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Observations made in thel€— #* Auger resonant Raman spectra of carbon monoxide demonstrate
that the vibrational structure in such spectra is strongly frequency dependent. In the limit of narrow
bandpass photon excitation, the vibrational excitations ofséheparticipator transition collapse to one
single line within a sub-eV detuning range. The effect is explained in terms of a generalized duration
time for the resonance process, in which the lifetime of the core excited state and the inverse of the
detuning frequency play equal roles.  [S0031-9007(97)03626-0]

PACS numbers: 33.80.Eh, 32.80.Hd

Resonant autoionization of molecules has recently atdetuning not only is consequential for symmetry selection,
tracted considerable interest from both the experimentdbut that the vibrational structure in general is distorted or
and the theoretical points of views. One important groundeven collapsed upon frequency detuning. This effect is
for this interest is that new synchrotron radiation facilities,principally different from the type of detuning observed
notably undulator based sources, have become operativer atoms [3,8].
also for gas-phase measurements, and that electron specWe have measured the ARR spectrum of the CO
trometers, capable of very high resolution even at high kimolecule at several energies near to thes C7*(»' =
netic energies, have been developed for use together with) resonance, and we have observed the collapse of
synchrotron radiation. Although radiationless resonant inthe vibrational fine structure of the band associated to
elastic scattering was observed as early as 1980 [1], it wabe singly ionizedX final state. We also observe an
not until 1993 that one could observe the first autoioni-interesting “reverse” development of the band shape
zation spectrum in the vacuum ultraviolet energy rangeof the B state. The collapse effect, which also is a
where the electron lines showed both dispersion with theneasure of the time it takes for the vibrational wave
photon energy and a subnatural line sharpening [2]. Thipacket to develop, demonstrates the dynamic, frequency
is commonly referred to as the Auger resonant Ramadependent, behavior of resonant ionization of molecules
(ARR) effect. Having subnatural resolution in the experi-in general. The main result of the present work is that the
ment, both in the excitation and deexcitation, opens up thgibrational structure in ARR spectra depends strongly on
possibility to study fine effects of detuning the excitationthe excitation energy for narrow-band excitation. Thus
energy from the nominal resonance energy. The pioneewhen detuning the excitation energy below the x-ray
ing experiment in this context was performed on kryptonabsorption resonance, the effective vibrational structure is
[3], showing that measured Auger electron line profilessignificantly distorted from its on-resonance pattern. For
vary strongly with the detuning. This effect, which de- final states referring to ionization in nonbonding orbitals,
pends on the distribution of the exciting radiation, i.e., itas the5¢ orbital in CO, detuning leads to a complete
is specific for the type of monochromator used and of itscollapse of the vibrational structure to one single line.
settings, may in some cases even lead to a doubling of The buildup of the vibrational fine structure “takes
the observed Auger lines. For atoms one has reachedtane” (r) and the degree of involvement of the core
rather detailed understanding of the influence of the phoexcited state potential energy surface critically depends on
ton spectral function on the dispersion law and shape athe duration £.) of the ARR process (Fig. 1) [9,11,12].
the x-ray Raman scattering profile, with several theoreti{f the duration time is much smaller than the time
cal predictions [4—7] verified by experiment [3,8]. of the deformation of the nuclear wave packet at the

It has now become apparent that the dispersion lavintermediate state energy potential surface, the molecular
and the appearance of resonant Raman effect is aldoame does not adapt to this potential, but will be
strongly influenced by nuclear dynamics, and that spectrdetermined directly by the final state potential (Fig. 1).
of molecules show nontrivial behavior on detuning theFar from resonance the resonant process is prompt while
frequency [9,10]. Most spectacular is the observatioron-resonance the lifetime of the resonant state determines
of Skytt et al.[9] that symmetry breaking in the x-ray the interaction time. Detuning from resonance shortens
resonant Raman spectrum of €@ quenched when the the duration of the ARR process [9,11], and one probes
excitation energy is detuned from the nominal resonancpreferentially transitions associated with shorter duration
energy. In the present work, we show that frequencytimes, for which the influence from the core excited state
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FIG. 1.
cesses referring to the and B states of CO for on-resonance
and for detuned excitation.

Pictorial representation of the ARR participator pro-

the 7* resonance, the ratio between direct photoemission
and the resonant participator contribution has been esti-
mated to be on average 0.7% for thie A, and B final
states. This value was obtained by recording the one-hole
(1h) part of the spectrum at resonance and at 4.5 eV be-
low resonance where the resonant population of (1h) fi-
nal states is negligible. We refer to the works of Domke
et al. [15] and Maet al. [16] for recent recordings of the
Cls x-ray absorption spectrum of CO.

To study the resonant contribution corresponding to
a finite detuning frequency, numerical simulations based
upon Egs. (1) and (3) (see below) have also been car-
ried out. For these simulations we have used an inter-
mediate state lifetime width of 85 meV [17,18] and a
photon bandwidth of 100 meV. The Franck-Condon fac-
tors for ground to intermediate and intermediate to final

states were calculated from Morse potential curves. Any

possible lifetime vibrational interference effects are in-
has diminished. The corresponding transition amplitudeluded in this simulation method. For comparison with
is then proportional to the Franck-Condon factor betweemxperiment, the spectrometer broadening was taken into
ground state and final state vibrational wave functions. Saccount by a convolution with a Gaussian of 100 meV.
if these two potential surfaces are close to each other, thdn Ref. [18] a detailed description of the numerical simu-
the ARR spectral profile collapses to a single line (Figs. 1lation method together with the spectroscopic constants
2, and 3). used to generate the Morse potential curves for ground,

The experiments were performed at the high energy uneore-excited, and final ionic states is given. The param-

dulator beamline 51 at the MAX | storage ring in Lund, eters used in the present simulations are recapitulated in
Sweden [13]. This beamline is provided with a high reso-Table |.
lution SX-700 plane grating monochromator. Recently, The collapse effect is very well illustrated by the par-
an end station [14] including a high resolution electronticipator Auger decay from the IG~!7* state of the CO
spectrometer has been installed at the beamline. Thmolecule. This decay leads to three main final states of
spectrometer is rotatable around the direction of the phocO*; the X 5o ! 23+ Alw ' 2I, andB 407! 23
ton beam. In the present study, for intensity reasons, thstates. As seen in Figs. 2 and 3, the vibrational envelopes
electron spectrometer was set in the plane of the polarief these transitions are very sensitive to frequency de-
zation of the almost completely linearly polarized light. tuning. Following the trends from small to large detun-
At the photon energy corresponding to the maximum ofing frequencies, the vibrational profiles soon resume the
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FIG. 2. Frequency detunedl€ '7* ARR participator spectra of CO leading to three main final states of; @& X 50! >3+,
A 177" 211, andB 40~' >3 states. Left columns display the measured spectra; right columns display results of the simulations.
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iR 5 a X and B states show very simple features, which can
& be used to illustrate the vibrational collapse. As seen in
ii Figs. 2 and 3, th&X state has a second vibrational level
5 ii excited at resonance, but collapses to a single line for
large detuning. TheB state shows a reverse behavior,
(B) 401 X) 5ot i.e., a single line at resonance but additional vibrational
levels off-resonance. These remarkable features can be
traced to the short and long resonant duration times and
é to the matching of potential energy surfaces. The final
1 X state refers to ionization of the nonbondifig orbital,

X ¢ '3 and so the minimum of its potential curve is very close
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L, L, to that of the ground state (GS), whereas the potential
4 0 4 1 energy curve of theB state is very close to that of the
Detuning from * resonance (eV) core excited state [15,19]. As easily inferred from the

Franck-Condon principle, the latter situation leads to only
FIG. 3. Variation of relative intensities for the vibrational gne strong band for the GS-coBeresonant process (the
EZS:ZyO;’tE)(() %r;gf] OS,E?;S,E,S/ uzp?ngﬁqui?gééqeiugmg' Squaresy_g and 1-1 transitions between the core &mstates have

' ' ’ almost the same energies), while the GS-c¥reand still
shows a distinct vibrational excitation at resonant energy.

character of the corresponding direct transitions. Theré dynamic, wave packet illustration is included in Fig. 1,
is both atrivial and anontrivial origin behind this col- which also shows the case for detuned frequency (or short
lapse. For large detuning frequencies the ratio betweeduration times). For the& band a short duration time
resonant and direct transition amplitudes becomes smalieans that the wave packet has no time to propagate on
so the vibrational profilérivially resumes the character of the shifted core excited state potential, but is transferred
that for direct photoemission. However, as seen in Figs. ihstantaneously on the unshifted fifalstate potential. It
and 3, even at a small detuning frequency, starting fromwill accordingly not deform at all and the band profile
about—300 meV, the profiles have practically resumed thecollapses to a single line. For thB state detuning
character of the direct photoemission. At such a small dehas the implication that the wave packet deforms to a
tuning frequency the resonant amplitudes are more thanew equilibrium on the shifted state potential, and a
6 to 7 times higher than those for the direct transitionsvibrational envelope will develop. In the resondhtase
This nontrivial cause for vibrational collapse can thus re-the wave packet was already deformed by the shifted core
fer only to the resonant contribution. As can be seen fronexcited potential, and no further deformation occurred for
Fig. 2, the simulated spectra strongly resemble the expergmission to the equally shiftel state.
mentally obtained spectra. This indicates that the direct Let us now outline shortly the key steps of the collapse
contribution has a negligible impact on the decay spectraffect in the framework of the time-independent represen-
and that the collapse of vibrational structure observed fotation. The spectral properties of the ARR scattering are
a small detuning frequency is due to the resonant contriguided by the double differential cross section
bution only. This close resemblance is true for all detun-
ing frequencies between 0 ard700 meV, showing that o(e,w) = Z |F,11.|2<I>(Q’ - Q + wrnp,y) (1)
the collapse effect can be understood within the time inde- fang
pendent description based upon Eq. (3). In particular, the . ) ) )
collapse of thex state to nearly just one single vibrational convoluted with the unit normalized spectral function of

component already at300 meV detuning is well repro- the exciting radiationb having the Wigithy. We con§ider
duced in the simulated spectra. here the case of narrow band excitation to the d¢ore

. . . i i H — IR
While the A state of CO shows complex vibrational ©€Xcited electronic state. The amplitude, (= F, +

profiles at both resonant and nonresonant frequencies, tH, ) of absorption of x-ray photon of frequeney with
subsequent emission of an Auger electron of enargy

consists of nonresonant and resonant contributions
TABLE I. Spectroscopic constants used for calculations of the

Morse potential curves. F,I?IR = apny | o), 2)
—1 —1

e/t weXe/CTH Re/A FR =g, S (ng | ni)$ni | o) 3)
CO (ground state) 2169.813 13.288 1.1283 ny P20 ¥ winy — wmg + oL
CO Cls-7* 2083.550 15.320 1.1529 ”"

+(Y2S + . H

CO+(X22 ) 2214.240 15.160 L1151 \yhere all unessential constants are collectedrjnand
CO*(A210) 1562.060 13.530 1.2437 Br. O =w—[E —E, + (0 — w,)/2] and Q' =
CO*(B*S™) 1734.180 27.927 1.1687 P/ @ ’ o T Wi ™ @o

€ — [E; — Ef + (w; — wy)/2] are the detuning of the
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photon frequency and photoelectron energy from the resanitial ground state and the final states can be regarded as
nant frequencies of adiabatic (0-0) absorption and emissiosudden. The results presented here are of great signifi-
transitions, respectivelyE;, w;, andn; denote the equi- cance also to resonant x-ray emission studies, and are also
librium electronic energy, vibrational frequency, and vibra-of relevance for resonant photoemission experiments in-
tional quantum number of the electronic stgtes o,i, f.  volving solids.
The present simulations are based on Egs. (1) and (3). The authors want to thank the Nordic Academy for Ad-
In the general case the resonant amplitu?;ﬁ-:‘ must be vanced Study (NorFA) and the Swedish Natural Science
summed over all close lying core excited electronic stateResearch Council (NFR) for financial support.
| ). But for the CO molecule, the carbon core excited
state| iy =| 1s~'7* is well separated from higher levels
(~5 eV), and we can restrict ourselves to a single elec-
tronic resonance approximation (3). *Also at University College of Gavle-Sandviken, S-801 76
According to Eq. (3) the ARR spectral profile is broad- Gavle, Sweden.

ened with vibrational structure determined both by the 'Permanent address: Institute of Physics, Riia 142,
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