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The absolute photoabsorption cross section of benzegldgf Cencompassing the G1! 7*e,,
resonance, the Cslthreshold, the satellite thresholds, and extending up to 800 eV, has been
measured using synchrotron radiation. Measurements of the discrete absorption structure from
below the C X ionization threshold have been performed at high resolution. In order to
unambiguously assign all structure present in the photoabsorption cross sect®phatdelectron

spectra were measured from the €threshold region up to 350 eV along with satellite spectra. The
C1s™ ! single-hole and the satellite cross sections have been derived in absolute units, and their
angular distributions have been determined. Resonant and normal Auger spectra were taken on the
main features of the photoabsorption and single-hole cross sections. From the best resolved
photoelectron spectra the underlying structure in the asymmetric benzene photoelectron peak can be
partly disentangled. The experimental data show that at least two vibrational modes play a role in
the C1s photoelectron spectrum. The behavior of the investigated shake-up structure closely
resembles that of ethene and ethyne, where the satellite bands dties 16° excitations gain
intensity towards threshold, an observation which may be attributed to conjugate shake-up
processes. These processes lead to a significant contribution of the satellite intensity to the
production of the absorption features traditionally assigned to the carbon shape resonances in
benzene. An EXAFS analysis of the wide range oscillations present on the photoabsorption cross
section has been performed, and reveals the C—C nearest-neighbor distan2@00 @merican
Institute of Physicg.S0021-960600)00937-3

I. INTRODUCTION cated molecules and even polymers. High resolution spec-
troscopy has recently become a subject of some interest in
Benzene (gHg) is the prototypical aromatic hydrocar- the core level region because of the possibility now available

bon ring molecule. Synchrotron radiation gas phase photoatwf measuring the vibrational fine structure. The latter is a

sorption and photoelectron studies of benZenhalong with  sensitive indicator of perturbations in the molecular photo-

similar studies on etharfe!! ethend,;**~and ethyn&®-2°  ionization continuum, such as double excitations and shape
have played a major role in understanding photoexcitationsesonances. In molecules possessing equivalent core levels,

in hydrocarbons. Moreover, these studies together with thethe interaction of nearly degenerate electronic states by vi-

oretical investigations have also helped in the understandingrations of a suitable symmetry, so-called vibronic coupling,

of the transition from simple hydrocarbons to more compli-is possible. The showcase example for this effect in core
level photoionisation is the Oslphotoionization of C@?

a ] While this example is now understood on a quantitative
Present address: Hamburger Synchrotronstrahlungslabor HASYLAB a"i]evel 22 only the conceptional framework exists for the treat-
DESY, Notkestr. 85, 22603 Hamburg, Germany. !

bPpresent address: Department of Physics, North Carolina State Universitynent of vibronic coupling in molecules with more than two
Raleigh, North Carolina, 27695. equivalent centers On the other hand it has been debated

9Present address: Department of Physical Sciences, University of Ou“‘that in hydrocarbons the vibrational structure can be fully
90570 Oulu, Finland.

9Permanent address: Department of Chemical Sciences and Technologi&?rived from localized changes in the pertinent bonds, and
University “Tor Vergata,” 00133 Rome, Italy. moreover that these changes could be taken from a small
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number of building block components, namely methétfe. Benzene is a planar unsaturated hexagon whpse
As such a procedure would be an obvious simplification inorbitals form a delocalized electron ring, both above and
the treatment of vibrational excitations, it is interesting tobelow the carbon atom plane. The molecular orbital se-
test this procedure in a case where an influence of vibroniquence of benzene in its ground stég;, symmetry may
coupling is to be expected from the molecular symmetry. be written as

(COr®) (2810)(2€1,)*(2€5)*(3814)2(2D1,)2(1D5,)%(31,)*(182,)2(32) “(1019)*  "Agq.

The sequence of the core electrons may be written as Section IX investigates the photon energy dependent behav-
ior of the shake-up satellites of benzene. Also in this section,

(lagg)?(legy)*(1eyg)*(1byy)2. the asymmetry parameter of main and satellite lines will be

discussed, including some comments on the effects of non-

The absorption spectra of benzene both above and belo&fpole terms in the photoionization amplitude

the C1s ionization threshold are quite rich in structure.
However, previous cross section measureniérits 2°have
failed to fully resolve the discrete resonance structure con-
verging onto the K-shell threshold, and to unambiguously
identify the contipuum resonances. Il EXPERIMENTAL DETAILS

High resolution photoelectron spectroscopy has been
shown to be very helpful in the correct identification of fea- Absolute measurements of the photoabsorption cross

tures in the photoabsorption continudrh:**~* Local section were carried out on the HE-TGM-1 beamfrat the
maxima occur in the photoabsorption spectra of molecules iIE§ESSY I synchrotron radiation source in Berlin and on the
the continuum just above threshold. Such enhancements MY 5 undulator beam i€ at the x-ray ring of the

be due to shape resonances, satellite thresholds, conjugaée

. Lo rookhaven National Synchrotron Light Sour¢BISLS).
enhancement of satellite channels, and autoionization frort}he cross section was measured from 284 to 310 eV with a
doubly excited states. Measurement of the absoluts G 1

L : . S : hoton energy resolution of about 50 meV at the NSLS X1B
main line and satellite partial photoionization cross sectlon%

along with direct comparison to the absolute photoabsorption eamline, and from 284 t6-800 eV with a photon energy

cross section, allows an estimation of the different contribu-reSOIUtlon of approximately 1 eV at the BESSY | HE-

tions of the C 5™ single hole state and the various neutralTGM'1 beamline. The energy scale in both measurements

and ionic excited states to the total cross section. Classificd'2> normalized by aligning fth2e8§e2n te\r/of t?f Erst, Sh?rp;%l.
tion of the above-threshold features can then be achieved t{gsonance to an energy o -2 €V, Which was found in

separating the single hole contribution from the satellite ectron energy los€EELS) measurements. .
channels. The experimental apparatus for the photoabsorption

In this article we attempt to unambiguously assign alimeasurements has been described in detail by Itchkawitz

structure present in the photoabsorption cross section bé&! al® and will be mentioned here only briefly. It consists of
tween 284 and 800 eV and, in order to achieve this, hav&V0 Main parts. In the first part a compact arrangement of
measured the absorption, single-hole, and satellite cross s¥/0 grazing incidence mirrors is used to suppress unwanted
tions as well as Auger spectra and the resonant Auger Spegtray light and components resulting from higher diffraction
trum on the first™ -resonance. We have studied the vibra-orders of the grating. The ratio of first- to second-order light
tional excitation upon K-shell ionization and the shake-upbehi”d the device is generally 100:1 or better. The actual
satellites of benzene. The experimental and data analysf§éasurements are carried out in a gas-phase absorption cell
procedures are presented in Sec. II-IIl. In Sec. IV the preby measuring the photocurrent on meshes in front of and
threshold features in the absorption spectrum are discussé&ghind the absorption path. Normalization for the absorption
and assigned, while the continuum features are assigned difkinction of the various optical elements is done by compari-
ing the discussion of the single-hole and satellite cross se@on to spectra recorded with an empty sample cell. The ab-
tions and the Auger spectra in Sec. VI and IX, respectivelysolute absorption cross sections can then be extracted by use
Section V considers the vibrational structure in the photoof the Lambert—Beer law.

electron main line. Section VIl contains an extended x-ray-  The inner shell photoelectron spectra were measured on
absorption fine structuréEXAFS) analysis of the oscilla- the NSLS X1B beamline. During this work, two separate
tions present in the high energy range of the photoabsorptiobhenzene main line series were measured in separate beam
cross section and reconsiders the problem of obtaining stru¢imes. One data set contained 21 main line spectra along with
tural information from resonant features in the absorption o221 satellite spectra measured at the same energies. The sec-
partial photoionization cross section. The Auger spectra andnd main line data set contained 42 spectra, measured with
any subsequent consequences that can be drawn for the dmgher statistics and a lower resolution than the first set, as
signment of continuum features are discussed in Sec. Vlliwell as several high statistic, high resolution benzene spectra
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taken at 308 eV. The two main line series along with thesen to match the overall resolution and, for example, was 5
satellite spectra were used to accurately determine the absmeV for the high resolution data taken at 298 eV.

lute value of the single hole cross section anddtparam-

eters. In a further beamtime, more high statistic, high resotj|. DATA ANALYSIS

lution main line spectra of benzene were taken at 298 eV

along with the well-known C & spectrum of carbon monox- After normalization to light intensity, target gas pres-

sure, and the transmission function of our analyzer, the main

ide, to disentangle the excited vibrational modes. ¥ f the photoelect ¢ vzed in least
The synchrotron radiation intensity was monitored by Ines ot the pholoelectron spectra were analyzed in least-
squares fits. In the line shape model, besides the contribu-

measuring the photocurrent on a stainless steel plate. Tt}e #9490 an empirically determined apparatus

aons due to PC
rofile, which has a slightly larger width towards the high-

sample pressure was recorded by a capacitance absoluta
pressure gauge mounted immediately before the gas inl F’nergy sid€® was also taken into account. The areas of the
main line and satellite contributions obtained for different

and was kept constant by a stepper motor driven valve. Al
hoton energies as outlined above, were in turn normalized

main line spectra were taken alternately with deghoto-
y the Ne D calibration measurements. For this the Ne 2

electron spectra to normalize for variations in the quanturr£
efficiency of the beam monitor due to, e.g., absorption Of o photoionization cross sectfrhas to be used, but in

sfample gas r_‘nolec_ules an_d for variations of the photon intenFact it is only the slope of the curve in the photon energy
sity at the point of interaction caused by changes of the bea'?bgion of interest that is of importance. The € partial

position. cross sections and satellite contributions were then obtained

The photoelectron spectrometer used was a stationargy scaling to the absolute photoabsorption data, as described
angle-resolving “magic-angle” cylindrical mirror analyzer i, our previous publications:30-32

(CMA), which is described in detail elsewhe¥eOne of the The high resolution spectra measured at 298 eV were
main features of this spectrometer is that it allows one tqecorded alternately with carbon monoxide €dpectra to
determine the asymmetry paramefeand the total photo- ensure identical experimental conditions. These spectra were
electron intensity, independent gf at the same time. This is  fitted along with the high resolution spectra taken at 310 eV
accomplished by mounting the CMA such that the incidentand a sudden limit spectrum at 352 eV. The fit used a least-
beam passes along its rotational axis. The photoelectrongjuares fit procedure with suitable parameters coupled be-
emitted in the reverse direction into the analyzer at an angleveen the various spectra, such as the instrumental profiles,
of 54.7° with respect to the light propagation axis are registhe lifetime broadening, and the Franck—Condon factors.
tered with an eight-fold symmetric position-sensitive detec-

tor anode. Within the dipole approximation, the angular dis-yy ABSOLUTE PHOTOABSORPTION CROSS

tribution can be calculated from the difference in the signalsecTioN

intensity between anode sectors oriented within and perpen- . .
dicular to the orbit plane of the storage ring, while the total Despite the importance of the molecule, we are aware of

cross section is proportional to the signal summed up over af?nly two absolute photoabsorption studies of benzene in the

_ . . 28 _
anode sectors. Some account of the influence of nondipol%o.ft x-ray region. Akimowet al.™ reported a spectrum cov

interaction terms within this geometry is given below and ineMng a photon energy range of 25 eV aqu!nd the C-K lon-
. .. ag ization threshold together with some additional data points
a forthcoming publicatiorit

The photoelectron kinetic energy bandwidth is deter_obtalned by line sources, and an EELS spectrum converted

. . _~ to absolute units obtained by Hitchcoek al. (unpublished
mined by the CMA pass energy. The pass energy is tylmca”)éata presented by Piancastadlial).®> Therefore, we have
kept constant for a related series of data. The effect of stron@e g !

tardati lerati f the photoelect ded easured the absolute photoabsorption cross section of ben-
retardation or acceleration of tn€ pholoelectrons W;";‘S €aUCLine over a wide energy range, sections of which are shown
from measurements of neon R and argon (p).°” The

) in Figs. 1-3, 5, and 7. Table | contains the absolute values of
resolution can then no longer assumed to be a constant factgr,, photoabsorption cross section between 300-800 eV in 25

of the pass energy, but varies as a function of the photoelegs,, steps. Part of the spectrum, above thesQdnization

tron kinetic energy. o _ _ threshold between 290 and 350 eV, was published by Kemp-
The entrance and exit slit settings of the spherical gratyenset al? to illustrate the assignment problems in connec-

ing monochromator were 70 and m for the first main o with shape resonancdsee beloy, but was not dis-
line series, consisting of 21 spectra, and the satellite spectrgy;ssed in detail. While the EELS data are in guantitative
which when coupled with a pass energy of 20 eV correagreement with our results, the earlier measurements of Ak
sponds to a total resolution of 230 meV. The second maifnoy et al, with a reported accuracy of 20%, resulted in cross
line series consisting of 42 spectra was measured with 108ections 20%—30% low&f. A more detailed discussion of
um slits and 20 eV pass energy corresponding to a totabur experimental procedure including error estimates will be
energy resolution of 330 meV. The high resolution measurepublished by Kempgenst al*?

ments at 298 and 308 eV were measured with pass energies The previous absolute photoabsorption measurements
of 7.5 eV and, entrance and exit slit settings of 20 and 1%nd the additivity data of Henket al** were not able to
um, respectively giving an overall energy resolution of 60resolve the rich structure both below and above thesC1
meV. All of the main line spectra were accumulated toionization threshold. Relative cross section measure-
150 000—400 000 counts; the energy channel width was chanent$?*-2"2*have succeeded in identifying the most promi-
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FIG. 1. Absolute photoabsorption cross section of benzene. The spectrugig. 2. Apsolute photoabsorption cross section of benzene over the C
was measured between 284-310 eV on the NSLS X1B beamline and bgg-1,+ e,, resonance.

tween 310-800 eV on the BESSY | HE-TGM-1 with energy resolutions of
50 and~1 eV, respectively.
ible part of the EXAFS oscillations present in the photoab-
sorption cross section, as we will show below.

nent features, but there still exists some uncertainty concerrBeeThe features &,” " by,” and "b," have traditionally

. ) . ; n designated as shape resondReds. 25, 27, 44, and
ing their assignment. Several structural features can be IderPéferences thereinHowever, recent publications about other
tified in the cross section{1) the C 1s~17* e,, excitation at ' P

~285 eV (2) a region of discrete resonance excitationsS'mple unsaturated hydrocarbons have shown that above the

between 286.5 and 290 eV, a collection of previous assign§ate”'te thresholds the energy dependence of the satellite in-

ments can be found in Ref. 48) a relatively sharp rise to a tensities may produce broad maxima in the photoabsorption
maximum around 294 eV. labeleca™ just after the C % cross section that cannot be distinguished from a shape reso-

ionization threshold at 290.42 €V,(4) the features labeled nance in absorption measuremehtdherefore, we will dis-
“b,” and “ b,” around 300 eV, and5) a broad maximum cuss the dependence of the total photoabsorpt|o_n Cross sec-
labeled “c” between 320 and 340 eV. Featurg3—(4) have tion across features by” and ' b," together with the

) . . respective main line and satellite partial cross sections in
been observed previously with poorer resolution, except fo%ec VI
the high resolution photoabsorption measurements of the "~ . . L

g P P Structure in the photoabsorption cross section, just above

-1,_* 4 _
Cls ZT,,ezu resonance taken by Met al.” The feature la the C 1s ionization threshold and below the satellite thresh-
beled “c” has not been previously observed in gas-phase

. . : .olds could be due only to shape resonances and excitation

photoabsorption spectroscopy. This feature is a clearly vis: :

into doubly excited states. Hence Auger spectra were taken
on the Ck n*e,, resonance, &, in between “a” and
“by,’" " by and in the sudden limit in order to obtain

TABLE I. Absolute photoabsorption cross section, energies between 284nore information on the processes involved in the formation

and 350 eV(can be seen in detail in Figs. 1)-5 of resonance 4,” as described in Sec. VIII.

Photon energyeV) Cross sectioriMb) Figure 2 shows the absolute photoabsorption cross sec-

tion of the Cik ln*e,, resonance, between 284.5 and

ggg g'gig 286.5 eV. The observed structure is in very good agreement
350 3.843 with that of Maet al,* except for a shift of 350 meV towards
375 3.447 lower absolute excitation energies probably caused by the
400 2.989 adoption of a different calibration procedure. High resolution
425 2.527 measurements of both benzene and deuterated benzene were
g’g i;ig reported by these authors. They commented on the first four
500 1.724 peaks, (0,0, »,[105(10) meV, vr,[180(15) meV], and

525 1.584 v:[420(15) me\. A comparison between the hydrogenated
550 1.464 and deuterated benzene spectra revealed isotopic shifts
575 1.326 which suggested excitations of the C—H bond #grand v,

2(2)2 ﬁig However,v,, exhibited no isotopic shift indicating an excita-
650 1.129 tion of the aromatic carbon ring. The present results yield
675 1.112 values, relative to th€0,0) peak, which lie well within the

700 1.097 error bars quoted by Mat al. On careful examination of the

725 1.086 spectrum three further peaks can be seen, the first two peaks
;?g i:ggg are at energies which correspond tov{4 v,) and (6v,

800 1.055 +vp). As the (2v,+ vp,) excitation would lie underneath the
v excitation this tentative assignment seems reasonable.
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The symmetries and neutral ground state energies of the
benzene vibrations have been summarized elsewlfets.
2, 46, and references thergifrequencies for the two totally
symmetric ground state vibrations of 123 meM) and
395meV (v,) were reported. Comparing the ground state vi-
brations with the frequencies found for the excited state may
give reasonable suggestions fer and v, e.g., thev,e;q
C—H bend(104.9 meV could correspond ta, and the
V1681, fing stretch and deformatiofi85.2 meV could cor-
respond tov,. There are a number of vibrational modes,
including thewv,a,y C—H stretch, with energies of approxi-
mately 390 meV with a C—H stretch characteristic which
may correspond ta.. However the shift of 30 meV be-
tweenv, and the highest energy vibrations may indicate that
similar shifts could be present in thg and vy, excitations. A g, 3. absolute photoabsorption cross section of benzene over the region
similar tentative assignment of the vibrational structureof discrete resonances. The G lonization threshold is at 290.42 eV
found within the C 5~ 17* e,, resonance has been given by (Ref. 45.
Ma et al. They assignedr, to one or several out-of-plane
C—H bendsy,, to a nontotally symmetric ring stretch, and

~. discrete
resonances

— —
0 o N
| EPETErS EEra

N

ho

N

o

4s

Cross section (Mb)
o N A~ O
1l Lo

' AR

3d?

TTTTT T I T T[T T I T T T[T T IRAREEREEES RS R

287 288 289 290 291
Photon energy (eV)

to a C—H stretch. of symmetry of the molecule fronDg,—C,,. Using a
The plausibility of the above assignment of the vibra-single particle model they concluded that upon symmetry
tional fine structure in benzene is corroborated by a Comparibreaking the manifold of the 12 G1sm* e, (Dgy,) States
son with the theoretical investigations on the € i=* will form two groups, the dipole allowedsla;)— 7*(a,)
resonance of ether’ré.‘”ln ethene the main two peaks are at and the dipole forbidden s(a,)—7*(b,) excitations. In
~0.2 and~0.5 eV higher energies than th@0) peak which  sypport of this argument Schwaet al. cite the article by
is similar to the relative energies of, and v, shown in Fig.  Akimov et al,?® where a splitting of 0.5 eV was resolved in
2. Another similarity between ther* -resonance in ethene pyridine, theZ+1 analogue of core-excited benzene. How-
and benzene is the presence of excitations corresponding &er, the second, forbidden, group of excitations were pre-
combinations of multiples of the two main peaks. For ethenegicted to be over three orders-of-magnitude weaker than the
the vibrational structure in the™ resonance has been ex- dipole-allowed component. It is difficult to estimate the
plained by excitation of the totally symmetric C—C and C—H background contribution from the higher vibrational mem-
stretching vibrations, the antisymmetric counterpart of thepers of the(in C,, symmetry 1s(a;)— * (a,) component
C—H stretching mode, and several out-of-plane torsional vito this very weak feature and hence this assignment is tenta-
brational modes. The nontotally symmetric modes are extive. Hitchcocket al failed to report a splitting of the first
cited by vibronic coupling. Two qualitatively different EEL-excited#*-resonance in benzene and fluorinated ben-
mechanisms for this have been revealed, namely couplingenes. However, they did report a splitting of approximately
between the two core-excited speciesgefadeandunger- 1 eV seen in the firstr* resonance of their negative-ion
ade symmetry, respectively, and coupling between a manispectra, due to lifting of the #* orbital degeneracy in fluo-
fold of effective valence-excited states. The latter leads to theobenzenes of sufficiently low symmetry.
out-of-plane vibrations which are lowest in frequency among  The region of discrete resonances can be seen in detail in
the vibrational modes excited. In a simplified picture, theirFig. 3. The 3 and 3 Rydberg resonances converging to the
effect is to smear out the gross structure of the spectrunt 1s ionization threshold exhibit vibrational progressions
given by the in-plane modes. Thus in benzene, the assigwith a spacing of 120 meV. This vibrational spacing is in
ment of v, and v to out-of-plane and C—H stretch modes, good agreement with an excitation of tag, ring stretch,
not necessarily totally symmetric, seems plausible. kpr v;, with an energy of 123.3 meV. The positions of the, 3
the problem remains that it must be either identified with the4s, and 4 Rydberg resonances have been calculated by
totally symmetric ring stretchr,, which is 60 meV lower in  Hitchcocket al?* using the Rydberg formulas with quantum
energy in the neutral ground state, or with a nontotally sym-defects obtained from valence spectra. A change in the shape
metric ring stretch, which has no direct analogue in theof the 3p progression, markedd®, coincides with the cal-
ethene spectrum. culated position of the @ Rydberg series. More convincing
The third weak peak labeledx” in Fig. 2, 1.1 eV  are the two shoulders on the G1*7* b,y resonance which
higher than thg0,0) peak on the high energy flank of the correspond to the calculated positions of treahd 4p Ry-
C1s l#*e,, resonance, does not correspond to any combidberg resonances. The structure on the high energy tail of the
nation of multiples of thev,, v,, and v, vibrations. This C1s™ #* b,4 resonance closely resembles that of a Rydberg
peak can also be seen in both the benzene and deuterateeties and is rather unlike the vibrational progressions exhib-
benzene spectra of Mat al, where no isotopic shift was ited by the C 5~ 17*e,, resonance.
observed. This leads one to consider the theoretical predic- Schwarzet al** has summarized all previous assign-
tion of Schwarzet al,** who proposed a peak 0.8 to 1.5 eV ments of the pre-edge absorption spectra, which generally
higher in energy than th@-0) excitation due to a reduction agree regarding the GIn*e,,, 3s, and 3 resonances.



J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 The C 15 cross section of benzene 7367

x10% | 2 Vib. prog. model 15

20 —|C 15298 eV

{CHsC1s - A
4 10 —

15 -

()
€00 o

Intensity (counts)

L
292 294 296

.
%

w3ti- .

onu8fg3

----------- S-S
gie A

mresaleddma

3.5 4.0 4.5
Kinetic energy (eV) 1

Cross section (Mb)
1

FIG. 4. C 1s photoelectron spectra of benzene measured at 298 eV photon —
energy fitted with a model containing two vibrational progressions. The 0
dashed curves represent the individual vibrational states, while the full curve

through the data points represents the final fit after summation and convo- 300 320 340
lution with instrumental profiles.

Photon energy (eV)

For the peak between 289-290 eV the contributions of th&!G. 5. The absolute CsI'* partial photoionization cross section. Key:—
-1 hotoabsorption cross sectiéminus valence contribution® C 1s™ ! main
4s, 4p, and C k™ 7" b,y resonances could not be separated® P an 9

. . . . . line photoionization cross sectidfst data set containing 21 spe¢irill C
in earlier work, and varying assignments were given. 1s~! main line + satellites partial cross sectigfist data set containing 21

spectr3, ® C 1s~! main line photoionization cross sectig@nd data set

containing 42 spectfaO C 1s~! main line photoionization cross section
V. MAIN LINE PHOTOELECTRON SPECTRA with PCI recapture correctiof2nd data set containing 42 spegtra

A high resolution C % photoelectron spectrum of ben-

zene measured at a photon energy of 298 eV is displayed in . . .
. 7 movements in hydrocarbons, while the other progression was
Fig. 4. One can clearly see the asymmetry of the main lin L
-found to be of a significantly lower frequency.

due to the underlying vibrational structure and the postcolli- Thus we conclude that in benzene at least two vibra-

sion interaction(PCl). ftional modes are excited. Whether these two vibrational

This structure can be compared with an analysis % modes undergo Cslcore splitting due to energy differences
ethene and propene based on a fully localized building block g pitting gy

model of hydrocarbon vibrations by Szethre and coautHors. between tghfb different symmet.ry-ada.pt.ed stat.e:.s, similar ‘to
. cetylené®?°cannot be determined within our fitting model.
These authors suggested that the main change upan C

ionization in a hydrocarbon is a shortening of the C—H bond, hg ground state V|brat|on§ with any symmetry have en-
L . . ergies of 123.3 meV, the ring stretchr,), and 395.6 meV,
and that the amount of shortening is a universal quantit

dependent only on the number of C—H bonds on(shectly ¥he C—H stretch %,). Further, we cannot rule out the exci-

localized site of ionization. Hence the vibrational excitation tation of nontotally symmetric modes which have similar

spectrum of benzene should look similar to the spectrumenergles to the ground staggg modes. From group theory

assigned to the middle atoC2) in propene presented in considerations, modes @fq, b1y, bay, €1, andez, sym-

. . . metry may be induced via vibronic coupling. To distinguish
Ref. 17 (one C—H bondl This spectrum consists mainly of which of these could play a role in this spectrum poses a
the 0—0 component, with a weak shoulder due toithe 1 piay P P

excitation. Obviously this is not the case for our spectrum. serious theoretical problem and is beyond the scope of this

. . . article.
The shortcoming of th(_a mo_del descnbed. above is the We note finally that the excitation of a ring deformation
obvious neglect of further vibrational progressions. We have 2
S o is also expected from the geometry of the €idnized state
therefore attempted an analysis with a model consisting o . : S 4
. . . . of benzene in the core-equivalent approximatiogHgN ™,
two progressions, following the suggestions in Ref. 17 as far | . .
hich we have calculated using tbemessmolecular struc-

as possible. That is, the linear coupling model was assume, 8 L
. . ture progrant® We found the optimized molecular geometry
for the Franck—Condon factors of both progressions, which n )
. . o~ of CsHgN™ to be planar, therefore in contrast to the €1
are therefore given by a product of two Poisson distributions.” 3 o .
* excitation we expect no out-of-plane modes in the

A coupling parameter 08=0.12 for the C—H vibration was 1s ionization of benzene

derived from the result presented for methane in Ref. 17C '

divided by four to account for the reduction in the number ofVI PHOTON ENERGY DEPENDENCE OF THE

C-H bonds._Anharmommnes were rjot taken into .accoumSINGLE-HOLE CROSS SECTION

The overall intensity, the two vibrational frequencies, and

the coupling constant of the second vibration were allowed The photoabsorption and GXkingle hole cross sections
to vary. This model produced an acceptable fit to the dataare depicted in Fig. %the corresponding asymmetry param-
see Fig. 4. One of the two vibrational progressions had @ter is discussed in Sec. IX, see Fig).IThese data without
frequency of 386 meV, which is typical for C—H stretching the PCI correction have previously been published in Ref. 1.
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x10° 1s 17 l7* Ryd. We will return to the problem of assigning
hv=315 eV C1s -1 this feature in conjunction with the discussion of our reso-
w40 4 nant Auger spectra in Sec. VIII.
5 The most remarkable property that one can see in Fig. 5
8 30 — satellite region is that the featuresly;” and “ b,” present in photoabsorp-
g tion are almost absent in the single-hole cross section. These
5 20 — features are mostly caused by the shake-up satellite behavior
S immediately above threshold, as can be seen in the ¢ 1
€ 104 X8 main line + satellites partial cross secti¢ll). Several of the
satellites identified in the sudden liffit appear to be
0 L B I B L L B B B B RO strqngly enhanced by conjugate trans_itions about 5 (_av above
5 10 15 20 o5 their respective thresholds. The details of the satellite struc-

ture will be discussed in Sec. IX. In the main line, only a
very weak amplification in the 300-315 eV region can be
FIG. 6. C Is photoelectron spectra of benzene at 315 eV photon energyiMagined. This situation is similar to recent findings in
encompassing the main line and shake-up satellites. ethyne, where Thomast al? using a combination of their
gerade/ungeradesymmetry-resolving C4 data with our
cross section curvavere able to quantify the main line en-
In order to allow a scaling of the GsI'! cross section to hancement due to the shape resonance at the maximum of
absolute values a background due to valence excitations wéle feature to be about 0.35 Mb, compared to a satellite in-
subtracted from the photoabsorption spectrum. For very lowensity of 0.5 Mb.
kinetic energies the PCI profile used in our anaf’st&has a Near-edge x-ray absorption fine-structutdEXAFS)
tail extending into “negative” kinetic energies. We have in- spectra of monolayer benzene have been measured on
terpreted this as a finite probability for photoelectronPt(111) by Horsleyet al*” and on C(110) by Baderet al>°
recapturé. Points produced by subtracting the fraction of theThe partial electron yield NEXAFS spectra measured at both
intensity below the negative kinetic energy part of the curvenormal and glancing x-ray incidence angles show that reso-
are designated as recapture corredted in this figure and nances ‘b;” and “b,” are enhanced in the normal inci-
the corresponding inset. While the uncorrected curg¢  dence(90°) x-ray NEXAFS spectrum and are not present in
represents the oscillator strength of the single-hole photoiorthe glancing incidenc€20°) spectrum. This behavior is op-
ization process, the corrected curve represents the intensiposite to that of the C4” 17* e,, resonance. From this, one
of the photoelectron signal actually observable in an experimust conclude that resonanced,” and “b,” are of
ment. o-symmetry. However, as can be seen in Fig. 5 and has been
The sum of the intensity of the GI' main photoelec- shown in the previous paragraphs, resonanckg’ “and
tron line and its shake-up satellitéll) have been scaled to “b,” are caused mainly by the shake-up satellite behavior
the absolute C4 photoabsorption cross section at 307 eVimmediately above threshold. We are therefore confronted
photon energy, where the contribution from shake-off pro-with a feature displaying the signature of a shape resonance
cesses are expected to be negligible. We note, however, thist photoabsorption measurements while not being prominent
the estimated error associated with this procedure could be &s the main line cross section. This is in contradiction to the
high as 10%. An example of a photoelectron spectrum consituation in N, and CO, for example, where there is a corre-
taining the main line and shake-up satellites is shown in Figspondence between absorption and main line shape
6. In the inset to Fig. 5, the uncorrected data points of theesonance®>*! The correspondence of absorption and single
single-hole cross section at low photon energies are placephrticle cross section is an important cornerstone in the con-
slightly above the absolute photoabsorption curve. We beventional picture of a shape resonance as an above threshold
lieve this to be an artifact produced by an overall shift of thescattering state of high angular momentum produced by the
photon energy axis. We estimate an upper limitdd.5 eV molecular surroundings of the emitting atom. We have dis-
for the shift of all C Is data points, with respect to the pho- cussed this problem in a previous publicatfofrom our
toabsorption cross section, from our the calibration procespectra, an approximate upper limit for the cross section en-
dure. The possible influence of non-dipole effects is dis-hancement due to this single-particle shape resonance in ben-

Kinetic energy (eV)

cussed in Sec. IX. zene is 0.5 Mb, compared to a satellite contribution of ap-
The sharp feature &’ in the photoabsorption cross sec- prox. 1.9 Mb at maximum.
tion is reflected in the single-hole cross sectisae Fig. . In the energy region between 320 and 340 eV, marked

As mentioned in the introduction, such enhancements in thé c” in the photoabsorption cross section, the data points are
cross section below the satellite thresholds may be due tmo scarce to determine whether this feature is present in the
transitions into neutral doubly excited states, which populatesingle-hole cross section.

the Ci1s ! singly ionized state by fast participator The only other published single-hole partial cross sec-
autoionizatiof*®3%4°or the presence of a shape resonancetion measurement has been made by Piancastedli® using
Kempgenset al! assigned 4" to a double excitation in time-of-flight photoelectron spectroscopy. The decrease in
analogy to the simple unsaturated hydrocarbons ethyne aridtensity in their measurements between photon energies of
ethene, and tentatively suggested a configuration of the typ@00 and 340 eV agrees fairly well with our results. Below



J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 The C 15 cross section of benzene 7369

approximately 300 eV, however, their partial cross data dis- 12 —
play a decreasing intensity behavior towards threshold, al-
though feature &” may be seen as a local maximum. These
early measurements were made at a bending magnet beam-
line with an excitation bandpass ef2 eV width. Therefore,

the increase due to the sharp featur@’ ‘haturally will be
washed out to some degree. Nevertheless, this explanation
seems not sufficient to completely resolve the differences
between their and our curves. The ratio of the Auger to main
line intensity has been displayed by Piancasetlal.® and

can be derived from measurements of our growhile this

(a)

Cross section (Mb)

ratio increases below 297 eV by 0.3 according to Ref. 3, it 300 400 500 600
stays constant within 0.1 in our data. This points to a prob- Photon energy (eV)

lem in the correction of the analyzer transmission in Ref. 3, 1.0 —

which is notoriously difficult in electron time-of-flight spec- (b)

troscopy, as the cause of the discrepancies between the two
data sets. Since the fast Auger electrons will not experience a
change in the transmission function, the increase in the =—
Auger/C 1s ratio in Ref. 3 could be simulated partly by an ;SE 0.0 —
underestimation of the Cslline intensity, which when prop- ~

erly corrected for would bring their Csldata points up -0.5 -
higher. The shape of our main line cross section curve in
relative units has been reproduced in an independent
measuremer—?& - _nl||||||||llnl|||n|l||||||n|I|||||||||||||||||||

3 4 5 6 7 8
k(1/A)

VII. EXAFS OSCILLATIONS

The fine structure in the benzene € photoabsorption 80 — (c)
cross section was analyzed according to standard EXAFS
procedures as follows: a smooth polynomial spline was fited _— 60 —
through the data in the energy range between 317 and 600 =
eV. The spline is shown as a dotted line in Figa)7and the =
corresponding normalized EXAFS oscillations in Figb)7
The Fourier transform of the normalized oscillations is pre- 20 —
sented in Fig. {€). The chosen interval of tHevector values
was 2.8—7 A, For higherk-vector values the analysis was
very sensitive to the parameters of the spline, thus yielding
errors for the C—C distance well above 0.1 A. The empirical 0 2 4 6 8 10
C-C phase shifts taken from Ref. 52+ 3.94—0.34) gave V(A)
the distance of the neares_t-nelghbor carbon atoms Ir_] the mOIL'IG. 7. (a) Polynomial spline fitted to the benzene absolute photoabsorption
ecule of 1.44-0.05A. This value compares well with the ¢ross section between 317 and 600 @;normalized EXAFS oscillations;
literature value of 1.399) A.>® An attempt to extract the (c) Fourier transform of the normalized oscillations.
C-C bond lengths from extended inelastic electron scattering
cross sections has been undertaken by Hollebeinal®>®  C4HgC 1s shape resonance at9 eV above threshold, or at
These authors arrive at a value of 1(@6A. our feature ‘by,” which we have shown to be mainly of

It has been suggested by Btoand Bauchspiedsthat  multiparticle character.
shape resonances lrspace can be seen as a continuation of  The fact that several resonances @fsymmetry are
the EXAFS oscillations, and presented data for the diatomipresent in benzene cannot be accounted for in this approach,
molecule Q to demonstrate this. Our observed EXAFS and the authors of Ref. 56 suggested averaging over the po-
structure unfortunately does not extend far enoudgkispace  sitions when different resonances@ymmetry are present.
to confirm their suggestion for benzene. A connection beA potentially more satisfying procedure has been presented
tween resonances and EXAFS structure would also rationaby Migal, who took into account the positions and lifetimes
ize an earlier semiempirical correlation between shapeef all #*- and o*-resonances to construct aimatrix,
resonance positions as observed by photoabsorption evhich is then reproduced by an arrangement of muffin-tin
photoyield measurements and molecular bond-lengths, theotentials representing the scattering nutdefnother ap-
“bond-length-with-a-ruler” relation(Ref. 56, see also Ref. proach towards connecting the near-edge photoabsorption
57 for a critical review. Taking the literature value of the structure to molecular geometry of course is the use of nu-
bond length, and recalculating the shape-resonance positianerical multiple scattering program%® However, no re-
with the proportionality constant of Ref. 56 would place thesults for benzene by any of these procedures are known to us.

||||||||||||nx|||||I|||||||||I1||||u||||||||||||
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VIIl. AUGER PROCESSES IN C1s IONIZATION [SETARRETISNRRIRERRI RRRRSRUNRARRERIAT!

C 1s7'n*e,,
On resonance d” both the photoabsorption and single- 15 Auger
hole cross sections are enhanced. The results of NEXAFS
spectra differ somewhat in the reported symmetry of this 10
feature. While according to Horsleyet al?’ it is of
o-symmetry, Badeet al*° find this resonance under grazing 5 | Zn% :,f;e,
and glancing angles, which suggests a miwéd type. Un- VU
fortunately these facts still do not allow discrimination be- \ \ II
tween the two possible processes, a double excitation or a 0 .
resonance 'a
shape resonance. Therefore Auger decay spectra were mea- Auger \
sured on the C4 17*e,, resonance, resonance,” reso- 135 —
nance ‘b;,” in between the latter two resonances, and in
sudden limit conditions at 390 eléee Fig. 8 These spectra 90 —
are part of a series of benzene Auger and resonant Auger
spectra to be publishéd. 45 —

The spectrum measured at the highest energy, 390 eV, is
in good agreement with the Al éexcited spectrum of Sieg-
bahnet al®? In the Auger spectra measured in the region of
the resonances, the valence lines can be observed and have
been joined in Fig. 8 by lines between the different spectra
for ease of comparison. Comparison with He) spectr§®
shows that all of the valence lines can be seen quite clearly in
the spectrum measured on resonanbg.” However, they
are of low intensity due to the high photon energy of excita-
tion. The Auger spectra at and between the resonanaes “

(@]

in-between
'a' and 'b,'
Auger

W
(<)
I

—
o
I

Intensity (counts x1 03)
N
o
I

\

and “b,” are very similar. This corroborates our analysis of 0 resonance 'b,’ \ \ \
the single-hole cross section, which produces most of the 6.0 —|Auger
additional oscillator strength making up feature.™ The \
absence of valence line enhancement on all resonances ex- 4.5 H
cept the firstw* was noted in resonant Auger spectra from 3.0 —
solid benzene by Menzeit al?® '

From the absence of additional features in the Auger 1.5 —
spectrum recorded on resonanca’‘we can limit the as-
signment to the following two possibilities: a double excita- 12 _|sudden limit
tion of two electrons to non-Rydberg orbitals, or the tradi- (390 eV)
tional assignment as a shape-resonance. Resonant Auger Auger
decay of multiply excited states are know to influence the 8 -
spectrum of the inner-valence regitf* However, an exci-
tation to 1o, ‘17, *17; has been identified in ethyne at an 4
energy lower than the satellite maximum and C-C shape-
resonance position, and was shown to lead to an increase in
the single-hole cross sectfras well as to a corresponding 0 LR RN RURRNRRRRE ERRRERR
featureless amplification of the Auger spectriiNeutral 220 240 260 280
double excitations decaying into the main line single-hole Kinetic energy (eV)

states have also been identified in valence photoionization of

N2.65 In contrast to a non-Rydberg double excitation, aFIG. 8. Auger electron decay spectra of benzene. The lines trace individual

double excitation of the types'].'lﬂ'_lﬂ'* Ryd is likely to valence states across the different Auger spectra to guide the eye.

undergo resonant Auger decay partially th-2p states,

which would appear at similar kinetic energies to the direct

inner valence photoionization. An assignment as;go*

shape resonance is given by MSe-Xalculations by Horsley shake-up. From these calculations they have predicted a

etal?’ and the MBS-SCF calculations of Lucchese andresonant excitation of multiparticle character above the ion-

Gianturco®® However, we note that this feature is uncharac-ization threshold, which might be underlying th& shape-

teristically narrow for a shape-resonance. resonance. Since the multiparticle state would acquire its os-
Schwarzet al** studied theoretically the energy levels cillator strength from the 4~ *7* by, admixture}* this could

of benzene core-excited and core-ionized states, and fourekplain the reports of botle- and -components in reso-

strong mixing between the GI17* b,y single particle ex- nance ‘a,” %0 and therefore seems the most plausible assign-

citation with doubly excited states resulting from—m* ment to us.



J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 The C 15 cross section of benzene 7371

. satellites 2 and 4 correspond to the triplésat. 2a) and
AX1 0’ ; CeHe C 1h§/ f%‘gg'tg\i singlet(sat. 4 1a,()— 2a,(7*) transitions:° The fact that
g 3.5 - - 3a is assigned differently by Sjperf’ is probably an ex-
3 pression of the general shortcoming of a single configuration
o 3.0 — description for the manifold ofr-excited states, since in both
2 2.5 Ref. 67 and Ref. 50 configuration interaction calculations
@ using all single and double- and 7-excitations have been
8 2.0 5 performed. In most other respects the results are similar. In a
= 1.5 more broad range theoretical study of the shake-yp spectra of
' (a) 2b, (m)—3b,(n*) " benzene and some benzene derivatives Yang agrf
SR LA LR B LN B reported assignments for the shake-up transitions which dif-
0 1 2 3 4 5 fer from the assignments included in Table II.
Kinetic energy (eV) Figure 10 shows the photon energy dependent behavior
)(103 of the satellites 1-5 and 7. A maximum near threshold is
CeHg C 1s satellites exhibited by the satellites 1-5 which correspondrte> 7*
@ 3.0 -1hv=309eV 4 excitations, but not satellite by 7, which lends weight to the
S o5 | assignment of this satellite to@— o* transition’® This is
g = contrary to the most recent calculations by@gn®’ Similar
- 20— behavior to that of satellites 1-Esinglet and tripletw
¥ R —a* excitations is exhibited by theS, (singlet m— 7*)
S 1.5 — N, and S, (triplet m#— 7*) absolute satellite cross sections of
E the unsaturated molecules ethyhand ethené? In benzene
1.0 the triplet m— 7* excitations, satellites 1 and 2, and one of
the singletmr— @* excitations, satellite 3, are enhanced near
6 8 10 12 14 16 threshold and decrease strongly after a few eV indicating a
Kinetic energy (eV) conjugate contribution of their intensity. A conjugate

shake-up transition consists of a dipole excitation of a core

FIG. 9. The C & shake-up spectra of benzene taken at 298a\and 309  electron into an empty valence orbital and monopole ioniza-
eV (b) photon energies. Total energy resolution was approximately 230tion of valence electron. While Conjugate processes pIay no
meV. The by (7)—3by(7*) and la,(7)—2a,(7*) exchange split tran- . .
sitions (Ref. 70 have been marked o). role in the sudden limit, they can lead to a strong enhance-
ment of certain satellites or to the appearance of additional
satellite peaks near the ionization threshold. Although no
evidence is seen for additional satellite peaks near threshold
due to pure conjugate processes, the enhanced intensities of
satellites 1, 2, and 3 indicate that conjugate contributions

A number of theoretical and experimeftfdi’~"?inves-  play an important role in the satellite structure of benzene.
tigations of the C$ shake-up satellites of benzene exist,  The photon energy dependence of the benzene main line
although these concentrate mainly on the sudden limit enand satellite 4 asymmetry parametgdsalong with thes
ergy region and are based on two photoelectron spectra r@arameter for the benzene @1 main line extracted from
corded using Al Kx radiation?>%® The better resolved spec- Piancastelliet al® are shown in Fig. 11. For the error in the
trum of Nordforset al® shows five satellite peaks with a main line 8 we expect a fixed offset of less than0.1 for
binding energy approximately 5—-11 eV relative to the mainimperfections in the symmetry of the apparatus, a multipli-
line. Theoretical calculations have allowed the first four satcation of all values by a common factor between 0.96—-1.04
ellite peaks to be assigned to—=* excitations’™®":6%70  resulting from the error in determination of the light polar-
while the fifth was reassigned fromma— 7* (Refs. 45, 67, ization and a random contribution of 0.01 from statistics. The
69) to ao—o* excitation(Ref. 70. Further weak satellite asymmetry parameter of the main line is relatively smooth in
structures at higher binding energies overlap with a strongomparison to, for example, C®Ref. 33 and N, (Ref. 31).
shake-off continuum and have not been described in the litHowever, this smooth behavior of the main line asymmetry
erature. Piancastelbt al® investigated the photon energy- parameter is also present in the most simple chain hydrocar-
dependent behavior of the asymmetry parameter of theons GH,,'% C,H,, ' and CH,.%?
whole group of shake-up satellites. The asymmetry parameters of the other satellites, includ-

Typical satellite spectra are displayed in Fig. 9. Figureing satellite 7 ¢— ¢*), are similar to satellite 4 and hence
9(a) shows a spectrum 4 eV above the first satellite threshol@dre not shown.
and below the resonancebf,” while Fig. 9(b) shows a In recent theoretical and experimental work an influence
spectrum 15 eV above the first satellite threshold. The enesf nondipole terms in the photoionisation amplitudes well
gies and satellite assignments along with previous results ateelow 1 keV photon energy was suggested by Refs. 73-75,
summarized in Table Il. Satellitesaland 3 are of the cor- see also Ref. 76 for a review. These additional terms will
rect energy to correspond to the respective triplet and singldtave an influence on measurements conducted outside of the
exchange split B,(7)—3b,(7*) transitions and similarly so-called dipole plane, i.e., the plane perpendicular to the

IX. SHAKE-UP SATELLITES AND ANGULAR
DISTRIBUTION
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TABLE Il. Binding energies of the benzene shake-up satellites. All satellite intensities are written as a percentage of nhardirie.

This work Ref. 67 Refs. 45, 69, 70
Intensity Intensity
Energy Intensity(%) Energy(eV) (%) Assignment Energy(eV) (%) Energy(eV) Intensity (%)
Satellite (eV) (323 eV) theory theory  staté®™  experimerft experiment theory theory Assignment
la 3.9+0.1 0.16 4.07 17 4.14 3[2b,(7)—3by(7*)]

1b 4.2+0.1

2a 48+0.1 0.83 4.40 - 27 4.8+0.1 0.3 4.68 - 3 1a,(m)— 2ay(7*) ]
2b 5.2+0.1

3a 5.8+0.1 2.21 5.36 438 2 5.8+0.1 2.8 5.54 46 B, (7)— 3b,(7*)

3b 6.2+0.1

4 7.15+0.05 5.52 6.47 8.9 3 7.0+<0.1 5.4 6.42 7.2 a,( ) —2a,(7*)
5 8.4+0.1 4.47 7.62 1.9 % 8.4+<0.1 4.0 9.45 4.6 th, () —3by(7*)
6 9.8+0.2 2.01 9.89 2.2 7

7 10.9-0.1 3.42 10.89 1.6 o 10.9+<0.1 2.9 12.46 0.7 (o) —8by(a*)
8 12.0:0.5 1.43 13.40.3

9 14.4-0.3 7.24 14.80.4

10 16.7:0.3 3.13 16.6:0.3

11 18.8-0.6

#The experimental shake-up spectrum of Ref. 67 was measured vith »Atay radiation(1487 e\}.

PThe most advanced theoretical results of Lue¢lhl. (Ref. 70 are shown here, CISD calculatiotmnfiguration interaction between all singly and doubly
excitedo— o* and7— 7* configurationg

For the first two satellite peaks, values have not been given for the CISD calculation and we have taken the values from the CIS cadoofagimasion
interaction between all singly excitegl—o* and 7— 7* configurations

dsjogren(Ref. 67) originally assigned satellite 7 to the calculated peak at 9.89 eV, however, this was based on the experiment&e&dtsvhich failed

to resolve satellite 6. Thus the calculated peak at 10.89 eV did not match with an experimental value.

light propagation vector. Since our analyzer accepts eleche same increase in the cross section of this work, with
trons scattered backward within a cone of 54.7° openingespect to the true partial cross sectisee Ref. 38 for de-
angle with respect to the light axis, these effects have to b&ils). These numbers are too small by far to explain the
considered. We will give a detailed treatment of the possiblalifference between the cross section curves of Ref. 3 and this
influence of these effects for our spectrometer in a forthcomwork. Therefore, although this topic surely needs further in-
ing publication® Here only the following result is of impor- vestigation, at the moment we do not see evidence for strong
tance: Including the most important nondipole term, ourmultipole effects in this work.

measured angular distribution parameter, as depicted in Fig.

11, is denoted byB’ and has to be written ag3’

=(B—2vy37 %9 . Here B is the dipole angular distribution X. CONCLUSION

parameter and is defined as in Ref. 74. This will not influ- We have investigated the Cslphotoabsorption and
ence the validity of the observations given in Fig. 11, butphotoionization behavior of benzene. The vibrational fine
may of course alter their interpretation. structure on both inner-shell resonances and photoelectron

An assessment of the strength of multipole effects in thidines is complicated by vibronic coupling between the differ-
particular case for benzene can be made from the comparis@mt symmetry-adapted hole states. In the case of the photo-
of our measured angular distribution values with the resultsonization spectrum, a definite interpretation of the vibra-
of Piancastellet al? (see Fig. 11 These were measured in a tional structure cannot be given without theoretical guidance.
forward scattering geometry, where the influenceyain the  From the geometry of the core-equivalent species, the exci-
measuredB’ appears with a reversed sign. The deviationstation of at least the C—H stretching mode and one ring de-
between the two curves are inside of the systematical errof®rmation mode is expected. A least-squares fit using two
quoted(+0.1 in the case of Ref.)3or all but the lowest vibrational progressions, with the coupling strength for the
energies. For the first four data points of Piancasalial. C—H stretch given by the fully localized, building block
the deviation is about 0.2. To explain this difference bymodel of Saethreet all’ produced results compatible with
quadrupole effects & of —0.26 is needed. This would lead the data. In contradiction to this model, however, introduc-
to a 5% decrease in the cross section measured in Ref. 3, atidn of a second vibrational mode has been vital in the ex-
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e asymmetry parameters extracted in a 54.7° backward scattering geometry.
o 0.4 0 .. Results for the main line of Piancastedf al. (Ref. 3 (forward scattering
8 ... geometry are included for comparisoferosses All of the satellites have a
» %DDD Qj... very similar behavior to that of satellite 4 and hence are not shown.
8 0.2 — LT D. ® 9 Py
5 u" " ophe
- ansatz would be to extend the type of multichannel calcula-
00— _® tions that have recently been performed for valence ioniza-
| I | ! ! tion of ethyne to higher incident photon energi@n a first
0 5 10 15 20 25 multichannel scattering study of the @ lionization of
Kinetic energy (eV) ethyne published after the submission of the present work,

FIG. 10. The photon energy dependent behavior of the absolute cross seﬂ-]IS groups® has shown a drastic de.crease o.f the S.mg.le Ch.an_
fion of benzene shake-up satellites 15— m* excitation and 7 fel shapoe resonance effect by taking satellite excitations into
(0—0*). account
In a recent publication, single hole G kross sections
from multiple-scattering calculations have been given for
planation of the spectrum. Whether this fact can be includedondensed, oriented hydrocarbdidnelastic contributions
in a localized model, or requires the use of a vibronic cou-have not been taken into account in this work. It is interest-
pling theory, remains to be seen. ing to note that for ethyne, these data, if properly angle-
A break-down of the total photoabsorption cross sectioraveraged for an experiment on unoriented targets, are in per-
above the C & threshold into main line and satellite frac- fect agreement withhe sum of the single hole and satellite
tions of the cross section has revealed the major role of theontributionsto the total cross section, as derived from our
satellites in producing the humps in the photoabsorptiorwork and Thomast al.”?° Therefore, we suggest replacing
cross section usually assigned to g anda,, shape reso- the conclusion arrived at in Ref. 59, namely that satellite
nances of benzene. Similar to the unsaturated hydrocarbarontributions do not play a role in Cslphotoemission from
C,H, we find that features in the photoabsorption cross secabsorbed hydrocarbons, by a more plausible argument: Al-
tion, undisputedly ofg-symmetry, turn out to be caused though the importance of satellite contributions in inner shell
mainly by satellite excitations. Remnants of resonance efphotoemission can undoubtedly be shown, certain aspects of
fects in the main lines could still be fourtd?° but on the  this process are still amenable to a single particle description.
whole these resonances are not single-particle phenomena.ldremains a subject of further theoretical and experimental
connection between virtual molecular orbitals and the scatstudies to find out to what extent and why this simplified
tering picture, which is another way of rationalizing shape-description can be recovered.
resonances, has been made by Sheglay, who showed the In an energy-dependent study of the benzenesGadt-
similarity of minimal basis set virtual orbitals to the con- ellites we were able to show the importance of conjugate
tinuum states of a square-well potential for simpleparts of the amplitude near threshold, a behavior which now
molecules”’ To stay in the scattering picture, our findings appears to be quite common for hydrocarb®is®?
correspond to a large amplitude for inelastic scattering of
gmltted electrqns_ on the sur_roundlng atoms.thereby giving, ~ NOWLEDGMENTS
rise to the excitation of satellite channels. This so-called di-
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