932

Chem. Mater2007,19, 932—936

Local Structure of Displacively Disordered Pyrochlore Dielectrics
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Local cation environments in the pyrochlore dielectric840:0'

(Bi,M) 2(M,Nb),0s0' (M = Zn,

Fe) were determined from the extended X-ray absorption fine structure. The A cations & @re
displaced from their ideal positions, yielding the effective{£ + 2) coordination for the A cations.

The A-cation displacements are directed toward a pair of the framework O atoms; the specific displacement
directions are determined by the nature of the A cations (i.e., Bi, Zn, Fe) and the local Nb/Zn (or Nb/Fe)
B-site configurations. Local correlations among the atomic displacements and h@th §d [A:B2O]
configurations provide near-ideal bond valence sums for all constituent species in these pyrochlore

structures.

Introduction

Ceramics based on the pyrochlore system (BiZn)
(Zn,Nb)O; (BZN) exhibit low processing temperatures
(<950°C) and high relative permittivities (x 120), which
renders them attractive for temperature-stable capacitors an
filters embedded in multilayer systerh&ln addition, recent
work on BZN thin films has shown that their dielectric
properties are tunable with applied voltggé The exploit-
able properties of this compound are intimately connected

to the disordered static displacements which occur to satisfy

the bonding requirements on the mixed Bi/Zn sfes.

The A:B,O; pyrochlore structure can be described by the
formula B,Os+A,0', which emphasizes that the structure is
built of two interpenetrating networks: vertex-sharing [BO
octahedra form a three-dimensional network based on
diamond net, resulting in large cavities which contain the
O’ and A atoms forming a second anti-crystobalite-lik€A
tetrahedral nét(Figure 1a). The BOs network consists of
{111} layers of octahedra, which share corners to form six-
and three-membered rings. The relatively large A cations
are 8-fold coordinated by six O atoms in the octahedral
framework, which form a puckered hexagonal ring, and two
O’ atoms, located so that thé-©@A—0O' link is perpendicular
to the ring. The overall atomic arrangement results in a cubic
unit cell with a ~ 10 A andFd3m symmetry; in the ideal
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arrangement the atoms occupy four special positions: A-16c,
B-16d, O-48f, and G8b.

As discussed previoushthe pyrochlore phase in the Bi
Zn—Nb—0 systemdoes notoccur at traditional pyrochlore

§ompositions with A and B sites being occupied by the

relatively large (Bi) and small (Zn/Nb) cations, respectively.
Instead, these pyrochlores crystallize with compositions (e.g.,
Bi1sZNng 9iNby 5407) that require the presence of relatively
small Zn cations on both the A and B sites. Recently, similar
behavior has been reported in several otherMi-Nb—O
systems with small B-type M cations (e.g., Fe, Mn, Co, Ni,
Cu, etc) being present on the A sifed?

According to crystallographic refinements, the BZN py-
rochlore, while retaining average cubid3m symmetry,

a€Xhibits static displacive disorder with the A cations (Bi/

Zn) displaced in th¢ 111} planes by 0.39 A and the’@ns
displaced isotropically by 0.46 A.The models which
assumed disordered A-cation displacements along the six
either (112071314 or (110 directions in the{111} planes
generated comparable fitting statistics; that is, the powder
diffraction data were consistent with a toroidal distribution
of the A-cation displacement§Hopping of the ions among
the displaced sites has been proposed as the major origin of
the dielectric relaxation observed for the BZN compotifid.
Electron diffraction has revealed the presence of well-
structured diffuse scattering which suggests local correlations,
such as preferential [BZn] tetrahedral configurations on the

A sites, among the disordered iol$>However, the details
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Figure 1. Coordination environment of the A cations in the ideal (a) and displacively disordered (b, c) pyrochlore structures. (b) and (c) provide different
views of this environment in the disordered structure. The A cations occupy statistically one of the sites (indicated using black spheres}pteteate di

from the ideal central position. Thermal ellipsoids (50% probability) for the O atoms are shown as determined from the neutron powder diffréagtion for
BZN sample at 12 K.

of the positional disorder, the associated local correlations, o1 b . 5.;0‘10
and their effects on dielectric properties are not yet known. = A Bi ;;0'08
Clearly, any single measurement technique is insufficient to g YA TAVAY.Y. 200
obtain an accurate description of local atomic arrangements & e”f y §°°-°4
in these complex structures, and a combination of several 01 e 002
complimentary methods is needed. Successful examples of 0.00
such combined analyses have been reported previtisty. 04 020
the present study, we employed extended X-ray absorption =~ 02 5;0-16
fine structure (EXAFS) to determine the local cation < ool go12
coordination environments in the pyrochlore compounds Bi :; o2 b é" 0.08
M—Nb—O (M = Zn, Fe). Further, the results of EXAFS 04 | . 0.04F
measurements were combined with those from neutron 0.00
diffraction studie$'3to develop an improved understanding s ~ 03
of local structures in these materials. ~ S 0
< e
Experimental Section = é" 01
The EXAFS measurements were conducted on the samg Bi 0.8 | & 0.0
Zno_gle1_5p7 (Bi1_5Zn0_ng\|b1_505_92) and B-L7é:el_osd\|b1_13p7 (BFN) 2 4 6 8 1012 14 0 1 2 3 4
samples used previously in neutron diffraction structural refine- kA r(A)

ments’10 EXAFS data were collected at room temperature in Figure 2. (left) Experimental (dotted line) and fitted (solid line)veighted

transmission for the Bi .edge, Zn K edge, Fe K edge, and Nb K EXAFS SignTar"S ff()r Bi I3 edge, Zggedge. anéj dl\_lb IK e%g; in the fBZN
: : : pyrochlore. The fit was conducted Rspace and displayed kaspace for
edge using the National Institute of Standards and Technology the k-ranges used in the Fourier transform. (right) Experimental (dotted

X23A2 beamline at the National Synchrotron Light Source. The jine) and fitted (solid line) magnitudes of EXAFS Fourier transform. The
double-crystal monochromator was operated with a pair of Si(311) k-ranges used in the Fourier transform for Bi, Zn, and Nb were-3210,
crystals, and detuning was used to minimize the effect of harmonics. 3.4-12.0, and 3.312.0 A", respectively. Prior to a Fourier transform,
Five to ten spectra were collected for each absorption edge. All the EXAFS signal was multiplied by the Hanning window witk & 2

. . . A-1 TheR-space fitting ranges were +@.6 A for Bi, 1.0-2.5 A for Zn,
data were processed using the Athena cdddde Bi Ls absorption and 1.6-2.3 A for Nb.

spectra were corrected to remove the effects of double-electron

excitations:® Normalized k-weighted EXAFS signals and the 501015 52) entering the EXAFS equatidtwere determined using
corresponding Fourier transfqrm _(FT) magnitudes for the_BZN and well-characterized specimens of zirconoliteZBi,sNby:O; (for Bi

BFN pyrochlores are shown in Figures 2 and 3, respectively. The 404 Np$o and columbite ZnNiDs (for Zn) 2! Additionally, these
exploitable EXAFS signal for all elements in the present samples two compounds were used as references for the Nb pre-edge

was limited tok ~ 12 Afl' This limited range is caused b_y the structure, which is sensitive to off-center Nb displaceméhts.
rapid fall of EXAFS oscillations due to (1) a weak scattering by

oxygen and (2) a strong displacive disorder in both BZN and BFN
pyrochlore structures. As a result, far> 10 A-2, the data are
affected by the systematic noise.

Structural parameters were obtained by fitting the EXAFS FT
calculated with the FEFF6 cotfao the experimental data. The fit
was accomplished using Artemis softwafeThe nonstructural
parameters (i.e., energy shifts, and passive electron reduction

Results and Discussion

For the BZN compound, two models (Figure 1b) describ-
ing the A-site (Bi/zn) off-center displacements along the
[1100directions toward a pair of the framework O atoms
and along théll12directions toward a single O atom were
tested; however, the latter displacement model was rejected
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Figure 3. (left) Experimental (dotted line) and fitted (solid line)veighted
EXAFS signals for Bi I3 edge and Nb K edge in the BFN pyrochlore. The
fit was conducted ifiR-space and displayed kaspace for thé-ranges used

in the Fourier transform. (right) Experimental (dotted line) and fitted (solid
line) magnitudes of EXAFS Fourier transform. Tkeanges used in the
Fourier transform for Bi and Nb were 3:22.0 and 3.312.0 A1,
respectively. Prior to a Fourier transform, the EXAFS signal was multiplied
by the Hanning window with ki= 2 A-1, TheR-space fitting ranges were
1.0-2.6 A for Bi and 1.6-2.3 A for Nb.
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Table 1. Results of the EXAFS Fits for the BZN and BFN

Compoundg
absorber scatterer N r(A) 02(R?  Npg Rfactor
BZN
Bi O (rings) 2 218(1) 0.001(1) 9 0.011
o 2 237(2) 0.013(5) 9 0.011
Nb O (octahedra) 6 1.975(4) 0.008(1) 7.6 0.01
Zn O (octahedra) 6 2.11(1) 0.018(3) 8 0.009
o 2 211(1) 0018(33) 8 0.009
O (rings) 2 198(3) 0.0 8 0.009
BFN
Bi O (ring) 2 220(1) 0.002(1) 9 0.012
o 2 239(1) 0009(4) 9 0.012
Nb O (octahedra) 2 190(1) 0.003 7.6  0.007
O (octahedra) 2 1.99(1) 0.003 7.6 0.007
O (octahedra) 2 2.09(1) 0.003 7.6 0.007

aN s the coordination numbeN;yq refers to the number of independent
data points used in the fit.R factor describes the quality of the fit. Values
in parentheses are the parameter uncertaittie8.For these B-W
parameters varied independently, the uncertainties were greater than th
refined values. Therefore, in the final fit these-V parameters were fixed

Krayzman et al.

which are manifested by their strongly anisotropic displace-
ment parameters (Figure 1b,c) in the diffraction refinenient.
These additional O displacementsQ.15 A at 12 K), which

are associated with local tilting/bending of the [BO
octahedra and directed toward/away the A cations, have to
be accounted for when calculating the interatomic distances
from the neutron data. A relatively small value of?
suggests that the static displacements of Bi and the nearest
framework O atoms are strongly correlated (the two O atoms
are displaced toward the approaching Bi cation). The static
O displacements also explain the relatively broad distribution
of distances between Bi and the four more distant O atoms
in the ring estimated aR; ~ 2.70 A (x2) andR, ~ 3.00 A
(x2). The resulting Bi coordination can be described as (4
+2+2).

The Zn cations, unlike Bi, occupy both A and B sites. An
accurate description of the total radial distribution function
around Zn therefore requires at least a three-shell model to
account for the Zn(A)O, Zn(A)—0O', and Zn(B)-O dis-
tances (Zn(A) and Zn(B) denote the Zn cations on the A
and B sites, respectively). However, fitting this three-shell
model to the Zn data generated large uncertainties in the
structural parameters because of the large correlations among
the variables. Therefore, we simplified the model for Zn
coordination by using bond valence considerations and the
results of neutron diffraction studies as discussed below.

In BZN, both Bi and Zn are strongly under-bonded on
the A sites of the ideal pyrochlore arrangement, with bond
valencé® sums of 2.46 v.u. (valence units) and 0.86 (!) v.u.,
respectively (6x Rao ~ 2.67 A, 2 x Ra_o ~ 2.29 A).
The off-center A-cation displacements reduce the effective
coordination of Bi while increasing its bond valence sum
(BVS) from 2.46 to 3.15 v.(#!2 (This bond valence sum
was calculated using the EXAFS-derived &) bond
distances with the Catoms located on the ideal 8b sites
and Bi cations displaced by 0.4 A.) Withers etgpostulated
that Zn atoms remain on the ideal 16¢ A sites so that their
bond valence requirements are satisfied exclusively by the
O displacements. As a part of the present study, we analyzed

Shis structural model with the Zn cations located on thé46¢

at the values corresponding to the upper limits of their respective uncertainty using the neutron powder diffraction data reported previ-
ranges; the constraint had little effect on the refined values of other variables 0us|y.7 The refinements yielded abnormally |arge anisotropic

and the quality of the fit.

because of a poor fit to the experimental data. For the first
model a satisfactory fit (Figure 2) required a two-shell model
(2 x Ry + 2 x Ry) with the distance®; = 2.18 A andR;,

= 2.37 A (Table 1). Thes®, andR; values correspond to
the Bi—O and Bi~O' distances, respectively, with Bi being
displaced toward a pair of the framework O atoms and O
ions being displaced away from Bi. These Bi displacements
create two equal well-defined2 = 0.001 A) distances to

displacement parameters for the Zn atoms, thus providing
clear evidence for their off-center displacements in the
hexagonal ring planes. The magnitude of the Zn(A) displace-
ments appeared to be comparable to that of the Bi atoms.
However, in contrast to Bi, the Zn displacements increase
its BVS only to 1.1 v.u. Therefore, @isplacements directed
toward Zn are mandatory to achieve a reasonable BVS value
around Zn. The Odisplacements of 0.46 A determined by
neutron diffraction result in ZrO' distances of 1.85 0.05

A. Concurrently, the Zn(AY O distances must be similar to

the nearest O atoms, whereas the distances from Bi to thethe Bi—O distances of 2.18 A, which is relatively close to

remaining four O atoms in the hexagonal rings exhibit a
broad distribution which smears their contribution to EXAFS.
The Bi—O distance ofR, = 2.18 A is smaller than the
value of 2.27 A expected from the neutron-derived A-cation
displacements o¥0.4 A. This discrepancy is caused, at least
in part, by static displacements of the framework O atoms

the expected Zn(B)O distances of2.1 A.

As a first approximation for the Zn coordination, we
therefore considered a two-shell model with a shorter distance

(23) Brown, I. D.; Altermatt, D.Acta Crystallogr., Sect. B985 244~
247.
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Figure 4. Schematic drawings illustrating the correlations among the
directions of the A-site Bi/Zn displacements (indicated using arrows) and
the B-site Nb/Zn configurations. The correlations are aimed at satisfying
the bond valence sum requirements for the framework O atoms.

having a multiplicity of 2 (as expected for 20') and a
longer distance having a multiplicity of 8, which corresponds
to the six Zn(B)-O bonds in the [Zng] octahedra and the
two Zn(A)—O distances resulting from thEl100A-site
displacements in the hexagonal ring. [THeL 2 displace-
ments of~0.7 A (Rz-o = 1.95 A) would be required to
produce the BVS equivalent to that duedd0ddisplace-
ments of only~0.4 A (Rz,-0 = 2.18 A); that is, thel1100
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v.u. For comparison, the displacements of Bi toward the O
pairs with the Nb-O—Nb coordination would produce the
O BVS value of 2.53 v.u.

According to neutron refinementd?4 the probability
density distribution for the Gatoms can be represented by
a spherical shell having a radius#0.46 A and a thickness
of ~0.2 A; that is, the probability density around the ideal
8b sites is zero. In fact, these crystallographic refinements
suggest that [BZnO] is the predominant [40'] configu-
ration; otherwise, the presence of JBI] tetrahedra would
result in a nonzero probability density around the ideal 8b
sites, as was indeed observed forBiO** and (Bi.7r
Fen.19)(Fen.sed\b1.139O7° compounds. As discussed previ-
ously/1315the [BisznO] arrangement is expected to mini-
mize the bond strain around the A sites andi@hs. The
BVS for O calculated for the [BZnO1] configuration using
the EXAFS-derived distances is 1.91 v.u.

Finally, the Nb EXAFS in the BZN pyrochlore was fitted
(Figure 2) using a single-shell model wiRyp-o = 1.98 A
(02 = 0.008 &) (Table 1). This distance corresponds to a
BVS of 4.86 v.u., which is within a common range for Nb
in oxides. Comparison of the pre-edgpeak intensities from

Zn displacements are more consistent with the displacementn® BZN pyrochlore and zirconolite EinzNba/0; reveals

magnitude determined from the neutron studies.] The re-
maining four Zn(A)-O distances in the ring were assumed
to exhibit a broad distribution for reasons analogous to those
discussed for Bi. The fitting parameters included the two
distances and the associated DebWaller (D—W) factors.
This double-shell model provided a satisfactory fit to the
experimental data (Figure 2), yieldifgg = 1.98 A (02 =
0.002 A) andR, = 2.11 A (02 = 0.018 &) (Table 1). A
relatively broad distribution oR, was expected since this
shell represents the Z0 distances both in the octahedra
and in the rings. Alternatively, we considered a two-shell
model (2x R; + 6 x Ry) that assumed a broad distribution
of all Zn(A)—O distances in the rings so that their contribu-
tion to the EXAFS FT was negligible (for example, this could
occur for the Zn(A) displacements exhibiting a toroidal
distribution). However, fitting the (X R; + 6 x R,) model

to the experimental data produced a negativeVD factor

for the R,, thus suggesting that the contribution of the Zn-
(A)—0O distances is significant. Further studies using alterna-

no significant deviations from the centrosymmetric environ-
ment for Nb in the BZN structure. However, minor distortion
of the [NbQy] octahedra (i.e., bending) cannot be ruled out,
especially given the relatively large value of the-/ factor.
These results are reminiscent of the studies of thRBD;
pyrochlore?®> where Ru was confirmed to reside in the
centrosymmetric positions even though the [Ruigtahedra
were distorted to the trigonal antiprisms.

For the Bi-Fe—Nb—O (BFN) pyrochlore, a reliable
separation of the contributions from the A- and B-site Fe to
the EXAFS was precluded by the relatively small fraction
of A-site Fe (18% of the total Fe content). Therefore, for
this compound the analyses were limited to the Bi and Nb
environments. In particular, the Bi EXAFS in the BFN was
fitted (Figure 3) using a two-shell model 2R; + 2 x Ry)
with Ry = 2.20 A (02 = 0.002 &) andR, = 2.39 A (0% =
0.009 &) (Table 1) attributed to the BiO and Bi-O'
distances, respectively. For the Nb in the BFN, a three-shell
model 2x Ry + 2 x R, + 2 x Rg) with the Nb—O distances

tive techniques are necessary to elucidate the details of znof Re = 1.90 A /R, = 1.99 A, andRs; = 2.09 A (Table 1)

displacements in the hexagonal rings.

The total BVS values, calculated from the EXAFS-derived
distances, around the Bi and A-site Zn are 3.08 and 1.78
v.u., being reasonably close to their ideal values. (Note that
the major contribution to the BVS of both cations is coming
from the nearest two framework O and two iOns.) The
BVS value for the B-site Zn is 1.92 v.u. Analyses of the
BVS values for the framework O atoms in various possible
[B2A20] configurations suggests that (1) only one A cation
can be displaced toward a given O ion in the BBO

was needed to obtain a satisfactory fit (Figure 3). The larger
distortion of [NbQ] octahedra in the BFN as compared to
the BZN likely originates from a more concentrated B-site
mixture in the BFN compound (BFN, Fe/Nb 0.5; BZN,
Zn/Nb ~ 0.25). Despite this pronounced distortion of the
[NbOg¢] octahedra, the Nb K pre-edge structure in the BFN
phase was very close to that in the BZN, which suggests
that the Nb cations still retain their centrosymmetric environ-
ments.

The Bi—O/Bi—0O' distances in the BFN compound are

octahedron, and (2) the Bi cations are displaced preferentiallysimilar to those identified for the BZN, yielding a total Bi

toward those O pairs which exhibit a mixed B-site coordina-
tion Nb—O—2zn(B) for each O atom, whereas the Zn(A)
cations are displaced toward the O pairs with the-Qb-

Nb environment (Figure 4). Under these conditions, the O
ions acquire near-ideal BVS values ranging from 2.02 to 2.05

BVS value of 3.04 v.u. According to neutron diffraction

(24) Hector, A. L.; Wiggin, S. BJ. Solid State Chen2004 177, 139~
145.

Avdeev, M.; Haas, M. K.; Jorgensen, J. D.; Cava, R. $olid State
Chem.2002 169, 24—34.

(25)
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studies’;'°both compounds exhibit similar Bi displacements Conclusions

but different behaviors of the '‘Oatoms. In the BFN In summary, we have determined the local cation coor-
pyrochlore, the A sites are occupied primarily by Bi (A-site dination environments in the displacively disordered BZN
Fe/Bi = 0.09) so that the [BD'] is the predominant and BFN pyrochlores. The combined A-cation and O
configuration. Therefore, as expected from the bond valencedisplacements decrease the effective A-cation coordination
arguments and confirmed by the neutron diffraction refine- to (4 + 2 + 2), thereby reducing the residual bond tension
mentst® the O atoms exhibit high probability density at the —around these cations to acceptable levels. In BZN, both Bi
ideal 8b sites. The BiO' distances of 2.39 A are longer and Zn are displaced toward a pair of the framework O
than the 2.31 A estimated for the Bi atoms displaced in the atoms. Bond valence analyses _|nd|cate stron_g correlations
{111 planes and the Cons located in the ideal 8b sites. 2M°Ng the local [AB,0] configurations and the displacement

This difference can be attributed to the Bi displacements ;:ir:re(ét.lodr?s flor Bi an:j Zniﬁ\). lemllar ConCIUZ'OES r:ﬁld é%rN
directed slightly out of thg 111} planes due to a strong € bl displacements In the compound. For the

puckering of the hexagonal O rings. Clearly, common compound, the EXAFS results are consistent with [B@Zh

thermal ellipsoids that have been used in neutron diffraction as the predom!nant O] conf|gurat|'on, with the O

, ) . displacements directed toward the A-site Zn and away from
refinement$'**4cannot provide an adequate description of o Bi cations.
such off-plane static A-cation displacements. Following the
bond valence arguments for the O atoms, the Bi atoms are Acknowledgment. The samples used in this study were
expected to be displaced preferentially toward the B-site Fe Synthesized by Juan Nino and lleana Pazos.
cations. CM062429G



