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Unified Picture of Near-Edge and Extended X-Ray-Absorption Fine Structure in Low-Z Molecules
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Self-consistent Xa multiple-scattering calculations for N; and O, reveal a close connection between
the prominent multiple-scattering o* shape resonances found near threshold and the weak single-
scattering extended x-ray-absorption fine-structure (EXAFS) oscillations at higher energy. The o*
shape resonance may be interpreted as the first, enhanced, EXAFS wiggle while the valence electron po-
tential is found to significantly influence the EXAFS, signifying a breakdown of the conventional picture.

PACS numbers: 33.10.—n, 33.20.Rm, 78.70.Dm

Low-Z molecules consisting of atoms such as carbon,
nitrogen, oxygen, and fluorine are characterized by short
bond lengths, =1.1-1.5 A, and by the fact that more
than half of the total number of electrons in the molecule
are involved in chemical bonding. It is the strongly co-
valent nature of the bonds between such atoms, resulting
in myriads of molecules and compounds, which makes
them so important in chemistry and related fields such as
polymer and surface science. This special electronic
structure is also the origin of unusual K-shell x-ray-
absorption spectra. In contrast to other forms of matter
[1], free, chemisorbed, and polymeric low-Z molecules
exhibit near-edge x-ray-absorption fine-structure, or
NEXAFS, spectra characterized by giant resonances [2]
and extended structures, or EXAFS, that are unusually
weak [3-5] and show puzzling disagreements with theory
[3,6].

The dramatic difference between the NEXAFS and
EXAFS structures in low-Z molecules is usually attribut-
ed to different types of scattering processes of the excited
photoelectron. In the NEXAFS region the low-energy
photoelectron may be trapped or quasitrapped by the
molecular potential [7,8] and the resulting wave-function
localization in the final state, which may be visualized as
multiple scattering of the photoelectron wave or as exci-
tation of the photoelectron to an unfilled molecular orbit-
al [2], leads to a large dipole matrix element and to nar-
row and intense resonances. In contrast, in the EXAFS
region the scattering processes of the excited, high-
energy, photoelectron are dominated by the atomiclike
potentials of the central and backscattering atoms [9,10],
and typically only single-backscattering processes are im-
portant. For low-Z molecules the lack of a sizable elec-
tronic core of the constituent atoms leads to relatively
small backscattering amplitudes at high kinetic energy
[9,10] and therefore the EXAFS oscillations are weak.
From this conventional picture it is generally believed
that NEXAFS is unrelated to EXAFS, i.e., that NEX-
AFS is “not”-EXAFS. Here we shall give a unified new
picture which links the seemingly disjointed energy re-
gimes.

We have utilized the self-consistent Xa multiple-
scattering (MS) method which is capable of accounting
for both the detailed near-edge as well as the extended
fine structure. A unified picture emerges which shows the
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importance of both the valence and core potential contri-
butions in properly describing the photoelectron scatter-
ing processes. Our results explain the failure of conven-
tional EXAFS calculations noted by Yang, Kirz, and
Sham [3,6] in terms of the neglect of the valence electron
contribution to the scattering potential. We also find a
remarkable link between the position of the ¢* shape res-
onance, commonly encountered in the NEXAFS spectra
of low-Z molecules, and the positions of the EXAFS
maxima. This leads to a simple picture where the o* res-
onance can be viewed as the first enhanced EXAFS wig-
gle, independent of whether the ¢* resonance is bound;
i.e., its energy is less than the ls ionization potential (IP)
as in Oy, or it lies in the continuum as in N».

The self-consistent spin unrestricted Xa MS calcula-
tions employed the transition state method [11]. The
molecular potentials were constructed by removing half
of a spin-up or spin-down electron from the ls shell of
one of the atoms. By adjusting the muffin-tin radii we
then demanded that the calculated spin-dependent IP’s
matched the experimental values [12] of 409.9 eV for N,
(spin independent) and 543.1 (*Z ionic state) and 544.2
eV (2 ionic state) for O,. For N the internuclear dis-
tance is 1.098 A and the final atomic muffin-tin radii
were 0.630 A, corresponding to a volume overlap of 1.2%.
For O, with a bond length of 1.207 A the atomic muffin-
tin radii were about 0.53 A and hence did not overlap.
All calculations employed an Xa exchange potential and
thus all energy-dependent damping effects which would
require the use of a complex exchange potential were
neglected. The molecular potential was modified by a
Coulomb potential at larger distances [13]. The calculat-
ed bound-state transitions were represented by Gaussians
with the appropriate experimental widths and areas cor-
responding to the calculated oscillator strengths. The
continuum cross sections were plotted as calculated. For
the EXAFS calculations the expansions in angular mo-
menta were terminated at /,,,x =6 within the atomic
spheres and /,,x =11 elsewhere. This choice followed the
criterion /max=kmaxR [14], with k.« representing the
largest wave vector of the EXAFS signal and R the ra-
dius of the respective muffin-tin spheres. Convergence of
the results was verified by calculations with larger /.«
values over limited high-energy ranges. Because of the
weakness and low frequency of the EXAFS in the calcu-
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lated cross section o it was difficult to extract the EXAFS
oscillations by conventional background subtraction tech-
niques. We therefore used a calculated background oy,
obtained by replacing the core potential of the back-
scattering atom by the constant interstitial potential. The
EXAFS signal was then defined as o — oy divided by the
K-edge jump.

Our calculated results for the NEXAFS spectra of N,
and O; are compared in Fig. 1 to experimental spectra
obtained by inner-shell electron-energy-loss spectroscopy
[15]. Clearly the overall agreement is very good. For
N, the remaining discrepancy between theory and experi-
ment can be attributed to multielectron effects [7] which
give rise to a structure near 415 eV, shown shaded, and
diminish the size of the o* resonance, relative to our
one-electron calculation. For O, the splitting and relative
intensity of the o* resonance is not reproduced quantita-
tively, as discussed elsewhere [16].

Experimental EXAFS spectra recorded by Yang, Kirz,
and Sham [3] are compared with calculated spectra in
Fig. 2. The intensities of the #* and o* resonances are
distorted by sample thickness effects [6], but this does not
affect the EXAFS structure which is clearly seen after
background subtraction. The experimental and calculat-
ed EXAFS oscillations for O, taken from Fig. 2, includ-
ing the low-energy o* resonance, are directly compared
on a wave-vector scale in Fig. 3. The zero of the energy
and wave-vector scales was chosen to coincide with the
bottoms of the muffin-tin wells, located 29.2 eV for O,

and 25.8 eV for N, below the vacuum level. In contrast
to the results of conventional EXAFS theory plotted by
Yang, Kirz, and Sham [3] the positions of the EXAFS
wiggles calculated by us are in much better agreement
with experiment. Here it is important to note that we
have found that the discrepancy between experiment and
the plane-wave theory of Teo and Lee [9] cannot be elim-
inated by inclusion of curved-wave effects [10]. On the
other hand, our results for O; in the k=4 A ™! region
are in good agreement with those obtained by Rehr [17]
using a single-scattering curved-wave theory that realisti-
cally accounts for charge overlap of the valence electrons
in the construction of the scattering potential [18]. As
expected, these latter calculations fail, however, in the
NEXAFS region, owing to the neglect of multiple
scattering. The discrepancy between measured and cal-
culated amplitudes above 5 A ~! is attributed to the omis-
sion of inelastic multielectron effects in our theory. In
the 3-5-A 7! range shakeoff structure (dashed shading)
is directly evident in the experimental data.

In Fig. 3 we also show calculations of the extended fine
structure for N, for which, unfortunately, no published
experimental data exist. As for O, a pronounced o™* res-
onance is followed by much weaker EXAFS. Because of
the shorter bond length in N, the EXAFS wiggles are
stretched and the spacing between the maxima increases.
The most interesting result is indicated by a bar diagram
below the respective curves revealing nearly equal inter-
vals between the positions of the ¢* resonance and the
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FIG. 1. (a) NEXAFS spectrum of Nj calculated by means of Xa multiple-scattering theory compared to that (b) measured by
inner-shell electron-energy-loss spectroscopy [15]. The ls ionization potential is marked IP, and the shaded resonance in (b) is a
multielectron feature. (c) Calculated and (d) experimental [15] NEXAFS spectra for Oz. Because O, is paramagnetic there are two
IP’s and the o* resonance is magnetically split [16]. Note that the o* resonance lies in the continuum for N but is bound for O..
All resonances below the IP have been convoluted with a Gaussian of 0.9 eV width.
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FIG. 2. (a) Experimental K-shell x-ray-absorption coefficient
u of free O» [3]. Note that the intensities of the #* and o* res-
onances at 531 and 541 eV are distorted due to a sample-
thickness effect. (b) Absorption fine structure (u—wuo)/J,
where po is a smooth background function and J is the edge
jump. (c) X-ray-absorption cross section o calculated by means
of Xa MS theory. The widths of the calculated z* and o*
bound-state resonances have been convoluted with a Gaussian
of 4.0 eV width to match the experimental width. (d) Calculat-
ed absorption fine structure (o — 00)/J, where oo has been cal-
culated as discussed in the text.

EXAFS maxima for both O, and N,. Thus by extrapola-
tion of the EXAFS maxima to lower wave vectors one is
naturally led to the position of the o* resonance, which
may therefore be associated with the first EXAFS max-
imum whose intensity is enhanced by multiple scattering.

The origin of the correlation implied by the bar dia-
gram in Fig. 3 may be understood from inspection of the
scattering potential of the O, molecule shown in Fig. 4.
The potential has two main components, a “molecular”
well centered between the atoms, with a radius that is
roughly equal to the bond length and a depth given by the
interstitial potential, and *‘atomic” wells at the nuclear
positions. The molecular well is largely determined by
the valence-electron charge distribution and its bottom
defines the zero of the kinetic energy of the photoelectron
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FIG. 3. K-shell x-ray-absorption structure y(k )k 2 for O, and
N3 as a function of wave vector k. For O, the calculation is
compared with the experimental data (solid line) of Yang, Kirz,
and Sham [3] and the o* resonance intensity near k =2.7 A ~'
is reduced by factors of 3 and 8 for the experimental and
theoretical curves, respectively. For O the energy zero for our
wave-vector scale calculation was 514.4 eV. This value lies by
29.2 eV, the calculated interstitial potential, below the average
s IP (543.65 eV). For N, the energy zero was chosen at 384.1
eV, 25.8 eV below the 15 IP (409.9 eV).

[8] and therefore the zero of the EXAFS scale. One im-
portant conclusion from our calculations is that for low-Z
molecules both wells are important for the quantitative
description of the scattering processes in the NEXAFS
and the EXAFS regions.

The positions of the c* NEXAFS resonances are not
simply determined by the valence-electron potential but
the core potentials have an important effect. This is the
reason for the correspondence of the o* resonance posi-
tion with that of the first EXAFS wiggle found here and
the previously established “EXAFS-like” dependence of
the o* resonance position on bond length [8,19]. For the
EXAFS structure the reverse is true. In conventional
EXAFS calculations [9,10] the molecular well arising
from the detailed valence-electron charge distribution is
neglected. Its effect is assumed to be small at high kinet-
ic energies of the photoelectron and taken into account at
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FIG. 4. Xa molecular potential for the spin-up electrons in
the O, molecule. (a) Cut of the potential in the plane contain-
ing the nuclei. For distances larger than 1.75 A from the
molecular center the Xa potential has been substituted by
a Coulomb potential, marked ‘*Latter tail.” (b) Three-
dimensional plot of the potential. The nuclei are located at
y=0and z=10.604 A.

lower kinetic energies by adjustment of the zero of the
EXAFS energy and wave-vector scale. Because of the
large depth of this well for low-Z molecules this approxi-
mation breaks down. The molecular well causes a large
phase-shift correction relative to the phase shift obtained
with atomiclike potentials. This correction is found to be
nearly constant over the experimentally accessible EX-
AFS range in good accord with the empirical observa-
tions by Yang, Kirz, and Sham [3,6].

Our results also explain previous observations made for
low-Z solids. In graphite, diamond [20], and solid ben-
zene and cyclohexane [4] unusually large corrections
(30-40 eV) of the zero of energy value were required in
conjunction with Teo and Lee’s [9] theoretical C-C phase
shifts. In the above systems the bonding between adja-
cent C atoms leads to a non-negligible valence-electron
contribution to the effective scattering potential, as for O,
and N,. On the other hand, Teo and Lee’s phase shifts
were found to describe the O-O EXAFS in solid H,O
[21]. In this case the EXAFS signal arises from scatter-
ing events involving oxygen atoms that are not bonded to-

gether and separated by a rather large distance (2.76 A).
As a consequence, the scattering potentials for the central
and backscattering atoms are atomiclike and no correc-
tions of published phase shifts [9,10] are needed.
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MS programs, to John Rehr for many useful discussions
and sharing unpublished EXAFS results, to Adam
Hitchcock for the O, and N, NEXAFS data, and to B.
X. Yang and J. Kirz for the O, EXAFS data.
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