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Photoelectron energy dintriﬁution curves from solid 602 have been
determined for excitation energies from hv « 14 up to 40 eV using
synchrotrﬁl radiation. A I:1 correspondence to the gas phase photo-
electvon spectrum is observed for the ocecupied molecular orbitals.
The - vastical binding energles E; (EVAC = 0) and widths {fwhm) of
the valence bands of aolid CO2 are determined to be 13.0 eV and 0.95
‘e¥ (Ix_); 16.7 eV and 1.1 eV (Im ); 17.6 eV and 0.85 eV (30 ) and
18.8 ¢V aad 0.8 eV (40 ) for the individual bands respectively. The
partial ’h.toc-illion cross sections differ importantly from those
of the gas phase in exhibiting pronounced maxima at 3.3 eV (lng)
4.6 -~ 5.5 oV (Ilu + 30u) and 4.2 eV (écs) above the vacuum level,
which is attributed to effects of high density of final (conduction

bsnd) states. Further weakeyr maxima are observed at higher photon

enecgles. Contrary to the case for the gas phase,
are unparturhed in the solid by degenerate autoionizing molecular

the resonances

Rydberg etates, The molecular origin of the resonances in the con-
tinyum {e discussed and related to x-ray absorption spectra, electron
scattering dats and to theoretical cross-section calculations. It
is ahown that the same set of resonances is observed in the different

experiments. The resonancea occur however at different energies

due to diffecent Coulomb interactiom.
presented provide also a key to the hitherto unexplained optical

The photoemission results

spectrum of solid CO2 in the VUV range, making possible an assign-
ment of the etructures observed to Frenkel-type excitoms (hv < 15 eV)

and {uterband tvansitions (hv > 15 eV).

*Submitted to Chemical Physics
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1. Introduction

Recently we have reported on the striking observation of pro-

"nounced resonances in the partial c¢ross sections in the valence

band photoemission from solid nitrogen, resonances which are

located just above threshold, (i.e., at roughly 3.0 eV above

the vacuum level) (1). In contrast to the case of gas phase
photoemission, these strong resonances were found to be unper-
turbed by degenerate auvtoionizing molecular Rydberg states

and have been interpreted in a solid state band structure picture
as due to high deu;ity of conduction band final states. In

the case of solid N2 we discussed the molecular otﬁgin of these
final states and related them to the ﬂg negative-ion shape

resonance.

In the course of a aystematic study of the band structure of con-
densed simple di- and tri-atomic gases we have chosen solid coz
for more intense study because of its role as the prototypical
molecular crystal composed of triatomic molecules. The photoelec-
tron spectrum of'gaseOus €0, has been the subject of several
experimental {2-4) and theoretical (5-7) investigations, and

the binding energies and symmetries of the occupied molecular
orbitals (MO's) are well established. Also the photoelectron
branching ratios and partial photoionisation cross sections
{8-11) as well as the B-parameters (12-14) have recently been
determined and discussed in comparison with theoretical studies
{12,15-21). Por solid CO

available.

there is, however, little information

Only a not Hefl resolved Hell spectrum for solid
€0, has recently been reported, (22) and even the promounced
sharp features observed in the VUV-optical spectrum (23) in
the tange.lo eV < hy < 15 eV have not yet been assigned.

In the present paper we veport on the measurement for an extenﬂed
range of energies of the exciting photons of photoelectron

energy distribution curves (EDC's) from solid 002. In addition
to determining the binding energies and widths of the bands

derived from the ocuter filled molecular orbitals (MO's), we



obtained the partial photoionization cross-sections for the
initial states as a function of excitation energy, thereby
gaining important infermation concerning the higher conduction
band states. FPor solid COZ as for solid N, earlier, a major
result of our investigation has been the observation of pro-
nounced maxima in the continuum 4.2 ~ 5.3 eV above the threshold
for each of the partisl cross sections. On the basis of our
experimental findings and by comparison to x-ray absorption
spectra electron scattering data and cross section calculations
we discuss the molecular parentage of the electronic band strue-
ture and optical aspectra. It appears now that cross section
determinations close to threshold for solid di- and triatomic
molecules are generally not hampered by degenerate autoionizing
Rydberg statees which make such measurements and their interpreta-
tion difficult or even impossible in the gas phase. Thus we
suggest that photoemission intensity measurements from molecu-
lar crystals msy be more useful in testing calculations and
various theorstical models for final state effects. At the

same time our experiments show the importance of effects charac-
teristic for the solid state such as band formation and intermo-
lecular charge tranafer excitations. The careful comparison

of gas—-phase and solid-phase spectra and of data from different

.pettroscopiel such as x-rny absorpt1on, photoem1s310n and

.electfron. ocnt:etxnz, ylelds valuable ;usxght into the nature

of the final states and their molecular parentage. It can be
shown that the same set of resonances is observed in the diffe-
rent kinds of experimenta. These resonances are spread over

the discrete and continuous part of the spectrum, merely shifted
in enefgy according to the different strength of Coulomb inter-
acting, namely electron-core hole, electron-valence hole and

electron-neutral molecule respectively.

Finally we can use the results of our photoemission study to
interprete the hitherto unassigned structure in the VDV-spectrum
of solid CO2 (23), In this way we also obtain some insight

into the problem of making assignments for the 002 gas phase
sbsorption spectrum, a long-standing problem in VUV-absorption

spectroscopy (see e.g. ref. (7)).

2. Experimental Details

We used for our measurements the previously described (24)

3 m normal incidence monochromator at the HASYLAB laboratory

in Hamburg which receives synchrotron radiation from the DORIS II
electron-positron storage ring. Light from the monochromator

is focused onto the sample located in the center of an ultra

high vacuum (UHV) experimental chamber. The base presaure is

5 x 1010

a gas handling and inlet system and an angle integrating, double-

mbar. The chamber is equipped with a He flowcryostat,

pass, cylindrical-mirror analyzer (CMA) (25,26). The details
of the set-up are shown in Fig. |. Photon energies ranged from
10 eV to 40 eV with 0.3 nm resolution (corresponding to ~ 0.1
eV at 20 eV) in the whole range. The CMA was operated in the
retarding mode in order to obtain a constant resolution AE.

We chose AE = 0.20 eV for hv < 30 eV and AE % 0.65 eV for

hv > 25 eV. Thus the overall resolution {monochromator and
electron enmergy analyzer) was basically determined by the elec-
tron analyzer. It was in all cases sufficient for anm accurate
determination of EDC-features which were found to have widths
ranging between 0.8 eV and 1.! eV (fwhm). EDC's measured in
the region of overlapping hv were used for normalizing spectra

taken with different AE with respect to each other.

For a determination of photoemission intensities in the retar-
ding mode of the CMA with a c¢onstant pass energy Epass one
must observe that the source volume, from which electrons are

accepted, changes with the kinetic energy E of the photoelec—

kin
trons; that is, the emitting area F changes according to (25,26)

where F_ is the circular aperture of the analyzer. In our case
F° has a diameter of d = 4 mm. The illuminated spot on the
sample, however, was only about | mm in diameter. This assured
that, for the parameters used in our experiment, the analyzer
source volume was always much larger than the illuminated spot

on the sample from where electrons were emitted. Therefore we



can assume that the transmission of the analyzer was constant,

independent of E Only for very low kinetic energies might

kin
this assumption be in error, since grid scattering and possible
residual magnetic fields around the sample and within the in-
terior of the analyzer could reduce the transmission. Such
effects would lead to an underestimation of intensities in

the spectra at low Ekin' In any case our expérience of comparing
EDC's from different samples persuades us that no distinct
structures or peaks are introduced in the spectra as a result

of an unknown egxact transmission function.

The geometry used for the experiments is depicted in Fig. I.
The light propagation vector, sample normal and axis of the
electron analyzer are coplanar. The CMA accepts electrons in
a cone between 36.3° and 48.3° with respect to its axis. Thus
with polycrystalline samples the set-up can be characterized

as having angle-integrating geometry free from angular effects.

High purity (99.998 1) CO2 gas was condensed under UHV conditions

10—]0 Torr) from

(pressure before and after condensation 5 x
a capillary on a Helium-cooled gold substrate (Fig. 1). The

temperature of the substrate was ~ 20 K. Under these conditions
CO2

To avoid charging of the samples, which can be a serious source

forms polycrystalline films of cubic Pa3 symmetry (27).

of error in photoemissioa from insulators, the sample thickuness
of the CO2

were changed and fresh samples were prepared as soon as any

films was limited to roughly 10 nm. Also, the samples

sign of charging was noticable during extended periods of data
taking. In this way we were ahble to limit errors in peak pesi-
tions to a value < 0.15 eV. The reproducibility from sample

to sample of measurements of intensities at the peak was roughly

10 %,

For the determination of photocemission intensities, the EDC's
for each excitation energy were normalized to the intensity
of the photon flux impinging on the sample. Secondly, a smooth

stTuctureless background was subtracted from direct emission

peaks to account for electrons originating from the aged gold
substrate and for scattered secondary electrons. Finally, the
area under each primary emission peak in the EDC's was determined
by fitting the experimentally determined three peak structure

by four gaussians corresponding to the four uppermost MO0's

(see Fig. 3). Tt turned out that fur all photon energies a

fit with one gaussian for each MO was sufficient.

As we discussed above, the largest uncertainity in the cross
section determination rests in rthe unknown transmission function
of the electron analyzer. It contributes most of the total
errors in the relative cross sections which we estimate may

be as high as 30 Z.

3. Results and Discussion

3a Assignments, valence band binding energies and relaxationm

In Fig. 2 is shown a family of ELC's for solid €0, at different
photon energies. The three main reatures for direct emission
from solid CO2 are clearly visible. While the uppermost band
with highest kinetic energy is well separated from the rest,
several other bands coalesce to form a double peaked structure
at lower kinetic energies. The direct emission features are
decomposed into four partly overlapping bands as indicated

in Fig. 3 for one particular photon energy. Thus a c¢lear one-
to-one correspondence to the gas phase photoelectron spectrum
of 002 {4,5) emerges, {Fig. 3) and it is easy to assign the
peaks for solid CO2 ta the photoemission from valence bands
formed by the Irg, Inu, 30u and bag MO's of the CO2 molecule
respectively. The resulting vertical binding energies E: are
13.0 ; 16.7 ; 17.6 and 18.8 eV, respectively, with reference
to the vacuum level (EVAC = 0) of the sample.

These energies, as well as adiabatic binding energies Egd are
compiled in Table 1. Adiabatic binding energies were determined

by fitting the experimental EDC's with gaussians and by using



g8 . EY - 1.2 I, where T is the half width (FWHM) for each

B B
band. Gas phase values are also given in Table 1 for comparison,

From these data we ohtain a rigid gas-to-solid shift (relaxation
v

energy) towards lower binding energies of F.R = 0.7 + 0.2 eV

for all four emission bands. The reduced ionization potentials
in monomolecular crystala as compared to the gas phase photo-
emission of the constituent molecule are caused by initial

state shifts and final state shifts which cannot be determined
separately in a photoemission experiment. Possible origins

to these shifts have been considered previously and several
mechaniams have been suggested {(see e.g. ref. 28,29): Firstly,

a binding energy shift may occur, which effects the initial
state of individual orbitals taking part in chemical bonding

and leads to the observation of differential shifts of molecular
orbitals. For adsorbed layers of molecules on metal surfaces
this is a common situation, In bulk molecular crystals, however,

shifta due to chemical bonding are generally mnot observed.

Secondly, the chemical shift or cage effect can alter initial
states because of a changed chemical environment. Thirdly,

the relaxation shift may simply be caused by screening of the
positive hole left behind in the photoemission process and

is thus a final state effect. This relaxation mechanism for .
solid molecular gases has previously been discussed within

the framework of the Mott-Littleton model (30-32). A hole pola~-
rization energy of Pt « 1.2 eV was estimated for solid C02
within a simple macroscopic continuum model as the energy diffe-
rence ﬁetween the screened hole and the free ion (32). This
value lies between the observed asdiabatic and vertical iomization
potential shifts (Table }) and has to be considered as the

main contribution to the total observed shift. However, an
additional smaller contribution from a chemical shift cannat

be ruled out. A binding energy shift can be excluded, since

we do not observe significant differential shifts of individuoal

orbitals.

Apart from the shift in bonding energy the widths of the photo-
emission bands are of considerable interest. For all four valence
MO's we observe a considerable broadening up to ~ l.! eV in

the solid phase (Fig. 3, Table 1). Spatial inhomogenities in

the environments of individual molecules in polycrystalline

films resulting in relaxation energy fluctuations have been
considered as the major source of the broadening (33-37). There-
fore the individual molecular bands due to intramolecular vi-
brations are no longer discernible in the photoemission spectrum
of the s0lid, Furthermore, a temperature dependent phonon broade-
ning has been considered (38). We note, that in additiorn to

these .processes a band bending E(k) within the Brillouin zone
will also contribute to a broadening of the valence bands.
According to theoretical band structure calculations for other
molecular crystals and experimental evidence for rare gas solids
this E(k) dispersion is expected to range betwWeen 0.3 eV and

1.5 eV (39)}.

3b Photoemission intensities, branching ratios and electronic

band structure

Next we discuas the hv-dependence of the partisl photoionization

. cross sections for the valence bands. Inspection of'Fig; 2

shows immediately that the intensity of each of the primary
peaks goes through a maximum at around 4.5 eV kinetic energy.
The result of the detailed analysis is collected in Table 2

and displayed in Figs. 4 and 5. From the energy distribution

- curves, like those shown in Fig. 2, we obtain the relative

partial ionization intensities Gi(hv) for the i-th band by
measuring for each photon energy the area Ai under each peak.
This procedure gives reliable results, because we are using

an angle integrating analyzer and polycrystalline, randomly
oriented samples, which can be regarded as an isotropic source
of electrons, Therefore, all directions are averaged and no

angular dependence should be observable.

Comparison of figures 4 and 5 shows that weaker structures

show up at higher photon energies in the plot of branching



ratios (Fig. 5) which are not visible in the plot of ionization
intensities (Fig. 4). Moreover, we would like to point out,
that the branching ratios are quite similar tc the gas phase
results, whereas the partial cross sections are markedly

different.

In order to discuss further the intensities and partial photo-
jonization cross sections we briefly recall those factors which
influence the intensity I(E,0) of photoemitted electrons with
energy E excited by photons of frequency W from a solid sample
(40). This will enable us alsc to make a comparison to the
optical spectrum, more exactly to the imaginary part Ez(w)

of the dielectric coastant.

Within the framework of the three step model for photeemission
41) the intensity distribution of primary electrons I(E,w)

can be factorized:
I{E,w) = P{(E,w) x T(E) x D(E)

according to the sequence of three events, namely (i) the optical
excitation of an electron leading to a distribution of photo-
excited electrons P(E,w), (ii) the transport through the solid
characterized by a transmission functiom T(E)} and (iii) che
escape through the sample surface into the vacuum described

by the escape function D(E).

The transport functionm T(E) includes the possibility for inelastic
scattering by the other electrons or elementary excitations

in the solid. It is a slowly varying smooth function depending
only on the energy E of the photoelectrons and reflecting the

fact that no single scattering process characterized by one
particular sharp threshold energy dominates electron transport,

In molecular crystals such as solid COZ’ excitation of several
electronic and vibraticnal excited states can centribute to

the scattering of primary excited photoelectrons. The energies

for such excitations range from a few meV for phonens and vi-
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brational motions to several 100 meV for intramolecular vibra-
tions and up to several eV for exciton excitation (see Fig. 7).
Hence we do not expect to observe a sharp onset of a single

dominating electron-scattering mechanism.

D(E), like T(E), is a smooth functiom of E beyond the threshold
for which the energy of the electron E is sufficient to permit

it to surmount the potential barrier ar the surface. Because
electron affinities are in the tange of 1 eV for molecular
crystals, the barrier is low and D{E) has negligible influence

on the spectra. While both factors may distort the energy distri-
bution they are neot expected to introduce structure or peaks

in the intensity distribution I(E,w).

The spectrum of photoexcited electrons P(E,w} is the remaining
factor to be discussed. Within the three step model this distri-
bution is given through the optical excitation of electrons

from occupied valence band states Ev into empty conduction

band states EC:

2
P(E,w) « £ [ a’k leM  [“6(E -E -hw) 8(E_-E)
v,c ~v,c c v ¢

where Eyv.c is the dipole matrix element for the optical tran-

sition. It should be noted that the photoemission in this model

becomes a very selective process since three ¢-functions (inclu-

ding the k-selection in the matrix element |g§v Ci) restrict

the possible contributions. The expression for é(E,w) is closely

related to Ez(m), the imaginary part of the dielectric constant {40):
I )

€, () = L, a7k |eM,

l 2
2 v,c
[

S(Ec_Ev—hm},

If we take the dipole matrix element to be constant sz(w} is

a measure for the joint density of states, that is the total
number of transitions possible at a photon energy w subject

to energy and k-vector conservation. Likewise P(E,u) gives

the energy distribution of the joint density of states. Further-
more, if the valence bands are flat with no or little dispersion,
then €,(w) and P(E,m} simply reflect the density of conduction
band states.



S¢ Conduction Band Density of States

Molecular crystels have rather flat valence bands with only
1ittle dispersion, because the overlap of neighbouring molecules
in a van der Wasla-crystal is small. This is also the case

for aolid coz vwhere the width of the valence bands never exceeds
1.1 eV {see Figa. 2 and 3 and Table 1}. If we further consider
that this total width is an average over the intramolecular
vibrational bands broadened by solid state effects {(see section
3a), an upper limit of the E(k) - dispersion in selid C02 is
more likely 0.5-0.8 eV. Under these conditions the hu-dependent
intensity variations in the EDC's reflect the conduction band
density of states. We are thus lead to the conclusion that

the maxima appearing for each partial ionizatiom cross section
are due to a high density of final conduction band states.

The tresulting schematic energy band scheme comprising valence

and conduction bands is depicted in Fig. 6.

Our determination of the conduction band density of states

from the direct photoemission is supported by the observation :
of pronounced maxima of scattered electrons in each EDC (Fig. 2)
peaking at ~ 4.5 eV kinetie energy. These maxima are clearly
visgible for hv > 30 eV where they are almost not obscured by
pfiipty,emiplion. Their kinetic energy is independent of photon
energy and thus they reflect the high density of final states

in the conduction band inteo which primary electrons are scattered
inelaatically, This peak of scattered electrons grows with
increasing pﬁoton energy since the number of successive scattering
eventa, which one primary electron can undergo, increases with

kinetic energy.

34 Shape resonsnces in solid coz
According to the discussion in the previous section one would
clearly like to compare our data with band structure calculations,
but in the absence of those calculations we first campare our

data to gas phase results from x-tray absorption, valence shell

_lz_

photoemission and electron scattering experiments in order
to elucidate the molecular parentage of the observed resonan-

ces.

The photoionization cross sections of both valence shell and
inner shell electrons as well as electron scattering cross
sections are dominated by shape resonances. These resonances

are quasibound continuum states in which an incoming or outgoing
electron is trapped by a potential barrier. In small molecules
the barrier is mainly a centrifugal one. Theoretically the
resonance phenomena can be accounted for in the multiple scat-
tering model or as virtual orbitals in molecular orbital cal-
culations (see e.g. Ref. (42) and references therein). Since

the shape resonances are localised in the inner part of the
molecule the main difference between x-ray absorption, photo-
ionization and electron scattering is a shift -of the resonance
energy to higher kinetic enmergy according to the different
strength of Coulomb interaction encountered in each case and

due to the different number of electrons involved (43). Therefore
x-ray absorption spectra, electron scattering experiments and
calculations can be used as a guide in deciding which shape
resonances are to be expected in photoionization. For core

shell ionization the interpretation is often facilitated com-
pared to valence shell ionization, because only one or a few

well localised initial orbitals are involved.

Returning now to the special case of CD2, in electron scattering
four shape resonances have been predicted (44,45) of which
three are readily observed as shape resonances (46}, namely

in the “u’ Gg and Gu channel. In the core shell absorption
spectra the ﬂu resonance where an electron occupies the 2ﬂu
virtual orbital is observed as an intense peak in the discrete
spectrum a few eV below the corresponding ionmization threshold.
Frowm comparing theoretical calculations {15,16,18) and measured
spectra (47-49) the 08 and Uu shape resonances are expected in
the continuous spectrum, about | eV and 17 eV above threshold.
We have collected the data concerning the resonances observed

in x-ray absorption and electron scattering in Table 3. According
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to dipole selection rules one can expect shape resonances to

occur in photoemission from all four valence levels. Calculations

(12,15-21) and measurements of gas phase cross sections and
B parameters (8-14) largely agree with this expectation {sce
also Table 3).

Let us now briefly discuss the photoemission from the indiviual
orbitals and the relevance of calculated and measured gasphase

spectra to our solid state experiments.
1w Orbital
g

According to dipole selection rules, photoemission from the

1“8 orbital can couple to the “u and Uu resonance. The T reso-

T
nance is expected to form a prominent [ﬂg > Zdu valence gransi—
tion around hv = 12.5 eV {or 1.3 eV below the IP (7)), although
the experimental identification is not unique. The In_ + hcu
‘resonance is calculated at hv = 20 eV (15,16) or hy = 31-35 eV
(12,17-21) however, when averaged over vibrational bands, the
resonance is completely smeared out and not visible in experi-
mental spectra (9-11,14). It is very interesting to note that
our branching ratios for the In_ orbital show a clear maximum

at hv = 32 eV (Ekin-lg eV) which we consequently interprete

as the [ﬂs - ﬁcu shape resonance {(see Fig. 5). Obviously the
crystal field leads to a modification of the molecular potential
which brings out the resonance more-clearly. Close to threshold
the cross section is dominated by & maximum ip the lng - gﬁu
channel which is mostly of atomic origin (2p + €d) and contri-

butes to the maximum we observe close to threshold.

IT and 30 Orbital
u u

The Inu and 3ou orbital can only couple to the cg resonance
which is calculated to be at by = 19-25 eV (15-18,20,21)., One

calculation (17,18) predicts evem a minimum in the cross section.

The cross section for the lnu orbital is again dominated by

the atomic-like ]ﬂu > 565 channel with a maximum close to thres-

hold. For the 30 and 17T orbitals the 3¢ > 50 and [T > 50
u u u g u g

shape resonances are found immediately above threshold.
AUg Orbital

Finally photoemission from the 403 orbital can couple to the
T and Gu resonance. The 4Ug > Zﬂu resonance is calculated
{7,16) and experimentally assigned (7) below the threshold
at hv = 15.5 eV. The 40 ~+ aou shape resonance is theoretically
expected around hv = 40 ev (12,17-21) {(Ref. 15,16 gives hV =
30 eV) and experimentally verified at hv = 39-42 eV (13,14)
in the asymmetry parameter ., Partial cross sections in the
gas phase show only a broad maximum at the resonance energy
(9-11). Our measurements are restricted to photon energies
below hv = 40 eV, so that we cannot unambiguously identify

a maximum in the 4Ug branching ratio, which howeveér seems to

show a small rise in that region.

A synopsis of gas phase photoemission results in comparison
with our data for solid 002 and an assignment of the final

states appears in Table 4.

3e The Optical Spectrum of solid coz in the YUV

According to Table 3, there is a "discrete" Znu-shape resonance
located ~ 6 eV below threshold. This resonance is expected

to lead to a streng velence transition in the VUV absorption
spectrum. Although the gas phase absorption spectrum (7,50)

is rather complicated mainly because of overlapping Ryberg
states, the T > Zﬂu transition has been assigned to an ab-
sorption band at hv = 12.5 eV and the “Ug d 20u transition

to a band at hv = 15.5 eV (7).

Together with our photoemission results we can now reach an
interpretation of the hitherto unassigned solid state Ez(w)-
spectrum (23). The imaginary part of the dielectric functien

(Fig-. 7) shows in the VUV a fairly simple irregular structure
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with sharp intense maxima at around 10.4 eV, 12.8 eV and 14.6 eV
and a broader structured region with its waximum roughly at

20.8 eV {see Fig. 7). As discussed in section 3b and 3c we

can obtain the density of valence to conduction band transitions
by adding up the partial photoemission cross sections (Fig. 7).
We are thus lead to a simple interpretation of the optical
spectrum. All structure appearing at photon energies hv < 13 eV
has to be attributed to exciton states. The maximum at ~ 15 eV
may be due te a metastable exciton state. The broad optical

band centered at 20,8 eV is then due to interband transitions.

In solid N2 and CD the excitons are of the Frenkel type and
have a definite parentage in electronic excitations of a single
molecule, constituting stable crystal excitations below the
interband transition to the conduction band (51). Similarily
for solid CO2 we can assume that the stable exciton states
below the onset of interband transitions at 13 eV have their
origin in electronic states in the 10-15 eV range of the gas

phase spectrum (7,52).

An inspection of the excitation spectrum of €O, (52) and the
schematic energy scheme in Fig. 6 strongly suggests that the
strong daminating gas phase bands at 11.05 and 11.38 eV, the so
called “main-band” and "minor-band", give rise to the strong ex-
citon band at 10.6 eV in the solid, labeled I in Figs. 6 and 7.
These intense broad bands in the gas phase have previously en
Bescribed as the lowest n « 3 members of Iﬂg * npo and lﬂg hd

npo Rydberg series (7). Since Rydberg states, because of their
large spatial extend are strongly quenched and are generally

not observed in the solid (53), we have to postulate either

valence character for the "main"- and "minor-band"” or a strong

admixture of valence character to these bands in the gas phase.

The two maxima II and II1 are located at hv = ]12-14 eV and
hv = 14-16 eV (Fig, 7). The gas phase spectrum shows many
Rydberg states in this energy range which are again expected

to be strongly guenched in the solid. However, as discussed

above the two "discrete" shape resonances fall in this energy range.

- 16 -

We therefore suggest to assign the maximum II as the Im =+ 2%
(m = 7*) and the maximum III as the 4Ug hd ZTTu (0 + M%) tran- N
sition. Exciton II is located at threshold. It therefore has
to be regarded as a metastable exciton or a shape resonance

respectively.

3f Solid state effects in the bandstructure of solid COZ

So far we have discussed the photoemission results for solid
co,

to one correspondence in the initial states. In the preceeding

in close analogy to gas phase data and found a close one

section we could even propose new assignments for the excitons
("discrete" shape resonances) in solid COzbased on a comparison of
gas-phase and solid-phase absorption data. In view of this
close analogy it seems interesting and important to further
compare results from other kinds of experiments and to explore

the nature of the shape resonances more completely.

in Fig. B we bhave plotted the observed excitation energies

of shape resonances in x-ray absorption, gas-phase and solid-
phase photoemission and electron scattering on a common energy
scale. A clear trend towards higher kinetic energies is observed
for each resonance in going from x-ray absorption to electron
scattering. This increase in excitation energy reflects the
increasing Coulombic repulsion of the electron. Fig. 8 also
shows that the 4.5 eV resonance observed for solid CO2 in photo~
emission is close to the e -scattering resonance which has Zﬂu—
character {46). The question still remains of what is the micros-
copic origin for this high density of conduction band states

in solid COZ’ Certainly the 508 shape resonance will contribute,
as do the atomic p * €d components, but the comparatively weak
intensities for these channels in the gas-phase photoemission
show that this cannot be the major contribution. Based on the
similarity in energy between the Zﬂu—resonance in e_-scattering
and the observed high conduction hand density of states at about
the same energy we suggest an intermolecular charge transfer

mechanism as the major contribution whereby an excited electron
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leaves the molecule and occupies the 2nu—scattering resonances

of the neighbouring neutra' molecules. In solid state language
the scattering resonances form the conduction band states and

the observed cross sectiun maxima are real band-structure effects
and can no more be considered as localized molecular excitations.
We point out that this mcchanism is likely to be the origin

for similar observations for solid N2 (1}, where completely

analogous arguments are valid.
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Solid Gas Shift
(this work) Ref.(2)

Initial IPvert FWHM Ipad IPvert Ipad AIPvert AIPad
Orbi tal {(eV) (eV) (eV) (eV} (eV) (eV) (eV})

I 13,0 0,95 11,9 13,78 13,78 | 0,8 1,9

I 16,7 1,10 15,4 17,59 17,32 | 0,9 1,9

3o, 17,6 0,85 16,6 18,08 18,08 | 0,5 1,5

bo 18,8 0,80 17,8 19,4 19,4 0,6 1,6
Table 1: Vertical (IPvert) and adiabatic (IPad) ionization potentials,

full width half maximum (FWHM) and energy shift between gas

and solid, For the solid phase the adiabatic ionizationm

potential has been determined according to the formula

IPad ver

= TP - (1,2 x FWHM).



relative cross section branching ratio

hy weighting
(evV) factor wg ull'u+30':l 4G'g m'g wu+30’u ao’g
16 i 1.204 1
17 | 5. 070 | final Eiq &V 8B ;. (eV)
17.5 l 1.301 I Crbital A B A-B
18 1 2.653 1
2t -6,8 (Cls) 3,8 -10,6
18.5 1 2.593 1 u -5.7 (Ols) -9’5
19 1 2.099 0.311 0.87 0.13
19.5 1 1.856 0.670 0.73 0.26 g 0.8 {01=) 10,8 ~10,0
20 1 1.549 1.365 0.53 0.47
20.5 I 1,274 2.130 0.37 0.63 iy 16,3 {Cls) 30,0 -1,3
21 I 1.068 2.952  0.110 0.26 0.71 0.03 17,6 ©ls) ~i2,4
22 1 0.721 3.056 0.310 0.18 0.75 0.07
23 l 0.434 2.154 0.442 0.14 0.71 0.15
24 ! 0.272 1.274 0.244 0.15 0.71 0.14 Table 3: Shape resonances for (O, observed in X-ray absorption A (47-49)
25 1 0.180 0.862 0.269 0.14 0.66 0.20 and electron scattering B (4b), The minus sign in X-ray absorption
25 6.8 1.422 5.708 1.561 0.16 0.66 0.18 indicates that the resonances occur in the discrete part of the
26 6.8 1.031 3.518 1.083 0.18 0€.63 0.19 spectrum below threshold.
27 6.8 0.731 2.088 0.554 0.22 0.62 0.16
28 6.8 0.530 1.195 0.321 0.26 0.58 0.16
29 6.8 0.418 0.887 0.276 0.26 0.56 0.17
30 6.8 0.414 0.671 0.184 0.33 0.53 0.14
31 6.8 0.393 0.588 0.143 0.35 0.52 D.13
32 6.8 0.468 0.603 0.166 0.38 0.49 0.13
33 6.8 0.511 0.667 0.207 0.37 0.48 0.15
34 6.8 0.447 0.631 0.204 0.35 0.50 0.16
35 6.8 0.433 0.639 0.227 0.33 0.49 0.17
36 6.8 0.332 0.551 0,199 0.31 ©0.51 0.18
37 6.8 0.276 0.470 0.198 0.29 0.50 0.2)
38 6.8 0.i85 0.325 0.126 0.29 0.51 0.20
39 6.8 0.149 0.273 0.100 ¢.28 0.52 0.19
40 6.8 odé1 0.255 0.093 0.29 0.52 0.19
Table 2 Relative cross section data and branching ratios

plotted in figures 4 and 5. The weighting factor
is due to different pass energies of the electron

analyzer.



Solid Gas agsignment
initial this work (see text)
Orbital [hv (eV) Ekin(eV) hv (eV)’ Ekin(ev)
in 1216 (~1)-(+1) 12,5 1,28 fim > 2n,
18,2 5,2 - - conduction band
32,0 19,0 (31-35) (16-20) lwg-& 40u
1z 43¢ - - 21,0 3,4 In » 50
U u
- - © 21,0 2,9 3¢+ 5
o 8
2,0 4,4-5,3 - - canduction band
‘ds j&-16 -(2,8-4,8) 15,5 -3,9 403-* 2nu
Il,é 4,2 - - conduction band
- - 39-42 20-23 bo -+ 4o
E u
Table 4: Obaerved features in photoemission cross sections and VDV

absorption for gaseous and solid COZ' The minus sign for kine-

tic energies indicated that the features occur in the discrete

part of the spectrum below threshold. These values are taken

froh absorption data (see text).

Fig. 1
Fig. 2
Fig. 3
Fig. &
Fig. 5
Fig. 6

Figure Captions

Experimental set up for the study of photoelectron
emission from condensed gases deposited at low tempe-

ratures (T = 7-300 K).

Photoelectron energy distribution curves for polycrystal-
line solid Co, for excitation energies ranging between

i4 and 40 eV. In this plot the same initial states

follow inclined lines. The four valence molecular

orbitals are denoted by the one-electron MO-notationm.

Comparison of the gas phase photoelectron spectrum
from Turner et al. (2 ) (upper panel) with a photoelec-
tron energy distribution curve for solid CO2 (this

work, lower panel). AE;

= 0.7 eV gives the rigid
gas-to-soild relaxation shift by which the gas phase
spectrum has been shifted in order to obtain coinci-
dence for the prominent features. The deconvolution
of the EDC for solid CU2 into four bands is also
shown. Crosses give the measured EDC while the solid
line gives the sum of the indiviual bands (dashed

curves).

Relative partial ionization cross sections for the

im -derived, IT + 30 -derived and 40 _-derived va-
g u u B

lence bands of solid COZ' The arrows mark the omnset

for photoemission from these bands.

Branching ratios for the one electron states of C02.
Note in particular the maximum in the Ing’channel

at hv = 32 eV corresponding to Ekin = 19 eV,

Schematic energy scheme for the electronic band struc-
ture of selid €O, (right part). In order to de-
duce the molecular parentage comparison is made to

the valence MO's and some excited states in gaseous

co, (see text).



Fig.

Comparison of the optical VUV-spectrum (dielectriec
funetion 52) of solid co, (23) with the partial and
summed photoicnization cross sections as determined

in this work. The excitonic nature of features 1,

II and 111 in the optical spectrum is clearly visible.

Plot of shape resonances observed for CO2 in x-ray

absorption, gas phase and solid-phase ultraviolet

photoelectron spectroscopy and in electron~scattering.

Negative kinetic energies denote "discrete™ shape

resonances below threshold.
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