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Reappraisal of the Existence of Shape Resonances in the SerggH,, C;Hy4, and C2Hg
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We have measured the main line (single hole)sCphotoionization cross sections fér H,, C,Hy,
and C,Hg 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 sectiofisbf and C,H¢ and only weak
evidence for one i, H,. [S0031-9007(97)03487-X]

PACS numbers: 33.80.Eh

Following the work of Dehmer and others, e.g., [1—4], with a stationary, angle-resolving magic-angle cylindrical
various shape resonances have been identified in the phavirror analyzer (CMA), along the axis of which the
toadsorption spectra of diatomic molecules. These occuncident radiation reaches the target region [19]. With this
in the continuum above the core level absorption thresharrangement the total intensity, integrated over all angles
old and are usually attributed to the resonant trapping oéround the axis, is independent of the angular distribution
the emitted photoelectron due to the presence of a poteif the photoelectrons and the degree of light polarization,
tial barrier. The latter results from centrifugal, repulsiveenabling partial cross sections to be determined. The
forces which give rise to a concentric double well poten-angular asymmetry paramet@r (not of relevance here)
tial. An alternative view of this phenomenon [3,4] is to can also be determined by utilizing a specially designed
assign the resonances to virtual, antibondim) molecu-
lar orbitals (m.o.’s) in the continuum. The two descrip-
tions are essentially equivalent, as has been discussed in
several papers, e.g., [5]. Conforming with the notion that T+
the energy of a shape resonance depends on the details .
of the molecular potential, Stoéhr, Sette, Hitchcock, and N
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others have suggested that there is a correlation between
shape resonance position and bond length, even in poly-
atomic molecules [6—10]. Piancastadtial. [11,12] later
pointed out that, although such a “bond lengths with a

ruler” [8] correlation might be expected (see, e.g., [13]), J
there were assignment problems in photoabsorption spec-
tra and it was suggested that shape resonances should ac-
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tually be sought in the corresponding main line, or single
hole, cross sections. Such measurement<fdd, and

C¢Hg using synchrotron radiation on a bending magnet \I\ C. H
beam line did not, however, give an unequivocal answer 2 4

to this question [14].
The molecules ethyne, ethene, and etha@gH(, _J V\f/\\—J\

C,H,, andC,Hg, respectively) occupy a key role in this
discussion [7,8,15,16], since there is also a marked varia-
tion in C-C bond length with which the apparent position
of the shape resonance has been correlated [7,8] (Fig. 1).
Moreover, according to the calculations of Farmnal.

[17] the C-Co* resonance is expected to dominate the ﬂ

Intensity (arb. units)

near-edge region. The C-H resonances, on the other
hand, are expected to be weak in the core level excitation
spectra. In this Letter we report the measurement of the
C Is main line (single hole) cross sections for the three

molecules in the near-threshold region.

Photoelectron spectra of the three molecules wer&!G: 1. Carbonk-edge absorption spectra of ethyne, ethene,
and ethane measured with electron energy loss spectroscopy,

measured on the X1B undulator b_eam line [,18] _at theshowing the putative shape resonances and their apparent
Brookhaven NSLS x-ray storage ring. The kinetic en-dependence on C-C bond length. From Hitchcock and Brion
ergies of the emitted photoelectrons were determineglL6] and Setteet al. [7].
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3 is drastically reduced in intensity, and its maximum is
IP. S, threshold C.H. C1s shifted by 1-2 eV to higher photon energy.

22 The three features at 292.4, 295.6, and 300.6 eV in the
absorption curve have been assigned to double excitations
[22] and the latter two are also clearly visible in thel €
main line cross section, indicating that decay occurs via au-
toionization. In such a process one of the excited electrons
fills the valence hole while the other is emitted, leaving a
C 15! state. Subsequently, the core hole is filled in a nor-
o mal Auger transition. Such double participator transitions
W Cis main linessatellites have already been observed in CO [23-25],,Z3], CH,

o O Cfs mainine [26], and N, [27]. The difference between the photoab-
290 300 310 320 330 340 350 sorption cross section and the two other curves above about
298 eV in Fig. 2 is, however, due to a competing mecha-
nism, namely, resonant Auger transitions that directly fill
FIG. 2. The absolute photoabsorption cross section of ethynghe 15 hole and do not contribute to the main line cross
above the Cls photoionization threshold as well as the C goqion  The main effect giving rise to the semblance of
1s main line and main linet satellites photoionization cross . . .
sections. an intense shape resonance is a strong, broad feature in
the C1s main line + satellites cross section which is not
eightfold symmetric spatially resolving detector [19]. present in the main line cross section. This is due to the
Core level spectra of ,H,, C,H4, andC,Hg were mea- photon energy dependence of the shakeup satellites in the
sured for a range of photon energies above threshold botiegion above their respective thresholds. The total satellite
at high (100—120 meV) and low (200—250 meV) resolu-intensity is~30% of that of the main line at a photon en-
tion, depending on whether just thel€ main line or the ergy of 310 eV, but decreasestol5% at 350 eV: Con-
whole C1ls region, i.e., including shakeup satellites, werejugate enhancement of normal shakeup satellites as well
included. All spectra were normalized to the intensityas possible pure conjugate transitions occur in the thresh-
of the incident light by alternate measurement of the Neold region [28]. Around 320 eV the Qs partial cross
2p spectrum at each photon energy [19]. Cross sectionsection deviates again from the absorption cross section,
were determined by integrating the spectra appropriatelyhich we attribute to shakeoff processes that give no dis-
and scaling vertically to the photoabsorption cross sectiorcrete structure in the photoelectron spectrum. Shigemasa
The corresponding photon energy at which the phoet al. [29] have recently measured the angle-resolved ion
toionization cross section curve “main lire satellites”  fragment spectrum df, H, accompanying @s photoion-
coincides with the photoabsorption cross section shouli@zation. Although they find some selection of axes along
be—and is in all three cases—below the expectedhe direction of theE vector around 310 eV, the molecu-
threshold for shakeoff excitations. (The contributionlar asymmetry parameter estimated from their curves is
of valence photoionization to the photoabsorption crosaround 0.7—smaller than for CO and, {29,30]—with
section also has to be extrapolated from the value below maximum shifted to 312 eV, thus supporting our obser-
the threshold and subtracted.) Absolute photoabsorptiomation of a small increase in the energy of the feature in the
cross sections were determined in a separate experimemiain line cross section. In summary, the present results in-
using an absorption cell, as described previously [20,21]dicate that the strong, broad feature in the photoabsorption
The possible scaling error in the determination of thecross section of , H, centered at-310 eV is largely due
absolute photoionization cross sections is estimated to be satellite contributions.
normally below 7%, but may be as high as 10% in the The corresponding curves f@, H, are shown in Fig. 3.
immediate threshold region. Since the structures in the photoabsorption curve are only
Figure 2 shows the photoabsorption cross section gpartly reflected in the main line cross section, there is
C,H, above the CK-shell excitation threshold. Apart no built-in check on the correspondence of the photon
from three relatively sharp peaks below 302 eV, theenergy scales in the two experiments. For this reason the
spectrum is dominated by a broad intense feature centerédliger spectrum was measured simultaneously with each
at ~310 eV which has been attributed to @*(C-C)  photoelectron spectrum and integrated to give an Auger
shape resonance [7]. Also shown in the figure are the @ield curve (not shown). The sharp structure just above
Is main line photoionization cross section (open circles)threshold in this curve was found to correspond exactly to
and the Cls main line + satellites cross section (filled that of the photoabsorption spectrum. Since the satellite
squares). Note that between the threshold for shakeugpectrum ofC,Hj is generally weaker than that 6%, H,,
excitation and the threshold for shakeoff excitation theit is more difficult to obtain an accurate value for the
main line + satellites cross section corresponds to the Gnain line + satellites cross section at the threshold of the
1s partial photoionization cross section. In the main line,strongest satellite, which in this caseSis We have thus
or single hole, cross section the putatiw&(C-C) feature included the ZEKE data of Medhurst al. [31] which give
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FIG. 3. The absolute photoabsorption cross section of ethene|G, 4. The absolute photoabsorption cross section of ethane
above the Cls photoionization threshold as well as the C apove the Cls photoionization threshold as well as the C
s main line and main linet satellites photoionization cross 15 main line and main linet satellites photoionization cross
sections. sections.

a combined intensity of 3.7*=0.6)% for the Sy, and S, by Stéhr and co-workers to the* shape resonance may
satellites relative to the main line at 299.7 eV. This 3.7%be due to structure produced by doubly excited states de-
has been added to the value of our main line cross sectioraying mostly via spectator resonant Auger transitions, al-
at 299.7 eV to give the filled triangle in Fig. 3. Unlike though this cannot be definitely ascertained: At the point
the situation inC,H, (Fig. 2), and in CO [23,24] ani,  at which the determination of the photoionization cross
[27], the first two double excitation resonances just aboveection is no longer possible, the photoabsorption curve
threshold in the photoabsorption curve are not reflectednd the latter are divergent. An alternative explanation
in the main line cross section (Fig. 3). They thus decaymight be provided by the calculations of Faretral. [17]
primarily via spectator resonant Auger transitions rathemwho place theo*(C-C) resonance below threshold, but
than by valence autoionization. The feature~a95 eV predict a wealks*(C-H) resonance just above.
in the main line cross section is clearly an adjacent doubly In the case of CO and Nthe shape resonances above
excited state which is not visible in the photoabsorptionthreshold are strongly reflected in the main line (single
curve but decays strongly via autoionization. The thirdhole) cross sections [23,24,27]. Moreover, non-Franck-
sharp feature above threshold at 297.3 eV can be seen @ondon behavior is observed: The branching ratios of the
both the photoabsorption and main line photoionizatiorvibrational fine structure on the main line are markedly
cross sections. More importantly for the present discussioperturbed, an effect which is well known in valence level
is that, despite some scatter in the data points, the featuphotoemission. In CEl[24], on the other hand, a weak
in the photoabsorption spectrum-aB00 eV attributed by feature at~303 eV appearing in both the photoabsorption
Stéhr and co-workers to the™ shape resonance is not spectrum and the main line cross section does not influence
visible in the main line cross section. The origin of thisthe vibrational fine structure. Our preliminary analysis of
feature is most probably the increase of the intensity of théhe vibrational fine structures on thelG lines of C,Ho,
Sy satellite with its threshold at 299.2 eV. Whether a shap&, H,4, andC,Hg does not indicate any perturbation of the
resonance is present in the immediate threshold region -vibrational lines either. This is particularly relevant for
as proposed by Arvanitist al. [15] and predicted by the C,H, where the weak feature in the main line cross section
calculations of Farrewt al. [L7]—cannot be ascertained may actually be due to a double excitation rather than to a
from the main line cross section. The calculations wouldshape resonance, as has been suggested fpf28H We
put the shape resonance exactly at the position of thshould note, however, that Farrehal. actually predict a
first sharp feature in the absorption spectrum which is noshape resonance, but at a few eV lower energy [17].
present in the single hole cross section. In recent years shape resonances have become quite
Figure 4 shows the corresponding curves @rHq.  important in surface physics: They have a defined sym-
Again, an Auger yield curve was used to check the conmetry dictated by the molecular point group and, for an
sistency of the two photon energy scales. The photoaleriented molecule, show a polarization dependence, i.e.,
sorption curve shows no pronounced features apart frorthe strength of the resonance depends on the angle of the
the maximum just above threshold. A sharp feature aE vector of the incident radiation relative to a symme-
~294 eV and a broader one at298 eV in the main try element of the molecule. Thus the orientation of the
line cross section are just discernible, giving evidence fomolecule of the surface can be determined [32]; the
double excitations decaying via autoionization. This in-same is true for the polarization dependence of the cor-
dicates that the maximum just above threshold assigneesponding bound resonances below the threshold. Since
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photoabsorption features above threshold are frequentfjtl] M.N. Piancastelli, D.W. Lindle, T.A. Ferrett, and
assigned to shape resonances, this approach to surface D.A. Shirley, J. Chem. Phy86, 2765 (1987).
structure determination may also have to be reconsiderdd?2] M.N. Piancastelli, D.W. Lindle, T.A. Ferrett, and
if there are problems of identification. D.A. Shirley, J. Chem. Phy87, 3255 (1987).
In summary, from measurements of the single hold3] \;'C\'/SLheeTqy’fijJ'cc;”’ C-Fl;r'\ nginsl'[?gg' 1F;8EQ Farren, and

cross section we are forced to conclude that there ar - W Langnott, J. Lhem. Fhy3., ( ).

S o ﬁ4] M.N. Piancastelli, T.A. Ferret, D.W. Lindle, L.J.
no readily identifiable shape resonancesdpH, and

. = Medhurst, P.A. Heimann, S.H. Hiu, and D.A. Shirley,
C,Hg. The weak, broad feature in the main line cross J. Chem. Phys90, 3004 (1989). y

section ofC,H, at ~312 eV may be a shape resonance(s] p. Arvanitis, H. Rabus, L. Wenzel, and K. Baberschke,
and is predicted as such by theory [17], but there is = z pnhys. D11, 219 (1989).

no conclusive experimental evidence for this. Recenf16] A.P. Hitchcock and C.E. Brion, J. Electron Spectrosc.
preliminary studies on benzen@&sHg) also indicate Relat. Phenom10, 317 (1977).

that the two strong features attributed d6(C-C) shape [17] R.E. Farren, J.A. Sheehy, and P.W. Langhoff, Chem.
resonances in the photoabsorption spectrum are very Phys. Lett.177 307 (1991).

weak, if not absent, in the main line cross section [28].18] K.J. Randall, J. Feldhaus, W. Erlebach, A. M. BradshaV\_/,
The significance of these results lies in the central role ~ W- Eberhardt, Z. Xu, Y. Ma, and P.D. Johnson, Rev. Sci.
played by hydrocarbon molecules in the bond lengths with, . 'NStrum-63, 1367 (1992).

a ruler correlation, a concept which at least in its original 19] J. Feldhaus, W. Erlebach, A.L.D. Kilcoyne, K. J. Randall
' Pt 9 and M. Schmidbauer, Rev. Sci. Instrufi8, 1454 (1992).
form [8] appears to be questionable.
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