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Supplemental Information:  

The role of ferroelectric domain structure in magnetic alignment of plate-like 0.4NBT-0.6PT microcrystals

The strong magnetic alignment of plate-like 0.4NBT-0.6PT microcrystals used for TGG of PMN-28PT ceramics suggests that these particles possess a highly directional domain structure.  A sample of these templates was chemically etched for 1 min in a solution of 0.05 M HCl + 0.025 M KF to reveal domain structure, and the etched templates were imaged by FESEM (FEI, Hillsboro, OR) to observe grain and domain boundaries.  In general, template particles consist of roughly square (or sometimes irregular) platelets of 5-10 μm in size and ~1 μm in thickness (Figure S1).  Most templates are polycrystalline with a grain size of 1-3 μm, as seen in Figure S1a, although some smaller particles are devoid of grain boundaries.  These grain boundaries are residual from the topochemical conversion process.1  Ferroelectric domains are also clearly visible in Figure S1a, and are generally continuous across grain boundaries.  The minimal distortion of this domain structure suggests that the observed grain boundaries are low angle in nature.
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Figure S1:  Microstructure of a single 0.4NBT-0.6PT template particle, showing a) grain boundaries and domain walls, and b) domain types as interpreted based on differential etching rates.  Domain structure was revealed by chemical etching in a KF/HCl solution.

Figure S1b shows the domain structure of the particle imaged in Figure S1a, as interpreted within the context of previous work.  Although tetragonal perovskites such as 0.4NBT-0.6PT can express 6 domain variants, corresponding to all possible polarization directions, the particle imaged in Figure S1a exhibits only 3 clearly visible variants.  The contrast between these domains results from differential etching in a weak HF (KF + HCl) solution.  In this case, the particle surface is known to be roughly parallel to (100)C, and the 6 possible domain orientations comprise two out of plane variants (denoted c+ and c-) and 4 in plane variants (denoted a1, a2, a3, and a4).  Because the latter 4 variants have the same relationship with the (100)C surface, they are expected to show identical etching behavior and are indistinguishable in Figure 1a.  As a result, the 3 observed domain variants in Figure S1 are interpreted as c+, c-, and a (a mixture of a1, a2, a3, and a4).  The specific domain orientations shown in Figure 1b were further identified by considering etch rates of lead-based perovskites in HF and well-known patterns of domain structure in ferroelectric ceramics.  It was previously shown that tetragonal BaTiO3 and Pb(Zr,Ti)O3 perovskites are attacked by acids rapidly from the c+ direction and slowly from the c- direction, while a domains have intermediate etch rates.2,3  In the 0.4NBT-0.6 PT templates in Figure S1a, it is clear that one domain variant is rapidly etched, and likely corresponds to a c+ domain.  The other two variants etch more slowly, and show lower topographic contrast with respect to each other.  In addition, two types of domain walls are visible in Figure S1 – planar walls, contained within a lamellar pattern of domains, and curved or irregular walls.  The interpreted pattern in Figure 1b is consistent with reported domain structures in BaTiO3 ceramics, in which lamellar patterns (fine lamellae within a coarser herringbone structure) represented sequences of 90° domains in head to tail configuration.26  Curved, or “watermark”, patterns are characteristic of 180° walls.  

As shown in Figure S1, the 0.4NBT-0.6PT templates used in this study show a strong preference for c+ and c- domain variants – these orientations comprise ~80% of the imaged particle surface.  In contrast, c+ and c- variants would be expected to comprise only ~⅓ of the surface of a particle with random domain orientation.  Although the a domain variants in Figure S1b cannot be definitively distinguished, it is likely that the polarization vectors are perpendicular to the 90° domain wall traces.26  Thus two distinct types of a domains are present in Figure 1b, with domain wall traces ~90° apart from each other.  These groups of domains intersect along a trace parallel to (110), as is typical for herringbone domain structures.4
The prevalence of c+ and c- domains in 0.4NBT-0.6PT templates is likely a result of the plate-like template morphology, which constrains domain formation during cooling through the Curie temperature TC.  Other signs of morphology-controlled domain orientation are clearly visible in Figure S1, in that traces of lamellar (90°) domain walls are oriented perpendicular to the nearest (100) template edge.  It is interesting to compare these results to observations on other 2-dimensional perovskites such as epitaxial films.  In particular, unstrained PbTiO3 thin films are predicted to show a c/a/c/a pattern of domains similar to that shown in Figure S1b.5  However, the preference for c domains (~80%) in the current template particles is not explained by such a comparison.  It is possible that this preference originates from mechanical confinement of the template particles (by the surrounding solidified flux) at or below the cubic to tetragonal phase transition at TC, at which point the templates expand in volume.6  For a plate-like particle the resulting stresses may be preferentially relieved in the thickness direction, resulting in c domains, as the force applied against the surrounding flux materials (Bi2O3, PbO, and KCl) is greatest in this direction.

The preferred domain orientation in these template particles is necessary for magnetic alignment, as it gives rise to a bulk diamagnetic anisotropy within the template particles.  If individual 0.4NBT-0.6PT domains show a diamagnetic anisotropy of Δχ = χc - χa, the template particles are expected to have a magnetic anisotropy of 
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where
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is the susceptibility normal to the template surface, χ|| is the susceptibility in the plane of the template, and fc and fa are the volume fractions of c and a domains, respectively.  Note that this formula assumes equal fractions of a1, a2, a3, and a4 domains.  The current templates, containing about ~20% of a domains, are expected to have a Δχ about 30% lower than the maximum attainable value for single-domain 0.4NBT-0.6PT.
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