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Powder neutron diffraction has been used to investigate the structure of the defect pyrochlores
Pb;Ru,04 s and PbTIND,Ogs. Both materials show evidence for oxygen vacancy ordering that is
accompanied by A-site cation displacement. The diffraction data for Pb,Ru,O4 s have been successfully
fit in the cubic space group F43m. The results confirm half occupancy of the defect site, demonstrate
oxygen vacancy ordering, and show that each Pb atom is displaced by 0.040(4) A toward its associated
vacancy. The diffraction data for PbTINb,O¢ s have been fit in the tetragonal space group P4m? using a
model that allows ordering of Pb and TI on the A site in concert with oxygen vacancy ordering. The
fitting results specify a stoichiometry PbTlyeNb,O¢4s for this material; the slight Tl deficiency is
probably associated with some Tl loss to the vessel walls during the sealed tube synthesis at 600°C. The
Rietveld structural refinement also shows that Pb is displaced slightly away from its associated va-
cancy while Tl is displaced significantly toward its associated vacancy with resulting TI-Tl separations
similar to those found in Tl metal. It is suggested that the A-site cation ordering observed in each of
these materials is a consequence of A cation-oxygen bonding rather than the formation of A—A bonds
through the oxygen vacancy despite the close A—A separations observed. These results are believed
to provide the first examples of anion/vacancy ordering in a defect pyrochlore of the type A,B,0;_,.

Introduction
Recent results concerning the use
of oxide pyrochlores of the form

Pb, (Ru,_.Pb#")0¢s (1), 0 = x =< 1, as bidi-

rectional electrocatalysts for both O, reduc-

tion and evolution (2) and as catalysts for

electroorganic oxidation (3) suggest that the

catalytic activity of these materials is re-

lated to their oxygen nonstoichiometry. Al-
! To whom correspondence should be addressed.

2 Work supported in part by the U.S. Department of
Energy.

though the x = 0 end member of the above
series was originally suggested to be
Pb,Ru,0; by Randall and Ward (4) and was
later reported as Pb,Ru,O¢ by Longo et al.
(9), recent investigation (/) has shown the
correct stoichiometry to be Pb,Ru,0¢5. A
preliminary neutron powder diffraction in-
vestigation of this material confirmed this
stoichiometry while at the same time dem-
onstrating that the vacancies are ordered
(6). The Rietveld structural refinement also
showed that each Pb atom is slightly dis-
placed toward its associated vacancy.
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These initial results suggested that oxygen
vacancy ordering with associated A-site
cation ordering may be a frequently en-
countered phenomenon for oxygen defect
pyrochlores of the form A,B,0,_,, y = 3,
when the A-site is occupied by a post-transi-
tion metal cation having an easily polariz-
able 6s? electron pair such as TI*, Pb?**, or
Bi**. A new oxygen defect pyrochlore,
PbTINDb,O¢ 5, has been prepared in order to
further investigate vacancy ordering of this
type. In this paper the results of a neutron
diffraction investigation of this material are
reported as well as a more complete ac-
count of our recent investigation of oxygen
vacancy ordering in Pb,Ru,Og 5 (6).

Writing the general pyrochlore formula
as A,O' - B,O¢ emphasizes the fact that this
structure may be viewed as two interpene-
trating networks (7). The B cations are lo-
cated at the center of corner sharing oxygen
(O) octahedra that form a system of inter-
connected cages. The special oxygen O’,
located at the center of these cages, may be
partially or totally absent and is therefore
associated with the anion nonstoichiometry
observed in pyrochlores. The A,0’ sublat-
tice may be viewed either as a system of
intersecting —A—O'—A—O’'— zigzag
chains (cuprite structure) or as a network of
corner-sharing A4O’ tetrahedra. In the ran-
dom vacancy model for oxygen defect
pyrochlores, A,B,0,_,,0 <y =<1, each O
site is fractionally occupied.

Experimental

The Pb,Ru,0¢ s sample was prepared by
solid state reaction in a manner similar to a
procedure previously described (I, 5).
Powder X-ray diffraction showed a single-
phase pyrochlore with a unit cell edge of a,
= 10.252 (1) A. Thermogravimetric reduc-
tion in hydrogen gave a formula
Pb,Ru,04 5.0.04. Time-of-flight neutron dif-
fraction data were collected at the High
Resolution Powder Diffractometer (HPRD)

BEYERLEIN ET AL.

at Argonne’s ZING P’ (8) pulsed neutron
source using the 260 = 160° detector bank.
Data collection required about 52 hr of ma-
chine time for a 4-cm? powder sample.

The PbTINb,O¢ s sample was prepared by
reacting PbO, T1,05, and NbO, at 600°C for
115 hr in a sealed, evacuated quartz tube as
follows:

PbO + } TLO; + 2 NbO, ——
PbTINb,Oq 5.

NbO, was separately prepared by reducing
Nb,Os with Nb metal in a sealed, evacuated
quartz tube at 1000°C for 40 hr. Powder X-
ray diffraction showed a single-phase
pyrochlore, mustard-brown in color, with
a, = 10.63(1) A. Time-of-flight neutron dif-
fraction data were collected at the Special
Environment Powder  Diffractometer
(SEPD) at Argonne’s IPNS-I pulsed neu-
tron source. Data collection required about
15 hr. A full description of the diffractome-
ters (HPRD and SEPD) and the Rietveld
refinement software used to analyze the
data has been given elsewhere (9-12).

Results and Discussion

(I) Pb,Ru; O s

The data were first refined in the pyro-
chlore space group Fd3m, (O}, No. 227, ori-
gin at 3m) with atoms at positions: Pb, 16¢;
Ru, 16d; O, 48f; special oxygen O’ at 8a.
The refinement included 2018 data points,
437 allowed reflections and 19 refined pa-
rameters, including the cubic cell constant,
occupation factors, and full anisotropic
thermal parameters for all atoms. The fitted
region included all d-spacings between 0.41
and 2.40 A. The weighted R value calcu-
lated point by point with background in-
cluded was 3.99% while the Rietveld R, cal-
culated after removing the background,
was 6.06%. The final refined oxygen posi-
tion parameter was x, = 0.4268(1) in agree-
ment with the value determined previously



NEUTRON DIFFRACTION OF PYROCHLORES Pb,Ru,0 s AND PbTINb,Oq 5

255

d-Spacing (K)

2.1255 2.2291

2.3328 2.4364

7501

500

Counts

250 1

@331

205 210 215

e

220 225 230 235
x102

Time-of-Flight (Microseconds)

Fic. 1. Raw TOF neutron diffraction data showing (420) and (331) reflections for Pb,Ru,Os s.

by X-ray diffraction (3), x, = 0.429(3). The
refined fractional occupancy of the anion
defect site, O’ at 8a, was 0.50(1), in excel-
lent agreement with the stoichiometry de-
termined from the thermogravimetric
data.

While our initial refinement appeared
successful, close examination of both the
neutron and the powder X-ray data showed
several weak lines of the type Ak0 with i +
k = 2n; such reflections are forbidden in
Fd3m. The weak (420) reflection present in
the neutron data (Fig. 1) and the (420) and
(640) reflections observed in the X-ray data
are consistent with the loss of inversion
symmetry at the cation sites, a result that
would occur if the oxygen vacancies were
ordered. A second refinement was per-
formed using the space group F43m (T3,
No. 216), the space symmetry that results
when the inversion constraint in Fd3m is
relaxed in order to allow oXygen vacancy
ordering. This space group also allows cat-
ion displacement along [111]. The weighted
profile R-value in this refinement improved
to 3.63%. Refined values for the position,
thermal, and occupation parameters are

given in Table 1, and the best fit profile is
shown in Fig. 2. For the oxygen atoms O,
and O, forming the octahedral cage around
each Ru, the Ru—O bond lengths are
1.954(4) and 1.969(4) A, respectively; these
values agree with the Ru—O bond length in
Fd3m, 1.961(1) A, within 2 standard devia-
tions. The occupation parameter for the
special oxygen O’ at 4d refined to a value
0.96(2) with the alternative oxygen defect
site at 4a vacant. This yields a stoichiome-
try parameter for the O’ site of 0.48(1). The
refined values for the Pb and Ru atom posi-
tions at 16¢ (x, x, x), xp, = 0.8772(2) and xg,
= 0.3754(2), show that Pb has been dis-
placed significantly farther from the Fd3m
inversion symmetry position, xp, = 0.875,
than has the Ru atom, which is within 2
standard deviations of xgz, = 0.375. As
shown in Fig. 3, each Pb atom is displaced
by 0.040(4) A toward its associated vacancy
so that, along the [111] direction, the Pb-
vacancy distance is 2.180(2) A while the
Pb—O’ distance is 2.260(2) A. These results
show that the anion vacancies in Pb,Ru,04 s
are ordered with an associated ordering of
the Pb cations.
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F16. 2. (a,b,c,d) Refinement profile for Pb,Ru;O¢ s in F43m (No. 216, origin at 43m). Plus marks (+)
are the raw data points. The solid line is the best-fit profile. A difference (observed — calculated)
appears at the bottom. Tick marks below a profile indicate the positions of all allowed refiections
included in the calculation. Background has been removed prior to plotting.

Attempts to synthesize Pb,Ru,O¢F in or- (2) PbTINb,O; s
der to demonstrate extinction of the (420)
reflection when vacant anion sites are filled All diffraction patterns for PbTINb,Oq s
were unsuccessful (13). can be fully indexed using a cubic lattice
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parameter, a, = 10.623(3) A. This lattice
parameter may be compared with those of
several closely related defect pyrochlores,
TI,Nb,O¢ (I4-16) with a, = 10.60 A and
Pb1_5T3205.5 and Pbl,sNb205.5 (17—22) each
with a, = 10.56 A. As was the case for

Pb,Ru,04 5, the X-ray diffraction pattern
for PbTINb,O4 s shows a weak but definite
(420) reflection (Fig. 4), again suggesting
vacancy ordering. The neutron data, which
also exhibit a (420) reflection, were first re-
fined in the space group F43m (T3, No.
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TABLE I
STRUCTURAL PARAMETERS FOR Pb,Ru,Oq s IN F43m, ORDERED VACANCY MODEL

(@ = 10.25192) A, Ryeightca =

363%, RRielvcld = 543%)

Atom Site Stoichiometry x° B (A
Pb 16e (x,x,x) 1.98(2) 0.8772(2) [7/8] 0.51(4)
Ru 16e (x,x,x) 1.93(2) 0.3754(2) [3/8] 0.18(3)
(o8 24f (x,0,0) 3 0.3028(2) [0.3018(1)] 0.68(10)
0, 24g (x 1, 3 0.4492(2) [0.4482(2)] 0.50(10)
o’ 4d (349D 0.48(1) 3 — 0.47(9)
Atom Bu Bxn B B B Bn

Pb 0.00124(4) = B =By —0.00014(3) = Bn = Bu
Ru 0.00044(3) = Bn = Bu —0.00008(3) = B = B

0, 0.00159(16)  0.00058(8) = Bn 0 0 —0.00033(12)
0, 0.00121(12)  0.00131(10) = Bz 0 0 —0.00076(15)
o’ 000115(12) = ,311 = ,311 0 0 0

Note. The above refinement in F43m employed 25 variable parameters and 2072 de-
grees of freedom. The comparable refinement for Fd3m (Random Vacancy Model) em-

ployed 19 variable parameters, 1999 degrees of freedom, and gave Rueighed =

RRicxvcld = 6.06%.

@ Values in brackets are refined positions in Fd3m with a change of origin by (3, 4,

3.99%,

]

from 3m. xo; and xg, are related by symmetry in Fd3m.

b By (isotropic) = B(A?) = 4a3B,;.

216), with Pb and TI disordered on the A-
site at 16e. The refinement included 2403
allowed data points, 179 allowed reflec-
tions, and 18 refined parameters including
the cubic cell constant, occupation factors
for {Pb, TI} and O’ and isotropic tempera-

Oxygen () Oxygen

‘..’ Vacancy

[ Lead

Fi1G. 3. Pb,Oy s sublattice in the ordered vacancy
model for Pb,Ru,Q¢ s, F43m. Arrows indicate the di-
rections of displacement of each Pb atom with respect
to the A-site position in Fd3m. Distances are given in
Angstroms.

ture factors for all atoms. The weighted
profile R value was 5.00% and the Rietveld
R was 10.27%. The refinement results are
summarized in Table II. The Nb—O
bond lengths are 2.00(1) and 1.98(1) A, re-
spectively, and are very similar to the
Nb—O bond length of 2.0122) A in
T1,Nb,Og (16) or 1.97 A in Pb; {Nb,O¢ 5 (21,
22). The {Pb, TI} ion on the A-site is dis-
placed toward the oxygen vacancy by

)

331

(333),(511)
(422)
S .
(420)

733)

3
(553),(731)
(851),(711)

-26(%

F1G. 4. X-Ray diffraction pattern for PbTINb,Ox .
Indexing is done using a cubic lattice parameter a, =
10.623(3) A.
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TABLE II

STRUCTURAL PARAMETERS FOR PbTIND,Oq s IN
F43m wiTH ORDERED OXYGEN VACANCIES,
DisorDERED Pb, Ti

(@ = 10.6225(1) A, Rucignea = 5.00%,
Ryietveld = 10.27%, Rexpccled = 2.07%)

B
Atom Site Stoichiometry x (AY)
Pb 16e (x,x,x) 0.96(1) 0.8792(4) 1.83(6)
Tl 16e (x,x,x) 0.96(1) 0.8792(4) 1.83(6)
Nb 16¢e (x,x,x) 2 0.3745(4) 0.76(6)
0, 24f (x,0,0) 3 0.3118(3) 0.54(2)
0, 24g (x,4,0) 3 0.4357(4) 1.03(5)
(o 4d 1.1.9) 0.46(2) — 2.2 (2)
0, 4a (0,0,0) 0 — —

0.08(1) A lIna subsequent refinement, the
oxygen on the defect site was initially dis-
tributed equally on sites 4d and 4a, with the
oxygen stoichiometries for these sites con-
strained so as to sum to 3. Only 10% of this
$ oxygen per formula unit remained on the
vacancy site at 4a, and all other parameters
remained essentially unchanged. While the
fit in F43m appears to substantiate the or-
dering of the oxygen vacancies with associ-
ated cation displacement, the model is in-
adequate in that it cannot differentiate
between Pb and T1 atoms. Thus, the result-
ing requirement that Pb and Tl are dis-
placed by equal amounts is clearly artificial.
In addition, close examination of the pow-
der X-ray data shows a weak but definite
(110) reflection (Fig. 4) that clearly violates
F-centering extinction conditions. These
observations suggest that there is ordering
of Pb and Tl on the A-site in addition to
oxygen vacancy ordering.

Pb and T1 cannot be ordered in any cubic
space group in which these atoms fully oc-
cupy two distinct crystallographic sites. We
considered a model in which % of the anion
defect sites are coordinated by 4 Tl atoms,
by 4 Pb atoms, and the remaining % of the
defect sites are coordinated by 2 Pb and 2 Tl
atoms each. The symmetry of this model is
described by the tetragonal space group
P4im2 (D3,, No. 115), where the tetragonal
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unit cell has half the volume of the cubic F-
centered cell with lattice constants a, = b,
~ a./V2 and ¢, = a., where the subscripts
refer to tetragonal and cubic lattice con-
stants, respectively. The transformation of
coordinates from cubic to tetragonal unit
cells is given by

X 1 10 X
yvl=1-110) -1y
z/¢ 0 01 Z/.

Starting values for the fit in P4m2 were ob-
tained by applying this transformation to
best fit values for atomic coordinates in
F43m. Pb and Tl were placed at 4j and 4k,
respectively, Nb at 4j and 4k, and oxygens
at 4h, 4i, 2e, 2f, 81, 2¢g, and 2g. The special
oxygen O’ in the structure may be placed at
la (0, 0, 0) and 1c¢ (3, 3, 3), where each O’
atom is tetrahedrally coordinated either by
all Pb or all Tl atoms, or at 2g[(0, %, z), 3, 0,
7), z = 4] where each O’ atom is coordi-
nated by a mixture of two Pb and two TI
atoms. In order to resolve this ambiguity a
refinement was done in which 1/2 oxygen
per formula unit was initially distributed
equally between the twofold site at 2g and
the two onefold sites at 1a and 1¢ with the
constraint that the stoichiometries for these
sites sum to 1/2. All other crystallographic
parameters were unconstrained. The fitting
converged to a final result that placed 90%
of this special oxygen on the twofold site
and the remainder on the two onefold sites.
A second fitting was done in which the spe-
cial oxygen was constrained to remain on
the two onefold sites with 1/4 oxygen per
formula unit on each site. This refinement
tended to diverge. These results show a
clear preference for placing the special oxy-
gen at 2g where it is coordinated by a mix-
ture of two Pb and two Tl atoms. Conse-
quently, the oxygen vacancies at 1a and 1lc
are coordinated by all like atoms in an irreg-
ular tetrahedral configuration with site sym-
metry 42m.
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F1G. §. (a,b,c,d) Refinement profile for PbTINb,Og s in tetragonal P4m2 (No. 115). The format is the
same as for Fig. 2.

In a final ﬁtting, the special oxygen was points 807 allowed reflections, and 39 re-
plact:u on the 2g site and its occupauuu as fined parameiers muuulng the tetragonal
well as the Pb occupation at 4j and the TI cell constants and occupation factors as
occupation at 4k was varied in the refine- just described and isotropic temperature

ment. The refinement included 2776 data factors for all atoms. The refinement profile
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of the diffraction data, including all d-spac-
ings between 0.631 and 3.218 A, is shown in
Fig. 5, and the refinement results are sum-
marized in Table III. The weighted profile
R-value was 4.69% and the Rietveld R was
8.56%. The results show that there s

0.43(2) oxygen per formula unit on the de-
fect site in agreement with the result for the
fit in F43m of 0.46(2) oxygen per formula
unit on this site. For the oxygens compris-
ing the corner-shared network of oxygen
octahedra, the Nb—O bond lengths range



262

BEYERLEIN ET AL.

TABLE 1II
STRUCTURAL PARAMETERS FOR PbTINb,O¢ 5 IN P4m?2 witH ORDERED OXYGEN VACANCIES, ORDERED Pb, T}

(a, = 75104(5), ¢ = 106250(14) A) Rweighted = 469%, RRie!vgld = 856%, Rexpectcd = 223%

B

Atom Site Stoichiometry x y z (A
Pb 4j (x,0,2) 0.98(2) 0.749(1) 0 0.872(1) 1.69(6)
Tl 4k (x,3,2) 0.90(2) 0.269(1) 3 0.376(1) 1.69(6)
Nb 4j (x,0,2) 1 0.752(1) 0 0.377(1) 0.79(10)
Nb 4k (x,3,2) 1 0.253(1) 4 0.872(1) 0.64(9)
0O, 4h (x,x,0) 1 0.308(1) 0.308(1) 0 0.30(16)
0, 4i (x,x,3) 1 0.814(1) 0.814(1) by 0.28(15)
0, 2e (0,0,2) 3 0 0 0.311Q2) 0.54(29)
0, 2f 3.4,2) ] H ) 0.822(2) 1.02(35)
05 8! (x,y,2) 2 0.677(1) 0.811(1) 0.256(1) 0.70(11)
Os 2g (0.4,2) 1 0 3 0.548(1) 0.98(23)
0, 2¢(0,4,2) i 0 H 0.933(2) 0.98(23)
O3 2¢ (0,4,2) 0.43(2) 0 i 0.247(2) 2.07(18)
(0 1a (0,0,0) 0

Oy le 3,3,3 0

from 1.930(5) to 2.054(5) A with an average
Nb—O bond distance of 1.99 A. This com-
pares well with the Nb—O bond lengths of
1.98(1) and 2.00(1) A found in the F43m fit
and with the Nb—O bond lengths of 2.01(2)
and 1.97 A in TI,Nb,Os (16) and
Pb, sNb,Og s (21, 22), respectively. For the
special oxygen, the Pb—O’ bond distance,
2.27(2) A, is in good agreement with the
Pb—O’ bond distance of 2.260(2) A in
Pb,Ru;,0¢s (Table I) and 229 A in
Pb, sNb,Og 5 (17-22). The Tl atom is signifi-
cantly displaced toward its associated va-
cancy, as illustrated in Fig. 6, with the
result that the Tl-vacancy distance of
2.16(1) A, is significantly less than the
TI—O’ distance 2.46(2) A. This results in
TI—T1 separations of 3.47(2) and 3.60(2) A,
which are among the shortest TI—TI dis-
tances observed in compounds and in the
element._

The P4m?2 refinement results summarized
in Table III show a positive difference (c, —-
V2 a,) of about 2 standard deviations indi-
cating a small tetragonal distortion of the
cubic unit cell. A fitting in which the first

two cycles of refinement were forced to uti-
lize values for a, and ¢, giving the same unit
cell volume but a negative value for (c, —
V2 a) =~ —0.004 A showed a tendency to
wander slightly in subsequent cycles and
did not return to positive values for (¢, —
V2 a,). This result represented a false mini-
mum since the weighted profile R-factor of
5.45% and Rietveld R of 10.70% for this fit
were each significantly higher than the cor-

‘
M 23 AL U W Y
I Pb ~ Pb T ~- TI v\
Pb P
Y

/7™y Oxygen
‘<.’ Vacancy

OOxyg-n ® A Cation, Pb or Ti

Fig. 6. PbTIO, s sublattice in PbTINb,Og 5 showing
Pb, Tl, and oxygen vacancy ordering in P4m2. Arrows
indicate the direction of displacement of Pb and Tl
atoms with respect to the A-site position in Fd3m.

Distances are given in Angstroms.
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responding values, 4.69 and 8.56%, given in
Table III for the best P4m2 fit. Thus, the
case for tetragonal symmetry rests on evi-
dence for unit cell distortion as well as evi-
dence for atomic ordering.

The TI occupation of 0.90(2) implies a
10% Tl deficiency that appeared as an overall
4% A-site deficiency for the F43m fit using
Pb and T1 atoms disordered on the A-site.
This apparent Tl deficiency is consistent
with the observed oxygen stoichiometry
of the defect site, 0.43(2), so that the cor-
rect formulation for this material is
PbTly 9oNb,O¢ 4s. Observations made dur-
ing initial attempts to synthesize this
material yield additional evidence for T1 de-
ficiency. These early syntheses, which in-
volved solid state reaction in ambient atmo-
sphere at temperatures ranging from 500 to
900°C, yielded materials that did not exhibit
a (420) reflection. Furthermore, as the tem-
perature of synthesis was increased, a cor-
responding decrease in the lattice parame-
ter of the product pyrochlore was
observed. Coincident with this lattice pa-
rameter decrease, the relative intensities of
the all-odd (kkl) reflections (cubic indexing)
in the X-ray spectra decreased. These ob-
servations suggest that volatility of Tl pre-
vented the synthesis of a product phase
with the intended stoichiomeiry. A de-
crease in Tl content on the A-site would
result in decreased intensity for all-odd
(hkl) reflections in the X-ray spectra since
Tl is a strong scatterer, and since the pri-
mary contribution to the intensities of these
reflections is the difference in scattering
power between A and B cations. The high-
est temperature of synthesis, 900°C, re-
sulted in the formation of a pyrochlore
phase whose lattice parameter was in
agreement with literature values given for
Pb, sNb,Og s (17-22), thereby suggesting to-
tal loss of Tl by volatilization. Attempts to
avoid loss of Tl by lowering the reaction
temperature were not successful. Even at
temperatures as low as 600°C, a gradual de-
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crease in lattice parameter with time could
be detected. Reaction temperatures signifi-
cantly lower than 600°C resulted in poor
product crystallinity and incomplete reac-
tion.

Only under sealed-tube conditions could
the intended stoichiometry be more nearly
preserved which, in turn, gave rise to a
(420) X-ray reflection. Nevertheless, even
under sealed-tube conditions, it seems rea-
sonable to expect that small amounts of Tl
are lost to the vessel walls, thus yielding
materials of less than ideal stoichiometries.

Conclusions

The defect pyrochlores Pb,Ru,O¢s and
PbTly 9Nb,Og 45 show oxygen vacancy or-
dering that is accompanied by cation dis-
placement in both cases. The traditional
pyrochlore space group Fd3m, which re-
quires the A-site to possess inversion cen-
ter symmetry, can not be correct for either
material. The neutron diffraction data for
Pb,Ru,Oq 5 have been successfully fit in the
cubic space group F43m. The results con-
firm half occupancy of the anion defect site,
demonstrate oxygen vacancy ordering and
show that each Pb atom is displaced by
0.040(4) A toward its associated vacancy.
The diffraction data for PbTINb,Og s have
been fit in the tetragonal space group P4m?2
using a model that allows ordering of Pb
and TI on the A-site in concert with oxygen
vacancy ordering. The results of this refine-
ment, summarized in Table III, show that
this model is superior to the model incorpo-
rating disordered Pb and Tl (F43m, Table
II), is consistent with the expectation that
Pb and TI will not show equivalent dis-
placement, and account for the presence of
a (110) reflection in the diffraction data. The
refinement results specify a stoichiometry
PbTl,6Nb,Og 45; the slight Tl deficiency is
probably associated with some loss of Tl
during the sealed tube synthesis at 600°C.

Based on the present work we suggest



264

that oxygen vacancy ordering may be a fre-
quently encountered phenomenon for oxy-
gen defect pyrochlores with post-transition
metal cations such as T1*, Pb?*, or Bi** on
the A-site. For both Pb,Ru,O¢s and
PbTl 9oNb,Og 45, OXygen vacancy ordering
occurs in concert with A-site cation order-
ing. In the case of the latter material, the A-
site ordering includes cation displacement
both toward and away from the vacancy.
The largest A-site atom displacement is ex-
hibited in the P4m2 refinement results for
PbTly 5oNb,Og 45 (Table III) which show TI-
vacancy and TI—O’ distances of 2.16(1)
and 2.46(2) A, respectively. The resulting
TI—TI separations, 3.47(2) and 3.60(2) A
are similar to those found in hcp Tl metal,
3.41and 3.46 A (23). We suggest that the A-
site cation displacements that lead to the
close A—A separations observed in these
two materials are a consequence of A cat-
ion—-oxygen bonding rather than formation
of A—A bonds through the oxygen vacancy
(5). The P4m?2 refinement of the diffraction
data for PbTl goNb,O¢ 4s showed that the Pb
atom is displaced slightly away from its as-
sociated oxygen vacancy, resulting in a
Pb—O’ bond distance of 2.27(2) A which is
equivalent to that found in Pb,Ru,Ogs.
However, the Pb-vacancy distance of
2.32(1) A for this material is significantly
larger than the Pb-vacancy distance
2.180(2) found in Pb,Ru,0Oq¢ 5. This suggests
that the Pb—O’ bonding requirement and
not Pb—Pb bonding is driving the displace-
ment of the Pb atom in each material. By
similar reasoning the T1 atom is expected to
be displaced toward its associated vacancy,
for, if it were not, the resulting T1*—O’
bond length of 2.30 A or less would be
nearly equivalent to the TI**—O bond dis-
tance in oxide materials containing six- or
eight-coordinate TI**. For example, T1,0;,
which has the C—M,0; structure with g, =
10.54 A can be viewed as a defect fluorite in
which each Tl atom has six equidistant O
neighbors at 2.28 A. The TI**-containing
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material T,Ru,0; has been reporteg tobea
pyrochlore (24) with a, = 10.20(1) A, space
group Fd3m, and therefore each TI** atom
has two equidistant O neighbors at 2.21 A.
Although it is well known that the size of
cations such as TI*, Pb?*, or Bi** depends
on the degree of 6s> lone-pair character
(25), there is no evidence for a TI*—O bond
distance as short as 2.30 A, a value com-
parable to typical TP*—O bond lengths.
Thus displacement of the TI* atom in
PleolgoNb206.45 toward its adjacent va-
cancy appears necessary in order to satisfy
the TI—O’ bonding requirement and is
probably not associated with the formation
of TI—TI1 bonds. While the charge density
associated with the 6s% core electrons on
TI* or on Pb?* in Pb,Ru,O¢s or in
PbTly 9oNb,Og 45 is expected to show signifi-
cant p character (5, 15) and may well reside
in the vicinity of the oxygen vacancy for
coulombic reasons, there is no compelling
evidence to support the concept of bond
formation through the lone pair electrons in
the vacancy, despite the close TI—TI sepa-
rations observed in the latter compound.

To our knowledge these are the first ex-
amples of anion/vacancy ordering in a de-
fect pyrochlore of the type A,B,0;_,. This
is not surprising since the reflections indi-
cating oxygen vacancy ordering are quite
weak and the associated A-site cation dis-
placement, as in Pb,Ru,0O4 5, can be quite
small. Finally, previous structure investiga-
tions of Pb,Ru,0q 5 and similar systems (5,
21) relied solely on X-ray powder diffrac-
tion which is not as sensitive as neutron
diffraction to the defect structure of the an-
ion lattice. Reinvestigation of other oxygen
defect pyrochlores with lone-pair cations
on the A-site (5, 26, 27) would likely show
oxygen vacancy ordering. In fact, reexami-
nation of the X-ray spectrum of Pb,Ir,0;_,,
recently synthesized by the authors, shows
the existence of a (420) reflection, suggest-
ing an ordered, half occupancy of the spe-
cial anion site.
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