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Reappraisal of the Existence of Shape Resonances in the SeriesC2H2, C2H4, and C2H6
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(Received 28 January 1997)

We have measured the main line (single hole) C1s photoionization cross sections forC2H2, C2H4,
and C2H6 in the immediate threshold region. These three molecules occupy a central place in the
proposed correlation between shape resonance position and molecular geometry. We find no clearly
identifiable shape resonances in the single hole cross sections ofC2H4 and C2H6 and only weak
evidence for one inC2H2. [S0031-9007(97)03487-X]
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Following the work of Dehmer and others, e.g., [1–4]
various shape resonances have been identified in the p
toadsorption spectra of diatomic molecules. These occ
in the continuum above the core level absorption thres
old and are usually attributed to the resonant trapping
the emitted photoelectron due to the presence of a pote
tial barrier. The latter results from centrifugal, repulsiv
forces which give rise to a concentric double well poten
tial. An alternative view of this phenomenon [3,4] is to
assign the resonances to virtual, antibondingsspd molecu-
lar orbitals (m.o.’s) in the continuum. The two descrip
tions are essentially equivalent, as has been discussed
several papers, e.g., [5]. Conforming with the notion tha
the energy of a shape resonance depends on the de
of the molecular potential, Stöhr, Sette, Hitchcock, an
others have suggested that there is a correlation betwe
shape resonance position and bond length, even in po
atomic molecules [6–10]. Piancastelliet al. [11,12] later
pointed out that, although such a “bond lengths with
ruler” [8] correlation might be expected (see, e.g., [13]
there were assignment problems in photoabsorption sp
tra and it was suggested that shape resonances should
tually be sought in the corresponding main line, or sing
hole, cross sections. Such measurements forC2H4 and
C6H6 using synchrotron radiation on a bending magn
beam line did not, however, give an unequivocal answ
to this question [14].

The molecules ethyne, ethene, and ethane (C2H2,
C2H4, andC2H6, respectively) occupy a key role in this
discussion [7,8,15,16], since there is also a marked var
tion in C-C bond length with which the apparent positio
of the shape resonance has been correlated [7,8] (Fig.
Moreover, according to the calculations of Farrenet al.
[17] the C-C sp resonance is expected to dominate th
near-edge region. The C-H resonances, on the oth
hand, are expected to be weak in the core level excitati
spectra. In this Letter we report the measurement of t
C 1s main line (single hole) cross sections for the thre
molecules in the near-threshold region.

Photoelectron spectra of the three molecules we
measured on the X1B undulator beam line [18] at th
Brookhaven NSLS x-ray storage ring. The kinetic en
ergies of the emitted photoelectrons were determin
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with a stationary, angle-resolving magic-angle cylindrica
mirror analyzer (CMA), along the axis of which the
incident radiation reaches the target region [19]. With th
arrangement the total intensity, integrated over all angl
around the axis, is independent of the angular distributio
of the photoelectrons and the degree of light polarizatio
enabling partial cross sections to be determined. T
angular asymmetry parameterb (not of relevance here)
can also be determined by utilizing a specially designe

FIG. 1. CarbonK-edge absorption spectra of ethyne, ethen
and ethane measured with electron energy loss spectrosco
showing the putative shape resonances and their appar
dependence on C-C bond length. From Hitchcock and Brio
[16] and Setteet al. [7].
© 1997 The American Physical Society 35
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FIG. 2. The absolute photoabsorption cross section of ethy
above the C1s photoionization threshold as well as the C
1s main line and main line1 satellites photoionization cross
sections.

eightfold symmetric spatially resolving detector [19]
Core level spectra ofC2H2, C2H4, andC2H6 were mea-
sured for a range of photon energies above threshold b
at high (100–120 meV) and low (200–250 meV) resolu
tion, depending on whether just the C1s main line or the
whole C1s region, i.e., including shakeup satellites, wer
included. All spectra were normalized to the intensit
of the incident light by alternate measurement of the N
2p spectrum at each photon energy [19]. Cross sectio
were determined by integrating the spectra appropriate
and scaling vertically to the photoabsorption cross sectio
The corresponding photon energy at which the ph
toionization cross section curve “main line1 satellites”
coincides with the photoabsorption cross section shou
be—and is in all three cases—below the expecte
threshold for shakeoff excitations. (The contributio
of valence photoionization to the photoabsorption cro
section also has to be extrapolated from the value belo
the threshold and subtracted.) Absolute photoabsorpt
cross sections were determined in a separate experim
using an absorption cell, as described previously [20,2
The possible scaling error in the determination of th
absolute photoionization cross sections is estimated to
normally below 7%, but may be as high as 10% in th
immediate threshold region.

Figure 2 shows the photoabsorption cross section
C2H2 above the CK-shell excitation threshold. Apart
from three relatively sharp peaks below 302 eV, th
spectrum is dominated by a broad intense feature cente
at ,310 eV which has been attributed to aspsC-Cd
shape resonance [7]. Also shown in the figure are the
1s main line photoionization cross section (open circle
and the C1s main line1 satellites cross section (filled
squares). Note that between the threshold for shake
excitation and the threshold for shakeoff excitation th
main line1 satellites cross section corresponds to the
1s partial photoionization cross section. In the main line
or single hole, cross section the putativespsC-Cd feature
36
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is drastically reduced in intensity, and its maximum
shifted by 1–2 eV to higher photon energy.

The three features at 292.4, 295.6, and 300.6 eV in
absorption curve have been assigned to double excitati
[22] and the latter two are also clearly visible in the C1s
main line cross section, indicating that decay occurs via a
toionization. In such a process one of the excited electro
fills the valence hole while the other is emitted, leaving
C 1s21 state. Subsequently, the core hole is filled in a no
mal Auger transition. Such double participator transitio
have already been observed in CO [23–25], CO2 [23], CH4

[26], and N2 [27]. The difference between the photoab
sorption cross section and the two other curves above ab
298 eV in Fig. 2 is, however, due to a competing mech
nism, namely, resonant Auger transitions that directly fi
the 1s hole and do not contribute to the main line cros
section. The main effect giving rise to the semblance
an intense shape resonance is a strong, broad featur
the C1s main line1 satellites cross section which is no
present in the main line cross section. This is due to t
photon energy dependence of the shakeup satellites in
region above their respective thresholds. The total satel
intensity is,30% of that of the main line at a photon en
ergy of 310 eV, but decreases to,15% at 350 eV: Con-
jugate enhancement of normal shakeup satellites as w
as possible pure conjugate transitions occur in the thre
old region [28]. Around 320 eV the C1s partial cross
section deviates again from the absorption cross sect
which we attribute to shakeoff processes that give no d
crete structure in the photoelectron spectrum. Shigem
et al. [29] have recently measured the angle-resolved i
fragment spectrum ofC2H2 accompanying C1s photoion-
ization. Although they find some selection of axes alon
the direction of theE vector around 310 eV, the molecu
lar asymmetry parameter estimated from their curves
around 0.7—smaller than for CO and N2 [29,30]—with
a maximum shifted to 312 eV, thus supporting our obse
vation of a small increase in the energy of the feature in t
main line cross section. In summary, the present results
dicate that the strong, broad feature in the photoabsorpt
cross section ofC2H2 centered at,310 eV is largely due
to satellite contributions.

The corresponding curves forC2H4 are shown in Fig. 3.
Since the structures in the photoabsorption curve are o
partly reflected in the main line cross section, there
no built-in check on the correspondence of the phot
energy scales in the two experiments. For this reason
Auger spectrum was measured simultaneously with ea
photoelectron spectrum and integrated to give an Aug
yield curve (not shown). The sharp structure just abo
threshold in this curve was found to correspond exactly
that of the photoabsorption spectrum. Since the satel
spectrum ofC2H4 is generally weaker than that ofC2H2,
it is more difficult to obtain an accurate value for th
main line1 satellites cross section at the threshold of t
strongest satellite, which in this case isS0. We have thus
included the ZEKE data of Medhurstet al. [31] which give
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FIG. 3. The absolute photoabsorption cross section of ethe
above the C1s photoionization threshold as well as the C
1s main line and main line1 satellites photoionization cross
sections.

a combined intensity of 3.7s60.6d% for the S0 and S1

satellites relative to the main line at 299.7 eV. This 3.7
has been added to the value of our main line cross sect
at 299.7 eV to give the filled triangle in Fig. 3. Unlike
the situation inC2H2 (Fig. 2), and in CO [23,24] andN2

[27], the first two double excitation resonances just abo
threshold in the photoabsorption curve are not reflect
in the main line cross section (Fig. 3). They thus dec
primarily via spectator resonant Auger transitions rath
than by valence autoionization. The feature at,295 eV
in the main line cross section is clearly an adjacent doub
excited state which is not visible in the photoabsorptio
curve but decays strongly via autoionization. The thi
sharp feature above threshold at 297.3 eV can be see
both the photoabsorption and main line photoionizatio
cross sections. More importantly for the present discuss
is that, despite some scatter in the data points, the feat
in the photoabsorption spectrum at,300 eV attributed by
Stöhr and co-workers to thesp shape resonance is no
visible in the main line cross section. The origin of thi
feature is most probably the increase of the intensity of t
S0 satellite with its threshold at 299.2 eV. Whether a sha
resonance is present in the immediate threshold region
as proposed by Arvanitiset al. [15] and predicted by the
calculations of Farrenet al. [17]—cannot be ascertained
from the main line cross section. The calculations wou
put the shape resonance exactly at the position of
first sharp feature in the absorption spectrum which is n
present in the single hole cross section.

Figure 4 shows the corresponding curves forC2H6.
Again, an Auger yield curve was used to check the co
sistency of the two photon energy scales. The photoa
sorption curve shows no pronounced features apart fr
the maximum just above threshold. A sharp feature
,294 eV and a broader one at,298 eV in the main
line cross section are just discernible, giving evidence f
double excitations decaying via autoionization. This in
dicates that the maximum just above threshold assign
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FIG. 4. The absolute photoabsorption cross section of etha
above the C1s photoionization threshold as well as the C
1s main line and main line1 satellites photoionization cross
sections.

by Stöhr and co-workers to thesp shape resonance may
be due to structure produced by doubly excited states d
caying mostly via spectator resonant Auger transitions, a
though this cannot be definitely ascertained: At the poin
at which the determination of the photoionization cros
section is no longer possible, the photoabsorption curv
and the latter are divergent. An alternative explanatio
might be provided by the calculations of Farrenet al. [17]
who place thespsC-Cd resonance below threshold, but
predict a weakspsC-Hd resonance just above.

In the case of CO and N2 the shape resonances abov
threshold are strongly reflected in the main line (singl
hole) cross sections [23,24,27]. Moreover, non-Franc
Condon behavior is observed: The branching ratios of th
vibrational fine structure on the main line are markedl
perturbed, an effect which is well known in valence leve
photoemission. In CH4 [24], on the other hand, a weak
feature at,303 eV appearing in both the photoabsorption
spectrum and the main line cross section does not influen
the vibrational fine structure. Our preliminary analysis o
the vibrational fine structures on the C1s lines of C2H2,
C2H4, andC2H6 does not indicate any perturbation of the
vibrational lines either. This is particularly relevant for
C2H2 where the weak feature in the main line cross sectio
may actually be due to a double excitation rather than to
shape resonance, as has been suggested for CH4 [26]. We
should note, however, that Farrenet al. actually predict a
shape resonance, but at a few eV lower energy [17].

In recent years shape resonances have become q
important in surface physics: They have a defined sym
metry dictated by the molecular point group and, for a
oriented molecule, show a polarization dependence, i.
the strength of the resonance depends on the angle of
E vector of the incident radiation relative to a symme
try element of the molecule. Thus the orientation of th
molecule of the surface can be determined [32]; th
same is true for the polarization dependence of the co
responding bound resonances below the threshold. Sin
37
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photoabsorption features above threshold are frequen
assigned to shape resonances, this approach to sur
structure determination may also have to be reconside
if there are problems of identification.

In summary, from measurements of the single ho
cross section we are forced to conclude that there a
no readily identifiable shape resonances inC2H4 and
C2H6. The weak, broad feature in the main line cros
section ofC2H2 at ,312 eV may be a shape resonanc
and is predicted as such by theory [17], but there
no conclusive experimental evidence for this. Rece
preliminary studies on benzenesC6H6d also indicate
that the two strong features attributed tospsC-Cd shape
resonances in the photoabsorption spectrum are v
weak, if not absent, in the main line cross section [28
The significance of these results lies in the central ro
played by hydrocarbon molecules in the bond lengths wi
a ruler correlation, a concept which at least in its origin
form [8] appears to be questionable.
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