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Abstract

Photoelectron energy distribution curves from solid acetylene were measured
for excitation emergies up to 30 eV using synchrotron radiation. The partial
cross sections arc discussed in comparison to theory and other experiments.
The lir wvalence band cross section shows a pronounced autoicnisation resonance
with aushoulder and a peak 2.5 and 5.0 eV above the vacuum level which origi-
nates from the resonant decay of the 26; —aln% valence excitation (discrete

shape resonance).
* Work supperted in part by Bundesministerium fiir Forschung und Technologie
(BMFT) from Funds for Research with Synchrotron Radiation

# " " -
f now at: Max-Planck-Institut fir Festkdrperforschung, Heisenbergstr. 1,

D-7000 Stuttgart 80, Germany.
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I.  Introductian

Studies of molecular photoemission cross sections over extended enerpy repions
have enhanced our understanding of final state effects generally and have
stimulated a fruitful and intense competition between theory and experiment

in elucidating the dynamics of the photoionisation process [I]. In this
general area, photoemission from acctylene (CZHZ) has been the subject of

a number of recent studies [2—8]. Experimentally, for the gas phase a sharxp
minimum in the partial cross section of the lﬂ;-level has been ohserved

at oy = 14 eV, a few eV above threshold and different explanations involving
two transiticns have been suggested for the resulting two peak structure
£3—7J. However, in a recent calculation including electron correlation effects
the cross section data and the minimum observed in photoemission asymmetry
paraneter for the inu—photoionisation have been identilied as arising [rom

one single autoionization rescnance (2Ch—> Iné) [8].

Tn this letter we describe the results of photoemission experiments from

solid C2H2,

effects and resonances in condensed gases [9,]01. Cross section determi-—

which are part of a larger project concerned with {inal state

natiens close to threshold for solid gascs are generally not hampered by
degenerate autoionizing Rydkerg states which can make such measurements

and their interpretation more difficult in the gas phase. Thus in solid
gases higher excited ron Rydbcrg states and shape resonances are dominating.
Indeed for solid acetylene our cxperiment shows similar to the gas phase
clear evidence for a pronounced autoionization resonance in the photoioni-
zation cross section of the Imu—nrhital with a shoulder and peak 2.5 and

5.0 eV above threshold. This clearly supports the viewpoint that this struc-
ture originates from the resonant decay of the ZFL-a IR% vatence excitation,
In a simple MO picture we locate the empty IK; virtual MO involved in the
autoionisation about 2.0 - 3.0 eV below thresﬁold. Furthermore, we artive

at a consistent description of this final state resonance in X-ray absorp-
tion—, UPS- and electron scattering-cxperiments by correlating the energies
of the discrete shape resonance observed in X-ray absorption [ll,l3],

the energy of the empty valence MO involved in the UPS experiments and the
Itg—shape resonance observed at 1.8 ~ 2.6 eV kinetic energy in electron

scattering experiments [I#,IS]



2. Experimental Details

We used our previously described apparatus [10] at the DORIS II storage

ring as a synchrotron radiation source with a 3 m normal incidence monochro-
mator at HASYLAB in Hamburg. Angle integrated photcelectron energy distri-
bution curves (EDC's) were measured with a double pass cylindrical mirror
analyzer (CMA) for excitation energies ranging from hv = [0 eV up to 30

eV, The count rates were r~]Uk s_] for the C2H2 valence bands with an overall
resolution (monochromater and electron analyzer} of 0.1 - 0.2 eV, which

was found to be sufficient for an accurate determination of EDC features

which have typical widths of 1.1 - 1.6 eV (fwhm).

Research grade C2H2 gas was condensed under UHV conditions (pressure before

and after condensation ~3 x 10710

Torr) on a helium-cooled gold substrate.
The temperature of the substrate was ~20 K, To avoid charging problems during

photoemission, the sample thickness was limited to roughly [0 nm.

For the determination of photoemission intensities the EDC's for each excitation
energy have been normalized to the intensity of the photon flux impinging

on the sample. Secondly a smooth structureless background was subtracted

from direct emission peaks to account for electrons originating from the

aged gold substrate and for scatterd electrons. Finally, the area under

each primary emission peak in the EDC's was determined by fitting the experimen-
tally determined four peak structure by gaussians. It turned out that in

all cases a fit with one gaussians for each peak was sufficient (see Fig. 1).

As we discussed elsewhere in detail [IO], the largest uncertainity in the
cross section determination rests in the unknown tramsmission function of
the electron analyzer at low kinetic energies (5:4 eV). It contributes most
of the total errors in the relative cross sections which we estimate may

be as high as 30 7.

3. Results and Discussion

Acetylene is a small linear unsaturated hydrocarbon {point group kal)‘
isoelectronic with NZ' Compared to the latrer, however, two additional un-
occupied MO's are present which are derived from the two hydrogen Is orbitals.
The following electron configuration, including the lowest virtual MO's

results:

- _/' -
2 2 2 2 2, 32 BN 0,,,.+0 0
(l€g) () (25‘3) (26} (36“8) (1.Lu) (mg) “‘63) (36‘\1) (45;)

core oceupied valence MO's empty MO's

The occupied states of the molecule are well understood []6—19] and the
photoelectron specttum is easily interpreted. In Fig. | a comparison is

shown of an EDC obtained for solid C2”2 with the gas phase photoelectron
spectrum. All four occupied valence levels are visible and a clear one-to-one
correspondence to the gas phase photoelectron spectrum emerges which is
typical for monomolecular van der Waals solids [9,]0]. Thus it 1s easy to
assign the peaks for solid C2H2 to the photoemission from the valence bands
formed by the lEu, 393, ZFL and ZFé M0's of the molecule respectively. The
27.5 eV configuration interaction satellite which is clearly visible in

XPS spectra [IS,ZO] has a vanishing intensity for photon energies below
hy < 50 eV. The binding energies and widths of the valence bands together
with the assignments are collected in table ! where also the gas-phase results
[16—19} are given for comparison. The resulting gas-to-solid shifts are

0.6 eV for the vertical ionization potentials and 1.7 eV to 2.3 eV for

the adiabatic ionization potentials. These relaxation shifts are mainly

due to screening of the hole in the solid LIO]. We note in passing that

these values, representative for bulk acetylene, are by about 0.9 eV lower
than those reperted for acetylene on Ni-metal surfaces [glj. Probably in

the latter case the film thickness was still fairly low and stronger scrcening

via metal electrons may have been active.

Here we are particularly interested in the hv-dependence of the partial
photoionisation cross sections for the valence bands. In Fig. 2 a family

of ENC's is shown measured at different photon energies. In this plot peaks
originating from the same initial state, i.e. having the same binding energy,
move to higher kinetic energies when the photon energy is increased. From
these spectra the relative partial cross sections were determined by fitting
each peak with a gaussian after suitable background subtraction. The result
of this analysis is shown in Fig., 3 and may be directly compared to gas

phase partial cross sections for acetylene [2-5,8]. For each orbital we
observe marked changes of the photoionisation cross section with photon

energies. In the following we discuss these cross sections in more detail.

It - Orbital.For gaseous acetylcne the cross section of the lnh-crbital

is, similar to the szcase, the largest and derives most of its intensity

from the atomic [mn‘>~g58 channel. It shows a double peak structure in the

10-20 eV range with a sharp minimum at around 14 eV. Our solid state cross



_S,

section shows a very similar behaviour with a strong peak at hy = 16 eV
and a dip around 14 eV, while the first maxioum is broadened and only visible

as a shoulder at hy = 13.5 eV.

This structure in the !I’ -cross section has been attributed to at least

one autoionizing valence state, namely 25u—> [3 4 22] but additional
autoionization processes have been proposed an]udlng the 3€;—“ 36 221

and 25 - 46“ [3 4] valence transitions, shape resonances [5 Iand the 3fg
—93p€' R)dberg transition Iﬁ] flowever, according to the calculation by
Machado et al. [ ], the two proposed valence transitions are too far off

in energy so that besides the ZGL—a SH% valence transition only the proposed
Rydbergy transition remains as a plausible second candidate for the autoloni-
zation. The similarity of the crass sections for gas and solid makes it
highly unlikely that a Rydberg state, which is expected to bhe heavily quenched
in the solid, is responsible for the autoionization. Thus we conclude, that
only one, namely the ZEﬁélﬁé valence transition (discrete shape resonance)
causes the structure in the Inh—cross section. This is in complete agreement
with the tecent calculation by Levine and Soven [8}, vhere the authors find,
that a single Fano-autoionization profile is suflicient to explain the lmu—
cross section. Moreover, the calculation shows, that oscillator strength

of the discrete ]Wu-a ]H% valence transition is shifted to the continuous

part of the spectrum and contributes to the observed resonance.

This last point leads us to briefly comment on the occurance of shape reso-
nances in C H2 From a naive point of view four resonances carresponding

to the empty lmg, AU , 35‘ and 46’ MO's could be expected. Only the Iit_-shape
resonance is well charactetlzed bnth in X-ray ahsorption [II-IEJ vhere it
occurs 5.4 + 0.2 eV below threshold, and in electron scattering [IA,ISJ.

As digscussed above the same MO forms a discrete shape resonance [E Y
valence transition) about 2.0 - 3.0 eV below threshold when the ZS; orbital

is excited.

According to dipole selection rules both the lﬂg and ﬂié shape resonances

can be reached from the IEL-orbital, but, up to,now, these transitions have
not jet been identified unequivocally in the acetyleme VUV-absorption spectrum
(e.g. [2}]). The calculation by Machadoe et al. {Q] does not include the

IE - It transition while the IT, —54'2 transition is assigned to the so
called D-band at 9.2 eV which in turn has been assigned by fsbrink et al.

[23] on the basis of their HAM calculation to the IH11»> ILg transition.

-6 -

Thus, at present the absorption spectrum is poorly understood and does not

yield further insight in the assignment.

38--Orbital. In the SCé cross section the BEU and 48; shape resonances might
be expected. Our data {Fig. 3) show large values close to threshold and

a smooth decrease to hipher photon cnergies without any significant structure.
This behaviour is in general agreement with the gas phase resultsi:3] and

the calculation by Machado et al.g:al which identifies the high intensity
close to threshold with the 34u—shape resonance. We note, however, that

the 34 and 26; cross sections could not be determined close to threshold

(no dazu points in Fig. 3) because of the background of scattered electrouns.
In the experiment no indication of the additional éﬂh—shape resonance 1s

found.

gﬁ; - Orbital. Our data show a smooth decreasing cross section in agreement
with the gas phasec [3]. From the 2Ch—orbita1 the ITé— and 4(’— shape Tecso-
nances can be teached. The autoionization of the former and lts influence

on the lrﬁ cross section has already been discusscd above. According to

the calculations by HMachado et al. I&i]ZC;-—;AGg forms a discrete transition
at hvw = 17.7 eV which has not been identified experimentally. It is expected
to contribute to the discrete spectrum close to threshold.

In Fig. 4 we have plotted the energies of shape resonances as observed in
X-ray absorption [I]—IBJ, gas- and solid-phase photoemission and electron
scattering [14,151, For the photoemission the occupied valence M0's and

the derived valence bands respectively are also shown, together with the

resonant autoionization process involving the ZG;-e Iné transition.

For the Iﬂ; shape resonance a clear regular energy shift is observed going
from X-ray)absorption where the resonance is 5.4 + 0.2 eV below threshold

to electron scattering where it occurs ~ 2.0 eV above threshold. This increase
reflects the increasing Coulombic repulsion of the electron. Similar trends
fcr the shape resonances have been observed and discussed for NZ and 002
LQ,IO]. Fig. 4 explains what is meant by the term discrete shape resonance {24],
where the transition reaches am orbital, that lies below the corresponding
threshold for photoemission. In this respect ITIP forms a discrete shape
resonance in x-rtay absorption. In photoemission)from the valence shell it

becomes only detectable via the autoionization process.



Furthermore, inspection of Fig. & suggests, that the hitherto unassigned

I — 1 (T#T*) valence transition (discrete shape resonance) can be expec-
ted about 2 — 3 eV below threshold. A plausible candidate for this transition
would be the D-band at hy = 9.2 eV 123)]. This assignment is supported by

the absorption spectrum of the solid and the matrix isolated species, which
bath show a braod absorption band in this region. The higher lying resonances
are not well characterized for acetylene and the assignment in Fig. 4 for

the 3Gﬁ and the Aﬁé resonances is entirely based on a comparison with theory {A].

In summary we have determined the partial cross sections for photoemission
out of the valence orbitals of solid acetylene. The lﬁh cross section shows
a broad and strong autoionizing resonance which is due to the ZC; —alﬂé
discrete shape resonance/valence transition. This behaviour is similar tn
the gas phase. Our results make it very probably, that only one valence
transition is responsible for the observed structure, because non-valence

transitions are expected to be only weak in the solid phase.

The energy of the Iﬁ% virtual orbital shows a regular shift in going from

x-ray absorption via valence band photoemission to electron scattering.
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Solid Gas Shift
Initial {this work) Ref. fib,lg]
Orbital Ipvert FiM IPad IPvert IPad Ipvert IPad
[eV] [eV] leV:{ [eV] }_ev] [ev ] LeV}
]Ih 11.04 1.16 9.7 11.49 11.40 0.45 1.7
3fé 16.24 1.32 14.7 16.7 16.36 0.5 1.7
26; 17.99 1.61 16,1 18.7 18.38 0.7 2.3
26; 22.83 .14 21.5 23.5 - 0.7 -
. . . . - . ‘al
Table i: Vertical (Ipvert) and adiabatic (IPad) jonisation potentials,

full width half maximum (FWHM} and energy shift hetween gas and
solid acetylene. For the solid phase the adiabatic ionisation
potential has been determined according to the formula

IPad = Ipvert - (1.2 x FWHM)
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Fig. |

Fig. 2

Fig. 3

Fig. &4

Comparison of the gas phase photoelectron spectrum (from Ref.
II?,IB}, upper panel) with a photoelectron emergy distribution
curve for solid acetylene (this work, lower panel). The deconvolu-
tion of the EDC for solid acetylene into four bands is also

shown. Crosses mark the measured EDC while the solid line gives

the sum of the individual bands.

Photoelectron energy distribution curves for polycrystalline
solid C2H2 for excitation energies ranging between 10 and 30
(38) eV. In this plot the same initial states follow inclined
lines. The four valence bands are denoted by the one-electron

MO-notation.

Relative partial ionisation cross sections for the I[L—derived,
BGé—derived and ZG; derived valence bands of solid acetylene.

The arrows mark the onset for photoemission from these bands.

Schematic energy scheme for the electronic structure of acetylene.
In the left column shape resonances observed in X-ray absorption
are shown I&,il-lS]. In the middle part the electrornic band
structure of paseous and solid acetylene as derived from photo-
emission experiments is depicted. In the right part results

from electron scattering on gas phase acetylene [JA,Ii] are

shown. In this picture energies are refered to the vacuum level
(Evac = 0) and negative energies denote discrete shape re-
sonances below threshold or initial energies of occupied valence

bands. The resonant autoionisation involving the ZG;~4>I]£ tran-

sition is also indicated.
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