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The availability of third generation synchrotron sources now allows
the routine performance of EXAFS investigations using K absorp-
tion edges occurring above 30 keV. Measurements made at absorp-
tion edges in the energy range 40 keV to 70 keV using the EXAFS
beamline BM 29 of the ESRF have demonstrated a great potential
for high resolution structural studies. The effect of the core-hole
lifetime broadening, though apparent, is found to be manageable if
high quality data are acquired over the large k-range accessible for
heavy element K absorption edges. Examples are presented for the
Eu K-edge and the W K-edge, demonstrating clear advantages for
structural investigations over those conventionally performed at the
Ly absorption edge.
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1. Introduction

Extended X-ray absorption fine structure (EXAFS) spectroscopy
as a dedicated tool to determine short range inter-atomic structure,
has in general previously been confined to absorption edges be-
low 30 keV. (A typical upper value for the useful photon energy of
bending magnet beamlines on most second generation synchrotron
sources.) The limitation in available photon energy at older syn-
chrotrons has to some extent been circumventable since the ab-
sorption fine structure of elements with K-edges beyond 30 keV
is accessible via their Lyjy edge. However, the presence of the Lyj
absorption edge, that typically occurs a few hundred electron volts
higher in energy, tends to restrict the range of signal that may be
used in an EXAFS analysis and consequently there is a reduction
in the accessible information content when compared with K-edge
data.

Data collected at a K absorption edge are most commonly lim-
ited by the signal to noise ratio attainable with an EXAFS spec-
trometer. The European Synchrotron Radiation Facility (ESRF) is
a third generation high energy synchrotron that typically operates
with a storage ring energy of 6 GeV and with ring currents of 200
mA. Bending magnet beamlines such as the EXAFS spectroscopy
beamline, BM 29, consequently operate at a much higher critical
energy than those at most second generation synchrotron sources
¢.f. E. for a ESRF bending magnet is 19.15 keV whilst for the
bending magnet stations of the 1.8 GeV positron ring of LURE
DCI (Orsay, France) is 3.62 keV.

Some older synchrotron sources do operate to give high criti-
cal energies for their bending magnet beamlines, for example HA-
SYLAB, which operates with a ring energy of 4.5 GeV and has a
bending magnet critical energy E. = 16.6 keV. This is achieved
through having a small bending radius (12.2 m for HASYLAB, in
contrast to 25 m for the ESRF). However, to date little use was
made of this capability at second generation sources apparently for
two principle reasons. These are:
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1. There was, and still is, a degree of opinion that EXAFS is
unable to give significant structural information at K-edges
of higher Z elements due to the short lifetime of the excited
atomic state. This causes a damping and broadening of the
signal which in particular affects the high frequency compo-
nents of the measured signal and consequently reduces the
sensitivity of the technique to the longer range inter-atomic
distance correlations.

2. The inability of spectrometers based at older sources, to
measure EXAFS spectra with sufficiently high signal to
noise ratios so as to allow the extraction of the structural
information, or in some cases even make visible the heavily
core-hole lifetime damped signal. This can largely be at-
tributed to a combination of limits arising from photon flux
and intrinsic machine stability.

The latter reason is perhaps the more significant as to why high
energy studies were not pursued previously at second generation
sources, although this fact is difficult to corroborate.

The aim of this paper is to show the feasibility of EXAFS at
high energy K-edges up to E = 75 keV, and also to underline the
significant potential for such studies.

2. Experimental

Data have been collected for metals, oxides and carbides of various
elements of the lanthanide series and for tungsten. Here we report
on the Eus03 and WC systems as model examples providing high
energy spectra. All data were taken at the ESRF-BM 29 spectrom-
eter (Borowski, Filipponi, Loeffen, 1998). This instrument is built
onto an ESRF bending magnet with the aforementioned character-
istics and is equipped with an ultra stable fixed exit two crystal
monochromator.

The data were measured in transmission geometry and over a
temperature range of 20 K to 300 K using a pair of flat Si(511)
monochromator crystals and operating the monochromator with
10 to 20 % detuning (in units of the width of the monochroma-
tor rocking curve), from the peak intensity. For EuaO3, data were
also collected using Si(311) crystals for comparison. The accessi-
ble energy range of the crystals are given in table 1. The Si(311)
and Si(511) data sets were found to be completely superposable
upto k = 22 A~!. The Si(311) crystal set gives slightly better
statistics due to the higher flux with respect to the Si(511) crystals,
but differences were observed in the high energy/high k region of
the spectra. These effects were found to be due to operating at the
limit of the angular range of the BM 29 monochromator. This ob-
servation illustrates that when operating at high energies with low
order cut monochromator crystals (that necessitate small incidence
and reflection angles), their alignment is particularly critical. For
the studies presented here, the Si(511) monochromator crystals al-
lowed us to operate reliably over the required angular range, and
instrumental artifacts were thus avoided.

Table 1
Parameter of the Monochromator crystals
Crystal type  Accessible energy  Data
range (keV)
Si(311) 6-50 Euz03t
Si(511) 10-75 WC, Eu203

f data taken for comparison with Si(511), see text.
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Figure 1

a) Comparison of the EXAFS (x(k)k?) of Euz03 at the Eu Ly
(Eg = 6977eV, " = 3.91 eV) and K absorption edge (Ey = 48518 eV,
I' = 21.0 eV) (energies from: Bearden & Burr, 1967; core level width
from : Krause & Oliver, 1979). The full lines are the measurement taken
at 24 K, for the K-edge data, the room temperature data (dashed) are
shown for comparison. b) The Fourier transform of the EXAFS shown
resolution achieved when working at the K-edge, well below the De-
bye temperature, is evident (low temperature data: full lines, the room
temperature data: dashed line).

Samples were commercially available high purity micrometric
powder (Eu203, WC), mixed with BN and pressed into pellets of
suitable thickness for transmission absorption measurements (ab-
sorption jump Apx = 1). Care was taken to use fresh EuzO3 pow-
der to avoid CO»/water contamination from air. The employed de-
tectors were ionisation chambers, (Pettifer et al., this proceedings)
filled with Kr gas. The filling was chosen to optimise the signal
to noise ratio of the data, through appropriately chosen absorption
characteristics for the both ion chambers.

Some similar investigations in the high energy regime have also
recently been performed at Spring8 (T. Tanaka, et al., 1998; Y.
Nishihata et al., 1998). These are studies mainly focused on the
absorption edge structure and position as a function of sample com-
position and on the core-hole lifetime effect.

Fig. 1 a) shows a comparison of the fine structure of Eu203 at
T=24 K, probed of the Eu Lyjj and K-edge, respectively. A room
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temperature spectra taken at the K-edge is shown for comparison
and we will discuss the importance to perform the measurement
at temperatures well below the Debye temperature below. As ex-
pected, the signal is strongly damped in the K-edge k ~ 10 A™*
due to the short core-hole lifetime corresponding to a core hole
width of I' = 21 eV, while a stronger detailed signal is obtained
at the Lyjj edge (I' = 3.91 eV)'. In contrast, the presence of the
Lyj-edge limits the Ljj; EXAFS spectral range to around k = 12
A~!, while reliable structural information can be extracted from
the corresponding K-edge EXAFS to k =~ 25 A~ !in this case.

In Fig. 1 b) we show the corresponding k* weighted Fourier-
transform (not phase corrected) of this data. EupO3 has a com-
plicated bixbyite structure (/a3), of which the coordination shells
around a Eu atom are given in Table 2. The first 3 oxygen dis-
tances cannot be resolved either in the Lyyj, or in the K-edge data.
The nearest 4 Eu-Eu distances can be treated as two shells at 3.609
A (weighed average of shell 4 and S in Table 2) and at 4.114 A
(weighed average of shell 7 and 8 in Table 2). These two shells
are clearly separated in the K-edge signal, whilst such a separa-
tion is not possible with the Ly real-space resolution. Higher Eu
shell signals can also clearly be K-edge data, when working at low
temperatures. This example illustrates the gain in spatial resolution
achieved when working at the K-edge in comparison with the Lyy-
edge. The reason for this is that the information is contained within
the frequency and amplitude of the EXAFS. Although the core hole
width is 5 times larger at the K-edge, the corresponding loss in in-
formation is largely recovered by the large k-range which extends
more than a factor 2 over that of the Lyjj-edge. In addition, one is
interested in the structural information which is evenly distributed
in k-space, whereas the signal damping due to the core hole effect
results in a constant broadening in energy space.

Table 2

Neighbouring shells in EupO3 calculated from crystallographic para-
meters (u = —.033, z = 0.394, y = 0.149, z = 0.380 (Wyckoff, 1986)
and WC with hexagonal unit cell (a = 2.9065 A, ¢ = 2.366 A (Wyck-
off, 1982)). For Eu,03, all distances upto R = 5.5 A are shown, for
WC, C-distances are only quoted for R < 5.5 A. N are the number of
atoms in the shell.

EUQOS wC

shell | element R(A) N | element R(A) N
1 0 22004 2| C 21972 6
2 0 23011 2| W 2.8366 2
3 0 23953 2 | W 29065 6
4 Eu 35971 2| C 3.6435 6
5 Eu 361499 4 | W 40613 12
6 o} 40924 21 C 45739 6
7 Eu 41031 2| cC 46608 12
8 Eu 41187 4| W 50342 6
9 o} 43385 2| ct 54192 6
10 o} 45196 2| W 56732 2
11 e} 45360 2| W 5778 12
12 0 45844 2 | W 58130 6
13 0 45898 2 | W 6.3744 12
14 0 46431 2 | W 6.4682 12
15 0 48382 2| w 7.5848 12
16 o} 51131 2| W 7.6899 12
17 o) 53482 2 | W 8.1226 12
18 Eu 54330 2| W 8.1964 24
19 Eu 54801 4

tlargest C-distance quoted

'We neglect in this discussion the role of the angular momentum, which is partly responsible for the differences between the Ly and K-edge EXAFS
(phase shift of nearly = for the low k-range). From this point of view, Lj data would be a better comparison, though complicated by the interference of the

Ly fine structure.
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Figure 2
The upper part shows the calcuiated signals used for the fit. The nomen-
(2)

clature follows Table 2, e.g. v;*’ is the signal corresponding to the first

shell as quoted in Table 2, '753)4_1 o stands for the summed signal of shell
17 and 18. The fit (full) in k-space to the experimental data (dots) of WC
at 22 K and the residual are shown (dashed). 753) is the three body con-
tribution of the degenerate 180° triangle with a long bond of R = 5.813
A. The upper value of this signal of k ~ 26 A-1 represents the current
limitation of the analysis package. The lower part shows the resuiting
Fourier transform (data (dots), simulation (full) and residual (dashed)).
Inset are the calculated backscattering amplitudes for carbon and tung-
sten, illustrating the small contribution of the light element to the spec-
tra.

This constant energy distribution translates into a k-space inter-
val that is proportional to the inverse of the k value,
me 1
R RS
and thus the core-hole lifetime broadening affects the spectra much
less at higher k values. We observe that there is a small loss in in-
tensity in the oxygen first neighbours contribution in the K-edge
to the oxygen amplitude function which falls rapidly for k& > 10
A, whilst that of the heavy elements like Eu extends to k > 30
AL

It is important to mention the strong influence of the lattice vi-
bration and the related signal damping connected to the Debye-
Waller factor. In Figure 1 a) and b) we compared the fine structure
data and corresponding Fourier transform of Eu2O3 taken at the
Eu K-edge at 24 K and 290 K. While the signal corresponding to
the oxygen coordination distances 1 to 3 (Table 2) is only slightly
affected, the amplitudes of the above discussed 2 Eu coordination
shells are strongly reduced at 290 K and more distant shells are

Ak(k) =
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not detected anymore. Although the gain in spatial resolution due
to the large measured k-range is temperature invariant, it is very
clear from this comparison that full advantage of the enhanced in-
formation contents can only be taken when working well below the
Debye temperature. Although we can not discuss this point here in
detail, it can be related to

- the exp(—202(R)k?) like influence on the amplitude func-
tion of an atom with a Debye-Waller factor o(R), where R
is it distance from the exited atom

- the core-hole lifetime effect on the low k-range
- the probed k-range and the signal to noise ratio

Working at low temperatures (i.e. well below the Debye tempera-
ture of the measured material) is therefore generally necessary if
high spatial resolution and higher shell information are required.

One question that has been raised in connection to this pre-
viously unexploited energy domain is the validity of the present
EXAFS theory, especially if relativistic corrections should play a
role. A detailed discussion cannot be given here, but our last exam-
ple shows the multiple-scattering analysis of WC at 20 K (K-edge,
Ey = 69.525 keV (Bearden & Burr, 1967)) using the GNXAS
code (Filipponi, et al., 1995; Filipponi & Di Cicco, 1995) without
additional corrections. We used the known crystallographic struc-
ture (Wyckoff, 1982) and included only the first W-C signal (n.b.
the very weak W-C signal), 7 W-W two body contributions and one
three body contribution {degenerate 180° triangle). The program
automatically takes the core-hole lifetime effect into account. Fig.
2 shows the excellent quality of the fit, with a signal that extends to
around k& = 33A7! corresponding to a scan over an energy range
of 5.1 keV with an average noise level of 1.5 107*. The quality of
this fit would suggest that current theory is sufficient.

3. Conclusion

In conclusion we demonstrate the feasibility and the power of
EXAFS performed at high energy K absorption edges up to 75 keV.
We highlight the influence of the Debye-Waller term is stronger
than normally encountered at lower energies, making low tempera-
ture studies necessary, but consequently shows a large potential for
Debye-Waller studies. High energy EXAFS investigations at the K-
edge offer advantages over corresponding L edges resolution due
to the large accessible k-range, if high signal to noise ratios are
achieved.
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