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Angle-resolved electron energy loss spectroscopy of valence-shell
and Si 2 p pre-edge excitation of SiF 4: Bethe surface and absolute
generalized oscillator strength measurement

X. W. Fan and K. T. Leunga)

Department of Chemistry, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

~Received 23 February 2001; accepted 17 May 2001!

Absolute generalized oscillator strengths~GOSs! of discrete transitions in the preionization-edge
region of the valence and Si 2p inner shells of SiF4 have been determined as functions of energy loss
and momentum transfer by using angle-resolved electron energy loss spectroscopy at 2.5 keV
impact energy. The GOS profiles of the pre-edge features are generally consistent with the spectral
assignments based on the term values of the virtual and Rydberg states from earlier valence and
inner-shell studies. In particular, the GOS profiles for these low-lying preionization-edge features in
the valence shell are found to be dominated by a strong maximum at zero momentum transfer,
consistent with the proposed assignment of predominantly dipole-allowed Rydberg and mixed
valence-Rydberg transitions. In the case of the lowest-lying preionization-edge 1t1→6a1 feature,
which is formally dipole-forbidden, the present work shows that such a shape for the GOS profile
is, however, not exclusive to just dipole-allowed transitions. In the Si 2p shell, the GOS profiles for
the well resolved, intenses* resonance and three higher-lying Si 2p pre-edge features have been
determined and are found to be largely dominated by dipole-allowed~Rydberg! excitations.
Differences in and between the GOS profiles for the valence-shell and Si 2p pre-edge features in
SiF4 are identified. No discernible secondary extrema can be found in any of these GOS profiles.
The present GOS results for SiF4 are compared with those reported for other cage-like molecules,
including CF4 and SF6. © 2001 American Institute of Physics.@DOI: 10.1063/1.1384457#
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I. INTRODUCTION

In the past two decades, optical electronic spectrosc
continues to focus on the precise determination of the e
gies of electronic states while the progress on the meas
ment of transition probabilities or oscillator strengths~OSs!
remains largely limited. In spite of the advent of synchrotr
radiation research, accurate measurement of absolute d
OS remains to be a major challenge for photoabsorption
other electronic spectroscopic methods, principally due
the bandwidth/linewidth limitations intrinsic in the use of th
Beer–Lambert law for discrete transitions1 and the practical
difficulties of measuring over a wide photon energy rang2

Even given the generally lower resolving power, zero-deg
~i.e., forward! electron scattering techniques at negligib
momentum transfer2 have two fundamental advantages ov
photoabsorption methods for determining dipole OSs. Th
are the collection of the precise absolute cross sections~os-
cillator strength! data over a wide energy range without pe
forming an ‘‘absolute’’ experiment and avoidance of the d
ficulties associated with the use of the Beer–Lambert la1

In addition nonoptical electronic processes, not governed
the dipole selection rules,3,4 can be observed if the electro
scattering intensities are studied as a function of scatte
angle away from zero degree. The concept of general
oscillator strength~GOS! was first introduced to electro

a!Electronic mail: tong@uwaterloo.ca
2600021-9606/2001/115(6)/2603/11/$18.00
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scattering by Bethe5 and later elaborated in detail b
Inokuti.6 Over three decades ago, Lassettre and co-work
pioneered the use of angle-resolved electron energy
spectroscopy~EELS! for accurate determination of absolu
dipole OS by extrapolating precise GOS measurement
the optical limit.3 In the past several years, angle-resolv
EELS has been used in our laboratory to study the electro
structures of the valence and inner shells of a number
polyatomic molecules, particularly chlorofluorocarbo
CF42nCln (n50 – 4)7–10 and their chlorofluorohydrocarbo
homologs, CHF32mClm (m51 – 3).11–13A recent review of
our work and this particular area has been given by Leun14

Very recently, we have extended our investigation to el
tronic excitations in the outer-core shells of Ar15 and the
autoionization resonances in Ar16 and He.17

As one of the by-products in plasma etching of silic
commonly employed in the microelectronics and semic
ductor industry, silicon tetrafluoride (SiF4) is one of the
more relevant technological silicon compounds. Along w
SF6,

18,19 SiF4 belongs to an important group of popula
model compounds useful for studying the so-called ‘‘cage
effects, particularly related to the continuum or shape re
nances. The valence and Si 2p inner-shell electronic struc
tures of SiF4 have been studied extensively by a variety
techniques, including photoabsorption20–26 and small-angle
electron scattering techniques.27,28 These ‘‘optical’’ studies
have largely focused on the dipole OS in the discrete
continuum regions as well as the spectral assignments o
3 © 2001 American Institute of Physics

P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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electronic transitions in the valence and Si 2p shells~under
the dipole selection rules!. The present work, on the othe
hand, provides a new measurement of the absolute GOS
files for several low-lying preionization-edge transitions
the valence and Si 2p shells of SiF4, which may be used to
provide further insights into the electron-impact excitatio
of ‘‘caged’’ compounds. These results on SiF4 will also be
compared with our earlier angle-resolved EELS data
SF6

18 and its valence-isoelectronic homologs, CF4 and
CCl4.

7

II. EXPERIMENTAL METHOD

Our recently improved apparatus and the experime
procedure used for the present angle-resolved EELS s
have been described in detail elsewhere.15 Briefly, a colli-
mated electron beam was accelerated to 2.5 keV impact
ergy and crossed with a gas jet expanded from a nozzle~0.5
mm diameter! positioned at 1 cm above the collision cent
The transfer of energy and momentum from the incid
electron promotes the gaseous target from its electro
ground state (M ) to an excited state (M* ),

e2~E0 ,k0!1M→e2~E02E,k!1M* , ~1!

whereE0 ~or E02E) andk0 ~or k! are the kinetic energy an
momentum of the incident~or scattered! electron, respec-
tively. Electrons scattered with an energy lossE at a scatter-
ing angleu ~from the forward direction! were analyzed using
a hemispherical energy analyzer equipped with a sev
element input lens. The magnitude of the momentum tran
K (5k02k) is related to the scattering angleu by K25k0

2

1k222k0k cosu. The intensity of the scattered electro
with an energy lossE at a scattering angleu is proportional
to the differential cross sectiond2s/dV dE. Angle-resolved
EELS spectra of the sample gas introduced to the cente
the collisional cell~sample spectra! were collected at a serie
of u angles~corresponding to different momentum transfe!
sequentially in repetitive scans. After each measuremen
the sample spectra, an identical set of EELS spectra of
sample gas introduced outside the collision cell at the sa
pressure (1 – 231025 Torr! were recorded in the same e
ergy loss and angular ranges~ambience spectra!. Contribu-
tions from the ambient gas were removed by subtracting
corresponding ambience spectra from the sample spectr
ter appropriate normalization. This correction of the am
ence contribution is crucial to assuring precise GOS m
surement especially for inner-shell and other transitions w
low cross sections.

For high-energy electron collisions, the influence of t
incident electron upon the target can be regarded as a su
and impulsive encounter. Under these conditions~and after
the EELS spectra have been relatively normalized to
another!, the differential cross section can be converted~in
the first Born approximation! to the differential GOS,
d f(K,E)/dE, by using the Bethe–Born formula~in Rydberg
atomic units!:6
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d f~K,E!

dE
5

k0

k
K2

E

4

d2s

dV dE
, ~2!

where dV corresponds to the detection solid angle. T
GOS, f (K,E), is defined as

f ~K,E!5
E

K2U K CnU(
j 51

N

exp~ iK•r j !UC0L U2

, ~3!

whereC0 andCn are the (N-electron! electronic wave func-
tions of the initial and final states, respectively, andr j is the
position of thejth electron with respect to the center-of-ma
of the target. The GOS at anyK value can be made absolu
independently by using the Bethe sum rule:6

E d f~K,E!

dE
dE5N, ~4!

whereN is the total number of electrons in the target. In t
Bethe-sum-rule normalization procedure, the intensity of
relative GOS obtained at a particular momentum transfe
first numerically integrated over a sampling energy lo
range of 100 eV. The remaining intensity of the valence sh
above 100 eV for SiF4 is estimated by integration of a fitte
function B(E)5a/E1.51b/E2.51c/E3.5 from 100 eV to in-
finity, where the empirical constantsa, b, andc are obtained
by curve-fittingB(E) to the experimental data in the energ
loss range of 70–100 eV. The sum of these two integra
intensities is then normalized to the integrated oscilla
strength of 33.4, which corresponds to the total number
valence-shell electrons~32!, plus an appropriate correction o
the contribution due to Pauli-excluded transitions from oth
inner shells~1.4!.29,30

For angle-dependent studies that involve finite mom
tum transfers, Lassettre and co-workers31 have shown that the
GOS for a bound-state excitation can be expanded as an
power series ofK ~the so-called Lassettre series!:

f ~K,E!5
1

~11x!6 (
n50

m

f nS x

11xD n

; 2<m<5, ~5!

wherex5K2/(A2I 1A2uI 2Wu)2, I is the ionization poten-
tial, andW is the excitation energy of the discrete transitio
The integerm ~53 in the present expansion! is chosen ac-
cording to the amount of available data points and the ac
sible experimental range of momentum transfer. In the lim
whenK approaches zero, the GOS approaches the dipole
f 0 . The original Lassettre series has been used quite succ
fully for a quantitative estimate of the dipole OS by extrap
lating the measured GOS data to zero momentum tran
The other parametersf n in the Lassettre series are related
linear combinations of the respective multiple matrix e
ments and can be used to characterize the nature of the
derlying excitation.3,32

Silicon tetrafluoride ~99.99% purity! was purchased
from Matheson and used without further purification. O
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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spectrometer was operated routinely with an energy res
tion of 0.8 eV full-width at half-maximum~FWHM! and an
angular resolution of 0.2° half-angle. The energy and ang
scales have been calibrated by using standard procedur

discussed previously.15,19 No geometrical correction wa
found to be necessary for the small experimental ang
range and the high impact energy employed in the pre
work.
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III. RESULTS AND DISCUSSION

A. Overview of the electronic structure of valence
and Si 2 p shells in SiF 4

Silicon tetrafluoride is a 50-electron system with aTd

molecular symmetry. In accord with the photoelectr
data,33,34 the single-electron configuration for the groun
electronic state of SiF4 can be written as
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The vertical ionization potentials for the removal of th
outer-valence molecular orbitals~MOs!34 and the energies
for the main ionic states of the inner-valence orbitals,35 as
well as the term values for the unoccupied virtual MOs a
Rydberg orbitals are summarized in Table I. Figure 1~a! com-
pares our EELS spectrum for the valence-shell region~up to
100 eV! measured at 1.5°~from the forward scattering direc
tion! with the photoabsorption spectrum determined by S
et al.20 and with the zero-angle EELS spectrum obtained
Guoet al.27 after corrected by a multiplication factor of 1.2
as suggested by Olneyet al.2 Excellent agreement is foun
between the earlier published photoabsorption20 and the cor-
rected zero-angle EELS spectrum.27 Despite the somewha
lower energy resolution used in the present work, there
general accord in the shape among all three spectra.
overall intensity of our EELS spectrum measured at 1.5
found to be generally lower than the other two spectra, wh
is consistent with the predominantly dipole nature of t
excitation/ionization processes in SiF4. These spectra revea
a prominent peak at 13.0 eV along with two other discerni
features converging to the first ionization threshold,
X(1t1)21 state. Above the ionization threshold, the abso
tion spectrum follows the ‘‘generic’’ pattern of a rising ban
followed by a falling tail. Due to the complexities in thi
region, excitation spectroscopy such as photoabsorption
EELS would not be the best tool to decipher the multitude
electronic excitation and ionization structures. In the pres
work we therefore focus primarily on the preionization-ed
discrete excitation features and their assignments will be
cussed in more detail in Sec. III C.

Figure 1~b! shows our EELS spectrum for the Si L-edg
region ~100–190 eV! measured at 1.5°, along with the ph
toabsorption spectrum of Friedrichet al.23 and the zero-angle
EELS spectrum of Guoet al.28 after the appropriate correc
tion, as suggested by Olneyet al.2 The small discrepancie
d
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between the photoabsorption and zero-angle EELS spe
may likely be related to background correction and/or n
malization, which tends to accentuate the weak inner-s
region. The present result appears to be consistent with
corrected zero-angle EELS spectrum of Guoet al.28 after due
consideration is given to the reduction in the GOS of t
predominantly dipole-allowed structure with an increasi
scattering angle. Below the ionization edges of Si 2p3/2 at
111.7 eV and Si 2p1/2 at 112.3 eV, there are no intense pe
~doublet! at 106.4 eV, commonly known as thes* reso-
nance, and a broader band centered at 109.5 eV in our s
trum, which can be further resolved into several peaks~in-
cluding individual spin–orbit components! in the reported
photoabsorption23 and zero-angle EELS spectra.28 Further
details of their assignments are given in Sec. III D. On
other hand, the prominent peak at 117.5 eV and the br
band centered at 132.5 eV found in the continuum canno
resolved further. Both of these features are characteristi
continuum or shape resonances. In particular, the post-e
feature located at 117.5 eV has been assigned as an e s
resonance associated with transitions to quasi-bound stat
the continuum induced by the electronegative F ligan
while the band at 132.5 eV can be described as at2 shape
resonance or alternatively an atomic-like delayed on
phenomenon.25,28Finally, a broad band is also found at;160
eV and it can generally be attributed to pre-edge excitati
converging to the Si2s ionization edge at 163.7 eV.

B. Bethe surface of the valence shell

Figure 2 shows the EELS spectra of the valence shel
SiF4 collected in steps of 0.5° from 1.5° to 9.5° in the for
of a Bethe surface plot. These EELS spectra have been
tained relatively normalized to one another and made ab
lute using the Bethe sum rule. In the framework of the fi
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Born scattering theory, the Bethe surface is a thr
dimensional representation of the GOS as a function of
ergy loss and the logarithm to the base e of the square o
momentum transfer. The Bethe surface contains all the in
mation about the inelastic electron scattering process with
atom or molecule, and can be used for analyzing such qu
tities as stopping power, total inelastic scattering cross s

FIG. 1. Absolute electron energy loss spectra of~a! the valence shell and~b!
Si 2p and 2s shells of SiF4 measured at 1.5° and 2.5 keV impact energy.~a!
The valence-shell spectrum is compared with the photoabsorption spec
determined by Sutoet al. ~Ref. 20! and the zero-angle EELS spectrum o
tained by Guoet al. ~Ref. 27! after corrected by a multiplication factor o
1.23 as suggested by Olneyet al. ~Ref. 2!. The vertical ionization potentials
for the outer-valence ionic states:X(1t1)21, A(5t2)21, B(1e)21,
C(4t2)21, andD(5a1)21 and the energies for the main-line inner-valen
ionic statesE(3t2)21 and F(4a1)21 are obtained from the photoelectro
data of Yateset al. ~Ref. 34! and Perry and Jolly~Ref. 35!, respectively.~b!
The electron energy loss spectrum for the Si 2p and 2s shells is compared
with the photoabsorption spectrum of Friedrichet al. ~Ref. 23! and the
zero-angle EELS spectrum of Guoet al. ~Ref. 28! after the appropriate
correction recommended by Olneyet al. ~Ref. 2!. The ionization potentials
of the Si 2p3/2 , 2p1/2 , and 2s edges are 111.7 eV, 112.3 eV, and 163.7 e
respectively.
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tion, the Compton profile, and polarizability.6 The Bethe sur-
face can be generally divided into two kinematical domai
dipole-scattering and impact-scattering. For ‘‘distant’’ col
sions, which are mainly governed by dipole interaction,
corresponding dipole-scattering domain of small moment
transfer and energy loss exhibits sharp ‘‘optical’’ featur
found in the valence shell@Fig. 2~b!#. On the other hand, the
impact-scattering domain of large momentum transfer a
energy loss~which corresponds to the kinematical region f
‘‘close’’ collisions! reveals a weak broad ridge that dispers
to a higher energy loss with increasing momentum trans
@Fig. 2~a!#. This ridge is the result of momentum conserv
tion in the inelastic electron–molecule collision and becom
the well-known Bethe ridge in the Born approximation. T
energy dispersion of this ridge with respect toK is generally
related to manifestation of different Fourier-transform co
ponents of the overlap density between the initial-state
final-state wave functions.6

It is of interest to compare the Bethe surface of S4
~Fig. 2! with our earlier angle-resolved EELS data for oth
‘‘cage-like’’ valence-isoelectronic homologs withTd symme-
try, CF4 and CCl4.

7 In particular, the preionization-edge fea
tures of SiF4 are clearly different from that of CF4, reflecting
the differences in the nature of the electronic structures in
two molecules. Above the ionization edge, the Bethe surf
of SiF4 resembles that of CF4, despite the somewhat lowe
absolute intensity in SiF4. Furthermore, unlike CCl4, the
Bethe surfaces of SiF4 and CF4 are noticeably less concen
trated in the dipole-scattering region and are more exten
above 40 eV energy loss. It is not surprising that the Be
surfaces of SiF4 and CF4 are similar to each other becaus
the primary differences between the valence shells of the
molecules are in the nature of the atomic orbitals in the c
tral atoms used for forming the MOs. Although the Si 3p and
3s atomic orbitals in SiF4 possess an additional radial nod
and are somewhat more diffuse and spatially extended r
tive to the corresponding C 2p and 2s orbitals in CF4,

7 it is
insufficient to produce significant changes in the spatial d
tributions of the valence-shell electron densities~and hence
the ionization potentials of the outer-valence orbitals that
heavily based on the atomic orbitals of the ligands!. The
sizes of the valence shells of SiF4 and CF4 are therefore

um

,

of

uctures
TABLE I. Experimental vertical ionization potentials~IPs! of the occupied valence orbitals and term values
the unoccupied virtual and Rydberg orbitals in SiF4.

Occupied
orbital

IP ~eV!
Ref. 34

Unoccupied
orbital

Term value~eV!

Ref. 20 Ref. 27 Ref. 28 Ref. 23

1t1 ~HOMO! 16.4 4p – – 1.11–1.20 –
5t2 17.5 3d 1.60–1.94 1.56–1.74 1.79–1.81 1.5
1e 18.1 4s – 1.56–1.74 1.79–1.81 2.2
4t2 19.4 3p 3.22–3.47 2.43–2.64 2.34–2.40 –
5a1 21.5 3s 4.62–4.64 3.38–3.60 3.36–3.49 –
3t2 39.3a 6t2 – – 3.36–3.49 2.7b

4a1 40.6a 6a1 ~LUMO! – 4.57 5.59–5.64 5.5b

aThese values correspond to the energies for the mainlines of the multiply splitted inner-valence str
reported by Perry and Jolly~Ref. 35!.

bWe have re-interpreted the statess* (3s) ands* (3p) identified by Friedrichet al. ~Ref. 23! as the 6a1 and
6t2 virtual valence orbitals, respectively, in the present notation.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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similar and are both smaller than that of CCl4. A smaller
valence shell gives rise to a higher average charge den
generally favoring ‘‘close’’ collisions ~i.e., the impact-
scattering region with a larger momentum transfer!.

C. GOS profile of preionization-edge valence-shell
features

Figure 3 shows selected valence-shell angle-reso
EELS spectra of SiF4 in the energy loss range of 10–18 e

FIG. 2. Bethe surface of the valence shell of SiF4 determined at 2.5 keV
impact energy. Absolute angle-resolved electron energy loss spectra
collected in steps of 0.5° from 1.5° to 9.5° repetitively in sequence scans
have been made absolute by applying the Bethe-sum-rule normaliz
procedure to the 1.5° spectrum.

FIG. 3. Absolute angle-resolved electron energy loss spectra of the va
shell of SiF4 measured at~a! 1.5°, ~b! 3.0°, ~c! 5.0°, and~d! 8.0°. Six
Gaussian line-shapes with the appropriate line-widths are used to est
the intensities of the preionization-edge structures at 11.8 eV~feature 1!,
13.0 eV~feature 2!, 13.9 eV~feature 3!, 15.1 eV~feature 4!, 15.9 eV, and
16.4 eV in a curve-fitting procedure, with the latter two peaks used to si
late the structure near the ionization edge.
Downloaded 13 Aug 2001 to 129.97.47.48. Redistribution subject to AI
ity,

d

collected at 1.5°, 3.0°, 5.0°, and 8.0°, which correspond
momentum transfers of 0.36, 0.71, 1.18, and 1.89 a.u. a
eV energy loss, respectively. These spectra have b
Bethe–Born-corrected and normalized by the Bethe sum
as discussed above. Evidently, there is a general reductio
the overall spectral intensity of the entire spectrum with
creasing momentum transfer, which is characteristic of
predominantly dipole-allowed nature of the underlying tra
sitions. The nature of the transitions assigned to these l
lying preionization-edge features can be determined m
quantitatively by examining their respective GOS profiles.
particular, the preionization-edge features have been fi
with six Gaussian peaks at 11.8 eV~feature 1!, 13.0 eV~fea-
ture 2!, 13.9 eV~feature 3!, 15.1 eV~feature 4!, 15.9 eV, and
16.4 eV. Only the four lowest-lying peaks are used for e
mating the corresponding GOS profiles, while the peaks
16.4 eV and 15.9 eV are used to better simulate the con
butions from the on-set of the ionization edge for t
X(1t1)21 state and the corresponding near-edge struct
respectively. The widths of the Gaussian line-shapes h
been estimated from the high-resolution zero-angle EE
spectrum reported by Guoet al.,27 after taking into account
our instrumental energy resolution. The GOS of these f
tures are obtained by computing the areas under the res
tive Gaussian peaks in the absolute angle-resolved E
spectra collected at different scattering angles. The resul
experimental GOS profiles, shown in Fig. 4, are also fit
semiempirically by using the Lassettre series to extract
only the dipole OS by extrapolation toK50 but also other

ere
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-

FIG. 4. Absolute generalized oscillator strength as a function of momen
transfer (K) squared for the preionization-edge features at~a! 11.8 eV,~b!
13.0 eV,~c! 13.9 eV, and~d! 15.1 eV in SiF4. The dashed lines correspon
to semiempirical fits using the Lassettre series. The extrapolated valu
K50 are compared with the corresponding dipole OSs~open circles! re-
ported by Guoet al. ~Ref. 27!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Tentative assignments of the observed preionization-edge valence-shell features in the angle-resolved EELS spectra of SiF4. The term values~in
units of eV! for the final-state orbitals are given in round parentheses.

Feature

Energy
loss
~eV!

Assignment

Ref. 20 Ref. 27a f 0 f 1 / f 0 f 2 / f 0 f 3 / f 0

1 11.8 1t1→3s ~4.64! 1t1→6a1 ~4.57!
0.032

63%
210.3
63%

45.3
612%

261.8
615%

2 13.0
1t1→3p ~3.47!
5t2→3s ~4.62!

1t1→3s ~3.38!
5t2→6a1 ~4.48!

0.790
63%

213.7
67%

60.8
612%

281.3
616%

3 13.9 –
1t1→3p ~2.50!
5t2→3s ~3.60!
1e→6a1 ~4.22!

0.049
64%

25.2
621%

29.6
635%

254.4
658%

4 15.1
1t1→3d ~1.60!
1e→3p ~3.22!

5t2→3p ~2.43!
4t2→6a1 ~4.33!

0.178
64%

23.8
626%

13.1
634%

215.6
667%

a 15.6 – 1e→3p ~2.64!

b 16.0 5t2→3d ~1.71!
5t2→4s,3d ~1.56!
4t2→3s ~3.46!

aThe dipole oscillator strengths for features 1, 2, 3, and 4 obtained by Guoet al. ~Ref. 27! are 0.026, 0.740, 0.035, and 0.135, respectively@after applying the
appropriate correction discussed by Olneyet al. ~Ref. 2!#.
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coefficients that are related to linear combinations of vari
multipole transitions matrix elements.3,32 These coefficients
along with the proposed assignments by Sutoet al.20 and
Guo et al.,27 are given in Table II.

Evidently, the maximum atK50 and the general shap
of this GOS profile are found to be characteristic of predo
nantly dipole-allowed transitions for all four preionizatio
edge features shown in Fig. 4. There are, however, not
differences in the absolute intensities and the shapes, par
larly in the half-widths, of these GOS profiles. In particula
the dipole OS values estimated by extrapolation of the G
profile to zero momentum transfer using the Lassettre fit
in good accord with the corrected zero-angle EELS res
reported by Guoet al.,27,2 e.g., 0.032 for feature 1; c.f. 0.02
reported in Refs. 27 and 2, and 0.790 for feature 2, c.f. 0.
in Refs. 27 and 2. Furthermore, the GOS profiles of featu
3 and 4 ~with half-widths of K2;0.35 a.u.! are evidently
broader than those of the lower-lying features, especi
when compared to the GOS profile of the most intense
ture ~feature 2! with a half-width ofK2;0.2 a.u. These dif-
ferences in shapes~corresponding to different distribution
of the momentum-transfer components! underline the differ-
ences in the nature of the connecting initial states and fi
states involved in the electronic excitation processes at
ferent energy losses.

The current assignment of the low-lying preionizatio
edge features in the valence shell of SiF4, shown in Table II,
was developed in part from the photoabsorption studies
the Si 2p shell.23,25 In particular, Sutoet al. have attributed
all of the observed features in the valence shell to Rydb
transitions20 but noted that their assignment might not
unique, in view of an earlier photoabsorption study of the
2p region of SiF4 by Friedrichet al.23 By demonstrating tha
the lowest-lying pre-edge doublets have considerable
lecular characters even for the solid SiF4 sample, Friedrich
et al.23 ~and later Bozeket al. in their study on a series o
fluoromethylsilane compounds25! proposed that these pre
edge Si 2p features involve transitions tos* (3s) and
s* (3p) final states~the so-calleds* resonances!. Later,
Guoet al.27,28adapted the use of virtual valence orbital sta
Downloaded 13 Aug 2001 to 129.97.47.48. Redistribution subject to AI
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and provided the most consistent spectral assignment
both the valence and Si 2p shells, after consideration of th
typical term values and quantum defects for Rydberg or
als, as well as the multiple-scatteringXa results reported by
Bozek et al.25 As shown in Table I, the term values of th
Rydberg orbitals used in the current assignment by G
et al.27,28are evidently transferable from the inner-shell tra
sitions to the valence-shell transitions. On the other hand,
term values of the virtual orbitals derived from the inne
shell transitions are always larger than those obtained f
valence-shell transitions due to a larger relaxation effec
the inner shells.36

In accord with the assignment made by Guoet al.27

~Table II!, the lowest-lying peak at 11.8 eV~feature 1! is
attributed to a HOMO→LUMO transition, 1t1→6a1 .
Simple MO calculations show that the triply degeneratet1

orbitals~HOMO! and the doubly degenerate 2e orbitals con-
sist essentially of nonbonding (n) F 2p atomic orbitals with-
out any Si contribution, while the F 2p atomic orbitals in the
triply degenerate 5t2 orbitals~the next HOMO! are perturbed
by weak bonding overlaps with Si 3p orbitals. These calcu-
lations also show that the lowest unoccupied MO~LUMO! is
made up largely of antibonding (s* ) overlaps between the
Si 3p and F 2p orbitals. Based on symmetry consideration
these essentiallyn→s* transitions, the 1t1→6a1 and the
1e→6a1 transitions are both electric dipole-forbidden b
are magnetic dipole- and electric quadrupole-allowed,
spectively, while the electronic transition 5t2→6a1 is both
dipole- and quadrupole-allowed. Although the GOS profi
for the lowest-lying preionization-edge feature shown in F
4~a! has the general shape that is commonly associated
a typical dipole-allowed electronic transition, it does not ne
essarily imply that such a transition cannot be forbidden
symmetry. For example, the GOS profile of the lowest-lyi
preionization-edge transition in CF4 observed at 12.6 eV
which is commonly attributed to a 1t1→3s Rydberg transi-
tion formally forbidden by symmetry, does have a maximu
at K50 and it follows the general shape of a dipole-allow
profile.7 A similar observation can also be made for the GO
profile of the 2t1→4s ~and 4p) transitions ~the second
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lowest-lying preionization-edge feature observed at 8.7!
in CCl4.

7 It is therefore important to realize that of all th
GOS profiles reported to date,14 even though a GOS profile
with a maximum at nonzero momentum transfer implies c
tributions from the underlying nondipole transitions, a mon
tonically descending GOS profile with a maximum atK50
does not always indicate dipole-allowed transitions. In ad
tion, distortion of the excited states due to Jahn–Teller
fects can introduce additional dipole-allowed transition ov
laps that may play an important role in the present G
profile of the lowest-lying preionization-edge feature@Fig.
4~a!#.37 This symmetry breaking mechanism can beco
quite important in a molecule with a high symmetry such
SiF4 and it therefore cannot be ruled out.

Figure 5~a! illustrates the subtle differences between t
GOS profiles of the 1t1→6a1 feature in SiF4 @Fig. 4~a!# and
the corresponding lowest-lying preionization-edge feature
CF4, which has been assigned as a 1t1→3s Rydberg
transition.7 It is clear that the shapes of the two GOS profi
are quite different from each other, despite the similarity
the overall intensity and the dipole OS. In particular, t
GOS profile of the 1t1→3s Rydberg transition in CF4 con-
tains a secondary minimum atK251.7 a.u. and a secondar
maximum atK254.1 a.u., in contrast to that of the 1t1

→6a1 discrete excitation in SiF4. As discussed in our earlie
work,7 given the slowly varying and relatively diffuse natu
of the Rydberg orbitals, the spatial distribution of the over
function generally follows the wave function of the initia
state orbital. These GOS secondary extrema correspon

FIG. 5. A comparison of the absolute generalized oscillator strength
function of momentum transfer (K) squared for ~a! the lowest-lying
preionization-edge 1t1→6a1 feature~at 11.8 eV! in SiF4 and the 1t1→3s
feature~at 12.6 eV! in CF4 ~Ref. 7!, and~b! the next lowest-lying feature~at
13.0 eV! in SiF4 and that~at 13.7 eV! in CF4 ~Ref. 7!. The dashed lines
correspond to semiempirical fits using the Lassettre series.
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Fourier components that match the spatial distribution of
overlap function@Eq. ~3!# and are ultimately related to th
spatial distribution of the nonbonding F 2p character of the
initial-state orbital wave function of CF4. In effect, the
smaller C2X ~X5F or Cl! bond length in CF4 relative to
CCl4 qualitatively accounts for the largerK values of the
GOS extrema for the lowest-lying Rydberg transition in CF4,
when compared with those of the corresponding CCl4 feature
at 8.7 eV.7 In the case of the lowest-lying preionization-ed
feature in SiF4, the corresponding GOS profile does not a
pear to contain any discernible secondary extremum. If
SiF4 feature were to be attributed to a Rydberg transition,
in CF4 ~and CCl4), secondary extrema are expected to oc
at smallerK locations~as in CCl4) relative to those of CF4
because of the larger Si–F bond length in SiF4. The lack of
any secondary extrema and the noticeably different shape
therefore consistent with the proposed assignment that
underlying transition does not involve any Rydberg sta
The observed differences can be largely attributed to the
tibondings* (Si–F) overlap in the final-state orbital 6a1 .

Figure 4~b! shows the GOS profile of the most inten
peak at 13.0 eV~feature 2!, which can be attributed to an
admixture of 1t1→3s Rydberg transition and 5t2→6a1 dis-
crete excitation~Table II!. The strongly dipole nature of the
5t2→6a1 transition, together with the strong low
momentum-transfer component from the~nondipole! 1t1

→3s Rydberg transition, give rise to the strong GOS ma

aFIG. 6. Absolute angle-resolved electron energy loss spectra for the Sp
region of SiF4 measured at~a! 1.5°, ~b! 3.0°, ~c! 5.0°, and~d! 8.0°. Intensi-
ties from the valence shell have been removed from the background.
Gaussian line-shapes with the appropriate line-widths are used in a cu
fitting procedure to estimate the intensities of the structures at 106.4
~feature 1!, 108.6 eV~feature 2!, 109.4 eV~feature 3!, and 110.2 eV~feature
4!, with the fifth peak at 111.2 eV used to simulate the on-set of the Sp
ionization edge. Only the first four lowest-lying pre-edge features are u
to estimate the respective generalized oscillator strength profiles.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Tentative assignments of the observed pre-edge Si 2p features in the angle-resolved EELS spectra of SiF4. The term values~in units of eV! for
the final-state orbitals are given in round parentheses.

Feature

Energy
loss
~eV!

Assignment

Ref. 23a Refs. 28 and 25a f 0 f 1 / f 0 f 2 / f 0 f 3 / f 0

1 106.4
Si 2p3/2,1/2→s* (3s)

~5.5!
Si 2p3/2,1/2→6a1

~5.59, 5.64!
0.052
64%

218.9
625%

164.8
630%

2509.5
663%

2 108.6

Vibrational sideband
Si 2p3/2→s* (3p)

~2.7!

Si 2p3/2,1/2→6t2,3s
~3.36, 3.49!

Si 2p3/2→7a1

~2.88!

0.024
64%

211.3
631%

93.8
640%

2256.8
658%

3 109.4
Si 2p1/2→s* (3p)

Si 2p3/2→4s
~2.2!

Si 2p1/2→7a1

~2.95!
Si 2p3/2,1/2→3p

~2.34,2.40!

0.029
63%

211.5
620%

79.5
635%

2195.3
658%

4 110.2 Si 2p1/2→4s
Si 2p3/2→3d

~1.5!
Si 2p3/2→4s,3d

~1.79!
Si 2p1/2→4s,3d

~1.81!

0.030
64%

211.3
623%

84.1
644%

2221.1
663%

a 110.7
Si 2p1/2→3d

Si 2p3/2→5s,4d
~0.8!

b
111.2–
111.4

Si2p1/2→5s,4d Si 2p3/2,1/2→4p
~1.20, 1.11!

aMore precise values can be found for various transitions in the original references. The dipole oscillator strengths for features 1 and 2 obtained byuo et al.
~Ref. 28! are 0.050 and 0.026, respectively@after applying the appropriate correction discussed by Olneyet al. ~Ref. 2!#.
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mum atK50. As illustrated in Fig. 5~b!, the GOS profile for
this intense feature closely resembles that of the corresp
ing feature in CF4,

7 which we now reassign as a combinatio
of 1t1→3p, 4t2→3s, and 4t2→5a1 transitions ~all of
which are dipole-allowed!. Both GOS profiles have half
widths of K2;0.2 a.u. and do not contain any discernib
secondary extrema. On the other hand, a broad GOS pr
is found for feature 3 at 13.9 eV@Fig. 4~c!#, which is as-
signed as a combination of 1t1→3p and 5t2→3s Rydberg
transitions as well as the 1e→6a1 discrete electronic exci
tation. The low-momentum-transfer component~near K
50) of the GOS profile shown in Fig. 4~c! can be attributed
to the dipole-allowed 1t1→3p and 5t2→3s Rydberg transi-
tions. The dipole-forbidden but quadrupole-allowede
→6a1 transition may contribute to the higherK component
that gives rise to the broad GOS profile. As indicated by
f 0 value in Table II, the dipole OS for feature 3 is similar
magnitude to feature 1 and both are considerably sma
than that of the feature 2~and feature 4!, which reflects the
essentially ‘‘nondipole’’ characters of the underlying tran
tions. Finally, a similarly broad GOS profile for feature
observed at 15.1 eV is shown in Fig. 4~d!. The underlying
dipole-allowed 4t2→6a1 transition and dipole-forbidden
5t2→3p Rydberg transition contribute to the low and high
K components of the GOS profile, respectively.

The GOS profiles in Fig. 4 have also been fitted semie
pirically by using the Lassettre series@Eq. ~5!# to estimate
the dipole OS,f 0 , and otherf n coefficients. These results fo
f 0 and the ratios off n / f 0 up to n53 are summarized in
Table II. In general, thesef n coefficients are related to linea
Downloaded 13 Aug 2001 to 129.97.47.48. Redistribution subject to AI
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combinations of the respective multipole transition mat
elements and can in principle be used to characterize
nature of the transition itself. It has been shown by Huo t
the f 1 term is related to the difference of the square of t
quadrupole matrix element and the product of the dipole
octupole matrix elements.32 For dipole- or octupole-
dominated transitions, thef 2 coefficient ~in the present ex-
pansion ton53) is found to have a positive sign while th
odd coefficients,f 1 and f 3 , are negative.~The dipole OSf 0

is always positive.! In our earlier work on SF6, we have
shown that the higher-order coefficients of a quadrupo
allowed transition appear to reverse in sign relative to
corresponding coefficients for a dipole-allowed transition18

For dipole-allowed transitions and/or nondipole transitio
dominated by a strongK50 component, these coefficien
may be used to qualitatively describe the overall shape
the GOS profiles. In particular, the coefficientsf 1 and f 2

play an important role on the lower-momentum-transfer
gion (K2,2 a.u.! while the coefficientsf 2 and f 3 govern the
higher-momentum-transfer part. In the present case,
f 1 / f 0 and f 2 / f 0 ratios for the GOS profiles of features 1 an
2 ~Table II! are at least double the corresponding ratios
the broader GOS profiles of features 3 and 4~Fig. 4!. A more
systematic study is clearly necessary to further exploit
value and validity of this type of semiempirical analysis.

D. GOS profiles of pre-edge Si 2 p features

Figure 6 shows selected absolute EELS spectra for
pre-edge region of the Si 2p shell in SiF4 at 1.5°, 3.0°, 5.0°,
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and 8.0°, which correspond to momentum transfers of 0
0.76, 1.21, and 1.90 a.u. at 110 eV energy loss, respecti
The background from the valence-shell contribution has b
appropriately removed from these inner-shell spectra, wh
are automatically normalized on an absolute scale bec
the entire EELS spectra~from the valence shell up to 20
eV! were collected in a self-normalized fashion as discus
above. The intenses* resonance at 106.4 eV~feature 1! and
three other pre-edge features at 108.6 eV~feature 2!, 109.4
eV ~feature 3!, 110.2~feature 4! are identified by a Gaussia
fitting procedure, employing the natural line widths es
mated from the photoabsorption spectrum of Friedr
et al.23 and the high-resolution zero-angle EELS spectrum
Guo et al.28 As with the deconvolution procedure used f
the valence shell, a fifth peak at 111.2 eV is used to simu
the near-edge structure. The Si 2p pre-edge structure~Fig. 6!
is found to be at least an order of magnitude weaker than
valence-shell structure~Fig. 3!. In general accord with the
inner-shell transitions studied by angle-resolved EELS
date,10,18the changes in the overall spectral intensity in the
2p pre-edge region with momentum transfer is noticea
more gradual and over a more extended momentum-tran
range than that of the valence shell. The intensities of f
tures 1–4 in Fig. 6 are seen to decrease with increasing
mentum transfer, which is generally characteristic of the p
dominantly dipole-allowed nature of the underlyin
transitions. Except for a general reduction in the overall
tensity, there is no discernible difference in the general sh

FIG. 7. Absolute generalized oscillator strength as a function of momen
transfer (K) squared for the Si 2p pre-edge features at~a! 106.4 eV,~b!
108.6 eV,~c! 109.4 eV, and~d! 110.2 eV in SiF4. The dashed lines corre
spond to semiempirical fits using the Lassettre series. The extrapolated
ues atK50 are compared with the corresponding dipole OS’s for feature
and 2~open circles! reported by Guoet al. ~Ref. 28!.
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of the electron-impact excitation structure at the larger sc
tering angles. As noted by Friedrichet al., the early assign-
ments for the Si 2p pre-edge features are largely based
transitions to Rydberg orbitals.23 The subsequent assign
ments made by Bozeket al.25 and Guoet al.28 incorporated
additional virtual valence orbitals, 6a1 and 6t2 , and other
mixed virtual/Rydberg orbital, 7a1 . It should be noted tha
the so-calleds* (3s) and s* (3p) identified by Friedrich
et al.23 in effect correspond to the 6a1 and 6t2 virtual va-
lence orbitals, respectively. In the present work, we favor
latter assignment made by Guoet al.,28 particularly given its
self-consistency in the term values for various virtual valen
and Rydberg orbitals and with the valence-shell assignm
These assignments are summarized in Table III.

Figure 7 shows the GOS profiles for the four fitted Sip
pre-edge features of SiF4 ~identified in Fig. 6!, estimated
from the areas under the respective Gaussian line-sha
These GOS profiles are also fitted semiempirically with
Lassettre series to obtain the respective dipole OS and o
f n coefficients shown in Table III. The gradual descendi
shapes from its maximum atK50 with increasing momen-
tum transfer for these GOS profiles are generally consis
with the spectral assignments that these Si 2p pre-edge fea-
tures are dominated by dipole-allowed transitions. In parti
lar, the most intenses* resonance at 106.4 eV~feature 1!
corresponds to a well-defined, pre-edge feature attributa
to a spin–orbit-splitted pair of Si 2p3/2→6a1 and Si 2p1/2

→6a1 transitions. It should be noted that our instrumen
energy resolution is not sufficient to resolve the spin–orb
splitted pairs of transitions, given the 0.61 eV energy se
ration between the ionization potentials of the Si 2p3/2 and Si
2p1/2 states. Because the final-state orbital 6a1 is largely an
antibondings* overlap between Si 3s and F 2p orbitals, the
Si 2p3/2,1/2→6a1 transitions are therefore dipole-allowe
which gives rise to the strong dipole OS and the charac
istic dipole-dominated GOS profile shown in Fig. 7~a!. Fea-
ture 2 at 108.6 eV@Fig. 7~b!# is assigned as an admixture o
2p3/2,1/2→6t2 and 3s, and 2p3/2→7a1 transitions, all of
which are dipole-allowed. For both features 1 and 2, ther
apparently good agreement between the dipole OS extr
lated from the respective GOS profiles and those reported
Guoet al.28 Feature 3 at 109.4 eV@Fig. 7~c!# is attributed to
a mixture of dipole-allowed 2p1/2→7a1 and dipole-
forbidden 2p3/2,1/2→3p transitions, while feature 4 at 110.
eV @Fig. 7~d!# is assigned as a combination of dipole-allow
2p3/2,1/2→4s and3d Rydberg transitions. Evidently, the GO
profiles for these largely dipole-dominated Si 2p pre-edge
features are found to be very similar to one another. With
exception of feature 1, Table III shows that the correspo
ing f 0 and f n / f 0 (n51 – 3) parameters for the other thre
features are evidently similar in relative magnitude, with e
sentially the samef n / f 0 ratios clearly within the experimen
tal uncertainty. Consistent with our earlier inner-shell GO
studies,10,18the present work shows that the GOS profiles
the Si 2p pre-edge excitation transitions are considera
broader than the valence-shell transitions, which are foun
contain sharper variations~as shown in Fig. 4!.

It is of interest to compare the GOS profile of the Sip
pre-edge transitions in SiF4 with the GOS profiles of other
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s* resonances in other ‘‘cagelike’’ molecules, particula
those transitions with the initial state based on an inner-s
orbital of the central atom. Of the limited GOS profiles r
ported for inner-shell transitions to date,10,18,38the GOS pro-
file for the C 1s→7a1 ~LUMO! and 8t2 transitions located
at 290.9 eV in CCl4 appears to parallel the GOS profile of th
corresponding Si 2p→6a1 @feature 1, Fig. 7~a!# with a very
similar shape.10 Indeed, the GOS profiles for all the C 1s
→s* (C–Cl! ~LUMO! transitions in CF42nCln (n51 – 3)
also have a similar shape as feature 1.10 In SF6, the LUMO
6a1g consists of an antibondings* overlap of S 3s and F 2p
atomic orbitals. The corresponding GOS profile for the
2p→s* (S–F) resonance is notably ‘‘flatter’’18 than that of
Si 2p→s* (Si–F) resonance@Fig. 7~a!#, with the f 1 / f 0 ,
f 2 / f 0 , and f 3 / f 0 ratios being 5, 18, and 41 times larger th
the corresponding ratios for feature 1~Table III!. Without a
more systematic study of theses* resonances involving a
larger database, it is difficult to assess the usefulness o
present GOS analysis. It is clear, however, that the su
differences found in the GOS profiles do reflect the intrica
of the underlying transitions and the nature of the connec
initial and final states. There is a serious need for quantita
computation and theoretical investigations of these inn
shell processes.

IV. CONCLUDING REMARKS

Absolute GOS profiles of selected preionization-ed
structures of the valence and Si 2p shells in SiF4 have been
determined using angle-resolved EELS at 2.5 keV imp
energy. In particular, the measured GOS profiles
the lowest-lying preionization-edge, 1t1→6a1 ~HOMO
→LUMO! transition and for three other excitations invol
ing mixed virtual electronic and Rydberg final-state orbit
all have a monotonically descending profile with a maximu
at K50 but a different degree of descending slope, gener
indicative of dipole-dominated transitions. The GOS profi
of the 1t1→6a1 electronic excitation is clearly differen
from and does not contain any discernible secondary extr
as the 1t1→3s Rydberg transition in CF4, which illustrates
the general sensitivity of GOS profiles to the nature of
connecting states of the underlying transitions. In the pres
work we also show that a formally dipole-forbidden ele
tronic excitation such as the 1t1→6a1 transition could ex-
hibit a GOS profile with a shape that would normally but
in this case not necessarily imply dipole-dominated tran
tions. Other symmetry-breaking mechanisms in the exc
state including the Jahn–Teller effects may also be opera
in introducing dipole-allowed transitions into this featur
The Si 2p pre-edge spectrum is dominated by an intenses*
resonance~Si 2p3/2,1/2→6a1) and a broad band with pre
dominantly dipole-allowed Rydberg transitions. Although t
corresponding GOS profiles of these Si 2p pre-edge features
are found to have a shape generally characteristic of
dominantly dipole-allowed transitions, the GOS profile f
the s* resonance appears to be more sharply peakedK
50 than the other Rydberg features. The GOS profiles
these inner-shell transitions are found to be considera
broader than the valence-shell transitions in general. In
Downloaded 13 Aug 2001 to 129.97.47.48. Redistribution subject to AI
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present work we show that despite the similarity in the g
eral appearance of the measured GOS profiles, their di
ences underline the nature of the contributing transitio
Further experimental GOS investigations with a higher
ergy resolution and especially new complementary theor
cal studies involving more quantitative GOS analysis are
great interest to the further development of our current
derstanding of the intricate electronic structures of ‘‘cag
like’’ molecules.
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