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Powder neutron diffraction and Rietveld analysis were used to investigate the crystal structures of the
defective pyrochlores Pb, sNb,O, s and Pb, sTa;,O¢s. Both materials crystallize with the symmetry of
space group Fd3m, with lattice parameters a = 10.5647(2) and a = 10.5558(2) A, respectively. No
evidence has been observed of oxygen or lead vacancy ordering in these compounds. This result is
interpreted in terms of a model in which all lead present in the structure has sevenfold pyramidal
coordination and forms domains separated by regions of lead vacancies with hexagonal or bipyramidal
configurations of the oxygen atoms. This model, built on the assumption that the driving force in the
formation of this type of defect pyrochlore is the coordination of lead, leads us to conclude that the
system Pb,,M,0¢., (M = Nb, Ta) may exist over a range of compositions with 0.33 < x < 0.6, and
may also explain results obtained in other studies of related materials. The electric measurements
show that both compounds are predominantly electronic conductors and that the ionic contribution to

the total conductivity is very small even at the highest temperatures used in the study.

Press, Inc.

Introduction

Many oxides with the pyrochlore struc-
ture have been found to have defective
structures. X-ray powder diffraction stud-
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ies of the PbO~Ta,0s system showed that
the composition Pb; sTa,0¢ s has the atomic
arrangement of a defect pyrochlore with the
symmetry of space group Fd3m and with
oxygen and lead vacancies randomly dis-
tributed in the structure (/). Small but sig-
nificant changes of the lattice parameters
were interpreted as due to the existence of
a composition range estimated to be about
Pb, ;Ta,0¢3;—Pb, sTa,0¢s. The existence of
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such composition variation is in disagree-
ment with other studies (2, 3) which indi-
cate that the matenal is a linc compound
rather than a nonstoichiometric phase.

Recent neutron diffraction measure-
ments of szRUzO(,j and PleszO(,s (4)
have shown that the oxygen vacancies are
ordered and that these two compounds
have the symmetry of the noncentrosym-
metrical space groups F43m and P4m?2, re-
spectively. In this study the Pb atoms were
found to be significantly displaced from the
centrosymmetrical positions they would
occupy in space group Fd3m, typical of the
pyrochlore phases.

Since the work of Van Dijk er al. (5)
which demonstrated the existence of high
oxygen mobilities in the pyrochlore struc-
ture, these materials have received increas-
ing amounts of attention as possible ionic
conductors for practical applications. In the
present study, the defect pyrochlores Pb, s
M0 (M = Nb, Ta) were investigated by
neutron powder diffraction techniques and
by electrical conductivity measurements in
order to clarify the questions left unre-
solved in the previous analyses with regard
to the composition width and vacancy or-
dering. The results of this work are re-
ported in the following sections.

Materials Preparation

Samples of nominal composition Pb,. M,
O+ with x = 0.3, 0.4, 0.5, and 0.6 were
synthesized from Johnson Matthey spec-
pure-graded Ta,0s, Nb,Os. and orthorhom-
bic PbO. Because of the high volatility of
the lead oxide. intimately mixcd samples of
the component oxides in the correct stoi-
chiometries were scaled in platinum tubing
for the heat treatments. These consisted of
a calcining period of 5 hr at 500°C followed
by 15 hr at 850°C. Pure. single-phase sam-
ples, as determined by X-ray powder dif-
fraction, resulted from this preparative
route only in the case of Pb, sM.0¢s. Sam-
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ples with lower lead contents were found to
be contaminated with PbM,0O¢ and those
with higher lcad contents contained Pb,
M,0,.

In order to investigate the stability of
these samples a small amount of the single
phase material was resealed into a platinum
tube and refired for five days at 1050°C. An
X-ray powder diffraction pattern of this ma-
terial showed no extra rcflections, either
from thc decomposition of the phase or
from the ordering of the vacancies into a
superstructure.,

Experimental

The neutron diffraction measurements
were made at room temperature with the
high-resolution five counter neutron dif-
fractometer at the National Bureau of Stan-
dards Reactor, using the experimental con-
ditions shown in Table 1. For both samples
the peak shape could be described satisfac-
torily by the Gaussian function. The struc-
tures were refined using the Rietveld
method (6), adapted to the five counter dif-
fractometer and modified to include back-
ground parameters (7). The neutron scat-
tering amplitudes were bh(Pb) = 0.960,
b(Nb) = 0.710, h(Ta) = 0.700, and »(O) =
0.581 x 10 "> cm. The refinements assumed
a defective pyrochlore structure with the

TABLE |

CoLl ECTION OF INTENSITY DATA

Reflection 220 of a Cu
monochromator

1.548(1) A

10, 20, 10’ of arc for the
in-pile, monochromatic
beam, and diffracted
beam collimators,
respectively

Vanadium can of about 10
mm diamcter

10°-120°, steps 0.05°

Monochromatic hcam:

Wavelength:
Horizontal divergences:

Sample container:

26 Angular range:
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symmetry of space group Fd3m and con-
taining lead and oxygen vacancies on the
16d and 8b sites, respectively. In these cal-
culations, which converged rapidly to very
satisfactory R factors, the occupancies of
lead and oxygen were varied together with
the other structural and profile parameters.
In the first stages of refinement the isotopic
temperature factors of Pb and of the oxygen
atoms on the 8b sites were found to be un-
usually high (1.78 and 5.48 A2, respectively)
and, therefore, were refined anisotropically
in all subsequent calculations.

No departures from the symmetry of
space group Fd3m could be detected in our
diffraction patterns and, in particular, the
reflection 420, clearly visible in the neutron
powder pattern of Pb,Ru,0g¢ 5 (4), could not
be seen in the X-ray and neutron patterns of
Pb, sM,0¢ 5. However, in order to eliminate
all doubts on this point, the structure of
Pb, sNb,Os s was refined adopting the model
of the ruthenium compound (4), i.e., as-
suming the symmetry of space group F43m,
placing the oxygen atoms on the sites 4d
with full occupancy, and leaving the sites
4b empty. With this model the agreement
between observed and calculated intensi-
ties was significantly worse than that ob-

BEECH ET AL.

tained in space group Fd3m. In addition,
refinements with the atoms initially shifted
from their Fd3m positions, invariably
moved the coordinates back toward their
centrosymmetrical values.

A final test of possible ordering of the
lead and oxygen vacancies was made by
refining the structure of Pb;sNb;Ogs in
space group P4m2 and by adopting a model
similar to that found for PbTINb,Oq s (4) (in
this model the sites 2g are fully occupied by
oxygen and the sites 1d and 1b are empty,
and the sites 4j are fully occupied by lead
and the sites 4k are 50% empty). Also in
this case the agreement between observed
and calculated intensities became signifi-
cantly worse than that obtained for space
group Fd3m.

On the basis of the above results we have
no reason to assume for Pb; sM,04 5 a sym-
metry lower than Fd3m. These compounds
have a defective pyrochlore structure with
no ordering of the oxygen and lead vacan-
cies and with no shifts of the atoms from
their centrosymmetrical positions. In Ta-
bles II and III are given the final coordi-
nates of Pb1.5Nb206,5 and Pb1,5Ta206,5, re-
spectively, and in Table IV are shown the
relevant interatomic distances. The agree-

TABLE II
REFINED PARAMETERS FOR THE STRUCTURE OF Pb, sNb,Oq 5

Space group: Fd3m,

a = 10.5647(2) A

Atom Position x y z B (A Occupancy
Pb 16d 3m 172 12 12 *) 0.242(3)
Nb 16¢c 3m 0 0 0 0.96(5) 173
o(1) 48f mm 0.3134(1) 1/8 1/8 0.76(4) 1.0
0(2) 8b 43m 3/8 3/8 3/8 *) 0.086(4)

(*)Atom Bu B B B B Bn
Pb 0.0040(2) = Bu =By —0.0006(1) = Bn = Bn
oQ) 0.012(1) =Bu  =Bu 0 0 0

Ry = 3.16 Rp = 6.65 Ry =869 x=1.16

Composition determined from the refinement: Pb 452)Nb:O¢ 522)
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TABL.E III
REFINED PARAMETERS FOR THE STRUCTURE OF Pb; Ta,0c s

Space group: Fd3m. a = 10.5558(2) A

Atom Position x v z B (A  Occupancy
Pb 16d 3m 12 172 172 (*) 0.249(3)
Ta 16¢ 3m 0 0 0 0.76(5) 1/3
o) 48f mm 0.3136(1) 1/8 1/8 0.75(3) 1.0
0O2) 8b 43m 3/8 3/8 3/8 *) 0.094(4)
(*)Atom B Bxn By B Bn B2
Pb 0.0039(2) = Ay = B -0.0005(1) = B = Bn
0(2) 0.012(1) = By - B 0 0 0
Ry =4.12 Ry = 6.31 Rw = 8.64 x = 1.28

Composition determined from the refinement: Pb, yo2,T2;04 562

ment betwecn observed and calculated in-
tensities is shown in Figs. 1 and 2.

Electrical measurements. Dense pellets
for the electrical measurements were fabri-
cated by forming the powdered materials
into disks which were hot pressed at 950°C
in air at 100 MN m~2 for 20 hr. In these
studies a 200-nm-thick platinum electrode
was sputtered onto the pellets, and then a
thin layer of platinum pastc was painted
onto the degreased sputtered surface. The
liquor was evaporated under an IR lamp
and the samples were then fired at 600°C for
10 hr and 900°C overnight. The electrodes
created by this method provide a good elec-
trical contact over the temperature range of
the experiments.

The electrical measurements were per-
formed using a Solartron 1170 frequency re-
sponse analyzer coupled to a Research Ma-
chines 380Z microcomputer system. This
system enables the frequency range be-
tween 1 MHz and 0.1 Hz to be investigated.
All measurcments were taken in air, over a
temperature range of 300-700°C in the case
of the niobate and 300-650°C in the case of
the tantalate. In both cases the temperature
increment was 50°C, and samples were al-

lowed to equilibrate thermally before mca-
surements commenced.

Representative plots of the data obtained
from these materials are shown in Figs. 3,
4, S, and 6. As can be clearly seen in the
impedance plots, there is no distinguishable
grain boundary impedance and only a mini-
mal clectrode dispersion term in the spec-
trum. The minimal electrode dispersion im-
mediately tells us that the level of ionic
conductivity is low, since the buildup of
charge on the partially blocking electrode is
small. In the case of the grain boundary im-
pedance no unambiguous interpretation of
this behavior is at present possible. The
simplest explanation would be that the
grain boundaries are very clean and suffi-

TABLE 1V

INTERATOMIC DISTANCES IN Pb; <Nb.Oy 5
AND Pb, <Ta,0, <

Nb-O(1) x6  1.9842(4) Ta-O(1)  1.9831(5)
Pb-O(1) x6  2.7154(9) 2.712(1)
Pb-0(2) x2 22873 2.2854
OoM-0(1) x4  2.815(2) 2.815(2)
x4 2.7968(6) 2.7936(7)
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F1G. 1. Observed and calculated powder neutron diffraction intensities for Pb; sNb,Ogs. Under the
profile of each detector are the differences between observed and calculated values, plotted on the

same scale.

ciently dispersed as not to provide a detect-
able amount of electrical continuity.
Under these circumstances it is not nec-
essary to perform detailed simulations in
terms of lumped RC circuits in order to sep-
arate the individual components from the

total conductivity values. Instead we can
simply extract the current flows to a first
approximation from the intercepts on an
admittance plot of the experimental data
corrected for sample size. This idea is one
of the simplest cases discussed by Bauerle
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F16. 2. Observed and calculated powder neutron diffraction intensities for Pb, sTa,04 5. Under each
profile, plotted on the same scale, are the differences between observed and calculated profile intensi-
ties.

(8). In the ideal case, illustrated in Fig. 7, the two highest temperature data sets for
the highest resistance intercept corre- each material the conductivity values listed
sponds to the total conductivity and the in Table V are obtained.

lowest resistance intercept to the electronic It is immediately apparent that the mate-
conductivity. The jonic conductivity is thus rials are predominantly electronic conduc-
simply the difference between these two tors. The first indications of an ionic con-
values. Applying this analysis technique to  tribution to the total conductivity were ob-



328 BEECH ET AL.
3.75E-06
150000 - T -— T T & T
P, ;Ta,0, ¢ 600 *C Pb, ;Ta,0g 5 600 °C
100000 [ — 2.5E-06 % =
- L]

T . A
€ E
& *5 i
T . 3z
N >

50000 +— - 1.25E-06 [— .d —

. ot
L)
* ‘ '03. 2 o3
0 .6 ) , . . o 1 o 1e2
] 50000 100000 150000 200000 250000 2 3.75E-06 SE-08 6.25E-06
Z Qemrt

Y’ (Qcmy?

FiG. 3. (a) Complex impedance plot for Pb, sTa,Os s at 600°C. (b) Corresponding admittance plot.
Numbers on plots correspond to the logarithm of the frequency.

served in the data sets taken at 400°C. Un-
fortunately the level of noise in the data
sets between this and the highest tempera-
ture data is too high to allow us to clearly
separate the small ionic component from
the total conductivity. We do not have
enough good quality data points to realisti-
cally extract an activation energy for the
ionic conductivity.

In summary, therefore, the important
point to arise in this section is that the de-
fects in these materials are mobile, but are
responsible for only a modest level of ionic
conductivity at technologically useful tem-
peratures.
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Discussion

The general pyrochlore formula may be
written as A,Y - B,Xs to indicate that the
structure can be described in terms of two
basic structural frameworks. In the first,
the B cations (Ta and Nb, in our case) are
located at the centers of corner-sharing oc-
tahedra BX (where X = O(1)), arranged as
shown in Fig. 8, and forming a system of
interconnected ‘‘pyrochlore units’’ of four
octahedra delimiting an empty central octa-
hedron (9). The A atoms (A = Pb) form a
system of tetrahedra having corners in
common with the Y atoms (Y = O(2)) lo-
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F1G. 4. As in Fig. 3 but at 650°C.
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FiG. 5. (a) Complex impedance plot for Pb, sNb,O, 5 at 600°C. (b) Corresponding admittance plot.
Numbers on plots correspond to the logarithm of the frequency.

cated at their centers (Fig. 9). Each A atom
is surrounded by a puckered hexagon of X
atoms and by two Y atoms above and below
the average plane of the hexagon (Fig. 10).
The coordination polyhedra around A,
therefore, are puckered hexagonal bipyra-
mids AXgY, sharing corners (Fig. 11) and
forming a framework connected to the octa-
hedra BX; by common edges, as shown in
Fig. 12. In the defective pyrochlores such
as Pb, sM,0q s, the lead and O(2) atoms are
randomly distributed over about 75% of the
available 16d sites and over 50% of the 8b

sites, respectively, of space group Fd3m,
and the coordination of lead obviously de-
pends upon the particular configuration that
the O(2) atoms assume in any region of the
structure. More specifically, we may have
around a lead atom (a) both oxygen atoms
0O(2), which would result in bipyramidal co-
ordination; (b) only one O(2) atom, i.e., py-
ramidal coordination; and (c) both oxygen
atoms O(2) missing, i.e., puckered hexago-
nal coordination. And, of course, we may
have around a lead vacancy configurations
(d), (e), and (f) identical to (a), (b), and (c),
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F1G. 6. As in Fig.

5 but at 700°C.
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Y(o)

/

f

SAGH

F1G. 7. Idealized admittance spectrum for electrical
behavior of the type displayed by Pb, sM,0¢s mate-
rials.

respectively. Remembering that the lead at-
oms form tetrahedra sharing corners and
whose center is an oxygen site, we may ex-

TABLE V

CoNDUCTIVITY VALUES FOR Pb, sNb,Og s
AND Pb|V5T3206A5

Total Electronic Tonic
Temp. Q@ cm)”! QL em)™! @ cm)!
O x 10-¢ x 10-¢ x 107¢
Pby.sTayOg s 600 5.27 4.52 0.75
650 17.1 11.0 6.1
Pby sNb2Og 5 600 0.23 0.21 0.02
700 7.13 6.90 0.23

press the composition of a tetrahedron in
each of the above cases with the formulas:
(@) PbO; (b) PbyOgs[Olos; (c) Pby[O]; (d)
[Pb)2O; (e) [Pb]20qs[Olys; and (f) [Pb];[O],
where the symbols [Pb] and [O] indicate a
lead and an oxygen vacancy, respectively.

The high number of possible configura-

»b

FiG. 8. Arrangement of the BX, corner-sharing octahedra in the structure of pyrochlore, viewed
along the c-axis of the cubic unit cell. The X atoms are located at the corners of the octahedra and the B
atoms at the center. Numbers give the heights of the B atoms as fraction of the ¢ parameter. For
simplicity, not all octahedra in the unit cell are drawn.
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8/

FiG. 9. Arrangement of the A,Y corner-sharing tetrahedra in the structure of pyrochlore. The Y
atoms are located at the center of the tetrahedra and the A atoms at the corners. In this case also not all
tetrahedra in the unit cell are shown.

\ % ~— < I\
\ R 2.2873(1)
AV

v A
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\
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FiG. 10. Coordination of the A atoms in the structure of pyrochlore. The interatomic distances
shown in the figure are those of Pb; sNb;Og .
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»b

Y

a

F1G. 11. Arrangement of the corner-sharing puckered hexagonal bipyramids viewed along the c-axis.
The numbers are heights of the atoms. Where two values appear, there is overlapping of two atoms.

tions for Pb and [Pb] makes it difficult or
impossible to predict which model de-
scribes best the structure of Pb;sM;Ogs,
and comparisons with other compounds
may be helpful. As we mentioned before, in
Pb;Ru;0¢.5 (4) all the lead sites are occu-
pied and the oxygen vacancies are ordered
so that the lead atoms have pyramidal coor-
dination with six O(1) atoms forming the
puckered hexagon and one O(2) atom lo-
cated at the vertex of the pyramid. In this
model the average composition of the lead
tetrahedra is Pb,0Og;5[O]os, i.e., half of the
tetrahedra are filled and half are empty.
Under these conditions a simple ordering
scheme of the oxygen vacancies is clearly
possible and we may indicate its presence
by writing the formula for the average
tetrahedron as Pb,[Og5[O]os].

We may assume that the energy require-

ments leading to a vacancy ordered struc-
ture in Pb,Ru;Q¢; are operative also in
Pb, sM,0 5. However, the stoichiometry of
the lead deficient compound does not allow
the existence of the ordered configuration
throughout the crystal without interrup-
tions. In fact, if we assume that all the lead
atoms form tetrahedra half occupied and
half empty according to the ordered scheme
Pb; 5[00.375[01o.375], then to complete the
stoichiometry required by the framework of
corner-sharing tetrahedra we have to dis-
tribute the remaining [Pblys, Oo.125, and
[Olo.125 in regions of the structure that nec-
essarily have a distribution of atoms and
vacancies different from that of the ordered
domains. In other words, we have to as-
sume that the framework of tetrahedra is
made of regions in which all lead sites are
occupied and have pyramidal coordination
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a

Fi1G. 12. Relationship between the puckered hexagonal bipyramids AXY, and the octahedra BX,. In
this configuration octahedra and bipyramids have edges in common.

as in Pb,Ru,04 s, and of regions in which
lead vacancies are surrounded by bipyra-
mids, or pyramids, or hexagons of oxygen
atoms. In symbols, this geometrical situa-
tion may be represented by writing the fol-
lowing scheme:

Pb; 5[0g.375[0]p 3751 (a)
[Pb].0u[Olua (b)
(Pb],0,. (©)
[Pb],[Olyz, (d)

where x + 2y = 0.5 and where (a) indicates
pyramidal coordination about the Pb atoms
with ordered distribution of the oxygen
vacancies, and (b), (c¢), and (d) indicate,
respectively, pyramidal, biyramidal, and
puckered hexagonal coordination of oxy-

gen atoms around a [Pb] vacancy. In the
above scheme we have assumed that all
lead present in the structure is located in
domains having the Pb,Ru,Oq s structure. If
x = 0.5, all lead vacancies have pyramidal
coordination, and ordering of the oxygen
vacancies of the type found in the ruthe-
nium compound is clearly possible. How-
ever, a highly unsymmetrical, empty, poly-
hedron of oxygen atoms such as that of
case (b) is uncommon, and we may assume
that this configuration is less probable than
the symmetric atomic arrangements corre-
sponding to cases (c) and (d). If we consider
that there is no pyramidal coordination
about {Pb] (i.e., if we put 2y = 0.5), we
obtain a model in which the framework of
lead tetrahedra is of the type schematically
illustrated in Fig. 13. The figure shows that
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Pb> [Q¢.5 [O)o.5]

@® Pb
© [Pb]

Qo
{3 10]

[Pb). O

F1G. 13. Pb, s[Pblo sO0 5{Olos configuration in the disordered vacancy model of Pb; sM,0;s. Dashed
lines delimit the domains Pb{O, s[O]ys] and [Pb],0. The coordination of lead does not change at the

domain boundaries.

the structure is divided into domains with
different configurations and orientations of
atoms and vacancies. If the size of the do-
mains is sufficiently small, the diffraction
experiment will reveal a disordered average
structure in which the sites of the lead and
O(2) atoms are only partially occupied,
with a random distribution of the atoms.
Figure 13 shows that the coordination of
lead is not disturbed at the domain bound-
aries. However, it is to be expected that the
actual locations of Pb and O(2) in each do-
main are slightly shifted from the positions
of the average structure, and the existence
of this static disorder may well be the cause
of the high-temperature factors observed
for these atoms. The above interpretation
of the disorder in Pb; sM,0s 5 is consistent
with the observation that in the compound
PbTly9Nb;Og 45 (4) the reflection 420 does
not appear for large deficiencies of thal-
lium. In fact, by decreasing the amount of
Tl, the concentration of defects such as

[T1],[Ol,» increases, thus decreasing the
size of the ordered domains in the structure
and disrupting the ordering scheme.

The data given in Tables II and III show
that the occupancies obtained by neutron
diffraction for the Nb and Ta compounds
are within three standard deviations of the
values required by the formula Pb; sM;0g s.
These results tend to support the view that
these materials behave as line compounds.
It would be useful to see, however, whether
the model proposed before to explain the
observed disorder of the lead and oxygen
vacancies in the structure would also clar-
ify the problem of the stoichiometry of the
system Pb; sM;0¢s. The general formula
for this system may be written as Pb;.,
M,0¢., and the composition of the frame-
work of tetrahedra may be expressed with
the scheme Pb;,,[Pb];_.O,[0];-.. If we as-
sume as before that all lead present in the
structure must have pyramidal coordina-
tion, then there have to be enough oxygen
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atoms and enough oxygen vacancies to sat-
isfy the stoichiometry corresponding to the
scheme Pb;;,0+4lOlq+xa. To fulfill this
condition, the following inequalities must
be satisfied:

xz=z(1+x)/4 and (1 —x) = + x)/4;
ie.,

x=4x—1 and x =3 — 4x.

These requirements restrict the possible
values of x to the interval

1B3=x=0.6

or, in other words, the range of composi-
tion within which all lead present in the
structure may have pyramidal coordination
is Pb].33M206,33—Pb1‘6M206_6. This result
agrees closely with the range derived by
Scott (1) from lattice parameter measure-
ments, and leads us to conclude that, if the
driving force in the formation of defective
pyrochlores is the coordination of lead,
then the system Pb;; . M,0¢+, could have
variable stoichiometry and, strictly speak-
ing, is not a line compound. We may also
note that in our model the defects [Pb],O
and {Pb],[O] are equal in number when the
composition corresponds to the formula
Pb, sM,0¢ s, and that this situation changes
significantly for slight changes of oxygen
and lead content. If the two defects may
occur with equal probability, then it is rea-
sonable to expect that the most favorable
configuration is the one in which they co-
exist in equal number. We may argue,
therefore, that the composition Pb; s M0 s
is the one most easily reached in the major-
ity of the experiments, including this one,
carried out so far, and, perhaps, these ma-
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terials have been considered to be line com-
pounds by some authors for this reason.

Conclusions

In this paper we have shown that (a)
there is no oxygen or lead vacancy ordering
in the structure of Pb, sM,0s s; (b) the disor-
der in Pb; sM,0¢s, as well as the oxygen
vacancy ordering in the structures of Pb,
Ru,0¢s and PbTlyoNb,Og45, may be ex-
plained by a structural model built on the
assumption that the driving force in the for-
mation of Pb defect pyrochlores is the sev-
enfold coordination of lead; (c) the same
model leads us to conclude that Pb; sM,0¢ 5
may exist over a range of compositions, in
agreement with the results of Scott (/),
while a compound such as Pb,RuOg¢ s has
fixed stoichiometry.

Further studies of defect pyrochlore
structures are underway and will be pub-
lished in due course.
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