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1 . Introduct ion

Becently we have reported on the striking observation of pro-

nounced resonances in the partial cross sectiona 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) (l). In contrast to the case of gas phase

photoemission, these strong resonances were found to be unper-

turbed by degenerate autoionizing molecular Rydberg states

and have been interpreted in a solid state band structure picture

äs due to high density of conduction band final states. In

^̂ ^̂ ^ the case of solid N- we discussed the molecular origin of these

deteraintd for excitation energies from hv • 14 up to 40 eV using

Synchrotron radiation. A 1 : 1 correspondence to the gas phase photo-

electrao a pacCru* i s obterved for the occupied molecular orbitals.

The v«ttlcol b ind ing energiea - 0) and w i d t h s ( f w h m ) of

the valenct band« of solid CO. are deterained to be 13.0 eV and 0,95

' e? (U >{ 16.7 e? and 1.1 «V (U ); 17.6 eV and 0.85 eV (3a ) and

18.8 tf t*t 0.1 «V (40 ) for the individual bands respec t ively . The
B

pktt«a»i«« i°n cross lection« differ importantly from those

of tha |« t ph*ic in exhibiting pronounced maxima at 5.3 eV (In ),

4.4 - 3. S ()t + 30 ) »nd 4.2 eV (4O ) above the v a c u u m l eve l ,

which l« a t t r ibu ted to e f f e c t s of high dens i ty of f i n a l ( c o n d u c t i o n

band) •tat«*. Fu rche r weaket maxi »a are observed at h i g h e r photon

energlai . Cent rar y to the c«»e for the gas phase , the r e sonances

are u*p«rtllfhad in the solid by degene ra t e au to ion i z ing m o l e c u l a r

Rydfctrf , I t a ta i . The »oleculir o r ig in of the resonances in the con-

tiauu« i« f l t cus ied and rclated to x-ray a b s o r p t i o n s p e c t r a , e l e c t r o n

• ca t t a r ing da ta and to tbao re t i ca l cross-sect ion c a l c u l a t ions . It

ia ahowa that tha «a»e *«t of resonancea is observed in the d i f f e r e n t

exaar iacn t» . The reaonancei occur however a t d i f f e r e n t ene rg i e s

due to d i f f e r e n t Coulomb i n t e r a c t i o n . The p h o t o e m i s a i o n r e su l t s

praacnted provide also a key to the h i t h e r t o u n e x p l a i n e d o p t i c a l

•pectru« of aolid C0_ in the VUV ränge , m a k i n g poss ib le an ass ign-

•ent of tht a t r u c t u r e » obse rved to F renke l - t ype exc i t ons (hv < 15

and Interband t r a n a i t i o n a (hv > 15 e V > .

*Subaitted to Chtaleal Fhysica
Work «upportad in part by Bundeaministerium für Forschung und Technologie (BMFT)
froai Funda for JLtaearch with Synchrotron Radiation

V )

final states and rclated them to the TT negative-ion shape

resonance.

In the couree of a systeroatic study of the band structure of Con-

densed simple di- and tri-atomic gases we have chosen solid CO.

for more intense study because of its role äs the prototypical

molecular crystal composed of triatomic molecules. The photoelec-

tron spectrum of gaseous CO. has been the subject of several

experiraental (2-4) and theoretical (5-7) investigations, and

the binding energies and symntetries of the occupied molecular

orbitals (HO's) are well established. Also the photoelectton

brauch lug ratlos and partial photoionisation cross sections

(8-11) äs well äs the ß-pararaeters (12-14) have recently been

determined and discussed in comparison with theoretical studies

(12,15-21). For solid CO. there is, however, little Information

available. Only a not well resolved Hell spectrum for solid

COj has recently been reported, (22) and even the pronounced

sharp features observed in the VUV-optical spectrum (23) in

the ränge 10 eV £ hy £ 15 eV have not yet been assigned.

In the present paper we report on the measurement for an extended

ränge of energies of the exciting photons of photoelectron

energy distribution curves (EDC's) from solid C0„. In addicion

to determining the binding energies and widths of the bands

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

ISSN 0723-7979



obtained the partial photoionization cross-sections for the

initial state» äs a function of excitation energy, thereby

gaioing Importaat Information concerning the higher conduction

band «tatei. For solid CO. äs for solid N, earlier, a major

rtsult of our investigation has been the observation of pro-

nounced maxi** in the continuum 4.2 - 5.3 eV above the threshold

for each of the partial cross sections. On the basis of our

experimental Undings and by comparison to x-ray absorption

spectra electron scattering data and cross section calculations

w« di*cuss tha molecular parentage of tbe electronic band struc-

ture and optieal spectra. It appears now that cross section

deterninationi dose to threshold for solid di- and triatomic

molecules are generally not hampered by degenerate autoionizing

Rydbcrg statea which make such measurements and their Interpreta-

tion difficult or even impoasible in the gas phase . Thus we

auggest that photoemiasion intensity measurementa from molecu-

lar cryatal» may be more useful in testing calculations and

various thcoratical nodela for final 8täte effects. A t the

•an« time our experiments show the importance of effects charac-

teriatic for the aolid state such äs band formation and intermo-

lecular Charge transfer excitations. The careful comparison

of gas-phas* and aolid-phaae spectra and of data from different

iptctroacopiet such äs x-ray absorption, photocmission and

«lec.tro.n i-C*t,t«r inga yields v.aluab^e insight in(.o the nature

of the final itates and their molecular parentage. 1t can be

ahown tbat tbc lawe set of resonancea ia observed in the diffe-

rent kinds of experinenta. These resonances are spread over

Che discrete and continuous part of the spectrum, merely shifted

in energy 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 reaults of our photoemission study to

interprete tha hitherto unassigned structure in tbe VUV-spectrum

of solid CO. t23). In thia way we also obtain some icisight

into the ptoblem of roaking aftsignments for the C0_ gas phase

absorption spectrum, a long-standing prob lern in VUV-absorption

spectroscopy (see e.g. ref. (7)).
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2. Experimental Details

He 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 pressure is

5 x 10 mbar. The chamber is equipped with a He flowcryoata t,

a gas handling and inlet System and an angle irttegrating, double-

paaa, cylindrical-mirror analyzer (CMA) (25,26). The details

of the set-up are shown in Fig. l. Photon energies ranged from

10 eV to 40 eV with 0.3 nm resolution (corresponding to - 0.1

eV at 20 eV) in the »hole ränge. The CMA was operated in tbe

retarding mode in order to obtain a constant resolution AE.

We chose ÄE - 0.20 eV for hv £ 30 eV and ÄE * 0.65 eV for

hv >_ 25 eV. Thus the overall resolution {monochromator and

electron energy analyzer) was basically determined by the elec-

tron analyzer. It was in all cases sufficient for an accurate

determination of EDC-features which were found to have widths

ranging between 0.8 eV and 1 . 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 constant pass energy E one

must observe that the source volume, from wh ich electrons are

accepted, changes with the kinetic energy E,. of the photoelec-

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

k in

wbere 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 l mm in diameter. This assured

that, for the parame ters used in our experiment, the analyzer

source volume was always much largec than the illuminated spot

on the sample from where electrons were emitted. Therefore we



can assume that Ehe transmission of ehe analyzer was constant,

independent of E. . Only for very low kinetic energies m i gh t

this assumption be in error, since gr i d scattering and possible

residual tnagnetic fields around the sample and within the in-

terior of the analyzer could teduce the transmi s sion - Such

effects would lead to an underestimation of intensities in

the spec t ra at low E.. . In any case our experience of comparing

EDC's from different samples persuades us that no distinct

structures or peaks are introduced in ehe spec t ra äs a result

of an untcnown exact transmission function.

The geome try used for ehe 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 cooe between 36.3° and 48.3 wich respec t to its ax i s . Thus

with polycrystalline samples the set-up can be charaeterized

äs having angle-integrating geometry free from angular effects.

High purity (99.998 Z) CO.. gas was Condensed under UHV conditions

(pressure before and after condensation 5 x 10 Torr) from

a capillary on a Heiium-cooled gold Substrate (Fig. 1). The

temperature of the Substrate was - 20 K . Under these tonditions

CO forms polycrystalline films of cubic Pa3 symmetry (27)-

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

of error in photoemission from insulators, the sample thickness

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

were changed and fresh samples were prepared äs soon äs any

sign of charging was noticable during extended periods of data

taking. In Chis way we were ahle to limit errors in peak posi-

tiona to a value < 0.15 eV. The reproducibility from sample

to sample of measurements of intensities at the peak was roughly

10 Z.

For the determination of photoemis sion intensities, the EDC's

for each excitation energy were normal.ized to the intensity

of the photon f lux impinging on the sample. Secondly, a smooth

s tructureless 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 experimenta lly determined three peak structure

by fön r gaussians cotrespunding to the four uppertnos t MO' s

(see Fig. 3). 11 turned out that für all photon energies a

fit with one gaussian for each MO was sufficient.

As we discussed above, the largest uncertainity in the cross

sectlon determination rests in the unknown transmission function

of the electron analyzer. It contributes mast of the total

errors in the relative cross sections which we estimate may

be äs high äs 30 7-.

3. Results and Discussion

3a ASS ignmentsT valence band binding energies andrelaxation

In Fig. 2 is shown a family of ELC's for solid CO at different

photon energies. The three main i'eatures for direct emission

from solid C0„ are clearly visible. While the uppermost band

with highest kinetic energy is i~'ell separated from the rest,

several other bands coalesce to form a double peaked structure

at lower kinetic energies. The di r e c t emission features are

decomposed into four partly overlapping bands äs indicated

in Fig. 3 for one particular photon energy. Thus a clear one-

to-one co r r e s ponde nc e to the gas phase pho t oe lec t r on spectrum

of CO ̂ (4,5) emerges, {Fig. 3) and it is easy to assign the

peaks for solid C0„ to the photoemission from valence bands

formed by the I T , ITT , 3ö and 4o MO's of the CO. molecule
g' u' u g 2

respectively. The resulting vertical bin d i n g energies E„ are
B

13.0 ; 16.7 ; 17.6 and 18.8 cV, respectively, with reference

to the vac.uum levcl ( E« » r sample.

These energies, äs well äs adiabatic b i n d i n g energies E are
D

compiled in Table 1 . A d iabatic b i n d i n g energies were determined

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



Eüd - ̂  ~ 1 - 2 T, where T is the half width (FWHM) for each
B 8

band. Gas phaie values are also given in Table t for comparison.

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

energy) toward» lowet binding «nergies of E - 0.7 +_ 0.2 eV

for all four eaiiaion band s - the reduced ionization potentials

in monomolecular crystala äs compared to the gas phase photo-

emisaion of the constituent tnolecule are caused by initial

state shi ft« and final s täte ahifts vhich cannot be determined

separately in a photoemission experiment. Possible origins

to these shifti have been conaidered pteviously and several

mechaniams have been suggeated (aee e.g. ref, 28,29): Firstly,

a binding energy shift aay occur, which effects the initial

state of individual orbitala taking part in Chemical bonding

and leada to the obaervation of differential ahifts of molecular

orbitals. For adsorbed layers of molecules on metal surfaces

this is a common Situation. In bulle molecular crystals, however,

shifta due to cheuical bonding are generally not observed.

Secondly, the chenical shift or cage effect can alter initial

states becaute of a changed chemical environnent. Thirdly,

the relaxation ahift nay siaply be caused by screening of the

positive hole left behind in the photoemission process and

is tbu* a final state eCfect* This relaxation mechanism for

solid molecular gaaea ha* previoualy been discussed within

the framework of the Hott-Litcleton raodel (30-32). A hole pola-

rization enetgy of P - 1.2 eV was estimated for solid CO.

within a simple macroscopic continuum model äs the energy diffe-

rence between the acreened hole and the free ion (32). This

value lies between the observed adiabatic and vertical ionization

potential shift« (Table !) and has to be conaidered äs the

main contribution to the total observed shift. However, an

additional smaller contribution from a chemical shift cannot

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

we do not observe significant differential shifts of individual

Orbitals.

Apart from the shift in bonding energy the widths of the photo-

emission bands are of considerable interest. For all four valence

HO' s we observe a considerable broadening up to - 1. 1 eV in

the solid phase (Fig. 3, Table l). Spat ial inhomogenities in

the environments of individual molecules in polycrystalline

films resulting in relaxation energy fluctuationa have been

cons idered äs the major source of the broadening (33-37). Ther«*

fore the individual molecular banda due to intramolecular vi-

hrations are no longer discernible in the photoemieaion epectrum

of the solid. Fürthermore, a temperature dependent phonon broade-

ning has been considered (36). He rtote, that in addition to

these .proceases a band bending E(O within the Brillouin zone

will also contribute to a broadening of the valence bands.

According to theoretical band structure calculatlons for other

molecular crystals and experimental evidence for rare gas solids

this E(k^) dispersion is expected to ränge between 0.3 eV and

l .5 eV (39).

3b Photoemission intenaitiea, brancbing ratlos and electronic

band structure

Next we discuss the hv-dependence of the partial photoionization

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

shows imnediately 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 a.(hv) for the i-th band by

measuring for each photon energy the area A. ander each peafc.

This procedure gives reliabie results, because we are using

an angle integrating analyzer and polycrystall ine, randomly

oriented samples, which can be regarded äs 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



ratlos ( Fig . 5) wh ich are not visible in the pl o t o f ionization

intensities (Fig. 4 ) . Moreover, we would like to point out,

that the branching ratios are quite s i m i l a r to the gas phase

re su 1 1 s , whe reas the partial ctoss sections are markedly

dif f erent .

In ordef to discuss further the intensities and partial pho t o -

ionization cross sections we briefly recall t hose factors which

influence the intensity Z(E,o) of photoemitted electrons with

energy E excited by photons of frequency ii> from a solid sample

(40). This will enable us also CD makc a comparison to the

optical specttrum, more exactly to the imaginary part e {w )

of the dielectric constant.

Mithin the framework of the three step model for photoemis s ion

(4l) the intensity distribution of primary electrons I(E,u)

can be factorized:

l(E,tu) x T(E) x D(E)

according to the sequence of three events, namely (i) the optical

excitation of an electron leading to a d i s t r i b u t i o n of photo-

excited electrons P(E,ui), (ii) the ttansporc through the solid

charactetlzed by a transraission function T (E } and (iii) the

escape through the sample surface into the vacuum desrribed

by the escape function D(E).

The transport function T(E) includes the possibility for inelastic

scattering by the other elecCrons or elementary excitations

in the solid. Lt 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 äs solid CO excitation of several

electronic and vibrational excited states can contrihute to

the scattering of primary excited photoelectrons. The energies

for such excitationa ränge from a few meV fot: phonons and vi-

b r a t i o n a l motions to several 100 meV for intramolekular 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 tnechanisra.

D(E), like T(E), is a smooth function of E beyond the threshold

for which the energy of the electron E is sufficient to permit

it to siirmciiint the potential harrier at the surface. Because

electron affin! cies are in the ränge of l 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 not expected t n introduce structure or peaks

in ehe intensity distribution l(E,u>).

cited electrons P ( E ,ü) } is the remainingThe spectrum 11 f photoexciteü electrons f 11 ,w; is the remair

factor to be discussed. Within the three step model this distri-

bution is given through the optical excitation of electron;

from occupied valence band states

b and states E :
c

into empty conduction

I | d3k eM
v , c --v , i

i(E -E -l !(E -E)

where eM is the dipole matrix element for the optical tran-

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

becontes a very selertive process since thcee ^-functions (inclu-

ding the k-selection in the matrix element l e M I) r e s t r i c t

the possible contributions. The expression for P(E,LQ} is cloaely

related to E (i'>) , the imaginary pnrt o£ the d i e l e c t r i c constant (40)

T. l d k eM
v , c --v , c

5(E -E -hm )
c v

If we t ake the dipole m a t r i x element to be constant t_('jj) is

a measure fnr the joint d e n s i t y of states, Chat is the total

number of transitions possible at a photon energy di subject

to energy and k-vecCor conservation. Likeuiso P ( E tu ) gives

the entrgy d i s t r i b u t i o n of the joint d e n s i t y of states. Further-

more, i f the valenre bands are f l a t w i th no or l i t t l e dispersion

then and P (E, in) simply reflect the density of conduction

band states .



Je ConAuctlan land D«««lty of State«

Molecular ery»t»l« have rather flat valence band s with only

littlt diipercion, because ehe overlap of neighbouring molecules

in a van der tfaala-erystal is small. This ia also the case

for lölid CO. where the vidth of the valence bands never exceeds

1.1 eV (see Figi. 2 and 3 and Table l). If we further consider

that thil total vidth is an average over the int ramolecular

Vibration al band« broadened by solid s täte ef f ects <aee s«ction

3a), an upper limit of the E(k) - dispersion in solid Cd is

•ore l ikely 0.5-0.8 eV. Und er these conditions the hv-dependent

intcnsity variations in the EDC'a reflect the conduction band

den*ity of statea. We are thus lead to the concluaion that

the maxima appearing for each partial ionization cross section

•re due to a high density of final conduction band States.

The resulting aChe*atic energy band scheine comprising valence

and conduction bände is depicted in Fig. 6.

Our deterninat ion of the conduction band density of statea

froM the direct photoemisa ion is supported by the observation '

of pronounced »axitna of scattered electrons in eacb EDC (Fig. 2 )

peahing at — 4.5 eV kinetic energy. These maxima are clearly

Visible for hv > 30 eV where they are almost not obscured by

prt«ary emiaaion. Theit kinetic energy is independent of phcton

energy and thua they reflect the high density of final states

in the conduction band into which prima ry electrons are scattered

ln«laatically. This peak of scattered electrons grows with

increasing pboton energy since the number of successive scattering

tventa , which one primary electron can undergo, increases with

kinetic energy,

3d Sb*pe rcioncncea in solid CO.

According to the dlacussion in the previous section one would

clearly like to compare our data with band structure calculations,

but in tbe abaence of thosc calculations we first compare our

data to gas phaae results from x-ray absorption, valence shell

- 12 -

photoemission and electron scattering experinents in Order

to elucidate the molecular parentage of the obaerved resonan-

ces .

The photoionization cross sections of both valence sbell and

inner shell electrons äs well äs 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 äs virtual Orbitals in molecular orbital cal-

culations (see e.g. Ref. (42) and references therein). Since

the shape resooances 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 energy 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 äs a guide in deciding which shape

resonances are to be expected in photoionization. For core

shell ionization the interpretation is often facilitated com-

parad to valence shell ionieation, because only one or a few

well localised initial orbitals are involved.

Returning now to the special case of C.O , in electron scattering

four shape resonances have been predicted (44,45) of which

three are readily observed äs shape resonances (46), naraely

in the n , o and 0 channel. In the core shell absorption
u' g u

spectra the TT resonance where an electron occupies the 2n
v u u

virtual orbital is observed äs an intense peak in the discrete

spectrum a few eV below the corresponding ionization threshold.

From comparing theoretical calculations (15,16,18) and measured

spectra (47-49) the o and o shape resonances are expected in
g u

the continuous spectrum, about l 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 f our valence leve l s . Calculations

(12,15-21) and measuremen ts of gas phase cross sections and

ß parameters (8-14) targely agree with this expectation (see

also Table 3).

Let us now briefly discuss the photoemission from ehe indiviual

Orbitals and the relevance of calculated and measured gasphase

spect ra to our solid state experiments.

ITT Orbital

According to dipole selection rules, photoemission from the

In orbital can couple to the " and o resonance. The TT reso-
g u u u

nance is expected to form a prominent ITT * 2ü valence transi-
* g u

tion around hv - 12.5 eV (or 1.3 eV below the IP (7)), although

the experimental Identification is not unique. The ITI -* 4o
g u

resonance is calculated at hv = 20 eV (15,16) or hv - 31-35 eV

(12,17-21) however* when averaged over vibrational bands, the

resonance ia completely smeared out and not visible in experi-

nental spectra {9-11,14). It is very interesting to note that

our branching ratios for the ITT orbital show a clear maximum

at hv - 32 eV (E . »19 eV) which we consequently interprete

äs the In •* 4o 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 a maximum in the 1-n -*• rft
g u

channel which is mostly of atomic origin (2p* Ed) and contri-

butea to the maximum we observe close to threshold.

l* and 30 Orbital
u u

The In and 3o orbital can only couple to the O resonance
u u g

which is calculated to he at hv = 19-25 eV (15-18,20,21). One

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

The cross section for the ITT orbital is again dominated by

the atomic-like ITT •+ e 6 channel with a maximum close to thres-

- 14 -

hold. For the 3o and In Orbitals the 3C -+ 5ö and ITI
u u u g

ahape resonances are found immed iately above threshold.

50

40 Orb i tal
g

Finally photoemission from the 40 orbital can couple to the

T and c resonance. The 4ü "* 2 n resonance is calculated
u u g u
(7,16) and experimentally assigned (7) below the threshold

at hv> = 15.5 e V . The 40 -*• 40 shape resonance is theoretically
g u

expected around hv = 40 eV ( 1 2 , 1 7 - 2 1 ) (Ref. 15,16 gives hv =

30 eV) and experimentally ve r i f i e d 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 4o branching ratio, which however seems to
o

show a small rise in that region.

A synopsis of gas phase photoemission results in comparison

with our data for solid CO

states appears in Table 4.

with our data for solid CO and an assignment of the final

3e The Optical Spectru« of solid CO in the VDV

According to Table 3, there is a "discrete" 2 u -shape resonance

located - 6 eV below threshold. This resonance is expected

to lead to a strong valence transition in the VUV absorption

spectrum. Although the gas phase absorption spectrum (7,50)

is rather complicated mainly because of overlapping Ryberg

states, the ! ff ~" 2 TI transition has been assigned to an ab-
g u

sorption band at hv = 12.5 eV and the 4n "* 2^ transition
H g u

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

Together with our photoemis s i an results we can now reach an

Interpretation of the hitherto unassigned solid state E^(w)-

spectrum (23). The imaginary part of the dielectric function

(Fig. 7) shows in the VUV a fairly simple irregulär structure



- 15 -

with sharp intense maxitna at around 10.4 eV, 12.8 eV and 14,6 eV

and a broader structured region with its raaxitnum 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 attributcd to exciton states. The maximum at ~ 15 eV

may be due to a metastable exciton state. The broad optical

band centered at 20,8 eV i s then due to interband transitions -

In solid N? and CO the excitons are of the Frenkel type and

have a definite parentage in electronic excitations of a single

molecule, consti tu ting stable crystal excitations below the

interband transition to the conduction band (5l). Similarily

for solid CO we can assume that the atable exciton states

belou the onset of interband transitions at 13 eV have their

origin in electronic states in the 10-15 eV ränge of the gas

phase spectrum (7,52).

An inspection of the excitation spectrum of CO, (52) and the

schematic energy scheine in Fig. 6 strongly suggests that the

strong dominating 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, labcled I in Figs. 6 and 7.

These intense broad bands in the gas phase have previously en

oescribed afi the lowest n •• 3 merabers of In * npO and l TI -*•
g v " ß

npo Rydberg series (7). Since Rydberg states, because of their

large spatial extend are atrongly 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 III are located at hv - 12-14 eV and

hu = 14-16 eV (Fig. 7). The gas phase spectrum shows many

Rydberg states in this energy ränge which are again expected

to be strongly quenched in the solid. However, äs discussed

above the two "discrete" shape resonances fall in this energy ränge

- 16 -

He therefore suggest to assign the maxinum II äs the ITT •+ 2ir
g

(TI •+• it*> and the maximum III äs the 4o •* 2n (o -*• TT *) tran-
8 u

sition. Exciton II is located at threshnld. It therefore has

to be regarded äs a metastable exciton or a shape reaonance

respect ively.

3f Solid state effects in the bandstructure of solid CD,

So far we have discussed the photoemission results for solid

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

to one correspondence in the initial states. In the preceeding

section we could even propose new assignments for the excitons

("discrete" shape resonances) in solid CO-based 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 comple tely.

In Fig. 8 we have plotted the observed excitation energies

of shape resonances in x-ray absorption, gas-phase and solid-

phase photoemission and electron acattering on a common energy

scale. A clear trend towards higher kinetic energies is observed

for each resonance in going from x-ray absorption to tlectron

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 CO« in photo-

emission is close to the e -scattering resonance which has 2Ti -

character (46). The question still remains of what is the micros-

capic origin for this high density of conduction band states

in solid CO.. Certainly the 5° shape resonance will contribute,

äs do the atomic p * Cd 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 2n -resonance in e -scattering

and the observed high conduction band density of states at about

the sarae energy we suggest an intermolecular Charge transfer

mechanism äs the major contribution whereby an excited electron
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leaves the molecule and occupics the 2ir -scattering resonances

of the neighbouring neuer ;i' molecules. In solid state language

the scattering resonances form ehe conduction band atates and

the observed cross sectiun maxima are real band-structure effects

and can no more be considered äs localized molecular excitations.

We point out that th i s mcrhanism i s l i kely to be the origin

for aimilar observations for solid K., (I), where completely

analogous arguments are valid.
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Initial

Orbital

lir
g

I T T
u

3o
u

4o
g

Solid

(this work)

IP t FWHM IP ,vert ad
(eV) (eV) (eV)

13,0 0,95 H, 9

16,7 1,10 15,4

17,6 0,85 16,6

18,8 0,80 17,8

Gas

Ref. (2)

"vert IPad
( e V ) (eV)

13,78 13,78

17,59 17,32

18,08 18,08

19,4 19,4

Shift

All5 ÄIP .
vert ad

(eV) (eV)

0,8 1,9

0,9 1,9

0,5 1,5

0,6 1,6

Table 1: Vertical (IP „) and adiabatic (IP ,) ionization potentials,
- - - — -— vert au

füll width half maximum (FWbM) and energy shift between gas

and solid. For the solid phase the adiabatic ionization

Potential has been detennined according to the formula

IPad -



hv
(eV)

16

17

17.5

18

18.5

19

19.5

20

20.5

2 1

22

23

24

25

25

26

27

28

29

30

31

32

33

34

35

36

37

36

39

40

relative ctoss

weight ing
factot 1*

1

1

1

1

1

1

1

1

1

1

1

1

1

1

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

6

8

8

8

8

8

8

8

8

8

8

8

8

8

8

8

8

Table 2 Relative

1 .204

2.070

1-3"
2.653

2.593

2 .099

1 .856

1 .549

1 .274

1 .068

0.72 1

0.434

0.272

0. 180

1 .422

1 .031

0.731

0.530

0.4 18

0.4 14

0.393

0.466

0.511

0.447

0.433

0.332

0.276

0. 185

0. 149

0.1 4 1

cross

sec t ion

u u

0

0

1
2

2

3

2

I

0

5

3

2

1

0

0

0

0

0

0

0

0

0

0

0

0

.311

.670

.365

. 130

.952

.056

. 154

.274

.862

.708

.518

.088

. 195

.887

.67 1

.588

.603

.667

.63 1

.639

.55 1

.470

.325

.273

.255

ec t ion

0

0

0

0

0

1

1
0

0

0

0

0

0

0

0

0

0

0

0

0

0

"l

1 10

3 10

442

244

269

56 1

083

554

321

276

184

143

166

207

204

227

199

198

126

100

093

branching ra t io

1W IV +3«" 4«T
g U U g

1
1
1

1
1
0.87

0.73

0.53

0.37

0.26

0.18

0. 14

0.15

0. 14

0.16

0. 18

0.22

0.26

0.26

0.33

0.35

0.38

0.37

0.35

0.33

0.31

0.29

0.29

0.28

0. 29

0.

0.

0 .

0 .

0.

0.

0 .

0.

0.

0.

0.

0.

0.

0.

0 .

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

3

26

47

63

7 1

75

7 1

7 1

66

66

63

62

58

56

53

52

49

48

50

49

51

50

51

52

52

data and branchine rat

0.03

0.07

0.15

0 . 14

0 . 20

0.18

0.19

0.16

0.16

0.17

0 . 14

0.13

0.13

0.15

0.16

0.17

0. 18

0.21

0.20

0.19

0.19

ios

plotted in figures 4 and 5. The weighting factor

is due to different pass energies of the electron

analyzer-

final

Orbital

2r
u

5c
g

4c
u

Ekin <£V>

A B

-6,8 ( C l s ) 3,8
-5,7 ( Ö l s )

0,8 ( Ö l s ) 10,8

16,5 ( C l s ) 30,0

17,6 ( Ö l s )

ÜE, . (eV)km '

A - B

-10,6
- 9,5

-10,0

-13,5

-12,4

Table 3: Shape resonances for C0? observed in X-ray absorption A (47-49)

and electron scattering E ( 4 6 ) . The minus sign in X-ray absorption

indicates that the resonances occur in the discrete part of the

spectrum below threshold .



initial

Orbital

In
8

»V30«

*>*

Solid

this work

nv (eV) Ekin<eV)

12-14 (-!)-(+!)

18,2 5,2

32,0 19,0

•

21,0 4,4-5,3

14-16 -(2,8-4,8)

tt,0 4,2

"

Gas

(see t ex t)

hu (eV) ^„(eV)

12,5 -1,28

(31-35) (16-20)

21,0 3,4

21,0 2,9

15,5 -3,9

39-42 20-23

assignnent

ITT •+ 27Te u
conductioa band

IJT -*• 4o
g u

lir * 5o
u B

3a -»• 5ou g
conductioD band

4o •* 2ir
g u

conduction band

4ö -*• 4o
g u

T«bl» 4l Oblcrvftd f«*tures in photoemission cross sections and VUV

abierpCion for gaseous and «olid CO . The minus sign for kine-

tie «mrgies indicatti that the features occur in the discrete

p«11 of the spectru» below thresbold. These values are taken

«bforption data (see text).

Figure Captions

Experimeotal set up for ehe study of photoelectron

Emission fron Condensed gases deposited at lou tempe-

ratures (T - 7-300 K).

Fig. 2 Photoelectron energy distribution curves for polycrystal-

line solid C0_ for eitcitation energies ranging between

14 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-notation.

Fig. 3 Comparison of the gas phase photoelectron spectrum

from Turner et al. (2 ) (upper panel) with a photoelec-

tron energy distribution curve for solid CO (this

work, lower panel). AE - 0.7 eV gives the rigid
K

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 CO into four bands is also

shown. Crosses give the measured EDC while the solid

line gives the sum of the indiviual bands (dashed

curves).

Fig. 4 Relative partial ionization cross sections for the

l T -derived, ITT + 3o -derived and 4a -derived va-
g u u g

lence bands of solid CO . The arrows mark the onset

for photoemission frora these bands.

Fig. 5 Branching ratios for the one electron states of CO«.

Note in particular the maximum in the ITT ' channel
g

at hv - 32 eV corresponding to E - 19 eV.

Fig. 6 Schematic energy scheme for the electronic band struc-

ture of solid CO (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 Cent).
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