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An Unexpected Crystal-Chemical Principle for the Pyrochlore Structure
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Phase equilibrium studies of the Bi-Zn-Nb-O system show
that pyrochlore does not form at chemical compositions pre-
dicted by the traditional formula for this crystal structure,
A,B,060’, where A denotes large (8-coordinated, e.g. Bi®Y)
and B small (6-coordinated, e.g. Zn?*, Nb®*) cation sites. In-
stead, pyrochlore forms only at compositions with excess B
cations which, surprisingly, occupy the large A-cation sites.
Reports of similar behavior in other pyrochlores suggest a

previously unrecognized inherent structural feature (displac-
ive disorder) which allows the formation of a large family of
cubic pyrochlores with small B cations occupying up to ca.
25% of the large A-cation sites. Many pyrochlores can now
be synthesized by deliberately combining large and small
metal ions on the A sites.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The mineral pyrochlore, (Na,Ca),Nb,OsOH,F), was
named in 1826 from the Greek for fire and green because
some specimens turned green upon ignition.['! Pyrochlore
also denotes a large group of 22 crystallographically similar
minerals that are highly diverse chemically®! and widely dis-
tributed geologically. The general formula is
B,04(0,0H,F)-nH,0, where, in geological specimens, A is
a relatively large cation (Ca, K, Ba, Y, Ce, Pb, U, Sr, Cs,
Na, Sb3*, Bi, and/or Th; radii larger than or equal to ca.
1.0 A) and B is a smaller cation (Nb, Ta, Ti, Sn, Fe, and/or
W); the seventh anion position in the crystal structure can
be occupied by O>, OH-, and/or F~.[!]

A large number of pyrochlore analogs have been synthe-
sized with an amazing variety of chemical compositions
and exploitable properties.>*) These include ferroelectric-
ity, 10111 temperature-stable high-permittivity ~proper-
ties,!>13 fast-ion oxygen conductivity,[®® and a wide vari-
ety of electrical properties including metallic conductivity,
semiconductivity, superconductivity, and electronic phase
transitions.*>-14-181 The threefold symmetry of the metal ar-
rangement in the crystal structure leads to interesting and
diverse magnetic-ordering properties such as ferromagnet-
ism, antiferromagnetism, and spin-glass behavior;!'*-2!1 co-
lossal magnetoresistance (CMR) has also been ob-
served.l?>23 Pyrochlores are known to exhibit catalytic
properties,[® optical properties of interest for pigments and
luminescent materials,[®>* and refractory properties re-
sulting in their consideration as host ceramics for nuclear
waste immobilization.23]

Al—>2'

[a] National Institute of Standards and Technology, Ceramics Di-
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The remarkable variety of properties obtainable with the
pyrochlore crystal structure reflects its inherent chemical
and structural versatility. This non-molecular arrange-
mentl*32627] is unusual in that it can be considered as two
relatively independent, interpenetrating three-dimensional
frameworks (Figure 1). The A,B,O; overall formula for
ideal oxide pyrochlores is often written as A,B,OsO" (or
AB,06X) to distinguish the oxygen atoms (or anions) in
the two different networks. The ideal cubic structure is
highly symmetrical, crystallizing in space group Fd3m (No.
227), with four crystallographically distinct sites occupied
by the A (site 16d), B (site 16¢), O (site 48f), and O’ (site
8b) ions. Symmetry fixes the positions of all ions except
those in 48f, which have a single variable parameter along
the x-direction. The extensive compositional ranges known
for pyrochlore compounds reflect the versatility of the A,O'
substructure: “defect” pyrochlores form readily since this
network can be partially occupied or even completely ab-
sent, as in the pyrochlore-type polymorph of WO;
(W>,04).2T In addition, the O’ position can be occupied by
anions other than O? such as OH ", F,B% and S*,B! form-
ing oxyhydroxide, oxyfluoride, and oxysulfide pyrochlores.
A number of non-oxide pyrochlores are known?”-32l includ-
ing chlorides*3! and fluorides.?*33 The pyrochlore struc-
ture is therefore highly “tailorable”; e.g., the identities and
oxidation states of the B-cations, which play a leading role
in electronic properties, can be controlled by achieving elec-
troneutrality through deliberate choices of the A and O’
ions and their concentrations.

Although solid-state chemists realize that ions are not
hard spheres with fixed sizes, the use of structure field
mapsB% to predict the crystalline arrangement of new com-
plex oxides has been moderately successful, especially given
the scarcity of theoretical tools. For a given crystal struc-
ture, the map is constructed empirically from known com-
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Figure 1. The ideal crystal structure of pyrochlore represented as
two interpenetrating networks. Small black spheres denote A cat-
ions, large hatched spheres represent O’ oxygen anions, and gray
octahedra contain B cations with oxygen atoms located at the six
vertices. The A,O’ network corresponds to that of anticristobalite-
type?®) Cu,O, featuring four-coordinate O’ ions and two-coordi-
nate A cations. The B,O¢ framework consists of [BOg] octahedra
sharing all vertices to form large cavities. The structures are inter-
woven such that the O’ ions of the A,O' network occupy the cen-
ters of these cavities, while the A cations reside in puckered hexa-
gons formed by oxygen atoms in the B,Og framework. The final
coordination number of the A cations is eight including the two
oxygen atoms in the A,O' network, which cap the puckered hexag-
onal ring above and below.

pounds by plotting the ionic radii®” of the A vs. the B
cations; new compounds may form the same structure if the
radii of the proposed A and B cations correspond to a point
in the observed stability field. The use of structure field
maps and cation radius ratios to predict the formation of
pyrochlores has been somewhat successful for ideal formu-
lations.*#:38411 For example, for A3*,B**,0; pyrochlores,
the A cation can be as small as Lu3* (0.977 A) or as large
as Bi3* (1.17 A), while the radii of the B cations fall between
ca. 0.58 and 0.72 A The approach has been less useful
for pyrochlores with substitutions on the A and B sites;[®4%]
nevertheless, there is general agreement that the A cation

must be appreciably larger than the B cation for the struc-
ture to form.

In the late 1990s, pyrochlore-containing Bi—Zn-Nb-O
materials attracted considerable attention as they were
found to exhibit properties suitable for embedded (minia-
turized) temperature-stable capacitors and filters.'>*3! The
composition of the pyrochlore phase was given in numerous
reports as Bi; sZn; ¢Nb; 50,, which incited considerable
controversy since this would require half of the small Zn>*
cations (radius 0.74 A) to be mixed with the much larger
Bi’* ions on the A sites of the structure [i.e.,
Bi; sZn 5(Zn, sNb; 5)O-, B-site cations in parentheses]. The
size of Zn?*, which is rarely observed with coordination
numbers higher than 6, falls well outside the structure field
maps for the A site cations in ideal pyrochlores.[*#° Sub-
sequently, the composition Bi; sZn; (Nb; sO; was shown to
be a two-phase mixture of pyrochlore and ZnO; however, a
pure single-phase cubic pyrochlore was indeed obtained at
the composition Bi; sZng¢>Nb; sOg.0,,[*1 which also re-
quires a considerable concentration of Zn>* on the A sites.

A structural determination of Bij sZng 9oNb; 5O ,** re-
vealed static displacive disorder in the A,O' portion of the
structure and concluded a structural formula of
Bi1ISZn0A42D0A08(Zn0.50Nb1A5)06.92. The A sites were as-
sumed to be occupied by a (disordered) mixture of Bi®*,
Zn?*, and vacancies (CJ); observation of reflections with
Miller indices 442, forbidden for an ideal pyrochlore, re-
quired lower-symmetry positions for the A and O’ ions,
even though the average structure retains cubic symmetry
[Fd3m, a = 10.5616(1) A] The combined displacements
(Figure 2) of the A (0.39 A) and O’ (0.46 A) ions change
the coordination number of the A cations from 8§ to (5 +
3), thus permitting the smaller Zn* ion to achieve a chemi-
cally reasonable environment, with fewer nearest oxygen
neighbors, by local correlations of the displaced ions, as

Figure 2. Comparison of the ideal (a) pyrochlore structure (Figure 1) and actual (b) structure determined for Bi; sZng ¢>,Nb; 504 9>, With
displacive disorder in the A,O’ network.[*¥l Blue spheres represent A cation sites, yellow spheres represent the O’ oxygen sites (bonds in
the A,O’ network have been omitted for clarity), and red octahedra denote the B>O4 framework. In part b, a disordered mixture of Bi**,
Zn?*, and vacancies is distributed randomly among the six equivalent sites represented by each toroid of blue spheres; cuboctahedral
clusters of yellow spheres denote the 12 possible displaced positions for the O’ ions.
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subsequently confirmed by a detailed study of diffuse scat-
tering.[*’! Single-crystal X-ray diffraction analysis*® also
confirmed the displacively disordered structural model for
Bi; 5Zng9oNb; sOg9,. Interestingly, vibrational spectro-
scopic studies suggest that the glass-like dielectric behavior
observed for Bi; sZng 9oNb; 5O 95 1s caused by this displac-
ive disorder.***71 The present study of the equilibrium
phase diagram for the Bi,O3;—ZnO-Nb,O5 system was car-
ried out to elucidate the compositional range of this highly
unusual pyrochlore as well as its thermodynamic compati-
bility with other phases in the system.

Results and Discussion

Subsolidus phase relations obtained for the Bi,O3;—ZnO-
Nb,Os5 system are shown in Figure 3. The previously re-
ported binary phase equilibria for the perimeter systems
(Bi,03-Nb,05,1#8-301  Bi,03-Zn0O,P1  ZnO-Nb,O,[2:33])
were confirmed in the present study, with the exception of
the Bi,O3-Nb,Os system above 0.75 Bi,Oj (represented
here as a solid solution extending to Bi,O3) which we did
not investigate in detail. This region apparently forms a
series of modulated fluorite superstructures;*°! differences
in the reported diagrams likely arise from variations in cool-
ing methods and whether specimens were examined by X-
ray or electron diffraction methods.

Zn3Nb,O,

ZnNb,0O;

ZnO 1%Nb,O;

Figure 3. Subsolidus phase equilibrium diagram in air for the
Bi,03-ZnO-Nb,05 system. Black dots denote the compositions of
specimens prepared in the study; concentrations are on a molar
fraction basis. Ternary phase formation is limited to zirconolite (A)
and pyrochlore (B), both of which form single-phase solid solution
regions. As shown, zirconolite forms thermodynamically stable
mixtures with pyrochlore, ZnO, the 75:25 Bi,O3:Nb,Os solid solu-
tion, and BisNb3;O;s. Bi-Zn-Nb-O pyrochlores will form stable
mixtures with zirconolite, BisNb3;O;5, BiNbO,, ZnNb,Og,
Zn3Nb,Og, and ZnO. Temperature-stable dielectric ceramics are
processed in the two-phase region indicated between zirconolite (A)
and pyrochlore (B).

Only two ternary phases were found to form in the
Bi,05-ZnO-Nb,Os system, monoclinic zirconolitel’*3 (A)

Eur. J. Inorg. Chem. 2005, 2895-2901 www.eurjic.org

and cubic pyrochlore (B) (Figure 3). Observable shifts in
their X-ray powder diffraction patterns indicated that both
compounds are nonstoichiometric and form solid solution
regions. Pyrochlore does not form at the conventionally pre-
dicted composition Bi,Zn,;Nb4307, which falls in the zir-
conolite region A. Instead, pyrochlore forms at substan-
tially lower Bi concentrations in this chemical system. The
present results indicate, in fact, that the single-phase field
for the pyrochlore structure falls completely outside compo-
sitions predicted for conventional pyrochlores, i.e., those
with Bi** on the A sites and a Zn>*/Nb>* mixture on the B
sites, as shown in Figure 4. We conclude that the unconven-
tional placement of small B-type cations such as Zn>* on
the large A-cation sites, accompanied by displacive disorder
in the A,O' network, is required for stabilization of the py-
rochlore structure in the Bi-Zn—Nb-O system.

A number of reports found in the literature suggest that
displacive disorder in the A,O' network is an inherent fea-
ture of the pyrochlore structure. Nearly thirty years ago, a
detailed structural study of Sn?*; ;5(Ta; s6Sn** ) 44)O¢ 54
found that Sn2* was displaced 0.38 A from the ideal A-cat-
ion positions, nearly the same as in Bi; sZng ¢,Nb; 504 95.
These authors mention observation of the “forbidden™ 442
reflection as “glaring” evidence of deviation from the ideal
pyrochlore structure. Similar behavior was found for Bi; 74
Ti»Og 62, again with Bi** displacements of 0.38 A,57) and
also for the stoichiometric compound Bi,Ti,0,.81 Pyro-
chlore-type T1,Nb,Og., compounds were also found to ex-
hibit Tl ion displacements, apparently dynamic at room
temperature.®® Numerous titanate and zirconate pyro-
chlores with rare earth A-cations are known to exhibit char-
acteristic diffuse intensity distributionsl®® analogous to
those observed for B-cristobalite (SiO,), which features
atoms in the same positions as the A,O' network of pyro-
chlore. A study of La,Zr,O; concluded that the La3* ions
do not occupy the ideal A sites, but are dynamically disor-
dered around an annulus perpendicular to the O'~La-O’
linear unit.[%7 This behavior is analogous to the orienta-
tional disorder of the [SiOy4] tetrahedra in B-cristobalite,
which results in typical Si-O bond lengths and angles as
opposed to the chemically unreasonable values in the
average structure. Similar improvements in bond lengths are
achieved for La’* in the pyrochlore La,Zr,O; by this
mechanism;[® the annulus containing the La positions oc-
curs in the same plane as the toroids of six possible A sites
in Bi; 5sZn( ¢,Nb; 504 9> (Figure 2, part b).

The unconventional substitution of small B-type cations
on the A sites of pyrochlore has also been previously ob-
served; the present results as well as several other reports
suggest that up to about 25% of the A sites in the
A,B,O60’ structure can be substituted with small, typically
B-site cations. Examples include the ferroelectric oxysulfide
pyrochlore Cd, ,Zn Nb,OeS,*!l and the series Bi, -
B,Ru,07 , (B = Mn, Co, Ni, Cu, Zn, Mg), with x-values
as high as 0.5.1'°1 Similar cubic pyrochlores have been re-
ported with Nb instead of Ru; i.e., Bi; s MNb; sO; (M =
Cu, Mg, Mn, Ni), which would require half of the small M
cations to be mixed with Bi** on the A sites.[®!] These re-
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Figure 4. Magnified portion of the Bi,O3-ZnO-Nb,Os phase equilibrium diagram (Figure 3), emphasizing the regions of zirconolite and
pyrochlore phase formation. The zirconolite structure forms at compositions within the small triangle containing the composition Bi,-
Zn,3Nby/307 (1). The cubic pyrochlore phase forms within the four-sided region below zirconolite. Joins (lines) emanate from the curved
sides and vertices of this region to compounds that form thermodynamically stable two-phase mixtures with pyrochlore. The dotted
line connects COmpOSitiOnS 1 (Bizzn2/3Nb4/307), 2 (Bi1_52n0'166Nb1483307), 3 (BiZn1/3Nb5/3O6), and 4 (Bizzn4/3Nb2/306) to outline the
compositional field in which conventional pyrochlores and/or defect pyrochlores are expected to form (5 = Bi; sZng sNb; sO¢ 5); 1. €., with
no Zn?* ions on the A sites. The single-phase region found for pyrochlore is seen to fall completely outside this field, indicating that the
structure only forms at compositions with excess B cations that are accommodated on A sites. The open circle in the two-phase ZnO-
pyrochlore field corresponds to the composition Bi; sZn; (Nb; 505, given in numerous reports as the stoichiometry of the pyrochlore

phase, but which actually lies outside the single-phase region.

ports do not include detailed X-ray powder diffraction data;
however, all of these cubic pyrochlores should exhibit dis-
placive disorder in the A,O' network to provide chemical
accommodation of the small B-type cations — their X-ray
powder diffraction patterns should exhibit weak forbidden
reflections such as the 442, which can be indexed using the
reported Fd3m cubic unit cells, but which serve as (easily
overlooked) diagnostic flags for the displacement of atoms
to lower-symmetry positions in the space group.

The present study confirmed observation of weak peaks
at the positions of the diagnostic 442 reflections in the pow-
der diffraction patterns for pyrochlore phases forming in
the systems Bi-M-Nb-O with M = Co, Fe, Ni, Mn, Cu,
and Cr, as shown in Figure 5. As in the Bi-Zn-Nb-O sys-
tem, the pyrochlore phase in these systems does not form
as a pure compound at conventional formulations (i.e. Bi,-
C02/3Nb4/307, BizNi2/3Nb4/3O7, BizFGNbO7, Blz ManO7,
Bi,Cu,/3Nby307, or Bi,CrNbO-). Recent phase equilibrium
studies of the Bi203*MH203*Nb205 and BizOg,*FCzOg,f
Nb,Os systems[®? found that, similar to the Bi,O3~ZnO-
Nb,Oj5 system (Figure 3), the pyrochlore single-phase fields
occur at substantially lower Bi concentrations than the con-
ventional formulas, and at compositions requiring the mix-
ing of B-type Mn and Fe cations on the A-sites with Bi**
Furthermore, all X-ray powder diffraction patterns for py-
rochlore and pyrochlore-containing specimens in these
studies exhibited clearly observable 442 reflections. We con-
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clude that, as for the Bi-Zn—-Nb-O system, the occurrence
of displacive disorder in the A,O' network is required for
the formation of pyrochlore in the Bi-Mn-Nb-O and Bi—
Fe—-Nb-O chemical systems. We refer to these as misplaced-
displacive cubic pyrochlores — pyrochlores which exhibit
misplacement of traditionally octahedral B-site cations
onto the larger A-sites, accompanied by displacive disorder
in the A,O' substructure to facilitate lower coordination
numbers for the smaller species.

A structural study of the cubic pyrochlores Bi,Ru,O-,
Bi1‘6Cuo'4Ru207, and Bi1.6C00_4Ru207[14] confirmed static
displacive disorder in both the A and O’ sites for all three
compounds, and proposed that this was a common feature
of A,B,0; pyrochlores having a lone electronic pair on the
A-site cation (e.g. Bi**, Pb>*, T1%). Similar conclusions were
drawn for the series Bi, ,Yb,Ru,0; J/'® and Bi, (CrTa)
0,13 More generally, we suggest that this is an inherent
feature of the chemically versatile pyrochlore structure
which occurs to accommodate cations with shapes (i.e. lone
pairs) or sizes (i.e. typical B-type cations) that are non-ideal
for the coordination environment provided by the rigid
B,O¢ framework. This more general principle is demon-
strated in the Ca-Ti-Nb-O system, which forms a cubic
pyrochlore near the composition Ca; sTi; sNbO; [=Ca, s-
Tiy s(TiNb)O;].[%4 Structural studies of single crystals of
Ca, sTi; sNbO; and also isostructural Ca, sTi; sTaO;1%] re-
vealed displacive disorder in both the A and O’ positions

www.eurjic.org Eur. J. Inorg. Chem. 2005, 2895-2901
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Figure 5. Selected regions of X-ray powder diffraction patterns
showing that pyrochlore phases in the Bi-M-Nb-O systems (M =
Zn, Co, Fe, Ni, Mn, Cu, and Cr) all exhibit weak peaks at the
positions of the 442 reflections, diagnostic for displacive disorder
in the A,O' network. Patterns a) and b) are calculated for
Bi; 5Zn( 9oNb; 5069, assuming the ideal (a) pyrochlore structure
(shown in part a of Figure 2), and (b) using the refinement results
with static disordered displacements in the A and O’ sites? (see
part b of Figure 2); the latter calculated pattern matches the experi-
mentally observed pattern for Bi; 5Zng 9,Nb; 50695 (c). The 442 re-
flection occurs just below 52° 26 for the Zn compound and is for-
bidden in the ideal pyrochlore structure (a). This reflection is seen
in all of the other patterns (at slightly shifted 20-values reflecting
different unit cell volumes) for equilibrated specimens with nominal
COmpOSitiOnS (d) Bi2C02/3Nb4/307, (e) Bi2Ni2/3Nb4/307, (f) Biz-
FerO7, (g) Bl2 MHNbO7, (h) BizCU2/3Nb4/307, and (l)
Biy3CrNbOg. Although pyrochlore is the major phase in these
specimens, it does not form as a single phase at these conventional
formulations.

of the cubic pyrochlore structures; the Ti** ions in the A,O’
network were displaced 0.7 A from the ideal A sites, re-
sulting in chemically reasonable bond lengths to five oxygen
atoms, while Ca?* ions remained in the ideal positions.
Interestingly, the Ca, sTi; sNbO; pyrochlore was found to
exhibit dielectric  relaxation similar to that of
Bi; sZng 9oNb; 504 92,471 suggesting that displacive disorder,
not the presence of Bi**, gives rise to this phenomenon.

Conclusions

Realizing that the pyrochlore structure can accommodate
small B-type metals on up to 25% of the large A-sites by
displacive disorder, solid state chemists are no longer re-
stricted to the formula A,B,O¢O’ in the preparation of py-
rochlore-type compounds with yet unknown, potentially
useful properties. Many compounds can now be synthesized
and/or modified by deliberate combinations of large and
small metal ions on the A-sites. Since large A cations and
smaller B-type cations tend to be electronically dissimilar,
electrical and magnetic properties should be strongly affec-
ted by mixing them in the A,O' network.!'¥l Tonic conduc-
tivity properties should also depend strongly on the occur-
rence of B cations, vacancies, and displacive disorder in the
A>O'" network. For the theoretical community, the chal-
lenge remains to understand why some chemical systems

Eur. J. Inorg. Chem. 2005, 2895-2901 www.eurjic.org

only form so-called misplaced-displacive cubic pyrochlore
phases, even though conventional crystal chemistry suggests
that normal pyrochlores should form.

Experimental Section

Approximately 80 polycrystalline specimens (3-4 g each) were pre-
pared in air by solid-state reactions using Bi,O3 (99.999%), ZnO
(99.99%), and Nb,Os (99.999%). Prior to each heating, each sam-
ple was mixed by grinding with an agate mortar and pestle for
15 min, pelletized, and placed on sacrificial powder of the same
composition on Pt foil supported by alumina ceramic. After an
initial overnight calcine at 800 °C (below the m.p. of Bi,O;, 825 °C)
multiple 4-hour heatings (with intermediate grinding and re-pel-
letizing) were carried out at 950-980 °C. (Exceptions were low-
melting specimens with Bi contents above 90 mol-% BiO; 5, which
were not heated above 700 °C). Samples were furnace-cooled to ca.
700 °C and then air-quenched on the bench-top. Typically, three to
five heatings were required to attain equilibrium, which was pre-
sumed when no further changes could be detected in the weakest
peaks observed in the X-ray powder diffraction patterns. Thermo-
gravimetric analyses (TGA) of pure ZnO and Bi,Oj; in flowing air
indicated no significant weight loss below 1000 °C for Bi,O3 and
about 1200 °C for ZnO. For the pyrochlore phase of composition
Bi; 5Zng 9,Nb; 50695, TGA under flowing oxygen indicated con-
gruent-like melting at ca. 1185 °C coinciding with the onset of ap-
preciable volatility. Single pyrochlore-type crystals were easily ob-
tained by heating Bi; 5Zng9,Nb; sO¢ 9, powder in a Pt capsule
(sealed by welding) to 1275 °C, followed by slow-cooling (5 °C/h)
to below the freezing point.

Polycrystalline pyrochlore-containing specimens in the Bi-M-Nb—
O systems (M = Co, Ni, Fe, Mn, Cu, and Cr) were synthesized as
above at the following chemical compositions, with reagents and
final soak temperatures in parentheses: Bi,Co0,/,3Nby;307 (Co30y4,
spectroscopic grade, pre-analyzed by TGA, 925°C), Bi,Niy;s-
Nby30; (NiO, 99.998%, 925°C), Bi,FeNbO; (Fe,O;, reagent
grade, 925 °C), Bi, MnNbO,, (MnCOs, reagent grade, pre-analyzed
by TGA, 885 °C), Bi,Cu,;3Nby30; (CuO, reagent grade, 825 °C),
and Biy3CrNbOg (Cr,0s3, reagent grade, 975 °C). All specimens,
when equilibrated, were mixtures containing pyrochlore as the
major phase.

Phase assemblages in the Bi,O3;-ZnO-Nb,Os system were ascer-
tained using the disappearing phase method®®%”l and X-ray pow-
der diffraction data obtained with a Philipsi®® diffractometer
equipped with incident Soller slits, a theta-compensating slit and
graphite monochromator, and a scintillation detector. Samples were
mounted in welled glass slides. Patterns were collected at ambient
temperatures using Cu-K,, radiation over the range 3-70° 20 with
a 0.02° 20 step size and a 2 s count time. Intensity data measured
as relative peak heights above background were obtained using the
DATASCAN software package, and processed using JADE. For
unit cell refinements, observed 26 line positions were first corrected
using SRM 660, LaBg,[° as an external calibrant. Lattice parame-
ters were refined using JADE (20 values, Cu-K,; = 1.540593 A).

Unit cell parameters and compositions for several single-phase
pyrochlore specimens are given in Table 1. The present data
suggest that the limiting compositions of the pyrochlore phase
field, located at the four cusps (corners) in Figure4, are
approximately Bi; g4Zn¢ 33(Zng 5Nby 45)O7 (highest Bi-content),
Bi} 61Zn0.30(Zng 55Nb} 46)O07, B} 48700 44(Z100 44Nb} 56)O7 (highest
Nb-content), and Bi; 47Zng 5,(Zny 4sNb; 5,)O; (lowest Bi-content,
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highest Zn-content). During synthesis, the pyrochlore phase
formed early in partially reacted samples and was readily purified
within the single-phase region, suggesting high thermodynamic sta-
bility.

Table 1. Compositions, cubic unit cell parameters (a, space group
Fd3m, #227), and structural formulas for single-phase pyrochlore
specimens. These compositions correspond to the points within the
four-sided pyrochlore region shown in Figure 4. The structural for-
mulas have been normalized to seven oxygen atoms (full occupancy
of the O’ site) for purposes of comparison. Parentheses denote cat-
ions in the octahedral B-sites.

Composition A[A] Structural formula
Bi1.502n0.91Nb1.54O7 10.551(1) B%l.SOZHO.45(Zn0.46Nb1.54)07
B}1.522n0.93Nb1.5207 10.555(1) B}l.sozno.45(zno.48Nb1.52)07
B}1.552n0.91Nb1.5107 10.553(1) B%l_552n0,42(Zn0_49Nb1_51)07
B¥1.602n0A93NbL47O7 10.564(1) B}1Aeozn0,4o(znoA53Nb1.47)07
Bi; 3Zn 8sNb; 47,07 10.571(1) Bi} 63710 35(Zng 53Nb) 47)O07
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