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We report both experimental and theoretical studies on x-ray absorption measured in the resonant
Auger scattering mode of gas phase carbon monoxide near the O1s! 2� region. Both experiment and
theory display a crucial difference between the x-ray absorption profiles obtained in the conventional and
resonant scattering modes. Lifetime vibrational interference is the main source of the difference. It is
demonstrated that such interference, which arises from a coherent excitation to overlapping intermediate
levels, ruins the idea for obtaining x-ray absorption spectra in a lifetime broadening free regime.
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X-ray absorption spectroscopy (XAS) is one of the most
powerful and versatile techniques to investigate composi-
tion, structure and electronic structure of matter, and is
used not only in physics and chemistry, but now also in a
variety of scientific fields such as biology and geology. The
spectral ranges near the core edges of a constituent atom of
interest are particularly informative parts in XAS spectra,
because these ranges display characteristic core-excited
structures which are sensitive to the chemical circumstance
of the atom. One of the limiting factors in XAS is the
spectral resolution that is restricted by the large natural
widths of core-exited states; due to this physical constraint,
the details of the core-excited structures are often smeared
out of XAS spectra.

It has been believed that this obstacle can be removed
from XAS spectra when one monitors radiative or non-
radiative decay in the resonant Raman scattering condition
[1,2]. The important fingerprint of resonant x-ray Raman
scattering and resonant Auger scattering (RAS) is the
spectral resolution which is not influenced by a lifetime
broadening of core-excited states [3,4]. This fingerprint
constitutes the background of the idea of XAS beyond
the lifetime broadening limit of core-excited states.
Tulkki and Åberg [1] suggested that lifetime broadening
free XAS can be achieved by scanning over the frequencies
of the incoming photons while keeping the emission fre-
quency ‘‘fixed at the maximum of an x-ray fluorescence
line.’’ It was demonstrated by Drube et al. [2] that one can
alternatively use Auger decay for such measurement.
Narrowing of x-ray absorption resonances was also experi-
mentally evidenced in Refs. [5,6]. Nowadays, lifetime
broadening free XAS is regarded as a new powerful tool,
particularly in the studies on the electronic states of solid
systems.

In this Letter, we demonstrate that XAS in the lifetime
broadening free regime defines core-excited states with
poor accuracy. We have performed experimental and theo-
retical XAS studies in the RAS mode (XASRAS) around
the O1s! 2� resonance of carbon monoxide. It is dem-

onstrated that the XASRAS spectra exhibit profiles dif-
ferent to those on the conventional XAS profile. We under-
stand that the difference results essentially from the life-
time vibrational interference (LVI) effect [4,7] arising from
a coherent excitation to some overlapping vibrational lev-
els. Our finding counsels strong caution in precise inter-
pretations of XAS spectra measured in the lifetime
broadening free regime.

The experiment was performed on the beam line 27SU
[8] of SPring-8. Light from a figure-eight undulator was
monochromatized by a grazing incidence monochroma-
tor. The photon bandwidth was set to around 25 meV
(HWHM). The monochromatized light was introduced
into a cell to which sample gases were admitted. Emitted
electrons were sampled by a hemispherical electron energy
analyzer (Gammadata-Scienta SES-2002) placed at a right
angle with respect to the photon beam. The degree of linear
polarization of the incident light was essentially 100%, and
the direction of the electric vector was parallel to the axis
of the electrostatic lens of the analyzer. The kinetic energy
resolution of the analyzer was set to 50 meV (HWHM).
The electron transmission efficiency of this analyzer set-
ting and the kinetic energy scale of the obtained photo-
electron spectra were calibrated by measuring Ne 1 s
photoelectron peaks at different photon energies.

A XAS experiment in the RAS condition was performed
for gas phase carbon monoxide with photon energies !
tuned near the O1s! 2� resonance. The right panel of
Fig. 1(a) shows a total ion yield curve around the resonance
which essentially corresponds to the conventional XAS.
The resonance exhibits modulations due to the vibrational
levels �c of the O1s! 2� state [9,10]. According to
previous studies [9,10], the RAS mediated by this reso-
nance is strongly affected by LVI, because the lifetime
broadening of 0.156 eV is comparable with the vibrational
intervals around 0.17 eV. We have measured more than
one-hundred RAS to the 1��1 A2� final state, in this
resonance range with small photon energy step
(15 meV). The results are collected in Fig. 1(a).
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To explain the experiment, the RAS process was simu-
lated with the time dependent (wave packet) code [11]. The
potential energy curves for the ground, core-excited, and
final ion states are assumed to be the Morse functions with
parameters from the literature [10,12]. We set the natural
widths (HWHM) of the core-excited and final ion states to
be � � 0:078 eV and �f � 0:01 eV, respectively, and ne-
glected the instrumental broadening. To mimic the quasir-
ectangular experimental photon profile, we set
� � �1�ln2�1=2k � 25 meV (HWHM) and k � 3 for the
spectral function of incident photons, ���; �� �
�k=�1��1=2k�� exp����=�1�

2k�. Direct photoionization
is not considered in this simulation, because the contribu-
tion is small around the resonance [10].

For an effective presentation of the experimental and
theoretical RAS spectra, they were assembled as two-
dimensional (2D) maps shown in Fig. 1. The horizontal
axis corresponds to the electron kinetic energy E, and the
vertical to the photon energy !. The 2D maps are formed
by diagonal stripes, each of which corresponds to a certain
vibrational level �f of the final ion state. The binding
energy BE � !� E is constant along the stripe and is
equal to the energy !�f0 of the direct transition to the final
state j0i ! j�fi. All stripes consist of ‘‘hills’’ in the shape
of ellipse. It may appear at first sight that the peak positions
of the hills simply reflect the �c progression seen in the
conventional XAS spectrum; however, both experiment
and theory show that the positions of the hilltops slightly
deviate from the �c progression.

For a closer inspection of the shifts of the hilltops, the
intensity distributions along the diagonal stripes (BE �
!�f0) were extracted from the 2D maps. In the experimen-
tal extraction, least-squares fitting with sums of Gaussian-
function peaks was applied to the �f distribution at each
photon energy. The curves thus obtained, shown in Fig. 2,
correspond to the partial RAS yield curves for the forma-
tion of individual �f. It is clearly seen in Fig. 2 that the
peak energies of each XASRAS profile do not agree with
those of the �c progression on the conventional XAS
spectrum, but instead deviate depending on the choice of
final �f. The deviations of the resonance energies are
essentially due to the LVI effect as described later. The
dispersion law of the centers of gravity of the vibrationally
distributed XASRAS profiles deserves a special comment.
This dispersion depends on the shifts of the potential
energy curves of the core-excited and final ion states
relative to the equilibrium, similar to the RAS band dis-
persion investigated in Ref. [13].

To understand the features of the XAS profile in the RAS
mode, it is instructive to adopt the time-independent rep-
resentation of the RAS process. The conventional XAS
profile

 �XAS�!� �
X

�c

h�cj00i
2

�!�!�c0�
2 � �2 (1)

has a resonance width �. Here, j00i and j�ci denote the
vibrational wave functions of the ground and core-excited
states, respectively, and !�c0 is the resonant energy of the
absorption transition j00i ! j�ci. The spectral properties
of the RAS cross section [4] �RAS�!;E� �P
�f jF�f j

2��!� E�!�f0; �� are given by ���; �� and
the Kramers-Heisenberg scattering amplitude

 F�f�
X

�c

F�f�c ; F�f�c�
h�fj�cih�cj00i

E�!�c0�!�f0� {�
; (2)

which is a coherent sum over the paths through different
�c. One might expect intuitively that the RAS cross section
as a function of! should agree with the conventional XAS

FIG. 1 (color online). (a) 2D map of the RAS yields from CO
as a function of photon energy and electron kinetic energy,
measured around the O1s! 2� resonance. The intensities on
the map are plotted on a linear scale. A total ion yield curve
which essentially describes the conventional XAS profile is
shown in the right panel. (b) 2D map of theoretical RAS yields.
The black filled circles indicate the ‘‘hilltops’’ resulting from the
direct term �dir�!;E� in Eq. (4). The red dotted lines describe
three paths to extract the RAS mode XAS spectra shown in
Figs. 3(a)–3(c) (see text).
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profile, because the flux of Auger electrons is caused by x-
ray absorption. However, inspection of the equations above
shows that the RAS profile can deviate strongly from the
conventional XAS profile due to the Franck-Condon (FC)
amplitude of h�fj�ci, the interference of the intermediate
core-excited states in the terms F	�f�0cF�f�c , and the spectral

function ���; ��. It is convenient to divide the RAS cross
section into direct and interference contributions:

 �RAS�!;E� � �dir�!;E� � �int�!;E�: (3)

According to Eq. (2), these contributions have the follow-
ing form:
 

�dir�!;E� �
X

�f;�c

h�fj�ci
2h�cj00i

2��BE�!�f0; ��

�E�!�c0 �!�f0�
2 � �2 ;

�int�!;E� �
X

�f

X

�0c��c

F	�fv0cF�f�c��BE�!�f0; ��:

(4)

In the 2D plane of (!, E), the direct term �dir�!;E� in
Eq. (4) would construct hills having elliptical shapes. The
peak positions of those hills have coordinates �!;E� �

�!�c0; !�c0 �!�f0� marked by black dots in Fig. 1(b),
and their locations in ! match exactly the resonances of
the conventional XAS spectrum. One can see that the black
dots do not coincide with the real hilltops, as the deviation
was already observed in Fig. 2. The reason for the deviation
is twofold: the prime reason is the contribution from the
interference term �int�!;E� in Eq. (3). The term differs
strongly from the Lorentzian shape and can have maxima
at! � !�c0. Thus, we understand that LVI between differ-
ent �c causes the shifts of the hilltops. The second reason is
the overlap between hills, which is dependent on the choice
of �f. This can be judged from the fact that �dir�!;E�
includes the additional FC amplitudes h�fj�ci2 as com-
pared with Eq. (1).

The easiest way to envisage the XASRAS spectral reso-
lution is to look at the direct term in Eq. (4). The cross
sections along the major elliptical axes (BE � !�f0 �

const) passing through the peaks of the hills,

 �dir�!;E� � ��0; ��
X

�c

h�fj�ci2h�cj00i
2

�!�!�c0�
2 � �2 ; (5)

would not display better resolution than �, because the
spectral function is just a constant factor. In agreement
with this inspection, the XASRAS spectra in Fig. 2 do not
show better resolution than the natural width of the core-
excited state. On the other hand, the cuts of the hills along
the ! axis (E � !�c0 �!�f0 � const),

 �dir�!;E� �
1

�2 h�fj�ci
2h�cj00i

2��!�!�c0; ��; (6)

provide supernarrow resonances whose widths are equal to
the spectral-function width �. In practice, each hill on the
individual diagonal stripes on the 2D maps (Fig. 1) show a
narrower width along the ! axis. The idea of lifetime
broadening free XAS relies on this fact.

Figure 3(a) shows XASRAS spectra of superhigh reso-
lution extracted from the 2D maps along the ! axis. The
theoretical spectrum corresponds to the cut going through
the peak position of the global maximum on the 2D map at
E � Emax � 516:89 eV, which is indicated in Fig. 1(b) as
path A, while the experimental one results from the inte-
gration of the yields in E � 516:93–516:97 eV. Both the
experimental and theoretical spectra show sharp peaks
whose widths are apparently narrower than the natural
width of the core-excited state. This is because the RAS
cross section �RAS�!;Emax� of Eq. (3) is simply propor-
tional to the narrow spectral function ��!� Emax �

!�f0; ��. However, the peak positions of the resonances,
do not coincide with the vibrational levels of the core-
excited state, but instead follow fully the vibrational pro-
gression (intervals around 190 meV) of the final ion state,
since the spectral function has maxima at ! �
Emax �!�f0. It should be noted that this way of the ex-
traction gives resonances coinciding with �c, only when

FIG. 2 (color online). Experimental (red/dashed) and theoreti-
cal (black/solid) XASRAS spectra for the formation of �f �
1–4, extracted from the 2D maps in Fig. 1, and conventional
XAS spectra.
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the potential surfaces of core-excited and final states are
fully parallel to each other [6].

Apparently, XASRAS spectroscopy of superhigh reso-
lution is meaningful only if it gives the same positions of
the resonances as the conventional XAS. In an effort to
overcome the problem in the XASRAS profile copied of
the �f progression, instead of the vertical path through the
global maximum, a more sophisticated path which follows
the local maxima of the hills should be adopted in extract-
ing a XASRAS spectrum. In this way of extraction, we can
obtain a narrow XASRAS resonance by scanning over! in
the vicinity of a hill while keeping E fixed at the hilltop. To
get the rest of the resonances, we need to tune E to the
corresponding hilltops. However, we face here the ambi-
guity in the choice of the path through the hilltops, though
there is no real problem only if all paths give the same
XASRAS profiles as the conventional XAS. To check this
point we selected paths B and C shown in Fig. 1(b). One
can see that both paths deviate differently from the black
dots coinciding with the �c peaks of the conventional XAS
profile and with the resonances of the direct scattering
�dir�!;E� (4). The deviation is mainly due to the LVI, as
already discussed with the help of Fig. 2 and Eq. (4). The
deviation observed means that this method of XASRAS
extraction provides narrow resonances coinciding with the
XAS peaks only when the LVI is negligibly small.

The XASRAS spectra at superhigh resolution, resulting
from the extraction following paths B and C, are presented
in Figs. 3(b) and 3(c), respectively. The positions of the
XASRAS resonances disagree with the XAS resonances,
and the peak deviations as well as the envelopes are

sensitive to the choice of path; the interference effect ruins
the idea of x-ray absorption spectroscopy beyond the life-
time broadening. The lifetime broadening free regime is to
be desired, essentially when the spacings between core-
excited levels are smaller than � and the resonance maxima
of the core-excited levels are hardly recognizable on con-
ventional XAS resonances. Since the interference between
the core-excited levels is strong in such cases, the resultant
XASRAS profiles obtained in ‘‘the lifetime broadening
free regime’’ is profoundly different from the conventional
XAS ones.

In conclusion, we argue that the LVI effect at molecular
core-excited states causes XAS profiles observed in the
RAS mode to differ from the conventional XAS profiles.
Although the extractions of RAS yields along the ! axis
obey spectral resolution beyond the natural width of the
core-excited state, the resonant energies on the XASRAS
spectra deviate from the real resonance energies of the
x-ray absorption. The present work demonstrates clearly
that interferences arising from coherent core excitation to
overlapping electronic or vibrational levels spoils the idea
of obtaining XAS spectra in a lifetime broadening free
regime.
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[6] A. Kivimäki et al., Phys. Rev. Lett. 81, 301 (1998).
[7] F. Gel’mukhanov et al., Chem. Phys. Lett. 46, 133 (1977).
[8] H. Ohashi et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 467–468, 529 (2001).
[9] M. Neeb et al., J. Electron Spectrosc. Relat. Phenom. 67,

261 (1994).
[10] T. Tanaka et al., Phys. Rev. A 72, 022507 (2005).
[11] P. Sałek, Comp. Phys. Comm. 150, 85 (2003).
[12] K. P. Huber and G. Herzberg, Molecular Spectra and

Molecular Structure IV (Van Nostrand Reinhold, New
York, 1979).

[13] F. Gel’mukhanov and H. Ågren, Phys. Rev. A 54, 3960
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FIG. 3 (color online). (a) XASRAS spectra extracted along the
! axis in the 2D maps in Fig. 1. The theoretical spectrum (black/
solid) corresponds to the cut of the theoretical 2D map at E �
516:89 eV [path A indicated in Fig. 1(b)], while the experimental
one (red/dashed) results from the integration of the yields in E �
516:93–516:97 eV. (b) XASRAS spectra extracted along path B
which is indicated in Fig. 1(b). (c) The same as (b) for path C.
(d) Conventional theoretical and experimental XAS spectra.
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