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The structure of Gd2Zr2O7 pyrochlore over the temperature range 4–300 K has been refined from

powder neutron diffraction data. The sample was enriched in 160Gd to avoid the high neutron

absorption of naturally occurring Gd. The diffraction pattern showed well resolved superlattice

reflections indicative of the pyrochlore structure and no evidence is found for anion-disorder from

the structural refinements.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Questions over the sustainability of the carbon fuel cycle are
driving research into alternate methods to generate electricity.
Pyrochlore oxides are attracting considerable attention for their
potential use in two possible replacement technologies, namely
as electrolytes in solid oxide fuel cells [1] and components in the
nuclear fuel cycle, both as host matrices for actinide wastes [2] or
in inert matrix fuels [3]. One particular composition, Gd2Zr2O7, is
being actively explored for both technologies due to its high ionic
conductivity; La doped-Gd2Zr2O7 has conductivity sdc values
similar to those of Y doped ZrO2 [1], and displays excellent
resistance to radiation induced amorphization [4]. Although the
applications are vastly different the suitability of Gd2Zr2O7 in
both fields can be rationalised from its structure. The general
stoichiometry of pyrochlores is often written as A2B2O6O0 (in
space group Fd3m No. 227) and can be described as a super-
structure of the AO2 fluorite structure (Fm3m No. 225) where the
anion vacancies and two cations are ordered, as illustrated in
Fig. 1 [5]. There are four equivalent ways to describe a pyrochlore
structure in Fd3m. Here we have placed the larger A-cations on
the 16d at 1/2 1/2 1/2 and the smaller B-cations on 16c at 0 0 0.
There are two types of anions in the ideal pyrochlore structure
and these are typically distinguished by their Wyckoff labels, 48f

and 8b. The anions at the 48f site are at a distance of about 2 Å
from the smaller B-type cations, and these from a network of
corner sharing BO6 octahedra. The A-type cations fill the resulting
ll rights reserved.
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interstices and are �2.4–2.6 Å, from the 48f sites. The anions on
the 8b site form a Cu2O type chain with the B-type cations with
the B–O distance being around 1.9–2.1 Å. The corresponding 8a

site is vacant.
The stability of the pyrochlore structure is generally related to

the ratio of the ionic radii of the A- and B-type cations, and is
normally observed for rA/rB¼1.46–1.78. Typically smaller values
of rA/rB favour the formation of the disordered fluorite-type
structure [5]. The rA/rB value of Gd2Zr2O7 is near to the limit of
pyrochlore stability, 1.46. A second structural consideration is
that in the pyrochlore structure all the atoms, including the
oxygen at 48f, occupy special positions; such that the single
positional coordinate x48f together with the cubic lattice para-
meter fully describe the structure. When x48f equals 0.375 the
structure would be a ‘‘perfect’’ defect-fluorite. The precise values
of x48f in Gd2Zr2O7 is unknown although Moriga et al. [6] reported
a value of 0.3411(9) using single crystal X-ray methods. Lian et al.
[7] described Gd2Zr2O7 as adopting a disordered defect fluorite
structure with x48f¼0.345, whilst Mandal et al. [8] reported
x48f¼0.332(1). Lee et al. [9] suggest that the precise location of
the 48f anion is dependent on the extent of anion disorder,
shifting from near 0.347(1) in ordered samples to 0.359(1) in
extensively disordered samples.

The ordered Gd2Zr2O7 pyrochlore structure has a strong
propensity to transform to the disordered fluorite structure and
it is reported to undergo a first order pyrochlore to fluorite
transition at about 1550 1C [10]. This transition is unusual in that
it involves the simultaneous disordering of the cations and
anions. There is some evidence that the cation and anion
sublattices can be disordered independently by thermal treat-
ment and chemical substitution [11]. Computational studies show
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Fig. 1. Representation of the GdO8 and ZrO6 polyhedra in the Gd2Zr2O7 pyrochlore

structure. The larger spheres represent the cations. The 48f and 8b anion sites are

occupied by the oxygen anions whilst the 8a sites are vacant in the ideal

pyrochlore.
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the increase in the ionic conductivity in pyrochlore is most likely
a consequence of increased vacancies at the 48f site as a result of
cation and anion disorder [12]. Furthermore anion Frenkel defects
are easily formed [13] in Gd2Zr2O7 hence accounting for the ionic
conductivity in this material.

The suitability of Gd2Zr2O7 as a nuclear material centres around
its resistance to radiation-induced amorphization. There is consider-
able debate as to how this occurs, but it appears that ease of the
relaxation of the defects formed upon radiation is important and it
can be speculated that this will reflect the ease of transformation to
the fluorite structure. Lian et al. [7] suggested that the radiation
resistance of Ln2Zr2O7 oxides is dependent on the extent of deviation
from an ideal fluorite structure (x48f¼0.375). As the structure
approaches the ideal, ordered pyrochlore structure, radiation-
induced amorphization is more easily attained [14]. The reported
range of x48f values 0.332–0.359 in Gd2Zr2O7 is expected to
correspond to significant differences in stability. The transformation
to the fluorite involves disordering of both the cations and anions;
however, there is limited direct evidence for cation antisite (AB-site
mixing) disorder in pyrochlores.

Why is so-little known about the position and ordering of the
anions in Gd2Zr2O7? X-ray diffraction data, which is most commonly
used to refine structures, involves scattering from the electron cloud.
The high atomic numbers of Gd and Zr means both cations are
considerably stronger scatterers of X-rays than the oxygen atoms.
Neutron diffraction should be superior to X-ray diffraction since in
neutron diffraction measurements the scattering of the oxygen is
comparable to that of Gd and Zr, however naturally occurring Gd
has an extremely high neutron absorption cross section and this
generally precludes the use of such methods. There have been a
number of attempts to overcome this problem. Since it is generally
assumed that the lanthanide cations in pyrochlores can be consid-
ered as purely ionic it is a reasonable postulate that the Gd could be
modelled through the use of a suitable mixture of a larger and
smaller lanthanide cation. A small number of studies of solid
solutions Ln2�xLn0xZr2O7, where Ln and Ln0 are lanthanide cations
being larger and smaller than Gd, respectively, have demonstrated
that this approach induces the pyrochlore–fluorite transition
[15,16]. Of relevance to the current work we have recently char-
acterised the series Nd2�xHoxZr2O7 using neutron diffraction meth-
ods and revealed the presence of extensive anion disorder in the
pyrochlore phase [17].

In the present study we have exploited the observation that
not all isotopes of Gd strongly absorb neutrons and through the
use of suitably enriched oxides it is possible to use neutron
diffraction methods. The absorption coefficient for 160Gd is listed
as 0.77 barn which is a factor of 105 smaller than that of 157Gd,
the most strongly absorbing isotope of Gd. 160Gd is also some-
what more abundant than 157Gd (21.9% vs 15.7%). In the present
case we have used high resolution neutron powder diffraction
(NPD) to establish the structure of Gd2Zr2O7 using a sample
enriched in 160Gd.
2. Experimental

160Gd2O3 (�0.7 g) (Isoflex 99.8% isotope purity) was preheated
at 1000 1C for 3 h and ZrO2 (99.99%) were preheated at 1000 1C for
12 h, to remove any H2O, before use. The two oxides were mixed
by hand and heated at 1000 1C for 20 h. The resulting powder was
then re-ground and pressed into a pellet that was then heated at
1450 1C for 15 days with an intermediate re-mixing. The sample
was sealed in a 6 mm diameter vanadium can and neutron
powder diffraction data were obtained using the high resolution
powder diffractometer Echidna [18] at ANSTO’s OPAL facility at
Lucas Heights. The wavelength of the incident neutrons, obtained
using a Ge 335 monochromator, was 1.622 Å as determined using
data collected for a certified NIST SRM676 Al2O3 standard. This
instrument has a maximum resolution of Dd/d�1�10�3, with
data collection taking around 8 h. Patterns to lower statistics were
obtained at temperatures between 4 and 300 K in order to
establish the temperature dependence of the structure.

The structure was refined using the Rietveld method imple-
mented in the programme GSAS [19,20]. The neutron peak shape
was modelled using a pseudo-Voigt function and the background
was estimated using an eight-term shifted Chebyschev function.
Anisotropic displacement parameters were refined for the oxygen
anions. The neutron scattering length of 160Gd used in the
Rietveld analysis was 8.922 fm, this value being obtained from
analysis of neutron diffraction data collected for the 160Gd2O3

starting material [17].
3. Results and discussion

The neutron powder diffraction (NPD) pattern demonstrates
that the present sample of 160Gd2Zr2O7 adopts the cubic pyro-
chlore structure in space group Fd3m. Although there have been a
small number of neutron diffraction studies reported for 160Gd
enriched samples [21–25], the methodology is still sufficiently
novel that some comment on the choice of scattering length is
appropriate. The strategy we employed was to record a neutron
data-set from the same batch of 160Gd2O3 employed in the
synthesis of Gd2Zr2O7. The scattering length of the Gd was
allowed to freely vary in the refinement of the structure of
Gd2O3 from this data, and this gave a value of 8.922 fm [17].
The tabulation by Sears [26] lists a value of 9.15 fm, the difference
(about 2.5%) between the two values probably arises from a
combination of experimental uncertainties and the precise
isotopic composition of the samples studied.

The structure of 160Gd2Zr2O7 at both 4 and 300 K was refined
from NPD and the results are presented in Table 1. Fig. 2
illustrates the quality of the fit to the 4 K data-set. The possibility
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Fig. 2. Neutron diffraction pattern recorded at 4 K from Gd2Zr2O7 enriched in
160Gd. The circles represent the observed data and the continuous line is the fit

obtained by the Rietveld method using the cubic structure in Fd3m. The vertical

marks show peak positions expected in this structure and the line beneath the

pattern is the difference between the observed and calculated patterns. The higher

than typical background is likely due to the small size of the sample and

incoherent scattering by traces of other Gd isotopes present in the sample.

Table 2
Selected bond distances and angles for Gd2Zr2O7 at 4 and 295 K.

Temp (K) 4 295

a (Å) 10.5249(2) 10.54010(4)

Rp (%) 4.00 9.57

Rwp (%) 3.09 10.24

w2 2.07 1.48

Gd–O(1) (Å) 2.471(2) 2.458(4)

Gd–O(2) (Å) 2.27871(3) 2.28200(7)

Zr–O1 (Å) 2.115(2) 2.130(3)

Gd–Gd (Å) 3.72111(7) 3.72649(11)

Zr–O–Zr (deg.) 123.21(17) 122.07(32)
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Fig. 3. Temperature dependence of the cubic lattice parameter (circles) and x48f

(squares) for Gd2Zr2O7 obtained from Rietveld refinement of powder neutron

diffraction data. Where not apparent the esds are smaller than the symbols. The

solid curve is a guide to the eye.

Table 1
Crystallographic parameters for Gd2Zr2O7. Where two values are given the first

value refers to the structure at 4 K and the second value that at 295 K. The number

in parentheses beside each entry indicates the estimated standard deviation refer

to the last digit shown. The anisotropic displacement parameters for O(1) are

listed.

Atom Site x y z Ueq (100 Å2)

Gd 16d 1/2 1/2 1/2 0.31(7) 1.6(2)

Zr 16c 0 0 0 1.11(11)

2.4(2)

O1 48f 0.3456(3)

0.3476(7)

1/8 1/8 2.08n 3.84n

O2 8b 3/8 3/8 3/8 0.5(3) 1.9(6)

U11
¼3.8(3) U11

¼1.2(1) U23
¼0.6(2) @ 4 K U11

¼4.4(5) U11
¼3.6(3) U23

¼0.4(4)

@ RT.
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that some of the oxygen disordered from the 48f to the nominally
vacant 8a site was also investigated, however the refinements
indicated this did not occur. The absence of such disorder in this
sample is believed to be a consequence of the temperature used
to anneal the sample.

The structure of Gd2Zr2O7 has been refined from X-ray powder
diffraction data by a number of workers, resulting in a range of
values for x48f, �0.332–0.359. Although limited the results
described by Lee et al. [9] suggest that the precise location of
the 48f anion is dependent on the extent of anion disorder,
shifting from near 0.347(1) in ordered samples to 0.359(1) in
extensively disordered samples [9]. The present results demon-
strate that in a sample lacking appreciable anion disorder the
value of x48f is 0.3456(3). This value is statistically different to
that obtained by Moriga et al. [6] in their single crystal XRD study
of Gd2Zr2O7, 0.3411(9), and represents a reduction in the trigonal
distortion of the ZrO6 moiety. It should be noted that Moriga [6]
reported solutions for two crystals, the first of which was
annealed at 1550 1C and was free of diffuse features in precession
photographs. Their second crystal was annealed at 1600 1C and
displayed obvious diffuse feature in the precession photographs
indicative of disorder. There are no obvious diffuse features in the
observed neutron profiles of our sample which was annealed at
1450 1C and so the comparison with the results for the sample
labelled S by Moriga [6] appear reasonable. It has been recently
demonstrated that the degree of disorder in Gd2Zr2O7 is sensitive
to the thermal history of the material. When prepared at low
temperatures Gd2Zr2O7 adopts a defect fluorite structure and this
transforms to disordered pyrochlore at temperatures higher than
1200 1C in static air environment [27]. It seems a reasonable
postulate that x�0.346 in well ordered Gd2Zr2O7 (Table 2).

The Gd cations in Gd2Zr2O7 are in a compressed scalenohedral
environment. The Gd–O(1) distance, 2.458(4) Å, is significantly longer
than the two Gd–O(2) bonds, along the �3 axis, 2.28200(7) Å
reflecting a relatively weak interaction between the Gd and the
Zr2O6 network. The Zr cations are surrounded by six O(1) atoms in a
trigional antiprisim geometry with six equal Zr–O(1) distances of
2.130(3) Å. There was no evidence, from the neutron diffraction data,
or from an XRD pattern recorded for a sample containing natural Gd,
and prepared under identical conditions, for disorder of the Gd
cations, analogous to that found in La2Zr2O7 [28] or in Bi containing
pyrochlores [29]. The bond valence sums for Zr (3.70) and Gd (3.29)
are both slightly different to their ideal values reflecting the proximity
of the material to the pyrochlore-fluorite phase boundary. The Zr–
O(1)–Zr angle is 122.07(32)1. This angle is smaller than that found for
Gd2Sn2O7 128.81, [30] reflecting the size difference between Zr4þ

(0.72 Å) and Sn4þ (0.69 Å) [31] and is appreciably smaller than the
133.171 found for the metallic oxide Bi2Ru2O7 [32].

The cubic lattice parameter for Gd2Zr2O7 is essentially inde-
pendent of temperature below 50 K and increases sharply above
this (Fig. 3). The oxygen (1) anion positional parameter x48f shows
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a very small increase upon cooling, although the spread of values
is comparable to the statistical errors. This small increase in x

effectively compensates for the contraction in the unit cell such
that the Zr–O(1) and Gd–O(1) distances remain effectively con-
stant over this temperature range. Only the Gd–O(2) bond dis-
tance exhibits a systematic change, this being given by the
expression d¼(31/2a/8). Despite the rapid increase in cell size
above 100 K the all other interatomic contacts in Gd2Zr2O7 remain
independent of temperature. All the atomic displacement para-
meters systematically increased as the temperature was raised
from 4 K, but no anomalies were apparent suggesting that
although energetically the sample is close to the pyrochlore–
fluorite phase boundary the kinetics of such a transition are likely
to be very slow under ambient conditions.

Although the radius ratio rA/rB is generally regarded as the
dominate influence for the formation of the pyrochlore structure
and its transformation to a disordered fluorite state, it is inter-
esting to note that the presence of strong covalent bonding
apparently inhibits the order–disorder structural transition as
evident from studies of solid solutions such as Y2(SnxTi2�x)O7 and
Gd2(SnxTi2�x)O7 over the same range of rA/rB values in the
Ln2(Zr,Ti)2 solid solution [33]. Through the use of 160Gd we have
circumvented the effect of subtle changes in the bonding of the
constituent cations. It is surprising that although extensive anion
disorder is observed in series such as Nd2�xHoxZr2O7 it is not
observed in the present sample of Gd2Zr2O7. This highlights the
significant difficulty in reconciling the results of various
researchers—that is the anion disorder in Zr pyrochlores is
sensitive to the precise conditions used to prepare the sample.
Fortunately the structure of well ordered Gd2Zr2O7 does not show
any significant changes upon cooling to 4 K so that it appears
reasonable to use structural information obtained under ambient
conditions in the analysis of damage induced by heavy ion
bombardment at low temperatures.

In summary we have presented the first accurate and precise
structural study of Gd2Zr2O7. This was achieved using high
resolution powder neutron diffraction of a sample enriched in
160Gd. We show it is possible to form well ordered samples of
Gd2Zr2O7. It is expected that disorder [7,13,34] will increase as
the structure tends towards the ideal fluorite structure, with
x48f¼0.375. As the structure approaches the ideal, ordered pyro-
chlore structure, radiation-induced amorphization is more easily
attained [14]. This raises the question—does introducing anion
disorder result in a shift in the position of the 48f anion, and if so
does this result in measurable changes in the response of the
material to radiation? Future work will endeavour to answer this
question.
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