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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
lifetime-broadened first vibrational component of the C1s ! pp resonance in CO. From the branching
ratios it is evident that the resonant enhancement is different for single-hole and two-hole–one-electr
states: The maximum in the resonant intensity peaks at different photon energies. It now becom
necessary to calculate energy-dependent transition matrix elements within the lifetime-broadening ran
[S0031-9007(96)01669-9]

PACS numbers: 32.80.Hd, 32.70.Jz, 33.60.Fy, 33.80.Eh
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The Auger equivalent of the resonant Raman effect
recently received much attention in the atomic and mole
lar photoionization literature. The basic feature, made p
sible by the availability of very narrow bandwidth photo
sources, is the measurement of the decay spectrum
particular resonant core state below the ionization thre
old with a resolution better than the natural linewidth
the resonance. In this way, it is possible to “overcom
the lifetime of the core hole created in the primary ex
tation, and to measure decay spectra in a hitherto inac
sible linewidth regime. The possibility of getting into
new sub-lifetime-broadening range is very important in
self, since it allows the observation of phenomena wh
are, in principle, present but usually masked due to the p
instrumental resolution, which is the case for the major
of decay spectra published to date. The main results
ported for decay spectra measured under resonant Ra
conditions are the observation of energy dispersion
line narrowing for peaks resulting from both participat
and spectator lines [1–4]. (Participator lines correspo
to singly ionized valence final states and spectator li
to two-hole–one-electron final states.) The resonant
man condition has, for example, been used in a stud
condensed Ar on Pt(111), where it was nicely demo
strated that participator and spectator lines (often refe
to as resonant Auger lines) show energy dispersion, w
normal Auger lines do not [5]. Although these observ
tions are important, however, they are essentially a c
sequence of energy conservation, and do not constitu
themselves a new class of phenomena.

In this Letter we report the first observation of an e
fect of a different nature which appears not to have b
observed so far in resonant photoemission of atoms
molecules. We show that for CO the branching rat
of participator and spectator lines in the decay of the
1s21pp resonance exhibit significant changes as a func
of photon energy in a range within the natural linewidth
the absorption curve. Decay spectra were measured at
eral different photon energies within the first vibration
sublevel sn0  0d of the absorption curve (the study o
0031-9007y96y77(21)y4302(4)$10.00
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vibrationally resolved decay spectra measured for diff
ent vibrational components will be the subject of a fort
coming paper [6]). This is only possible for CO; in a
other diatomic molecules, either the absorption profile
corporates several vibrational states (as in the case ofO2)
or, when the vibrational structure is partially resolved, v
brational interference is the strongest effect in the de
spectra (as in the case ofN2) [7]. There is no trivial ex-
planation for this observation in CO, and we conclude t
an energy-dependent transition matrix element picture
the resonant process has to be invoked. A consequenc
this experimental finding is that the usual approximati
of considering the matrix elements describing the reson
process as energy independent within the linewidth of
primary excitation [8] does not necessarily hold.

The measurements were performed on the X1B be
line at the NSLS, Brookhaven National Laboratory. T
spherical grating monochromator and the angle-resol
cylindrical mirror electron energy analyzer (CMA) hav
been described elsewhere [9]. A recent improvement
been the installation of a new 800 linesymm laminar grat-
ing which gives higher resolution and flux, particularly
the OK edge.

The absorption curve for the C1s ! pp resonance
in CO, shown in Fig. 1, has three almost complete
resolved vibrational components at 287.40, 287.66, a
287.91 eV [10]. The total width of the peaks, includin
the lifetime and the instrumental broadening, is 96(2) me
From a fit of the absorption curve with a convolutio
of a Lorentzian to account for the natural linewidth an
a Gaussian to include the monochromator function,
obtain values of 83 meV for the lifetime broadenin
[comparable with the value 85(3) meV reported in t
literature [10]] and 30 meV for the photon bandwidth. W
therefore took decay spectra in the photon energy ra
287.28–287.56 eV in steps of 40 meV, which is wider th
our monochromator function.

The decay spectra were measured at the magic angl
that angular distribution effects do not affect the relative
tensities. Three single lines are well resolved in the hig
© 1996 The American Physical Society
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FIG. 1. Absorption spectrum of the C1s ! pp transition in
CO. The curve was obtained in the total electron yield mo
The vertical lines mark the photon energy values (at interv
of 40 meV) where decay spectra were recorded.

kinetic energy region at binding energies of 14.01, 17.
and 19.70 eV, corresponding to the5s21, 1p21, and4s21

single-hole valence states, respectively. The vibratio
fine structure is well resolved on all three lines, althou
we chose not to set the CMA at the best attainable re
lution, but rather to achieve a reasonable compromise
tween linewidth and measuring time. In the lower kine
energy part of the spectrum, several overlapping lines
present, corresponding to several two-hole–one-par
states, or valence satellites. A detailed assignment
been reported in the literature, at least for the main com
nents of this unresolved structure [11]. The satellite str
ture is divided here into two main kinetic energy regio
265.5–260.5 eV and 260.5–258 eV, labeled sat1 and s
respectively. Figure 2 shows two spectra, taken at pho
energies of 287.36 eV, slightly lower than the resona
maximum (bottom spectrum) and 287.52 eV, on the hi
photon-energy side of the resonance (top spectrum).

There are some obvious differences between the
spectra in Fig. 2, the main one being the relative inten
of the1p main line which is clearly larger in the top spe
trum. The change in the satellite structure in the kine
energy range 265.50–260.50 eV is not quite so obvio
but is evident from the branching ratios (see Fig. 3 a
de.
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FIG. 2. Decay spectra taken at photon energies of 287.36
close to the top of the absorption peak (bottom spectrum),
287.52 eV, on the high-photon-energy side of the absorp
peak (top spectrum). The participator lines are the vale
single-hole states5s21, 1p21, and 4s21, while the spectator
lines are the valence satellites, divided in two subgroups,
and sat2. The purpose of the vertical grid lines is to highli
the shift of 160 meV to higher kinetic energy on going fro
the bottom to the top spectrum.

discussion below). We can also detect the fingerprin
vibrational interference, which slightly affects the gene
appearance of the single-hole participator features in s
tra taken at the photon energies of 287.52 and 287.56
i.e., close to then0  1 absorption peak. This effect ha
already been demonstrated [7,12], although only one s
trum at the maximum of then0  0 peak was recorde
due to wider photon bandwidth. The main effect of int
ference, however, is to change the line shape, and no
total intensity, so that it is not important in the followin
discussion.

We also observe that all participator and spectator li
show energy dispersion, shifting in kinetic energy acco
ing to the photon energy change. This energy disper
is one of the main effects claimed in the literature as a
gerprint of the resonant Raman effect. Since, in the p
ent case, however, the initial and final states are uniq
defined by the primary excitation, this shift is simply a co
sequence of energy conservation, and we feel it should
be categorized as a new effect.

In Fig. 3 (top panel) we show the branching ratios (B.
determined in the photon energy range 287.28–287.56
4303
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FIG. 3. Top panel: branching ratios for the participator a
spectator lines shown in Fig. 2. Bottom panel: expanded v
of the branching ratios for the states1p21 and sat1, which
show the strongest effects. The smooth fit serves to unde
the observed trend. A shift of the extrema in the B.R. w
respect to the absorption maximum (about 40 meV) is evide

The B.R. for the sat1 and1p21 lines are shown in the
bottom panel on an expanded scale, together with a sm
fit intended to underline the observed trend. The B.R. w
obtained by deriving the integrated intensity separately
the three single-hole states and for the two satellite reg
sat1 and sat2. No attempt was made to deconvolute t
complex satellite structures. The integrated intensi
were obtained using the same fitting procedure for
peaks to avoid systematic errors. The error bars shown
related only to the fitting procedure, since other poss
fluctuations cancel when the B.R. are derived. We a
4304
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include errors deriving from a slight drift in photon ener
due to the heating of optical elements in the undulator b
line, which is corrected by measuring the absorption cu
every few decay spectra. The general trend in Fig.
well outside the error bars; as noted above, the effect
already be qualitatively observed by simply looking at
spectra.

The most evident experimental finding while scann
across the resonance is, of course, an overall increa
the count rate for all participator and spectator lines
going from the minimum toward the resonance maxim
This is due to photon “detuning,” and it is a well-know
and rather obvious effect. The most interesting n
finding in the present case is that the cross section
not increase to the same extent for all peaks in the d
spectrum. The most evident features in Fig. 3 ar
maximum and minimum in the B.R. for the sat1 and1p21

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

The first relevant finding is that such an effect is
served at all. One could expect the B.R. to be cons
because the initial and final states are the same, and t
fore effects resulting from different degrees of transfer
energy (as would be the case for different vibrational c
ponents of the absorption feature) cannot play a role.
results thus show that, under resonant Raman condit
other effects may occur which are usually masked by
core-hole lifetime broadening. These can only be pro
when the photon bandwidth is much narrower than
linewidth of the primary excitation. Although the effe
may appear rather small, we note that the change in
tive intensity of the1p21 line is actually about 15%, whic
is not at all negligible.

The next step is to try to explain the observed varia
in cross-section enhancement on the basis of the stat
volved. We note that both the single-hole state and s
of the satellites contributing to the peak labeled sat1
Fig. 2 havep symmetry. According to the experimen
[11] and theoretical [13] assignments, the main contr
tion to sat1 derives from2P 5s222p1 and2P 1p222p1

states. Symmetry is likely to play a role in the obser
variation in the B.R. because it is well known that sta
with p symmetry will couple more strongly to the prima
excitation. For example, it has already been reported
the1p21 main line in the decay spectrum is more stron
enhanced than the main lines withs symmetry; the sate
lites withp symmetry also show the same effect [11].
though the effect in the B.R. is more evident in the sta
with p symmetry, we cannot entirely rule out similar, b
weaker, effects in thes channels. Such an effect cann
be seen clearly in the present data, although there are
sibly hints for it in the B.R. of the4s21 and5s21 states.

We propose here a qualitative explanation for the
fect, with the aim of also stimulating further theoreti
work. The main point is that resonant phenomena ca
be described in terms of a primary excitation followed
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subsequent decay, but, rather, a unified picture is nee
since the key point is the “memory” of the intermedia
state which is reflected in the final states. We attrib
the observed effect to the fact that, for different phot
energies within the lifetime-broadened resonance, the
termediate excited state is slightly different, and theref
its projection onto each of the final states can vary a
function of photon energy. The variation in the branchi
ratios is due to the fact that the maximum overlap occur
slightly different photon energies for spectator and parti
pator lines, namely, at lower photon energy for the satel
states, which explains the slight offset of the features in
B.R. with respect to the absorption maximum.

We are also able to rule out a more trivial explanati
for the observed effect: the relative weight of direct pho
emission. A constant contribution to the single-hole lin
from direct photoemission could lead to a “flattening”
the resonant intensity compared with the satellite intens
and thus to the observed effect in the branching ratios.
have therefore measured a valence photoemission s
trum at 290.30 eV, i.e., at a photon energy value clo
to the resonance but off the main absorption peak. T
spectrum shows only detectable intensity in the single-h
states. The total contribution of direct photoemission
all three main lines, however, is found to be in the ran
0.3%–3% across the resonance, and therefore is too w
to explain the observed trend in the branching ratios.

In conclusion, we have observed different cross-sect
enhancement for spectator and participator decay as a f
tion of photon energy across then0  0 component of
the C1s21pp resonance in CO using a photon bandwid
much narrower than the lifetime-broadened linewidth
the absorption peak. There are stringent instrumental
quirements for this experiment, and even then it is o
possible for CO, where well-defined vibrational states c
be prepared. A relative increase and a relative decre
respectively, in intensity are observed for satellite sta
(spectator decay) and single-hole states (participator
cay) with p symmetry. We stress the usefulness of o
erating under the so-called resonant Raman condition
derive information not readily available otherwise. Th
observation reported here appears to be the first exam
of a resonant Raman “effect” not simply related to e
ergy conservation. It now appears necessary to recons
resonant processes in terms of transition matrix eleme
which vary over the photon energy range of the lifetim
broadened primary excitation.
ed,
e
te
n
in-
re
a

g
at
i-
te
e

n
-
s
f
y,
e

ec-
e

he
le
r
e

eak

n
nc-

h
f

re-
ly
n
se,
es
e-
-
to

e
ple
-
der
nts
-

The National Synchrotron Light Source at Brookhave
National Laboratory is supported by the U.S. Departme
of Energy under Contract No. DE-AC02-76CH0001
One of us (M. N. P.) is indebted to the Max Planck Gese
schaft for a visiting scientist fellowship.

*Permanent address: Department of Chemical Scien
and Technologies, University “Tor Vergata,” 0013
Rome, Italy.

†Permanent address: Department of Physical Scienc
University of Oulu, 90570 Oulu, Finland.

[1] E. Kukk, S. Aksela, and H. Aksela, Phys. Rev. A53, 3271
(1996).

[2] A. Kivimäki, A. Naves de Brito, S. Aksela, H. Aksela,
O.-P. Sairanen, A. Ausmees, S. J. Osborne, L. B. Dant
and S. Svensson, Phys. Rev. Lett.71, 4307 (1993).

[3] Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter
Phys. Rev. Lett.72, 621 (1994).

[4] S. Aksela, E. Kukk, H. Aksela, and S. Svensson, Phy
Rev. Lett.74, 2917 (1995).

[5] O. Karis, A. Nilsson, M. Weinelt, T. Wiell, C. Puglia,
N. Wassdahl, N. Mårtensson, M. Samant, and J. Stö
Phys. Rev. Lett.76, 1380 (1996).

[6] M. N. Piancastelli, A. Kivimäki, M. Neeb, B. Kempgens
H. M. Köppe, K. Maier, and A. M. Bradshaw (to be
published).

[7] M. Neeb, J.-E. Rubensson, M. Biermann, and W. Ebe
hardt, J. Electron Spectrosc. Relat. Phenom.67, 261
(1994), and references therein.

[8] T. Åberg, Phys. Scr.T41, 71 (1992), and references
therein.

[9] K. J. Randall, J. Feldhaus, W. Erlebach, A. M. Bradsha
Z. Xu, Y. Ma, and P. D. Johnson, Rev. Sci. Instrum.63,
1367 (1992); J. Feldhaus, W. Erlebach, A. L. D. Kilcoyne
K. J. Randall, and M. Schmidbauer, Rev. Sci. Instrum.63,
1454 (1992).

[10] These energies are derived from the EELS measureme
of D. A. Shaw, G. C. King, D. Cvejarovic, and F. H. Rea
[J. Phys. B17, 2091 (1984)].

[11] S. Svensson, M. Carlsson-Göthe, L. Karlsson, A. Nilsso
N. Mårtensson, and U. Gelius, Phys. Scr.44, 184 (1991).

[12] S. J. Osborne, A. Ausmees, S. Svensson, A. Kivimä
O.-P. Sairanen, A. Naves de Brito, H. Aksela, an
S. Aksela, J. Chem. Phys.102, 7317 (1995).

[13] P. W. Langhoff, S. R. Langhoff, T. N. Rescigno, J. Schi
mer, L. S. Cederbaum, W. Domcke, and V. von Niesse
Chem. Phys.58, 71 (1981).
4305


