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Multielectron X-Ray Photoexcitation Observations in X-Ray-Absorption Fine-Structure Background
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Multielectron excitations involving deep and shallow core levels have been identified for the first time
in the x-ray-absorption fine-structure (XAFS) energy range for crystalline samples, RbBr and g-PbO:.
The XAFS oscillations have been fitted and subtracted from the experimental data using theoretical
standards. The positions of steps in the extracted background are in excellent agreement with the Z +1
approximation. The ability to determine this structure has important implications for XAFS and mul-

tiexcitation studies.

PACS numbers: 78.70.Dm, 32.30.Rj, 32.80.Fb, 61.10.Lx

Multielectron excitations in the x-ray absorption above
K and L edges have been studied for a number of systems
[1-11] and are important probes of the internal structure
of the atoms. It is well known that such processes con-
tribute significantly to the near-edge structure in absorp-
tion spectroscopy (often referred to as shake-up or
shake-off processes), in the range 0-50 eV above an ab-
sorption edge. It is, however, less well known that mul-
tielectron features can exist at energies far above the
edge, although they have been identified in a few special
cases [1-10]. In particular they occur in the energy
range 50 to approximately 1000 eV [6-10], the energy
range commonly known as the XAFS (x-ray-absorption
fine structure) region. In the XAFS data analysis, the
XAFS oscillations are usually extracted assuming that
the background is a smooth function that can be well ap-
proximated by an nth-order polynomial (n, typically 4-8)
or a multiple-spline (3-6 splines) fit. When small steps
occur in the background, they introduce errors [6-10] in
the XAFS oscillations extracted following this standard
procedure.

Recently, to obtain good fits to Pb and Bi Ljj;-edge
XAFS data [12], we have developed an iterative pro-
cedure to determine the background. This procedure
makes use of the new theoretical standard functions com-
puted using the program FEFF, developed by Rehr and
co-workers [13]. For the L edge of Pb and Bi, a clear,
broad step is present in the background above the edge.
We have now extended that analysis slightly to remove
most of the XAFS structure in the absorption-edge data
so that the multielectron features are more clearly re-
vealed. For all the edges studied below, we compare the
position of the step to that predicted by the Z+1 model
[14], which appears to work well for deep atomic levels
[2,6,8,9].

The x-ray-absorption data were collected on the
wiggler beam line IV-1 at the Stanford Synchrotron Ra-
diation Laboratory using Si(220) monochromator crys-
tals, detuned 50% to reduce the harmonic content. The
XAFS samples were prepared by brushing a fine powder
(30 um) onto Scotch tape. Several layers were stacked to
obtain a sample with a thickness of approximately two
absorption lengths. Data were collected at 80 K. For the
Kr-gas K-edge study, the Dewar was filled with Kr gas at
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atmospheric pressure (path length ~3 ¢cm) and measure-
ments were taken at room temperature.

To extract an accurate background function requires
good XAFS standards. The comparisons between the ex-
perimental standards that we have extracted for a single
atom pair and the FEFF results show that they agree very
well. Figure 1 shows the Cu-Cu atom pair in wave-vector
(k) space as an example. Since the theoretical XAFS
calculations do not have a background problem and ex-
tend down to the low k range, these results will be used to
extract the XAFS background.

Generally, we reduce and analyze the XAFS data in
the following way [15]. First, a polynomial fit to the
preedge data is subtracted from the entire data set. Then
the background above the edge is fitted with a series of
splines and the XAFS function y(E) is obtained by the
equation y(E)=I[u(E) —puo(E)1/uo(E), where the ab-
sorption cross section u(E) includes both the absorption
edge and the XAFS oscillations, and uo(E) (above the
edge) is the free atomic absorptance, simulated here to
lowest order by the spline fit. Next, y(E) is converted to
k space, using k =[2m(E —E)1""*/h, where Ej is the
energy at one-half the absorption-edge height. Hence, we
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FIG. I. A comparison of the XAFS function ky(k) between
the experimental (solid line) and theoretical (dotted line) stan-
dard for Cu-Cu atom pair. The experimental standard was ex-
tracted from Cu K-edge data of Cu foil.
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extract the modulation function ky(k) given by [15]

kx(k)=Zsz(k)—
J R;
xexp(—2k207—2R;/\), (1

sin[2kR;+¢, (k)]

where the sum is taken over shells with /V; atoms at a dis-
tance'R; from the absorbing atom, F; is the backscatter-
ing amplitude, dependent on the kind of atom in shell j,
¢;(k) is a phase shift depending upon both the back-
scattering and absorbing atoms, A is the effective electron
mean free path, and sz is the mean-square fluctuation of
R;. Finally, kx(k) is Fourier transformed into real (r)
space, using as long a k interval as possible. To obtain
numerical values for R;, N;, and o;, we perform iterated
least-squares fits to the real and imaginary parts of the
Fourier transform of ky(k) in a fixed range of r with
identical k-space-transformed standards. In these fits in r
space, the overlaps of the radial distributions of neighbors
are included.

To remove the XAFS oscillations from u(E), we first
process the data in the usual way as described above.
Then, the fit results in r space are transformed back to k

kx(k)
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FIG. 2. The XAFS function kx(k) of the Pb L, edge for g-
PbO,. The solid lines show the experimental data reduced (a)
in the usual way and (b) in the new way as described in the
text. The dotted lines are the back Fourier transformation of
the r-space-fit results. Only peaks for r <4 A are included in
the fit process; consequently there are small differences between
the calculated and experimental curves, which arise from the
high-frequency oscillations in the data due to more distant
neighbors.
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space and energy (E) space. The XAFS background
uo(E) is then obtained from the equation

uo(E) =p(E)/[1+x.(E)], (2)

where u(E) is the experimental data and y.(E) is the
calculated fit to the XAFS data, i.e., a sum of FEFF re-
sults with the fit parameters N;, R;, o}, and AE; (edge
shift). The better the fit of y.(E) to the data, the
smoother the extracted XAFS background u¢(E) will be.
Next, the new background is determined by using a
multiple-spline fit to this uo(E) linstead of u(E)] and the
whole procedure is repeated. In this way, a background
function u¢(E) relatively free of noise (but containing a
non-XAFS low-frequency signal) is obtained. We note
that the Fourier transform of ky(k) extracted by using
this new background has a much better shape in the low r
region than that obtained in the usual way.

We present S-PbO; as an example. First we reduce the
experimental data in the usual way. Figure 2(a) shows
the experimental data and fit results in k space. The
fitting range in r space is from 1.3 to 3.9 A. There is ad-
ditional structure for r less than 1 A in the r-space experi-
mental data and the standards do not fit the experimental
data in that region. Similar problems are found in k
space for k less than 6 A ™! as shown in Fig. 2(a). These
results indicate that a simple function does not fit the
background well in the low-energy region, as was also
found for a-Si:H [8]. The new background obtained
from p¢(E) linstead of u(E)] results in a better extrac-
tion of ky(k) and better fit results in k space [Fig. 2(b)].
The extracted background wpo(E) is shown in Fig. 3
(curve a). A step is visible in this background even
though it is noisy because the high-r-region XAFS peaks
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FIG. 3. The extracted XAFS background for the Pb Ly
edge. Curve a shows the background obtained from Fig. 2(b)
with the high-frequency XAFS contributions present. Curve b
shows the background with the high-frequency XAFS signal re-
moved. The curves are vertically displaced and the energy is
relative to the Pb Ly edge. The arrow indicates the energy po-
sition predicted by the Z + | model.
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have not been removed.

To remove the high-frequency oscillations from the ex-
tracted XAFS background, the high-r-range data (r > 4
A) were Fourier transformed back to E space [these os-
cillations are insensitive to the background used to ex-
tract y(k)] and then subtracted from the extracted
XAFS background. The final result for the Pb Ly edge
is shown in Fig. 3 (curve b). The step shown in the ex-
tracted background is 163+ 5 eV above the L edge.
The Z+1 model [14], i.e., using the x-ray atomic-energy
level [16] of Bi to calculate the energy of the second core
hole, gives 161.9 £0.5 eV and 157.4 0.6 eV for the Ny,
and Ny levels, respectively. Therefore, it is clear that
the step corresponds to a 1p34fsp(4f72) double-
electron ionization. Here 4fs, and 4f7, cannot be
resolved. A similar result is also found at the Bi Ly edge
for a BaBiO3; sample.

To compare our extracted results more directly with
the experiment, we have collected Br, Kr, and Rb x-ray-
absorption K-edge data using Kr gas and RbBr crystal-
line powder. The experimental spectrum for Kr, after
preedge subtraction, is very similar to previous results
[2,6]. The extracted XAFS backgrounds for Br and Rb
are shown in Fig. 4 together with the Kr data for compar-
ison. The energy positions predicted by the Z+1 model
[14,16] are indicated by arrows. The positions of the
15 3d feature are in excellent agreement with the predic-
tions of the Z+1 model as listed in Table I. The slopes
of the three traces change in a similar way near the 1s3d
steps. The amplitude of the double excitation for Br and
Rb appears to be comparable to the corresponding Kr
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FIG. 4. The extracted XAFS background for the Br, Kr, and
Rb K edges. The curves are vertically displaced. The energy is
relative to the K edge of the absorbing atom and the arrows in-
dicate the energy position predicted by the Z +1 model. (The
step height for the 1s3d feature of Kr is about 0.56% of the
main edge.)

TABLE 1. Core holes and energies of two-electron transi-
tions for Br, Kr, and Rb atoms. A energy is relative to the K
edge of the absorbing atom.

Absorbing Core A energy (eV)
atom holes Measurement Z+1
Br(Z=35) 1s3d 905 88.9+0.8
Kr(Z=36) 1s3d 110+2 110.3+0.3
111.8+0.3
Rb(Z=37) 1s3d 136 5 133.1£0.3
135.0+0.3

step, (5.6 £0.4) x 10 ~3ok, but further measurements are
needed to obtain exact results. The 1s4s excitation of Rb
is also visible even though it is not well defined, partly be-
cause it is very close to (37 eV above) the K edge. Simi-
lar results are also obtained for the Br K edge from a
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FIG. 5. (a) The Fourier transform of the function obtained
from the extracted XAFS background for Br, Kr, and Pb in
Figs. 3 and 4 using a standard XAFS data-reduction procedure
with a smooth background. (b) The Fourier transform of the
Pb L edge for B-PbO; with (dotted lines) and without (solid
lines) the multielectron excitation step. The Fourier transform
range is 3.5-8.0 A !, Gaussian broadened by 0.3 A ~'. The en-
velope curves are the magnitude of the complex transform
=+ (R2+1?)'" and the oscillatory curves are the real part of the
transform.
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CuBr sample.

What are the main implications of these results?

(1) For XAFS studies of systems with short bond
lengths (<2.3 A), it is important to remove multielec-
tron excitations, if they exist in the range 30-300 eV
above the absorption edge. The additional structure in
the XAFS region if the multielectron features are not re-
moved shows up at low r [see Fig. 5(a)l; it distorts and
asymmetrically broadens the first peak as shown in Fig.
5(b). For investigations of anharmonicity in the first
peak [17] or where this peak is the sum of two closely
spaced peaks [12], it is crucial to remove these multielec-
tron features. For highly disordered material, corrections
are also needed for the XAFS if multiexcitations occur
(8,101.

(2) The removal of the XAFS oscillations enables in-
vestigators to probe multielectron features over the entire
energy range in solids including both the XAFS and x-
ray-absorption near-edge structure (XANES) regions. It
may be most helpful in the 15-80 eV range above the
edge (the region where XAFS and XANES overlap) and
may provide a much cleaner determination of the ampli-
tudes and positions of the multielectron excitation
features, both of which vary with the local environment
(11l

In conclusion, it is possible to observe the multielectron
excitation in the XAFS oscillation energy region using
good XAFS standards and a careful background extrac-
tion procedure. Our method works very well and the re-
sults are in excellent agreement with the Z+1 approxi-
mation. It is also clearly important to include the mul-
tiexcitation steps during the XAFS data reduction [8,10].
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