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Abstract

Photoelectron energy distribution curves from solid films of SI’6 and C(:l6 have
been measured in the photon energy range 10 eV < hv < 40 eV using synchrotron
radiation. The binding energies, peak-widths and relative partial cross sec-
tions have been determined. In the photoelectron spectra a |:| correspondence
to the gasphase is observed for the occupied molecular orbitals, and a
straight forward assignment of the occupied valence bands emerges. Further-
more, the cross sections of the individual orbitals show for both samples
great similarities to the gas phase. For SP6 detailed structures are visible
in the cross sections which are only partly interpreted as shape resonances. A

new assignment for the 6t shape resonance is proposed and the resonance

energies are related to l:-ny absorption and electron scattering data.
Furthermore a comparison of the total photoemission cross section to the opti-
cal reflection spectrum of solid SP6 is presented. For CCII‘ less structures
are observed in the partial cross sections. They are all interpreted as shape

resonances. An energetic scheme of the virtual orbitals is proposed for cc14.



Introduction

Partial photoionisation cross sections and shape resonances are now widely
studied for a growing number of molecules. They play a major role in photo-
absorption from core levels, in molecular photoionization and in electron
scattering. Experimental investigations for gaseous molecules, molecules
adsorbed on surfaces and solid molecular films have been accompanied by
intense theoretical efforts to understand and quantitatively describe the
cross sections and resonances. These combined efforts have provided detailed

information concerning the emergetics and dynamics of final states [1-17].

Molecular shape resonances have been discussed under various aspects. For

our following considerations we define it here as a single particle quasibound
state which is trapped by a potential barrier. The potential barrier concept
has at least two origins: (i) the so called "inner well" states associated
with a two valley potential, which were used for the interpretation of absorp-

tion spectra at the K- and L-edges of cagelike molecules such as SF, 1,21

and (ii) the temporarily negative ion rescnance states trapped in aﬁcentri-
fugal barrier as observed and discussed in electron scattering experiments
{14,17]. As became apparent later both concepts have much in common and

can be described by a multiple scattering approach or within the Hartree-Fock

approximation including unoccupied virrual valence orbitals.

For a qualitative discussicn of shape Tesonances we tefer to Fig. 1 ~18].

The effective potential barrtier surrounding the central atoms of the molecule
devides the potential into an inner part and a shallow potential region

at the periphery of the molecule. This concept of the double well potential
was originally uwsed for the discussion of the peculiarities in the SF6 K-

and L-edge absorption spectrum 11,2}. The absorption spectra show up to

four distinct peaks, but almost no Rydberg series and no steplike structure
at the inner shell thresholds was observed [2,19]). The potential barrier

was considered to arise mainly from the electronegative fluorine atoms.

While this intuitive static picture is still a pood starting point for a
qualitative discussion we emphasize that in small molecules the potential
barrier is entirely formed by high angular momentum final state waves. For
an angular momentum 1 > ] the potential is given by an effective potential

v which is a superposition of an attractive Coulomb potential and a repul-

eff
sive centrifugal barrier Vers (r) + 1(l+l]/r2. Close to threshold

« ¥
Coul
shape resonances dominate the absorption and photoemissicn spectra of both
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inner and outer shells as well as the cross sections of electron scattering
on neutral molecules. Many examples of molecules showing shape resonances

are known today, however, most of them are simple di- and triatomic species
and little information is available on other cagelike molecules like e.g. CCIA.
In the course of a systematic study of the band structure and the photo-
emission cross sections of molecular crystals [20-22] we present in this

paper the first results for solid SF, and CCla. For both materials the cross

sections as a function of photon eneggy show structures which can be related
to shape resonances. In case of SF6 the molecular origin of the resonances
is discussed and related to X-ray absorption spectra, electron scattering
data and to theoretical cross-section calculations. The energies of the
resonances observed in different types of experiments can be arranged in

a regulatr scheme, similar to our previous observations for solid N2 and

CO2 [20,21], and comparison is made to the optical teflection spectrum.

The CClA data are discussed in terms of recent multiple scattering calcu—

lations [23] and preliminary gas phase results [24,25].

Experimental details

The experimental set-up used for our experiments has been described in detail
elsewhere {21]. Here we give only a brief description: Synchrotron radiation
from the DORIS IT storage ring was monochromatized by a 3 m normal incidence
monochromator at the HASYLAB laboratory in Hamburg. The photon energy range
covered was between |0 eV and 40 eV. Electron energies were measured with

an angle integrating double pass cylindrical mirror analyzer (CMA) operated

in the retarding mode with a constant resolution (LE = 0.2 eV for hv < 25 eV
O&F = 0.4 for hvw < 30 eV ; AE = 0.6 for hv < 35 eV and AE = 0.7 for hv < 40 eV).

The total resolution was basically determined by the analyzer,

At low photon energies.the resolution was sufficient to determine accurately
the width of the anbserved structures in the electron distribution curves

(EDS's} which ranged between 0.7 eV and 1.3 eV (FWHM}.

Research grade SF6 and CCl, were condensed onto the cold tip of a helium

flow cryostat under UHV conditions (p x5 x 107 U) at low temperatures,

Freshly in situ evaporated films of gold (SFG) or silver (CCIQ) were used

as substrates. The evaporation of CCl, onto a freshly prepared silver substrate

4
tesulted in a surface reaction, where CCl, was decomposed into Cl chemisorbed

4
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to Ag. This was obvious when we compared our measured EDCs with gas phase
literature data [26,27]. The chemisorption increased the work function of

the substrate by about |.7 eV, For all subséquently prepared samples no
further reaction was cobserved, so that pure polycrystalline molecular crystals

of CC14 were formed. In the case of SF6 on gold no reaction was observed.

During evaporation the whole chamber was exposed to the sample gas. This

is different from our previous technique [20,21] where a capillary was used.
Sample thicknesses were measured in Langmuir (1 Langmuir = 1 L = 10_6 torr sec;
uncorrected ionization gauge reading) and were restricted to 55 L for SF6
and 150 L for CCla to avoid charging of the samples. The temperature of

the substrate was as high as possible (T = 40 X for SF and T = 70 K for

CCIQ) during condensation ta favour the growth of larger polycrystals. The
EDC's were then measured with sample temperature below 20 K. Whenever charging

was observed, a completely new sample was prepared.

Photoemission intensities were determined from the measured EDCs. Firstly
all EDCs wetre normalized to the incoming photon flux. Secondly a smooth
background of scattered electrons was subtracted from the spectra. Thirdly
the observed peaks were fitted by gaussians in order to determine the peak
areas. These areas are plotted as a function of photon energy to give the
relative partial cross sections of the individual orbitals. Branching ratios

were also determined and are also plotted as a function of photon energy.

As discussed elsewhere [21,28] neither the transmission function of the
analyser nor the electron mean free path influence strongly the observed
features in the cross section curves, so that our results may be directly

compared to gas phase cross section data.

Results for solid SF,

Sulphur hexafluoride is a molecule of octahedral symmetry (point group Oh)
with a total of 70 electrons, of which 36 belong to the valence shell with
binding energies below 30 eV. In fig. 2 the molecular arbital (M0) scheme

is shown [29]. Although a great number of experimental and theoretical work
has been published on the relative ordering of the valence levels no complete
agreement could be reached between different authors. This problem has only

recently been discussed again by Dehmer et al. [30], including a review
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of the literature. We will follow their recommendation and utilize the elec-

tron configuration as given in fig. 2.

In fig. 3 the comparison of a gas and solid phase electron energy distri-
bution curve is shown, which exhibits a one to one correspondence of the
occupied valence levels which is already familiar from other molecular solids
[20-22,31,32]. The origin of the additional peak in the solid spectrum at
around 28 eV hindirg energy (kinetic energy Bin = 12 eV) isg not clear.

It is either not present at lower photon energies or does not shift as the
photon energy is lowered {see fig. 4}. Most probably this peak is due to

a second order process which must be strenger in the solid than in the gas

phasel).

EDC's for solid SF6 have not been measured before. In table | the observed
binding energies {vertical and adiabatic) and widths of the peaks are collec-
ted and compared to the gas phase. In this table the MO-assignment is also
given. We note that the bands are broadened in the solid phase and shifted
towards lower binding energies. This broadening and relaxation shift is

a general phenomenon for ionization patentials in monomolecular crystals
which we have discussed in detail for the case of solid 002. Since we are
mainly intetrested in the partial photoemission cross sections we do not
repeat the discussion here but refer to our previous paper and references

therein [21].

It is interesting to point out that the gas- and solid spectra in fig. 3

not only show the same valence orbitals in both phases but also the same
relative intensities. The elucidation of the intensity variation of the
individual orbitals with phaoton energy is the major aim of the present work.
Therefore EDCs have been measured covering the range of photon energies

from the onset of photoemission hv = 15 eV to hv = 40 eV as shown in fig, 4.
After normalizing the incident photon flux and unfolding with gaussians

as described in the experimental section, the intensities of individual

peaks are plotted as a function of photon energy in figs. 5 and 6. All inten-
sities are on the same relative scale, The scattering of data points can

be considered as a rough estimate for the error. The solid lines are hand-

1 P : : .
It seems that similar weak structures are present at kinetic energies

Ekin = 3-4 eV in the photon energy range hy = 22-28 eV and at Ekin =
8-9 eV in the range hv = 28-32 eV,
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drawn to guide the eye. For convenience the branching ratios are also given

in fig. 7. In this case the scattering of data points is much less, as expected.

The numerical values to figs. 5 - 7 are collected in the appendix.

The intensities shown in figs. 5 and 6 may be directly compared to gas phase
cross section data, which have been measured by Gustafsson [33] and by Dehmer
et al. [30]. In the overlapping region bath sets of gas phase data agree

well with each other.

Previously we have shown for data on solid N, {20} and solid 002 [21], that

2
the cross sections of the solid phases were importantly different from the

gas phase results. The differences were explained as arising from band structure

effects in the solid. For solid C2H2 (22] on the other hand a very similar
behaviocur of gas phase and solid cross sections was observed, the main struc-
ture being due to autoionisation in this case. SFG is another example where

the cross sections of the solid phase are largely identical to the gas phase.

We would like to briefly comment on the partial cross sections of the individual

valence orbitals. The energies of the observed structures in the partial
cross sections are summarized in table 2. In the next section we discuss

these findings in more detail.

Il:l -orbital: The partial cross section for this orbital shows relatively
—gtlrRrat:
rich structure with a tatal of five maxima (see fig. 5 and tahble 2) of which

only the hV = 27 eV feature is not visible in the gas phase.

éE1u—i——|£2

are very strong. These two maxima are also present in the gas phase, although

u—orbitals: Fig. 5 shows three maxima of which the first twe

not so broad and therefore more clearly separated. The third peak at hv =
29 eV is rlearly seen in our spectra, however, the gas phase data of Gustafsson

[33] show only a broad steplike structure in this energy region.

}sg—orbital: This orbital shows a broad maximum at hv = 22.5 eV and a second
smaller one at hV = 26.5 eV which is not seen in the gas phase data. The
comparison with the gas phase cross section suggests that the first maximum
consists of two peaks at hv = 20 eV and hv = 22.5 eV which are broadened

and not separated in the solid phase.

lEQgZEEEiiili Fig. 6 shows two peaks in the cross section, whereas in the

gas phase only a very brod maximum is observed at the same energy.

_6_

ﬁgqu—orbital: The cross sections for gas and sclid phase are practically

identical showing a small peak at hv = 23.5 eV and a big one at hv = 28 eV,
although in the solid the second peak is somewhat asymmetric with a shoulder

at hv = 30 eV.

31,

to threshold because of the secondary electron tail. Between hv = 37 eV

-orhital: No cross sections could be determined for this orbital close
g-araital:
and 40 eV the intensity is small (see fig. 6).

In summary we found that all the observed structures in the gas phase partial

cross sections of SF, are also present in the solid. Some of the observed

deviations might be :ttributed to the fact that in the EDCs of the solid
phase the individuval peaks overlap, so that an unfolding procedure was
necessary. However, we note that an additional peak in the cross sections
of all gerade orbitals (lt]g, 3eg, Itzg) is observed at around hv = 27 eV

in the solid state.

Discussion for solid SF
0

SF6 can be regarded as one of the nicest examples for the similar influence
that shape resonances have on spectra measured with different experimental
techniques. This becomes evident when absorption data, photoemission cross

sections and electron scattering data are compared.

In the X-ray absorption spectra of the sulphur K- and L-shell and the fluorine
K~-shell four shape resonances, namely 6&1 \ 6t]u, 2t2g and &eg, are observed.
The first two resonances are below threshold and thus form discrete shape
resonances, whereas the last two lie in the continuum. These four shape
resonances rorrespond to the four lowest unoccupied valence orbitals of

the molecule {see fig. 2).

As has been discussed by Dehmer and Dill [11,17], the same set of shape
resonances which is ogbserved in the absorption spectra of inner shells is
also expected in the scattering cross sections of electrons on neutral mole-
cules. In the latter case the shape resonances are shifted to higher kinetic

energies due to stronger Coulombic repulsion. For SF, the electron scattering

6
cross sections have been calculated by Debmer et al. [34] and measured by
Kennerly et al. [35]. Indeed all four shape resonances of 8F, can be observed

in electroun scattering. In table 3 the energies are collected.



-7 -

In the valence shell absorption and photoemission cross sections again the
same four resonances should be visible. The kinetic energies are expected

to lie between the inner shell absorption and electron scattering values,
because of a different Coulombic interaction. For €o, [21] we were able

to show that this expectation is true and a regular shift of the resonance
energies occurs in going from inner shell absorption via the gas phase and
solid phase valence shell absorption and photoemission to electron scattering
on the neutral molecule. This regularity can be utilized in the interpretation
of our cross section data. In fig., 8 the observed energies of the four shape
resonances in x-ray absorption and electron scattering are plotted on a
common energy scale and connected by straight lines. The figure shows, that
resonance should

tg
be expected below threshold. Tt would thus still be a discrete shape resonance,

for the valence shell absorption and photoemission the 6a

i.e. a valence transition which can not be observed in photoemission. The
thu resonance should occur at threshold, whereas thg and aeg are expected
at Ekin ~ b eV and 20 eV respectively well above threshold. Of course in
our photoemission cross section data only the 2t
threshold should be visible.

and 4e_ resonances above
2g g

The two gerade shape resonances 2t2g and aeg can, according to dipole selection

rules, only be reached from ungerade occupied valence orbitals, i.e. from

5¢, , lt, and 4t, . The 4t, cross section (Fig. 6) has a maximum at hv =
la 2u lu lu

28 eV which has already previously been assigned to the &t]u + 2tzg shape

resonance {30,33,36]. The observed kinetic energy of E =6.1 eV fits

kin
rather well on the straight line in fig. 8.

As can be seen from fig. 5 a large maximum is observed at hv = 23 eV or
= 6.6 eV in the cross section curve of lt2u + 5t2u' It is again inter-
2 n (30,131,

34 ]. Although one would expect the Aeg shape resonance to occur in just

Ekin
preted as the same shape resonance, namely lt2u -+ 2t and St]u » 2t
the same cross sections, and calculations clearly predict this behaviour
[30,36], no additional peak is visible in our spectra nor is it seen in

gas phase data. The small peak at hv = 29.0 eV in the It2u + Stlu curve

in fig. 5 is not likely to be due to this shape resonance, because the kinetic
energy would be much too small. The reason why the 4eg shape resonance is

not observed in the valence shell is not clear 'yet. Averaging over vibrational
levels might smear out the resonance. This effect has already been observed

for other molecules [37 ]

_8_
A large number of other structures are visible in figs. 5 and 6. All gerade
orbitals exhibit a maximum very close above threshold {see table 2), which

we tentatively attribute to the 6t. shape resonance. As suggested by the

linear plot in fig. 8 this resonanl: is expected right at threshold. The
multiple scattering calculations of Wallace [38] place this resonance below
threshold in the discrete part of the spectrum. We note, however, that the
energies of resonances in this type of calculation can be off by several

eV. Therefore this is no severe contradiction to our assignment.

For the remaining structures which we have not yet assigned it is obvious
that simple one electron models are not sufficient to interprete them. Dehmer
et al. [30] have propesed channel interaction and autoionization processes

as possible mechanisms. Only recently we could show for solid acetylene [22]
that autoionizing valence transitions can have a major influence on the

cross sections of molecular crystals. That this is likely to be the case

also for SFé’ is supported by the experimental observation that many of

the observed structures in the cross sections of different orbitals are

found at the same photon energy rather than at the same kinetic energy.

For example all gerade orbitals (Itlg’ 3eg, ltzg) show an unidentified maximm
at hy = 27 eV as already mentioned, which is not seen in the gas phase.

This energy fits surprisingly well with an estimate Dehmer et al. [30) made

for the valence transition or shape resonances Sa e - ﬁtlu at hv=26.7 eV,

1
which would be a plausible candidate for autoionization. This transition

would occur directly at threshold in accordance with fig. 8.

Firally we would like to comment on our data from another point of view.
From basic dielectric theory one can show that the imaginary part cz(w)

of the dielectric function should bear a close connection to the sum of

the measured photoemission crass sections as we have already discussed in
detail for the case of CO2 [21]. Blechschmidt et al. (19] have measured

the VUV reflection spectrum of solid SFG' Due to the rather low reflectivity
of solid SF6 one can assume that the reflection is almast identical to EQ(w).
This spectrum is reproduced in fig. 9 together with the sum of the photo-
emission cross sections which have been fitted to the reflection spectrum

at hv = 23 eV and 29 eV. The agreement is really good. It is thus possible

to assign the maximum at hv = 23 eV in the reflection spectrum on the basis
of the results presented here as mainly arising from the 2t2g shape resonance.
Furthermore, the strong maximum at hv = 16 eV in the reflection curve, which
is not reproduced by the cross section curve, might well be related to the
discrete 6a,  shape rescnance and thus be a Frenkel type exciton in solid

Ig
state language.
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Results and Discussion for solid CCl,

CCl, is a molecule with certain structural similarities to SF Io both

casZs a central atom is surrounded by a cage of electrnnegatize atoms. If

it is true that these electronegative ligands are at least partly responsible
for the occurrence and strength of shape resonances, CC14 is a good candiate
to look for these effects in the partial photoemission cross sections. How-
ever, different from SF6 which atetracted a lot of attention over the last

ten years, only a few studies have been done on CCla. Electron scattering
experiments have not heen performed to our knowledge and x-ray absorption
experiments [ 39-42] have not been analysed in terms of shape resonances.
Photoemission cross section data at high photon energies (hv > 35 eV} together
with measurements of the asymmetry parameter B have been published [43]

for the gas phase. In this energy region Cooper-Minima are observed which

are typical for atomic 3p orbitals and molecular orbitals derived from them.
At low energies (hv < 30 eV) only B-parameter measurements are available.

The same group made available to us preliminary data of both experimental

and theoretical [ 23-25] cross sections with which we can compare our measure-

ments.

We start with a discussion of the molecular orbital scheme shown in fig.

10. The valence MO's of CClA are formed by carbon 2s and 2p and chlorine

3p atomic orbitals. Among the first unoccupied MO's the chlorine 3d orbitals
are expected to play a dominant role. The five uppermost occupied valence

MO's 2t. to 6a] are clearly visible in the EDC's for solid CCl, as shown

in fig.]ll at different photon energies. While the uppermost f:ature with

highest kinetic energy is composed of three bands (see fig. 12) the 6E2

and Gal maxima are well separated. For high photon energies a maximum of

scattered electrons around 2 eV kinetic energy is also visible, The direct

emission features are decomposed into partly overlapping bands as indicated

in fig. 12 for one particular photon energy. Thus a clear one to one carrespondence
to the gas-phase photoelectron spectrum of CC1, [44,45) emerges (fig. 12)

and it is easy to assign the maxima for solid CCl4 to the photoemission

from valence bands formed by the 2t], 7t2, 2e, 6t2, and 6a, MO's of the

1
ccl, molecule respectively. The resulting vertical and adiabatic binding

energies are compiled in table 4 and compared to the gas phase values. From

these data we obtain a rigid gas-to-solid shift (relaxation energy) towards
vert _
M =
For a discussion of the relaxation energy as well as the solid state broadening

lower binding energies of AE 1.33 + 0.1 eV for all five emission bands.

effects we again refer to our previous paper and references therein [ 21].
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The data reduction for obtaining the partial photoemission cross sections
was done in exactly the same manner as already described for SF6. From the
family of EDCs measured at different photon energies shown in fig. 1] the
relative partial cross sections and branching ratios were derived. They
are shown in figs. 13 and 14 and corresponding numerical values are listed

in the appendix.

A first glance at fig. i3 shows that the cross sections of CCIQ are much

less structured than was the case for SFG' Although the first three uppermost
orbitals 2t[, 7t2 and 2e are all of C1 3p lone pair character (see fig. 10)
they show a different behaviour at low photon energy. A similarity to atomic
3p cross sections when compared e.g. £o Ar 3p is only obvious at higher
photon energies where Cooper-Minima have been observed [43]. At low energies

close to threshold molecular effects seem to play a major role.

In the following we discuss the individual orbitals. For convenience the
allowed dipole transitions are listed in table 5. In table 6 the observed
structures in the cross sections are summarized.

2t -orbital: The cross section of the 2t orbital shows two maxima (fig. 13).

Thé gas phase results of Keller et al. [25] are practically ideatical to

ours and show the same two maxima. According to table 5 four photoemission
channels are open from 2t|. The multiple-scattering calculation of Grimm

[23] finds negligible intensity in 2tl - €a, whereas the other three channels
are comparable in magnitude. 2t1 -+ £t2 shows a smooth variation with photon
energy, but both channels Ztl » €1 and 2t] * €a, exhibit a shape Tesonance

at the same kinetic emergy E . = 2.4 eV [ 24]. Comparison of experiment

in
and calculation makes it very probable that indeed two shape resonances

are present, however, at different energies namely at hv = 13.0 eV (Ekin
2.7 eV) and hv = 15,5 eV (Ekin = 5.2 eV). This deviation in energy leeds

to only poor agreement between calculated and measured total cross sections.

7t,-orbital: For the orbital 7t,

emission cross section at hv = 13.5 eV and v = 18.0 eV and again two shape

also two maxima are observed in the photo-

resonances are calculated to occur in the channels 7t2 » gl and 7t2 +Et,.
The other two allowed channels 7t2 >ea and 7(2 et have only very small
intensity. The gas phase spectrum of Keller et al. [ 25] shows less pronounced
maxima and a smaller intensity for this orbital. A possible reason for the
difference might be that the unfolding procedure necessary for the solid
state data leads to a systematic overestimation of the cross section for

this band.
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2e-orbital: The photoemission cross section of the third orbital 2e is
again very similar in both the gas and the solid phase. Although the intensity
is only weak, two broad maxima can be identified at hy = 14.5 eV and hy =
23.0 eV, The multiple scattering calculation predicts two shape resonances

hoth in the 2e + €t channel. The second allowed channel 2e—+ et, has about

the same intensity but does not show distinct resonances. The oicurrence

of two shape resonances in the same channel is very unusual and has not

been observed before. On the other hand the molecular orbital scheme (fig. 10)
shows many unoccupied orbitals among which two of tl symmetry can be found.

Of course it is tempting to identify the two observed resonances with these

virtual orbitals.

gga-orbitalz The fourth orbital 6t2 is the first bonding one and should
therefore behave different from the lone pair orbital 7t2 discussed above.
Indeed our tesults show that this is the case. Only one broad maximum is
observed at hv = 18 eV. Gas phase measurements are not available but Grimm

[ 23] has calcuated two shape resonances in the channel 6:2 + ce and 6t, » et
which are quite far apart at Ekin x 2.4 eV and Ekin = 8.4 eV. The first

one corresponds nicely with the observed maximum. As far as the second resonance
is concerned, it is interesting to note that a small hump is observed in

the branching ratio of the 6t,-orbital {fig. 14) at v = 25.0 eV (€, =

9.7 eV) which we tentatively assign as the calculated 6t2 TEet, shape resonance.
§31—orhita1: The last valence orbital 6a] measured in our experiments shows

in agreement with Grimm's calculation only a small cross section. However,

close to threshold it is not possible to distinguish the direct emission

from this orbital unambigiously from the background of scattered electrons.

In summary we can say that the partial photoemission cross sections measured

for the molecular crystal of CCl, are very similar to the gas phase. In

this respect CCl4 and SF6 show t:e same behaviour. This is an interesting
result pointing to the localized nature of the Final states. Only if the
final states are localized in the solid phase with little intermolecular
overlap one might expect that molecular crystals show the same cross sections
in gas and solid phase. Contrary to this situation we could show recently

for small molecules like N, or CO2 that strong band structure effects dominate

2
the final states and the solid phase exhibits a completely different cross

section than the gas phase. For both phases of CCl, the multiple scattering

4
calculations by Grimm [ 23] seem to be able to explain at least qualitatively
the cross section behaviour at low kinetic energies (Ekin < 15 eV) in terms

of a large number of shape resonances.
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Comparing the photoemission cross sections to x-ray absorpticn measurements
[39-42], one would expect, as in the case of SFB‘ to observe the same re-
sonances. The only unambigously identified structure in the soft x-ray
absorption spectrum is a discrete shape resonance about 5.4 - 7.2 eV below
threshold, which is attributed to the 7a] and St2 virtual orbitals. Above
the thresholds for C Is and Cl 1s, 2s, 2p excitation weak structures are
observed of which some might be shape resonances. A clear identification

and assignment is however still lacking.

If we think of shape resonances as being closely related to unoccupied mole-
cular orbitals [12], it is tempting to set up an energetic scheme of the
virtual orbitals for CClA. With the help of fig. 10, references [39-42]

and on the basis of our measurements (see table 6) the ordering would be:

[ BE,m(5.6-7.2 eV) 5 3e(2.2-2.7 eV) ; 3t (2.3-2.7 V) ; 4e(5.2 eV) 3
9t2(6.7 eV) 4t1(9.7~|0.8 eV). The energies referred to the vacuum level

7a

are collected in table 7. One should of course be cautious with such a simple
one electron scheme, because orbitals of the same symmetry are clase together,
e.g. 3e and 4de or 3t] and 41:i and it is not clear whether they can really

be distinguished. It would be interesting to see if molecular orbital cal-
culations are able to support our interpretation. Such calculations are

not available at present.
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Table |

Vertical (IP,

vert

- |5 -

) and adiabatic (IPad) ionization potentials, full width

half maximum (fwhm) and energy shift between gas phase and solid SF6. For

the solid phase the adiabatic potential has been determined according to

the formula

1P

ad = “vert

for the solid phase data are = 0.1 eV,

- (1,2 x fwhm). A1l values are in eV, the errors

Initial (a)
Orbital solid (this work) Gas Shift
IPvert fwhm Ipad IPvert IPad IPvert Ipad
itlg 15,08 Q0,67 14,3 15,67 15,5 0,59 1,2
stlu 16,40 0,92 15,3] 16,93 16,7 0,53 1,4
+1t2u
3&8 17,82 0,73 16,9) 18,3 18,0 0,48 1,}
18,66 0,84

It28 19,15 1,05 17,9 19,758 {19,245 | 0,61 1,3
4tlu 21,91 0,76 21,0 22,7 - Q,79 -
52, [26,16 0,74 25,3{ 27,0 - 0,86 =
(a) Ref. 44

Table 2

16 -

Summary of observed features in photoemission cross sections for gaseous

and solid SF

. All energies in eV. Values in brackets designate ohserved

6
shoulders.
Orbital solid Gas Assignment
(this work) (a) (b)
W oE Wy E, Y OE
it 17,0 1,9 - -
ig 17,0 1,3 l:lsﬂﬁtm
20,0 4,9 - - 20,0 4,3
23,0 7,9 23,0 7.3 | 24,0 8,3
27,0 11,9 = - - -
29,0 13,9 29,0 13,3 - -
Sty 20,0 3,6 {18,5 1,6 | 18,0 1,1
“ie, 23,0 6,6 [22,5 56 |23,0 6,1 {S:Iu > 2y,
e, = 2c¢
29,0 12,6 (29,0 12,1)] - - u o T2
3eg (20,0 2,2 20,0 1,5 19,0 0,5 3e5_* 6=1u
22,5 4,7 [23,0 4,5 23,5 5,0
26,5 8,7 - - - -
It28 22,5 3,4 22,5 2,7 23,0 3,2 ]:Zg'* Etlu
27,0 7,% - - - -
be 23,5 1,6 |23,0 0,3 [260 1,3
28,0 6,1 28,0 5,3 | 28,0 5,3 4e, =+ 2t
1u 2g
(30.0 8.1) - - = -

(a) Ref. 33
(b) Ref. 30
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Table 3 Table 4
Shape resonances for SFG observed in X-ray absorption A (2] and electron Vertical (IPvert) and adiabatic (IPad) ionization potentials, full width
scattering B [34,35] The minus sign in X-ray absorption indicates that the half maximum (fwhm) and energy shift between gas phase and solid CCIA. For
resonances occur in the discrete part of the spectrum below threshold. the solid phase the adiabatic potential has been determined according to
the formula IP_ , = IP - (3.2 x fwhm). All values are in eV, the errors
ad vert
for the solid phase data are = 0.1 eV.
Final orbital Ekin (eV) Ekin (ev) Partial waves
symme tTy A B A-B Tnitial solid (this work) Gas {a,b) Shift
orbital
IPvert L IPad IPvert IPad Ipvert
5“13 -9,6 2,56 -12,2 0,4
2t 10,27 0,76 9,4 ii1,69 - 1,42
6t -3,3 7,05 -10,4 1,3 LI ’ ’ ’ '
2:28 +2,8 11,87 - 9,1 2,4,6 7:2 11,27 1,31 9,7 12,62 - 1,35
éez +15,3 (25-55) =(10-4D) 2,4,6
. 2e 12,22 0,53 11,6 13,44 - 1,22
6tz 15,26 0,70 14,4 16,58 - 1,32
6‘! 18,66 0,99 17,5 20,00 - 1,34
(a) Ref. 44

(b) Ref. 45
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Table 5

Allowed dipole-transitions for the valence MO's of CCl

4"

2:] + 52 e tl tz
Tty ~ 8 e | & | "2
e+ £ t,
6t2 -+ al e ti tz
ba, > t2

Table 6

Summary of observed and calculated features in photoemission cross sections

for gaseous and solid CC14‘ All energies are in eV,

Orbital solid (this work) Gas (theory,a) Assignment
ny F'kin Ekin

2tl 13,0 2,7 2,4 2t, + 3t

15,5 5,2 2,4 2:l + 3e

hz 13,5 2,2 4,4 7:2 + 4e

18,0 6,7 6,4 7ty » o,

2e 14,5 2,3 2,6 2e + Jt]

23,0 10,8 8,6 2e + 4t

6ty 18,0 2,7 2,4 6t, » e

(25,0) (9,7) 8,4 bt, bt

(a) Ref. 23
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Table 7

Proposed ordering and assignments of virtual orbitals for ccl, . all energies
are in eV referenced to the vacuum level (i.e. negative values are below

the vacuum level). For details see text.

Energy Assignment
(-7.2} - (-5.4) Ta], Bt2
2.2 - 2.7 Je
2.3 - 2.7 3t]
5.2 4e
6.7 9t,
4.7 - 15.8 4t

I

Table

Relative cross section data for solid SF6 plotted in figs. 5 and 6. The

Al

- 22 -

APPENDIZX

weighting factor is due to different pass energies of the electron analyzer.

weigh- Relative cross sections

ting
hv factor lt]g lt2u + St]u 358 lt28 4:lu
15.00 1 0.22
15.50 1 0.79
16.00 | 2.42 0.67
16.50 1 5.56 2.84
17.00 ] 5.87 5.56
17.50 1 4.90 8.78 0.09
18.00 i 4.1 11.05 0.78
18.50 | 2.29 13.70 2.03
19.00 1 2.14 14.70 4,48 0.14
19.50 1 2.89 14.30 6.22 0.56
20.00 1 3.25 16.30 5.12 2.35
20.50 1 3,02 15,10 7.62 3.55
21.00 1 2.93 14.10 8.00 5.78
21.50 1 3.57 16.50 9.30 6.17
22.00 1 4.48 19.30 7.61 10.82 0.61
22.50 1 5.79 21.15 10.19 10. 10 0.55
23.00 I 7.09 22.50 8.48 10.16 .19
23.50 1 6.77 21.30 6.76 6.42 2.02
24.00 I 5.61 20.10 4.51 5.89 1.98
24.50 1 4,92 18.40 4.30 4.30 1.94
25.00 4.18 18.88 71.26 13.25 16.82 7.86
25.50 4.18 20.46 64.48 13.26 18.15 7.42
26.00 4.18 26.12 54.32 12.71 19.48 5.93
26.50 4.18 29.10 37.48 15.92 17.86 5.67
27.00 4.18 28.20 28.91 13.30 17.77 7.15
27.50 4.18 25.92 25.30 7.49 15.48 12.06
28.00 4.18 25.81 25,38 4.11 13.17 17.49
28.50 4.18 26.43 25.89 2.98 9.44 14.60
29.00 4.18 24.73 28.84 3.11 6.96 11.64
29.50 4.18 21.84 22.63 3.27 5.75 il.ol
30.00 4,18 19.91 21.18 3.14 5.80 10.29
31.00 8.8 38.74 39.02 7.69 13.75 15.26
32.00 8.8 30.79 31.83 6.61 13.12 4.52
33.00 8.8 24.30 26.41 5.49 10.82 5.76
34.00 8.8 23.24 27.88 5.70 11.84 8.37
35.00 16.7 37.30 42.50 10.90 19.80 13.10
36.00 16.7 35.40 38.50 11.60 20.00 13.10
37.00 16,7 30.30 28.50 11.20 15.80 £1.90
38.00 6.7 26.00 22.50 10.30 12.00 10.90
33.00 16.7 22.20 19.70 9.00 9.80 11.10
40.00 16.7 15.30 13.20 6.70 5.28 8.36

2.50
7.30
6.90
5.16
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Table A2 Table A3

Branching ratio for solid SF, as plotted in fig. 7.
Relative cross section data for solid CCl, plotted in fig. 13. The weighting

factor is due to different pass energies of the electron analyzer.

hy Branching ratio

(eV) It]g ll:2u + Stiu 3eg ltzg 4t]u Salg

15.00 1.000 hv welzigh— Relative cross section

15.50 1.000 (ev) U'M8

16.00 0.783 0.217 factor 2t] 7L2 Je 6t2 6a]
16.50 0.662 0.338

17.00 0.514 0.486 )

17.50 0.356 0.638 0.006 10.50 1 0.77

18.00 0.258 0.693 0.049 11.00 1 2.68

18.50 0.127 0.760 0.1t3 f1.50 ] 7.50

19.00 0.100 0.685 0.209 0.006 12.00 1 9.10 5.75

19.50 0.121 0.597 0.259 0.023 12.50 ! 12.47 7.93

20.00 0.120 0.603 0.190 0.087 13.00 1 12.75 9.79 0.05

20.50 0.103 0.516 0.260 0.121 13.50 ! 12.26 10.26 1.38

21.00 0.099 0.456 0.258 0.187 14.00 1 11.18 9.76 1.54

21.50 0.101 0.464 0.262 0.174 14.50 ! 10.04 9.41 1.73

22.00 0.1065 Q.451 0.178 0.253 0.014 15.00 1 9.86 9.05 1.39

22.50 0.122 0.447 0.216 0.011 0.011 15.50 1 9.85 8.93 1.60 0.47

23.00 0.144 0.455 0.172 0.206 0.024 16.00 9.63 8.86 1.52 0.94

23.50 0.156 0.492 0.156 0.148 0.047 16.50 i .65 9.11 1.56 2.58

24.00 0.148 0.528 0.119 0.155 0.052 10.00 1 8.89 8.88 1.58 4.22

24.50 0. 145 0.543 0.127 0.127 0.057 17.50 1 8.19 8.95 1.17 4.92

25.00 0.148 0.553 0.104 0.133 0.063 18.00 1 7.48 8.08 1.16 5.06

25,50 0.165 0.521 0.107 0.147 0.060 18.50 1 6.38 8.55 1.02 5.00

26.00 0.207 0.458 0.107 0.164 ¢.050 19.00 1 6.35 7.68 1.08 4.38

26.50 0.274 0.354 0.151 0.16% 0.054 19.50 1 4.75 6.86 0.92 3.70

27.00 0.296 0.304 Q0. 140 0.186 0.075 20.00 I 3.94 6.19 0.96 3.38

27.50 0.301 0.293 0.087 0.179 0.140 20.50 1 3,17

28.00 0.300 0.295 0.048 0.153 0.203 21.00 1 2.98 5.23 1.03 2.68

28.50 0.330 0.327 0.038 0.119 0.184 21.50 | 2.41

29.00 0.347 0.349 0.044 0.098 0.163 22.00 | 2.65 4.73 1.09 2.32

29.50 0.338 0.351 0.050 0,080 0.171 22.50 | 2.15

30.00 0.335 0.351 0.052 0.094 0.167 23.00 | 2.23 3.80 1.10 2.07 0.89
31.00 0.339 0.341 0.067 0.120 0.134 23.50 | 1.90

32.00 0.354 0.365 0.076 0.151 0.052 24 .00 1 1.72 3.04 0.95 1.86

33.00 0.334 0.363 0.075 Q0,149 0.079 24.50 1 1.78 2.64 1.08 1.83 0.80
34,00 0.301 0.363 0.074 Q. 154 0.109 25.00 | 1.49 2.26 Q.92 1.70 0.74
35.00 0.299% 0.347 0.087 0.161 0.108 26.00 2.45 2.78 4.04 1.73 2.97 1.08
36.00 0.299 0.325 0.098 0.169 0.111 27.00 2.45 2.34 3.47 1.51 2.69 1.18
37.00 0.302 0.284 0.112 0.158 0.119 0.025 28.00 2.45 1.86 2.90 1.28 2.19 0.69
38.00 0.292 0.253 0.116 0.135 0.122 0.082 29.00 2.45 [.65 2,20 1.02 1.83 0.52
39.00 0.282 0.250 0.114 0.124 G.141 0.088 30.00 2.45 1. 16 1.63 0.74 1.40 0.39
40.00 0.283 0.244 0.124 0.098 0.155 0.094
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Figure Captions

Table A4 s :
Zable Ay Fig. | Schematic representation of the effective molecular potential

) . and the different types of molecular orbitals {from Ref. [18]).
Branching ratios for solid CClﬁ as plotted in fig. 14.
Fig. 2 Molecular orbital scheme for SFG‘ The approximate binding energies
are taken from UPS and XPS data :2,29,44] for gaseous SF, and

[
are refered to the vacuum level. On the right hand side photo-

hy Branching ratio
(eV) 2‘; 7':2 e 6t2 Gai electron spectra for SFS are plotted.

Fig. 3 Comparison of the gas-phase photoelectron spectrum from Ref.
10.50 1.000 -
11.00 1.000 (46 (upper panel) with a photoelectron-energy distributio‘::‘
11.50 1.000 curve for solid SF, (this work, lower panel}. Both spectra plotted
12.00 0.613 0.387 8 . A
12.50 0.611 0.389 on the same binding energy scale with the vacuum level Evac = 0.
13.00 0.564 0.433 0.002 The valence molecular orbitals are dencted by the one-electron
13.50 0.513 0.429 0.058 . . . : :
14.00 0.497 0.434 0.068 MO notation. The deconveolution of the EDC for solid SF6 into
14.50 0.474 0.444 0.082 seven bands is also shown. Crosses give the measured EDC while
15.00 0.486 0.445 0.068 . . . s s
15.50 0.472 0.428 0.077 0.022 the solid line gives the sum of the individual bands.
16.00 0.460 0.423 0.073 0.045
16.50 0.421 0.398 0.068 0.113 . . . - .
17.00 0.377 0.377 6.067 G.179 Fig. 4 Photoelectron-energy distribution curves for polycrystalline
17.50 0.353 0.385 0.050 0.199 solid SF,_ for cxcitation energies ranging between 16 eV and
i8.00 9,343 0,371 0.053 0.232 6 . NI ' i .
18.50 0.305 0.408 0.049 0.239 40 eV. In this plot the same initial states follow inclined
19.00 0.326 0.394 0.055 0.225 lines.
19.50 0.293 0.422 0.057 0.228
20.00 0.272 0.429 0.067 0.236
21.00 0.250 0.440 0.086 0.225 Fig. 5 Relative partial ionization cross sections for the It, derived
22.00 0.246 0.439 0.102 0.215 !
23.00 0.221 0.377 0.109 0.205 0.088 and ltzu + Stlu derived valence bands of solid SFé (crosses).
24.00 0.203 0.359 0.112 0.213 0.108 The arrows mark the onset for photoemission from these bands.
24.50 0.219 0.318 0.130 0.232 0.101 . N
25.00 0.207 0.323 0.129 0.234 0.107 For comparison the gas phase partial cross sections are also
26.00 0.221 0.321 0.137 0.236 0.086 shown (full circles, Ref. [33], open circles Ref. [30]).
27.00 0.209 0.310 0.135 0.240 0. 106
28.00 0.209 0.325 0. 144 0.245 0.077
29.00 0.229 0.305 0.141 0.253 0.072 Fig. 6 Relative partial ionization cross sections for the 3e , It, ,
30.00 0.218 0.306 0.139 0.263 0.073 g’ Zg

Atlu’ and Sa]g derived valence bands of solid SF6. The arrows

mark the onset for photoemission from these bands. For EaaIg
with a threshold at 26.16 eV only four data points could be
measured at hv > 37 eV. For comparison the gas phase partial
cross sections are also shown (full circles Ref. [33], open
circles Ref. [30]). The relative scale is the same in figs.

5 and 6.

Fig. 7 Branching ratios for the one-electron states of solid SF6.



Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13
Fig. 14
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Plot of shape resonances observed for SF6 in X-ray absorption [2],
gas-phase, and solid-phase photoelectron spectroscopy and in
electron scattering [ 34,35]. The zerc of the energy scale denotes
the vacuum level or ionization threshold. Negative energies

denote "discrete shape resonances” below threshold.

Comparison of the optical VUV spectrum (reflectivity spectrum
which in this case closely resembles the dielectric function EZ)
of solid SF6 {19] with the partial and summed photoionization

cross sections as determined in this work.

Molecular orbital scheme for CCl4 (center) build from the C

and the Cl atomic orbitals in the Td field.

Photoelectron~energy distribution curves for polycrystalline
solid CCl4 for excitation energies ranging from 11 to 30 eV.

In this plot the same initial states follow inclined lines.

The five valence molecular orbitals are denoted by the one elec-

tron MO notation.

Comparison of the gas-phase photoelectron spectrum from Kimura
et al. [44] (upper curve) with a photoelectron-energy distribution
curve for solid CCla {this work, lower curve). The binding energy

scale refers to the spectrum of solid CCl, with Evac = 0. The

4
gas phase spectrum has been shifted rigidly by the relaxation

energy AE;ert

= |.3 eV in order to obtain an alignment of the
prominent features. The deconvolution of the EDC for solid CCla
into four bands is also shown. Crosses give the measured EDC

while the solid line gives the sum of the individual bands.

Relative partial ionization cross sections for the Ztl, 7t2,
2e, 6t2, and Gal derived valence bands of solid CCIA. The arrows
mark the onset for photoemission from these bands.

Branching ratios for the one-electron states of solid CCLA.

energy
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