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Abstract

The structure of the pyrochlore-type oxide Bi,InNbO- has been investigated between room temperature and 700 °C using electron
and synchrotron X-ray powder diffraction and at room temperature and 10 K using neutron diffraction methods. Bi,InNbO,
exhibits an A4,B,0; cubic pyrochlore-type average structure at all temperatures that is characterized by an apparently random
mixing of the In>* and Nb>* cations on the octahedral B sites. The Bi cations on the eight-coordinate pyrochlore A sites are
displacively disordered, presumably as a consequence of their lone pair electron configuration. Heating the sample does not alter this

disorder.
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1. Introduction

Bi(ITI) containing oxides have been extensively
studied as a consequence of their interesting and
potential technologically important properties including
ferroelectricity [1], catalytic activity [2] and ionic
conductivity [3]. The rich diversity of physical properties
displayed by Bi(III) oxides is thought to be a conse-
quence of their unusual structural and electronic
features induced, at least in part, by the Bi 6s lone pair
electrons. The pyrochlore phase in the Bi;O3-Nb,Os—ZnO
system, (Bi; sZngs) (ZngsNb; 5)O5 is one such example
and as a consequence of its attractive dielectric proper-
ties it is under investigation for use in high-frequency
multilayer capacitors [4-6]. Another Bi-Nb pyrochlore,
Bi,InNbO; acts as a photocatalyst under UV radiation
and the large band gap in this material, 2.7eV, can be
tuned by partially replacing the In with Fe [7,8]. Other
interesting examples include Bi,Ru,0,_; which shows
promise both as an electrocatalysts and as a thin film
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resistor [9,10], and Bi,Sn,O; [11-13]. The later is of
particular interest since its structure at room tempera-
ture is strongly distorted away from the ideal cubic
pyrochlore one, and it only adopts the ideal structure at
elevated temperatures [14].

The rich variety of properties displayed by Bi
containing pyrochlores is often tuned by doping with
another cation. The ease of substitution is related to the
stability of the pyrochlore structure. Pyrochlores are
often written as A4,B,0(1)sO(2) to highlight the two
types of O anions present. The structure can be
described as consisting of a rigid three-dimensional
network of corner sharing BOg octahedra with the
A>0(2) atoms occupying interstitial sites to form a
Cu,O-type linear network. The B,O(l)s and A,0(2)
networks weakly interact through the 4-O(1) interac-
tion and vacancies in the 4,0(2) network are common
place. The desirable physical properties of pyrochlores
can be tuned either by doping the cation sites or by the
introduction of anion vacancies.

The aim of the present work was to investigate
the temperature dependent structural properties of
the mixed metal bismuth pyrochlore Bi,InNbO-, in

0022-4596/$ - see front matter Crown Copyright © 2004 Published by Elsevier Inc. All rights reserved.

doi:10.1016/j.jssc.2004.12.012


www.elsevier.com/locate/jssc

1576 Q. Zhou et al. | Journal of Solid State Chemistry 178 (2005) 1575-1579

particular we wished to establish the possibility that the
Bi 6s clectrons have a similar stereochemical activity to
the related Bi,Sn,O- system.

2. Experimental

The polycrystalline sample of Bi, InNbO, was pre-
pared by a conventional ceramic method from a
stoichiometric mixture of Bi,O;, Nb,Os and In,Os;.
The sample was heated at successively higher tempera-
tures (750 °C for 24 h and then 1100 °C for 48 h) in order
to avoid any loss of volatile material and then slowly
cooled to room temperature.

Powder neutron diffraction data were recorded on the
high-resolution powder diffractometer at ANSTO’s
HIFAR reactor [15]. Data were collected in 0.05° steps
over the angular range 10<20<150° using 1.337A
neutrons. The sample was held in a thin walled
vanadium can. Temperature control was achieved using a
closed cycle cryostat. Synchrotron X-ray powder
diffraction data were recorded using the Debye—Scherrer
diffractometer on beamline 20B, the Australian National
Beamline Facility, at the Photon Factory, Tsukuba Japan
[16]. Data were collected in 0.01° steps over the angular
range 5<20<85° using X-rays of wavelength 0.79628 A.
The sample was held in a 0.3mm diameter quartz
capillary and rotated throughout the measurements.
Temperature control was achieved using a custom built
furnace. Structures were refined using the Rietveld
method as implemented in the program RIETICA [17].

3. Results and discussion

All the reflections observed in the powder X-ray
diffraction pattern collected for Bi,InNbO; at room
temperature could be indexed to a cubic cell in Fd3m
with @ = 10.79166(7) A. The structure was first refined
assuming the ideal pyrochlore structure type in which all
the atoms, except for the O(1) anion, are on special
positions, Table 1. The O(1) anions are located on 48f
sites at (x, §4) where the single variable positional
parameter was refined to be 0.350(3) (see the refinement
labeled “Ordered X-ray” in Table 1). Whilst the
structural refinement was apparently satisfactory the
refined displacement parameters for the various ions
were each unusually large, allowing for the possibility of
substantial displacive disorder. Moreover careful exam-
ination of the higher angle data revealed a number of
reflections to be poorly modeled, Fig. 1. Since the Bi is
by far the strongest scattering (for X-rays) it is most
probable that the problem in the structural model is due
to these cations.

The local environment of the Bi cation is a distorted
scalenohedron and the possibility of anisotropic

Table 1
Representative results of the Rietveld refinements for Bi,InNbO; at
room temperature

Atom Site X y z Bio (A2)

Ordered X-ray R,4.08 Ry, 607 a= 10.79166(7)1&

Bi  16d 0.5 0.5 0.5 2.74(6)
In/Nb 16¢ 0 0 0 3.00(8)
o(l) 48f 0.3503) 0.125  0.125  7.6(7)
0(2) 8a 0375 0375 0375  7.6(7)

Disordered 1 X-ray R, 3.09 R, 3.93

Bi 96k 0 0.2249(1) 0.7751(1) 0.67(3)
In/Nb 16¢ 0 0 0 0.39(3)
o(l) 48 0.322(1) 0.125 0125  1.72)
0(2) 8a 0375 0375 0375  1.7Q2)

Disordered 2 X-ray R, 3.06 R, 3.88

Bi 964 0 0.2248(1) 0.7752(1) 0.69(4)
In/Nb 16¢ 0 0 0 0.38(3)
o(l) 48 0.333(1) 0.125  0.125  1.52)

0(2) 326 0.360(2) 0.360(2) 0.360(2) 1.5(2)

Disordered 2 Neutron R, 522 R, 6.51 a= 10.7915(3)A

Bi 96k 0 0.2249(1) 0.7751(1) 0.96(7)
In/Nb 16¢ 0 0 0 0.61(3)
o(l) 48 0.3254(1) 0.125  0.125  2.3(3)

0(2) 32¢* 0.3560(3) 0.3560(3) 0.3560(3) 1.4(2)

#Partial occupancy of the site, as appropriate for the stoichiometry,
occurs.
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Fig. 1. The observed, calculated and difference synchrotron X-ray
diffraction pattern of Bi,InNbO, at room temperature. The inserts
show the detail of the fit between 55° and 65° for (a) the disordered
model described in the text and (b) the ideal ordered structure.

displacement of the Bi cations was then considered.
Although this lead to an improvement in the quality of
the refinements a number of reflections, however, still
remained poorly fitted. The introduction of vacancies
onto the Bi site was tried next but did not significantly
improve the quality of the fit. The compound thus
appears to be stoichiometric with respect to Bi. In this
respect Bi,InNbO5 is different to other Bi pyrochlores
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such as BiliggRlle@gz [18], Bi1.89GaSbO6.g4 [19] and
Bi; 95sRh,O¢ g3 [20] studied recently.

Recent studies of Bi,_,Yb,Ru,O,_,; [21] and Bi,Cr
TaO; [22] have demonstrated that static displacive
disorder of the Bi cations from the 164 (311) site to a
96K (0 y —y) site occurs in Bi pyrochlores. Such a model
was therefore tested for Bi,InNbO,. This lead to a
significant improvement in the fit, a large change in the
unknown x parameter of O(1) (from 0.350 to 0.322) and
a significant reduction in the magnitudes of the refined
displacement parameters for all sites (see the refinement
labeled “Disordered 1 X-ray” in Table 1). The effect of
this Bi displacive disorder is very clear in Fig. 1. As
noted by Avdeev et al. [23], displacement of the Bi away
from the 16d sites is expected to force the O(2) atoms
away from the 85 (33 3) sites to a disordered 32e (xxx)
site. Attempts to verify this using the synchrotron
diffraction data (see the refinement labeled “Disordered
2 X-ray” in Table 1) were inconclusive.

High-resolution powder neutron diffraction data were
then collected for the sample of Bi,InNbO; using 1.33 A
neutrons. Using this wavelength is expected to improve
the precision in the determination of the displacement
parameters of the various atoms due to the increased d-
range to 0.68 A, compared to 0.96 A if 1.88 A neutrons
had been employed. In order to further augment the
results a second diffraction pattern was collected with
the sample cooled to 10K. A satisfactory fit to the
neutron diffraction data at both temperatures was
obtained where the O(2) anions occupied the 32e sites
(see the refinement labeled “Disordered 2 Neutron” in
Table 1). The refinement R-factors for the 10 K neutron
diffraction data show a significant improvement once
the Bi is allowed to disorder from the 164 site. R, = 5.98
and Ry, = 8.74% in the ordered model decrease to 4.6,
6.02% in disordered model 1 and 4.46 and 5.73% in
disordered model 2. The small improvement in the
R-factors on allowing disorder of the O(2) anions is
accompanied by a significant decrease in the displace-
ment parameter for this anion from 6.4(2)A% in
disordered model 1 to 1.3(2) A? in disordered model 2.

In the ideal pyrochlore structure type, Fig. 2, the Bi
sites lie in the center of a puckered hexagon of O(1)
atoms (see Fig. 3), with the Bi—O(1) distance being
2.707(1)A. The eightfold co-ordination geometry of the
Bi ion is completed by the two, much closer, apical O(2)
atoms at 2.337(1)A. The 0.0251 (110) (= 0.3831A)
displacive shifts of the Bi ions occur in the plane of the
puckered hexagon so that it now has three distinct
Bi—O(1) bonds distances at 2.361(1), 2.706(2) and
3.011(1)A with the two apical O(2) atoms remaining
around 2.366(2)A away. In both geometries the Bi is
noticeably underbonded, bond valence calculations
giving BVS of 2.2 and 2.4, respectively. Displacement
of the O(2) anions onto the 32¢ sites does not alter the
effective bond valence of the Bi cations since moving the
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Fig. 2. View of the ideal 4,B,04,0’ pyrochlore structure, highlighting
the interpenetration of the networks of B,Og4 corner sharing octahedra
and the 4,0’ chain.

Fig. 3. View of the local disorder in Bi,InNbO; looking along the
Bi,O chains. The large outer spheres represent he O(1) atoms that form
the (InNb),O¢ pyrochlore framework. The medium size spheres
represent the Bi atoms showing 6-fold disorder as a result of the 011
displacement of the Bi atoms away from the edge of the (In/Nb)Og
octahedra. The smallest spheres illustrate the 4-fold disorder of the
0O(2) atoms.

O(2) off-center in its tetrahedron of surrounding Bi ions
will reduce one Bi—O(2) distance but simultaneously
increase three others.

Structured diffuse scattering (in the form of sheets of
diffuse intensity perpendicular to the six {110) direc-
tions of the average structure) observed in electron
diffraction patterns (see Fig. 4) is identical in form to
that characteristic of f-cristobalite implying the ex-
istence of f-cristobalite-type orientational disorder of
essentially rigid, O(2)Bi4 tetrahedra within the pyro-
chlore average structure type [24,25]. It is thus believed
that the O(2)Bi4 tetrahedra rotate as essentially rigid
bodies with the O(2) remaining in the center of the
tetrahedra. The In and Nb are apparently statistically
distributed at the center of octahedra in the B,Og
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Fig. 4. Electron diffraction pattern of BiInNbO; showing the
characteristic polarized {110} sheets of diffuse intensity.

network. The observed (In/Nb)-O(1) bond distance is
2.0740(6), being smaller than expected for a In(I11)-O
bond and longer than a typical Nb(V)-O distance. The
bond valence for both sites is approximately 4, however
we do not believe this indicates the stabilization of
unusual oxidation states for In or Nb. The fact that
Bi,InNbO7 is pale yellow is consistent with the nominal
oxidation states. It is likely that there is some disorder of
the O(1) anions on a local scale depending upon whether
it is bonded to two In’s, two Nb’s or one In and one Nb.
This is not observed, however, since the diffuse
scattering is dominated by the heavier Bi cations.

The disorder of the Bi cations suggests little if any Bi
actually occupies the average 164 positions. The
observed displacive disorder of the Bi cations (in the
plane of the puckered hexagon of surrounding O(1)
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Fig. 5. Temperature dependence of the lattice parameter of
Bi,InNbO; obtained from powder synchrotron X-ray diffraction data.

ions) is in fact strongly reminiscent of the displacive
disorder seen in a range of rare earth zirconate and
titanate pyrochlores (see, e.g, Tabira et al. [24]). The
characteristic signature of the displacive disorder in
these cases was the existence of an extremely character-
istic diffuse intensity distribution (in the form of
transverse polarized sheets of diffuse intensity perpendi-
cular to the six (110) directions) identical in form to
that shown by the high-temperature  polymorph of
SiO, cristobalite [25]. The existence of this characteristic
diffuse intensity distribution was shown to imply the
existence of f-cristobalite like orientational disorder of
essentially rigid, O(2)(A), tetrahedra within the average
pyrochlore structure type. The existence of an essentially
identical diffuse intensity distribution in the current case
(see Fig. 4) thus implies the displacive disorder of the Bi
ions arises from correlated tetrahedral rotation O(2)Biy
tetrahedra.

Displacive disorder of Bi cations has also been
observed in Bi,Sn,O; at elevated temperatures, and
further heating of this oxide results in a transition to an
ordered structure [14]. To investigate the possibility of
this occurring in Bi,InNbO; a number of synchrotron
X-ray diffraction data sets were collected at successively
higher temperatures. Analysis of the data showed no
evidence for a transition to an ordered Bi distribution,
to 700 °C, the highest temperature studied, Fig. 5 and
Table 2. As expected the cubic structure shows a
systematic increase in size as the temperature is
increased, Fig. 5. The refined Bi positional parameter
showed an almost linear dependence on temperature
resulting in the systematic reduction in the magnitude of
the displacement illustrated in Fig. 6. It is evident from
this figure that considerably higher temperatures would
be required if the Bi was to become localized at (311
assuming a continuous transition from the disordered to
ordered structures.
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Table 2
Representative results of the Rietveld refinements for Bi,InNbO; at
700 °C

Atom Site x y z By, (A?)

Ordered X-ray  R,3.02 Ry, 3.78 a=10.81386(7)A

Bi  16d 0.5 0.5 0.5 4.96(8)
In/Nb 16¢ 0 0 0 0.41(4)
o(l) 48 0.331(1) 0.125  0.125  0.52)
0Q) 8a 0375 0375 0375 0.52)

Disordered 1 X-ray R, 2.70 R, 3.32

Bi  96h* 0 0.2269(1) 0.7731(1) 0.78(5)
In/Nb 16¢ 0 0 0 0.08(4)
o(l) 48 0.329(1) 0.125  0.125  0.6(2)
0Q2) 8a 0375 0375 0375 0.6(2)

0.375 A
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Fig. 6. Temperature dependence of the magnitude of the Bi cation
displacement in Bi,InNbO;.
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