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Abstract

EXAFS spectroscopy has been used to monitor changes in divalent cation site geometries across the
P2/c-P1 phase transition in the sanmartinite (ZnWOQ,)—cuproscheelite (CuWO,) solid solution at
ambient and liquid nitrogen temperatures. In the ZnWO, end member, Zn occupies axially-compressed
ZnOg octahedra with two axial Zn—O bonds at approximately 1.95 A and four square planar Zn-O
bonds at approximately 2.11 A. The substitution of Zn by Cu generates a second Zn environment with
four short square planar Zn—O bonds and two longer axial Zn—O bonds. The proportion of the latter site
increases progressively as the Cu content increases. Cu EXAFS reveals that the CuO¢ octahedra
maintain their Jahn-Teller axially-elongate geometry throughout the majority of the solid solution and
only occur as axially-compressed octahedra well within the stability field of the Zn-rich phase with
monoclinic long-range order.
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Introduction temperature, appeared continuous as a function of

composition and with a critical composition of

RECENT powder X-ray diffraction studies on the
complete solid solution between sanmartinite,
ZnWO,, and cuproscheelite, CuWQ,, have
revealed the existence of a displacive ferroelastic
phase transition (Schofield and Redfern, 1992,
1993). The spontaneous strain, calculated from the
lattice parameters, was used as a measure of the
order parameter for the transition which, at room
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Cug 22Zng 7sWO,. With increasing Cu-content and
temperature, the transition was found to become
more first-order in character with a tricritical
transition occurring at about Zng3;,CuygWO,
and 650°C. The observed critical transition
temperature varied non-linearly as a function of
composition indicating a coupling between X, the
molar fraction CuWQy,, and the order parameter,
0, of the form {,X0? + (,XQ* The resulting
Landau potential successfully modelled the
transition as a function of both composition and
temperature.

Mineralogical Magazine, June 1994, Vol. 58, pp. 185—-199

© Copyright the Mineralogical Society



186

The long-range information obtained from
these diffraction experiments gives no indication
of the nature of the cation site distortions across
the solid solution; in this paper we will describe the
long-range length scale probed by X-ray diffrac-
tion as ‘macroscopic’. By contrast, element specific
X-ray absorption spectroscopy probes the short-
range order (i.e. a few A); we will describe this
length scale as ‘microscopic’. The Cu 2p X-ray
absorption spectroscopy (Schofield et al., 1993)
indicates that the inclusion of Zn into the CuWO,
structure generates a second Cu electronic site.
The relative proportions of the two Cu sites,
present as microscopically triclinic-type and
monoclinic-type sites, varies continuously across
the solid solution and the mole fractions of the two
sites enable the site occupancies to be successfully
modelled. The precise nature of these two Cu sites
cannot be elucidated fully until further informa-
tion is obtained about their geometrical variation,
and the coupled interaction with the Zn site across
the solid solution. Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy has been
shown to be an excellent tool for probing site
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environments by providing essentially one-dimen-
sional, radial information on bond distances,
coordination numbers and disorder properties of
shells of atoms surrounding the central target
atom (Brown et al.,1988). In the present paper we
have used this technique to monitor Cu and Zn
site geometries as Zn is substituted by Cu in the
series ZnWO,~CuWO,.

Crystal structures

Filipenko et al. (1968) refined the structure of
ZnWO, showing it to have the monoclinic
wolframite structure with space group P2/c and
two formula units per unit cell. This structure (Fig.
1) consists of infinite zig-zag chains, running
parallel to [001], composed entirely of either
edge-sharing ZnOg octahedra or WOg octahedra.
Each chain of ZnQOjg octahedra is corner-linked to
four chains of WOQOg octahedra, and vice-versa,
leaving open channels parallel to the z-axis.
Although CuWO, is triclinic with a space
group P1, Kihlborg and Gebert (1970) and later
Klein and Weitzel (1975) have shown this

Fic. 1. A polyhedral representation of the ZnWO, structure viewed along the z-axis. Shaded octahedra
represent WO octahedra. x-axis is horizontal, y-axis is vertical.
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structure to be topologically identical to that of
the wolframite structure. Whereas in ZnWQ, the
Zn>* ions are present in slightly axially
comgressed ZnQg4 octahedra, in CuWO, the
ions are responsible for a significant Jahn-
Teller distortion and impose a large axial
elongation upon the CuOg octahedra. Despite
the relatively undistorted form of the WOq
octahedra, this Jahn-Teller effect is sufficient to
cause a lowering of the monoclinic P2/c symmetry
to triclinic P1 symmetry. It is interesting to note
that Forsyth et al. (1991) have postulated a further
reduction in symmetry of CaWQ, to P1.

Experimental techniques

The samples, whose syntheses are described
elsewhere (Schofield and Redfern, 1992), were
thoroughly ground in an agate pestle and mortar
and pressed into thin plastic sample holders using
Sellotape windows to hold the samples in place.
EXAFS spectra were recorded at the SERC
Daresbury Synchrotron Radiation Source, oper-
ating in multibunch mode at an energy of 2 GeV,
with an average current of 150 mA. Data were
collected in transmission mode on station 7.1 using
a double crystal Si(111) monochromator, detuned
to give 50% rejection of the incident beam in order
to reduce harmonic contamination. For data
collected from samples containing lower propor-
tions of the element measured, several scans (2-9)
were collected and averaged to improve the signal-
to-noise ratio. For experiments carried out at
liquid nitrogen temperatures the samples were
attatched to aluminium holders, cooled in liquid
nitrogen and placed in an evacuable cryostat
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chamber. The temperature was maintained by
conduction from a reservoir of liquid nitrogen.

The spectra were background subtracted and
normalized by fitting polynomials to the pre-edge
and the post-edge regions. The data were analysed
in the program EXCURVE90 (Binsted et al.,
1990) utilizing single scattering curved wave
theory (Lee and Pendry, 1975; Gurman et al.,
1984). Phase shifts were calculated in the program,
using X-alpha potentials and the program default
values for the muffin tin radii and ionicity.
Theoretical spectra for end-member samples were
generated by defining shells of backscatterers
using the known X-ray diffraction crystal
structures (Filipenko et al., 1968; Kihlborg and
Gebert, 1970), and then iterating the distances, R,
and the Debye-Waller factors, 262, (where o is the
deviation of the interatomic dlstanoes between the
absorber and the scatterer from its average value)
to give the best agreement with the experimental
spectra. The Joyner statistical test (Joyner et al.,
1987) was used on addition of each shell beyond
the first, in order to check the significance of any
improvement in the fit. Only shells with a
statistical significance at the 1% level were
included in the final fit.

Spectral analysis

The calculated phase shifts were checked against
model compounds, in this case the end members
CuWO, and ZnWOQ,. Bond lengths obtained from
the EXAFS data and those determined from X-ray
diffraction for CuWO,4 and ZnWQ, are shown in
Tables 1 and 2. By comparing Fig. 2 to the data in
Tables 1 and 2 it can be seen that data can be fitted

TaBLE 1. A compatrison of the EXAFS model of ZnWO, with the X-ray diffraction data from Filipenko
et al. (1968). CN is the coordination number, R (A) is the distance from the central Zn atom to the
shell, corrected for phase shifts in this table, and 4 (A2) is the Debye-Waller factor.

ZnWO, EXAFS Data XRD Data
Shell No. Atom CN R (A) A R range R,
1 0 2 1.95 0.006 2.061 2.061
2 0 4 2.11 0.019 2.133-2.139 2.136
3 0 4 2.94 0.033 3.172 3.172
4 Zn 2 3.17 0.017 3.182-3.380 3.281
5 w 4 3.40 0.020 3.519-3.523 3.521
6 w 4 3.61 0.030 3.678-3.722 3.700
7 Zn 6 4.60 0.067 4.465-4.950 4712
8 Zn 6 5.60 0.026 5.684-5.700 5.691
9 w 12 6.07 0.039 5.934-6.196 6.102
10 Zn 8 6.53 0.033 6.495-6.844 6.689
11 w 4 7.33 0.033 7.377-1.379 7.378
12 Zn 4 7.48 0.026 7.401 7.401
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TABLE 2. A comparison of the EXAFS model of CuWO, with the X-ray diffraction data from Kihlborg
and Gebert (1970). CN is the coordination number, R (A) is the distance from the central Cu atom to
the shell, corrected for phase shifts in this table, and A (A?) is the Debye-Waller factor.

X (k%)

CuWO, EXAFS Data XRD Data
Shell Nr. Atom CN R (A) A R range R,y
1 0 4 1.96 0.008 1.961-1.997 1.976
2 0 2 2.22 0.022 2.347-2.451 2.399
3 Cu 2 3.01 0.023 2.968-3.150 3.059
4 w 6 3.50 0.025 3.437-3.636 3.528
5 w 2 4.05 0.017 3.8264.118 3972
6 Cu 6 4.52 0.036 4.630-5.009 4.749
7 Cu 2 5.44 0.032 5.408-5.497 5.453
8 W 2 5.74 0.008 5.638-5.680 5.659
9 Cu 1 5.86 0.011 5.643 5.643
ZnWO, CuWO,
EXAFS 8 EXAFS
6 A
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F1G. 2. The EXAFS (above) and Fourier transforms (below) of the end members ZnWO, (left) and CuWO,
(right). The EXAFS have been multiplied by k> and the Fourier transforms have been corrected for phase
shifts. The solid line represents the experimental EXAFS (or Fourier transform) and the dashed line represents
the theoretical EXAFS (or Fourier transform).
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out to about 7.5 A in monoclinic ZnWO, but only
to about 5.5 A in triclinic CaWOQ,. The broadened
first peak in the Fourier transform for ZnWO,
requires a split first shell of oxygens and the peak
at about 3.1 A is due to another oxygen shell; note
that this last peak cannot be detected in CuWO,
due to the lack of radial symmetry of the oxygen
net about the Cu atoms in the triclinic CuWO,
structure. The remaining peaks in both end
members can be assigned to shells of metal
backscatterers, Zn or Cu and W (Tables 1 and
2). Detailed analysis of the bond distances in these
tables reveals significant differences between the
EXAFS-derived value and the X-ray diffraction
value for the first shell for ZnWO, and the second
shell of CuWO, and it is felt that these
discrepancies require further discussion.

Limitations of the EXAFS technique in the
study of disordered systems have been discussed,
for example, by Eisenberger and Brown (1979),
Eisenberger and Lengeler (1980) and Brown et al.
(1988). For systems in which static disorder is
large, (=0.1 A) a reduction in the EXAFS
amplitude and coordination numbers results, and
an apparent contraction in the near-neighbour
bond distances of up to 0.15 A can be expected.
The static disorder for the second shell of CuWO,
can be seen to be large for the X-ray data in Table
2 and the addition of 0.15 A to the second shell
EXAFS bond distance brings the EXAFS derived
value within the R range obtained from the X-ray
diffraction study of Kihlborg and Gebert (1970).
The static disorder in the first shell of ZnWOQ,,
however, is found to be zero from the X-ray
diffraction study of Filipenko et al. (1968), Table
1, so the above arguments do not apply for
ZnWO4.

There are several plausible reasons for the
apparent shortening of the EXAFS derived bond
distance for the first oxygen shell in ZnWQy,. The
first, and possibly the most important, is related to
the reliability of the data from the X-ray
diffraction data of Filipenko et al. (1968). Their
brief communication gives no information about
the purity of the starting compounds. However,
the deep red colour of their ZnWOQ, single crystal
possibly indicates the presence of impurities. Also
their final R factor of 10% for the refinement is
rather high, and they estimated the X-ray
intensities visually. Finally, there is no mention
of the thermal vibration assumptions made during
the refinement; these may have a very significant
effect. Indeed Abrahams (1967) has shown that for
the refinement of a-ZnMoQ,, anisotropic thermal
vibrations had to be assumed. Anisotropic thermal
vibrations could also be responsible for an
apparent reduction in the EXAFS bond distances
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in the present study. Until a more detailed
refinement of the ZnWO, structure is available,
the quality of these bond distances cannot be
rigourously checked. The Zn—O bond distances of
approximately 1.95 A are not unreasonable,
especially where the coordination number is low.
Abrahams (1967) has shown that in o-ZnMoO,
the ZnOs polyhedra have Zn-O distances as small
as 1.95 A, and Simonov et al. (1977) found that the
Zn-O distances within the ZnO, polyhedra in
willemite, Zn,SiOy, are 1.96 A.

Results

The experimental and calculated EXAFS and
Fourier transforms for the end members ZnWO,
and CuWOQy are displayed in Fig. 2 and the radial
shell information given in Tables 1 and 2. Best fits
of the EXAFS for all intermediate compositions
were obtained using the end-member models as
starting points. For example, the room temperature
Zn EXAFS for ZngoCuy WO, was analysed by
iterating the interatomic distances (denoted R
values) and Debye-Waller factors (denoted A4
values) of the best fit model for the room
temperature EXAFS of ZnWOQ,. Once the R and
A values had been obtained for the nearest
neighbour oxygen shells which form the octahedral
coordination environments, the R and 4 values for
all the shells were iterated until a best fit for the
whole model was obtained. The room temperature
EXAFS of Zng gCug s WO, was then analysed using
the parameters from the best fit for Zng ¢Cug WO,
as a starting point. The parameters from the model
for Zng 3Cug WO, were then used as a start for the
analysis of the next sample in the solid solution
series, and so on throughout the series.

Once the initial fitting of the EXAFS of the
solid solution series was complete, the octahedral
site geometry around the target atom was varied
and the fitting process was repeated in order to
assess the effects of different possible octahedral
arrangements. The EXAFS analysis was
constrained with three different near-neighbour
oxygen arrangements, with coordination number
ratios for the first two shells of 2:4, 4:2 and 6:0.
The fit indices, R values and A4 values for the first
two shells, which comprise the octahedral site
around the target atom, are displayed in Tables 3—
8. In several cases, where the target atom is present
in very small concentrations, the data obtained are
poor due to the small EXAFS signal, relatively
low signal to noise ratio, and consequent problems
in the background subtraction process. Despite
many attempts at improving these experimental
data, it has not been possible to extract any
reliable data from the EXAFS of these samples.
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TaBLE 3. Room temperature Zn K-edge data using the monoclinic model. 2:4, 4:2 and 6:0 represent the
coordination number ratios of the first and second shells respectively. F.I. is the fit index; R, and R,
are the interatomic distances from the Zn target atom to the first and second shell respectively; 4; and
A, are the Debye-Waller factors for the first and second shell respectively.

2:4 4:2 6:0
FlL R 4 Ry, A, Fl. Ry A Ry, A Fl. R, A4

ZnWO, 148 195 0.006 2.11 0.019 1.53 199 0014 2.18 0.010 1.92 2.03 0.029
ZngoCug WO, 2.57 196 0.009 211 0.016 266 201 0.016 217 0.011 2.88 2.05 0.027
ZnggCup, WO, 194 198 0.006 2.13 0.018 1.99 2.02 0.011 220 0.008 2.85 2.06 0.027
Zng 75Cug s WO, 195 198 0.006 2.11 0.023 191 202 0010 2.19 0.013 241 205 0.022
Zng /Cup3sW0O, 193 198 0.007 2.09 0.022 1.90 2.00 0.011 216 0.013 228 203 0.021
Zng 6sCu3sWO, 1.59 2.00 0.005 2.08 0.032 1.51 201 0.010 2.18 0.025 228 2.03 0.021
Zng Cup4W0O, 125 201 0.010 2.04 0.026 1.21 2.01 0.015 2.07 0.028 1.26 2.02 0.019
Zng sCuosWO, 125 201 0.008 2.05 0.032 1.25 2.01 0.015 2.10 0.029 1.32 2.02 0.021
Zng 4Cuo WO, 0.82 193 0.006 2.07 0.010 0.83 198 0.012 2.11 0.007 092 2.02 0.020
Zny ;Cuy,WO, 2.03 193 0.007 2.07 0.008 1.94 198 0.012 2.11 0.003 221 2.02 0.018
Zng ,Cug WO,

Zng 1CugoeWO,

Due to the similarity in the atomic properties of
Cu and Zn, these backscatterers cannot be
distinguished in EXAFS spectra of the inter-
mediate compositions. Indeed altering Zn for Cu
in the EXAFS analysis of pure ZnWO, revealed
negligible differences in the final result.
Consequently no attempt was made to distinguish
between these two atoms as backscatterers in the
samples of intermediate composition.

Criteria for assessing different models

Before discussing in detail the trends and features
of the EXAFS data, it is necessary to highlight the
criteria which we have used to assess the results

from the various radial distributions used as
starting models in the EXAFS analyses. The
most obvious of these criteria involves the
assessment of the fit index, which is a measure of
the difference between the experimental and the
theoretical EXAFS spectra. In the simplest view,
the smaller the value of the fit index, the better the
fit. Whilst this is generally true, the fit index is a
reflection of the ‘goodness of fit’ of the entire
theoretical model and not just the shells
representing the octahedra around the target
atoms. One of the main aims of this study is to
examine the variation in the site geometry of the
target atoms, hence, the fit index can only be used
in isolation when it varies dramatically between
proposed models.

TABLE 4. Low temperature Zn K-edge data using the monoclinic model. Other data as in Table 3.

2:4 4:2 6:0

ZnWO, 2.88 199 0.006 2.12 0.022 290 202 0.011 220 0.011 3.54 205 0.026
ZnyoCup WO, 509 198 0001 213 0.014 524 2.01 0.007 220 0.004 7.64 2.06 0.026
ZnggCup,WO, 377 197 0.001 2.12 0.012 3,63 201 0.010 2.18 0.007 395 205 0.023
Zng75Cug s WO, 2.67 2.00 0.004 2.09 0.022 2.63 201 0008 2.17 0.012 372 2.05 0.020
Zng,CuposWO, 322 199 0.006 2.11 0.018 323 202 0.010 2.17 0.011 235 2.05 0.019
Zny 6sCup s WO, 2.05 199 0.005 2.09 0.018 2.03 201 0.010 215 0.015 341 203 0.015
Zng CupaWO, 3.03 202 0.003 2.06 0.025 3.00 2.02 0.008 212 0.032 2.19 2.02 0.019
ZnysCupsWO, 1.82 196 0.004 2.08 0.012 1.86 199 0.009 2.13 0.008 2.15 203 0.013
Zng 4Cug WO, 2.15 2.02 0.010 2.04 0.015 2.00 201 0.021 2.04 0.003 214 201 0.017
Zng;Cupg, WO, 346 192 0.004 2.06 0.008 3.50 1.97 0.009 2.10 0.005 6.60 2.00 0.027
Zng,CuggWO, 4.50 191 0.001 2.08 0.012 462 195 0.010 2.14 0.003

Zng 1CusWO,
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F16. 3. Fourier transforms from Zn K-edge EXAFS

of samples within the (Cu,Zn;_,)WOj solid solution

series collected at ambient (above) and liquid

nitrogen (below) temperatures. Note that the trends

described in the text are exemplified for both

temperatures. Peak positions are not phase shift
corrected.

The Debye-Waller factor is also a very useful
parameter for comparing different models. In
most cases this factor indicates the degree of
disorder of a certain shell while the coordination
number is a measure of the contribution made by
that shell to the total EXAFS. However, where the
coordination number is kept constant the
magnitude of the Debye-Waller factor will also
be a measure of the degree of contribution from a
specific shell to the EXAFS. Essentially, the value
of the Debye-Waller factor for a specific shell
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varies inversely to the EXAFS contribution from
that shell, and its value is dependent upon
interatomic distance, coordination number and
the degree of static and thermal disorder of the
shell. As discussed in detail later, we have
attempted to determine the geometry of distorted
first oxygen shells about the target element by
splitting the six nearest neighbour oxygens into
two shells (i.e. 2:4, 4:2 and 6:0). In the EXAFS
data refinement, the Debye-Waller factor and the
coordination number are highly correlated. Thus
we would expect that a shell with two oxygen
atoms would have a proportionately lower Debye-
Waller factor than a shell with four oxygen atoms.
If this is not the case, the model might be suspect.
In addition when a proposed two-shell model
becomes unreasonable the computer iteration
process tends to increase one Debye-Waller
factor dramatically, while decreasing the other.
Values for the Debye-Waller factors are clearly
dependent upon the systems involved, however,
the models for the two end members can be used
to assess the reliability of values obtained for
intermediate samples. Debye-Waller factors are
generally quoted with a relative error of ~20%.

Although bond distance information is a less
sensitive indicator of the quality of a first shell
oxygen model it is certainly not to be neglected.
Brown et al. (1988) stated that, in general, this
type of information has a reliable inter-shell
resolution of 0.1 A, while Calas et al. (1990)
stated that in favourable cases these distances can
be obtained with an absolute accuracy of +0.02
A. The resolution of the EXAFS data is
intrinsically dependent upon the k-range of the
data collected and the nature of the problem under
investigation. In particular the high k-values,
being more sensitive to the shorter distance
contributions. For example, where Fe** is
present in a single FeOg octahedral site in both
hematite and goethite, differences in the Fe-O
interatomic distances of 0.17 A and 0.14 A,
respectively, have been resolved confidently by
Combes et al. (1986). The R values must be taken
into account when comparing different models
and will be described in more detail in the next
section. In essence, however, it must be stated that,
for this system, when the bond distances between
two shells of the same atom type are within ~0.1
A it is unreasonable to maintain two independent
shells.

Finally, in comparing information for the two
end members, ZnWQO,; and CuWO,, structural
information from X-ray diffraction studies has
also been used as a criterion for assessing the
different models. This information is presented in
Tables 1 and 2.



192

121
Q
B os7
:E‘-
<
£
E cryostat
& 04
Troom temperature
0.0 -
0 2 4 6 8 10

RA)

Fi6. 4. A comparison of the Fourier transforms for
ZnWO, at room and liquid nitrogen temperatures.

Discussion

In the following two sections the trends observed
in the series of Fourier transforms for the Zn and
Cu K-edge EXAFS will be discussed and
correlated to systematic variations in the oxygen
shells around the Zn and Cu target atoms. It is
important to note that the Fourier transform
series at both ambient and liquid nitrogen
temperatures, displayed in Fig. 3 for Zn K-edge
EXAFS and Fig. 5 for Cu K-edge EXAFS, have
been used in a complementary fashion, in the
observation, discussion and interpretation of the
trends reported. Secondly, although the Fourier
transforms of the ZnWQO, and CuWO, end
members shown in Fig. 2 have been corrected for
phase shifts, the Fourier transforms in Figs. 3-6
are not phase shift corrected. An approximate
correction can be applied by adding ~0.3-04 A to
the R values in these two Figures. The R values
quoted in the following section are taken from
Figs. 3 and S and, hence, are not phase shift
corrected.

Zn K-Edge EXAFS

Several points of interest are revealed by the full
series of Fourier transforms of the Zn K-edge
EXAFS spectra (Fig. 3). As the Zn-content
decreases, the amplitude of the first major peak
of the Fourier transform increases. This peak
corresponds to the first two oxygen shells forming
the octahedron around the central Zn atom.
Changes to the amplitude of this peak reflect
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FiG. 5. Fourier transforms from Cu K-edge EXAFS

of samples within the (Cu,Zn, ,)WO, solid solution

series collected at ambient (above) and liquid
nitrogen (below) temperatures.

modification of the octahedral site geometry about
the Zn atom and this relationship will be examined
in more detail below.

By comparing the overall topologies of the Zn
Fourier transforms for the solid-solution series
(Fig. 3), a crucial point becomes clear. The Fourier
transform of the ZnWOQO, end member EXAFS
clearly represents the monoclinic arrangement of
atom shells around the central Zn atom: note that
peaks at 2.9 A and 3.7 A are diagnostic of this
configuration. At the Cu-rich end of the series, the
Zn Fourier transform for Zng ;Cuy;WOQO, can be
considered as representative of the triclinic
arrangement of atom shells about the central Zn
atom: a peak at ~3.3 A and troughs at 2.9 A and
3.7 A are diagnostic. With decreasing Zn content
the peaks at 2.9 A and 3.7 A decrease in
amplitude, while a peak with an intermediate R
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F1G. 6. A comparison of the Fourier transforms from
Cu K-edge EXAFS of CuWO, at room and liquid
nitrogen temperatures.

value (~3.3 A) can be seen to increase in
significance (in particular for samples
ZDQ.GCUO_4WO4 and Zno7Cu03WO4) Based on
the peak correlations given above, this implies two
distorted Zn octahedral environments are present
in the intermediate samples, one representing the
‘microscopic’-monoclinic- and the other repre-
senting the ‘microscopic’-triclinic-arrangement.
The observed intensity trends for these three
peaks in the Fourier transform series reflect that
the ratio of monoclinic:triclinic-type sites
decreases as the Zn-content decreases.

The three relevant peaks in the Fourier
transform series can be assigned to specific metal
shells with a reasonable degree of confidence and,
in addition, changes in the Debye-Waller factors
for these shells provide further useful information.
Shell number 4 in Table 1 (Zn-Zn/Cu correla-
tions) can be matched with the peak at ~29 A
(which becomes ~3.2 A when corrected for phase
shifts, as in Fig. 2 and Table 1) and assigned to the
microscopically-monoclinic-type site. Its Debye-
Waller factor increases from 0.017 to 0.034 as the
Zn-content decreases pointing to a ‘decreasing’
contribution of this shell to the total EXAFS (see
earlier section on assessment of different models).
By contrast, the peak at ~3.3 A (becoming ~3.5
when corrected for phase shifts), which is
associated with the microscopically-triclinic-type
site, can be assigned to shell numbers 5 and 6 in
Table 1 (Zn—W correlations). Its Debye-Waller
factor decreases from 0.030 to 0.010 with
decreasing Zn pointing to an ‘increasing’ contribu-
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tion of this shell to the total EXAFS. These trends
in Debye-Waller factors are entirely consistent
with the changing site proportions deduced above.

The peak at ~6 A increases in amplitude as the
Zn-content decreases and again this is reflected by
the variation in the Debye-Waller factor of shell
ten which decreases from 0.033 to 0.018. The peak
at ~7.2 A decreases as the Zn-content decreases to
the point where it cannot be clearly distinguished
from the background reflecting the reduction in
the distance from which structural information is
obtainable in the samples with the macroscopic
radial shell distribution with overall triclinic
symmetry.

If only the first coordination spheres forming
the octahedral sites of the of the Zn atoms are
considered, then the above interpretation
(considering multiple shells) that two Zn sites are
present can be assessed. Table 3 shows the fit
indices for the whole of the EXAFS spectrum
together with the bond distances (R) and the
Debye-Waller factors (A4) of the first two shells for
different possible models across the solid solution.
Throughout the series, octahedral site geometries
with two short Zn—-O bonds and four long Zn-O
bonds (2:4) and also with four short Zn-O bonds
and two long Zn—O bonds (4:2), both appear to be
equally reasonable solutions but that for the
model representing six equivalent Zn-O bonds
(6:0) is less reasonable. Comparison with the X-
ray diffraction data given in Table 1, however,
shows that the 2:4 configuration is in fact likely to
be the correct configuration for the single site
present in ZnWOQ,. Using the criteria discussed in
the previous section, in particular the relative
values of Debye-Waller factors for the two oxygen
shells, the arrangement 2:4 is, in fact, marginally
better than the 4:2 arrangement for all the Zn-rich
samples. In addition, the R, bond length for the
4:2 oxygen arrangement is unreasonably long for
these Zn-rich samples (cf. XRD distances for the
second shell in Table 1). Based on these same
criteria in the Zn-poor samples, such as
Zng 3Cuy WOy, the arrangement 4:2 appears
more reasonable, a result which is consistent
with the triclinic model for CuWQ,, shown in
Table 2.

As the Cu:Zn ratio approaches one, in the
samples Zn,Cu;_,WO,, where x = 0.6, 0.5 and
0.4, the fit index (F.1.) value for the 6:0 model
decreases significantly suggesting that an octahe-
dral site geometry represented by six equal Zn-O
bonds becomes as equally viable as the other two
models. This can also be observed by the R values
of the two shells in each of the 2:4 and 4:2 models
becoming very similar. Although a single site with
6.0 geometry is a simple interpretation of the data,
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the same result would be obtained if the two sites
2:4 and 4:2 were present in approximately equal
proportions, due to the averaging nature of the
EXAFS information.

The assessment of the variation in the degree of
distortion of the ZnQg octahedra may be done ina
simple manner by observing the variation in the
difference between R; and R, (A = R, — R)). For
the 2:4 arrangement, the dominant site in the Zn-
rich samples, AR decreases continuously towards
Zng sCup sWOy,, where the two sites appear to be
present in equal proportions, as would be expected
due to the increase in proportion of the second
site. Note that the decrease in AR is greatest
between the samples Zng gCuo, WO, and
Zng 75Cug ,sWO,. It is between these two samples
that the phase transition occurs, destroying the
long-range monoclinic symmetry, and so it could
be expected that this transition would lead to a
more dramatic change in the distortion of the
ZnQg¢ octahedra. In the region where the second
site (with the 4:2 arrangement) is dominant, AR
begins to increase again. This could reflect the
increased proportion of this site as the macro-
scopic triclinicity of the sample increases drama-
tically (Schofield and Redfern, 1992).

Table 4 shows analogous data to that in Table
3 for experiments performed using a cryostat in
which the sample is cooled to liquid nitrogen
temperatures. Figure 4 shows a comparison of the
Fourier transforms of the ZnWQO, end member
EXAFS from room temperature and liquid
nitrogen temperature analysis. As can be seen in
Fig. 4 all the major peaks in the Fourier transform
for the cooled sample are significantly increased in
amplitude. This change is reinforced by the fact
that the Debye-Waller factors for all the shells,
except the first two, show significant decreases for
the cooled samples. This indicates that all these
shells possess similar and significant thermal
disorder effects which are reduced at low
temperatures, revealing a more realistic view of
the static disorder of the shells. The Debye-Waller
factors of the first two shells, however, appear to
indicate that a significant degree of static disorder
is present at ambient and liquid nitrogen
temperatures.

A comparison of the general topology and the
trends seen in the series of Fourier transforms for
the ambient and low temperature experiments in
Fig. 3 reveals that the degree of static and thermal
disorder is similar for all the samples in the solid
solution.

From the data given in Table 3 a second
possible interpretation, involving only a single
octahedral ZnOg site might be considered
plausible. In the ZnWO, end member and the
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ZnWO,-rich samples, this site would possess the
geometry described by the shell arrangement of
2:4. On addition of Cu, this octahedral site could
distort until at a composition of approximately
Zn¢CugsWO, the ZnOg octahedra might have
become symmetrical, (6:0). Continued addition of
Cu could cause these regular ZnOg octahedra to
distort further into a 4:2 geometry, similar to that
of the Jahn-Teller distorted CuQyg site in CaWO,.
However, this single-site structural explanation is
not supported by the trends observed in the
topologies of the Fourier transforms presented in
Fig. 3. In sum, it appears that the progressive
introduction of Cu into the ZnWQ, structure
creates an increasing proportion of a second Zn
site in which the first two oxygen shells take on a
geometry more comparable to the CuOg sites
present in CuWO,. These new sites may well
represent ZnQg octahedra in close vicinity to the
strongly Jahn-Teller distorted CuQOg sites. As the
Cu-content increases, the proportion of the highly
distorted site, with the arrangement 4:2, increases
until the Zn:Cu ratio approaches unity. At this
point the EXAFS analysis appears to indicate the
existence of a symmetrical ZnQg site with six equal
Zn-O bonds. However, this is interpreted to be a
result of the average of the two Zn sites present in
equal proportions. As the Cu-content continues to
rise the 4:2 arrangement becomes dominant,
indicating the preference of the structure to
adopt a very distorted microscopically triclinic-
type ZnQOgs site.

It is clear that the range of the solid solutions
containing Zn-environments with two distinct
local symmetries overlaps the monoclinic-triclinic
phase transition detected at Zng75Cug2sWO,
using X-ray powder diffraction methods. This
reflects the different length scales probed by the
two techniques. It seems that monoclinic-to-
triclinic site distortions occur initially on a local
scale (denoted ‘microscopic’ in this paper) but that
these distortions become ordered giving coherence
on a long-range length scale, leading to the
occurence of the overall monoclinic-triclinic
phase transition.

Cu K-edge EXAFS

Several trends also can be identified from the
Fourier transforms of the Cu K-edge EXAFS in
Fig. 5. Firstly, the intensity of the major peak in
the Fourier transforms remains fairly constant as
the Cu-content decreases to ZngooCug 10WO,
where the intensity decreases dramatically. This
peak is associated with the first two shells in the
CuWO, model, Table 2. Together these shells
represent the oxygen octahedron around the
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central Cu atom. Thus it appears that no major
change in the CuQg octahedra occurs until
Zng 99Cug WOy, a composition well into the
region of stability of the macroscopic monoclinic
symmetry. Indeed observation of the Fourier
transform for the sample Zng 9oCup.10WO4 shows
it to be different in many respects from the Fourier
transforms of the Cu-rich samples in this series. In
Zn-dominated compositions this may reflect the
complete compliance of CuQOg octahedra with the
geometrical characteristics of ZnOg octahedra as
present in ZnWO,.

The second peak in the series of Fourier
transforms, at ~2.8 A, decreases in intensity and
increases in R value with decreasing Cu-content to
a point where it only shows as a shoulder on the
third peak at Zng7qCug.0WO,. This decrease in
intensity is accompanied by an increase in the
Debye-Waller factor from 0.023 to 0.035.
Comparison of the Tables 1 and 2 shows that
the increase in the R value of this peak (with an X-
ray diffraction derived value of 3.059 A in
CuWO,) reflects the move toward monoclinicity
of this shell where, in the ZnWO, end member, jt
has an X-ray diffraction-derived value of 3.28 A.
At the composition Zng 49Cug W04 a new peak
appears at 2.6 A and as the Cu-content decreases
this peak increases in intensity becoming the
second most intense peak in the Fourier trans-
form of Zng g¢Cug 10WOy. This peak in the Fourier
transform cannot be explained for the triclinic
CuWO, model. However, the monoclinic ZnWOQ,
model provides a good fit to this peak, and it can
be attributed to the third shell of oxygen atoms
which is essential in the model of ZnWQ, (Table
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1). This shell is not required in the model of the
CuWO,; EXAFS as the reduced symmetry of
CuWO, increases the static disorder of the
oxygen atoms, hindering any significant contribu-
tion from these oxygen atoms to the EXAFS. This
shows that although the Jahn-Teller elongated
CuQOg octahedra appear to be very resistant to
further distortion, the environments around these
octahedra are not, and begin to approach the
monoclinic shell arrangement well before the
phase transition occurs at Znp 75Cup2oWO,.

The intensity of the third peak, at ~3.4 A, in
the Fourier transforms remains fairly constant
across the solid solution, however, as the Cu-
content decreases this peak appears to broaden
slightly up to a composition of Zng goCug20WO,
where two peaks maybe present. This feature may
be correlated with Cu—W distances, represented by
shells four and five in Table 2, which eventually re-
order into shells five and six in the monoclinic
model, Table 1.

The appearance of the two clear features at
~4.5 A and ~5.6 A in the Fourier transform for
Zng 69Cug 10WQy reflect the change of the Cu
environment to mimic that of the Zn environment
in ZnWOQy,. They cannot be confidently assigned to
specific shells in the ZnWO,; model but might
tentatively be correlated with shells seven, eight
and nine in Table 1 based on their R values and
low Debye-Waller factors in the fits obtained using
the monoclinic model.

Tables 5 and 6 show the fit indices for the entire
model and the interatomic distances (R) and
Debye-Waller factors (4) for the first two shells
for different CuQg site geometries. The parameters

TABLE 5. Room temperature Cu K-edge data using the triclinic model. 4:2 and 2:4 represent the
coordination number ratios of the first and second shells respectively. F.I. is the fit index; R, and R;
are the interatomic distances from the Cu target atom to the first and second shell respectively; 4; and
A, are the Debye-Waller factors for the first and second shell respectively.

4:2 2:4
FIl1. R 4, R, A, FI. Ry A, R, A,
CuWO, 1.69 196 0.008 222 0.022 1.71 196 0.001 2.03 0.064
Zngy 1 CuysWO, 1.83 195 0.011 221 0.038 2.17 195 0.004 2.01 0.046
Zng ,Cuy g WO, 1.61 196 0.009 2.20 0.038 2.16 195 0.002 2.01 0.056
Zng 3Cup WO, 141 195 0.011 2.23 0.030 1.57 195 0.003 2.02 0.078
Zngy 4Cug WO, 6.35 195 0.008 2.17 0.010 6.37 194 0.002 2.08 0.032
Zng sCuy s WO, 6.38 195 0.013 212 0.028 6.76 193 0.008 2.02 0.027
Zny 6Cug sWO, 2,10 198 0011 2.24 0.020 2,50 197 0.004 2.07 0.059
Znp 7Cup s WO, 3.17 197 0.012 219 0.026 346 196 0.006 2.05 0.041
Zngy 75Cup s WO, 309 198 0.012 221 0.022 3.50 196 0.006 2.08 0.041
Zngy gCuy , WO, 8.86 196 0.011 2.18 0.024 894 195 0.005 2.06 0.037
Zng oCug WO, 6.24 197 0.015 2.16 0.042 492 196 0.011 2.03 0.037
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TABLE 6. Room temperature Cu K-edge data using the monoclinic model. Other data as in Table 5.

4:2 2:4

CuWO, 1.69 196 0.009 222 0.041 1.10 196 0.001 2.00 0.063
Zng 1CupoWO, 1.12 196 0.011 224 0.052

Zng ,CupgWO, 0.72 196 0.009 223 0.055

Zngy 3Cug WO, 0.71 196 0.012 229 0.036 092 195 0.003 2.00 0.086
Zng 4Cuy WO, 9.04 195 0.011 2.20 0.053 8.66 195 0.004 2.01 0.058
Zng 5Cuy s WO, 6.77 195 0.013 2.11 0.031 7.19 193 0.008 2.02 0.031
Zng ¢Cup WO, 1.72 198 0.011 2.25 0.030 1.55 198 0.004 2.03 0.071
Zng 7Cug 3 WO, 1.28 197 0.012 222 0.032 1.71 196 0.005 2.05 0.055
Zng 75Cu0 25 WO, 200 197 0.011 220 0.021 220 196 0.007 2.07 0.047
Zny gCup, WO, 5.53 196 0.010 2.18 0.024 485 196 0.005 2.04 0.040
Zng oCuy WO, 499 198 0.016 2.15 0.087 529 197 0.011 201 0.042

shown result from the best fits of the room
temperature Cu K-edge EXAFS using the
CuWO, (triclinic) and the ZnWOQ, (monoclinic)
end member models. Using the criteria discussed
earlier, Table 5 shows that in all samples displaying
macroscopically triclinic symmetry, a Jahn-Teller
distorted oxygen arrangement of 4:2 is the most
suitable despite the large rearrangement of the
surrounding shells. By comparison, fit indices
obtained using the triclinic models are inferior for
the macroscopically monoclinic samples (i.e.
ZnongCuo.ZOWO“ and Zn0_90Cu0.10WO4.

Table 6 reveals similar data to those in Table 5,
except that the twelve shell monoclinic model has
been used instead of the nine shell triclinic model.
In the majority of cases the fit indices are
substantially improved upon those in Table 5,
however, assessment of the Debye-Waller factors
for most of these fits reveals unreliable results. The
second shell of the 4:2 model only has a
coordination number of two, hence, values
between 0.04-0.05 are unrealistic. For the 2:4
model, on the other hand, the Debye-Waller
factors for the first shell have been iterated to a
very small value, whereas the corresponding value
for shell two is unrealistically large for a shell
containing four atoms at an R value of <2 A.
Nevertheless it can be seen that, particularly for
the Cu-poor samples, the 4:2 model is superior to
the 2:4 model. Due to the lower symmetry of the
CuWOy structure, the radial information beyond
~5.9 A becomes very difficult to model. Many
shells would contain single atoms or several atoms
covering a large R range, resulting in multiple
overlapping shells. These problems combined with
the relatively small amount of information
revealed by the Fourier transforms above ~5.9
A mean that the monoclinic model possesses a

larger number of shells than the triclinic model
and hence the fit indices will inevitably be lower
for the monoclinic model.

The fits for the 4:2 geometry employing the
monoclinic model near to the phase transition, for
example Zn,Cu;_,WO, where x = 0.6-0.75, do
become acceptable and represent the appearance
of certain monoclinic features in the local
environment beyond the CuQOg octahedra. Across
the majority of the Fourier transform series the
amplitudes of the first peak are relatively constant,
however, between the samples ZnggoCug20WO;
and ZngooCup 10WO,4 a sudden decrease in this
amplitude can be observed. It has already been
demonstrated that the first peak in the Fourier
transform is related to the first two shells in the
EXAFS model. These shells represent the oxygen
octahedra around the Cu target atom, hence, this
intensity change might tentatively be associated
with a change in the Cu site symmetry from the
Jahn-Teller tetragonally elongated 4:2 form to the
2:4 form more typical of the ZnOg octahedra in
ZnWO,. Again this conclusion may tentatively be
derived from the data in Table 6 for the samples
Zng 30Cup.20WO, and Zng 99Cug.10WOs4.

Comparison of the room temperature and the
liquid nitrogen temperature data for pure CuWO,
(Fig. 6) reveals a significant increase in the
amplitude of the third major peak of the Fourier
transforms. This peak is attributed to Cu-W
interactions (shells four and five) and the increase
in amplitude of this peak on cooling correlates
with a decrease in the Debye-Waller factor for
shell four from 0.025 to 0.018. This amplitude
variation may represent a large thermal disorder
contribution from the W shell relative to the other
shells. A comparison of the Fourier transforms of
the solid solution series at ambient and liquid
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TABLE 7. Low-temperature Cu K-edge data using the triclinic model. Other data as in Table 5.

4:2 2:4
Fl. R, 4, R, 4, Fl. Rf A, R, A,
CuWO, 345 196 0.008 2.26 0.038 420 195 0.001 198 0.049
Zng 1CupoWO, 343 196 0.007 2.28 0.030 368 196 0.000 199 0.072
Zny ,Cup s WO, 303 195 0.008 223 0.029 3.67 195 0.001 2.03 0.065
Zng 3Cuy, WO, 8.04 197 0.008 226 0.010 948 197 0.001 2.05 0.076
Zng 4Cuy WO, 233 197 0.012 227 0.026 272 196 0.005 2.02 0.059
Zngy sCug s WO, 477 197 0.008 224 0.022 557 196 0.002 2.02 0.054
Zngy ¢Cug 4 WO, 581 196 0.008 2.18 0.013 495 194 0.000 2.09 0.035
Zng 65Cup3s WO, 6.85 198 0.016 2.24 0.032 7.38 196 0.010 2.05 0.048
Zngy 7Cug3 WO, 8.81 195 0.009 2.17 0.026 8.76 195 0.003 2.04 0.039
Zng 75Cup 25 WO, 7.82 196 0.009 2.18 0.022 8.14 196 0.003 2.04 0.037
Zny gCuy , WO, 13.37 196 0.006 2.17 0.006 13.20 195 0.000 2.10 0.025
Conclusions

nitrogen temperatures shows that the same trends
are present in both series of experiments but the
amplitude of the third peak is enhanced
throughout the low temperature series, Fig. 5.
Tables 7 and 8 also provide a similar interpreta-
tion to that of the room-temperature data of
Tables 5 and 6.

In contrast to the Zn EXAFS results, the Cu
EXAFS data show no obvious signs of the
presence of two sites. However, Schofield et al.
(1993) have recently used Cu 2p absorption
spectroscopy to show the presence of two distinct
Cu electronic environments in this solid solution
series. It seems that, with respect to these
tungstates, the latter technique is the more
sensitive probe, able to detect the subtle differ-
ences in Cu sites.

Interpretation of the Zn K-edge EXAFS has
shown that the substitution of Cu into the
ZnWOQ, structure generates a second octahedral
Zn site. While the ZnOg octahedra in ZnWOQ, are
axially compressed, intermediate samples in the
solid-solution series possess a second ZnOg site
that is axially elongate; and the relative propor-
tions of the two sites varies progressively with
composition. The relative geometries of these sites
are schematically displayed in Fig. 7.

In contrast, Cu K-edge EXAFS show no clear
evidence for two sites, rather the CuQOg¢ octahedra
appear to maintain their axially elongate Jahn-
Teller distorted geometry throughout the majority
of the series. However, it is possible that the most
Cu-deficient samples have a CuQOg octahedral

TABLE 8. Low-temperature Cu K-edge data using the monoclinic model. Other data as in Table 5.

4:2 2:4
F.I. R] Al R2 A2 F.I. R] A] R2 Az
CuWO, 189 1.95 0.008 2.35 0.056 344 195 0000 2.66 0.058
Zng.1Cup e WO, 193 196 0.007 2.30 0.039
Zng2Cup g WO, 1.67 195 0.009 2.24 0.042
Zng;Cuo WO, 434 196 0.009 229 0.028
Zng 4Cug WO, 124 197 0013 229 0.043
Zng 5Cug s WO, 281 197 0.008 225 0.042
Zny ¢Cug sWO, 4.69 196 0.009 2.18 0.016 394 195 0.002 2.09 0.053
Zn,65Cug.3sWO4 321 198 0015 2.26 0034 3.67 197 0009 2.03 0.067
Zny :Cup s WO, 3.54 196 0.009 2.15 0.028 378 195 0.003 2.02 0.042
Zng.75Cug 2sWO4 219 196 0010 2.15 0.029 243 196 0004 2.02 0.042
Zny gCup, WO, 686 1.97 0.005 2.18 0.005 6.06 194 0.000 2.08 0.029
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FiG. 7. Schematic representation of Zn environments (above) and Cu environments (below) in the
(Cu,Zn,_,)WO, solid solution series.

geometry more similar to that of the ZnOg in pure
ZnWO, (Fig. 7). Recent Cu 2p absorption
spectroscopy has provided unequivocal evidence
for the presence of two subtly different Cu
electronic environments in these samples
(Schofield et al., 1993).

Comparison of room and liquid nitrogen
temperature K-edge EXAFS spectra shows that Zn

sites are surrounded by shells of atoms which have

similar relative thermal-to-static disorder contribu-
tions. In contrast, W shells surrounding Cu at ~3.50-
4.05 A have a large thermal disorder contribution.
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A combination of XAS and XRD studies of the
same samples has provided information about the
short-range and the long-range structures, respec-
tively. The interesting conclusion is that substitu-
tion of Cu for Zn (or vice-versa) involves local site
modifications such that microscopically triclinic
(or microscopically monoclinic) sites are intro-
duced in advance of the displacive monoclinic—-
triclinic (or vice-versa) structural phase transition.
Such an interpretation is only possible due to the
utilisation of the complementary X-ray spectro-
scopic and diffraction techniques in this work.
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