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Abstract. 
Using electron diffraction, trends in the local structural behaviour of the 
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)BT) systems are investigated. In KNN, electron diffraction shows a single plane of diffuse intensity perpendicular to [010] across the entire phase diagram, indicating the existence of ferroelectric disorder along this axis. An additional characteristic pattern of diffuse scattering is also observed, involving rods of diffuse intensity running along the 
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 directions of the perovskite substructure and indicative of octahedral tilt disorder about these axes. Similarly, in the NBT-xBT system, rods of diffuse intensity running along the 
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 directions of the perovskite substructure are observed, again indicating octahedral tilt disorder. Ferroelectric-like disorder is also observed in highly BT doped samples, and a continuous change from the “rhombohedral” structure of NBT to the “tetragonal” structure of NBT-12BT is seen from characteristic variation in observed superstructure reflections. A crystal chemical rationalisation of these results is performed, and the implications for structure and properties are discussed.
 

1. Introduction
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 (KNN x) became known as a promising lead-free piezoelectric ceramic system when relatively high piezoelectric coefficients (up to ~300 pC/N) along with Curie temperatures of up to 400°C were reported by Saito et al. in 2004 [1]. (
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)Na0.5Bi0.5TiO3 + xBaTiO3 (NBT-xBT) is similarly high performing. Its raw piezoelectric performance is not as high as in KNN, ~160 pm/V [2], but it can display huge electrostrictive strains, up to 0.48% [3], which show promise for electrostrictive actuators with zero strain, as long as they are designed to account for their nonlinear response. These materials are among the few lead-free piezoelectric materials that can compete with lead-based materials in specialized applications. Due to their performance, the structure of materials such as KNN and NBT-BT is of considerable interest in order to establish structure-property relationships and to engineer improvements.
At room temperature in the KNN system, there is long range ferroelectric order in the plane perpendicular to a particular parent perovskite 
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 direction in KNN). As long range ferroelectric order is established along both the 
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 directions, the direction of the spontaneous polarization is then along a parent perovskite 
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 direction, in the case of the end-member KNbO3, and it might be expected to remain largely unchanged across the KNN phase diagram unless there is an unexpectedly strong coupling between ferroelectric ordering and octahedral tilt rotation. There is a pattern of octahedral tilting induced by the introduction of the smaller Na+ ions into the perovskite 
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 sites of the originally unrotated, Amm2, KNbO3 structure type. According to the current phase diagram [4], the onset of b+ tilting does not occur until a value of 
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 tilts are reported. The nature of the local structure has not been closely examined, as previous investigations involve powder diffraction using neutrons [5] and X-rays [4, 6], which are not very sensitive to short range order. 
NBT-BT initially appears simpler than that in KNN. The end member, NBT, is rhombohedral, with ferroelectricity along a particular 
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 direction. Above ~7% BT doping, the rhombohedral NBT structure transitions to a metrically tetragonal state when observed with powder diffraction methods, while a pseudocubic state exists in the “morphotropic phase boundary” between these two phases. Additionally, there are electric field dependent phase transitions in this system at 7% BT doping [7], from pseudocubic to metrically tetragonal, which are irreversible.
Very few electron diffraction or diffuse scattering investigations have been performed on these systems. This report seeks to examine disorder present in these materials, in particular, the correlations between the two system and the effects of this disorder on structure determination and properties.
2. Materials and Methods
Synthesis of KNN x was performed for samples of composition 
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, 0.21, 0.35, 0.46, and 0.75. This was by solid-state reaction for 
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, 0.21, 0.35, and 0.75. Starting reagents were K2CO3, Na2CO3, and Nb2O5. Mixing and homogenising of reagents were performed in a planetary ball mill, using yttrium stabilised zirconia balls in polymeric tanks. The reagents were ball-milled in stoichiometric ratios for 12 h under acetone followed by calcining at 900°C for 5 h to drive off carbon dioxide and begin the reaction to form KNN. Ball milling and calcination at 900°C were then repeated for homogeneity and complete decomposition. Finally, the powders were ball-milled again for 12 h and pressed into 20 mm pellets at 175 MPa in a uniaxial steel press, followed by sintering in a bed of loose powder on Pt foil, in lidded alumina crucibles for 4 h in the range of 1030°C for KNN, 
	
		
			
				𝑥
				=
				0
				.
				1
				5
			

		
	
 to 1110°C for KNN, 
	
		
			
				𝑥
				=
				0
				.
				7
				5
			

		
	
. The 
	
		
			
				𝑥
				=
				0
				.
				4
				6
			

		
	
 sample was prepared by sol-gel synthesis as described in [8].
NBT-xBT ceramics of composition 
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, 0.04, 0.06, 0.07, 0.08, 0.10, and 0.12 were synthesized by solid-state reaction. These samples were from the same batch as described in [9]. Starting reagents were Na2CO3, Bi2O3, BaCO3, and nano-TiO2 (~20 nm). These were ball-milled for 5 h in ethanol, followed by calcination at 800°C for 2 h. The calcined powder was ball-milled again for 2 h and dried, followed by the addition of poly(vinylalcohol) binder. This powder was then pressed into pellets with a diameter of 13 mm in a uniaxial steel press at 200 MPa. Finally, these pellets were sintered at 1150°C for 2 h in a covered alumina crucible. 
The purity and apparent metric symmetry of the resultant ceramic samples were investigated by X-ray powder diffraction (Siemens D-5000, Cu radiation and Guinier-Hägg camera, Cu Kα1 radiation), and all samples were found to be pure and free from secondary phases. The Guinier-Hägg patterns collected on the solid-state synthesized KNN samples are shown in Figure 1, below, while the relevant patterns for the KNN 46 sample and the NBT-xBT samples are reported in [8, 9] respectively. Electron diffraction patterns (EDPs) were obtained using Philips EM 430 and Philips CM 30 Transmission Electron Microscopes (TEMs) operating at 300 kV on crushed sample powders dispersed onto holey carbon coated, copper grids.


	
	
		
	
		
	
		
	
	
	
		
			
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	


	
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
		
			
			
			
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
		
			
			
			
		
		
			
			
		
	
	
	

Figure 1: Guinier-Hägg X-ray diffraction patterns of solid-state reacted KNN, showing only the expected perovskite-related peaks. The subscript “pc” indicates pseudocubic indexing.


3. Results and Discussion
3.1. KNN Average Structure
In all discussions on EDPs, a subscript 
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 denotes that the indexing is with respect to a parent perovskite subcell. EDPs of KNN as a function of composition are shown in Figures 2(a) and 2(b). We start with the unrotated, high 
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 (see Figure 2(a)), there are no additional superstructure reflections, and the structure appears to be Amm2, as is well known for KNbO3. There are, however, faint diffuse features, which will be discussed subsequently. From 
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(b)
Figure 2: Electron diffraction patterns along a −3, 0, 
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3.2. NBT-BT Average Structure
EDPs of NBT-BT as a function of BT dopant are shown in Figures 2(a) and 2(b). We start with the “rhombohedral” NBT end member and examine the superstructure reflections as BT is introduced. Previous refinements suggest that the structure remains rhombohedral with 
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 spot, both of which exist to some degree, even in pure NBT. Increasing the BT content reduces the intensity of the “rhombohedral” spot and increases the intensity of the “tetragonal” spot, but neither disappears completely. The width of the “tetragonal” peak is also noticeably higher than the parent reflections, even in NBT-12BT.
3.3. Diffuse Scattering
In all KNN EDPs, a single plane of diffuse scattering is observed perpendicular to 
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, as expected from being in the singly disordered ferroelectric (orthorhombic) state [11] (chevron-headed arrows with dashed tails in Figures 2(a) and 2(b)). This diffuse scattering indicates ordered ferroelectricity in the 101 plane, with columnar disorder along 
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(b)
Figure 3: Electron diffraction patterns along a 
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In KNN, the diffuse rods are clearer for lower sodium compositions. This is unsurprising, as KNbO3 is untilted, while NaNbO3 is highly tilted, and is due to the fact that tilts increase 
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 site valence, and sodium is much smaller than potassium. Disorder in the tilts gives them zero amplitude in refinements of the average structure. The continuous nature of the changes of tilt in KNN implies that there are no phase boundaries with ferroelectric polarization rotation, which are known to lead to temperature independent phase boundaries with enhanced properties. Similarly in NBT, tilt disorder is likely to stem from the significant ionic site size requirement mismatch between a 
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 ion. Performing bond valence sums on the ICSD structure, the valence for Na is found to be 0.12 v.u. high and Bi is found to be 0.60 v.u. low. Ordering of these ions may be expected, but this is likely to be frustrated by kinetic and ferroelectric requirements, and no superstructure is observed. Tilt twin disorder of the kind shown in Figure 4 may be occurring, with the larger twin boundary sites more likely to contain the sodium ion. The final question in NBT-BT is with regard to what occurs when BT is added to NBT, which is effectively the addition of 
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. This effect is likely to force the Ba ions to occupy twin boundary regions, and it appears that the twin boundary region is able to expand to a multiple unit cell thickness, due to the driving force of accommodating Ba, creating layers of tetragonal BT-like material between twins of rhombohedral NBT-like material.


	
		
		
			
				
			
			
				
			
			
				
					
				
			
		
	


	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
		
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
		
	
	
		
	
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
		
			
		
	
	
		
	
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		


	
		
		
			
		
	


	
		
			
		
			
		
	







Figure 4: Tilt twin region in NBT/NBT-BT showing two rhombohedral twins with different polarization directions meeting in a tetragonal tilt twin region, as shown by the dashed box. Modified version reproduced with permission from [10].


If the dopant concentration is sufficiently high, then this twin boundary region will become the “bulk” and the rhombohedral “bulk” region will become the twin boundary, giving a continuous intensity shift from rhombohedral-like reflections to tetragonal-like reflections, as is experimentally observed. This has been observed directly in NBT-6BT with 3% KNN [13], with polar nanoregions of R3c and P4bm structure reported. This mixing of structures induces disorder in the ferroelectric direction observed from diffuse scattering and may lead to the reported antiferroelectric behaviour and giant strain in NBT-BT.
4. Conclusions
In this report we have examined the local structure and disorder in NBT-BT and KNN. This investigation has shown a single, undisturbed ferroelectric plane of diffuse scattering in all compositions of KNN. Additionally, KNN shows disordered octahedral tilting at all compositions due to the mismatch in size between K and Na atoms. This disordered tilting behaviour locks into some order at the composition dependent tilt transitions, but no polarisation rotation occurs.
NBT-BT is shown to also have octahedral tilt disorder at all compositions, but ferroelectric disorder only occurs with BT doping. Continuous transfer of intensity from the “rhombohedral” 
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 spot with increasing BT content is explained as an expansion of the stacking fault boundary regions in the material due to the ionic size of Ba. This explanation also gives a reason for observed ferroelectric disorder in NBT-12BT and may supply information about the origins of high electrostrictive response and antiferroelectric behaviour in NBT-BT.
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