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a b s t r a c t

The crystal structures of two pyrochlore phases have been determined by Rietveld refinement of
combined X-ray and neutron powder diffraction data. These are stoichiometric, Bi1.5 ZnTa1.5O7 and non-
stoichiometric Bi1.56Zn0.92Nb1.44O6.86. In both structures, Zn is distributed over A- and B-sites; Bi and Zn
are displaced off-centre, to different 96g A-site positions; of the three sets of oxygen positions, O(1) are
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full, O(2) contain vacancies and O(3) contain a small number of oxygen, again in both cases. Comparisons
between these structures, those of related Sb analogues and literature reports are made.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
-ray and neutron diffractions

. Introduction

The pyrochlore structure, of general formula A2B2O7, is found
ith a wide-variety of oxides containing a large cation A that typ-

cally prefers a site coordination number of eight and a smaller
ation B that typically occurs in octahedral sites [1–7]. These
ations are commonly comprised of A3+ and B4+ cations, A2+ and
5+ cations or other combinations with required average mixed
alency. Large numbers of compounds have been discovered with
his type of cubic crystal structure with space group Fd3m, (no.
27). An early, comprehensive review of pyrochlore phases is given

n Ref. [1].
Oxides in the pyrochlore systems have considerable com-

ositional and structural flexibility, including the possibility to
ncorporate a wide range of dopant ions [1,7–11]. The electri-
al properties, including oxide-ion conductivity, permittivity and
emperature coefficient of permittivity, can be fine-tuned by com-
ositional control, giving the possibility to design materials to meet

pecific property requirements. One of the promising pyrochlore
xide systems is bismuth-based, due to their low firing temper-
ture and ability to accommodate different kinds of chemical
ubstituents. The Bi2O3–Sb2O5–MO (M = Cd, Zn) materials were

∗ Corresponding author. Tel.: +603 89467491; fax: +603 89435380.
E-mail address: tankb@science.upm.edu.my (K.B. Tan).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2010.08.093
reported as pyrochlores with permittivities of approximately 20
and modest dielectric losses (tan ı = 7–19 × 10−4). Significantly
higher permittivities were reported for the Bi2(M′M′′)O7 and
Bi2(M′

2/3M′′
4/3)O7 systems (M′ = Zn, Mg, Ni, Sc, In and Cu and

M′′ = Nb, Ta) [10–16]. By far the most extensively studied Bi-based
pyrochlores are the two ternary phases in the Bi2O3–ZnO–Nb2O5
ternary system: the cubic pyrochlore Bi3/2ZnNb3/2O7 (k′ = 150,
tk = −400 ppm/◦C) and the monoclinic zirconolite phase (k′ = 80,
tk = +200 ppm/◦C). With the opposite signs for the temperature
dependence of permittivity, they are considered a good pair that
provides temperature compensated dielectric properties because
it is possible to control the temperature coefficient of permittivity
by adjusting the pyrochlore phase content [2,5–7,10–15].

Because of the technological interest in dielectric applications,
several studies have been reported on phase formation, crystal-
lography and electrical properties of pyrochlore phases in the
ternary systems Bi2O3–ZnO–(X)2O5: X = Nb, Ta, Sb. In these systems
the ideal pyrochlore stoichiometry, P appears to be Bi1.5ZnX1.5O7
(or Bi3Zn2X3O14); however, phase diagram studies show consid-
erable compositional complexity with different behaviour in the
three systems, X = Nb, Ta, Sb. In addition to the pyrochlore phase,

a second anion-deficient fluorite phase, of probable stoichiome-
try Bi4Zn4/3Nb8/3O14 has been reported to exist in the Nb system.
However, there is uncertainty in the literature as to its precise
crystal symmetry and stoichiometry. It has been described as an
orthorhombic phase, but recent studies indicated it has a mon-

ghts reserved.

dx.doi.org/10.1016/j.jallcom.2010.08.093
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. (a) Solid solution area of pyrochlore phase with x and y as variables in the for-
58 K.B. Tan et al. / Journal of Alloys

clinic unit cell, space group C2/c with a zirconolite-like crystal
tructure [14–15,17].

In the Ta system, a pyrochlore phase of ideal P stoichiome-
ry exists, but it is one member of a solid solution area with
oth variable Bi:Ta ratio and a deficiency of Zn. The composi-
ional extent of the pyrochlore solid solutions in the ternary system
i2O3–ZnO–Ta2O5 is shown in Fig. 1a superposed on a grid with
ariables x and y in the general formula, Bi3+yZn2−xTa3−yO14−x−y
16]. The range of cation contents in the single phase area, given by x
nd y, was determined by a detailed phase diagram study. The oxy-
en contents, also given by x and y, were not determined directly
ut are derived by assuming that the cations have the oxidation
tates 3+(Bi), 2+(Zn) and 5+(Ta).

In the Nb system, a rather similar solid solution area for
he pyrochlore phase also exists, but in this case, a pyrochlore
ith the ideal P stoichiometry appears not to exist [4,15]. In

ig. 1b, the solid solution area in the system Bi2O3–ZnO–Nb2O5
s shown and as can be seen, the ideal composition P lies out-
ide this area. The location of the solid solutions was determined
y two independent research groups: the trapezoidal shape in
old lines is from our own studies [15]; in Ref. [5], the shape of
he solid solution area was not determined exactly, but the sin-
le phase compositions that were studied coincide closely with
he solid solution area determined by ourselves, as shown in
ig. 1b.

In the Sb system, there are two closely related pyrochlore
hases, neither of which has the ideal pyrochlore, P, stoichiome-
ry. These are shown in Fig. 1c using a similar compositional grid
o that in Fig. 1a and b. Both phases, P1, and P2, may be derived
rom the ideal P stoichiometry, but with different Bi:Sb ratios; in
ne case, the P1 phase forms a solid solution containing excess Zn
alanced by a deficiency of Bi and Sb [3,7].

Several structural reports on the pyrochlore phases in the three
ystems have been given; although there is general agreement that
he structures are pyrochlore-like, there is considerable disagree-

ent over certain details. Structure determination is complicated
or several reasons. First, as shown by the phase diagram results,
he ideal P stoichiometry exists only in the Ta system [16] and
n all three systems, the pyrochlores have the possibility of vari-
ble stoichiometry [3,5–7,15]. Second, the general formula of the
deal pyrochlore in these systems, Bi1.5ZnX1.5O7 means that the
ation distribution must be more complex than given by the gen-
ral formula, A2B2O7. All reports do agree, however, that Bi is
ocated exclusively on the larger A-sites with X exclusively on
he smaller B-sites and with Zn distributed over both sets of
ites.

The details of the A-site occupancy are unclear and indeed,
ppear to differ in the different systems. Probably this is because Zn
s considerably smaller than Bi and would not normally be expected
o occur in large, 8-coordinate sites. In the two pyrochlore struc-
ures in the Sb system, refinement of combined X-ray and neutron
owder diffraction data indicated that, whereas Bi remained in the
entral A-site positions, Zn was displaced off-centre into 96g posi-
ions with shorter bond lengths and smaller coordination number
4]. In several reports of analogous Zn-, Mg-, Ni-, Mn- and Ti-
ontaining pyrochlores with X = Nb, both Bi and the divalent ion
re displaced off the centre of the A-sites [18–25]. The nature of
he B-site occupancy is less controversial; since Zn2+ is similar in
ize to the X5+ ions, it appears possible for joint occupancy of the
-coordinate B-sites to occur, with similar Zn–O and X–O bond
istances and regular octahedral coordination.
Additional complexities occur with the oxygen positions and
ccupancies. In a pyrochlore oxide, A2B2O(1)6O(2), A- and B-
ations make up the fcc array but are ordered in the 〈1 1 0〉
irections to create three crystallographically distinct tetrahedrally
o-ordinated anion sites. There is general agreement that O(1)

mula, Bi3+yZn2−xTa3−yO14−x−y . (b) Solid solution area of Nb-pyrochlore with general
formula. Bi3+yZn2−xNb3−yO14−x−y . Open squares – compositions studied by Vanderah
et al (2005). Open triangle (marked as Z) – composition used for Rietveld refine-
ment. (c) Compositions of Sb pyrochlore phases, P1 and P2, superposed on the same
compositional grid to that used for Nb and Ta pyrochlores.
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Table 1
Starting structural model of cubic pyrochlore.

Model atom Site “P” atom Wyckoff x y z Starting occupancy Uiso (Å2)

Bi A Zn(1) 16d 0.5 0.5 0.5 0.25 0.025
Bi 0.5 0.5 0.5 0.75 0.025

Nb/Ta B Zn(2) 16c 0 0 0 0.25 0.025
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Nb/Ta 0

O O(1) O(1) 48f x
O′ O(2) O(2) 8b 0.3

hich is co-ordinated by two A- and two B-cations is fully occupied
n a 48f position together with one positional variable x. Meanwhile,
(2) is co-ordinated by four A cations and appears to be either fully
r partially occupied, as well as being displaced from the 8b special
ositions to either 32e or 96g positions. In addition to these two
xygen sites, a third oxygen site, O(3), which is co-ordinated by
our B-cations is also partially occupied in several structure reports.
he occupancy of O(3) serves to compensate, at least partially, for
acancies in O(2), but the partial occupancies of O(2) and O(3) also
rovide a mechanism for accommodating variable oxygen content
ssociated with the non-stoichiometric pyrochlores.

At present, there appears to be no real rationale behind the
ifferences in the various structure reports. In some cases, it is
ssumed that the phases have the ideal P stoichiometry; in others,
t is often not clear how the variable composition is accommo-
ated within the crystal structure. The purpose of this paper is to
eport combined X-ray and neutron powder diffraction data on two
yrochlore compositions, the stoichiometric P phase in the Ta sys-
em and a non-stoichiometric pyrochlore in the Nb system and to
ompare the results with those reported in the literature and with
hose for the Sb system.

. Experimental

Starting materials were reagent grade oxides, which, prior to weighing, were
ried at the following temperatures: Bi2O3, 300 ◦C; ZnO, Nb2O5, Ta2O5: 600 ◦C. Sam-
les, totaling approximately 15 g, were weighed out, mixed into a paste with acetone
ith an agate mortar and pestle, dried and fired in a muffle furnace in Pt crucibles.

n order to avoid loss of Bi2O3 by volatilisation, the samples were heated slowly in
tages, initially at 300 ◦C for 3 h, 600 ◦C for 3 h and then overnight at 800 ◦C. They
ere then removed from the furnace, cooled, reground and returned to the furnace

n Pt crucibles, at either 950 ◦C (Nb) or 1050 ◦C (Ta) for a total of 2 days with regrind-
ng after 1 day. These conditions had been shown by the phase diagram study to
ield high-quality single phase samples.

Phase purity was checked by X-ray powder diffraction using a Stoe Stadi P pow-
er diffractometer, CuK�1, radiation, using a small linear position sensitive detector.
or neutron diffraction, samples were loaded into V sample cans. Neutron diffrac-
ion data were collected on the POLARIS diffractometer at the Rutherford Appleton

aboratory, ISIS facility, using high-resolution back-scattered detectors arranged
nto four discrete resolution focused banks over the Time of Flight (ToF) range
000–19,500 �s [26]. Polaris instrument parameters were constant for all data col-

ected; data sets shown here are presented on a d-spacing scale. Rietveld refinement
f combined XRD and ND data was carried using the General Structure Analysis
ystem (GSAS) programme

able 2
efined structural parameters for P, Bi3Zn2Ta3O14.

Atom Wyckoff x y

Zn(1) 96g 0.4984(11) 0.4984(11)
Bi 96g 0.5165(4) 0.5165(4)
Zn(2) 16c 0 0
Ta 0 0
O(1) 48f 0.3195(1) 0.125
O(2) 32e 0.3931(2) 0.3931(2)
O(3) 8a 0.125 0.125

wRp XRD: 16.57 R
ND: 5.44 ND: 7.36

Combined: 5.92 Co
0 0 0.75 0.025

0.125 0.125 1 0.025
0.375 0.375 1 0.025

3. Results and discussion

3.1. Bi3Zn2Ta3O14

The starting model for both this and the Nb-containing structure
refinement was that of a simple ideal pyrochlore, Table 1, in which
no displacement of cations from the centres of the A-sites was pre-
sumed, oxygen sites O(1) and O(2) were assumed to be full, again
with no site displacement and oxygen site O(3) was assumed to be
empty. Zn was assumed to be distributed randomly over both A and
B-sites, according to the ideal P stoichiometry, with the occupancies
shown in Table 1.

The combined XRD and ND data sets were used for refinement
from the outset. In the first stage, the x parameter of O(1), together
with Uiso of all atoms were refined. Uiso values for the A-site cations
and O(2) were high. Since it was expected that there could be vacan-
cies on the O(2) sites, as a result of refinements reported in the
literature (especially in Zn-deficient compositions), a default value
for Uiso of O(2) was selected and the occupancy refined, giving a
reduced value of 0.52 instead of 1.0. Oxygen O(3) was then added,
with a default Uiso and its occupancy refined to 0.25. These oxy-
gen parameters were then fixed and the parameters of the A-site
investigated. Various strategies were tried; by allowing Zn to dis-
place either to a 32e or 96g site, its Uiso refined to a more realistic
value, but that of Bi, remained high. Instead, on allowing Bi to dis-
place to a 32e site, Uiso values of both Zn and Bi remained high. After
various attempts to obtain a satisfactory refinement with reason-
able Uiso values, it was clear that both Zn and Bi are displaced off
the central A-site position, but that they are displaced into separate
sites: combined displacement of Zn and Bi onto a single off-centre
site did not yield a satisfactory refinement. Both Zn and Bi were
therefore displaced to 96g sites, giving reasonable Uiso parameters
for both.

At this stage, the Uiso for O(2) remained high at 0.051 and it was
allowed to displace off-centre onto a 32e site, giving a more reason-
able Uiso value. It was clear, then, that both Zn and Bi were displaced

off-centre in the A-sites, that site O(2) was partially occupied but
also displaced off-centre and that site O(3) was partially occupied.
To carry out further refinements and obtain a satisfactory structural
model, the expected stoichiometry, especially the oxygen contents,
was used to fix certain of the occupancies. Specifically, the occupan-

z Occupancy Uiso (Å2)

0.4490(13) 0.0417 0.0177(28)
0.4708(5) 0.125 0.0127(7)
0 0.25 0.0051(1)
0 0.75 0.0051(1)
0.125 1 0.0172(1)
0.3931(2) 0.2 0.0438(12)
0.125 0.2 0.0312

p XRD: 13.02
Chi2 = 5.31

mbined: 12.53
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Table 3
Bond distances for P, Bi3Zn2Ta3O14.

Cation site Bond Bond length (Å)

A′ Zn(1)–O(1) 2.32
2.45 × 2

Zn(1)–O(2) 2.19 × 2
2.10 × 2
2.32 × 2
1.67

A Bi–O(1) 2.27
2.50 × 2
2.87 × 2

Bi–O(2) 2.44 × 2
2.45 × 2
2.37, 2.52
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1.97, 2.01

B Ta/Zn(2)–O(1) 2.00 × 6
Ta/Zn(2)–O(3) 2.28 × 2

ies of O(2) and O(3) were adjusted to give fixed values, consistent
ith the overall stoichiometry. Thus, after the various refinement

tages, the refined occupancy of O(2) was 0.203 and was therefore
xed at 0.2; the occupancy of O(3) had refined to 0.152 and was
lso given a fixed value of 0.2. In the final refinement, with these
xed occupancies, the variable positional parameters of all atoms
ere refined, together with Uiso values of all atoms apart from O(3):

efinement of Uiso for O(3) together with the other parameters, gave
negative value which was discounted. Final refined parameters

re given in Table 2, with selected bond lengths in Table 3. Profile
lots are shown in Fig. 2.

.2. Bi3.12Zn1.84Nb2.88O13.72

A similar strategy was used to that for refinement of
i3Zn2Ta3O14. In this case, although the cation stoichiometry was
ifferent to the ideal, Fig. 1b, it was assumed initially that the stoi-
hiometry was that of ideal P. Two alternative strategies were used
n the refinement sequence. In one, oxygen O(3) was introduced

ith reduced occupancy of O(2), before the cations on the A-site
ere allowed to displace. In the second, the A-site cations were

llowed to displace before oxygen O(3) was introduced, together
ith reduced occupancy of O(2). Both strategies yielded essentially

imilar results in that: the A-site cations, Zn and Bi, were both dis-
laced, but to different positions; there were vacancies on the O(2)
ite; the O(2) site was displaced off-centre, probably into a 32e site;
here was a small partial occupancy of the O(3) site.

At this stage, the cation non-stoichiometry was taken into con-
ideration, with the expectation that the resulting model should be

eficient in Zn and the Nb content should be reduced, to be com-
ensated by an increase in Bi content, Fig. 1b. Given the difficulty of
efining both occupancies and cation displacement parameters on
he A-site, attention was focused first on the B-site. It was assumed
hat all of the Nb in the structure was located on the B-site, giving

able 4
efined structural parameters for non-stoichiometric cubic pyrochlore, Bi3.12Zn1.84Nb2.88O

Atom Wyckoff x y

Zn(1) 96g 0.5284(12) 0.5284(12)
Bi 96g 0.5115(6) 0.5115(6)
Zn(2) 16c 0 0
Nb 0 0
O(1) 48f 0.3200(5) 0.1250
O(2) 32e 0.3911(4) 0.3911(4)
O(3) 8a 0.125 0.125

wRp XRD: 16.72 Rp
ND: 5.05

Combined: 5.64 Co

* Occupancy of Zn(1) is obtained from the reduction of Zn(2).
Fig. 2. Experimental, calculated and difference plots for (a), XRD data, and (b) ND
data of composition, Bi3Zn2Ta3O14.

an occupancy of 0.71, instead of a value of 0.75 in the ideal P stoi-
chiometry. The Uiso was given a default value for Nb. The occupancy
of Zn on the B-site was then refined, giving a value somewhat less
than expected for full occupancy of the B-site. Since the remaining
Zn was located on the A-site, calculations showed that, from the
amount of Zn on the A-site, together with the Bi content from the
sample composition, the A-site was effectively fully occupied by a
combination of Zn and Bi. This gave a strong indication, therefore,
that the Nb deficiency was accommodated by an excess of Bi on
the A-site and the Zn deficiency was accommodated by vacancies
in the B-site.
In the final stage of refinement, the B-site occupancies were
fixed using the previously refined value for Zn, the A-site occupan-
cies were fixed, to give overall full occupancy, and all positional
parameters and Uisos were allowed to refine. A satisfactory refine-
ment was achieved, apart from the Uiso value of O(3), which went

13.72.

z Occupancy Uiso (Å2)

0.4747(25) 0.0355* 0.0025(35)
0.4652(2) 0.13 0.0159(11)
0 0.247 0.0095(1)
0 0.71 0.0095(1)
0.125 1 0.0208(1)
0.3911(4) 0.169 0.0257(18)
0.125 0.079 0.0074

: XRD: 13.78
ND: 6.72 Chi2 = 8.43

mbined: 13.43
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Table 5
Bond distances for composition Bi3.12Zn1.84Nb2.88O13.72.

Cation site Bond Bond length (Å)

A′ Zn(1)–O(1) 2.18
2.51 × 2

Zn(1)–O(2) 2.28 × 2
2.61 × 2
2.20, 2.23,1.86, 2.68

A Bi–O(1) 2.29
2.48 × 2
2.89 × 2

Bi–O(2) 2.53 × 2
2.34 × 2
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1.96, 2.10, 2.46, 2.41

B Nb/Zn(2)–O(1) 2.01 × 6
Nb/Zn(2)–O(3) 2.29 × 2

egative and was therefore given a default value. Unlike the case
f Bi3Zn2Ta3O14, the composition of the Nb phase was oxygen-
eficient and it was not possible to fix the occupancies of O(2) and
(3) to any simple value. Instead, during an earlier stage of refine-
ent, the occupancies of O(2) and O(3) had been varied and the

alues obtained were used, fixed, in the final refinement. The total
xygen content in the final model, 13.52(6) per formula unit, is,
ithin experimental error, close to that calculated from the cation
toichiometry of 13.72. The final refined atomic parameters are
isted in Table 4, bond lengths in Table 5 and profile plots are shown
n Fig. 3.

Many features of the structure refinements found here are
imilar to those reported for related Bi-based pyrochlore ana-

ig. 3. Experimental, calculated and difference plots for (a) XRD data, and (b) ND
ata of composition Bi3.12Zn1.84Nb2.88O13.72.
ompounds 508 (2010) 457–462 461

logues. In particular, they are all based on the “ideal” stoichiometry
Bi1.5ZnNb1.5O7 in which Bi occupies A-sites, Nb occupies B-sites and
Zn is distributed over both sets of sites. Of the three pyrochlores
with X = Nb, Ta, Sb, only the Ta analogue appears to form with the
ideal stoichiometry and, therefore, its structure, in principle, should
be simpler than that of non-stoichiometric analogues. Neverthe-
less, for the Ta analogue, although both A- and B-sites appear to be
fully occupied, the A-site contains off-centre displacement of both
Bi and Zn to different 96g general positions: a satisfactory refine-
ment with combined displacement to a single set of sites was not
obtained. This result is different to most of the reported refine-
ments on related (mainly Nb) phases in which displacement to a
single 96g site is presumed. It is also different to the case of the two
non-stoichiometric Sb analogues in which displacement of only Zn
was found.

For the Ta analogue, oxygen position O(1) is fully occupied but
O(2) contains vacancies which are compensated by partial occu-
pancy of site O(3). In addition, site O(2) appears to be split from its
8b ideal special position to a 32e site, consistent with most other
structure reports on analogues, although O(2) is displaced to 96g
sites in the Mn analogue.

The structure refinement of the Nb analogue reported here is
intrinsically more complex than that of the Ta analogue since this
composition is both Zn-deficient and has an increased Bi:Nb ratio
compared to that of the ideal stoichiometry. The refined structure
has many similarities to the Ta analogue. In particular, off-centre
displacement of the A-site cations occurs to different sites for Bi
and Zn. Partial occupancy of site O(3) is found to essentially com-
pensate the vacancies in site O(2). The composition studied is,
overall, cation-deficient compared with the ideal stoichiometry and
the evidence is that the cation deficiency is accommodated by Zn
vacancies on the B-site. This is not conclusive but is the best indica-
tor from the Rietveld refinement results. It is, however, in contrast
to all other refinements of non-stoichiometric compositions which
assume or prefer vacancies on the A-sites with full occupancy of
the B-site.

In summary, the main differences between the results reported
here and those elsewhere concern (a) the cation distribution in the
A-site and (b) partial occupancy of both O(2) and O(3) sites. Our
conclusion that the A-site cations occupy different sites is, perhaps,
more logical from a crystal chemical point of view given the very
different sizes of Bi3+ and divalent transition metal cations.

Although the broad features of these pyrochlore structures are
now clear, these represent average features and undoubtedly the
local structure is considerably more complex and may vary from
one composition to the next. The structure may be regarded as two
interpenetrating networks of general formula A2O and B2O6. The
B2O6 network appears to be without major controversy since the
O(1) sites are fully occupied and the B-sites constitute a random
mixture of divalent and pentavalent cations, with the possibility of
cation vacancies in non-stoichiometric compositions.

The A2O network, however, is much more complex; most mod-
els for this network consider similar, off-centre displacement of
the A cations, whereas we find, in examples from all three sys-
tems with, X = Nb, Ta, Sb, that the A cations are not displaced to a
common set of 96g positions, that the O(2) sites are only partially
occupied and these are essentially compensated by partial occu-
pancy of the O(3) sites. It should be pointed out that the Rietveld
refinement results of ourselves and others are close to the limits of
what is achievable with confidence using powder diffraction data.
Thus, for the A-sites, there are simply too many variables to per-

mit complete refinement with a high level of confidence. This is
because the 96g site has two positional variables, x and z, occu-
pancy and Uiso value; with the likelihood that Bi and Zn occupy
different 96g sites, there are eight refinable variables to fully spec-
ify the A-site distribution. Inevitably, therefore, different authors
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se different strategies and simplifications in order to achieve a
table refinement. Our approach has been to make no assumptions
t the outset and to test various structural models before select-
ng the most appropriate. With high multiplicity sites, such as 96g,
ndividual occupancies become very small, e.g. ∼0.04 for Zn and
he reliability of, and errors in, such small occupancies are then
uestionable, especially given the close link between occupancy
nd Uiso parameters. Similar questions arise concerning the oxy-
en positions O(2) and O(3). Most authors do not consider partial
ccupancy of the O(2) site, whereas we find clear evidence for a
efined partial occupancy. However, again, there is considerable
ncertainty since there is a strong and self-compensating correla-
ion between site multiplicity/atomic coordinates, occupancy and
iso which makes it difficult to achieve a unique refinement with
high level of confidence. Some authors include anisotropic ther-
al parameters in their refinements, which introduce several more

ariables; this is not a strategy that we have adopted.
Given these discrepancies and uncertainties over the average

tructures of this particular family of complex pyrochlore phases,
etailed modeling of the local structures, which inevitably are more
omplex than indicated by an averaged model are subject to even
ore uncertainty. Further structural studies on this complex family

f materials are certainly required.

. Conclusions

With careful attention to the Rietveld refinement procedure,
nd by testing the validity of possible models containing different
ite multiplicities, parameters and occupancies, satisfactory mod-
ls for the average structures of the present pyrochlore phases
re obtained. It is clear that the different-sized Zn2+ and Bi3+ ions
ccupy different positions within the A-sites. This is linked to off-
entre displacement of surrounding O(2) ions, allowing a local
tructure (presently undefined) that gives reasonable Zn–O and
i–O bond lengths. Oxygen non-stoichiometry, associated with
ariable cation contents in the pyrochlore solid solutions, is read-
ly accommodated by partial occupancy of O(2) and O(3) sites,

hich occurs even in the case of the stoichiometric composition,
i1.5ZnTa1.5O7. Variable cation stoichiometry is accommodated by
arying the X:Zn occupancies of the B-sites together with the Bi:Zn
ccupancies of the A-sites, but without any evidence for spill-
ver of either excess Bi onto the B-sites or excess X onto the

-sites. There is some evidence that Zn deficiency is accommo-
ated by B-site vacancies. Off-centre displacement of both A-site

ons (to different off-centre sites for X = Nb, Ta) and O(2) ions pro-
ides a mechanism for satisfying the bonding requirements of the
ifferent-sized Bi3+ and Zn2+ ions. The flexibility in cation and oxy-

[

[
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gen (O(2) and O(3)) site distributions and occupancies provides a
basis to rationalize the unusual solid solution ranges that are found
and that are significantly different for X = Nb, Ta and Sb.
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