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Abstract

Understanding the clustering process and the evolution of the precipitate structure of copper in Fe–Cu system is an
important step in the description of material hardening and the embrittlement process normally observed under irradiation
conditions. In this work, an extended X-ray absorption fine structure (EXAFS) spectroscopy characterization of
Fe–0.3 wt%Cu and Fe–1.0 wt%Cu binary model alloys has been performed in order to investigate the local structure
around Cu and Fe atoms in the matrix. The effect of thermal ageing was studied on one Fe–Cu specimen containing
1.0 wt% Cu annealed at 775 K for a duration of 1 h. The near-neighbour environment of Cu and Fe was examined by
determining the best-fit structural parameters after curve fitting to the first-few-shells EXAFS functions. The results
provide an indication of the formation of sub-nanometer-size Cu clusters in Fe matrix for the specimens examined. The
average structural parameters estimated from the EXAFS data are presented and discussed.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.10.Ht; 61.46.Bc; 61.66.Dk
1. Introduction

Precipitation of copper in iron and steels draws a
considerable attention due to its potential effect on
material hardening as well as embrittlement pro-
cesses, particularly in reference to reactor pressure
vessel (RPV) steels which are components in nuclear
reactors [1,2]. The strength of such FexCu100�x (sub-
script in at.% unless otherwise specified) composites
with varying Cu content is derived from both solid-
solution strengthening and precipitation strengthen-
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ing. During operation the RPV of light water reac-
tors is subjected to factors which lead to ageing of
the ferritic steel structures where precipitates are
the dominant embrittling feature. Apart from high
temperature and high pressure influences, neutron
irradiation is another main reason for the material
degradation. It is furthermore believed that the
irradiation hardening and related embrittlement of
RPV steels are very sensitive to the amount of resid-
ual copper [3]. Therefore, the formation and/or dis-
solution of Cu precipitates in Fe–Cu system have
been extensively studied, both theoretically and
experimentally, over the last years [4–8]. A variety
of experimental techniques such as transmission
electron microscopy [9,10], field ion microscopy
.
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Table 1
Comparison among several experimental techniques for their
performance/detection limits in analyzing clusters and/or
precipitates

Experimental methods Size
(nm)

Precipitates density
(cm�3)

Transmission electron
microscopy

�1 �1013

Positron annihilation
spectroscopy

�0.6 �1014

Small angle neutron scattering �1.2 �1015

Atom probe topography �0.5 �1013

Extended X-ray absorption
fine structure

0.2–0.8 �1015

G. Kuri et al. / Journal of Nuclear Materials 362 (2007) 274–282 275
[11], atom-probe topography [12], etc. has been used
for understanding the clustering and precipitation
behaviour in this material. Some work has also con-
centrated on the solid solubility and microstructure
of FexCu100�x with a higher Cu concentration
above 10 at.%. On the basis of the results of these
studies it is generally accepted that bcc solid solu-
tions are formed on the Fe-rich side for x > 80
and single phase fcc solid solutions are obtained
for x < 60. For the range spanning approximately
60 < x < 80, a two phase region with coexisting
bcc and fcc solution phases can be expected. How-
ever, the mechanism responsible for significantly
enhanced solubility and the presence of an obvious
two phase coexistence region are still a subject of
debate [13].

To the best of our knowledge, the microstructural
aspect of Fe–Cu alloy containing very low amount
of Cu near its solubility limit is less well character-
ized in this regard. Cu is practically immiscible in
Fe at room temperature. Its solubility at the typical
ageing temperatures (i.e., �775 K or so) is known to
be very low (60.1 at.% [11,14]) so that even for typ-
ical RPVs with Cu, an impurity present in a satu-
rated solid-solution phase, can provoke significant
effects [3]. Recently, employing 3D atom-probe tech-
nique, Pareige et al. [15] have measured the mean size
and number density of irradiation induced heteroge-
neous copper clusters in binary Fe–Cu (0.088 at.%
Cu) specimens. However, the study is limited to the
case for MeV electrons and keV ions irradiated con-
ditions. Since the atomic radii of Cu and Fe are
nearly equal and mixing volumes are of the order
of 3% due to atomic size mismatch [16], the compo-
sition uniformity or the near-neighbour atomic
environment in the matrix is nearly impossible to
measure by conventional experimental techniques
mentioned above. X-ray absorption spectroscopy
(XAS) technique, such as extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near
edge structure (XANES), is a very powerful tool in
this field because of the advantages of its atomic
selectivity and nondestructive method. It will be
shown in the paper that such a technique related to
synchrotron radiation is more appropriate. Informa-
tion can be obtained on the atomic arrangement of
nanometer scale metallic particles. In Table 1 several
analytical techniques are compared for their perfor-
mance/detection limits in terms of size and the order
of magnitude of the clusters/precipitates that can be
detected. EXAFS has been previously used to inves-
tigate local atomic environment of Cu and Fe in
FexCu100�x (x 6 90) system [13,17] and binary Fe–
1.3 wt%Cu model alloy [18]. A Cu concentration of
about 1.5 wt% has been, however, a limit for the
XAS studies [19]. The recent development of high
intensity synchrotron radiation sources now allows
these studies to be extended to low concentrations
of absorbing element, e.g. Cu in the present case,
by using fluorescence detection techniques and
multi-element solid-state detectors. In this work,
employing XAS method, it is aimed at studying the
local structure around Cu and Fe atoms in two
Fe–Cu binary model alloy samples with different
Cu content in the range of 0.3–1.0 wt%. The effect
of thermal ageing was studied on one Fe–Cu speci-
men containing 1.0 wt% Cu annealed at 775 K for
a duration of 1 h. The near-neighbour environment
of Fe and Cu are examined by analyzing XANES
spectra and by determining the best-fit structural
parameters after curve fitting to the first-few-shells
EXAFS functions.

2. Experimental and data analysis

The specimens used in this investigation were
prepared at SCK-CEN, Mol Belgium. Commercial
ultrapure elemental powders of Cu (purity 6 N
wt%) and Fe (purity 5 N wt%) were used as starting
materials. After alloying to the desired composi-
tions, they were preannealed for 4 h under argon
ambient at 1075 ± 5 K and quench cooled in water
from the annealing temperature. Two samples of the
alloys (Fe–0.3 wt%Cu and Fe–1.0 wt%Cu) with a
surface polished to an optical quality, were studied
using XAS. Apart from these as-prepared speci-
mens, another piece of Fe–1.0 wt%Cu isothermally
aged at 775 ± 5 K for 1 h and quenched to room
temperature in oil after the ageing treatment, was
also selected for XAS investigation.
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Fluorescence yield detection is a good method to
measure the EXAFS signal because it is very sensi-
tive for samples with small quantity of matter and
because the probing depth is large enough to be sure
that the bulk structure is sounded. Fluorescence
spectra were obtained with a geometry where the
fluorescence detector forms an angle of 90� with
the incoming beam. The X-ray absorption spectra
at the Fe K-edge were recorded using radiation at
the Swiss Light Source (SLS) on beam line l-XAS
(X05LA). The beam line is currently equipped with
a single-element Si-detector (manufacturer: KETEK
GmbH, Germany) for fluorescence measurements.
The Cu K-edge spectra were obtained from INE
beamline at the ANKA synchrotron radiation labo-
ratory, Forschungszentrum Karlsruhe. The incident
X-ray intensities were measured by means of a
nitrogen filled ionization chamber. Samples were
held at room temperature and the fluorescence exci-
tation spectra were recorded with a 5-element solid-
state Ge detector array cooled at 77 K. Each
channel of each scan was examined for glitches prior
to averaging. Data were also collected from high
purity iron and copper metallic foils for use as struc-
tural comparators and reference spectra. Energy
output of the double-crystal Bragg monochromator
was calibrated with the foils with edge energies
7111.9 and 8979.0 eV for Fe and Cu, respectively,
set equal to the maximum of the first derivative of
the XANES data.

EXAFS data processing and analysis were per-
formed using the University of Washington-Naval
Research Laboratory ‘FEFFIT’ analysis program
[20]. Considering the measurements geometry, an
appropriate correction has been applied to all the
experimental data for the self-absorption effect
[20]. The background in the pre-edge and post-edge
regions were removed by simulating the data by a
cubic spline function. Thus, background-removed
EXAFS function v(k) was extracted and normalized
by the edge jump height. v(k) was then multiplied
by k3 to emphasize the higher k region. Thereafter,
k3-weighted EXAFS was Fourier transformed into
real space to obtain a radial distribution function
(RDF). The first shell EXAFS contributions, corre-
sponding to the nearest copper or iron atoms, were
exclusively singled out by the Fourier filtering.
Transform termination effects were minimized by
choosing the transformation region as bounded
by minima in jv(k)j and using a Hanning window
function that smoothed the ends of the region to
zero.
In the next step, the extracted experimental
EXAFS signals were best-fitted to the well known
EXAFS equation [21]:

vðkÞ ¼
X

j

S2
0ðN j=kR2

j ÞF jðkÞ expð�2r2
j k2Þ

� expð�2Rj=kjðkÞÞ sinð2kRj þ /jðkÞÞ; ð1Þ
k ¼ �h�1½2meðE � E0Þ�1=2

; ð2Þ

where S2
0 is the amplitude reduction factor due to

many-electron effects, kj(k) is the electron mean free
path; the sum is over the j coordination shell having
Nj atoms put at an average distance Rj from the
absorbing atom. Fj(k) is the atomic backscattering
amplitude, /j the phase shift of the jth coordination
shell, and r2

j the corresponding Debye–Waller (DW)
factor. k represents the magnitude of the photoelec-
tron wavevector and is related to the X-ray energy
by Eq. (2). E denotes the energy of the incident
X-ray photons and E0 is the threshold energy for
the removal of the core electron.

The set of optimized structural parameters
derived from the fits were Rj, Nj, r2

j and DE0 (a cor-
rection to E0). The degree of mismatch between the
fitted theoretical standard and the data is given by
the EXAFS R-factor, a standard measure of the
quality of the fit. The backscattering amplitude
and phase shift functions, required in the calcula-
tion of the EXAFS signals in Eq. (1), were obtained
from the real space multiple-scattering theory and
modern relativistic code FEFF [22]. This code has
a number of attractive properties. For example,
one can calculate an absorption spectrum in the
XANES as well as EXAFS ranges by considering
a small cluster of atoms centered on the absorbing
atom in each material without any assumption of
periodicity or symmetry, which is a major interest
of the present work.
3. Results and discussion

The XAS spectrum and associated Fourier trans-
form (FT) obtained for Fe from the 1.0 wt% Cu
specimen is shown in Fig. 1. The XANES spectrum
and the derivative of the same data are also depicted
in Fig. 1(a) as insets. The iron spectra from 0.3 wt %
Cu alloy and 775 K annealed specimen are similar
and hence not presented here. The edge position,
taken as the maximum of the first derivative of the
spectrum, reveals an E0 value of 7111.93 eV which
is indeed identical to the reference K-edge excitation
energy of iron metal (7111.99 eV). This information
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Fig. 1. (a) Fe K-edge absorption spectrum of Fe–1.0 wt%Cu specimen in the as-prepared state. In the inset XANES spectrum and the first
derivative of XANES data are shown. (b) Magnitude of the k3 weighted Fourier transformed EXAFS signal (dot line), imaginary part of
the transform (dash line) and best-fitted curve (solid line) are shown.
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can be used to determine if the spectral shape and
the electronic states of Fe in the specimens are
altered in response to any chemical extractants,
e.g. Cu atoms in the present case. However, this is
not observed. The reason for this may be due to
the fact that the high-density Fe d states are poorly
matched in energy with low-density Cu s states. As a
result, the addition of Cu is not expected to influ-
ence significantly the electronic structure of Fe near
the Fermi surface [23], at least until a significant
amount of copper is present.

For a quantitative analysis of the data in Fig. 1(a),
the fitting procedure on the EXAFS signal and on its
FT was adopted using the standard methods as sum-
marized above. This was necessary to obtain the
structural parameters of Fe to compare with that
of an iron metallic foil and for using them in analyz-
ing the Cu data. This point will be discussed later in
this section. The analyzed FT result for Fe is
depicted in Fig. 1(b). The analysis using FEFF
model of the bcc Fe crystal lattice structure yielded
a very good fit to the experimental data. The FEFF
model comprises all single scattering paths from var-
ious shells and all multiple-scattering paths up to
0.6 nm. The Fe atom is surrounded by 8 atoms at
0.249 nm, 6 at 0.287 nm, 12 at 0.406 nm, 24 at
0.476 nm and 8 at 0.497 nm in the first five consecu-
tive neighbour shells. The data in Fig. 1(b) have been
corrected for electron phase shifts using the first
shell-path from FEFF and therefore, the FT peaks
should correspond directly with the true bond dis-
tances of the near neighbours. Results of the first
coordination shell fitting parameters obtained are:
an Fe–Fe coordination number of 7.9 ± 0.3 at a
distance 0.248 ± 0.002 nm, r2 = (41 ± 5) · 10�4 Å2

and DE0 = 7.16 eV; whereas the corresponding values
for the second shell are N = 6.2 ± 0.2, R = 0.285 ±
0.002 nm, r2 = (48 ± 5) · 10�4 Å2 and DE0 = 7.16 eV;
in agreement with the parameters known in the liter-
ature [24]. The estimated errors are the standard ones
for EXAFS. These data clearly show a representa-
tion of bcc unit cell for the used Fe substrate. In fact,
from the data measured at the Fe K-edge and their
analyses, any difference was not observed between
an Fe-foil and the Fe–Cu specimens. However, this
is not the case for that of the Cu absorber.

In the next, let us consider the data measured at
the Cu K-edge. In Fig. 2(a) the XAS spectra are
shown both for the binary Fe–Cu samples and for
the reference Cu foil. All Cu data were converted
to k-space using E0 = 8979 eV. These curves,
weighted by k3 have been Fourier transformed and
fit using ‘FEFFIT’ algorithm. The results are also
shown in Fig. 2(b) and best-fit values of the struc-
tural parameters are included in Table 2. Data col-
lected from Cu and Fe foils were similarly analyzed
after correcting for self-absorption effect and pre-
sented in Fig. 2 as a standard of the fcc and bcc

structures, respectively. In this way, the data can
be compared in terms of amplitude and phases of
the EXAFS oscillations to determine similarities
or differences among specimens, between samples
and foils, and also to provide information as to
the signal-to-noise characteristics of the experiment.

From the XAS spectra as well as RDFs in Fig. 2,
it is clear that the Cu spectra of three alloy samples
can be well described by the Cu bcc model as in the
Fe metal foil. The Cu-foil spectrum presented in
Fig. 2(b) illustrates Fourier features which are char-
acteristics of the fcc sites environments and the
shape of RDF is quite different from that of the
Fe-foil and/or the Fe–Cu specimens. The RDF of
Fe K-edge for the metal foil shows that there are
three strong amplitude peaks between 0.2 and
0.5 nm whose distance R is around 0.25, 0.37 and
0.47 nm, respectively. The first strong peak at
0.25 nm stems from first and second neighbours of
bcc lattice. The magnitude intensity of the second
peak near 0.37 nm is sensitive to the coordination
number as well as geometry of third neighbours.
The peak around 0.47 nm contains contributions
from fourth shell and the body-diagonal sites. All
of them very closely resemble the RDFs obtained
from Cu K-edges for the alloy samples. Therefore,
the local environment of Cu has been deduced
for the three alloy samples concentrating mainly
on the first peak (as appearing between 0.2 and
0.3 nm in Fig. 2(b)). For the analysis, a similar
procedure as described in Refs. [18,19] has been
followed, but assumed the coexistence of two kinds
of neighbour for the central atom in two phases: (I)
a bcc like Fe metallic phase and, (II) the Cu atoms
on a bcc lattice for Cu atoms in bcc clusters of
Cu. A good quality of fit is obtained assuming such
a two site model (see Table 2). The refined values
obtained from the curve fit give realistic DW fac-
tors, correct order for the bonds, an identical value
of DE0 for both Fe and Cu components in each
alloy specimen, and a varying shift to DE0 in the
range of �2.2 to 6.6 eV. This later value is compara-
ble to that of the corresponding DE0 (=7.16 eV)
obtained for Fe–Fe correlation from the Fe–Cu
sample (Fig. 1). Therefore, the DE0 parameter was
allowed to vary during the fitting procedure. This



8875 9000 9125 9250 9375 9500 9625 9750

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

 0.3 wt% Cu (as delivered)

 1.0 wt% Cu (as delivered)

 1.0 wt% Cu (annealed)

 Cu foil

N
or

m
al

iz
ed

 In
te

ns
ity

 (-
)

Energy (eV)

0 1 2 3 4 5 6

0

40

80

120

160

200

240

280

Cu foil

1.0 wt% Cu

0.3 wt% Cu

1.0 wt% Cu
(annealed)

Fe foil

Peak-1

Fo
ur

ie
r T

ra
ns

fo
rm

 [k
3 .χ

(k
)] 

(Å
-4
)

Radial distance (Å)

a

b

Fig. 2. (a) Normalized XAS data at 300 K in the region of the K absorption edges for pure Cu metal and three Fe–Cu binary model alloys.
(b) Magnitude of the associated Fourier transforms of the experimental EXAFS data. Dot line: data; dash line: imaginary part of the
transform; continuous thick line: fit. All the curves in this figure are vertically shifted with respect to each other for clarity. See the text for
details.
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Table 2
First-shell Cu K-edge EXAFS fit parameters for various Fe–Cu specimens

Sample Scattering
configuration

Coordination number in the first
shell (–) (±10.0%)

Distance RNN (nm)
(±0.002)

r2 (·10�4)
(Å2) (±5)

DE0

(eV)
Quality
factor R

Fe-foil Fe–Fe 8.1 0.249 43 �2.7 0.0081
Fe–0.3 wt%Cu Cu–Fe 8.0 0.249 51 �1.9 0.0085

Cu–Fe 7.4 0.248 49 4.7 0.0037a

Cu–Cu 0.8 0.248 49 4.7
Fe–1.0 wt%Cu Cu–Fe 8.0 0.248 51 �1.9 0.0126

Cu–Fe 6.9 0.247 50 6.6 0.0034a

Cu–Cu 1.1 0.249 50 6.6
Fe–1.0 wt%Cu

(annealed at 775 K)
Cu–Fe 8.0 0.248 51 �1.4 0.0176

Cu–Fe 6.7 0.247 50 �2.2 0.0049a

Cu–Cu 1.4 0.249 50 �2.2
Cu-foil Cu–Cu 12.2 0.253 74 4.8 0.0035

Results for the metallic Fe and Cu foils are also included. Typical error values are also mentioned.
a Value obtained for the two site model. See the text for details.
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choice is not expected to degrade the quality of the
presented results in Fig. 2.

With the assumption that only an homogeneous
solid solution has been formed, the data has been
also analyzed taking into account only the Cu–Fe
correlation. However, as can be seen from Table
2, the two site model results a somewhat better
result at the expanse of other fitting parameters
and the R-factor is lower. Although the differences
in optimized structural parameters obtained for this
two cases are not large, however, it appears that the
contribution from Cu–Cu correlation in peak-1 (see
Fig. 2(b)) may not be negligible. Therefore, the pos-
sibility of the formation of a few atom Cu clusters
(at the expense of monomers), possibly in the form
of dimers, trimers or higher multimers is not ruled
out in the samples that have been investigated. In
this context it should be mentioned that effective
phase shift calculated for bcc Fe is very close to that
of bcc Cu. In addition, for the Fe–Cu samples the
analysis of FT data has been performed by exclud-
ing the third- and higher-shell contributions to the
Cu K-edge EXAFS spectra. Multiple-scattering
effects are also not considered in the analysis. There-
fore, our interpretation on the clustering of Cu
atoms as against atomic populations may not be
considered as definitive evidence, rather as an indic-
ative result, at least for the Fe–0.3 wt%Cu specimen.
The results presented in Table 2 indicate that for the
Fe–0.3 wt%Cu specimen the R-factor is 2.2 times
higher in the case of fits with Cu–Fe configuration
as compared to the two-site model analysis. The
corresponding change for Fe–1.0 wt%Cu specimens
are about 3.7.
As already mentioned earlier that for Fe–Cu
alloys containing more than 1.0 wt% Cu, the
removed copper atoms from supersaturated solid
solution are expected to form copper clusters or
copper precipitates in the matrix. In an earlier work,
Schmauder and Binkele [25] have calculated the
mean size as well as size distributions of Cu precip-
itates in the temperature range of 673–973 K in
Fe–Cu binary alloy system (having 1% copper)
employing atomistic Monte Carlo simulation
method. It has been shown that at 973 K precipi-
tates of radii between 1.1 and 1.7 nm are formed
within seconds in the matrix. When the temperature
is decreased to 673 K, a part of the dissolved Cu
atoms produces many small new precipitates and
another part increases the cluster size which have
formed at 973 K. According to the Fe–Cu phase
diagram, at a temperature of 1075 K (used for the
sample preparation in the present study) the solubil-
ity limit of Cu in Fe is about 1.2 at.%. This value is
above the amount of Cu in our samples. Neverthe-
less, comparing our results for the 1.0 wt%Cu spec-
imens with the results in Ref. [25] it appears that
sub-nanometer size Cu clusters are formed, proba-
bly due to the nonvanishing Cu mobility at this tem-
perature. In a previous work Deschamps et al. [26]
performed TEM and small-angle X-ray scattering
measurements to investigate precipitation kinetics
and strengthening of a Fe–0.8 wt%Cu alloy. In their
study the authors found no measurable precipita-
tion in as-prepared samples or specimens annealed
at 773 K for durations less than 5 h. This result is
not in good agreement with our results, perhaps
due to a slightly different sample’s preparation



Table 3
Measured threshold energy (E0) obtained from the first inflection point of the XANES data

Sample Element

Cu Fe
E0 (eV) E0 (eV)

Fe–Cu (0.3 wt%) as prepared 8980.12 ± 0.02 –
Fe–Cu (1.0 wt%) as prepared 8979.82 ± 0.04 7111.93 ± 0.04
Fe–Cu (1.0 wt%) and annealed at 775 K 8979.85 ± 0.03 –
Cu metal foil 8979.00 ± 0.03 –
Reference K-edge energy 8979.00a 7111.99a

The error values mentioned represent the values at the peak centroid position, estimated from the best fit of the first derivative of the
XANES data with a Gaussian distribution function. The energy resolution of the monochromator (DE/E) � 2 · 10�4.

a The value is taken from http://www.csrri.iit.edu/periodic-table.html.
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conditions used in this study, and/or that the limita-
tions in the used analytical experimental technique
involved in Ref. [26].

Continuing the discussion on the identification of
tiny Cu clusters, let us also compare the near-edge
region of the XAS spectra. A XANES comparison
of all samples reveals that the Cu K-edge absorption
onset energy (as determined from the inflection
point) is higher in the case of Fe–Cu specimens as
compared to that of metallic Cu standard, and is
shifted towards higher energies. The analyzed results
are shown in Table 3. The shift is small but measur-
able. Quantitatively, its value is nearly the same for
both 1.0 wt% Cu samples and maximum (about
1.1 eV) in the case of Fe–0.3 wt%Cu specimen. The
origin of this feature is still not clear. It is not straight-
forward to associate this difference to changes in
occupancies of local electronic density of states close
to the Fermi level and/or the hybridization between
the 3d and 4s states in the Cu–Cu cluster bonding
states [27,28]. A detail XANES analysis of the data
is required considering the geometry of bcc Cu and
becomes a subject of future investigation.
4. Summary and conclusions

In summary, XAS measurements have been car-
ried out onto Fe–0.3 wt%Cu and Fe–1.0 wt%Cu
binary model alloys. The thermal ageing effect was
studied on an Fe–1.0 wt%Cu specimen annealed at
775 K for 1 h. Summing multiple files and adding
adjacent points to improve the signal-to-noise ratio
was an important step of the data analysis sequence.
The near-neighbour atomic environment of Fe and
Cu was examined by fitting the nearest-neighbour
peak region of the Fourier-transformed Fe and Cu
EXAFS data. Fitting of the experimental data was
performed with parameterized theoretical EXAFS
data generated using FEFF code. In the case of
Fe K-edge data obtained from the alloy specimens
they were analyzed assuming the bcc Fe lattice
structure. The best-fit simulation for the Cu K-edge
data consisted of two kinds of neighbour for the
central atom, both Cu–Fe and Cu–Cu correlations,
without any consideration of multiple-scattering
contributions to EXAFS. Simulations have also
been performed to fit the data taking into account
only the Cu–Fe correlation for a comparison. The
results show that both Fe and Cu atoms reside in
a close-packed arrangement similar to that of bcc

Fe. The two site model for Cu atoms provides a
somewhat better description of the data. Although
the differences of the optimized structural parame-
ters obtained in the two cases are not large, how-
ever, it appears that the contribution from Cu–Cu
correlation in the EXAFS data may not be negligi-
ble. Therefore, the possibility of the formation of a
few atom Cu clusters, perhaps in the form of dimers,
trimers or higher multimers may not be ruled out.
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