American Mineralogist, Volume 96, pages 374–382, 2011

Rhombic-shaped nanodomains in columbite driven by contrasting cation order
Serena C. Tarantino,1,2,* Michele Zema,1,2 Giancarlo Capitani,3 Marco Scavini,4
Paolo Ghigna,5 Michela Brunelli,6 and Michael A. Carpenter7
Dipartimento di Scienze della Terra, Università di Pavia, via Ferrata 1, I-27100 Pavia, Italy
2
CNR–IGG, Sezione di Pavia, Via Ferrata 1, I-27100 Pavia, Italy
3
Dipartimento di Scienze Geologiche e Geotecnologie, Università di Milano-Bicocca, Piazza della Scienza 4, I-20100 Milano, Italy
4
Dipartimento di Chimica Fisica ed Elettrochimica, Università di Milano, via Golgi 19, I-20133 Milano, Italy
5
Dipartimento di Chimica Fisica “M. Rolla,” Università di Pavia, v.le Taramelli 16, I-27100 Pavia, Italy
6
European Synchrotron Radiation Facility, ESRF, Polygone Scientifique Louis Néel, 6 rue Jules Horowitz, F-38000 Grenoble, France
7
Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, Cambridgeshire CB2 3EQ, U.K.
1

Abstract
Transient (non-equilibrium) microstructures in crystals may arise in an order-disorder phase transition that generates lattice strain. A two-phase field can develop if fluctuations of the order parameter
lead to nucleation of an ordered phase in a disordered matrix, as we describe here for columbite.
Synchrotron X-ray diffraction and transmission electron microscopy show that ordering in columbite
involves two discrete phases with different degree of order but the same composition. A highly
unusual distribution of ordered rhombic-shaped domains within a disordered matrix establishes on
a nanometer scale and remains relatively stable over a prolonged period of annealing. Progressive
ordering takes place within the ordered domains and the disordered matrix but the domains maintain
more or less constant shape and distribution. We speculate that a new family of such microstructures
could develop in other oxide phases with cation ordering transitions that are strongly first order in
character. Long-term stability of such microstructures and their dependence on strain could open up
the possibility of engineering the properties of crystals containing a percolating disordered matrix
with ordered nanodomains of controlled dimensions.
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Introduction
Phase separation and microstructure evolution in complex
systems are of great interest from both scientific and engineering viewpoints. Most technological materials are coherent
multiphase systems, and the phases are often arranged in a
complicated spatial pattern forming microstructures, which have
dramatic effects on the physical properties of the material itself.
For example, intrinsic heterogeneity of two-phase intergrowths
on nanometer or micrometer length scales appears to be integral
to the development of colossal magnetoresistance properties
in manganite solid solutions (Dagotto 2005). In the topical
debate on multi-ferroic materials (Zheng et al. 2004; Cruz et
al. 2007; Ramesh and Spaldin 2007; Yu et al. 2008), it has been
proposed that the multi-ferroic behavior can originate from the
internal domain wall structure (Goncalves-Ferreira et al. 2008).
Understanding the mechanism of microstructure formation and
evolution and hence of ordering of objects at the nanoscale is
then a key issue.
In bulk materials, an important subset of microstructural effects arises as a consequence of the reduction in crystallographic
symmetry at phase transitions. Examples are the formation of
antiphase domains, due to loss of translational symmetry, and
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twin domains, due to loss of point-group symmetry. A particular
effect in ferroelastic materials is that two orthogonal propagation directions of the microstructure are found, resulting in the
formation of tweed textures. There is also another quite different
origin for very similar microstructures, also termed tweed or
basket-weave texture. These arise from spinodal decomposition
in a solid solution and result in compositional modulations along
elastically soft directions in a crystal. A recent example of this is
the perfect two-dimensional chessboard nanostructure observed
in a class of perovskite-based lithium-ion conductors (Guiton and
Davies 2007). Pattern formation during cation ordering processes
occurs under non-equilibrium conditions (Salje 1993; Tsatskis et
al. 1994) but, in contrast to precipitation processes, is relatively
rare. Examples include O-atom vacancy ordering in YBa2Cu3O7
superconductors (Van Tendeloo et al. 1987; Krekels et al. 1991)
and Al-Si ordering in feldspar and cordierite (Putnis et al. 1987;
Wruck et al. 1991; Putnis and Salje 1994).
Here we describe a new type of ordering microstructure that
is quite different in appearance. Rather than a tweed pattern, a
fully coherent and more or less regular array of nanodomains
of an ordered phase in a disordered matrix, without chemical
heterogeneity, can be created by high-temperature annealing of
natural columbite crystals that grew with an initially metastable
state of cation disorder. We believe that this is the first report
of coherent, regular nanosized domains, which have developed

