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Partial channel photoionization cross sections of polyenes
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We present calculations of partial channel photoionization cross sections and photoelectron spectra of
polyenes in the ultraviolet wavelength region. The dependences on molecular size, up to C16H18, on photon
energy, including HeI and HeII spectra, and on the particular ionization channel have been investigated using
the independent-channel static exchange method. The channel dependence of the HeI cross sections, which is
quite strong for ethylene, diminishes, as the molecular length is increased, and becomes weak in the HeII

region. The energy dependence, which is strong in the HeI region for all molecules and/or channels, is also
insignificant for HeII excitation, with the cross sections of all channels being close to each other. The cross
sections are remarkably constant for the differentp levels at any given photon energy. Spectral analyses for the
first three smallest molecules—ethylene, butadiene, and hexatriene—show that the independent-channel ap-
proach is able to reproduce experimental data quite well.@S0163-1829~97!04915-1#
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I. INTRODUCTION

Although several computational methods have been
veloped and applied to describe photoionization processe
small molecules, comparatively little has been accomplis
with methods that are scalable toward larger species. Th
unfortunate from the point of view that ultraviolet photoele
tron spectroscopy~UPS! has increasingly been employed
a diagnostic tool for extended species of technological in
est, such as polymers, polymer interfaces, and sur
adsorbates.1–4 With synchrotron radiation sources, UP
spectroscopy has been extended into the far-ultraviolet
gion, making recordings of a broad continuous region
photon energies possible, thereby increasing the infor
tional content and diagnostic capability of the spectrosc
even more.

Most analysis in the context of UPS spectra of larger s
cies has been based only on ionization energies, often u
ing Koopmans theorem, whereas absolute, total, or pa
cross sections and the energy dependence of the cross
tions have not been investigated to the same extent. Som
this mismatch can be ascribed to the problem of compu
continuum photoelectron functions in the anisotropic m
lecular potential and to special many-body features of
cross sections, but the computational problems in hand
extended systems have also been a limiting factor.

In the present work we explore the utility of the sta
exchange method~STEX! for valence UPS cross sections
larger molecular systems. Being an independent-part
independent-channel, scheme and a scalable size-cons
method, it is a suitable candidate method to explore U
spectra of more extended molecules. Its merits and lim
tions are already well established for photoionization
small molecules; it includes intrachannel but excludes in
channel coupling, and lacks gauge invariance in the limi
a full one-particle basis set. The applicability to larger sp
550163-1829/97/55~15!/10044~7!/$10.00
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cies stems from the fact that it can be implemented w
so-called integral direct and basis set augmentation te
niques, and has as such now been applied quite extens
for core excitations in the x-ray region~near-edge x-ray-
absorption spectra, NEXAFS!.5–7 Although a strict approxi-
mation to the random-phase-approximation method, wh
also is scalable for extended species, the STEX metho
advantageous in that it gives partial-channel cross section
a well-defined way. The partial-channel cross sections
their energy dependences are indeed the experimentally
teresting quantities obtained from UPS spectra.

In contrast to core excitations, the role of interchann
coupling cannot bea priori neglected for valence excitations
Especially toward the inner-valence region there are str
hole-mixing and breakdown effects which make state-
state cross sections obtained from independent particle
culations of little use. For larger species the intermedia
and inner-valence regions of the UPS spectra are poorly
solved, and the STEX technique might conceivably be u
only for the gross shape of the spectra in this region. Tow
the outer-valence region, which still can be well resolved
larger species, the independent or quasiparticle pictures
known to hold better, and there is accordingly more hope
applicability of an independent-channel approach like STE
Tests on small molecules do, however, show some interch
nel coupling effects even in the outer-valence region.8–10 In
the present work we nevertheless take a pragmatic appr
and compare STEX results for the polyenes for which
perimental data are available. We then explore trends w
respect to molecular size, electronic levels, and band for
tion, and investigate the photon energy dependence of
absolute and relative photoionization cross sections. In S
II we first briefly address some computational aspects of
STEX method applied to valence photoionization. In Sec.
we present and discuss the computed HeI and HeII UPS
spectra and the energy-dependent partial photoioniza
10 044 © 1997 The American Physical Society
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55 10 045PARTIAL CHANNEL PHOTOIONIZATION CROSS . . .
cross sections for valence levels of C2nH2(n11) with
n51,2,3,5, and 8, and in thefinal section, Sec. IV, we
summarize and discuss the results.

II. CALCULATION DETAILS

In the static-exchange approach a one-hole potential, w
appropriate spin coupling of ion electrons and photoelectr
is constructed and diagonalized to yield a primitive photo
citation spectrum of transition energies and transition m
ments. The potential can be given by ground-state fro
orbitals or by state-specific orbitals which are optimized
each particular hole state. For both computational and for
reasons the former approach is to prefer in the case of
ization of valence shells. The independent-channel appro
is assumed in the present work, thus neglecting effects
channel interaction and neglecting photoionization satell
referring to correlation states.

The STEX approach is easily interfaced to the Stielt
imaging technique for the continuous, photoionization, pa
of the spectra. A further advantage with STEX is that it
readily implemented with a double-basis-set technique
allows computation of the spectrum close to the basis
limit.5 The bound orbitals and the potential are constructe
a limited basis set, while the full spectrum is obtained in
augmented basis set containing many diffuse functions.
direct self-consistent-field programDISCO ~Ref. 11! modified
for STEX calculations5 has been employed throughout; on
a few computational details are given in the following.

A. Augmentation of the basis set

A problem encountered in the present applications, wh
is not severe either for core excitations or for valence ex
tations in small molecules, is the handling of the augmen
tion basis set describing the photoelectron function. Due
the delocalization of the valence orbitals, we have to add
basis set of this kind on each C atom. The total number
the basis functions and the needs of memory and CPU
for the STEX calculation increase rapidly with the length
the molecule. To make the double-basis-set technique
cient, extensive tests on the basis set dependence of th
sults for ethylene have been made. The augmented bas
of Gaussian functions was generated by using an ev
tempered scaling of the Gaussian exponentan5a0b

2n, with
b51.4. In Fig. 1 we present partial photoionization cro
sections of valence shells versus photon energy obta
with different basis sets for the occupied orbitals of dou
z with polarization and higher (5s,4p,3d) ~CCPVTZ! ~Ref.
12! quality and different augmentations. Except for the cro
section of the inner channel (2bu) that is not sensitive to the
size of the basis set, the cross sections of the outer val
orbitals, computed without extending the basis set~DZP-No
Aug!, show an unreasonable profile. The addition of 5p and
5d functions~DZP-p51d5) with a050.0798 to each C ba
sis set does give rise to a reasonable shape and asym
behavior of the cross sections. In fact the results obtai
with a much more extended basis set~see DZP-p101d10,
with a050.4290) show no significant variation, whic
means that basis set convergence is already reached
DZP-p51d5. In addition, a larger basis set~CCPVTZ! has
th
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been tested for the calculation of the ground-state occup
orbitals and of the STEX Hamiltonian; the final results agre
quite well with the DZP-p51d5 ones. Thus the latter basis
set can be considered as having reached the basis set l
and it was therefore adopted for all the polyenes inves
gated.

B. Gauge dependence

The STEX method is not gauge invariant, even in th
limit of a complete basis set. Nevertheless, it can be intere
ing to check the dependence from the gauge of the relat
intensities that, after all, are the quantities obtained expe
mentally from a UPS spectrum. In Figs. 2 and 3, we sho
the photoelectron spectra of C2H4 and C10H12, calculated
adopting both length and velocity gauges, at the HeI and
He II photon energies. In each spectrum, the intensity of t
lowest peak, 1au ~C2H4) and 3au ~C10H12), respectively,
has been set to unity. Except for the 4ag intensity in the HeI
spectrum of C2H4, we find only a minor dependence of th
spectra from the gauge both for the short and the long m
ecules at the two considered photon energies. This ga
invariance of the relative intensities, that is also observed

FIG. 1. Basis set size dependence of partial photoionizat
cross sections of valence shells of C2H4. The vertical dot-dashed
lines at 21.2 and 40.8 eV mark the HeI andrespectivelyHe II pho-
ton energies.
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FIG. 2. Gauge dependence of the UPS spectrum of C2H4 at HeI ~21.2 eV! and HeII ~40.8 eV! photon energies.

FIG. 3. Gauge dependence of the UPS spectrum of C10H12 at HeI ~21.2 eV! and HeII ~40.8 eV! photon energies.
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55 10 047PARTIAL CHANNEL PHOTOIONIZATION CROSS . . .
butadience~C4H6) and hexatriene~C6H8), is remarkable
considering the limits of the STEX approximation, and c
be taken as an indication of the good quality of the basis
employed. Only the results obtained in the length gauge
be presented in the following discussion.

C. Energy rescaling

The ionization thresholds here adopted are based
Koopmans theorem. It has been observed that the Koopm
energy is a reasonably good approximation for the ioniza
potential ~IP! of the outermost valence orbitals, but that
can significantly overestimate the inner-valence orbital v
ues, so that the total width of the valence UPS spectrum
be exaggerated.13–15A widely accepted way of dealing with
this departure in polymer systems,13,15is based on a rescalin
of the valence-band energy dividing by a factor of 1.3. Co
paring with the experimental values, this rescaling wo
well for ethylene, butadiene, and hexatriene. Thus an ene
rescaling of the IP’s for all molecules has been adopted,
all the ionization channels with rescaled binding energy
low the HeI energy of 21.2 eV have been included in t
calculations. However, it should be stressed that energy
scaling was employed only to make the comparison with
ts
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experimental spectra easier, while our main attention is
voted to a comparison of the intensities.

III. RESULTS

A. He I and He II UPS spectra

Figure 4~a! shows the calculated HeI photoelectron spec
tra of C2nH2(n11) with n51, 2, 3, and 5 including all the
ionization channels open at a photon energy of 21.2
Thus the innermost channels outside the reach of HeI are left
out in the present analysis. In order to check the ene
dependence of these spectra, we have computed them a
the HeII photon energy of 40.8 eV, the results obtained
shown in Fig. 4~b!. The UPS spectra in Fig. 4 are present
both as bar diagrams and as continuous convoluted pro
for an easier comparison with the experimental data. Exp
mental spectra for ethylene, butadiene, and hexatriene1,16,17

are reproduced for comparison in Fig. 5.

1. C2H 4

The convoluted spectrum of ethylene consists of five d
tinct peaks, each of them corresponds to the ionization fr
an individual occupied orbital. Considering the energy se
FIG. 4. Computed UPS spectra of polyenes C2nH2(n11) with n51, 2, 3, and 5.~a! He I excitation.~b! He II excitation.
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FIG. 5. Experimental UPS spectra.~a! He I spectra of ethylene, butadiene~Ref. 1!, and hexatriene~Ref. 16!. ~b! He II spectra of ethylene
and butadiene reprinted from J. Electron. Spectrosc. Relat. Phenom.20, 149 ~1980! with kind permission of Elsevier Science.
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ration and electronic composition, we can distinguish th
groups of peaks, a division which seems to hold also for
other molecules here studied: The first low-binding-ene
peak derives from the HOMO~highest occupied molecula
orbital! of p symmetry. The second group includes thr
high-intensity peaks between 13 and 16 eV, correspondin
ionization from the three MO’s containing in-plane C 2p
(4ag ,3ag , and 3bu). The last peak is due to the 2bu orbital
containing C 2s. Note that the innermost 2ag orbital falls out
of the HeI energy range. The intensity of the UPS spectra
ethylene shows a remarkable dependence on the photo
ergy, especially with an enhancement of the innermost
when passing from 21.2 to 40.8 eV for the photon energy
the HeII spectrum the absolute intensities of the seco
group are significantly reduced. These features are in g
agreement with the experimental photoelectron spectra1,17

For an extensive configuration-interaction study of photoi
ization overlap amplitudes and of correlation states in
UPS spectra of ethylene, we refer to the recent work of D
jardinset al.18

2. C4H 6

The UPS spectrum of butadiene can also be divided
three groups: peaks deriving from the twop orbitals (1bg
e
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-
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and 1au), from the 5-7ag and 5-6bu orbitals containing
2p, and from the 4ag and 4bus orbital containing 2s. The
p peaks have almost identical intensities in both HeI and
He II spectra. The second group of orbitals makes up for
three-band feature that dominates both spectra. As for et
ene the largest relative change going from HeI to HeII is the
enhancement of the third inner part containing 2s, in full
compliance with the experiment.17

3. C6H 8

The UPS spectrum of hexatriene follows the trends fr
ethylene and butadiene. The middle part containings 2p
character becomes quite complex with some seven cl
lying peaks. The threep peaks have similar relative intens
ties in the HeI and HeII spectra. Similar to ethylene an
butadiene, a large intensity redistribution occurs among
s peaks in the HeII spectrum. Going to higher photon en
ergy we see that not only is the third group enhanced,
also the high-energy part of the second group contain
2p. In the HeII spectrum it is the composed C 2s-derived
structure at 18 eV that is the most intense.
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FIG. 6. Energy-dependent partial photoionization cross sections:~a! C2H4 all channels.~b! C10H12 all p channels.~c! HOMO p channel
for C2nH2(n11) , n51, 2, 3, 5, and 8.~d! LOMO p channel for C2nH2(n11) , n51, 2, 3, 5, and 8. The vertical dot-dashed lines at 21.2
40.8 eV mark the HeI and HeII photon energies.
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4. C10H 12

For decapentaene the density of states is evidently pu
even higher, and the convoluted spectrum actually beco
determined mostly by the distribution of states rather than
the individual intensities. This is so because, with one or t
exceptions, all cross sections within a group are of sim
magnitude. As for the shorter molecules the weak band
tween 17 and 19 eV in the HeI spectrum results from the
ionization of inner valences orbitals. The shift of intensity
from the outer to the inner part going from HeI to HeII is
remarkable.

5. Convergence of spectra

Although the convergence with molecular length of t
polyene UPS spectra is quite slow, some clear trends
observed. The UPS spectra of the polyenes consist of t
well-separated parts located in the low-, medium-, and hi
binding-energy regions. Increasing the size of the molec
the HeI spectrum is dominated by a large structured ba
deriving froms orbitals, located in the medium-energy r
gion. The peaks in this range derive from the ionization fro
2(n11)s orbitals~wheren is the number of ethylene units!,
which are combinations of H 1s and the planar componen
of the C 2p atomic orbitals. At the same time, a system
weak but well-separated~and then observable! peaks corre-
sponding top orbitals builds up on the low-energy sid
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y
o
r
e-
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ee
-
e,
,

f

while at high binding energies there appears a more com
cated group of weak peaks due to molecular orbitals w
contributions from the carbon 2s atomic orbitals.

At the HeII photon energy, the intensities of the differe
valence channels become comparable, which makes theII
spectrum less sharp than that of HeI. We remind the reade
that in the x-ray region the orbitals containing 2s completely
dominate over the 2p region, something which can be ratio
nalized in the nodal structure of the 2s and 2p atomic orbit-
als versus the oscillations the photoelectron function.19,20 In-
creasing the length of the polyene, the density of sta
increases, the energy range becomes broader, and the i
sity maximum of the UPS spectra shifts to lower bindi
energies.

B. Energy dependence of cross sections

The energy-dependent partial cross sections of C2H4 ~all
He I channels! and C10H12 ~all p channels!, have been col-
lected in Figs. 6~a! and 6~b!. The vertical dot-dashed line
indicate the positions of the HeI and HeII photon energies.
We restrict the photon energy to the parts which are m
used experimentally, HeI and HeII and the part in between
and leave out the complex onset of the continuum wh
autoionization and post-collision interaction effects comp
cate the analysis. For ethylene, the behavior of the cr
sections versus the photon energy is very much channe
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10 050 55VINCENZO CARRAVETTA, LI YANG, AND HANS ÅGREN
pendent; the partial cross sections of the ‘‘second group’
threes channels, 3ag ,3bu , and 4ag , sharply decrease with
the photon energy, while the 1aup and, especially, the inne
2bus channels decrease slowly. The variation of the cr
sections are also quite channel dependent; they do conv
however, quite rapidly toward larger photon energies, an
the HeII photon energy the intensity of all the channels b
comes almost the same. For decapentaene the picture is
ferent. Here the absolute cross sections and also the en
dependences of the cross sections are quite similar fo
p channels over the whole energy range; see Fig. 6~b!. This
is in line with our previous observation that thep channels
have approximately equivalent cross sections at the HeI and
He II photon energies. In Fig. 6~c! we have chosen the high
est occupiedp orbitals of C2nH2(n11) with n51, 2, 3, 5,
and 8, as representative for the molecular dependence o
cross sections. As expected from the foregoing discuss
the molecular dependence is largest at the lower excita
energies, including the HeI energy.

IV. DISCUSSION

We have performedab initio static exchange calculation
of UPS spectra of polyenes, studying their evolution w
respect to size, ionization level, and photon energy. Sev
salient trends have been unraveled, especially for the ph
energy and the molecular length dependences of the c
sections. The energy dependence is large for the smaller
cies and for low, HeI, photon energies, while the relativ
energy dependence is reduced for higher~He II! energies
and/or for larger molecules. Also, the dependence on cha
~ionized orbital!, which is quite significant for ethylene, i
significantly diminished for the large species. Thep chan-
nels seem to retain rather equal cross sections independe
photon energy. This is an important verification of the a
sumption actually often made in the analysis of polymer U
spectra.
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A detailed analysis for the first three polyene members
ethylene, butadiene, and hexatriene—demonstrated tha
independent-channel interpretation of their UPS spe
works well concerning both energies~rescaled Koopmans
energies! and cross sections~independent-channel cross se
tions!. For inner levels this contention cannot be tested o
state-by-state basis because of the high density of over
ping s states which are vibrationally broadened and, pro
ably, configurationally split.18,21From the theoretical point o
view a state-by-state analysis using an independent-par
approximation becomes less meaningful in this energy
gion due to the breakdown and hole-mixing effects. Su
effects are well established for smaller species,18,21and prob-
ably become more accentuated for larger molecules. Thu
analysis like the present one can, for the inner part, o
claim that the gross spectral profile is reproduced, and sho
rather focus on the outer part of the spectra which is also
part which actually is resolved in the UPS spectra and u
for diagnostics of the samples.

Polyenes served here as a first testing ground for app
tions of the direct STEX technique on UPS cross sectio
and we have shown that cross-section calculations of
kind are indeed feasible. The limiting factor is the repres
tation of the photoelectron function, which is found to r
quire large multicentered basis sets. Due to this limitation
size of the systems reached in UPS cross-section calcula
can unfortunately not match the size reached by direct s
consistent field techniques for calculations of bound sta
We still believe that in future applications sufficiently larg
units of polymers and other extended species can be con
ered to be of practical significance.
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