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Influences from the C 1s shape resonance on the vibrational progression
in the Auger decay of CO
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Auger decay from the Cd.core-ionized state of CO has been studied with vibrational resolution both at the
C 1s shape resonance and far above. Variations in the vibrational intensity distribution with photon energy are
observed. This observation is explained solely by the modified vibrational envelope of the core-ionized inter-
mediate state at the shape resonance maximum, as demonstrated in a numerical simulation. This implies that
the temporary trapping of the photoelectron at the shape resonance does not significantly affect the deexcitation
process. Thus the deexcitation step is described by the Franck-Condon principle even at the shape resonance.
The angular anisotropy of the Auger decay at the shape resonance has also been studied with vibrational
resolution. Weak dependence upon the final state and no detectable influence from the vibrational quanta is
observed[S1050-294{@8)03409-X]

PACS numbg(s): 33.80.Eh, 32.80.Hd

[. INTRODUCTION Shape resonances may also affect other experimental ob-
servables. For instance, the angular distribution of ion yield,
Vibrational branching ratios in Auger and photoelectronphotoelectrons, and Auger electrons is known to vary over
spectra of small molecules are typically well reproduced bythe shape resonance. This has been widely studied at both the
the Franck-Condon principle. However, close to the threshcore and valence ionization threshold4,9-1]. For va-
old deviations from the Franck-Condon population may ocJence ionization, the location of the shape resonance is typi-
cur in valence-shell and core photoionizatigh-5]. Typi-  ¢ally some 1-4 eV from the corresponding core ionization
cally these non-Franck-Condon effects are induced by shapd!aPe resonance. Together with shape-resonance-enhanced
resonances, which are located withi80 eV from thresh-  continuum-continuum interchannel cou_ph!ﬁiqu]_ this |nd|-_ _
old. Modification of vibrational populations in the Auger de- cates that the usual one-electron description is not sufficient

cay spectrum has not yet been demonstrated. This is preszr?-r all systems, and_that the shape resonance depends sensi-
tively upon the details of the molecular potential.

ably due to the experimental difficulties related to such a . . .
study; for instance, the combination of high Auger electron From both the experllmental .and.the theoretlpal side, non-
A N L . Franck-Condon population of vibrational levels is well estab-
Kinetic energy with h|_gh(V|brat|ona) resolution has only lished for direct photoionization at photon energies close to
recently become possible. _ _ the shape resonance. But, to our knowledge, no study has
Several theoretical studies have dealt with the effects ingoait with the influence of the shape resonance on the deex-
duced by the trapping of the photoelectron by the shape resejiation processes. In a two-step description of the Auger
nance potential. The studies have mainly been carried oWrocess, the core-ionized state is the initial state of the deex-
using two approaches: the multiple-scattering approacRitation step and, consequently, a modified population of vi-
where the close connection to NEXAFS of solids and adsorprational levels in the core-ionized state should also affect
bate is emphasizef], and the more generally adopted ap- the vibrational progression in the Auger decay spectrum.
proach in which the shape resonance is described by a respowever, in contrast to photoionization, it is still an open
nant trapping of the photoelectron in a centrifugal barrier.issue whether the deexcitation step at the shape resonance is
For K-shell photoionization of diatomic molecules, the shapedescribed within the Franck-Condon principle. As mentioned
resonance gives rise to a large increase ingheontinuum  earlier, the shape resonance is usually regarded as a tempo-
channel[7,8]. Therefore the shape resonance is commonlyary trapping of the outgoing photoelectron. In a qualitative
referred to as an antibonding® molecular orbital in the picture the trapping could be regarded in one of two different
continuum. Due to the quasibound nature of the shape resextremes. If the trapping is short compared to the lifetime of
nance the coupling between the vibrational and electronithe core-ionized state, deexcitation will occur predominantly
motion is enhanced, thus leading to a non-Franck-Condoafter the release of the photoelectron. In this case deexcita-
population of vibrational level§3]. tion will not be influenced by the temporarily trapped pho-
toelectron and the Auger spectrum can be explained simply
by a modified vibrational progression in the core-ionized in-
*Also at University College of Gde-Sandviken, S-801 76 G,  termediate state. At the other extreme the trapping is compa-

Sweden. rable to the lifetime so that the deexcitation step is modified
TAlso at Institute of Physics, University of Tartu, Riia 142, EE- by the coupling between the vibronic/electronic motion. This
2400 Tartu, Estonia. implies that the deexcitation step should also be non-Franck-
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Condon. In this case one does not expect the Auger decay 100 meV giving a total experimental broadening of

spectrum to be explained by a modified vibrational progres=110 meV. The CO gas was commercially obtained with a

sion of the core-ionized intermediate state since the influpurity of ~99.9%.

ences on the deexcitation must also be taken into account. As

mefntioned'such a “time—depender'\t”'analysis is only quali- IIl. CALCULATIONS

tative and in a more correct description a proper account of

the time delay of the scattering quantities is necessary. It is In this study we treat the Auger effect as a nonradiative

also unclear to what extent the core-hole lifetime is affectedcattering process and use the same formalism as for reso-

by the presence of the shape resonance. In this study we wiflant Raman scatterin@RRS processes. This is possible be-

investigate if the shape-resonance-modified Auger decagause these processes are closely refdtéd§. For excita-

spectrum can be treated by a modified population of vibrations with photon energies well above threshold, the Auger

tional levels in the core-ionized state alone, or, if a moreprocess is well described within a two-step model and any

elaborate method involving a non-Franck-Condon deexcitaextra photon energy in excess of the energy needed to create

tion is necessary. To do this, a numerical simulation, inthe core hole will be transferred to the photoelectron. We

which only the ionization step is non-Franck-Condon, will beassume no interaction between the photoelectron and the Au-

compared to experimentally obtained spectra. ger electron in the continuum neglecting the postcollision
Previous experimental studies have shown that the angunrteraction effect(PCl) in the calculations. Within the scat-

lar asymmetry parameteg8 for transitions to various final tering description of the Auger effect, the vibrational inten-

electronic states varies over the shape resondlck)].  sities for transitions to a final electronic state is given by the

However, when both vibrational and angular resolution isdouble differential cross section:

available it is possible to check if the finer details of a Auger

decay spectrum vary within a particular final electronic state. _ 2

Within the dipole approximation the angular distribution of oi(hw) %‘ lF”fl C(hw), &)

the emitted electrons for completely linearly polarized light
is expressed gd 3] where® is the unit-normalized spectral function of the ex-

citing radiation,n; is the vibrational quantum number of the
final state,F, are the transition amplitudes, arido the
' @) excitation energy. Here we consider the special case of Au-
ger decay from a core-ionized intermediate state. This is ac-
Here o is the total cross sectiofg is the angular anisotropy counted for by an excitation profil®, which is constant
parameter of a specific transition, afids the angle between Over a wide energy range covering all important vibrational
the electric field vector of the incoming photon beam and thdevels.
direction of the emitted electron. Using this formula, we The transition amplitude&, between the ground state
have determined th@ parameter for transitions to various and the two-hole (B) final states are given by
final states from the core-ionized intermediate state at the C
1s shape resonance. Fo—0,S (n¢[ni){ni|n,) 3)
MU0 hw—(En—Eg)+1T

[oa

1
|(O’,0):E A

3
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Il. EXPERIMENT ) . .
Here all unessential constants are collectedrgnI' is the

The measurements have been carried out at the MAX intermediate-state lifetime broadeninpalf width at half
storage ring in Lund, Sweden, at beam line 51 (BLE14].  maximum, E,, are the vibrational energies of the intermedi-
The beam line uses radiation from a short-period undulatoate state, ané, is the energy of the ground state. Using this
providing usable photon flux in the 60—600 eV range. Ascattering formalism the effects of lifetime vibrational inter-
modified SX-700 plane-grating monochromator is installedference(LVI) are fully accounted fof19]. The calculated
at the beam line. BL51 incorporates an end station with théntensities are summed according to the monochromator ex-
possibility of rotating an SES-200 electron-energy analyzetitation function on an electron emission-energy scale given
in a plane perpendicular to the direction of the incomingby
photon beanj15]. In this study spectra were recorded at 0°
and 54.7° with respect to the electric field vector of the pho-
tons. Due to the high degree of linear polarization of the light
(>97% [16]) vibrational branching ratios can be extracted
directly from the spectra recorded at 54.7°. The £€cbre  where o; is the relative cross section for transitions to a
photoelectron spectra were recorded with a photon bandtertain final statdit is assumed thatr; is the same at the
width and electron spectrometer resolution 70 meV, shape resonance and above the shape resgnakaeore
respectively. This gives a total experimental resolution ofdetailed description of the calculation method can be found
~100 meV. For normal Auger decay linewidths are inde-in Ref. [19]. For diatomic molecules at room temperature,
pendent of the excitation profile, however, for the purpose othe ground state is almost completely populated in the lowest
energy selectivity, a monochromator setting giving a photorvibrational level[20]. Also, from the potential curves of the
bandwidth of~0.8 eV was used. Due to the high kinetic ground and core-ionized states in REZ1], it is observed
energy of the Auger electron, a Doppler broadening ofthat the ground-to-intermediate state transition matrix ele-
~40 meV was added to the spectrometer resolution ofnents are alternately positive and negative, provided that the

a(Eemi>=Z oilho—(E;—Ep)], (4)
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TABLE |. Spectroscopic constants used for calculations of the

M l 2000 I | | ] | 1
orse potentla curves. v'=3 ) 1 0
— — [ I
we (M) wxe (cm) R (A) (a) ;
CO GS 2203.8 14.09 1.129 1500 ! =
Co'f(C 1s7Y 2599.0 15.92 1.073
COP*(X!3) 1878.5 17.15 1.170 hv=330eV .
CO?*(AMI) 1463.8 14.13 1.257 f*\
Co?t(B?2Y) 2491.9 111.6 1.097 1000 ~

units)
S
1

ground state is populated in the lowest vibrational level. The 500 \
alternately positive and negative transition matrix element: . o
stem from the reduction of the internuclear equilibrium dis- 5 /\/
tance in the core-ionized state compared to the ground sta~~ /

and the fact that both of these states are described by neai 2» 0 S
harmonic potential curvegsee Table ). Therefore, the
Franck-Condon transition matrix elements between the § (b)
ground and intermediate state§);|n,), can be obtained
from the corresponding C sl photoelectron spectruml ( 1500 4
=(nj|n,)? for direct photoionization This method of obtain- hv =305 eV
ing the transition matrix elements between the ground an
intermediate states has been used both at the shape resona 10 ._
and far above.

nsi

Int

IV. RESULTS AND DISCUSSION 500

The core photoelectron and the Auger decay spectra ha\
been recorded at 305-eV photon energy at the maximum ¢
the C 1s shape resonance and well above the two-electroi 04 — . — .
excitation resonancef22]. At this photon energy a large 208.0 2975 297.0 2965 296.0 2955
shape-resonance-induced distortion of the vibrational pro . 4.
gression can be expected. For comparison, the Auger deci_, Binding energy (eV)
spectrum and the Cslphotoelectron spectra have been re-
corded far above the threshold, where the influence of thg4
shape resonance should be negligible. )

FIG. 1. CO C ¥ photoelectron spectrédotted recorded at
7° and a photon energy of 305 €& and 330 e\(b). The solid
line shows a PCI fit to the experimental data.

A. The C 1s photoelectron spectra variations in lifetime broadening between the spectra mea-

The C Is spectra recorded at 54.7° are presented in Figsured at 305 and 330 eV were found within the error bars.
1. There are clear differences between the spectra recordedgie branching ratios and the lifetime width extracted from
305- and 330-eV photon energy. These differences can bge fits were used as input to the calculations of the Auger
explained in terms of two different threshold effects. First,decay spectra.
the shape resonance is at a maximum at 305 eV and will
affect the vibrational progressidi]. Second, PCI distorts
the core photoelectron line shape close to threshold, affecting
the 305-eV spectrum more than that measured at 330 eV. For The ground-state configuration of CO igcore
photoelectron lines, PCI implies a shift towards lower kinetic(30)%(40)%(17)*(50)2. In Fig. 2 the experimental Auger
energy, line broadening, and a low-energy asymmetric taitlecay spectra are presented together with the calculated
[23]. The spectra were fit with the EWA program packagespectra. The deexcitation of the G™* intermediate core-
[24] using a PCl-distorted line profile. Correct implementa-hole state populates predominantly three electronic final
tion of the PCI effect is important since the asymmetric tailstates in the kinetic energy region shown in Fig. 2: ¥e
of the strongest vibrational level overlaps with the weakerstate, which has a (& 2) leading configuration, thé state
vibrational levels. From the fit we obtained vibrational (50 17 1) and theB state (5 40 1). All of these fi-
branching ratios of 100:62:15 for 330-eV photon energy andal states are of singlet spin configuration; in principle, the
100:83:25 for 305-eV photon energy, in reasonable agreezorresponding triplet states also exist in this energy region
ment with the values reported by Randadtal. [5] but previous studies have shown that the intensity of these
(=100:62:13 and~=100:89:33). From the present fits we triplet states is at least an order of magnitude lower than that
also obtain a lifetime width estimate of @%) meV forthe C  of the corresponding singlet statE®1,25. Therefore, the
1s core-ionized state. This agrees with published values ofollowing discussion will be restricted to th€, A, andB
90(15) meV|[5], 97(10) meV[19], and 7810) meV[11]. No  states of singlet spin configuration.

B. The Auger decay spectra
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FIG. 2. (a) Experimental Auger decay spectra from the core-
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There are obvious differences between the spectra re-
corded at the shape resonance and far above. However, be-
fore discussing the differences in terms of the shape reso-
nance, it should be stressed that, similar to thesGectra,
the PCI effect influences the Auger decay spectrum recorded
at 305-eV photon energy more severely than the Auger de-
cay spectrum recorded at 352 eV. In order to examine this,
additional Auger decay spectra were recorded with photon
energies of 298 and 301 eV, i.e., just above thesGohiza-
tion threshold at 296 eV where the influence of PCl is large
and the shape resonance is very weak. It was observed that
even though PCI clearly influences the intensity distribution,
the large differences between the spectra of Fig. 2 could not
be reproduced. We thus conclude that the differences be-
tween the spectra recorded at 305- and 352-eV photon ener-
gies are attributed mainly to the G khape resonance. The
most evident differences between the spectra in Rig. &e
found at the high-kinetic-energy side of testate. In par-
ticular, there are two lines markeda” and “b” in Fig. 2.
While in the spectrum recorded at 352 eV, lina," is more
intense, an almost equal intensity is observed in the spectrum
recorded at 305 eV. We are inclined to attribute the differ-
ence to a modified vibrational envelope of the intermediate
state, since the population of =1,2 vibrational levels is
increased at the shape resonance; see Fig. 1. In one of our
previous studies of the resonant Auger decay spectra re-
corded at the C 4—3p resonance, it was found that the
“a” level was predominantly populated by thep3(v’
=0) level and the b” level by the 3p (v'=1,2) levels
[16]. Such a comparison is justified, since the vibrational
progression in the resonant Auger decay spectrum at the C
1s—3p resonance shows clear similarities to the Auger de-
cay spectrum of the Cslcore-ionized state. A further dif-
ference between the spectra recorded at maximum and far
above the shape resonance is the lower intensity of the main
line of the B state at the shape resonance. The main line of
the B state is due to transitions between levels of the same
vibrational quantum number of the intermediate and final
state, i.e. Av=0. The potential curve of thB state supports
only three vibrational levels. Since the internuclear equilib-
rium distance is similar to the core-ionized intermediate
state; this enhances ther=0 transition[26]. Within the
Franck-Condon description of the deexcitation, it is reason-
able to assume that the higher vibrational levels of the inter-
mediate state are most likely to decay to the dissociative part
of the B state potential curve. Transitions to the dissociative
part are located at the high-kinetic-energy side of the
=0 line. This would explain not only the lower intensity of
the Av=0 line in the spectrum recorded at the shape reso-
nance, but also the higher intensity in the 251-252-eV
kinetic-energy region. However, the increase of intensity in
the 251-252-eV kinetic-energy region is also enhanced by
PCI.

The previous two examples show that the modified vibra-

ionized C k! state of CO. The solid line represents the spectrational population of the intermediate state is important in
recorded with a photon energy of 305 eV at the maximum of the Corder to explain the Auger decay spectrum at the shape reso-
1s shape resonance and the dotted line is for the spectra recorded@énce. In the following, numerical simulations will be used

a photon energy of 352 e\(b) Calculations, following the conven-

to show quantitatively that the influence of the shape reso-

Fions of (a). Both expe_rimen?al gnd simulated spectra are normalnance on the Auger vibrational progression can be under-
ized so that the total intensity is the same at the shape resonanggyq( only by the increased population of higher vibrational

and far above.

levels in the intermediate state. Thus the temporary trapping
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of the photoelectron at the shape resonance has little or no : ' L L
influence on the deexcitation step. The simulations have been
carried out applying the formalism presented in Sec. Ill.
Morse potential curves have been used for both the interme-
diate and the final states. The spectroscopic constants used to
calculate the Morse curves of the core-ionized intermediate 6000 4 L
state together with th& and theA final state have been
taken from Correiat al.[21] whereas values for thg state

are from Larssort al.[26]. These values are summarized in
Table I. The results of the simulations are presented in Fig.
2(b). Reasonably good agreement between these simulations
and the experimentally obtained spectra of Fig) & found

for the A andX final states. For th& state there are obvious 2000 -
differences. These differences stem most probably from the
simple Morse potential curve, which is not able to reproduce
the complicated state potential curve. THe state potential

8000 - B 0o b

4000 - L

Intensity (arb. units)

curve has double minima due to a forbidden crossing, where o.% ]

the inner part supports only three vibrational leVil4,26. =, Le7a %%

Even though the Morse curve can partly describe the inner r r r r

part of theB state, if the anharmonicity constant is large, 250 K%ﬁiﬁc energ“(ev) 26

more advanced treatment of this potential curve seems nec-

essary. FIG. 3. Auger decay spectra recorded in the vicinity of tte

When comparing the two simulated Auger decay Spectréhape resonanch,_u=305 eV. The solid line is fqr the spectrum

in Fig. 2(b), it is seen that the main differences between thd2ken at the magic angle of 54.7° and dotted line represents the

experimentally obtained spectra are reproduced in the Simus_pectr_um recorded at 0° with respect to the electric vector of the
. i . Incoming photon beam. The bars underneath the spectra represent

lated spectr.a, particularly for t'ransmo.ns to t}‘ieanQA final o angular asymmetry paramefer

states. For instance, the previously discussed differences be-

tween line “a” and “b” and the lower intensity for the resonance is a couple of eV broad, whereas the Gfdtime

Av=0 line in theB state are reproduced in the simulations. width is only ~0.1 eV in CO[5,6].

The intensity increase in the 251-252-eV region is not

present in the simulated spectra due to limitations in the  C. Angular asymmetry in the Auger decay spectrum

Morse potential. However, in the simulations the transitions at the shape resonance

realistic description of th8-state potential curve these tran- recorded with 305-eV photon energgorresponding to the
sitions would be more likely to populate the dissociative partmaximum of the shape resonahee both 0° and 54.7°. To
thanA»=0, so we believe that this observation can also beaccount for the kinetic-energy dependence of the transmis-
explained by the simulation. It should be mentioned that thesion of the spectrometer, the valence lines were recorded
PCI effect has not been accounted for in the calculations. Faogether with the Auger decay spectrum. Since ghealues
Auger lines, the PCI effect causes an asymmetry towardare known for the valence lind27], these lines provide an
high kinetic energy. This may partly explain some of theinherent normalization of absolute intensity between spectra
differences between the calculated and experimental spectracorded at 0° and 54.7°. The whole Auger decay region in
for the Auger decay at the shape resonance. Fig. 3 has an averagé=0.1(05); a low positiveB for this

As mentioned above, no free parameters have been usédiger group was also found in RéR7]. Taking advantage
in the simulations presented in Fig(b2 The only differ- of the high resolution in the present recordings, it was pos-
ences between the two simulated Auger decay spectra are thible to extraci3 values for transitions to specific final elec-
transition matrix elements from the ground to intermediatetronic states;3=0.24(10) ), 8=0.01(10) @), and B
state, which are determined from the correspondingsC 1 =0.11(10) @). These values are also displayed in Fig. 3.
photoelectron spectra presented in Fig. 1. Due to the reasoim Ref.[16] we observed that transitions to tier 3p state
ably good ability of the simulations to account for the influ- from the C 1s— 3p excited state has an angular anisotropy
ence of the shape resonance, this indicates that the Augérat varies with the vibrational level of the final state. Exam-
decay spectrum from the shape resonance can be generailiyng the finer details of Fig. 3, there is no obvious indication
well understood by just a modified vibrational population of of a similar trend in the Auger decay spectrum from the
the intermediate core-ionized state. Contrary to the picture afhape resonance. One explanation for this could be that the C
a temporarily trapped electron, this finding indicates that thels—3p excited states were prepared vibrationally selec-
trapped electron does not influence the deexcitation step itively, while this is not possible for excitations at the shape
the Auger process. This in turn implies that the characteristicesonance. Due to the presence of more than one vibrational
time scale of the trapping should be shorter than the lifetimdevel in the core-excited state, any vibrationally dependent
of the core-ionized intermediate state. Considering the relaasymmetry may be smeared out in the Auger decay spec-
tion between energy uncertainty and lifetim@E~#/2, this  trum. We cannot exclude that the coupling between the va-
finding is in perfect agreement with the fact that the shapdence and p Rydberg electron is essential in order to give
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rise to angular asymmetry depending on the vibrational levetonclude that the characteristic time scale of the trapping is

of the final state, as observed in REI6]. shorter than the lifetime of the core-ionized intermediate
state.
V. CONCLUSIONS The angular distribution of the Auger decay of the shape

resonance has been found to show a relatively weak depen-

We report measurements of the Auger decay Spectrurgence upon the final state. It was not possible to observe any
from the C Is shape resonance recorded with both angulagjitference in angular anisotropy for transitions to different
and vibrational resolution. The primary observation is thatyiprational levels within a final electronic state.

vibrational structure in the Auger decay spectrum is affected
by the shape resonance. To understand this finding, the ex-
perimental results have been compared to simulations based
upon scattering formalism for Auger decay. The simulations The authors wish to thank the staff of the MAX laboratory
show that the vibrational progressions affected by the shapfr assistance during measurements. J.-O. Forsell is acknowl-
resonance can be quantitatively understood as simply edged for the design of the equipment. This work has been
modified population of the vibrational levels in the core- supported by the Nordic Academy for Advanced Study
ionized intermediate state. This implies that the temporargyNorFA) and the Swedish Natural Science Research Council
trapping of the photoelectron at the shape resonance does NMdtFR). A.K. also thanks the Estonian Science Foundation for
influence the deexcitation step. Therefore, we are inclined tsupport.
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