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EXAFS is used to study changes in local structure which occur on doping at the B site in two related perovskite oxides,
SrSn1−xSbxO3 and BaPb1−xBixO3 . In the case of the stannate, data is taken at the Sr K, Sb K and Sn K edges. A combination of
near-edge XAS and EXAFS measurements show that Sb dopes into the material as SbV . In the case of the bismuthate, data is
taken at the low-intensity Bi LI and Pb LII edges, with the aim of resolving controversy surrounding the interpretation of EXAFS
data taken at the overlapping LIII edges. In BaBiO3 , two BiMO bond lengths are observed, suggesting the presence of a charge
density wave. In this material, equal proportions of these two bond lengths are present. However, as Pb is doped into the material,
the proportion of oxygen bonded to Bi at the shorter of the two distances increases progressively.

The electronic structure of complex perovskite metal oxides is SEM–EDAX. In the case of BaPb1−xBixO3 , which is known
to form a complete solid solution from x=0 to x=1, no traceof considerable interest, as the properties of these oxides may
of any secondary phase was observed in XRD, and the Bi5Pbbe tailored to specific applications by subtle changes in chemi-
ratio in all samples was consistent with the bulk nominalcal doping, particularly at the B cation site in the general
doping level, within the limits of accuracy of the EDAXformula ABO3 . Here we describe results from two systems,
technique. In contrast, samples of SrSn1−xSbxO3 were single-SrSn1−xSbxO3 and its row 6 analogue BaPb1−xBixO3 . The
phase only within the composition range 0∏x∏0.085 (forformer is of interest as a potential catalyst for partial oxidation
samples annealed at the same final synthesis temperature ofof hydrocarbons1 (unusual in a perovskite, as these are nor-
1360 °C), and for x�0.1, peaks due to an SrSb2O5 secondarymally good deep oxidation catalysts), while the latter is a high-
phase were evident in XRD. Our EXAFS measurements weretemperature oxide superconductor in the composition range
therefore concentrated on the doping range below the bulk0.05∏x∏0.3, with a maximum Tc of ca. 13 K at x=0.25.2 The
solubility limit at x#0.085. In this respect, the stannate systemsystem undergoes a metal-to-non-metal transition to a charge
is similar to Sn1−xSbxO2 , in displaying a rather low tolerancedensity wave semiconductor at x#0.4.3 In contrast, SrSnO3 is
to Sb doping.6a wide bandgap insulator. When Sb is doped into the material,

XAS data were recorded on stations 7.1 and 9.2 at the SRS,the introduced electrons appear to be compensated (possibly
CLRC Daresbury Laboratory. The SRS ran at 2 GeV, with aby metal vacancy formation), so that a transition to a metallic
typical beam current of 230 mA. In the case of SrSn1−xSbxO3 ,state is not achieved.4,5 This contrasts with the behaviour of
EXAFS data were recorded at the Sn K, Sb K and Sr K edges,the electronically related material, Sn1−xSbxO2 .6 whilst near-edge information was obtained at the softer SnIn order to complement a programme of electronic structure
and Sb LIII edges. In the case of the BaPb1−xBixO3 system,investigation,4,7,8 stations 7.1 and 9.2 at the SRS, CLRC
data were taken at the weak LI edge of Bi and LII edge of Pb,Daresbury Laboratory have been used to obtain information
in an attempt to resolve controversy surrounding the interpret-from EXAFS about the variation in local coordination as the
ation of EXAFS data from the strongly overlapping LIII edgesdopant is introduced. This is combined with information from
of Bi and Pb.10,11 Whilst the separation of the LIII edges isnear-edge XAS, allowing us to infer the valence states of the
only 364 eV, the separations of the LI and LII edges are 527 eVB metal cations in the bulk material.
and 511 eV, respectively. The choice of the LI edge for the
heavier element (Bi) and the LII edge for the lighter element

Experimental (Pb) minimises the contributions of absorption from one
element to the EXAFS of the other. However, a penalty isPreparation of samples and data collection
incurred in terms of the signal-to-noise ratio, as both edges

Ceramic samples of both systems were prepared using high- are considerably weaker than the respective LIII edge. The
temperature solid-state routes, involving firing intimately effects of this on data analysis, and on the information which
ground stoichiometric mixtures of Bi2O3 (99.99%), PbO may be extracted reliably, are discussed below.
(Analar) and BaCO3 (Analar) for BaPb1−xBixO3 , and SrCO3 Measurements of the Sn LIII , Sb LIII , Pb LII and Bi LI edges
(99%), SnO2 (99.9%) and Sb2O3 (99.9%) for SrSn1−xSbxO3 . were made in transmission mode, using the order-sorting
In the case of the latter, the procedure developed by Cava double-crystal Si(111 ) monochromator on station 7.1.
et al.9 was adopted to minimise volatilisation of the Sb dopant.4 Measurements of the Sr K and Sn K edges were made in

All powder samples were characterised by XRD and transmission mode, using the order-sorting double-crystal
Si(220) monochromator on line 9.2. Measurements of the Sb
K edge at 30.5 keV necessitated the use of an Si(220 ) channel-
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For each set of measurements, appropriate standard spectra factor of sj at a distance rj away from the absorber. wij is the
total phase shift experienced by the photoelectron, lj is thewere recorded. These were particularly useful in analysing

valence state information from near-edge data. The standards electron mean-free-path length, and Si (k) is the amplitude
reduction factor due to many-body effects.used for SrSn1−xSbxO3 were SnO (99+%, SnII), SnO2(99.995%, SnIV ), Sb2O3 (99.9%, SbIII ) and Sb2O5 (99.995%, During iteration of the fitting parameters, care was taken to
avoid correlation effects between those parameters that areSbV). The use of SnO as a standard for SnII was treated with

caution as it is known that it is oxidised readily in air at room related strongly to the EXAFS amplitude (the Debye–Waller
factor, the coordination number and the amplitude reductiontemperature,12 and as a result may contain a significant fraction

of SnIV . For BaPb1−xBixO3 , the standards used were PbO2 factor), and between those which affect the frequency of the
EXAFS oscillations (the coordination distance and the thresh-(99.999%, PbIV), PbO (Analar, PbII) and Bi2O3 ( 99.99%, BiIII).

It is difficult to obtain BiV in a pure form. Commercially old position). Particular difficulties were encountered in
obtaining physically reasonable coordination numbers insupplied NaBiO3 is known to be at best only 80–90% pure,

with significant contamination from BiIII phases.13 We therefore multi-shell analyses such as that used for the stannate. This
problem originates in the very low scattering strength fromused two BiV standards, commercially obtained NaBiO3(80–90%), and Li3BiO4 , a relatively stable BiV compound oxygen compared with the heavy cations within the structure.
In multi-shell EXAFS data, coordination numbers are oftenwhich was prepared freshly by reaction of Li2O (97%) with

Bi2O3 ( 99.99%) under O2 in accordance with the procedure of constrained to a value near the ideal for the model structure.
In the present case, the coordination numbers were iteratedGreaves and Katib.14

Samples for XAS were ground intimately with BN diluent, independently, and omitted from the final iteration of all
parameters simultaneously. This method is a slight improve-packed uniformly into the window of an aluminium sample

holder, and held in place between two pieces of Sellotape. ment on complete constraint to an ideal coordination number,
in that the fit to the data is improved, whilst retaining aMeasurements were made at room temperature. Near-edge

data only were recorded at the Sn LIII and Sb LIII edges. number which makes chemical sense. Estimated errors are
included in Table 1.EXAFS data were recorded to kmax=15 Å−1 for the Sr K, Sn

K and Sb K edges of SrSn1−xSbxO3 . For the weak Pb LII and
Bi LI edges of BaPb1−xBixO3 , the spectra were recorded to

Results and Discussionkmax=12 Å−1 .
SrSn1−xSbxO3EXAFS data analysis
Data from two separate structural determinations for SrSnO3Raw data were corrected for dark currents and converted to were used to provide the model data for a fit to the K edgek-space, summed and background subtracted to yield the EXAFS data. In the first of these, Megaw proposed an idealEXAFS function x(k) using the EXCALIB and EXBACK undistorted cubic perovskite structure as shown in Fig. 1(a).17programs.15 A k3 weighting function was used to enlarge the The more recent work of Vegas et al., using a combination ofoscillations at high k. In the case of the Sr K and Sn K edges electron diffraction and X-ray diffraction, gives the distortedof SrSn1−xSbxO3 , the oscillations in x(k) were extremely strong, structure shown in Fig. 1(b).18 Attempts were made to fit theand clear oscillations were visible to 15 Å−1 . For the Sb K EXAFS data to both models. However, it was found that aedge, oscillations were weaker (owing to the dilute nature of reasonable fit to the experimental EXAFS of SrSnO3 could bethe samples), and for analysis purposes the data were truncated obtained only by assuming the distorted perovskite structureat 11.5 Å−1 . The Pb LII and Bi LI edges were very weak, and (of space group Pbnm) determined by Vegas et al.18 Thisas a result showed significant noise beyond ca. 8–10 Å−1 . suggests that the more recent structural determination18 isThe Daresbury Laboratory EXCURV92 program16was used likely to be correct, and also illustrates that the EXAFS datato fit model k3x(k) curves to the experimental data. Phase-shift is remarkably sensitive to small structural distortions. A com-corrections were calculated using Xalpha exchange and parison between the bond lengths obtained from XRD18 andground-state potentials. Sr K, Sn K and Sb K edge data were from Sn K edge EXAFS is shown in Table 1. No attempt wasof a high quality, and as a result, no Fourier filtering was used made to fit the second oxygen shell from the absorber, as thein the data analysis. However, the weak oscillations observed scattering from this light ion at large distances gave anat the Bi LI and particularly the Pb LII edge, together with the insignificant scattering amplitude in simulated data. In somefact that the Bi LI edge lies only 527 eV above Pb LI , meant cases, the exceptional quality of the data allowed the data tothat only first-shell information could be extracted from the be fitted to back-scattering shells up to 7 Å from the absorber.data reliably. The data was thus Fourier filtered to extract the However, for radial distances greater than ca. 4 Å, the effectsk3-weighted contribution from the first oxygen shell surround- of multiple scattering may become significant.19 As the fit toing the Bi and Pb absorbers, and a fit was obtained to this the EXAFS data is made within the single scattering approxi-information. The spectra were Fourier transformed in a mation, little reliance is placed on the fit to distances largerGaussian window with a width of 0.1 Å. To allow for the than this. With these provisos, Table 1 shows that the infor-possibility of the absorbing atoms occupying more than one mation from EXAFS is in good agreement with XRD ofsite, the calculation of x(k) was modified by the inclusion of a SrSnO3 ,18 with the major discrepancies being in coordinationfactor Gs, representing the fraction of absorbing atoms at a numbers, as discussed above.particular site, defined such that Having obtained a good fit to the undoped parent material,
SrSnO3 , data from the Sn K, Sb K and Sr K edges of the∑n

s=1
Gs=1 (1) doped samples were fitted. Fig. 2 shows the Sn K edge k3x(k)

EXAFS and its transform over the single-phase doping rangewhere n is the number of different sites. Thus the EXAFS
for samples annealed at 1360 °C. Comparable data for the Sbmodulation is given by:
K edge are shown in Fig. 3, while Fig. 4 shows a representative
Sr K edge. The bond length information resulting from fittingx(k)= ∑

j

GsNj
krj2

Si (k)Fj (k) exp(−2sj2k2 ) these data is given in Fig. 5. Good fits to the data could only
be obtained by assuming that Sb dopes onto the Sn sites in×exp[−2rj/lj (k)] sin[2krj+wij (k)] (2) the lattice. The most significant gross change to the radial
distributions on doping is seen in the contribution of next-where Fj(k) is the back-scattering amplitude from each of the

Nj neighbouring atoms of the jth type with a Debye–Waller nearest-neighbour Sr to the Sn K edge data shown in Fig. 2.
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Table 1 Local radial distribution and coordination number about the central Sn atom determined for SrSnO3 from Sn K edge EXAFS and XRD18

EXAFSa XRDc

atom radius/Å coord. no. DW factor radius/Å coord. no.

O 2.025±0.002 4.5±0.3 0.003 2.054–2.066 6
Sr 3.398±0.008 3.0±0.9 0.010L 3.436–3.552 8Sr 3.542±0.009 2.9±1.0 0.011K
Sn 4.063±0.004 4.4±1.1 0.011 4.032–4.035 6
O —b —b —b 4.218–5.663 30
Sn 5.631±0.004 3.3±1.6 0.005 5.705–5.707 12

aFor the EXAFS analysis, that standard deviations as calculated by EXCURV92 are shown. These estimates of precision overestimate the
accuracy, particularly in cases of high correlation between parameters. More realistic standard deviations for the distances are 0.01 Å for small
radii, up to 0.04 Å at larger radii, and ±20% in coordination number and Debye–Waller (DW) factor. The residual index, R, given by

R= G ∑N
i=1

ki3(xiobs−xicalc)2HNC ∑N
i=1

(ki3xiobs)2D
was calculated as 29% for the complete seven-shell fit shown in Fig. 2(a). bNo attempt was made to fit the second oxygen shell from the absorber
(see text). cThe bond lengths from the XRD structure determination of Vegas et al.18 are available as supplementary material (SUP 57192, 8
pages) from the British Library. Details are available from the Editorial Office on request.

from the EXAFS data alone, as reported SbIIIMO distances
(e.g. for Sb2O321 ) span a very wide range, some of them below
2 Å. An assignment of Sb valence state is therefore made by
combination of this data with LIII near-edge information
discussed below. However, we note that the EXAFS data give
no evidence for the presence of two different SbMO distances,
such as might be expected if the material contained mixed SbIII
and SbV valences. This contrasts with the behaviour obtained
in the BaBi1−xPbxO3 system, where Bi is generally assumed
to show mixed BiIII and BiV valences, or at least some charge
separation into Bi4+d and Bi4−d valences.22 Our results for this
system are presented in the next section.

As a function of doping, there appears to be a slight increase
in the SnMO distance, together with a slight decrease in the
SbMO distance, but neither is very significant in relation to
the error bars. In our XRD work, we observe a very slightFig. 1 (a) The undistorted cubic perovskite structure (as adopted, for
reduction in lattice parameter with Sb doping,4,5 consistentexample, by BaSnO3). (b) The distorted perovskite structure adopted

by undoped SrSnO3 .18 with the replacement of some SnMO bonds by shorter SbMO
distances. This is also reflected in the EXAFS data by the
slight reduction in SbMO and SbMSr distances with doping.The contribution of the Sr shell to the radial distribution is
The slight increase in the SnMO distance might be consistentmarked by an asterisk. It can be seen that as the concentration
with a model along the lines of that suggested by Claessenof dopant is increased, the Sr peak becomes broader and less
et al. for BaSn1−xSbxO3 , where distortion of the lattice ofwell resolved. In the fitting process, this had the result that for
SnO6 octahedra by the introduction of short SbMO bondsx∏0.02, it was possible to fit two shells of Sr ions at two
results in a compensating enlargement of the adjacent OMSndiscrete distances from Sn, suggestive of a distorted perovskite.
bond.23 A direct comparison between the XRD lattice param-However, for x>0.02, only one shell at an average distance
eter and the EXAFS data may be made by measurement ofbetween the two could be distinguished. This gives rise to the
the SnMSn/Sb and SbMSn/Sb distances (which would corre-artificial discontinuity in the bond length information shown
spond to the lattice parameter of the simplest cubic unit cellin Fig. 5(b). The corresponding Debye–Waller factor for the
of an undistorted perovskite). This comparison gives quitesingle Sr shell increased from ca. 0.01 Å2 (for each of the two
good agreement between XRD and EXAFS data.5 However,separate shells) to a typical value of 0.03 Å2 . The data suggest
we have not shown these data here as the distances involvedthat the static disorder in the Sr positions (a ‘soft’ feature of
are �4 Å, with the result that the errors and uncertainties inthe structure17 ) increases with doping. This is borne out by
the EXAFS single-scattering analysis are too large to makeanalysis of the Sr K edges (Fig. 4), where it was found that
such a comparison strictly valid.the Debye–Waller factors for each fitted shell were larger than

To complement K edge data, near-edge information fromthose obtained from the Sn and Sb K edge data, and the R
the Sn and Sb LIII edges was obtained, in principle givingfactors for the fit to each shell were on average 12% bigger.
access to the dipole-allowed transitions 2p3/2,1/2�5s,5d. TheTypical R factors for a six or seven shell fit were in the range
resulting data, together with those for the respective standards,25–29% for the Sn and Sb K edges, but in the region of
are shown in Fig. 6 and 7, after subtraction of a linear34–35% for the corresponding Sr K edges. Typical Debye–
background determined from the pre-edge region. It is immedi-Waller factors of 0.01–0.015 Å2 for the Sn/Sb edges rose to
ately obvious that both the Sn and Sb XANES show consider-0.02–0.03 Å2 for the Sr K edge.
able structure, and the assignment of peaks is not trivial. TheSbMO and SnMO distances are plotted as a function of
Sb LIII edges of the stannate (Fig. 7) are complicated addition-doping level (up to the bulk solubility limit of x=0.085) in
ally by the overlap with the Sn LII edge at 4156 eV. ConsideringFig. 5. The SbMO distance is considerably shorter than the
first the Sn LIII edges, it can be seen that the XANES of theSnMO distance, and agrees well with the SbVMO distance in
stannate samples are very similar to that of the SnIV standard,a number of oxides, including, for example, K3Sb5O14 and
SnO2 . This might be expected as both show octahedral localK2Sb4O11 .20 Unfortunately, however, it is impossible to assign

unambiguously the Sb valence state in the stannate as SbV coordination of Sn by O. The edge position for each compound
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Fig. 2 k3x(k) and its Fourier transform for the Sn K-edge EXAFS of SrSn1−xSbxO3 , (a) x=0; (b) x=0.01; (c) x=0.02; (d) x=0.05; (e) x=0.085.
The solid line represents the experimental data; the calculated fit is shown by the dotted line. The contribution of the first Sr shell to the radial
distribution lies in the region marked by asterisks.

Fig. 3 k3x(k) and its Fourier transform for the Sb K-edge EXAFS of SrSn1−xSbxO3 , (a) x=0.085; (b) x=0.07; (c) x=0.05; (d) x=0.02. The solid
line represents the experimental data; the calculated fit is shown by the dotted line.

was determined from the differentiated XANES spectrum. All assignment of valence from the XANES itself is not
unambiguous.edge positions, including those of the standards, were found

to be coincident at 3930±1 eV. (The Sn LIII edge of elemental By analogy to the reference material, SnO2 , we expect the
unfilled states above the threshold energy to be of s and pSn occurs at 3929 eV.24) Thus, the Sn oxidation state has little

effect on the position of the LIII absorption edge. (A similar character, with the maximum in the 5d density of states above
the vacuum level.26 We assign the first absorption feature ineffect is seen in XPS, where there is no Sn 3d binding energy

shift between SnII and SnIV .25) Thus, whilst the bond length the Sn LIII spectra (at ca. 3932 eV) to the 2p3/2�5d transition,
rather than to the transition into 5s. This assignment isinformation from EXAFS [Fig. 5 (a)], the stability of the

material in air, and the similarity of the stannate XANES to supported by a number of features of the spectra. First, the
feature is seen in the XANES of both SnIV and SnII standardsthat of SnO2 lead us to infer a valence state of IV for Sn, the
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Fig. 4 Examples of the fits obtained to the Sr K-edge EXAFS data
for SrSn0.99Sb0.01O3 , showing the stages of data analysis: (a) x3(k) vs.
k; (b) F(r) and |F(r)| vs. r. In both cases, the dotted line represents the
fit to the data (solid line), which is unfiltered.

Fig. 5 Bond length information obtained from analysis of the Sb and
Sn K-edges of SrSn1−xSbxO3 . (a) Distances to the first O shell;
(b) distances to the first Sr shell.(and there is an analogous feature in the XANES of both SbIII

and SbV materials, see Fig. 7). The 5s level is full in SnII and
SbIII , and the transition 2p3/2�5s is therefore impossible.
Secondly, the p�d transition is expected to dominate over
p�s by a factor of 50 in polycrystalline samples.27 On this
basis, the first excitation appears to be far too strong relative
to the remaining edge structure to be assigned to the transition
into 5s. Furthermore, electronic structure calculations for the
related material BaSn1−xSbxO3 show that the 5s density of
states (DOS) above the Fermi energy, EF , is very low.28 Thus,
it appears that SnIV and SbV LIII edges do not show a distinct
‘pre-edge’ feature associated with the unoccupied 5s levels, in
marked contrast to that observed for the 6s DOS associated
with BiV and PbIV .29

Assignment of the other near-edge features is made difficult
by a lack of literature data for these edges. The L edge
absorption spectra of In and Sn have been studied by Sham.30
This author notes that in Sn, the unoccupied 4f band is
sufficiently close to the Fermi level to hybridise with the s, p
and d states, producing fine structure in the LIII edge XANES
(the transition becoming allowed through df hybridisation).
We note that the unoccupied f levels in the oxide would be

Fig. 6 Normalised Sn LIII XA spectra for SrSn1−xSbxO3 : (a) x=0.085;expected to be at lower energy (closer to EF ) than in the metal,
(b) x=0.01; (c) x=0; (d) SnO2 (SnIV); (e) SnO (SnII )and by comparison with the work of Sham,30 we tentatively

assign the feature at ca. 11 eV above the threshold to a
2p3/2�5df state. A shoulder to the low energy side of this unoccupied DOS in SrSnO3 are necessary to assign this

structure properly.feature is unassigned. We note that this is only seen in the XA
spectra of the stannates. By comparison with inverse photo- Fig. 7 shows the first 20 eV of the Sb LIII edge structure of

the samples. Unfortunately, the later parts of the spectra areemission spectra4 we suggest that this may be associated with
some influence of Sr on the unoccupied Sn/O state hybridis- dominated by the overlapping Sn LII edge at 4156 eV. Also

shown are the spectra of the SbIII and SbV standards. Theation. Band-structure calculations of the distribution of the Sn
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Fig. 8 An example of the Pb LII-edge data, and fits to it for
BaPb1−xBixO3 . The left-hand panels show raw k3x(k) data, while the
centre panels show the results of Fourier filtering to extract the
contribution from the first shell of backscatterers (see text). F (r) and

Fig. 7 Normalised XA spectra over the Sb LIII and Sn LII near-edge |F(r)| vs. r are shown in the right-hand panels. The dashed lines show
region for SrSn1−xSbxO3 : (a) x=0.085; (b) x=0.07; (c) x=0.05; the calculated fits to the data.(d ) Sb2O5 (SbV); (e) Sb2O3 (SbIII). The feature at 4192 eV is due to a
discontinuity in monochromator output.

small feature at 4192 eV is due to miscancellation of a disconti-
nuity in the monochromator output, which is nevertheless
useful for confirming internal calibration of the scans. Close
to the threshold, it is apparent that there are strong similarities
between this data and the Sn LIII edges (Fig. 6 ). We follow a
similar assignment, in particular assigning the first feature
(present in the spectra of both the SbIII and SbV standards) to
the 2p3/2�5d transition.

The edge positions were determined from the first differen-
tials of the absorption spectra. The edges of the stannates and
Sb2O5 are coincident at 4133±1 eV, while the Sb2O3 edge lies
at 4135±1 eV. In contrast to the Sn edges, there appears to
be a small but significant shift in edge position between III
and V valences. (Again, a similar effect is seen in XPS, where
there is an Sb 3d binding energy shift of ca. 1 eV between SbIII
and SbV .23) This, combined with the strong similarity between
the stannate and Sb2O5 edges, and the information from

Fig. 9 An example of the Bi LI-edge data, and fits to it forEXAFS (discussed above), leads us to assign a valency of V
BaPb1−xBixO3 . The left-hand panels show raw k3x(k) data, while thefor Sb in the doped materials. centre panels show the results of Fourier filtering to extract the
contribution from the first shell of backscatterers (see text). F (r) and

BaPb
1−x

Bi
x
O

3 |F(r)| vs. r are shown in the right-hand panels. The dashed lines show
the calculated fits to the data.Fig. 8 and 9 show examples of fits obtained to the Pb LII and

Bi LI edge data for the bismuthate, BaPb1−xBixO3 . As
described above, because of the poor signal-to-noise level at
these weak edges, we have used the data to obtain first shell
information only. The raw data were Fourier filtered to extract
the k3-weighted contribution to the EXAFS from the first
oxygen shell. The resulting Pb/BiMO bond length information
(R) and metal coordination number by oxygen (N ) are shown
in Fig. 10 and 11. Error bars are shown. As can be seen, these
vary with composition, being highest for the Pb edge when
x�1 (low Pb concentration), and conversely highest for the
Bi edge when x�0. Data for the Pb LII edge are shown in
Fig. 10. It was possible here to fit the data assuming a single
PbMO bond length of ca. 2.15 Å. It can be seen that this
distance fluctuates slightly as a function of composition, but
that the variations are not very significant compared to the
error bars. The coordination number is six and shows no
significant variation from this as a function of composition.
(The coordination number was obtained by initially fixing its
value at six, while obtaining a trial fit to the data. Having
achieved this, the coordination number was allowed to float
both independently and, in the final stage of the analysis, Fig. 10 Bond length and coordination number information obtained
together with all other parameters.) Thus the Pb edge may be from analysis of BaPb1−xBixO3 EXAFS; PbMO bond length (R) and

coordination number to oxygen (N), from Pb LII-edge datafitted assuming Pb is coordinated to close to six oxygen nearest
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greater static disorder of the more distant shell relative to Bi,11
but is also consistent with this shell being bound less tightly
to the Bi site.

Thus our data support the analysis of Boyce et al.10 and
other workers, in particular the observation of an irregular
coordination environment for Bi.10,33 This is consistent with
observations from neutron diffraction and was assigned pre-
viously to the presence of Bi in two different average valence
states, which we write as BiIV+d and BiIV−d (in the limit BiIII
and BiV ).22,31,32 This produces a distortion of the structure of
BaBiO3 from a simple cubic perovskite to monoclinic as a
result of rotation of the BiO6 octahedra around the pseudo-
cubic [110] axis and a symmetric breathing-mode distortion
produced by the oxygen atom displacements towards and
away from the Bi sites.34 This is the origin of the charge
density wave behaviour of the material.34 Whilst suggesting
that there may be some disproportionation, structural tech-
niques cannot determine the magnitude of d directly. The
system has been investigated quite extensively by XPS,35–41
revealing some contradictory results. Although no consensus
has emerged, generally only one (sometimes broadened or
asymmetric) component to the Bi core level emissions has been
observed. This is open to two interpretations: either d is small,
i.e. the charge separation is not great, or, as XPS is a highly
surface-sensitive UHV technique, the surface of the material
may be reduced to BiIII . Indeed, Orchard et al. noted as early
as 1977 that, unless exceptional precautions are taken in
sample preparation, a mixed-valence compound may have a
surface phase containing only one of the two oxidation states
present in the bulk material.35 Consistent with this, a number
of authors find the majority Bi species binding energy to be
close to that of BiIII .35,37,39,41 In the absence of evidence for
the size of the charge separation, we describe the oxidation
states as BiIV+d and BiIV−d .

Fig. 11 Bond length and coordination number information obtained Fig. 11 shows that two different O sites remain when Pb isfrom analysis of BaPb1−xBixO3 EXAFS; BiMO bond lengths (R) and
doped into BaBiO3 , in agreement with the results of Boycecoordination numbers to oxygen (N), from Bi LI-edge data. (a) Data

for the longer of the two BiMO distances; (b) data for the shorter et al.10 Moreover, we find that the relative proportions of the
BiMO distance. two types of oxygen change as x decreases (Fig. 11 ). The

number of O coordinated to Bi at the shorter of the two
distances increases steadily with Pb doping, until it reachesneighbours in a regular octahedron, across the whole composi-

tion range. The PbMO distance is consistent with Pb in a IV 5–6 at x=0.25 (at a distance of 2.15 Å), while the number of
O at the longer distance decreases to 0–1 (at a distance ofoxidation state.11 The Debye–Waller factors calculated for the

O atoms around Pb were 0.04–0.06 Å2 (±10%) for the whole 2.3 Å) at this point. This may offer some rationalisation of an
apparent disparity between the results of Boyce et al.10 andcomposition range.

A more complex picture emerges for the oxygen coordination Akhtar et al.11 for the Pb-doped material. The former authors
find irregular coordination of Bi across the range x=1–0.25,10around Bi (Fig. 11). By comparing Fig. 10 and 11, it may be

seen that the radial distribution extracted from the Fourier- while the latter find regular octahedral Bi coordination (with
BiMO distance of 2.12 Å) for compositions in the range x=filtered signal is considerably broader for the oxygen distri-

bution around Bi than for that around Pb. This suggests 0.25–0.3.11 Our results show that the population of the distant
O site for x=0.25–0.3 is sufficiently low for its influence onstrongly that the coordination of O to Bi is not as regular as

in the case of Pb. Here a good fit may not be obtained for the EXAFS signal to be small.
Accepting for the present the idea that the irregular coordi-octahedral coordination; rather, two different BiMO bond

lengths are obtained, one of ca. 2.12–2.15 Å and a longer nation of Bi is associated with charge disproportionation, we
associate the shorter BiMO distance with a BiIV+dMO bond,distance of 2.25–2.30 Å. Coordination numbers were obtained

as above, initially choosing a value of three for the coordination and the longer with BiIV−dMO pairs. The observation of a
significantly smaller Debye–Waller factor for the closer O sitenumbers of both Bi sites for all samples, but allowing the

coordination number to float at all subsequent stages of the would be consistent with its assignment to the more correlated
motion of a Bi4+dMO pair. Our results then imply that as Pbdarta analysis. In BaBiO3 , the average coordination number

of Bi to both types of oxygen is three, so there are equal is doped into the material, the proportion of BiIV+d increases,
at the expense of the BiIV−d states. On average the Bi valencyproportions of the two types of bond. The bond lengths for

BaBiO3 are 2.28 and 2.12 Å, in excellent agreement with the is migrating towards a more ‘BiV-like’ state. This is perhaps
not unexpected, as introduction of Pb into the material isvalues obtained from the LIII edge EXAFS data of Boyce et al.

(2.27 and 2.13 Å) and Akhtar et al.11 (2.28 and 2.10 Å), and effectively hole doping. As Pb in this material is in a PbIV
state,11,29 and oxygen deficiency in the material is not sufficientwith values obtained from neutron diffraction of 2.28 and

2.12 Å by Cox and Sleight31 and 2.26 and 2.14 Å by Thornton to compensate the introduced dopant,42,43 some effective
oxidation of Bi must occur on doping. The hypothesis that theand Jacobson.32 A significant difference in Debye–Waller fac-

tors between the two types of oxygen site is also observed; average valence state of Bi increases on Pb doping is consistent
with our previous XAS measurements of Bi LIII near-edgefor the closer site, values lie in the range 0.05–0.06 Å2 for

all compositions, while for the longer distance values of structure in this system.29 More recently, these measurements
have been repeated at substantially better resolution by0.07–0.10 Å2 (±10%) are found. This could be due to the
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