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The crystal structures of three oxides with compositions CsBi;NbsO ¢, CsBi,TasO,s, and RbBi;Tas0y,
have been determined from powder neutron diffraction data. A common structure of the defect
pyrochlore type has been found. Atomic positions in space group Fd3m are 3.2 O and 3.2 Cs(Rb) in 8b,
6.4 Bi in 16d, 16 Ta(Nb) in 16c, and 48 O in 48f. There is some evidence that the Rb atoms actually
occupy 32e sites. On electrostatic grounds it is highly unlikely that the Cs(Rb) and O atoms are
randomly distributed in 8b. Evidence for short-range order is apparent in the X-ray powder diffraction
data. Cell constants are 10.528(1) A (Cs, Nb), 10.504(1) A (Cs, Ta), and 10.510(2) A (Rb, Ta), respec-
tively, with 48f x parameters 0.3139(2) (Cs, Nb), 0.3152(2) (Cs, Ta), and 0.3153(2) (Rb, Ta). Isotropic
temperature factors for the 8b and 16d site atoms ranged from 3 to 6 (A)2. These large values suggest
anharmonic behavior or high mobility for some of the ions. Evidence for this is found in the presence

of significant dielectric loss effects in all of the compounds studied.

Introduction

Materials with the pyrochlore structure
are numerous and exhibit a rich crystal
chemical variety. Oxide pyrochlores have
recently been reviewed. (/). The ideal
pyrochlore structure of composition A,
B, X¢X' can be described in space group
Fd3m, z = 8, with A in 16d, B in 16¢, X in
48f, and X’ in 8b.

A number of defect or nonstoichiometric
pyrochlores also exist. In such materials
the 16¢ and 48f sites are always fully occu-
pied, consistent with calculations which
show that the B,Xs network formed by
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these sites accounts for 80% of the electro-
static binding energy (2). Thus, defect
pyrochlores are characterized by vacancies
on either the 16d, 8b, or related sites lead-
ing to compositions such as A, B, X or AB;
Xs. A number of examples of the latter type
are known where X is O or F. The A species
is normally a large monovalent cation such
as Cs, Rb, K, or Tl and B is a pentavalent
transition metal such as Ta or Nb or a BB’
combination of appropriate valences (3—
14). Examples are CsNiFeF¢, CsTa,O5F, or
TINb,OsF. In general, the large monovalent
species, such as Cs, occupy the vacant 8b
sites while smaller cations such as Rb and
Tl have been found in 32e sites (/5).

In this work, the preparation and struc-
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tural characterization of a series of novel
defect pyrochlores of compositions CsBi;
TaSOm, CSBisz5O]6, and RbBizTa50|6 are
described. Letting A = Cs or Rband B =
Nb or Ta, the contents of one pyrochlore-
type cell can be written as Aj;Big4B 16048
Os-. Thus, these materials would appear to
present the possibility for high-defect con-
centrations on both the 16d and 8b or 32e
sites. In order to confirm a defect pyro-
chlore model for these compounds and to
determine the site occupancies of the vari-
ous species, neutron powder diffraction
studies were carried out. The influence of
such defect concentrations on the dielectric
loss of these materials was also investi-
gated.

Experimental

The compounds were prepared by firing
the oxides of the component elements at
1050°C in air with regrinding and refiring.

X-ray powder diffraction data were ob-
tained using a Nicolet 12 automated diffrac-
tometer.

Density measurements were obtained by
pycknometry using nitrobenzene as the im-
mersion liquid at 25°C.

Neutron powder diffraction data were
obtained at the McMaster Nuclear Reactor
using 1.3925-A neutrons and a position-sen-
sitive detector which has been described
previously (/6). Data refinement was done
by the Rietveld method' (/7). Gaussian line
shapes were assumed. In addition to posi-
tional, thermal, and unit cell parameters,
the scale, a zero point correction, and 3
half-width and 10 background (2 per frame)
parameters were refined.

Dielectric Properties

The dielectric constant and loss factors
were measured at frequencies ranging from

! The version of the Rietveld program used here was
modified by A. W. Hewat and E. Prince with further
modifications added locally by M. Eitel.
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10° to 107 Hz under weak ac fields using
Hewlett—Packard (4274A and 4275A) auto-
mating LCR bridges. The samples were in
the form of sintered pellets with sputtered
gold as electrodes and in some cases the
measurements were done from room tem-
perature to 250°C. Measurement details
were described elsewhere (/8).

Results and Discussion

Crystal Structure

The X-ray powder diffraction patterns
for all three materials could be indexed on a
cubic cell with systematic absences consis-
tent with space group Fd3m. These results
are shown in Table I. In addition to the
Bragg reflections, broad diffuse-scattering
features were evident in the powder pat-
terns of all three materials. These will be
discussed later.

As an initial model for refinement of the
neutron diffraction data, the Ta(Nb) atoms,
1% of the O atoms, and the Bi atoms were
assigned to sites 16¢, 48f, and 16d, respec-
tively, in Fd3m. This leaves the 8b site to
accommodate both the Cs(Rb) atom and the
remaining 15 of the O atoms. The overall
composition of one pyrochlore unit cell is
then: Bi6,4Ta(Nb),6O4gO§A2Cs(Rb)3‘2. Refine-
ment of all three data sets proceeded
smoothly to the values listed in Table II.
Figure 1 shows a typical data set illustrating
the quality of the fit. Selected bond lengths
and angles are given in Table III.

To our knowledge, these are unique
pyrochlores in that defects exist on both the
16d and 8b sites and that, apparently, both
oxide ions and monovalent cations are
found in the same, 8b, site. Observed densi-
ties agreed well with those calculated as-
suming the proposed model. For CsBi,Nbs
016, CSBizTa50|6, and RbBigTa5016 the ob-
served and calculated values are, respec-
tively, 5.68(0.11) and 5.79, 7.71(0.15) and
7.85, and 7.52(0.15) and 7.61 g cm™3.



190

EHLERT, GREEDAN, AND SUBRAMANIAN

TABLE 1
X-rAY POwWDER DATA FOR Cs(Rb)Bi,Ta(Nb)sO

CsBi,Tas0 CsBi;NbsOy RbBi;Tas0
ay = 10.5030(6) ay = 10.5295(5) ay = 10.5121(4)

hkl d(A) Ly d (A) Iz d (A) I
111 6.0564 11 6.062 3 6.0578 14
220 3.7115 1 3.7187 4 <1
311 3.1642 29 3.1711 17 3.1663 23
222 3.0298 100 3.0363 100 3.0318 100
400 2.6242 27 2.6300 19 2.6259 32
331 2.4079 1 2.4131 3 2.4100 1
422 <1 <1 <l
511, 333 2.0209 12 2.0260 <l 2.0224 9
440 1.8560 48 1.8610 53 1.8574 44
531 1.7748 S1 <1 1.7767 6
442 <1 <1
620 1.6607 1 1.6644 3 1.6606 1
533 1.6017 S 1.6048 3 1.6026 4
622 1.5870 52 1.5868 36 1.5844 38
444 1.5158 8 1.5194 7 1.5168 10
551, 711 1.4708 4 1.4740 2 1.4716 N
642 <1 1.3974 1 <1
731, 553 1.3676 13 1.3709 9 1.3687 10
800 1.3131 9 1.3162 9 1.3141 8
733 — — 1.2841 1 1.2843 1
644 — — 1.2706 1 1.2767 0
660, 822 — — <1 1.2387 !
751, 555 — — 1.2158 2 1.2139 3
662 — — 1.2079 16 1.2059 19
840 — — 1.1774 9 1.1755 16
911, 753 — — 1.1562 1 1.1539 4
842 — — 1.1494 1 <|
664 — — 1.1226 2 1.1208 1
931 — — 1.1040 3 1.1021 3

The only unusual features found in Table
II are the somewhat large thermal parame-
ters for atoms in the 16d (Bi) and 8b (Cs,
Rb, O’) sites. These observations led us to
explore other possible sites.

First, the Bi atoms were placed in the 32e
site but in all three cases the final parame-
ters were indistinguishable from the 16d (3,
3, 3) site. Anisotropic thermal parameters
were refined for the Bi atoms in 16d yield-
ing the following results: Bi,TasO;s0'Cs,
Bi1 =By =By =0.0117(3), Bj = Biy = B,
= 0.0034(4), R,, = 0.0506; Bi,NbsOQ 0’

CS, B]] = Bzz = B33 = 00135(4), B|3 = Bz} =
Bz = —0.0038(5), Rwp, = 0.0535; and Bi,Tas
O]jO,Rb, B]] = Bzg = B33 = _00108(4), Bl_;
= By = Bj; = —0.0032(5), R, = 0.0415.
These parameters, while large, are similar
to those reported for TI* in TINb,OsF, a
material with a high ionic conductivity (/0).

In addition, Fourier difference tech-
niques were used to determine the positions
of the Cs and Rb atoms. For the two Cs
compounds the only positive features on
the difference map were at 2, 2, %, the 8b
site. In the case of the Rb compound, how-
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F1G. 1. Observed (+), calculated (—), and difference neutron powder diffraction profiles for RbBi,
TasO. The positions of Bragg reflections are indicated.

ever, prominent features were evident at,
approximately, 0.44, 0.44, 0.44 and related
positions with a slight, negative difference
at the 8b position. Although the evidence is
consistent with Rb occupation of the 32e
sites, refinement was strongly dependent
on the starting position. In one case, begin-
ning at x = 0.425 the refinement converged
to x = 0.404(1) with R, = $.0410 and B(Rb)
= 1.7(4) A2 Other starting positions re-
sulted in refinement to nearby sites but with
no improvement in Ry, indicating that a

rather shallow minimum is involved. In
summary, for the two Cs materials, partial
occupation of the 8b sites by both O and Cs
ions seems confirmed, while reasonable ev-
idence exists for delocalization of the Rb
ion into a 32e site for that compound. This
is consistent with the relative ionic sizes of
Cs* and Rb" and with the findings of Four-
quet et al. (15) for CsNb-OsF and RbNb,Os
F; however, evidence for Rb occupation of
the 32e positions is not so strong as in these
cases.
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TABLE 11
PosiTIONAL AND ISOTROPIC THERMAL PARAMETERS FOR THE DEFECT PYROCHLORES Bi;Ta(Nb)sO,s0’'Cs(Rb)

BizTa50150’Cs Bing5Ol5OICS BizTajoljo,Rb
Atom Position B (A Atom Position B (Ay Atom Position B (A
Bi 3.3, 5.3(2) Bi e 6.1(2) Bi 3, %, 3 4.9(2)
Ta 0,0,0 0.52(4) Nb 0,0,0 0.89(4) Ta 0,0,0 0.45(4)
O 0.3153(1), 3. 4 0.87(3) (0] 0.3139(1), &, +  1.11(3) (0] 0.3156(1), 4, 4 0.74(3)
o’ L4 3.28(9) o’ 334 3.5(1) o 34,4 5.4(1)
Cs 8,38 3.28(9) Cs $ 82 3.5(1) Rb 3,88 S.4(1)
a4 = 10.505(1) A ap = 10.528(1) A ay = 10.508(1) A
Ry 0.0487 Ry 0.0566 Ry 0.0677
R, 0.0398 R, 0.0427 R, 0.0336
Rup 0.0523 Rup 0.0552 R.p 0.0427
Rg 0.0204 Rg 0.0196 Rg 0.0163
No. OBS 975 No. OBS 965 No. OBS 976
No. hki 63 No. hki 67 No. hki 64
No. parameters 21 No. parameters 21 No. parameters 21
RN = E|Iobs - Icalcl/zlobs pr = (Ew'Yobs = Yearc scale 2/2W(Yobs)z)m; w = l/Yubs
Ry = (Z|Yops — Yeu - scale|yZ| Vo D72 Ry = (degrees of freedom/Zw(| Y, )12
Degrees of freedom = (number profile points) — (number of
parameters)

Note. Cs and Rb atoms in 8b.

It should be mentioned here that an alter-
native understanding of the large observed
thermal parameters can, in principle, be ob-
tained by consideration of anharmonic ther-
mal motions (/9-21). This model has been
applied with success to materials with simi-
lar features, for example, the solid electro-
lyte a-Ag,Hgl, (22), CaF, (23), and MgAl,
O, at elevated temperatures (24). In these
cases, the atoms undergoing anharmonic
motion have 43m or 3m site symmetry as do
the 8b and 16d sites in pyrochlores, for ex-
ample, F in CaF,, Ag* and I in a-Ag,;Hgl,,
Mg?* in MgAlL,Q,, or AP+ in MgALO,. This
approach is presently under active consid-
eration.

As pointed out earlier, these defect
pyrochlores exhibit the unique feature that
both the 16d and 8b sites are partially occu-
pied by cationic species, yet, the 8b sites
coordinate the 16d sites in pyrochlores. On
electrostatic grounds, the most favorable

distribution of ions among these sites is that
Cs*™ or Rb* coordinate empty 16d sites
while 02~ coordinates Bi**-filled 16 sites. In
fact, one might expect the formation of
clusters or domains based on the two possi-
ble coordination environments of the 16d
sites.

Evidence for such clustering or short
range order is seen in the prominent diffuse
scattering feature of the x-ray powder dif-
fraction patterns as illustrated in Fig. 2 for
CsBi;TasO. Note the broad peak in the
background near 26° (26). The FWHM of
this peak is 8.0°(5) (26). Application of the
Scherrer formula yields an estimate of 80 A
as the average cluster dimension.

It is significant to note that diffuse scat-
tering effects are absent in the neutron
powder diffraction data. Two factors prob-
ably contribute here. First, the background
level is somewhat greater in the neutron ex-
periment and, more importantly, the con-
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TABLE III

BOND LENGTHS AND ANGLES FOR THE ABi,B0;0' (A = Cs, Rb;
B = Nb, Ta) ComPoUNDS (A IN 8b SITES)

CsBi;NbsO,50’ CsBi,Tas0,50’ RbBi,NbsO;50’
A-0 (A) 3.77719) 3.767(1) 3.7676(7)¢
Bi-0’ (A) 2.2793(4) 2.2744(4) 2.2751(3)
Bi-O (A) 2.702(1) 2.685(1) 2.685(1)
B-0 (A) 1.9790(6) 1.979%(7) 1.9811(6)
0-Bi-0 () 62.03(2) 62.14(2) 62.15(2)

0-Bi-0' (°)  57.72(2), 122.28(2)
O-B-0 (") 89.41(5), 90.59(5)
B-O-B (®) 140.23(8)

57.81(2), 122.19(2)  57.82(2), 122.18(2)
88.85(6), 91.15(6) 88.79(5), 91.21(5)
139.42(8) 139.34(8)

“« For Rb in 32e, x = 0.404(1), Rb-

trast in scattering power between Bi (scat-
tering length, b = 0.853), Cs (b = 0.542), Rb
(b = 0.708), and O (b = 0.581) is much less
in the neutron case than for X-rays.
Dielectric Properties

The results of the dielectric measure-
ments on these same defect pyrochlores are

2000 A
1500

1000+

N Y

O = 2.98(1) A.

given in Figs. 3 to 6. The measured dielec-
tric constant of CsBi;NbsO,6 is substan-
tially higher than those of Ta-containing
pyrochlores. For all the compounds, the di-
electric constant data showed a frequency
independent behavior at higher frequencies
(>10* Hz); however, at low frequencies a
sharp rise in the dielectric constant is
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F1G. 2. X-ray powder diffraction data showing the presence of a diffuse feature near 26°. (A) CsBi,

Nb;O6, (B) CsBi,Tas0,6, (C) RbBi,TasOy6.
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Fi1G. 3. Frequency dependence of the dielectric con-
stant for the ABi,B:O, pyrochlores. O (Cs, Nb). C
(Cs, Ta), @ (Rb, Ta).

noted. Dielectric loss measurements of all
the pyrochlores also showed a sharp in-
crease at lower frequencies. As the mea-
surement temperature was raised, dielec-
tric loss showed a steep increase even at
moderately higher frequencies (Fig. 4).
The observed dielectric behavior can be
rationalized as follows. As shown earlier
by neutron diffraction studies, all three
pyvrochlores have a large concentration of
cation vacancies. The observed thermal pa-
rameters for the A and Bi cations are large,
suggesting anharmonic behavior of these
cations. Under an applied electric field,
these cations can jump from an occupied
site to a neighboring vacant site (vacancy
mechanism) (25) giving rise to net ionic
conductivity. In fact, many defect pyro-
chlores of the type A+, B20s., were shown
to have high ionic conductivity (/). The di-
electric constant of a crystalline sample
results from electronic, ionic, and dipolar
orientation polarization. In addition to the
above, in these pyrochlores, ion jump po-

EHLERT, GREEDAN, AND SUBRAMANIAN

larization is responsible for the increase in
the dielectric constant at low frequencies
(<10° Hz). As the temperature is raised,
there is an increase in the contribution from
cation mobility which increases exponen-
tially with temperature. The result is a
sharp rise in dielectric constant at low fre-
quencies, corresponding to both ion jump
orientation effects and space charge effects
(concentration of charge carriers at the
electrodes).

Dielectric loss in ionic solids results from
three primary processes: (1) ton migration
losses {dc conductivity and dipole relax-
ation), (2) ion vibration and deformation
losses, and (3) electron polarization losses.
Of these, the most important is the ion
migration losses which tend to increase at
low frequencies and as the temperature is
raised. The observed sharp increase in the
dielectric loss at lower frequencies for all
three pyrochlores (Fig. 5) is largely due to
the ion jump relaxation between two equiv-
alent ion positions. If the applied frequency
is larger than the jump frequency, the at-

801 o]

70 +

DIELECTRIC CONSTANT

401

[
-]
4

300 aso 480 430 500 530 600 650

TEMPERATURE (K)

Fi1G. 4. Temperature dependence of the dielectric
constant for RbBi,Tas0 at 10° Hz (O) and 10° Hz (OJ).
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oms do not have an opportunity to jump at
all and the losses are small. For an ion jump
the jump frequency depends on the energy
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FIG. 6. Temperature dependence of the dielectric

loss for RbBi,Tas0,, at 103 Hz (O), 104 Hz (OJ), and 10°
Hz (@).
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barrier separating the two ion positions and
the presence of energetically equivalent va-
cant sites. As the temperature is raised, the
jump frequency of the ions increases expo-
nentially which gives rise to higher dielec-
tric losses at moderately high frequencies
(103 to 10°) (Fig. 6).

Although the above dielectric study is
quite preliminary, the observed data seem
to correlate well with the crystal structure
of these pyrochlores determined by neutron
diffraction. Further detailed dielectric re-
laxation studies on these interesting pyro-
chlores are in progress and will be pub-
lished later.

Acknowledgments

We thank Messrs. J. N. Reimers and A. H. O'Reilly
and Mrs. M. Crowe for assistance and useful discus-
sions. Financial support to J.E.G. in the form of an
operating grant and infrastructure support of the Mc-
Master Nuclear Reactor was provided by the Natural
Science and Engineering Research Council of Canada.

References

I. M. A. SUBRAMANIAN, G. AVRAVAMUDAN, AND
G. SuBBa, Rao, Prog. Solid State Chem. 15, 55
(1983).

2. J. PANNETIER, J. Phys. Chem. Solids 34, 583
(1973).

3. D. BEBEL, G. PAUSEWANG, AND W. VIEBAHN, Z.
Naturforsch. B: Anorg. Chem., Org. Chem. 22,
1219 (1967); Z. Anorg. Allg. Chem. 387, 161
(1972).

4. P. DARRIET, M. RAT, J. GALY, AND P. HAGEN-
MULLER. Mater. Res. Bull. 6, 1305 (1971).

5. C. MicHAEL AND B. RAVEAU, Mater. Res. Bull. 8,
451 (1973).

6. A. W. SLEIGHT, J. E. GULLEY, AND T. BERZINS.
Adv. Chem. Ser. 163, 195-204.

7. C. MicHEL AND B. Raveau, C. R. Seances
Acad. Sci., Ser. C 268, 323 (1969); M. HERVIEU,
C. MIiCHEL, AND B. RAVEAU, Bull. Soc. Chim.
Fr. 11, 3939 (1971).

8. G. Ory, F. FOURQUET, C. JACOBONI, P. MIRAN-
DAY, AND R. DEPaPE, C. R. Seances Acad.
Sci., Ser. C 273, 747 (1971).

9. A. W. SLEIGHT, F. C. ZUMSTEG, J. R. BARKLEY,
AND J. E. GULLEY, Mater. Res. Bull. 13, 1247
(1978).



196

10.

11.

12.

3.

4.

15.

16.

EHLERT, GREEDAN, AND SUBRAMANIAN

J. L. FourQUET, C. JACOBONI, AND R. DEPAPE,
Acta Crystallogr. Sect. B 25, 1570 (1979).

J. GrRINS, M. NYGREN, AND T. WALLIN, Electro-
chim. Acta 24, 803 (1979); Mater. Res. Bull. 15, 53
(1980).

C. MicHEL, D. GROULT, AND B. RAVEAU, Mater.
Res. Bull. 8,201 (1973); J. Inorg. Nucl. Chem. 37,
247, 251, and 1957 (1975).

M. A. BUTLER AND R. BIEFELD, Phys. Rev. B 19,
5455 (1979); Solid State Commun. 29, 5 (1979).
C. MIcHEL, A. GUYOMARC'H, A. DESCHANVRES,
AND B. RAVEAU, Mater. Res. Bull. 13, 197 (1978);
C. MicHEL, A. GUYOMARC’H, AND B. RAVEAU, J.
Solid State Chem. 25, 251 (1978).

J. L. FOURQUET, J. JACOBONI, AND R. DEPAPE,
Mater. Res. Bull. 8, 393 (1973).

J. E. GREeDAN, A. H. O'REeiLLY, aND C. V.
STAGER, Phys. Rev. B 35, 8770 (1987); C. W.
THoMpsoN, D. F. R. MILDNER, M. MEHREGANG,

17.

18.

19.
20.

21.

22,

23.

4.

25.

J. Supp, R. BERLINER, AND W. B. YELON, J.
Appl. Crystallogr. 17, 385 (1984).

H. M. REITVELD, J. Appl. Crysiallogr. 2, 65
(1969).

M. A. SUuBRAMANIAN AND A. W. SLEIGHT, Ma-
ter. Res. Bull. 21, 727 (1986).

B. T. M. WiLLis, Acta Crystallogr. 18, 75 (1965).
B. DawsoN, A. C. HURLEY, AND V. W. MASLEN,
Proc. R. Soc. London, Ser. A 298, 289 (1967).
C. K. JoHNSON, Acta Crystallogr. Sect. A 25, 187
(1969).

J. S. KAsPER AND K. W, BROWALL, J. Solid State
Chem. 13, 49 (1975).

B. T. M. WILLIS, Acta. Crystallogr. Sect. A 25,75
(1969).

T. YaMaNakA, Y. TAKEUCHI, AND M. To-
KONAMI, Acta. Crystallogr. Sect. B 40, 96 (1984).
A. K. JonscHER, ‘‘Dielectric Relaxation in
Solids,” Chelsea Dielectric Press, London (1983).



