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Variation of Cross-Section Enhancement in Decay Spectra
of CO under Resonant Raman Conditions
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We have measured participator and spectator decay at several photon energies within the range of the
lifetime-broadened first vibrational component of thd &— #* resonance in CO. From the branching
ratios it is evident that the resonant enhancement is different for single-hole and two-hole—one-electron
states: The maximum in the resonant intensity peaks at different photon energies. It now becomes
necessary to calculate energy-dependent transition matrix elements within the lifetime-broadening range.
[S0031-9007(96)01669-9]

PACS numbers: 32.80.Hd, 32.70.Jz, 33.60.Fy, 33.80.Eh

The Auger equivalent of the resonant Raman effect hasibrationally resolved decay spectra measured for differ-
recently received much attention in the atomic and molecuent vibrational components will be the subject of a forth-
lar photoionization literature. The basic feature, made possoming paper [6]). This is only possible for CO; in all
sible by the availability of very narrow bandwidth photon other diatomic molecules, either the absorption profile in-
sources, is the measurement of the decay spectrum ofc@rporates several vibrational states (as in the cas® pof
particular resonant core state below the ionization thresher, when the vibrational structure is partially resolved, vi-
old with a resolution better than the natural linewidth of brational interference is the strongest effect in the decay
the resonance. In this way, it is possible to “overcome”spectra (as in the case N§) [7]. There is no trivial ex-
the lifetime of the core hole created in the primary exci-planation for this observation in CO, and we conclude that
tation, and to measure decay spectra in a hitherto inaccean energy-dependent transition matrix element picture of
sible linewidth regime. The possibility of getting into a the resonant process has to be invoked. A consequence of
new sub-lifetime-broadening range is very important in it-this experimental finding is that the usual approximation
self, since it allows the observation of phenomena whiclof considering the matrix elements describing the resonant
are, in principle, present but usually masked due to the pogrocess as energy independent within the linewidth of the
instrumental resolution, which is the case for the majorityprimary excitation [8] does not necessarily hold.
of decay spectra published to date. The main results re- The measurements were performed on the X1B beam
ported for decay spectra measured under resonant Ramkme at the NSLS, Brookhaven National Laboratory. The
conditions are the observation of energy dispersion andpherical grating monochromator and the angle-resolved
line narrowing for peaks resulting from both participator cylindrical mirror electron energy analyzer (CMA) have
and spectator lines [1-4]. (Participator lines correspondeen described elsewhere [9]. A recent improvement has
to singly ionized valence final states and spectator linebeen the installation of a new 800 lin@sm laminar grat-
to two-hole—one-electron final states.) The resonant Rang which gives higher resolution and flux, particularly at
man condition has, for example, been used in a study adhe OK edge.
condensed Ar on Pt(111), where it was nicely demon- The absorption curve for the @s — #* resonance
strated that participator and spectator lines (often referresth CO, shown in Fig. 1, has three almost completely
to as resonant Auger lines) show energy dispersion, whileesolved vibrational components at 287.40, 287.66, and
normal Auger lines do not [5]. Although these observa-287.91 eV [10]. The total width of the peaks, including
tions are important, however, they are essentially a corthe lifetime and the instrumental broadening, is 96(2) meV.
sequence of energy conservation, and do not constitute irom a fit of the absorption curve with a convolution
themselves a new class of phenomena. of a Lorentzian to account for the natural linewidth and

In this Letter we report the first observation of an ef-a Gaussian to include the monochromator function, we
fect of a different nature which appears not to have beeobtain values of 83 meV for the lifetime broadening
observed so far in resonant photoemission of atoms andomparable with the value 85(3) meV reported in the
molecules. We show that for CO the branching ratioditerature [10]] and 30 meV for the photon bandwidth. We
of participator and spectator lines in the decay of the Qherefore took decay spectra in the photon energy range
1s~'7* resonance exhibit significant changes as a functio287.28—287.56 eV in steps of 40 meV, which is wider than
of photon energy in a range within the natural linewidth ofour monochromator function.
the absorption curve. Decay spectra were measured at sev-The decay spectra were measured at the magic angle, so
eral different photon energies within the first vibrational that angular distribution effects do not affect the relative in-
sublevel (v’ = 0) of the absorption curve (the study of tensities. Three single lines are well resolved in the higher
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close to the top of the absorption peak (bottom spectrum), and

FIG. 1. Absorption spectrum of the G — = transition in ~ 287:52 €V, on the high-photon-energy side of the absorption
CO. The curve was obtained in the total electron yield modeP€@K (top spectrum).  The participator lines are the valence
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The vertical lines mark the photon energy values (at interval$indle-hole stateso ", 17, and4o ", while the spectator
of 40 meV) where decay spectra were recorded. ines are the valence satellites, divided in two subgroups, satl

and sat2. The purpose of the vertical grid lines is to highlight
the shift of 160 meV to higher kinetic energy on going from

kinetic energy region at binding energies of 14.01, 17.00t,he bottom to the top spectrum.

and 19.70 eV, corresponding to the !, 17!, anddo !
single-hole valence states, respectively. The vibrationalliscussion below). We can also detect the fingerprint of
fine structure is well resolved on all three lines, althoughvibrational interference, which slightly affects the general
we chose not to set the CMA at the best attainable res@appearance of the single-hole participator features in spec-
lution, but rather to achieve a reasonable compromise béra taken at the photon energies of 287.52 and 287.56 eV,
tween linewidth and measuring time. In the lower kinetici.e., close to the/’ = 1 absorption peak. This effect has
energy part of the spectrum, several overlapping lines aralready been demonstrated [7,12], although only one spec-
present, corresponding to several two-hole—one-particleum at the maximum of the’ = 0 peak was recorded
states, or valence satellites. A detailed assignment hakie to wider photon bandwidth. The main effect of inter-
been reported in the literature, at least for the main compderence, however, is to change the line shape, and not the
nents of this unresolved structure [11]. The satellite structotal intensity, so that it is not important in the following
ture is divided here into two main kinetic energy regions,discussion.
265.5-260.5 eV and 260.5—-258 eV, labeled satl and sat2, We also observe that all participator and spectator lines
respectively. Figure 2 shows two spectra, taken at photoshow energy dispersion, shifting in kinetic energy accord-
energies of 287.36 eV, slightly lower than the resonancéng to the photon energy change. This energy dispersion
maximum (bottom spectrum) and 287.52 eV, on the highis one of the main effects claimed in the literature as a fin-
photon-energy side of the resonance (top spectrum). gerprint of the resonant Raman effect. Since, in the pres-
There are some obvious differences between the twent case, however, the initial and final states are uniquely
spectra in Fig. 2, the main one being the relative intensitydefined by the primary excitation, this shift is simply a con-
of the 177 main line which is clearly larger in the top spec- sequence of energy conservation, and we feel it should not
trum. The change in the satellite structure in the kinetidoe categorized as a new effect.
energy range 265.50-260.50 eV is not quite so obvious, InFig. 3 (top panel) we show the branching ratios (B.R.)
but is evident from the branching ratios (see Fig. 3 andletermined in the photon energy range 287.28—287.56 eV.
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include errors deriving from a slight drift in photon energy
due to the heating of optical elements in the undulator beam
line, which is corrected by measuring the absorption curve
every few decay spectra. The general trend in Fig. 3 is
well outside the error bars; as noted above, the effect can
already be qualitatively observed by simply looking at the
spectra.

0.2 -0 sat2 The most evident experimental finding while scanning
'_";f j‘g}l across the resonance is, of course, an overall increase in
N the count rate for all participator and spectator lines on
-0 - 507! going from the minimum toward the resonance maximum.
0.1 PN This is due to photon “detuning,” and it is a well-known
SORREE SEE i bl At and rather obvious effect. The most interesting new
finding in the present case is that the cross sections do
* not increase to the same extent for all peaks in the decay
0.0 : spectrum. The most evident features in Fig. 3 are a
-100 -50 0 50 100 150 maximum and minimum in the B.R. for the sat1 and !

lines, respectively, which are centered slightly below the
absorption maximum.

The first relevant finding is that such an effect is ob-
served at all. One could expect the B.R. to be constant
because the initial and final states are the same, and there-
fore effects resulting from different degrees of transferred
energy (as would be the case for different vibrational com-
ponents of the absorption feature) cannot play a role. The
results thus show that, under resonant Raman conditions,
other effects may occur which are usually masked by the
core-hole lifetime broadening. These can only be probed
when the photon bandwidth is much narrower than the
linewidth of the primary excitation. Although the effect
may appear rather small, we note that the change in rela-
tive intensity of thel 7 ! line is actually about 15%, which
is not at all negligible.

The next step is to try to explain the observed variation
: : , in cross-section enhancement on the basis of the states in-
-100 -50 0 50 100 150 volved. We note that both the single-hole state and some
of the satellites contributing to the peak labeled satl in
Fig. 2 haver symmetry. According to the experimental

FIG'tB't Tlpp parr:elz branlghing r%tic;ts for the Iparticipzétotg andr1 1] and theoretical [13] assignments, the main contribu-
spectator lines shown in Fig. 2. Bottom panel: expanded view; : SrP ) By
of the branching ratios for the statdsr' and satl, which Uon tO satl derives fromll 5o 227! and’Il 17227

show the strongest effects. The smooth fit serves to underlingtates. S_ymmetry is likely to plf?ly a role in the observed
the observed trend. A shift of the extrema in the B.R. withvariation in the B.R. because it is well known that states

respect to the absorption maximum (about 40 meV) is evidentwith 7= symmetry will couple more strongly to the primary
excitation. For example, it has already been reported that
the 17! main line in the decay spectrum is more strongly
The B.R. for the satl and7 ' lines are shown in the enhanced than the main lines withsymmetry; the satel-
bottom panel on an expanded scale, together with a smootites with 77 symmetry also show the same effect [11]. Al-
fitintended to underline the observed trend. The B.R. wer¢hough the effect in the B.R. is more evident in the states
obtained by deriving the integrated intensity separately fowith 7= symmetry, we cannot entirely rule out similar, but
the three single-hole states and for the two satellite regionweaker, effects in the- channels. Such an effect cannot
satl and sat2. No attempt was made to deconvolute thebe seen clearly in the present data, although there are pos-
complex satellite structures. The integrated intensitiesibly hints for it in the B.R. of theto~! and50 ! states.
were obtained using the same fitting procedure for all We propose here a qualitative explanation for the ef-
peaks to avoid systematic errors. The error bars shown afect, with the aim of also stimulating further theoretical
related only to the fitting procedure, since other possiblevork. The main point is that resonant phenomena cannot
fluctuations cancel when the B.R. are derived. We alsde described in terms of a primary excitation followed by
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