretching vibrational
odeas well asbending-vibrational modes. These bending-
ibrational modes are due to a lowering of the symmetry,
which is caused by a second-order Jahn-Teller efféf}f In
S ; oo . . SiCl, and SiBy, these additional modes are clearly missing,
the vibrational energfiw qnd th_e equilibrium distandg, in and in S{CH),, the lowest Rydberg states overlap strongly
the ground state. Also given BR=Re—R, for the SXs ity the valence states, i.e., no statement on the excitation of
(X=H, D, F, CH;, Cl, Br) molecules. In addition, frequen- penging-vibrational modes can be given in this case.
cies and equilibrium distances for th&{1) molecule,
PX,*, taken from the literature, are listed, which is equiva-
lent to highly excited S{, Rydberg states. The vibrational . ) .
energies and equilibrium distances of the core-excited mol- 12able lll gives a summary of the fitted experimental and
ecules are in close agreement with the values listed in the Ia&tﬂforet'cal natural lifetime widths of the studied molecules.
two columns of Table Il for the valence-ionized 1) mol- The theoretical values were calculated by McColl and Lar-

. ; kins[45] using a one-center model, which considers only the
+ _ ’
Z;:lriiiigtiér?uppomng the concept of the equivalent COreSAuger channels that create two holes in the valence shell at

. . the Si site, and neglect correlation effects of the electrons
For comparism, the force constants for the SiX 9

. hi brational de of th q beyond the Hartree-Fock approximation. For all studie,,Si
symmetric-stretching vibrational mode of the ground-statgygjecyles, the experimental lifetime widths are larger than
molecules[ F=(hw")*Xm*] are also giveniwherem* is

b " the theoretical values. In case of jF6iD,, and SiCJ, the
the reduced m*a$§In most cases, bothe’ andfiw” de- gynerimental lifetime widths are50% larger than the the-
creases with/m*, i.e., the force constant is nearly constant. 5 atical values; for $CHy),, the experimental value is

This is approximately valid for most of the)§j molecules,  ~1009 larger: and in case of SiRthe experimental value is
with the exception of SiE and to a smaller extent also of y 5 factor of 6 even larger than the theoretical value. Note
SiCl,. In particular, Sif exhibits, both in the ground state hat the experimental lifetime widths were obtained for core-
and in the core-excited states, vibrational energies that argited states, but the theoretical values were calculated for
higher than expected: e.g., the Sifbrational energies are core-jonized states. Larkins pointed out that the lifetime
higher than those of 8LHy),, despiteme=mcy,,. This can  width of a core-excited state can be up to 20% larger than the
be explained by a partial double-bond character of the Si-Hjfetime width of an ionized stat¢46]; however, this can
and in case of theZ+1) molecule, of the P-F bon[B9]. only explain a small part of the discrepancy between theory
This is due to a delocalization of the unshared electron pairand experiment.

of florine which are nonbonding FgR2electrons, to the in- The largest difference between experiment and theory is
complete valence shell of the central atom, i.e., the unoccufound for SiF,. In this case, the Auger spectrum shows some
pied Si-3 or P-3d orbitals. This will lead to a subsequent peculiarities that were explained in terms of electron corre-
increase of the vibrational energy as well as the force conlation in Refs.[47] and [48]; the one-center model cannot
stantF. In contrast to this, Cl and Br also have unoccupded reproduce all features in the spectryd6]. The lifetime

TETRAHEDRAL Si X, MOLECULES

In Table Il, the results of the Franck-Condon analysis o
the symmetric stretching vibrational modes in the Rydber
region are summarized, i.e., the vibrational eneligy and
the equilibrium distanc®, in the excited state obtained from

B. Natural lifetime width
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widths depend on the total Auger rates, i.e., the Auger charpend on the mixed-state character of these resonances.
nels, which can only be explained by correlation, also confranck-Condon analyses of the vibrationally resolved spec-
tribute to the observed lifetime width. We may therefore as-ral shapes were performed, and the derived results for vibra-
sume that correlation effects can influence the lifetimetional energies and intramolecular distances were found to be
widths, explaining the differences between experiment anéh good agreement with theZz@-1) approximation. The ex-
theory. perimental lifetime widths of the molecules are compared to

From the number of valence electrons and the size of thealculated values, revealing a substantial discrepancy for
molecules, we obtain a decreasing valence-electron densigiF,.
and decreasing electron-correlation effects from F to Cl to In the core-to-valence excitation region of silane and
Br. The correlation effect can explain the sequenceSiF,, the excitation of a bending-vibrational mode was iden-
I'e>T'¢;>TI's,. Nevertheless, more accurate calculations argified, caused by Jahn-Teller effects. The rich fine structure
necessary to clarify the contributions of electron-correlatiorof the Si-2~'t, excitations of SiGJ and SiBy, is assigned to
effects to the natural lifetime widths. an interaction between the excited electron and the created

core hole.
VI. SUMMARY AND CONCLUSIONS

In summary, we resolved vibrational fine structures in the
Si-2p core-excitation spectra of %j molecules using high-
resolution photoionization spectroscopy. A symmetric- This work was supported by the Bundesministar Bil-
stretching vibrational splitting could be resolved for all Ry- dung, Wissenschaft, Forschung und Technologie, Project
dberg states. For the lowest Rydberg states in,SHID,, No. 05-650-KEA, and the Deutsche Forschungsgemein-
and Sik, bending-mode vibrations were observed, which deschaft, Project No. DO 561/1-1.

ACKNOWLEDGMENTS

[1] S. Bodeur, I. Nenner, and P. Millie, Phys. Rev.34, 2986 [19] R. N. S. Sodhi and C. Brion, J. Electron Spectrosc. Relat.

(1986. Phenom .34, 363(1984).
[2] D. G. J. Sutherland, G. M. Bancroft, J. D. Bozek, and K. H.[20] E. Hutchisson, Phys. Re@6, 410 (1930.
Tan, Chem. Phys. Letfl99 341 (1992. [21] E. Hutchisson, Phys. Re®7, 45 (1931).
[3] W. Hayes, F. C. Brown, and A. B. Kunz, Phys. Rev. L&f, [22] H. Nakamatsu, Chem. Phy300, 49 (1995.
774 (1971). [23] J. L. Dehmer, A. C. Parr, and S. H. SouthworthHandbook
[4] W. Hayes and F. C. Brown, Phys. Rev.6A21 (1972. of Synchrotron RadiatignVol. 2, edited by G. V. Marr
[5] M. B. Robin, Chem. Phys. LetB81, 140(1975. (Elsevier, Amsterdam, 1987
[6] H. Friedrich, B. Pittel, P. Rabe, W. H. E. Schwarz, and B.[24] H. Friedrich, B. Sonntag, P. Rabe, W. Butcher, and W. H. E.
Sonntag, J. Phys. B3, 25 (1980. Schwarz, Chem. Phys. Lefi4, 360(1979.
[7] J. D. Bozek, G. M. Bancroft, and K. H. Tan, Chem. PHi45, [25] R. N. S. Sodhi, S. Daviel, and C. E. Brion, J. Electron Spec-
131(1990. trosc. Relat. Phenon85, 45 (1985.
[8] T. M. Zimkina and A. S. Vinogradov, J. Phys. Collog2, [26] L. M. Sverdlov, M. A. Kovner, and E. P. Kraino¥ibrational
C4-3(197). Spectra of Polyatomic Moleculé®Viley, New York, 1974 p.
[9] J. D. Bozek, K. H. Tan, G. M. Bancroft, and T. S. Tse, Chem. 560.
Phys. Lett.138 33(1987. [27] K. Shimizu and H. Murata, J. Mol. Spectros;.44 (1960.
[10] R. A. Rosenberg and S. P. Frigo, Chem. Phys. L4, 439 [28] Tables of Molecular Vibrational Frequencies, Consolidated
(1991). Vol. |, edited by T. Shimanouchi, Natl. Bur. Stand. U.S. Ref.
[11] J. S. Tse, Z. F. Liu, J. D. Bozek, and G. M. Bancroft, Phys. Data Ser. No. 39U.S. GPO, Washington, DC, 19y 2. 23.
Rev. A39, 1791(1989. [29] Gmelins Handbuch der Anorganischen CherBif ed., edited
[12] R. A. Rosenberg, C.-R. Wen, K. Tan, and J.-M. Chen, J. by A. Kotowski, G. Hantke, G. Kirschstein, F. Seuferling, and
Chem. Phys92, 5196(1990. K. Swars, Phosphorus Vol. 16(Verlag Chemie, Weinheim,
[13] J. D. Bozek, G. M. Bancroft, J. N. Cutler, and K. H. Tan, Phys. 1969, p. 376.
Rev. Lett.65, 2757(1990. [30] H. Ishikawa, K. Fujima, H. Adachi, E. Miyauchi, and T. Fuijii,
[14] J. D. Bozek, G. M. Bancroft, and K. H. Tan, Phys. Rev43 J. Chem. Phys94, 6740(1991).
3597 (199). [31] R. R. Ryan and K. Hedberg, J. Chem. Phy8, 4986(1969.
[15] R. Pittner, M. Domke, K. Schulz, and G. Kaindl, Chem. Phys. [32] Gmelin Handbook of Inorganic Chemistr$th ed., edited by
Lett. 250, 145 (1996. G. Hones, H. Keller-Rudek, D. Koschel, P. Merlet, H. Sigra
[16] M. Domke, R. Pttner, K. Schulz, and G. Kaindl, Phys. Rev. A and F. Schrder, Silicon Supplement Vol. B{Springer, Ber-
52, 1147(1995. lin, 1992, p. 156.
[17] R. Pitner, M. Domke, and G. Kaindl, Acta Phys. P8l, 865  [33] Structure Data of Free Polyatomic Moleculeslited by K.-H.
(1997. Hellwege and A. M. Hellwege, Landolf-Bostein, New Se-

[18] M. Domke, T. Mandel, A. Puschmann, C. Xue, D. A. Shirley, ries, Group I, Vol. 15(Springer, Berlin, 198} p. 96.
G. Kaindl, H. Petersen, and P. Kuske, Rev. Sci. Instr68).  [34] R. Plitner, M. Domke, D. Lentz, and G. Kaindl, J. Phys28
80 (1992. L565 (1996.



57 COMPARATIVE STUDY OF Si-2 CORE-EXCITATION . .. 307

[35] R. Pittner, M. Domke, D. Lentz, and G. Kaindl, Phys. Rev. A [44] N. A. Shklyaeva, L. N. Mazalov, and V. V. Murakhtanov, J.

56, 1228(1997. Struct. Chem?20, 621 (1979.

[36] Gmelin Handbook of Inorganic Chemistrgth ed., edited by [45] J. McColl and F. P. Larkins, Chem. Phys. Lett96 343
H. Keller-Rudek, D. Koschel, U. Kerke, and P. Merlet, Sili- (1992. )
con Supplement, Vol. B1Springer, Berlin, 1982 p. 94. [46] F. P. Larkins, Aust. J. Phyg9, 457 (1998.

[47] F. P. Larkins, J. McColl, and E. Z. Chelkowska, J. Electron
Spectrosc. Relat. Phenoiz, 275(1994).
[48] F. Tarantelli and L. S. Cederbaum, Phys. Rev. L@tt. 649

[37] Structure Data of Free Polyatomic Molecujesdited by K.
Kuchitsu, Landolt-Benstein, New Series, Group I, Vol. 21
(Springer, Berlin, 1992 p. 96.

(1993.
[38] J. M. Howell and J. F. Olsen, J. Am. Chem. S8 7119 [49] J. R. Durig, D. J. Antion, and F. G. Baglin, J. Chem. Phig;.
(1976. 666 (1968.

[39] R. J. Gillespie, J. Chem. Edud0, 295 (1963.
[40] D. Gonbeau, M.-F. Guimon, J. Ollivier, and G. Pfister-

Guillouzo, J. Am. Chem. Sod.08 4760(1986. Keller-Radek, D. Koschel, H. Scfe, and J. Wagner, Phos-
[41] A. Demolliens, O. Eisenstein, P. C. Hilberty, J. M. Lefour, G. phorus Supplement Vol. C@Springer, Berlin, 1998 p. 315.
Ohanessian, S. S. Shaik, and F. Volatron, J. Am. Chem. So¢51] Gmelins Handbuch der Anorganischen Chersia ed., edited
111, 5623(1989. by A. Kotowski, Silicon Vol. 15B(Verlag Chemie, Weinheim,
[42] C. J. Cramer, J. Am. Chem. Satl13 2439(1991). 1959, p. 317.
[43] J.-M. Chen, R. Klauser, S.-C. Yang, and C.-R. Wen, Chem[52] W. F. Zelezny and N. C. Baenziger, J. Am. Chem. Spt.
Phys. Lett.246, 285 (1995. 6151(1952.

[50] Gmelin Handbook of Inorganic Chemistrgth ed., edited by
W. Behrendt, U. W. Gerwarth, R. Hauboldt, J. v. Jouanne, H.



