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Experimental Study of Multiple Scattering
in I-Ray-Absorption Near-Edge Structure
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An experimental study of the magnitude of multiple scattering of the photoelectron in the
x-ray-absorption near-edge structure is presented. Two types of multiple-scattering events
are distinguished: type 1, in which the scattering atoms are approximately co11inear with the
center atom; and type 2, in which the various scattering atoms are far from collinear. Type 1,
which is known to be important in the extended x-ray-absorption fine-structure range, has a
similar importance in the x-ray-absorption near-edge structure range, while type 2 is impor-
tant above the edge only when the bond distances are less than —1.6 A.

PACS numbers: 78.70.Dm

Interest in using x-ray-absorption near-edge
structure (XANES) determination has recently
been stimulated by advances in calculating XANES
spectra. ' ' Over the last decade, the extended x-
ray-absorption fine structure (EXAFS), which
starts beyond the XANES, has provided informa-
tion about the local structure of materials. The in-
formation that EXAFS can provide is limited when
the coordination shells that surround the photoab-
sorbing atom are disordered or comprise atoms of
low atomic number, because the fine structure de-
cays rapidly past the edge; most of the information
resides close to the edge, in the region that is
currently designated the XANES region. We show
in this experimental study on KMn04 and
K3Mn(CN)6 that, in essence, the EXAFS region ac-
tually extends down through most of the XANES
range.

XANES and EXAFS were originally dis-
tinguished4 because the single scattering (SS),
which is dominant in the EXAFS region, was
thought to be inadequate in the XANES region.
XANES has been thought to require multiple
scattering (MS) corrections, and the recently
developed techniques' 3 for calculating XANES
spectra explicitly account for all MS processes.

Recently, Muller and Schaichs have challenged
the idea that MS dominates the XANES. They
have shown that an SS XANES calculation for Cu
metal that includes the spherical nature of the pho-
toelectron wave agrees well with a band-structure
calculation, which includes MS to all orders. Their
SS theory is like EXAFS theory, but it does not
make the plane-wave and short-wavelength approx-
imations. On the other hand, Norman et al. claim
that SS theory is incapable of explaining the oxygen
E-edge XANES spectra of NiO.

This controversy is of practical as well as funda-

mental interest. If SS dominates the XANES, then
XANES provides the same sort of information as
EXAFS. Conversely, if MS dominates the XANES,
it may be possible to extract bond-angle informa-
tion that is not accessible from the EXAFS re-
gion. 7 8

We wish to distinguish two types of MS
processes. The first, which we call type-1 MS, oc-
curs when an intervening atom lies approximately
collinearly with the central atom and a backscatter-
ing atom. The intervening atom focuses the pho-
toelectron onto the backscattering atom and
enhances scattering from it. Type-1 MS is the only
MS effect that is important in the EXAFS region.

Type-2 MS comprises all MS processes that are
not of type 1. For example, successive scattering
from two atoms in the first coordination shell is of
type 2, since any two first-shell atoms must be far
from collinear with the central atom. Type-2 MS is
negligible in the EXAFS region because large-angle
scattering is weak there. Only type-2 MS has new
bond-angle information, and it will be possible to
extract this information only if the magnitude of
type-2 MS is substantial.

KMn04 was obtained from a commercial supplier
at ) 99.5% purity; its x-ray powder pattern was
measured and checked against a standard powder-
pattern reference file. The sample was ground,
sieved to 325 mesh, and brushed onto Scotch tape.
About six layers of tape constituted the sample.
Each layer appeared homogeneous and had an edge
step Ap, x ( 0.1, so that thickness effects and parti-
cle size effects should be negligible. 9'o

The measurements were performed at the Stan-
ford Synchrotron Radiation Laboratory (SSRL)
under dedicated running conditions. An Si(220)
double crystal monochromator was used; the har-
monic intensity was monitored and made negligible
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by detuning the monochromator. The sample was
measured at 80, —140, and 300 K. The energy
resolution was ( 1 eV, and the point density was
0.2 eV in the XANES region.

Figure 1(a) shows the XANES spectra for
KMn04 at 80 and 300 K. The spectra are character-
ized by a large peak about 15 eV below the edge
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FIG. 1. (a) Absorption spectra of KMn04 near the K
edge of Mn, measured at 80 and 300 K. The energy scale
is relative to the E edge defined at 6552 eV. The arrow
denotes the start of the Fourier transform range. The
MS 2 effect is large to the left of the line. (b) Magnitude
of the Fourier transform of KMn04 at 80 and 300 K,
weighted with ks exp( —0.04k2). (c) Magnitude of the
Fourier transform of KMn04 at 80 and 300 K with the
first shell removed. The noise level is —0.5 unit.

step and by a temperature-dependent fine structure
at higher energies. The pre-edge peak has long
been noted, "but the temperature-dependent struc-
ture is new. As in EXAFS analysis, we convert
from Eto kusingf k2/2m =E—Eo, with En=6552
eV, and we subtract a smooth background in the re-
gion beyond the arrow in Fig. 1(a). The Fourier
transform of the oscillatory structure over the range
k =1.4—11.8 A ' weighted with ks exp( —0.04k2)
window function is shown in Fig. 1(b).

The Fourier-transform peaks below —2.7 A are
nearly independent of temperature, while the rest
depend strongly on temperature. The former have
their origin in the rigid tetrahedron of oxygen
atoms that surround the Mn at a distance'2 of 1.63
A; the latter are from the weakly bound atoms out-
side this central Mn04 ion. The largest peak in
Fig. 1(b) is due to SS from the nearest-neighbor ox-
ygens, as in EXAFS. The small peak immediately
beyond it can only be explained as a type-2 MS ef-
fect. The lack of temperature dependence indicates
that it originates from the rigid Mn04 ion; further-
more, the peak position does not correspond to any
SS distance in the crystal which would be found
beyond —3.0 A. It is not a sidelobe of the the
first-shell peak, because its relative size is indepen-
dent of the k-space window space; furthermore, it
persists when the filtered first-shell signal is sub-
tracted before transforming, as shown in Fig. 1(c).

Only one resolved temperature-independent MS
peak is observed. This implies that the MS pertur-
bation expansion' converges rapidly, because
higher-order terms give peaks at larger distances in
the Fourier transform. These, if present, are evi-
dently small compared with the first term.

The position of the MS peak can be understood
as a combination of the MS paths shown in Fig.
2(a), which have total path lengths (divided by 2)
of 2.96 and 3.26 A, respectively. Accounting for
the expected phase shifts, these would peak around
2.4 A, in agreement with experiment [Figs. 1(b)
and 1(c)]. The next MS peaks would occur at—2.7 A and beyond.

We next determine the amplitude of the MS peak
as a function of energy by inverse transforming the
isolated peak from r space back to k space and then
converting k back to E. The first-shell SS peak is
then treated the same way, and the logarithm of
their ratio is plotted versus energy in Fig. 2(b).
The MS amplitude 13 eV beyond the edge is less
than e ' of the SS amplitude. In the conventional
EXAFS region the MS amplitude is about e 2 of
the SS amplitude. MS only becomes important
within —13 eV of the edge.
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FIG. 2. (a) The two multiple-scattering paths that con-
tribute to the second peak in the Fourier transform of
KMn04, denoted by solid and dashed lines. The black
dot is Mn, and the open dots are 0 atoms. (b) The loga-
rithm of the ratio of the k dependence of the amplitudes
of the first (SS) peak to the second (MS) peak of Fig.
1(b), plotted vs energy from the edge.

Over the range of analysis, which extends down
to the arrow in Fig. 1(a), the SS signal is stronger
than the MS signal. We cannot extend the analysis
range to lower energy because it is not clear how
the background should be subtracted. However,
the large size of the peak below the edge indicates
the presence of strong MS. This peak corresponds
to transitions to an unfilled orbital of mainly Mn 3d
symmetry, into which p character has been mixed.
This mixing, which allows a dipole transition, can
occur only if the Mn environment lacks inversion
symmetry, which is the case for tetrahedral coordi-
nation. Such p-d mixing is a multiple-scattering ef-
fect. In SS theory, only the radial distance matters,
and site symmetry has no effect. '4 Therefore, the
large peak indicates strong MS effects, and it seems
reasonable to assume that MS is strong everywhere
to the left of the line drawn in Fig. 1(a).

The MS effect just described is type 2, as Fig.
2(a) confirms. We can investigate type-1 MS (the
focusing effect) by studying the spectrum of
K3Mn(CN)6. The sample was prepared and mea-
sured in the same ~ay as the KMn04 sample, In
K3Mn(CN)6 the Mn is octahedrally surrounded by
six linear CN molecules. The first-shell carbon
atoms are collinear with the Mn and the second-
shell N, and so the latter are subject to type-2 MS
enhancement. This effect is well established, and
its energy dependence has been studied in the EX-
AFS region. "'6 This analysis can be easily extend-
ed to the XANES region using the routine Fourier
filtering methods as for KMn04.

After correction for the I/r2 geometrical factor,
we find that the type-1 MS enhanced the N scatter-
ing amplitude by the constant factor of 2.2 over the
whole range. Therefore, type-1 MS is substantial at
low as well as at high energies.

We have experimentally shown the importance of
the two types of MS. Type 1 (the focusing effect)
is important in both the XANES and the EXAFS
region, whereas type 2 (large-angle MS) is only im-
portant within a few electronvolts of the edge in
KMn04. The relation of the KMn04 results to oth-
er cases will now be considered. Theory" indicates
that the nth-order scattering contribution scales as
a ("+'), where a is the length scale of the cluster
of atoms. In the Mn04 ion, the bond length is
unusually short for a metal at 1.63 A, which
enhances high-order MS contributions relative to
SS contributions. If the bond length were the more
common value of —2.0 A, the MS contribution
would be even smaller relative to SS than is ob-
served. Furthermore, tetrahedral coordination
enhances the type-2 MS relative to octahedral coor-
dination because of the presence of the factor cosP
in powdered samples, where P is the angle between
the first and last scattering paths. '7 In octahedral
coordination cosP=0 for most of the MS paths.
For all of the remaining paths P = 0 or n and there
is a tendency for cancellation since cos0= —cos7r.
This tendency persists in any environment with in-
version symmetry. We therefore expect that type-2
MS is generally important only within a few elec-
tronvolts of the edge for bond lengths greater than—1.6 A. On the other hand, when the bond length
is less than 1.6 A and there is no center of inversion
symmetry, multiple scattering will become more
important than in the KMn04 case. Such examples
have been investigated by Stohr et al. '8 recently
where they found large multiple-scattering effects
in the near-edge structure.

What remains to be explained are the calcula-
tions6 that showed the existence of strong MS ef-
fects 30 (or more) eV above the oxygen Kedge in
NiO, where the NiO bond length is greater than 1.6

NiO is of the NaCl structure, in which many
atoms are collinear and type-1 MS can be substan-
tial. The closest collinear atoms are oxygens, shad-
owed by Ni atoms. Since type-1 MS is strong from
the edge through the EXAFS region, it can explain
the calculated results. In this case the type-1
enhancment should be particularly strong, because
the oxygen backscattering amplitude is much larger
than that of the nearest-neighbor Ni atoms over the
range of calculation.

In conclusion, type-2 MS is important past the
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edge only for atoms surrounded by bond lengths
less than 1.6 A and lacking inversion symmetry.
This limits the usefulness of XANES as a supple-
ment to EXAFS. The type-1 MS (focusing) effect
is large throughout the whole absorption fine-
structure range suggesting that it is possible to ap-
proximate the absorption spectrum when type-2 MS
is small by a relatively simple single-scattering cal-
culation of the Muller and Schiach types modified
by the addition of the type-1 MS (focusing) effect.
The general MS contribution could be a mixture of
type-1 and type-2 MS, but XANES and EXAFS are
physically distinct only when type-2 MS is large.
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