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Complex oxides:
Intricate disorder

Blas Uberuaga

The presence of ordered domains in intrinsically disordered pyrochlores and
spinels calls for a reassessment of understanding of their structure and disordering
mechanism.

Complex oxides such as pyrochlores have a myriad of potential technological
applications, including fast ion conductors and radiation tolerant nuclear waste
forms. They are also of interest for their catalytic and spin ice properties. Many of
these functional properties are enabled by the atomic structure of the cation
sublattices. Pyrochlores (A2B207) contain two different cations (A and B), typically a
3+ rare earth and a 4+ transition metal such as Hf, Zr, or Ti. The large variety of
chemistries that can form pyrochlores leads to a rich space in which to search for
exotic new materials. Further, how cations order or disorder on their respective
sublattices for a given chemical composition influences the functional properties of
the oxide. For example, oxygen ionic conductivity is directly correlated with the
level of cation disorder - the swapping of A and B cations [1]. Further, the resistance
of these materials against amorphization has also been connected with the ability of
the cations to disorder [2,3]. These correlations between cation structure and
functionality have spurred great interest in the structure of the cation sublattice
under irradiation, with significant focus on the disordering mechanisms and
disordered structure. Previous studies have found that, upon irradiation,
pyrochlores often undergo an order-to-disorder transformation, in which the
resulting structure is, from a diffraction point of view, indistinguishable from
fluorite (AOz) [3]. Shamblin et al. now reveal that the structure of disordered
pyrochlore is more complicated than previously thought [4].

Using neutron total scattering, they find that, rather than a random array of cations,
disordered pyrochlore consists of locally ordered domains. Thus, while on a large
scale disordered pyrochlore appears to resemble a fluorite, the local structure is
decidedly not fluorite, but rather consists of domains consistent with the structure
of weberite. The authors use pair distribution function (PDF) analysis of the neutron
total scattering data to show that the shape of the PDF is best fit by such a weberite
model of the local structure of the material. There are thus two length scales to the
disordered structure in these materials: a short-ranged order that is based on the
orthorhombic weberite structure and a longer-ranged order that is the consequence
of randomly arranged weberite units that, on this longer range, appear as
disordered fluorite (see Fig. 1). Shamblin et al. further show that this behavior is not
unique to pyrochlores, but that a similar disordered structure occurs in spinel
(AB204), where the longer-ranged disorder appears as rocksalt structure, not
fluorite. Finally, they find that this behavior is not only a consequence of irradiation,
but exists in intrinsically disordered pyrochlores, highlighting the fact that this



disordered structure is relevant not only for the extreme conditions of radiation
damage but also for disordered complex oxides more generally, such as those that
would be relevant for fast ion conduction.

In essence, the main finding of Shamblin et al. is that disordered complex oxides are
not a fully random arrangement of cations, but that, instead, short-range order
exists (enough to form weberite-like structural units). This is consistent with a
growing body of work that shows other, presumably random, structures do exhibit
some degree of short-range order [5,6]. In retrospect, the finding that disordered
complex oxides exhibit short-range order should not come as a surprise, but adds to
our understanding of disordered systems more broadly.

This new insight into the disordering mechanisms in complex oxides suggests that
earlier understanding was too simplistic. Predicting properties such as the stability
of complex oxides under irradiation or the evolution of irradiation-induced defects
relies on an accurate model of the underlying structure. So too does the
understanding and prediction of ionic conductivity. If the assumed structure is
wrong, so will be the predictions. This work reveals that the structure of disordered
complex oxides is more complex than previously believed. Exactly how this more
complicated structure relates to functionality has yet to be determined. Does the
prediction of either amorphization resistance or ionic conductivity require a
detailed knowledge of this complex disordered structure? If the disordered material
is comprised of a set of randomly positioned domains, do the domain walls between
these regions play any significant role on defect properties? This work has revealed
what to look for but has not addressed the question of to what extent does it matter.
Future research will need to address this question.
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Figure caption. Schematic representation of structural disordering in pyrochlores.
(a-b) conventional view of disordering, in which swapping of cations on their sub-
lattices takes place, forming defected fluorite (b) from the starting ordered
pyrochlore (a) (black lines indicate a grain boundary, and different grain color
represents their differing orientation). Insight from ref. 4 reveals a new mechanism
(c), by which subdomains containing regions of weberite form within the defected
fluorite grains (red lines indicate a boundary between domains). On a larger length
scale, such as that of the grains, the material appears as defected fluorite. The
disordering process could be caused by changes in chemistry, or by extrinsic effects
such as irradiation.



