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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 C 1s 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.@S1050-2947~98!03409-X#

PACS number~s!: 33.80.Eh, 32.80.Hd
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I. INTRODUCTION

Vibrational branching ratios in Auger and photoelectr
spectra of small molecules are typically well reproduced
the Franck-Condon principle. However, close to the thre
old deviations from the Franck-Condon population may
cur in valence-shell and core photoionization@1–5#. Typi-
cally these non-Franck-Condon effects are induced by sh
resonances, which are located within'30 eV from thresh-
old. Modification of vibrational populations in the Auger d
cay spectrum has not yet been demonstrated. This is pre
ably due to the experimental difficulties related to such
study; for instance, the combination of high Auger electr
kinetic energy with high~vibrational! resolution has only
recently become possible.

Several theoretical studies have dealt with the effects
duced by the trapping of the photoelectron by the shape r
nance potential. The studies have mainly been carried
using two approaches: the multiple-scattering appro
where the close connection to NEXAFS of solids and ads
bate is emphasized@6#, and the more generally adopted a
proach in which the shape resonance is described by a r
nant trapping of the photoelectron in a centrifugal barri
For K-shell photoionization of diatomic molecules, the sha
resonance gives rise to a large increase in thesu continuum
channel@7,8#. Therefore the shape resonance is commo
referred to as an antibondings* molecular orbital in the
continuum. Due to the quasibound nature of the shape r
nance the coupling between the vibrational and electro
motion is enhanced, thus leading to a non-Franck-Con
population of vibrational levels@8#.

*Also at University College of Ga¨vle-Sandviken, S-801 76 Ga¨vle,
Sweden.

†Also at Institute of Physics, University of Tartu, Riia 142, EE
2400 Tartu, Estonia.
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Shape resonances may also affect other experimenta
servables. For instance, the angular distribution of ion yie
photoelectrons, and Auger electrons is known to vary o
the shape resonance. This has been widely studied at bot
core and valence ionization thresholds@2,4,9–11#. For va-
lence ionization, the location of the shape resonance is t
cally some 1–4 eV from the corresponding core ionizat
shape resonance. Together with shape-resonance-enha
continuum-continuum interchannel coupling@12# this indi-
cates that the usual one-electron description is not suffic
for all systems, and that the shape resonance depends s
tively upon the details of the molecular potential.

From both the experimental and the theoretical side, n
Franck-Condon population of vibrational levels is well esta
lished for direct photoionization at photon energies close
the shape resonance. But, to our knowledge, no study
dealt with the influence of the shape resonance on the d
citation processes. In a two-step description of the Au
process, the core-ionized state is the initial state of the de
citation step and, consequently, a modified population of
brational levels in the core-ionized state should also aff
the vibrational progression in the Auger decay spectru
However, in contrast to photoionization, it is still an ope
issue whether the deexcitation step at the shape resonan
described within the Franck-Condon principle. As mention
earlier, the shape resonance is usually regarded as a te
rary trapping of the outgoing photoelectron. In a qualitati
picture the trapping could be regarded in one of two differ
extremes. If the trapping is short compared to the lifetime
the core-ionized state, deexcitation will occur predominan
after the release of the photoelectron. In this case deex
tion will not be influenced by the temporarily trapped ph
toelectron and the Auger spectrum can be explained sim
by a modified vibrational progression in the core-ionized
termediate state. At the other extreme the trapping is com
rable to the lifetime so that the deexcitation step is modifi
by the coupling between the vibronic/electronic motion. Th
implies that the deexcitation step should also be non-Fran
2037 © 1998 The American Physical Society
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2038 PRA 58S. SUNDINet al.
Condon. In this case one does not expect the Auger de
spectrum to be explained by a modified vibrational progr
sion of the core-ionized intermediate state since the in
ences on the deexcitation must also be taken into accoun
mentioned such a ‘‘time-dependent’’ analysis is only qua
tative and in a more correct description a proper accoun
the time delay of the scattering quantities is necessary.
also unclear to what extent the core-hole lifetime is affec
by the presence of the shape resonance. In this study we
investigate if the shape-resonance-modified Auger de
spectrum can be treated by a modified population of vib
tional levels in the core-ionized state alone, or, if a mo
elaborate method involving a non-Franck-Condon deexc
tion is necessary. To do this, a numerical simulation,
which only the ionization step is non-Franck-Condon, will
compared to experimentally obtained spectra.

Previous experimental studies have shown that the an
lar asymmetry parameterb for transitions to various fina
electronic states varies over the shape resonance@9,10#.
However, when both vibrational and angular resolution
available it is possible to check if the finer details of a Aug
decay spectrum vary within a particular final electronic sta
Within the dipole approximation the angular distribution
the emitted electrons for completely linearly polarized lig
is expressed as@13#

I ~s,u!5
s

4pF11
b

2S 1

2
1

3

2
cos 2u D G . ~1!

Heres is the total cross section,b is the angular anisotropy
parameter of a specific transition, andu is the angle between
the electric field vector of the incoming photon beam and
direction of the emitted electron. Using this formula, w
have determined theb parameter for transitions to variou
final states from the core-ionized intermediate state at th
1s shape resonance.

II. EXPERIMENT

The measurements have been carried out at the MA
storage ring in Lund, Sweden, at beam line 51 (BL51)@14#.
The beam line uses radiation from a short-period undula
providing usable photon flux in the 60–600 eV range.
modified SX-700 plane-grating monochromator is instal
at the beam line. BL51 incorporates an end station with
possibility of rotating an SES-200 electron-energy analy
in a plane perpendicular to the direction of the incomi
photon beam@15#. In this study spectra were recorded at
and 54.7° with respect to the electric field vector of the ph
tons. Due to the high degree of linear polarization of the lig
(.97% @16#! vibrational branching ratios can be extract
directly from the spectra recorded at 54.7°. The C 1s core
photoelectron spectra were recorded with a photon ba
width and electron spectrometer resolution of'70 meV,
respectively. This gives a total experimental resolution
'100 meV. For normal Auger decay linewidths are ind
pendent of the excitation profile, however, for the purpose
energy selectivity, a monochromator setting giving a pho
bandwidth of'0.8 eV was used. Due to the high kinet
energy of the Auger electron, a Doppler broadening
'40 meV was added to the spectrometer resolution
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'100 meV giving a total experimental broadening
'110 meV. The CO gas was commercially obtained with
purity of '99.9%.

III. CALCULATIONS

In this study we treat the Auger effect as a nonradiat
scattering process and use the same formalism as for r
nant Raman scattering~RRS! processes. This is possible b
cause these processes are closely related@17,18#. For excita-
tions with photon energies well above threshold, the Au
process is well described within a two-step model and a
extra photon energy in excess of the energy needed to cr
the core hole will be transferred to the photoelectron. W
assume no interaction between the photoelectron and the
ger electron in the continuum neglecting the postcollis
interaction effect~PCI! in the calculations. Within the scat
tering description of the Auger effect, the vibrational inte
sities for transitions to a final electronic state is given by
double differential cross section:

s f~\v!5(
nf

uFnf
u2F~\v!, ~2!

whereF is the unit-normalized spectral function of the e
citing radiation,nf is the vibrational quantum number of th
final state,Fnf

are the transition amplitudes, and\v the
excitation energy. Here we consider the special case of
ger decay from a core-ionized intermediate state. This is
counted for by an excitation profileF, which is constant
over a wide energy range covering all important vibration
levels.

The transition amplitudesFnf
between the ground stat

and the two-hole (2h) final states are given by

Fnf
5s0(

ni

^nf uni&^ni uno&
\v2~En2E0!1ıG

. ~3!

Here all unessential constants are collected ins0, G is the
intermediate-state lifetime broadening~half width at half
maximum!, En are the vibrational energies of the intermed
ate state, andE0 is the energy of the ground state. Using th
scattering formalism the effects of lifetime vibrational inte
ference~LVI ! are fully accounted for@19#. The calculated
intensities are summed according to the monochromator
citation function on an electron emission-energy scale gi
by

s~Eemi!5(
f

s f@\v2~Ef2E0!#, ~4!

where s f is the relative cross section for transitions to
certain final state~it is assumed thats f is the same at the
shape resonance and above the shape resonance!. A more
detailed description of the calculation method can be fou
in Ref. @19#. For diatomic molecules at room temperatu
the ground state is almost completely populated in the low
vibrational level@20#. Also, from the potential curves of th
ground and core-ionized states in Ref.@21#, it is observed
that the ground-to-intermediate state transition matrix e
ments are alternately positive and negative, provided that
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PRA 58 2039INFLUENCES FROM THE C 1s SHAPE RESONANCE ON . . .
ground state is populated in the lowest vibrational level. T
alternately positive and negative transition matrix eleme
stem from the reduction of the internuclear equilibrium d
tance in the core-ionized state compared to the ground s
and the fact that both of these states are described by n
harmonic potential curves~see Table I!. Therefore, the
Franck-Condon transition matrix elements between
ground and intermediate states,^ni uno&, can be obtained
from the corresponding C 1s photoelectron spectrum (I
}^ni uno&

2 for direct photoionization!. This method of obtain-
ing the transition matrix elements between the ground
intermediate states has been used both at the shape reso
and far above.

IV. RESULTS AND DISCUSSION

The core photoelectron and the Auger decay spectra h
been recorded at 305-eV photon energy at the maximum
the C 1s shape resonance and well above the two-elec
excitation resonances@22#. At this photon energy a large
shape-resonance-induced distortion of the vibrational p
gression can be expected. For comparison, the Auger d
spectrum and the C 1s photoelectron spectra have been
corded far above the threshold, where the influence of
shape resonance should be negligible.

A. The C 1s photoelectron spectra

The C 1s spectra recorded at 54.7° are presented in F
1. There are clear differences between the spectra record
305- and 330-eV photon energy. These differences can
explained in terms of two different threshold effects. Fir
the shape resonance is at a maximum at 305 eV and
affect the vibrational progression@5#. Second, PCI distorts
the core photoelectron line shape close to threshold, affec
the 305-eV spectrum more than that measured at 330 eV
photoelectron lines, PCI implies a shift towards lower kine
energy, line broadening, and a low-energy asymmetric
@23#. The spectra were fit with the EWA program packa
@24# using a PCI-distorted line profile. Correct implemen
tion of the PCI effect is important since the asymmetric t
of the strongest vibrational level overlaps with the wea
vibrational levels. From the fit we obtained vibration
branching ratios of 100:62:15 for 330-eV photon energy a
100:83:25 for 305-eV photon energy, in reasonable ag
ment with the values reported by Randallet al. @5#
('100:62:13 and'100:89:33). From the present fits w
also obtain a lifetime width estimate of 98~15! meV for the C
1s core-ionized state. This agrees with published values
90~15! meV @5#, 97~10! meV @19#, and 78~10! meV @11#. No

TABLE I. Spectroscopic constants used for calculations of
Morse potential curves.

ve (cm21) vexe (cm21) Re (Å)

CO GS 2203.8 14.09 1.129
CO11(C 1s21) 2599.0 15.92 1.073
CO21(X1S) 1878.5 17.15 1.170
CO21(A1P) 1463.8 14.13 1.257
CO21(B2S1) 2491.9 111.6 1.097
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variations in lifetime broadening between the spectra me
sured at 305 and 330 eV were found within the error bar
The branching ratios and the lifetime width extracted from
the fits were used as input to the calculations of the Aug
decay spectra.

B. The Auger decay spectra

The ground-state configuration of CO is~core!
(3s)2(4s)2(1p)4(5s)2. In Fig. 2 the experimental Auger
decay spectra are presented together with the calcula
spectra. The deexcitation of the C 1s21 intermediate core-
hole state populates predominantly three electronic fin
states in the kinetic energy region shown in Fig. 2: theX
state, which has a (5s22) leading configuration, theA state
(5s211p21) and theB state (5s214s21). All of these fi-
nal states are of singlet spin configuration; in principle, th
corresponding triplet states also exist in this energy regi
but previous studies have shown that the intensity of the
triplet states is at least an order of magnitude lower than th
of the corresponding singlet states@21,25#. Therefore, the
following discussion will be restricted to theX, A, and B
states of singlet spin configuration.

e

FIG. 1. CO C 1s photoelectron spectra~dotted! recorded at
54.7° and a photon energy of 305 eV~a! and 330 eV~b!. The solid
line shows a PCI fit to the experimental data.
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2040 PRA 58S. SUNDINet al.
FIG. 2. ~a! Experimental Auger decay spectra from the co
ionized C 1s21 state of CO. The solid line represents the spec
recorded with a photon energy of 305 eV at the maximum of th
1s shape resonance and the dotted line is for the spectra record
a photon energy of 352 eV.~b! Calculations, following the conven
tions of ~a!. Both experimental and simulated spectra are norm
ized so that the total intensity is the same at the shape reson
and far above.
There are obvious differences between the spectra
corded at the shape resonance and far above. However
fore discussing the differences in terms of the shape re
nance, it should be stressed that, similar to the C 1s spectra,
the PCI effect influences the Auger decay spectrum recor
at 305-eV photon energy more severely than the Auger
cay spectrum recorded at 352 eV. In order to examine t
additional Auger decay spectra were recorded with pho
energies of 298 and 301 eV, i.e., just above the C 1s ioniza-
tion threshold at 296 eV where the influence of PCI is lar
and the shape resonance is very weak. It was observed
even though PCI clearly influences the intensity distributio
the large differences between the spectra of Fig. 2 could
be reproduced. We thus conclude that the differences
tween the spectra recorded at 305- and 352-eV photon e
gies are attributed mainly to the C 1s shape resonance. Th
most evident differences between the spectra in Fig. 2~a! are
found at the high-kinetic-energy side of theX state. In par-
ticular, there are two lines marked ‘‘a’’ and ‘‘ b’’ in Fig. 2.
While in the spectrum recorded at 352 eV, line ‘‘a,’’ is more
intense, an almost equal intensity is observed in the spect
recorded at 305 eV. We are inclined to attribute the diff
ence to a modified vibrational envelope of the intermedi
state, since the population ofn851,2 vibrational levels is
increased at the shape resonance; see Fig. 1. In one o
previous studies of the resonant Auger decay spectra
corded at the C 1s→3p resonance, it was found that th
‘‘ a’’ level was predominantly populated by the 3p (n8
50) level and the ‘‘b’’ level by the 3p (n851,2) levels
@16#. Such a comparison is justified, since the vibration
progression in the resonant Auger decay spectrum at th
1s→3p resonance shows clear similarities to the Auger
cay spectrum of the C 1s core-ionized state. A further dif-
ference between the spectra recorded at maximum and
above the shape resonance is the lower intensity of the m
line of theB state at the shape resonance. The main line
the B state is due to transitions between levels of the sa
vibrational quantum number of the intermediate and fi
state, i.e.,Dn50. The potential curve of theB state supports
only three vibrational levels. Since the internuclear equil
rium distance is similar to the core-ionized intermedia
state; this enhances theDn50 transition @26#. Within the
Franck-Condon description of the deexcitation, it is reas
able to assume that the higher vibrational levels of the in
mediate state are most likely to decay to the dissociative
of the B state potential curve. Transitions to the dissociat
part are located at the high-kinetic-energy side of theDn
50 line. This would explain not only the lower intensity o
the Dn50 line in the spectrum recorded at the shape re
nance, but also the higher intensity in the 251–252-
kinetic-energy region. However, the increase of intensity
the 251–252-eV kinetic-energy region is also enhanced
PCI.

The previous two examples show that the modified vib
tional population of the intermediate state is important
order to explain the Auger decay spectrum at the shape r
nance. In the following, numerical simulations will be us
to show quantitatively that the influence of the shape re
nance on the Auger vibrational progression can be und
stood only by the increased population of higher vibratio
levels in the intermediate state. Thus the temporary trapp

-
a
C

at

l-
ce



r
e
III
m
ed
ia

in
Fi
tio

s
th
c

e

n
e
ne

ctr
th
m

b

s
no
th
n
o

n-
ar
b
th
F
rd

he
c

us

e
at
1

so
u-
ug
r
o
e
th
p
st
im
el

p

een

is-
ded

ctra
in

os-
-

3.

py
m-
on
he
he C
ec-
pe
onal
ent
ec-
va-
ve

the
the

esent
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of the photoelectron at the shape resonance has little o
influence on the deexcitation step. The simulations have b
carried out applying the formalism presented in Sec.
Morse potential curves have been used for both the inter
diate and the final states. The spectroscopic constants us
calculate the Morse curves of the core-ionized intermed
state together with theX and theA final state have been
taken from Correiaet al. @21# whereas values for theB state
are from Larssonet al. @26#. These values are summarized
Table I. The results of the simulations are presented in
2~b!. Reasonably good agreement between these simula
and the experimentally obtained spectra of Fig. 2~a! is found
for theA andX final states. For theB state there are obviou
differences. These differences stem most probably from
simple Morse potential curve, which is not able to reprodu
the complicatedB state potential curve. TheB state potential
curve has double minima due to a forbidden crossing, wh
the inner part supports only three vibrational levels@21,26#.
Even though the Morse curve can partly describe the in
part of theB state, if the anharmonicity constant is larg
more advanced treatment of this potential curve seems
essary.

When comparing the two simulated Auger decay spe
in Fig. 2~b!, it is seen that the main differences between
experimentally obtained spectra are reproduced in the si
lated spectra, particularly for transitions to theX andA final
states. For instance, the previously discussed differences
tween line ‘‘a’’ and ‘‘ b’’ and the lower intensity for the
Dn50 line in theB state are reproduced in the simulation
The intensity increase in the 251–252-eV region is
present in the simulated spectra due to limitations in
Morse potential. However, in the simulations the transitio
with Dn561 increase at the shape resonance. In a m
realistic description of theB-state potential curve these tra
sitions would be more likely to populate the dissociative p
thanDn50, so we believe that this observation can also
explained by the simulation. It should be mentioned that
PCI effect has not been accounted for in the calculations.
Auger lines, the PCI effect causes an asymmetry towa
high kinetic energy. This may partly explain some of t
differences between the calculated and experimental spe
for the Auger decay at the shape resonance.

As mentioned above, no free parameters have been
in the simulations presented in Fig. 2~b!. The only differ-
ences between the two simulated Auger decay spectra ar
transition matrix elements from the ground to intermedi
state, which are determined from the corresponding Cs
photoelectron spectra presented in Fig. 1. Due to the rea
ably good ability of the simulations to account for the infl
ence of the shape resonance, this indicates that the A
decay spectrum from the shape resonance can be gene
well understood by just a modified vibrational population
the intermediate core-ionized state. Contrary to the pictur
a temporarily trapped electron, this finding indicates that
trapped electron does not influence the deexcitation ste
the Auger process. This in turn implies that the characteri
time scale of the trapping should be shorter than the lifet
of the core-ionized intermediate state. Considering the r
tion between energy uncertainty and lifetimetdE'\/2, this
finding is in perfect agreement with the fact that the sha
no
en
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resonance is a couple of eV broad, whereas the C 1s lifetime
width is only '0.1 eV in CO@5,6#.

C. Angular asymmetry in the Auger decay spectrum
at the shape resonance

The Auger decay spectra presented in Fig. 3 have b
recorded with 305-eV photon energy~corresponding to the
maximum of the shape resonance! at both 0° and 54.7°. To
account for the kinetic-energy dependence of the transm
sion of the spectrometer, the valence lines were recor
together with the Auger decay spectrum. Since theb values
are known for the valence lines@27#, these lines provide an
inherent normalization of absolute intensity between spe
recorded at 0° and 54.7°. The whole Auger decay region
Fig. 3 has an averageb50.10(5); a low positiveb for this
Auger group was also found in Ref.@27#. Taking advantage
of the high resolution in the present recordings, it was p
sible to extractb values for transitions to specific final elec
tronic states;b50.24(10) (X), b50.01(10) (A), and b
50.11(10) (B). These values are also displayed in Fig.
In Ref. @16# we observed that transitions to theX13p state
from the C 1s→3p excited state has an angular anisotro
that varies with the vibrational level of the final state. Exa
ining the finer details of Fig. 3, there is no obvious indicati
of a similar trend in the Auger decay spectrum from t
shape resonance. One explanation for this could be that t
1s→3p excited states were prepared vibrationally sel
tively, while this is not possible for excitations at the sha
resonance. Due to the presence of more than one vibrati
level in the core-excited state, any vibrationally depend
asymmetry may be smeared out in the Auger decay sp
trum. We cannot exclude that the coupling between the
lence and 3p Rydberg electron is essential in order to gi

FIG. 3. Auger decay spectra recorded in the vicinity of thes*
shape resonance,hn5305 eV. The solid line is for the spectrum
taken at the magic angle of 54.7° and dotted line represents
spectrum recorded at 0° with respect to the electric vector of
incoming photon beam. The bars underneath the spectra repr
the angular asymmetry parameterb.
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2042 PRA 58S. SUNDINet al.
rise to angular asymmetry depending on the vibrational le
of the final state, as observed in Ref.@16#.

V. CONCLUSIONS

We report measurements of the Auger decay spect
from the C 1s shape resonance recorded with both angu
and vibrational resolution. The primary observation is th
vibrational structure in the Auger decay spectrum is affec
by the shape resonance. To understand this finding, the
perimental results have been compared to simulations b
upon scattering formalism for Auger decay. The simulatio
show that the vibrational progressions affected by the sh
resonance can be quantitatively understood as simp
modified population of the vibrational levels in the cor
ionized intermediate state. This implies that the tempor
trapping of the photoelectron at the shape resonance doe
influence the deexcitation step. Therefore, we are incline
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conclude that the characteristic time scale of the trappin
shorter than the lifetime of the core-ionized intermedia
state.

The angular distribution of the Auger decay of the sha
resonance has been found to show a relatively weak de
dence upon the final state. It was not possible to observe
difference in angular anisotropy for transitions to differe
vibrational levels within a final electronic state.
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