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Abstract 
 

Piezoelectric materials find applications in number of devices requiring inter-conversion of 

mechanical and electrical energy.  These devices include sensors, actuators and energy 

harvesting devices. A number of lead-based perovskite compositions (PZT, PMN-PT, PZN-PT 

etc.) have dominated the field in last few decades owing to their giant piezoresponse and high 

degree of compositional tunability resulting in desired electromechanical response. With 

increasing environmental concern, rapidly in the last decade, focus has now shifted towards 

developing a better understanding of lead-free piezoelectric compositions.  Sodium potassium 

niobate (KxNa1-xNbO3, abbreviated as KNN) is one of the most interesting candidates in the class 

of lead-free piezoelectrics. Absence of any toxic element makes it quite appealing among all the 

other lead-free candidates. KNN has high Curie temperature of 400°C which is even higher than 

that of PZT but possess an intermediate phase transition that limits its operating range. Thus 

modifying the phase transition temperature is of significance for this material to become 

practical and this is one of the issues addressed in this thesis. 

                This thesis focuses on the fundamental understanding of the crystallographic nature, 

domain structure and domain dynamics of KNN. Since compositions close to x = 0.5 are of 

primary interest because of their superior piezoelectric activity among other compositions (0 < x 

< 1), detailed crystallographic and domain structure studies were conducted to provide 

explanation for the observed electromechanical response. Investigations were conducted on 

random, textured and single crystals to collect comprehensive information for elucidating the 

fundamental behavior.  
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   K0.5Na0.5NbO3 single crystals were grown by the flux method and characterized for their 

ferroelectric and piezoelectric behavior. Dynamical scaling analysis was performed to reveal the 

origin of their moderate piezoelectric performance. Optical birefringence technique used to 

reveal the macro-level crystallographic nature of x = 0.4, 0.5 and 0.6 crystals. The results 

indicated these compositions to be monoclinic MC, monoclinic MA/B and orthorhombic structures 

respectively. Contrary to this finding, pair distribution function analysis performed on the same 

composition crystals indicated them to be monoclinic Mc structure at local scale. Linear 

birefringence and piezoresponse force microscopy (PFM) was used to reveal the domain 

structure at macro and micros scales respectively. 

                  A modified sintering technique was developed to achieve > 99% density for KNN 

ceramics. These high density ceramics were characterized for their dielectric, ferroelectric and 

piezoelectric properties and a significant improvement was obtained. Higher densities of the 

ceramics also lead to the superior ferroelectric fatigue behavior.  

Highly textured KNN ceramics (Lotgering factor ~ 88 %) were synthesized using TGG 

method. A sintering technique similar to that employed for synthesis of random ceramics, was 

used to sinter the textured KNN ceramics as well. Piezoresponse force microscopy (PFM) results 

suggested that the textured ceramics had much larger domain size, ~6ɛm,as compared to 2ɛm 

domain size for random ceramics. Local switching behavior was studied using switching 

spectroscopy (SS-PFM) which revealed about 2.5X improvement of local piezoresponse in 

textured ceramics as compared to the random counterpart. 
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Chapter 1 

Introduction  
 

Piezoelectric materials play  important role in  several applications including ultrasonic medical 

imaging, ultrasonic nondestructive testing, speakers, resonators, gas igniters, gyroscope, pressure 

sensors etc.
1-4

 These materials also find applications in areas such as micromotors, energy 

harvesting devices, transformers, magnetoelectric sensors and high power transformers.
5-7

 

Potassium sodium niobate (Na(1-x)KxNbO3, abbreviated as KNN) is considered as one of the leading 

piezoelectric materials owing to its environment friendly nature (no-lead) and the high Curie 

temperature.
8,9

 Compositions close to the equimolar ratio of sodium and potassium 

(Na0.5K0.5NbO3) are of greater interest in this system because of their superior piezoelectric and 

ferroelectric properties. In this thesis, emphasis was given on the synthesis of single crystal, 

random ceramic and textured ceramic of KNN and a comparative analysis was performed in 

terms of crystal structure, domain structure and electromechanical properties. In this chapter, 

brief review of the significant research reported in literature on KNN is presented. The 

discussion includes the techniques utilized for the processing of random ceramic and its 

derivatives, textured polycrystalline ceramics and the single crystals. 

1.1 Crystal Structure of KxNa(1-x)NbO3  
 

In order to develop the structure ï property relationship for the ferroelectric and 

piezoelectric perovskites, crystallographic information is necessary. First attempt towards 

developing the complete phase diagram for KNN was made in the classic book by Jaffe et al.
4
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This phase diagram is reproduced in Figure 1.1. The diagram was primarily based upon the 

findings of the previous investigators that performed investigations on number of KNN 

compositions by dielectric, thermal and crystallographic analyses.
10

 Due to their technological 

importance, the crystal structure of compositions close to x = 0.5 is of utmost importance. 

According to the phase diagram of Jaffe et al., a phase boundary exists at x = 0.5 separating two 

distinct orthorhombic phases. On heating above 200°C, the compositions in the vicinity of x = 

0.5 (0.4 < x < 0.6) go through phase transformation to the tetragonal structure. Above 400°C, 

ferroelectric tetragonal to paraelectric cubic transformation occurs.
4
   

   

Figure 1.1 Phase diagram of KNN illustrating the presence of two distinct orthorhombic phases 

at the phase boundary of x = 0.5. 
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Contrary to the phase diagram given by Jaffe et al., later crystallographic studies performed on 

the polycrystalline KNN powder found no abrupt variation of lattice parameters across the x = 

0.5, when refinement was performed for monoclinic Pm space group (Figure 1.2).
11,12

  

 

 

Figure 1.2 Evolution of lattice parameters for KNN in monoclinic settings across x = 0, taken 

from reference 11 (Reprint from references 11 © 2008 American Institute of Physics). 
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Wang et al. have also refined the lattice parameters of Na0.5K0.5NbO3 ceramic in monoclinic 

setting and found the lattice parameters to be a = b = 4.003¡, c = 3.943¡ and ɓ = 90.36
o
.
13

 

Figure 1.3 shows the unit cell of Na0.5K0.5NbO3 in monoclinic and orthorhombic setting. 

 

Figure 1.3 Unit cell of Na0.5K0.5NbO3 (a) primitive monoclinic setting and (b) its projection along 

b axis (c) non-primitive orthorhombic setting of the same unit cell (Reprint from reference 13 © 

2007 American Institute of Physics). 
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In a recent studies performed by Baker and coworkers, a comprehensive phase diagram for 

KxNa(1-x)NbO3 was presented in the temperature range of -250ᴈ to 500ᴈ.
14,15

 Illustrated in the 

Figure 1.4. This phase diagram provides the insight about the different crystallographic phases 

present for the different compositions along with their space group and oxygen octahedral tilt 

information.
14-16

 Similar to the phase diagram given by Jaffe et al., this phase diagram shows the 

presence of phase boundary at x = 0.5. In contrast, this diagram suggested the presence of 

orthorhombic (Amm2) and monoclinic (Pm) crystallographic phases on either side of the x=0.5 

composition. Detailed analysis of two compositions on either side of x=0.5 revealed that  they 

belong to ὥὦὧ and ὥὦὧ octahedral tilt system (Glazer Notation).
17

  

 

Figure 1.4 Comprehensive phase diagram of KxNa(1-x)NbO3 after Baker and coworkers (Reprint 

from reference 14 © 2009 American Institute of Physics). 

. 
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 In agreement with the previous investigations, at high temperature compositions with x > 0.25 

were reported to go through a transition to the tetragonal phase, represented by an almost 

composition independent polymorphic phase boundary (PPB) at 200°C. This high temperature 

tetragonal phase was reported to possess P4mm space group with ὥὦὧ  tilt system. At 400°C, 

a ferroelectric to paraelectric phase transition with Pmσm space group was observed for all 

compositions. 

1.2 Processing of KNN-based Ceramics 
 

The solid state reaction route is the most common and convenient way to synthesize KNN.
 11, 18 -

21
 Generally sodium carbonate (Na2CO3, Molecular Weight ï 105.99), potassium carbonate 

(K2CO3, Molecular Weight ï 138.21) and niobium oxide (Nb2O5, Molecular Weight - 265.81) 

are used as the starting materials. The melting points of these precursors are 851ᴈ, 891ᴈ and 

1520ᴈ respectively. Since the normal sintering temperature for KNN is close to the melting 

point of two alkali precursors, there is always the problem of volatilization during calcination 

and hence the deficiency of the A-site ions.
18, 22, 23

 The effects of the calcination temperature, 

dwell time and the excess of the alkali carbonates on phase formation and microstructure of the 

KNN have been studied extensively.
 18, 24, 25

 Bomlai and coworkers
18

 studied the effect of the 

calcination temperatures and time on the phase formation of KNN. They found that a perovskite 

phase can be achieved at temperatures as low as 600ᴈ but broad XRD peaks without 

orthorhombic splitting suggested the absence of a compositional homogeneity. They tried 

different combinations of dwell time and temperature and found that the samples calcined at 

900ᴈ for 6 hours had the perovskite phase with orthorhombic splitting. They also found that a 

single phase orthorhombic perovskite KNN can be formed at only 800ᴈ, if 5% excess of the 
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alkali carbonates is used. Scanning electron micrographs showed that the samples with excess of 

alkali precursors (3% or less) had submicron grain size with equiaxed geometry, while samples 

with 5% excess had a cubical shape with crystal size increasing with calcination temperature and 

reaching to 2.5mm at 900ᴈ, 2h. This type of grain growth was due to the secondary 

crystallization involving consumption of the small grains by the large ones. Excess of alkali 

precursors left after volatilization gave rise to the liquid phase which promoted the secondary 

crystallization. 

              The effect of Na / K ratios on the electromechanical properties of sodium potassium 

niobate was studied by Wu et al.
11

 They synthesized KxNa1-xNbO3 composition with 0.1 Ó x Ó 

0.8 and noticed a sharp change in the lattice parameters of KNN at x = 0.35, in contrast to many 

other reports suggesting the presence of morphotropic phase boundary (MPB) at x = 0.5. It was 

suggested that the broad peak in the piezoelectric properties in the range 0.4 Ó x Ó 0.6 was not 

because of the presence of any MPB, but because of the uni-modal grain size distribution in this 

range.
11

 Hagh and coworkers
21

 synthesized the K0.5Na0.5NbO3 - LiSbO3 - LiTaO3 (KNN-LS-LT) 

system by two alternative methods, namely perovskite and mixed oxides roots, and studied the 

effect of humidity and oxygen flow rate during sintering. It was found that the piezoelectric 

properties of ceramic samples synthesized by both processing roots were sensitive to the 

humidity and for best results precursors need to be preheated (dried) in inert atmosphere before 

formulation of the desired composition. They concluded that the mixed oxide root is the most 

suitable technique to synthesize KNN-based ceramics followed by sintering in the oxygen 

atmosphere.
21

 

               One of the challenges in commercialization KNN ceramic is its low sinterability. Lower 

relative density of piezoelectric ceramics not only leads to poor electromechanical coupling but 
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also gives rise to the high electrical conductivity which presents difficult y in poling. This 

problem is mainly attributed to the high volatilization of alkali elements at the sintering 

temperature, which is higher than 1100°C for normal solid state sintering.
22, 23

 the evolution of 

cubical shaped KNN grains also contributes to this problem as a higher packing density is 

difficult to be achieved with such particle shape.
27 

Significant research has been done to 

understand the problem of sintering in KNN and other members of the alkali-based perovskite 

family.
23, 28

 Jenko et al.
22

 studied the effect of sintering temperature on the microstructure, 

composition and phase formation of KNN ceramics. They found that the samples sintered at 

1100°C for 24 hours had the presence of a niobium rich second phase having Na / K and (Na+K) 

/ Nb atomic ratios to be 0.3 and 0.6 respectively. This analysis clearly indicated that 

volatilization of sodium is faster than that of potassium ions. Ahn and coworkers have reported 

an extensive study on the sintering mechanism of KNN based ceramics.
23

 In their work three 

stages of sintering were identified. Microstructures of these samples at each stage of sintering 

along with the descriptive schematics are shown in Figure 1.5. Figure 1.5 (a) shows the 

morphology of the as calcined KNN powder to be cubical with particle size of 200 nm. This 

geometry of particles is distorted during ball milling, reducing the particle size further to 100 ï 

200 nm (Figure 1.5 (b)).  In the first step of the process, random shaped ball-milled particles 

rearranged to form the cubical particles consisting of stacks of plate like particles (Figure 1.5 (c), 

(d) and (c-s)). Presence of plate-like particles was attributed to non-isotropic interfacial energy 

for lower liquid content. This stage of sintering lasted until the cross-section of neck reached a 

threshold after which further thermal activation energy was required for densification. Presence 

of liquid phase was also evident from the microstructure shown in figure 1.5 (c). According to 

the authors, formation of liquid phase is critical for the densification of KNN based ceramics due 
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to the non-uniform cubical shape of the particles. Presence of a liquid phase at grain boundaries 

not only provided a medium for the transport of the matter leading to a more effective packing 

but also wetting of the plates can result in bridging of the porosity. EDX analysis was performed 

to identify the composition of this liquid phase and results showed it to be sodium deficient. 

Based on the EDX results, authors proposed a chemical reaction (Equation 1.1) leading to the 

formation of a liquid phase due to evaporation of Na2O.  

πȢωωυὑȢὔὥȢ ὒὭȢ ὔὦὕ πȢππυὄὥὝὭὕ  

ᴼπȢωωυὑȢ ὔὥȢ ὒὭȢ ὔὦὕȢ πȢππυὄὥὝὭὕ πȢςςφὔὥὕ  ᴻ     (1.1) 

  In the second stage of sintering rapid grain growth takes place, which is assisted by the 

presence of a liquid phase. An elongated plate like structure was observed at the end of second 

stage of sintering (Figure 1.5 (c) & (d)) which was attributed to the grain accommodation 

process. According to the authors
23

 insufficient amount of liquid phase was responsible for this 

kind of morphology as in these circumstances grains tend to undergo a considerable change in 

shape in order to flatten their contact region with neighboring grains. In the final stage of 

sintering coarsening became the dominant process. As is evident from Figure 1.5 (e) and (f), the 

rate of coarsening was higher at higher temperatures as solubility of solute as well as their 

diffusion increased with temperature. Variation of density and average grain size of KNN were 

plotted as a function of sintering temperature and are shown in Figure 1.6 (a). Variation of 

density with sintering temperature was similar to what has been reported for liquid assisted 

sintering and is consistent with microstructures showing presence of liquid phase at the grain 

boundaries. Grain size variation with sintering temperature was modeled for Ostwald ripening 

mechanism.  
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Figure 1.5 Microstructures of KNN-based ceramic samples at different stages of processing (a) 

calcined powders at 950°C for 180 min, (b) KNN powder ball milled for 48h after calcination (c) 

Sintered at 1030°C, 0 min, (d) Sintered at 1070°C, 0 min, (c-s) Schematics showing the 

simplified view of (c) and (d) to explain the sintering model in KNN, (e) Sintered at 1090°C, 0 

min, Inset of figure (e) shows KNN specimen sintered at 1100°C for 0 min (f) sintered at 

1150°C, 0 min; Left insets: Schematic diagram showing the presence of liquid phase and Right 

inset: magnified view of area in (e) showing liquid phase (Reprint from reference 23 © 2009 The  

American Ceramic Society).  
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Lifshitz, Slyozov and Wagnerôs equation relating the grain size with sintering time and 

temperature can be used for analyzing the sitering kinetics and is given by Equation 1.2. 

G
m
 = Go

m
 + Kt                    (1.2) 

where Go is the initial grain size, K and m are respectively temperature and coarsening 

mechanism dependent parameters. Figure 1.6 (b) shows the variation of grain size for different 

compositions with sintering time. The value of parameter m was found to be 3 for all three 

compositions indicating the diffusion controlled mechanism of coarsening for all of them.  

 

                             (a)                                                      (b) 

Figure 1.6 Variation of density and average grain size with sintering temperature for various 

KNN based ceramics (b) Average grain size plotted as a function of sintering time at 1080°C. 

Dashed line shows fitting to data points according to equation (1.2) with m = 3. (Reprint from 

reference 23 © 2009 The American Ceramic Society). 

                    A significant fraction of research on KNN based ceramics is focused on rectifying 

the problem of low sinterability.
20, 29 - 33

 This includes the application of different 

nonconventional sintering techniques as well as use of different sintering additives. Ruzhong et 
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al. studied the effect of particle size on the sintering of KNN as driving force for sintering is 

higher for smaller particle size.
34

 They achieved about 98.5% density at 1100ᴈ by using attrition 

milled powder of size 70 nm, in contrast to 94% density achieved for the traditionally ball milled 

powder at the same temperature.
34

 The problem of volatility can also be controlled up to some 

extent by performing the sintering in sealed crucibles with muffling of samples by the same 

composition powder.
33, 35, 36

 Mechano-chemical activation or synthesis by high energy ball 

milling can reduce the processing temperature which resulted in the reduction of loss of volatile 

constituents. However, there was increased possibility of the contamination during the 

processing.
37

  

                      Spark plasma sintering (SPS) is another common technique used for sintering 

KNN.
38

 Density of up to 99% of theoretical density could be achieved with grains of size of 200 

ï 500 nm. Samples sintered by the SPS method required an annealing at 900 ᴈ to eliminate the 

oxygen vacancies that resulted in good saturated ferroelectric loops. But due to the fine grain 

size, samples had relatively low saturation polarization value of about 6.5 µC/cm
2
.
38

 The 

piezoelectric coefficient (d33) and planar electromechanical coupling factor (kp) were found to be 

148 pC/N and 0.389 respectively for spark plasma sintered KNN samples. KNN samples 

synthesized by hot pressing and hot forging were also found to exhibit improved piezoelectric 

properties due to better densification.
31, 39, 40 

Kosec et al.
41

 studied the effect of A-site vacancies 

on the sintering of KNN. These vacancies were created in two ways, by doping higher valance 

ion Mg
+2

 on A-site and by using the excess of Nb2O5. The shrinkage measurements done on 

Mg
+2

 doped samples revealed that A-site vacancies not only lowered the initial sintering 

temperature but also improved the final density. Similar effects were observed in samples 

prepared with the excess of niobium oxide. 
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                Ruzhong
34

 and Smelter
42

 along with their coworkers studied the effect of different 

oxide additives on sintering behavior of KNN. In Ruzhongôs study, ZnO and SnO2 proved to be 

best additives but in different ways. SnO2 on one hand helped in getting higher density at same 

sintering temperature (1100ᴈ), ZnO on the other hand decreased the sintering temperature by 

100ᴈ for the same relative density. Decrease in Curie point of SnO2 doped KNN samples 

indicated the change in lattice parameters of KNN and hence diffusion of Sn
+4

 ions into the KNN 

lattice. Significant increase in the coercive field of these samples suggested the formation of 

oxygen vacancies by substitution of lower valance Sn
+4

 ions onto the Nb
+5

 site. According to the 

authors, these oxygen vacancies helped in getting higher density when sintering was done in air. 

In case of ZnO, no change was observed in lattice parameters and coercive field and lowering of 

sintering temperature was attributed to the liquid phase sintering. The advantages of ZnO doping 

were also confirmed by number of other studies as well.
43, 44

          

                    Copper based sintering additives like K4CuNb8O23 (KCN) and K5.4Cu1.3Ta10O29 

(KCT) have been found to be very effective in improving the sinterability of KNN based 

ceramics.
45, 46

 Matsubara et al. employed the sintering aid KCT with KNN and found that only 

0.38 mole % was sufficient in achieving high density at sintering temperature of 1120ᴈ.
46

 X-ray 

diffraction analysis showed no peaks belonging to KCT suggesting the formation of a complete 

solid solution with KNN. KNN- KCT solid solution was found to have a decreased To-t and Tc as 

compared to KNN. This drop in transition temperatures helped in achieving improved 

piezoelectricity with the d33 value of 190 pC/N. Copper ions going onto Nb site acted as 

acceptors and along with higher density, helped in achieving higher mechanical quality factor 

(QM). According to the authors, the QM value was found to be 1300 which is at least 14 times 

higher than that for pure KNN. Because of improved density, there was a significant 
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improvement in the planar coupling coefficient as well. Copper oxide is another common 

sintering aid in this category.
47 - 50

 Lin et al. studied the effect of CuO on sintering and 

piezoelectric properties of KNN.
48

 The ceramic KNN- xCuO was synthesized by normal 

sintering route with x varying between 0 - 2 mole percent. Samples with pure orthorhombic 

perovskite structure and improved density were found to have slightly smaller bimodal grains as 

compared to pure KNN. At the same time, CuO doping also lead to significant decrease in 

piezoelectricity and orthorhombic to tetragonal transition temperature To-t. In another study, CuO 

was used as the sintering additive in 0.95KNN-0.05SrTiO3 composition.
51

 XRD analysis 

revealed the change in lattice parameters indicating the occupation of Nb
+5

 and Ti
+4

 sites by Cu
+2

 

ions for addition of ᾽ 1 mol % of CuO. Samples sintered at 960ᴈ with 1.5 mol% of CuO were 

found to display larger grain size due to presence of liquid phase. Owing to the larger grain size, 

the samples with 1 ï 2% CuO doping were found to exhibit optimum piezoelectric properties 

with d33 and kp values of 200 pC/N and 0.35 respectively. Anti-ferroelectric like P-E hysteresis 

loops were found in ι1 mole % Cu doped KNN ceramics which was attributed to the presence of 

defect dipoles. In a recent report, Eichel et al. have performed multi-frequency and multi-pulse 

electron paramagnetic resonance (EPR) spectroscopy on Cu-doped KNN system and confirmed 

the substitution of Cu
2+

 on B-site as acceptor.
52

 Park et al. have reported enhanced Qm ~ 3053 in 

KNN ceramics by co-doping of KCT and CuO.
53

  

                   Liang et al. studied the effect of poling conditions on the piezoelectric properties of 

KNN ceramic.
26

 They studied the variation of poling field, time and temperature on longitudinal 

piezoelectric coefficient and concluded that samples poled at fields of 4 kV/mm for 20 minutes 

at 140°C had the best piezoelectric properties. Mei et al. studied the effect of humidity on the 

piezoelectric properties of KNN and concluded that small amount of ScTaO4 improved the 
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stability of piezoelectric properties in humid environment.
54

 However, Sc is one of the most 

expensive elements and thus its questionable if this method will be used in practical processes. 

1.3 Compositional Modification to KNN Ceramics 

 
A large numbers of dopants on both A and B sites as well as different solid solutions have been 

studied in order to improve the piezoelectric properties of KNN.
55 - 67

 Guo
68

 et al. studied the 

effect of ithium doping on the piezoelectric properties of KNN by synthesizing the ceramics 

given as Lix(Na0.5K0.5)(1-x)NbO3 (KNLN)  for x varying between 0.0 to 0.2. They observed the 

presence of MPB between orthorhombic and tetragonal phases in the range 0.05 < x < 0.07. A 

sharp peak in the piezoelectric properties (d33 ï 235 pC/N, kp ï 0.44) observed in this 

composition range also confirmed the presence of MPB. Temperature dependent dielectric 

response analysis conducted at MPB compositions revealed the shift of Tc and To-t to higher and 

lower temperatures respectively. Du studied the effect of poling temperature on the same lithium 

doped MPB compositions (x = 0.05, 0.06, 0.07) and found that a significant improvement in the 

piezoelectric properties can be achieved if poling is performed at the orthorhombic to tetragonal 

transition temperature To-t.
69

 Zhang and coworkers 
70

 extended the work of Guo et al.
68

 and 

studied the effect of antimony doping on B-site while the lithium doping at A-site was fixed at 

0.058 mole %. For the doping range of 2 - 8 mole %, no MPB could be found and crystal 

structure remained to be orthorhombic. But the sample with 6 mole % antimony doping had the 

largest grains and hence best piezolelectric properties (d33 ï 298 pC/N, kp ï 0.34 and dielectric 

constant (e) - 945). The disadvantage of antimony doping was the drastic decrease in the To-t to 

60ᴈ in contrast to only lithium doped samples. Zang et al. studied the solid solution of LiSbO3 

with KNN by synthesizing the composition (Na0.5K0.5Nb)(1-x)(LiSb )xO3 for 0.048 < x < 0.056.
71
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Though they did not discuss the room temperature crystal structure of these samples, the 

composition with x = 0.052 was found to exhibit the best d33, dielectric constant and kp values 

given as 286 pC/N, 1372 and 0.51 respectively. According to the authors, this improvement in 

the properties could be attributed to the decrease in the To-t temperature. Lin also conducted 

similar studies on NKN-LS system and found the presence of MPB between orthorhombic to 

tetragonal phases at x = 0.06 resulting in optimum piezoelectric properties.
72

 

                    Yuanyu et al. synthesized the 0.995[(K0.5Na0.5)0.94Li0.06]NbO3 ï 0.05AETiO3 (AE = 

alkali earth elements like Mg, Ba, Sr and Ca) compositions and found that only CaTiO3 (CT) 

makes solid solution with (K0.5Na0.5)0.94Li0.06NbO3.
73

 These KNLN ï CT samples with large 

grain size and highest density (> 98%), were found to have tetragonal crystal structure at room 

temperature. Temperature dependent dielectric response study revealed the existence of To-t 

below room temperature. Similar to the work of Du
74

, poling conditions were optimized and 

KNLN ï CT samples were found to have d33 and kp values of 172 pC/N and 0.43 respectively. 

These properties were attributed to high density, bigger grain size and near RT existence of 

orthorhombic to tetragonal phase transition temperature To-t. Temperature dependent 

piezoelectric measurements also revealed the excellent stability with only 4% variation in d33 

value in the temperature range of 10ᴈ - 70ᴈ. Li
75

 and coworkers studied the effect of silver 

doping on KNN. Single phase orthorhombic perovskite structure could be achieved for x Ò 0.3. 

For this composition range, both Tc and To-t were found to be decreasing linearly with x and 

sample with x = 0.18 was found to be best piezoelectric properties with d33 = 186 pC/N and kp = 

0.425. It was stated that this improvement is related to the decrease in To-t.  The sample with x = 

0.18 was also found to have temperature independent nature of kp from RT to To-t. 
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                Cho et al. studied the effect of sodium deficiency on the microstructure and 

piezoelectric properties of 0.95KNN ï 0.05SrTiO3 (0.95KNN-0.05ST) ceramic which was found 

to have high porosity and hence poor piezoelectric properties.
76

 The small deficiency (1.0%) of 

Na2O lead to denser microstructure due to the formation of liquid phase at sintering temperature 

of 1080ᴈ. The samples with density of 96 % were found to have d33 and kp values of 220 and 

0.40 respectively. Unlike Cho et al.ôs study, Kosec et al.
77

 achieved density higher than 95% for 

(1-x)KNN - xST samples for  0.1 Ò x  Ò 0.33. The samples with 0.15 Ò x  Ò 0.25 were found to 

have pseudo-cubic crystal structure with submicron sized grains. Temperature dependent 

dielectric response for x = 0.2 sample revealed the relaxor behavior with giant dielectric constant 

values and broad dispersive maxima.  

              Ahn et al. have synthesized the KNN ï BaTiO3 (KNN-xBT) solid solution and studied 

the piezoelectric and dielectric properties.
78,79

 This system was found to have three morphotropic 

phase boundaries at room temperature. Orthorhombic to tetragonal transition at  0.0 Ò x Ò 0.1, 

tetragonal to cubic at x = 0.2 and tetragonal to cubic at x > 0.94. Among these MPBs, 

orthorhombic to tetragonal transition at 0.0 Ò x Ò 0.1 was found to provide best piezoelectric 

properties. Rietveld refinement performed on X-ray diffraction patterns revealed the coexistence 

of Bmm2 and P4mm space groups in the composition range 0.02 Ò x Ò 0.07. Sintering conditions 

were optimized for 0.9KNN ï 0.05 BT samples and it was found that muffled samples sintered at 

1060ᴈ for two hours had the optimum grain size and hence the best piezoelectric properties.
80

 

Different amounts of sintering additives CuO and MnO2 were explored to suppress the 

volatilization of Na2O by decreasing the sintering temperature and hence reducing the leakage 

current.
49

 It was found that addition of 2 mol% CuO and 0.5 mol% MnO2 reduces the sintering 

temperature to 950ᴈ and improves the piezoelectric properties with d33 increasing from 220 to 
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248 pC/N.  Effect of small amount of BaTiO3 (0.0 Ò x Ò0.20) was also studied on the 

(K0.5Na0.5)0.96Li0.04NbO3 composition.
81

 Saito et al. have shown that KNN based composition 

given as [(K0.44Na0.52Li0.04)(Nb0.84Ta0.10Sb0.06)O3] has piezoelectric coefficient as high as 300 

pC/N.
82

  

 

1.4 Textured KNN Ceramics 
 

Since the piezoelectric properties of KNN-based ceramics are far inferior to those of lead-based 

compositions, it is important to utilize the anisotropy in elastic, dielectric and piezoelectric 

properties in order to achieve desired performance. In case of relaxor ferroelectrics such as 

PMN-PT, [001] oriented crystals exhibit enhanced piezoelectric response for compositions near 

the MPB. But the application of single crystals is usually limited by the high production cost, 

small product size, and the compositional heterogeneity. It has been demonstrated that 

crystallographic texturing of polycrystalline ceramics offers significant enhancement in the 

piezoelectric response. Template grain growth (TGG) and reactive templated grain growth 

(RTGG) are two cost-effective methods to fabricate highly textured ceramics with enhanced 

properties comparable to those for single crystal. TGG is a process in which nucleation and 

growth of the ceramic in desired orientation take place on aligned single crystal template 

particles during the heat treatment, resulting in textured microstructure. 

         However in TGG process, due to the complex nature of few piezoelectric compositions, it 

is sometimes difficult to synthesize the homogeneous anisotropic shaped template of the same 

composition as matrix. The heterogeneous templates used in such cases, having different 

composition from the matrix materials can diminish the piezoelectric performance of ceramic. 
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To overcome this problem of template heterogeneity in the RTGG process, anisotropic particles 

of reactant composition are used that chemically react with the other reactant to form the end 

composition. These templates can be aligned and converted into the target material on reaction 

with matrix, while preserving their crystallographic orientation. Using TGG and RTGG process, 

several lead-based and lead-free piezoelectric ceramics have been fabricated in the last decade.
83-

88
  

             A <001> oriented textured KNN-based ceramic synthesized by TGG process was first 

reported by Saito et al. in 2004.
82

 They used NaNbO3 platelets as reactive template for texturing 

KNN based ceramics. Figure 1.7 (a) and (b) shows the scanning electron micrograph (SEM) 

image and X-ray diffraction (XRD) profile for textured (K0.44Na0.52Li0.04) (Nb0.84Ta0.10Sb0.06)O3 

ceramic (LF4T) in comparison to that of the random ceramic (LF4) with the same composition. 

It should be noted that the textured ceramic exhibits the brick-wall type microstructure with the 

grains aligned parallel to the tape-casting direction. As shown in Table 1.1, the overall 

performance of the textured KNN-based ceramics (LF4T) is comparable to the lead-based PZT 

ceramic (PZT4). 

        This work of Saito et al. trigged a significant amount of research on developing the texture 

controlled piezoelectric ceramics, including both lead-based and lead-free compositions. Table 

1.2 lists the different KNN-based compositions textured in the last few years, along with their 

different piezoelectric properties.
82, 83, 85 - 88

 Since high relative density of ceramic is desired for 

obtaining the grain growth on template crystal, different sintering additives were used to achieve 

high degree of texturing in KNN.
85, 86
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Figure 1.7 Microstructure and X-ray diffraction patterns (a) and (c) for textured and (b) & (d) for 

random ceramics (LF4 and LF4T) respectively (Reprint from reference 82 © 2004 Nature 

Publishing Group).  
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Table 1.1 Comparison of piezoelectric properties of random and textured 

(K0.44Na0.52Li0.04)(Nb0.84Ta0.10Sb0.06)O3 composition (taken from reference 82). 

 

Piezoelectric property LF4T PZT4 

Curie temperature Tc (
o
C)

 
253 250 

Piezoelectric coupling constant kp 0.61 0.60 

Piezoelectric charge sensor 

constant 

d31 (pC/N) 152 170 

d33 (pC/N) 416 410 

Piezoelectric voltage constant g31 (10
-3
V m N

-1
) 11.0 8.3 

g33 (10
-3
V m N

-1
) 29.9 20.2 

Dielectric constant Ů33
T
/Ů0 1,570 2,300 

Normalized strain Smax/Emax (pm V
-1
) 750 700 
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Table 1.2 Piezoelectric properties of different textured KNN-based compositions 

 

Composition Template Parameters Random 

Ceramics 

Textured 

Ceramics 

Ref 

(K0.44Na0.52Li0.04)(Nb0.84Ta0.10Sb0.06)O3 NaNbO3 Sm/Em(pm/V) 400 750 
82

 

d33(pC/N) 300 416 

Tc(
o
C) 253 253 

(K0.5Na0.5)NbO3-1.0 mol%CuO NaNbO3 kp 0.38 0.54 
86

 

d33(pC/N) 86 123 

 

(K0.476Na0.524)NbO3-1.0 mol%CuO 

NaNbO3 -d31 28 47 

kp 0.31 0.58 
85

 

d33(pC/N) 85 146 

 

(K0.5Na0.5)(Nb0.97Sb0.03)O3 

NaNbO3 k31 0.17 0.33 

kp 0.43 0.64 
84

 

d33(pC/N) 148 208 

(K0.5Na0.5)0.98Li0.02NbO3 NaNbO3 k31 - 0.39 
83

 

d33(pC/N) 114 192 

-d31 - 73 

(K0.5Na0.5)(Ta0.15Nb0.85)O3 NaNbO3 k31 - 0.33 
83

 

d33(pC/N) 151 184 

-d31 65 68 
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  Another effective way to achieve textured KNN-based ceramics with high density is by 

using non conventional sintering techniques such as hot pressing (HP) and spark plasma 

sintering (SPS). In an unpublished work of Yan, RTGG method was used to achieve textured 

KNN-LN ceramics by using 5 mol% NaNbO3 seeds. Figure 1.8 (a) shows the sample after binder 

burnout at 600
o
C. This sample was sintered at 900

o
C for 5 min using SPS. During this process, 

heating rate and pressure values were 100
o
C/min and 50 MPa respectively. Spark plasma 

sintering was conducted at 1100
o
C for 1h to accelerate the oriented grain growth and the texture 

development. Figure 1.8 (b) shows the cross-sectional SEM image of the sample. The texture 

degree was calculated from XRD pattern (Fig. 1.9) using Lotgering factor and was found to be 

86%.  

 

(a)                                                                               (b) 

Figure 1.8 SEM images of KNN-LN ceramics (a) green tape and (b) after sintering at 1100
o
C for 

1h. 
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Figure 1.9 XRD pattern of textured KNN ceramic showing the Lotgering factor to be about 86%. 

1.5 KNN-based single crystal 
 

Compared to the volume of research done on random KNN ceramics, there are very few 

published reports related to the synthesis and characterization of KNN single crystals. Because of 

the presence of volatile components, it is difficult to grow good quality single crystals of KNN 

based compositions. Recently Kizaki et al.
89

 have reported the synthesis of KNN single crystals 

of size 2 x 2 x 2 mm
3
. In their work molten salt method was used to grow these crystals and 

mixture of NaF and KF salts was used as a flux. But due to the high conductivity of crystals 

ferroelectric and piezoelectric properties could not be measured. The reason for high 
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conductivity was proposed to be related to charge fluctuation of niobium ions (Nb
+4

 instead of 

Nb
+5

). By doping 5 mole% manganese ions at B-site, significant improvement in resistivity of 

crystals was achieved with remanent polarization value of 40 µC/cm
2
. Recently, Mn-doped KNN 

single crystals have been reported to show significant improvement in piezoelectric and 

dielectric properties.
90

 The domain structures of pure and doped crystals is shown in Figure 1.10. 

Based on this figure, the improvement in piezoelectric and dielectric responses was attributed to 

the presence of higher domain density (lower domain size) in Mn-doped crystals.  

 

Figure 1.10 Domain structure of (a) pure and (b) 5 mole % Mn doped KNN single crystals. 

 

                     Solid state single crystal growth (SSCG) method is an effective crystal growth 

technique to grow compositionally homogeneous single crystals of complex compositions. The 

principle of SSCG method is based on the abnormal grain growth in ceramics and it is suitable 

for growing the single crystals of materials with high melting temperature containing volatile 

components with the incongruent melting. This method was used to synthesize the KNN crystal 

using (110) oriented KTaO3 crystal as seed.
 91 - 93

 The crystals had largest dimensions up to 4 mm 

but did not exhibit full density as shown in Figure 1.11.  
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Figure 1.11 SEM images of (K0.5Na0.5)NbO3 single crystal grown in conventional furnace at 

1100
o
C for 100h. (a) Secondary electron image of the seed crystal/single crystal boundary, (b) 

secondary electron image of the single crystal, (c) secondary electron image of the single 

crystal/matrix boundary, and (d) backscattered electron image of the matrix (Reprint from 

reference 91 © 2008 The American Ceramic Society) 

 

Hot pressing instead of conventional sintering was found reduce the porosity of the grown 

crystals as shown in Figure 1.12.
91

 Dielectric response as a function of temperature showed To-t 

and Tc to be 193ᴈ and 410ᴈ respectively that is consistent with the reported values for 

ceramics.
91

 Crystals were found to have higher dielectric constant values in [1σ1] direction as 
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compared to [σςσ] direction.
92

 Ferroelectric properties measured in [1σ1] direction exhibited Pr 

of 17 µC/cm
2 

at applied field of 60 kV/cm. Crystals were found to possess d33 value of 80 pC/N 

at 2 Hz which was attributed to the nano size ( <300 nm) domains. 

 

Figure 1.12 Scanning electron microscopy images of a single crystal of (K0.5Na0.5)NbO3 grown 

in a hot press using a two-stage treatment: 975
o
C-50 MPa for 2 h followed by 1100

o
C-50 MPa 

for 100h. (a) Secondary electron image of the seed crystal/single crystal boundary, (b) 

backscattered electron image of the single crystal, (c) secondary electron image of the single 

crystal/matrix boundary, and (d) backscattered electron image of the edge of the sample (Reprint 

from reference 91 © 2008 The American Ceramic Society). 
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Bencan et al.
93

 investigated the chemical composition and the structure of KNN single crystals 

prepared by SSCG method. No compositional in-homogeneities, typically encountered in single 

crystals prepared by the conventional flux synthesis method were observed. According to XRD 

and TEM results, KNN single crystal had a monoclinic symmetry.
93

 It can be seen in Figure 

1.13, KNN single crystals grown by SSCG method were found to have large 90
o
 domains with 

100 millimeter thickness. These crystals were also found to have smaller 180
o
 domains of 

thickness of few tens of nanometers. 

 

Figure 1.13 Optical micrograph showing the presence of 90
o 

domains in KNN (x = 0.5) single 

crystal grown by SSCG method. Inset of the figure shows the larger view of area under circle 

(Reprint from reference 93 © 2009 Cambridge University Press).  
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Lin et al.
94

 studied the domain structure of KNN crystals grown by Bridgman method using 

polarized light microscopy. At room temperature poled crystals were found to have the presence 

of 90
0
 domains while un-poled crystals were found to exhibit 60

0
, 90

0 
and 120

0 
domains. 

Temperature dependent study conducted on poled crystal was found to be consistent with the 

known transition temperatures of KNN. Domain structures of poled crystal at different 

temperatures are shown in Figure 1.14. A laminar domain structure having 90
o
 boundaries 

oriented along [100]pc can be seen in orthorhombic phase field (Figures 1.14 (a) ï (d)). At 213°C 

orthorhombic to tetragonal structure transformation was observed, which was at slightly higher 

temperature than one obtained by dielectric constant vs. temperature study. Above 213°C, 90
o
 

domains having extinction direction parallel to [100]pc were seen (Figures 1.14 (e) ï (g)). With 

increasing temperature in tetragonal regime, domain structure started to appear complicated with 

the emergence of smaller domains. At 401°C cubic phase appeared, as illustrated by the total 

extinction in the area ñAò in Figure 1.14 (g). In the temperature range of 401ÁC - 405°C, both 

tetragonal and cubic phases coexisted suggesting a diffuse phase transition. 
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Figure 1.14 Domain structure of [001] oriented KNN single crystal of KNN at different 

temperatures. (a) 25°C, (b) 100°C, (c) 150°C, (d) 200°C, (e) 213°C, (f) 300°C, (g) 401°C, and 

(h) 405°C (Reprint from reference 94 © 2009 Elsevier).  
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Chapter 2 

Research Objective 
 

Lead-based perovskite compositions have dominated the application of piezoelectrics in 

last few decades owing to their excellent piezoelectric properties. Along with the interest from 

the application point of view, these materials have also been the focus of fundamental research 

where the goal has been to understand the role of domain size and structure, microstructure and 

crystal structure on superior piezoresponse of MPB compositions. All these prior studies have 

led to the advancement in the understanding of piezoelectrics.  

                 Recently, there is increasing health concerns related to the use of lead-based 

piezoelectric materials in consumer devices. In the last decade, the focus of research has shifted 

towards replicating the properties of lead-based compositions in more environmental friendly 

lead-free perovskite compositions. Sodium potassium niobate (KxNa1-xNbO3, abbreviated as 

KNN) is one of the leading candidates in this respect, though its properties are far inferior to that 

of the lead-based compositions. Compositions close to x = 0.5 are of greater interest because of 

superior piezoelectric and ferroelectric properties. Beside its environment friendly nature, high 

Curie temperature (420°C) and existence of a broad morphotropic phase boundary (MPB) at x = 

0.5 makes it quite appealing for the device applications.   

                KNN has been known as a piezoelectric material for more than sixty years but little 

work has been done on providing the fundamental understanding that can be used to improve its 

performance. Processing of KNN in the form of polycrystalline ceramic, textured ceramic and 

single crystals has been difficult which limits the availability of high quality samples for 
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fundamental studies. In this thesis, emphasis was given towards developing the fundamental 

understanding of KNN system by correlating its domain morphology and crystal structure to the 

macroscopic piezoelectric properties. It is expected that the results reported in this thesis would 

not only help in explaining the underlying physics of KNN materials but also assist the 

development of new compositions and microstructure with superior properties. In this thesis, all 

three forms of KNN, namely polycrystalline ceramic, textured ceramic and single crystals were 

synthesized and investigated in order to make fundamental conclusions.  

                      Single crystals are the most ideal form of a material to study due to the lack of 

boundaries and defects that can make the measurements and interpretation quite complex.  High 

quality KxNa1-xNbO3 single crystals with different compositions were grown by the flux method. 

Since ferroelectric and piezoelectric properties of a material depend upon its crystal structure 

(intrinsic contribution) and domain structure (extrinsic contribution), emphasis was given 

towards characterizing these two aspects. Along with the x = 0.5 composition, the compositions 

on either side of the boundary provide an opportunity to study the evolution of domain structure 

and crystallographic phase. To reveal the local crystallographic nature of KNN crystals across 

the MPB, pair distribution function (PDF) analysis was performed. The qualitative analysis of 

domain structure was performed by linear birefringence and piezoresponse force microscopy 

(PFM). Dynamic scaling analysis was conducted to understand the quantitative behavior of 

domains under the applied electric field. Optical birefringence was also used to reveal 

macroscopic crystallographic nature of KNN single crystals. 

                      A modified sintering technique was developed to achieve > 99 % density for KNN 

ceramic with improved piezoelectric properties and excellent fatigue behavior. Texture 

controlled ceramics have been shown to be very effective in improving the properties of 
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piezoelectric compositions. Textured ceramics can provide electromechanical properties close to 

that found for the single crystals. They have the advantage of easier processing and flexibility of 

size and shape of samples. Switching spectroscopy (SS-PFM) was performed to reveal the 

difference in local switching behavior of textured and random KNN ceramic.  

                        Chemical modifications in KNN have been attempted in order to tailor the 

specific coefficients. Lowering of polymorphic phase transition to room temperature has been a 

widely used technique to achieve high piezoelectric activity in KNN-based ceramics. In this 

thesis, compositions in the ternary system [xNBT ï yBT ï (1-x-y) KNN] were synthesized and it 

was found that some of these compositions had excellent stability of dielectric and piezoelectric 

behavior with temperature along with improved piezoelectric properties at room temperature.  

An extension of the research was made by attempting to develop multiferroic ceramics.  

In order to achieve magnetoelectric behavior in alkali niobate based ceramics, paraelectric 

NaNbO3 component of KNN was replaced by well known multiferroic material BiFeO3. This 

modification lead to highly resistive (Bi0.5K0.5)(Nb0.5Fe0.5)O3 composition having reasonable 

ferroelectric and magnetic behavior. 
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Chapter 3 

Growth, Characterization and Dynamic Scaling Analysis of 

<100> oriented K0.5Na0.5NbO3 Single Crystals 

 

3.1 Growth of KNN single crystals by the flux method 

Flux method is a solution growth technique for growing the single crystals. In this technique, the 

stoichiometric composition of ceramic is mixed with a salt having lower melting point. Good 

solubility of ceramic in the flux salt is desired for promoting the growth of large crystals. In the 

process, the mixture of salt along with ceramic powder is heated to the temperature being higher 

than melting point of salt but lower than that of ceramic. Holding this mixture at this temperature 

makes a homogeneous liquid ï solid solution of two components. On cooling the solution from 

this temperature give rise to the decreases in solubility of liquid salt and results in nucleation of 

single crystals.  With controlled rate of cooling, numbers of nucleation sites can be restricted and 

large size single crystals can be grown.  

In this thesis, KNN ceramic were synthesized by conventional solid state synthesis route. High 

purity precursors (from Alfa Aesar) sodium and potassium carbonates along with niobium oxide 

(with purity > 99.5%) were ball milled in ethanol medium for 24h, prior to calcination at 850°C.  

Calcined powder of KNN (K0.5Na0.5NbO3) was mixed with NaF and KF salts in the ratio of 

10:3:2 and ball milled for 6 hours.  After drying this solution was loaded in a platinum crucible, 

covered with a alumina plate and rapidly heated to 1080°C in a conventional box furnace. After 

holding the solution at 1080°C for 2h, it was allowed to cool down to room temperature by 

natural cooling rate. The gray colored cubical shaped crystals were found to grow uniformly in 
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the crucible. Figure 3.1 (a) shows the optical image of as grown gray color crystals in the re-

solidified flux matrix. Figure 3.1 (b) shows one of the larger crystals. 

 

                        (a)                                                                  (b) 

Figure 3.1 Optical images showing (a) as-grown KNN crystals in KF ï NaF matrix, and (b) one 

of the large size crystal.  

The maximum size of the crystals which could be achieved was about 6 x 6 x 2 mm
3
. Figure 3.2 

shows the X-ray diffraction analysis conducted on one of the higher surface area planes. 

Presence of split in the  {100} and {200} family peaks confirmed the formation of perovskite 

phase. X-ray photoelectron spectroscopic (XPS) analysis done on one of the crystals indicated 

the composition to be close to K0.49Na0.51NbO3. 
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Figure 3.2 X-ray diffraction pattern obtained for one of the as-grown KNN crystal. 

3.2 Crystal orientation, piezoelectric and dielectric characterization 
 

Crystal-orientation analysis was conducted by electron backscattered diffraction analysis 

(EBSD) to confirm the crystallographic orientation of two opposite faces of these crystals. Figure 

3.3 (a) and (b) shows the Kikuchi pattern obtained for one of the crystal faces along with 

indexing of bands. For this analysis, the known lattice parameters of K0.5Na0.5NbO3 composition 

were used. Indexed Kikuchi pattern showed a high value of goodness of fit parameter and 

provided Eulerôs angle values to be (238
o
, 93

o
, and 181

o
). Corresponding crystallographic 

orientation of the crystal is shown in figure 3.3 (I) and confirms the pseudo cubic {100} 

orientation of crystal, being consistent with the conclusion of X-ray diffraction analysis. Similar 

values of Eulerôs angles were found for opposite faces of crystal suggesting that these two faces 

are parallel and exhibited {100}  orientation. 
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Figure 3.3 Orientation determination of KNN crystal (a) As obtained and (b) Indexed, electron 

backscattered diffraction patterns obtained on one of the faces of KNN crystal (I) corresponding 

crystallographic orientation of the crystal (Reprint from reference 95 © 2011 American Institute 

of Physics). 

For electrical characterization, silver electrodes were fired at 650°I on the two opposite 

faces with higher area. As-grown crystals had high leakage and could neither be poled nor be 
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characterized for ferroelectric properties. This high leakage current was attributed to the presence 

of oxygen ion vacancies
89

 in the lattice. Thus, the composition of as-grown crystals can be 

represented as K0.5Na0.5NbO3-ŭ. Gray color of the crystals also supported this argument which is 

generally associated with oxygen vacancies in perovskites.
89

 The missing oxygen atoms give rise 

to 2e
-
 in the conduction band according to the Equation 3.1 and hence result in low resistivity.

96
  

-¶¶-- +­ eVO o 2                                                             (3.1) 

Annealing these crystals in air at 850°I helped in compensating the oxygen vacancies and the 

color was changed from gray to transparent. At 100 kHz, an annealed crystal was found to have 

ac resistivity value of 1.17 x 10
4
 ɋ.m in contrast to 1.32 x 10

2
 ɋ.m before annealing, confirming 

the improvement by two orders of magnitude. Activation energies calculated for these crystals 

were found to be 1.3 eV and 1.2 eV respectively, before and after annealing. These values lie in 

the range of reported values of activation energies for oxygen ion conduction in different 

perovskites.
97

 

        These highly resistive crystals were further characterized for their dielectric, ferroelectric 

and piezoelectric properties. Dielectric response vs. temperature plot shown in Figure 3.4 was 

used to determine the Curie temperature (Tc) and tetragonal to orthorhombic transition 

temperature (To-t) values, which were found to be 407°I and 200°I respectively. These values 

were in the expected range as reported previously.
91

 At room temperature dielectric constant and 

loss values were found to be 226 and 0.08, being consistent with the inherent low permittivity of 

KNN.
9
 For piezoelectric measurements the crystals were poled at 3 kV/mm at 130°C. Low-field 

piezoelectric coefficient (d33) value was found to be 148 pc/N. Figure 3.6 shows the saturated 

ferroelectric hysteresis loops obtained on crystals. Well saturated loops confirmed the high 

resistive nature of these crystals. Remnant polarization (Pr) and coercive field (Ec) values were 
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found to be 18 µC/cm
2
 and 22 kV/cm. Table 3.1 lists magnitude of the different parameters 

measured on KNN crystals. 

 

Figure 3.4 Variation of dielectric constant with temperature showing To-t and Tc to be 200°I and 

407°I respectively.  
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Table 3.1 Ferroelectric, dielectric and piezoelectric properties of K0.5Na0.5NbO3 single crystal 

                     

 

 

 

 

 

Landau ï Devonshire theory was used to correlate the dielectric stiffness to the shape of 

ferroelectric loops. From Landau ï Devonshire Theory (L-D)
98, 99

, Gibbs free energy of a 

ferroelectric material  given by Equation 3.2 can be differentiated with respect to polarization P 

to arrive at the expression for electric field (Equation 3.3): 

 Ὃ  ‌ὖ  ‍ὖ  ‎ὖ Ὁὖ                                                                                          (3.2) 

Ὁ ‌ὖ ‍ὖ ‎ ὖ                                                                                                                (3.3) 

Neglecting the higher order terms this equation can be reduced to Ὁ ‌ὖ, where: 

‌  
 

  
                                                                                                                                   (3.4) 

In this equation Tc and I are Curie temperature and Curie constant respectively. The Curie 

constant I can be calculated by plotting the dielectric susceptibility as a function of 1/ (T- Tc) 

according to the Equation ʔ = I / (T ï Tc), T > Tc.  

d33 148 pC/N 

Pr 18  µC/cm
2
 

Ec 20 ï 22 kV/cm 

K 226 

tan ŭ 0.08 

Tc 407°I 

To-t 200°I 
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 Figure 3.5 shows the plot of susceptibility ʔ ÖÓȢ 1/ (T- Tc). The slope of the line gave the Curie 

constant magnitude of 4.2 x 10
4
. Inset in the figure shows the variation of 1/ vs. T where 

extending the linear part of plot gave the magnitude of To to be 636K. Substituting these values 

in the expression for Ŭ (Equation 3.4) gave its value to be 5.5 X 10
7
 m/F. 

 

Figure 3.5 Variation of dielectric susceptibility with 1/ (T- Tc) at T > Tc gave the value of Curie 

constant to be 4.2 x 10
4
. Inset of figure shows the 1/ vs. T plot (Reprint from reference 95 © 

2011 American Institute of Physics). 

According to the Landau ï Khalatnikov simulation, which is a dynamic version of L ï D theory, 

the parameter Ŭ is a measure of the effect on shape of ferroelectric loops and its higher 
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magnitude leads to square shaped ferroelectric loops.
100

 The value of Ŭ obtained for KNN single 

crystals is on the higher side and explains the square shape of ferroelectric loops.
 99, 100

 

3.3 Dynamic ferroelectric Scaling 
 

To reveal the dynamic response of domains to applied electric field, dynamic hysterics 

analysis based on (ʌ
2
)
2
 model was conducted on these crystals. Originally this technique was 

established for magnetic materials using Heisenberg model based on non-equilibrium statistical 

mechanical theory, but can be applied equally well to ferroelectrics as domain reversal dynamics 

have similarity in the two cases.
101 ï 103

 Dynamic hysteresis analysis relates the area under the 

ferroelectric loop <A> to the amplitude (E0) and frequency (f) of applied electric field, according 

to power law relation given in Equation 3.5. 
104, 105

 

n

o

mEfA>´<                                                                                                                             (3.5)                                                                                                                        

In Equation 3.5, the parameters m and n are controlled by polarization switching 

mechanism in ferroelectrics. Theoretical calculations based on (ʌ
2
)
2
 model suggests the values 

of m and n to be -1 and 2 respectively at high frequencies and 1/3 and 2/3 at low frequencies.
101, 

106
 Experimentally it has been observed that the frequency (fc) at which the equation 

n

o

mEfA>´<  flips from one set of exponents to others, also depends upon the applied electric 

field and increases with increase in the applied electric field.
107

 The exponent m in this relation 

refers to the switching time required by the domains at a given electric field. Its value is 

governed by the charged defect density and space charge density present in the sample and 

higher negative value means higher response time of domains. On the other hand, the exponent 

of electric field n is a measure of ability of domains to respond to the change in electric field 
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direction.
108

 Higher value of n means sharper response of domains and hence higher value of 

polarization.
109

 

Ferroelectric loops were obtained for electric fields varying from 10 kV/cm to 54 kV/cm, 

while frequency range covered during the measurement was 2 Hz ï 200 Hz. Figure 3.6 (a) and 

(b) show the ferroelectric loops obtained at different f  but fixed Eo (54 kV/cm) and different Eo 

but fixed frequency (f = 2 Hz). Similar loops were obtained for other possible combinations of Eo 

and f and the area under the loop (<A>) was calculated. Area under ferroelectric loops for 

different frequency and electric field values are given in appendix 1. Figure 3.7 (a) and (b) show 

the variation of hysteresis loop area with electric field (at different frequencies) and frequency (at 

different electric fields) respectively. From Figure 3.7 (a), the area of the curves obtained for Eo 

< 20 kV/cm decreases with increasing frequency, while for Eo > 20 kV/cm reverse trend was 

observed. On the other hand, Figure 3.7 (b) shows that over the whole frequency range the area 

under the loop <A> increases monotonically with applied electric field, though the rate of 

increase of <A> with Eo is higher for higher frequencies. 
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Figure 3.6 Hysteresis loops obtained for KNN single crystals (a) Varying electric fields at 

frequency of 2 Hz, and (b) Varying frequencies at applied field of 54 kV/cm (Reprint from 

reference 95 © 2011 American Institute of Physics). 
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Figure 3.7 Variation of area <A> under ferroelectric loop (a) with frequency, at different Eo 

values, and (b) with electric field at different applied frequencies (Reprint from reference 95 © 

2011 American Institute of Physics). 

To obtain the value of m, i.e. the exponent expressing the variation of <A> with frequency, each 

of the plot in Figure 3.7 (a) was fitted to the equation 
mfA>´< . Different values of m obtained 
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for different applied electric field are plotted in Figure 3.8(a). Clearly the plot can be divided into 

two parts, first with Eo < 20 kV/cm and other having Eo > 20 kV/cm. Except for the electric field 

range where two linear regions coincide (Eo ~ 20 kV/cm), fitting to the curves was excellent (R
2
 

> 0.97). Though generally the coercive field is frequency dependent, in our case where m vs. Eo 

plot is changing its slope, it can be considered as coercive field (Ec = 20 kV/cm). The two linear 

regions were further fitted to obtain the variation of m with applied electric field. It was found 

that for Eo < Ec, m = 0.47Eo -0.85 (R
2
 > 0.97) and field independent values of m was 0.04 (R

2
 > 

0.90) for Eo > Ec. Similarly, <A> vs. electric field curves in Figure 3.7 (b) were fitted for 

different frequencies to obtain the value of n according to the relation n

oEA>´< . Again the data 

in Figure 3.8 (b) can be partitioned in two parts, one for Eo < Ec and other having Eo > Ec.  

 

 (a)                                                          (b) 

Figure 3.8 Variations in the values of exponent (a) m with electric field and (b) n with frequency 

(Reprint from reference 95 © 2011 American Institute of Physics). 
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                            Values of m and n obtained by fitting the curves for different frequencies (R
2
 > 

0.97) are shown in the Figure 3.8 (a) and (b) respectively. These curves were further fitted to 

obtain the frequency dependence of exponent n. For Eo < Ec, n = 1.45*f 
0.14

 (R
2
 > 0.99) and for Eo 

> Ec, n = 1 ï 0.25*exp (-0.13f) (R
2
 > 0.98). This value of n is complex but it can be seen that at f 

> 10 Hz it is almost constant and equal to 1. 

Hence, the power law relations for Eo < Ec and Eo > Ec can be expressed by Equation (3.6) as: 

14.045.185.047.0 f

o

E
EfA o->´<                Eo < Ec 

oEfA 04.0>´<                                  Eo > Ec                                                     (3.6) 

It can be clearly seen from these equations that the values of m and n  are pretty complex for Eo 

< Ec and do not match with theoretically predicted values by (ʌ
2
)
2
 and (ʌ

2
)
3
 models.

101, 106
 Also 

the scaling behavior of minor loops is completely different from saturated loops. This kind of 

behavior is related to the variation in response of domains below and above coercive field.  

          The domains responding below the average coercive field of crystals are small in 

size and known as reversible domains.
103

 On the other hand the irreversible domains are 

comparatively larger and respond at fields higher than Ec. In the case of relaxors, the non-linear 

hysteretic response below the coercive field is well-known phenomenon. Unpoled relaxor is a 

glassy state, however polarization irregularities are known to exist within a poled condition in 

the vicinity of randomly-quenched defects. Analogous to a random-field magnetic state, under 

applied field, clusters or diffuse domain walls can be nucleated in the vicinity of defects. 

According to this micro-heterogeneity or random-field model, poled single crystals is not simple 

single domain state, but rather may have many irregular small polar regions within single domain 
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conditions which respond to the field below coercivity. We anticipate a multi-polar state exists in 

the KNN crystal under the applied field due to the polymorphic transition from orthorhombic to 

tetragonal symmetry. For minor loops, electric field dependence of exponent m is similar to that 

observed for conventional ferroelectric such as BaTiO3 single crystals.
105

 The value of exponent 

n remains greater than 2 for most of the frequency range suggesting ease of domains in 

responding to changes in applied electric field direction. These values for m and n imply that for 

minor loops, <A> decay more slowly with f and increases much faster with Eo, as compared to 

theoretical predictions for magnetic materials.
101

 This observation can be attributed to the fact 

that reversible domains responding to Eo < EC, are kinetically easier to switch and hence less 

sensitive to frequency and more sensitive to field.
103

 In case of Eo > Ec, m is almost independent 

of electric field with value close to zero. Hence the area of saturated loops is independent of 

frequency of applied field. The value of exponent n, which is constant at 1 for f > 8 Hz, is lower 

than theoretically predicted value of 2. Since the value of exponent n is the measure of ability of 

domains in following the electric field direction, lower value indicates poor ability of irreversible 

domains in this respect.
109

 As a consequence, the lower value of n leads to lower hysteresis area 

as well as lower value of remnant polarization.
104

 Also the near linear dependence of <A> to 

electric field also suggests occurrence of concurrent nucleation and domain boundary motion, 

phenomena very well known in KNbO3 and BaTiO3.
110

  Linear electric field dependence of 

parameter m at sub-coercive fields and simultaneous nucleation of irreversible domain with 

domain boundary motion show KNN resembles the BaTiO3 in polymorphism and dynamic 

scaling. 

                    In summary, KNN single crystals were grown by flux method. Cubical shaped 

crystals were found to have (100) orientation on their two opposite faces. As-grown crystals 
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were annealed to improve the resistivity. Ferroelectric and piezoelectric characterization revealed 

the Pr and d33 values to be 18 µC/cm
2 

and 148 pC/N respectively. Curie constant and second 

order parameter in Gibbs free energy expression were calculated to be 4.2 x 10
5
 K and 5.5 x 10

7
 

m/F. Dynamic scaling analysis provided relationships of the form: 
14.045.185.047.0 f

o

E
EfA o->´< and 

oEfA 04.0>´< for Eo < Ec and Eo > Ec respectively. Poor ferroelectric nature of these crystals 

can be attributed to lower value of exponent n for saturated loops.                            
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Chapter 4 

Optical crystallographic Study of KxNa1-xNbO3 (x = 0.4, 0.5 

& 0.6) Single Crystals using Linear Birefringence  
 

4.1 Introduction 
 

High piezoelectric activity of MPB compositions in different distorted perovskite solid solutions 

is widely attributed to the simultaneous coexistence of two crystallographic phases which allow 

higher degree of freedom for the polarization vector to rotate towards the electric field direction. 

In the case of lead-based composition PZT, the discovery of the presence of a bridging 

monoclinic phase of Cm symmetry at the MPB between tetragonal (T) and rhombohedral (R) 

phases has gained a significant attention. It is believed that the intermediate monoclinic phases 

near the MPB allow the polarization vector to rotate in a plane, rather than having orientations 

fixed in R and T symmetries, imparting enhanced piezoelectric properties.
111,

 
112

 Similar to PZT, 

bridging monoclinic phases close to the MPB have also been reported for PMN-PT single 

crystals.
113, 114

 These findings have led to a reconsideration of the stable crystallographic 

structures at morphotropic and polymorphic phase boundaries (MPBs and PPBs) in different 

perovskite solid solutions.
114, 115

 Recently, NBT crystals have also been reported to exhibit lower 

symmetry phase at a R Ÿ T transition at elevated temperatures.
116

 

                       Figure 4.1 illustrates the schematic of a phase diagram of KNN for compositions 

close to x = 0.5. All prior studies broadly agree on the position of the different phase boundaries, 

although the crystallographic nature of the KNN compositions on either side of x = 0.5 have 

been a point of debate.  
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Figure 4.1 Schematic of phase diagram of KNN close to x = 0.5. a ï Reference 1, b ï Reference 

14, c ï Reference 16 

                             According to the phase diagram provided in the classic textbook by Jaffe et al., 

the  phase boundary at x = 0.5 separates two distinct orthorhombic (O) phases that exist at the K-

rich and deficient sides.
4
 Later, a number of investigations alternatively suggested the presence 

of a MPB at x = 0.5 separating potassium-deficient monoclinic Pm phase from a potassium-rich 

orthorhombic Amm2 phase at room temperature.
14-16, 117, 118

 Both of these phases existing at room 

temperature were found to lack oxygen octahedral tilts, which have been designated as a
0
b

0
c

0
 in 

Glazer notation.
14, 17

 On the contrary, in another investigation performed by fixing the space 

group to be Pm for 0.4 < x < 0.6, the refinement of lattice parameters illustrated no abrupt 
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changes on approaching x = 0.5, suggesting the presence of monoclinic phases on both side of 

this composition.  Another study focusing on microstructure variation of KNN ceramic with 

composition, suggested that high piezoresponse near x = 0.5 could be due to favorable 

microstructure, rather than the presence of MPB.
11

 Though, all previous studies of KNN solid 

solution agree that a nearly composition independent polymorphic phase boundary (PPB) exists 

near 200°C, above which KNN (x > 0.25) undergoes a transition to a tetragonal phase.
4, 12, 14-16, 

117, 118
 This high temperature T structure belongs to the P4mm space group and lacks oxygen 

octahedral tilts (a
0
b

0
c

0
) similar to room temperature M and O phases.

14
 At 400°C, a ferroelectric 

(FE) Ÿ paraelectric (PE) transition occurs and the new structure belongs to the cubic mPm3  

space group.
16

 These prior crystallographic investigations for compositions close to x = 0.5 have 

focused on determining the pseudo-cubic sub-cell lattice parameters by Rietveld refinement of x-

ray and neutron diffraction data taken from polycrystalline powders. 
4, 14-16, 117, 118

 In such 

scenarios, distinguishing monoclinic symmetry (ap Í cp, ɓ > 90) from an orthorhombic one (ap = 

cp, ɓ > 90) becomes difficult if two of the lattice parameters have close values, potentially 

resulting in discrepancies between investigations. To overcome this limitation of powder 

diffraction crystallography, and broaden our understanding of the nature of the crystallographic 

transformation at x = 0.5, and of the PPB (200°C) in KNN, we present a study focused on the 

optical birefringence crystallography of KNN (x = 0.4, 0.5 and 0.6) single crystals in the 

temperature range of 30°C ï 600°C. Unlike Rietveld refinement of polycrystalline diffraction 

data, this technique can reveal the macroscopic symmetry irrespective of their lattice parameters. 

Optical birefringence also provides an opportunity to visualize large area domain structures, 

which along with macroscopic symmetry, can be used to construct an understanding of the 

structure ï property relationship.
119
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4.2 Optical Crystallography 
 

                       When plane polarized light is allowed to pass through an optically transparent 

medium, the refractive index of the medium is anisotropic, where the surface of rotation can be 

represented by an ellipsoid known as the optical indicatrix (Figure 4.2 (a)).
120, 121

 This optical 

indicatrix, given in equation 4.1, is a single valued surface representing the mutual relationship 

amongst three mutually perpendicular principle refractive indices n1, n2 and n3 along the 

principle axes Z1, Z2 and Z3. The shape of the optical indicatrix (mutual relationship amongst 

three principle refractive indices) as well as its orientation with respect to the crystallographic 

axes depends on the symmetry of the crystal, and thus the phenomenon can be used as an 

effective tool for optical crystallography.
121

  

 

Figure 4.2 Optical indicatrix (a) for an anisotropic crystal, with vector k showing the direction of 

propagation of light (b) Ellipse representing the variation of refractive index of light propagating 

along k for different orientations of polarization vectors 
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                          The optical indicatrix itself has an mmm intrinsic symmetry with three mutually 

perpendicular mirror planes lying normal to thee principle axes Z1, Z2 and Z3 respectively. 

According to Neumannôs principle, the symmetry of a physical property should be contained in 

the symmetry elements of the crystal.
121

 Orthorhombic crystals have three mutually 

perpendicular principle axes that coincide with the crystallographic axes [100], [010] and [001] 

respectively; whereas, monoclinic ones have a principle axes that is parallel to a two-fold axis 

along a unique b-axis. Triclinic crystals conversely have no fixed orientation of the indicatrix 

with respect to the crystallographic axes.  For rhombohedral, hexagonal and tetragonal crystals 

(having symmetries higher than mmm), the shape of the optical indicatrix is altered to contain 

extra symmetry elements, and hence a more symmetric ellipsoid having two principle refractive 

indices values that are equal (i.e. n1 = n2 Í n3). In the case of tetragonal, rhombohedral and 

hexagonal crystals, n3 has a unique value along the principle axis. This principle axis is collinear 

with 4-fold, 3-fold and 6-fold axes of rotations in these crystal systems. For cubic crystals, all the 

three principle values of the refractive index are equal (n1 = n2 = n3), and the optical indicatrix 

surface reduces to a sphere. In the present investigation, when the direction of propagation of the 

polarized light (k) was fixed with respect to the single crystal and only the polarization vector of 

the wave was allowed to rotate, the optical indicatrix was reduced to an ellipse as shown in 

Figure 4.2 (b). Geometrically, this ellipse is the cross-sectional view of the optical indicatrix 

along the k and passing through the origin (Figure 2(a)). The difference between the refractive 

indices for two mutually perpendicular (slowest n1 and fastest n2) axes is defined as the optical 

birefringence, as given in equation 4.2. The angle ű in Figure 2(b) gives the inclination of the 

slow axis with respect to some arbitrary frame of reference. However, for an optically isotropic 
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material like glass, refractive index of light ray become equal for all directions of polarization 

vector and elliptical shape is reduced to a circle.
122

 

  ρ                                                                                                                       (4.1) 

Ўὲ  ὲ  ὲ                                                                                                                           (4.2) 

                 Non-cubic polar single crystals such as KNN or PZT always consist of a multi-domain 

state. Due to the symmetry of the crystal, these domains are constrained to have only few 

symmetry equivalent orientations with respect to each other. Figure 4.3 shows the allowed 

mutual orientations of crystallographic domains with respect to pseudo-cubic unit cell for T, R, 

O, MA/MB and MC symmetries respectively. Since in this study the domains are on the (100)pc 

plane, only projections of these domains on the this plane can be seen, which are also depicted 

along with polarization vectors in pseudo-cubic cell. As we move towards the lower symmetry 

structures, the number of these allowed domain orientations are increased.  In the case of optical 

studies of these different crystal structures, the misorientation between two domains results in a 

change of the orientation of the optical indicatrix by the same angle, and hence the nature of 

domain wall between them can be revealed. Considering Figure 4.3 (a) as an example, it can be 

seen for tetragonal crystals, that the domains can be oriented along only [100]pc while making an 

angle of 90
o
 with respect to each other. Similarly by following Figures 4.3 (b) ï (e), the allowed 

orientations of the different domains for the lower symmetry structures can be determined as 

well. 
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Figure 4.3 Schematics representing the possible orientations of polarization vectors for (a) 

tetragonal (b) rhombohedral (c) Orthorhombic (d) monoclinic MA/MB (e) monoclinic MC 

symmetries in terms of pseudo cubic unit cells and their projections on (100)pc planes. 
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4.3 Birefringence Measurements 
 

                      Figure 4.4 shows the schematic diagram of Metripol birefringence imaging system 

used for this study.
116, 122

 Detailed descriptions and working principles of the Metripol 

Birefringence measurement system that was used in this study can be found in previous 

literatures.
123, 124

 This instrument is based upon a rotating polarizer technique and consists of a 

monochromatic light source of wavelength 550 nm followed by a polarizer and sample stage. 

Elliptically polarized light passing through the sample goes into a circular analyzer having a ɚ/4 

plate and a linear polarizer. The optical signal is then incident on a CCD detector that converts it 

to a proportional electric signal. The sample stage has a heating oven (LINKAM TP93) 

applicable over a temperature range of 25 °C to 600°C with an accuracy of 0.1°C. This 

instrument provides an opportunity to study the phase transformation behavior of ferroelectric 

crystals via the evolution of linear birefringence and domain structure changes with temperature. 

 

Figure 4.4 Schematic diagram of Metripol birefringence imaging system. In this figure P1 

represents the polarized, while P2 along with ɚ/4 plate work as a analyser (Reprint from reference 

122 © 2000 International Union of Crystallography). 
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       The intensity of the transmitted polarized light at each point (pixel) of the CCD detector 

can be determined by Equation 4.3.
124

 In this equation Ὅ  and ű are the transmittance of the 

sample and the angle between the minor axis of the indicatrix with an arbitrary coordination axis, 

respectively, ‏  is the phase difference introduced by the crystal to the transmitted light ray, and 

is related to the birefringence æn according to equation (4.4), and L is the thickness of the crystal 

and ‗  is the wavelength of light used.                

 Ὅ ὍȾςρ ὛὭὲς‌ ς•ὛὭὲ(4.3)                                                                                           ‏ 

‏ ς“ὒЎὲȾɚ                                                                                                                             (4.4) 

            To determine the values of all three components Io, S̊inŭ ̊and ű in equation (4.3), the 

intensity of the transmitted light is measured for different values of the rotation angle Ŭ which 

the polarizer makes from a fixed reference. Data is collected in the form of three false color 

images for transmittance (Io), S̊inŭ ̊and ű for each corresponding point (pixel) of the single 

crystal.   

4.4 Crystal Growth and Orientation Determination  
 

                 In order to reveal the crystallographic transformation across the boundary at x = 0.5, 

three compositions of KxNa1-xNbO3 crystals (x = 0.4, 0.5 and 0.6) were chosen for this study. 

Crystal growth technique is similar to one described in chapter 3. These crystals were annealed 

in air at 1000°C for compositional homogenization, followed by compositional verification by 

energy dispersive X-ray (EDX) analysis. EDX was performed on different portions of the same 

crystals to confirm compositional homogeneity. Figure 4.5 shows the atomic mole % of Na and 

K ions in the crystals of three batches (x = 0.4, 0.5 and 0.6). For optical birefringence study, 
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crystals with higher transparency were chosen from each batch of x = 0.4, 0.5 and 0.6 

respectively. 

                 Similar to findings for x = 0.5 crystals described in chapter 3, electron backscattered 

diffraction (EBSD)
95

 showed that these cubic shaped crystals had { 100} pc facets, while detailed 

X-ray diffraction analysis (XRD) confirmed the large faces of these crystals to be (001)pc. For 

optical birefringence studies, these crystals were polished to thicknesses of about 100 ɛm. After 

polishing, the crystals were annealed at 600°C to relieve any residual stress induced by polishing 

before birefringence data collection. Since the cooling rate through a phase transition range may 

affect the domain morphology, the crystals were cooled using the same rate of 1°/min. 

Birefringence data was collected over the temperature range of 30°C - 600°C on heating. During 

data collection, the heating rate was fixed at 1°/min and data was collected at 1°C step interval. 

 

Figure 4.5 Energy dispersive X-ray (EDX) analysis performed on crystals intended to have 

composition x = 0.4, 0.5 and 0.6. 
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4.5 Results and Discussion 
 

Figure 4.6 (a) illustrates the variation of low field longitudinal piezoelectric coefficient (d33) and 

remanent polarization (Pr) across the phase boundary at x = 0.5. Similar to the findings for 

polycrystalline ceramic, maxima in the values of two parameters for single crystals suggest that 

superior piezoelectric and ferroelectric properties in ceramic close to x = 0.5 could not be 

attributed only to the difference in microstructure. Figure 4.6 (b) shows dielectric constant as a 

function of temperature for x = 0.4, 0.5 and 0.6 taken along the (100)pc axis in the temperature 

range 30°C ï 500°C. For all compositions, two dielectric anomalies were evident near 200°C and 

400°C, indicating the presence of three distinct phase fields over this temperature range. 

Previous studies suggested the existence of monoclinic or orthorhombic structures for these 

compositions from room temperature to 200°C, whereas a tetragonal structure was reported 

between 200°C ï 400°C. On heating above 400°C, a transformation to a paraelectric cubic 

structure occurs. Figures 4.7, 4.8 and 4.9 respectively show orientation (ű) false color images 

from an area of about 2.5 mm X 1.9 mm for x = 0.4, 0.6 and 0.5 at different temperatures over 

the range 30°C ï 380°C. In accordance with the dielectric data above in Figure 4.6, particular 

temperatures were chosen to capture the optical crystallographic state just below and above each 

phase transition. These images were used to obtain the orientation (ű) histograms for three 

compositions at different temperatures as shown in respectively in Figures 4.10, 4.11 and 4.12. 

Each of these images consisted of about 1.39 million (1360 X 1024) pixels, each representing a 

value of ű between 0
o
 ï 180

o
. Detailed description of procedure used to determine orientation 

histograms along with distributions of ű for three crystals is given in appendix 2. 
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Figure 4.6 (a) Variation of d33 and K across the phase boundary at x = 0.5 (b) Temperature vs. 

dielectric constant values for x = 0.4, 0.5 and 0.6 KNN crystals along (001) planes. 
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Figure 4.7 Orientation (false color images) for x = 0.4  KNN crystal at (a) 30°C, (b) 80°C, (c) 

130°C, (d) 180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C  
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Figure 4.8 Orientation (false color images) for x = 0.6  KNN crystal at (a) 30°C, (b) 80°C, (c) 

130°C, (d) 180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C  
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Figure 4.9 Orientation (false color images) for x = 0.5  KNN crystal at (a) 30°C, (b) 80°C, (c) 

130°C, (d) 180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C  
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Figure 4.10 Orientation histograms for x = 0.4  KNN crystal at (a) 30°C, (b) 80°C, (c) 130°C, (d) 

180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C  

 

Figure 4.11 Orientation histograms for x = 0.6  KNN crystal at (a) 30°C, (b) 80°C, (c) 130°C, (d) 

180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C 
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Figure 4.12 Orientation histograms for x = 0.5  KNN crystal at (a) 30°C, (b) 80°C, (c) 130°C, (d) 

180°C, (e) 230°C, (f) 280°C, (g) 330°C, (h) 380°C 

 

                   Histograms were obtained for different compositions during heating cycle at 

different temperatures. For the sake of simplification and better illustration  of the relative shift 

of peaks corresponding to lower symmetry phases, the ű-axis for the orientation histograms was 

shifted in such a way that one of the peaks appearing at 380°C was shifted to either ű = 0
o
 or 

180
o
. This shift is equivalent to rotating the crystal on its axis, and does not result in any 

discrepancy or loss of information. Geometrically, this shift is equivalent to rotating the 

coordination axes in Fig. 4.2(b). Now, in this scenario two extreme values of ű (0
o
 and 180

o
) 

represent the same [100]pc direction along the different opposite orientations. It is important to 

note that after a shift in the ű-axes in histograms (Figures 4.10 ï 4.12), false color scales 

provided in Figures 4.7, 4.8 and 4.9 do not correspond to same absolute values of orientation for 

corresponding false color images. Since in Figures 4.10 ï 4.12, the interest is only in illustrating 

the domain wall orientations with respect to [100]pc, absolute values of ű are not relevant. 
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                               For x = 0.4, two peaks (ű = 17° and 90°) separated by æ ű = 73° can be seen 

at room temperature (Figure 4.10 (a)). Following the Figure 4.3, one can see that such 

orientations of the polarization vectors with respect to [100]pc are only allowed for monoclinic 

MC (Vanderbilt and Cohen Notation)
125

 symmetry, and hence it can be inferred that x = 0.4 

crystals have a stable  MC structure. This inference is consistent with  previous findings of a Pm 

space group for KNN polycrystalline powders for x < 0.5.
16

 With increasing temperature the 

presence of two peaks persisted to 180°C without any emergence of a new peak, suggesting that 

the MC phase remains stable for x = 0.4, which is consistent with the dielectric data in Figure 4.6. 

On heating above 200°C, two additional peaks appeared which grew with increasing temperature 

at the expense of the two low temperature ű-peaks. Following the known phase diagram of 

KNN, above 200°C, all compositions studied in this investigation should have tetragonal 4mm 

symmetry. Accordingly, the two ű-peaks separated by 90
o
 should be evident in the orientation 

histograms for all three compositions. However, for x = 0.4 at 380°C, the two major peaks had 

angles of ű = 0
o
 and 99

o
 with respect to the [100]pc;  not only were these peaks separated by an 

angle highly deviating from 90
o
, but they were also very broad relative to other tetragonal 

compositions subjected to similar birefringence investigations.
116

 Furthermore, the two lower 

temperature peaks continued to appear as minor shoulders above the PPB. As for T phase, even 

superimposition of multiple domain cannot give rise to peaks other than at ű = 0
o
 and 90

o
, these 

discrepancies suggest the coexistence of MC and T phase above PPB for x = 0.4.
116

   

                     For x = 0.6, at room temperature, two sharp peaks separated by æ ű = 90° were 

apparent (Figure 4.11 (a)). These two peaks made an angle of ű = 90° with the [100]pc. 

Following Fig. 4.3, these types of polarization directions can only be attributed to an O structure. 

Hence, on the basis of optical birefringence data, it can be inferred that the K-rich side of the 
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phase boundary has an orthorhombic crystal structure. This is important to note as previous 

different X-ray and neutron diffraction investigations were not in agreement with each other 

about the symmetry.
12, 118

 On heating above the PPB at 200°C (Figure 4.11 (e) ï (h))., the two 

orthorhombic-like ű-peaks disappeared and two new peaks appeared. New peaks were 

positioned at æ ű = 45° from the orthorhombic-like peaks. These peaks were 90° apart from each 

other, as well as making 0° and 90° angles with [100]pc  indicating a tetragonal symmetry. The 

presence of a weak peak at ű = 135° at 230°C may indicate that a minor amount of orthorhombic 

phase persists above the PPB. Note that as compared to x = 0.4, the volume fraction of this 2
nd

 

low-symmetry phase was minute and disappeared on heating to higher temperatures.  

                   For x = 0.5, near the phase boundary, the presence of two peaks making angles of ű 

= 45° and 21° with respect to [100]pc direction were found (see Figure 4.12(a)), which were 

separated  from each other by æ ű = 66°. Following Figure 4.3, such orientations are consistent 

only with monoclinic MA/MB symmetries. This is an interesting observation, not only because 

previously no such phase has been reported for any KNN composition but also as the monoclinic 

Pm and orthorhombic O phases on the two sides of the phase boundary have a group-subgroup 

relationship.
110, 113

 Similar to x = 0.4 and 0.6, a low intensity secondary  peak belonging to a 

lower temperature phase persisted on heating above 230°C suggesting the persistence of a small 

fraction of the  low-symmetry phase in the  tetragonal phase field (Figure 4.12 (b) ï (h)). 

Observation of the coexistence of lower symmetry phase within the high temperature tetragonal 

phase has not been reported previously for KNN, though modified KNN compositions having 

polymorphic phase boundaries below room temperature have been reported to have coexistence 

of tetragonal and orthorhombic phases at room temperature.
126
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                 When a ferroelectric crystal goes through the structural phase transformation, 

orientations of domain walls change in order to maintain strain compatibility between the 

neighboring domains.
127 - 129

 During such transformations the lower symmetry phase has higher 

numbers of orientation states (OS) as compared to higher symmetry phase.
129, 130

 The 

spontaneous strain tensor representing an OS is a second rank tensor, possessing all the 

symmetries of the point group of the crystal under consideration. If S and Sᾳ represent the strain 

tensors (OS) of the parent and ferroelectric phases, strain compatibility condition can be 

represented as in Equation 4.5.
130

 

(Sij  - Sᾳij) xi xj = 0                                                                                                                        (4.5) 

               Strain tensors for different crystallographic point groups were determined previously 

and can be found in the classic work of Aizu.
131

 Using the strain compatibility condition for 

different possible structural transformations, the orientations of domain walls were determined as 

listed in table 4.1.
127, 130, 132

 Since for a particular structural transformation, domain walls can 

only have fixed orientations, the table can be utilized to identify the crystallographic information 

of crystal. 

Table 4.1 Possible orientations of ferroelastic domain walls for different structural 

transformations 

Structur al Transformation  Space Groups 

Orientations of permissible 

domain walls 

Cubic Ÿ  Tetragonal 

mσm Ÿ 4mm 

432 Ÿ 422 

τ3m Ÿ τ2m 

x = y, x = -y 

z = x, z = -x 

y = z, y = -z 
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m3m Ÿ 4/mmm 

Tetragonal Ÿ  Orthorhombic 

422 Ÿ 222 

4mm Ÿ mm2 

τ2m Ÿ 222 

τ2m Ÿ mm2 

4/mmm Ÿ  mmm 

x = 0, y = 0 

 

Tetragonal Ÿ  Monoclinic 

4 Ÿ 2 

τ Ÿ 2 

4/m Ÿ 2/m 

x = py, x = -y/p 

where p = b + (a
2
+b

2
)
1/2

/a 

Hexagonal Ÿ  Orthorhombic 

622 Ÿ 222 

6mm Ÿ mm2 

φm2 Ÿ mm2 

6/mmm Ÿ  mmm 

x = 0, y = 0 

x = Ѝσ y, y = Ѝσ x 

x = Ѝσ y, y = Ѝσ x 

 

Trigonal ï Monoclinic 

32 Ÿ 3 

3m Ÿ m 

σm Ÿ 2/m 

y = 0, z = -(a/c)x 

y = Ѝσ x, a(x+Ѝσ y)-2cz = 0 

y = Ѝσ x, a(x+Ѝσ y)-2cz = 0 

 

Orthorhombic Ÿ  Monoclinic 

222 Ÿ 2 

mm2 Ÿ m 

mm2 Ÿ 2 

mmm Ÿ 2/m 

x = 0, z = 0 
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                            According to the table, any transformation from cubic (mσm) to tetragonal 

(4mm, 422 and τ2m) symmetries must result in domain walls fixed only to {110} planes.
129, 130

 

Lower temperature T Ÿ O transitions can result in two types of domain walls, depending upon 

the relative orientations of T and O cells. For transformations in which the 2-fold axis of the O 

cell is along the 4-fold axis of the T cell (i.e. p-type transformation, according to Aizuôs 

notations),
 133

 the walls are allowed to be oriented along {110 }planes. Moreover, if the 2-fold 

axis of the O cell is aligned to 45
o
 angle to the 4-fold of T cell (i.e. s-type transformation)

 133
, the 

domain walls are fixed for being coplanar with the {100} crystallographic planes.  For the T Ÿ 

M transformation, the domain wall orientations depend upon the relative orientation of T and M 

unit cells; but, unlike the previous transition cases mentioned above, the domain walls have 

complex orientations that depend upon the values of the elements of the strain tensor rather than 

being fixed to {100} or {110} planes. 

                          Figures 4.13, 4.14 and 4.15 show ű and Io snapshots for all the three 

compositions at varying temperatures. At room temperature, all the crystals exhibited the 

presence of stripe-like domains that extended throughout the sample area under the microscope, 

having lengths on the order of millimeters. Schematics are provided in these figures constructed 

from the false color images that represent the domain wall orientations in the crystals.  
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Figure 4.13 orientations of domain walls for x = 0.4 (a), (c), (e) ű, and  (b), (d), (f) Io false color 

images obtained at 30°C, 230°C and 430°C respectively. (g), (h) and (i) show the larger view of 

domains under the area A, B and C respectively shown in figure (b) and (d). (j) and (k)  

representing schematics of the domain wall orientations at respectively 30°C and 230°C (False 

color scale does not correspond to the same absolute ű value, though æű value between any two 

corresponding points is true). 
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Figure 4.14 orientations of domain walls for x = 0.5 (a), (c), (e) ,˒ and  (b), (d), (f) Io false color images 

obtained  at 30°C, 230°C and 430°C respectively. (g), and (h) show the larger view of domains under the 

area A and B respectively shown in figure (b) and (d). (i) and (j)  represent the schematics of the domain 

wall orientations at 30°C and 230°C (False color scale does not correspond to same absolute  ˒value, 

ǘƘƻǳƎƘ ҟ ˒value between any two corresponding points is true). 
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Figure 4.15 Domain wall orientations for x = 0.6: (a), (c), (e) show ű, and  (b), (d), (f) show Io 

false color images obtained at 30°C, 230°C and 430°C respectively. (g), (h) and (i) show the 

larger view of domains under the area A, B and C respectively shown in figure (b) and (d). (j) 

and (k)  representing schematics of the domain wall orientations at respectively 30°C and 230°C 

(False color scale does not correspond to same absolute ű value, though æű value between any 

two corresponding points is true). 

 

These schematics try to capture the domain wall orientations, but are not-to-scale with regards to 

the domain widths for the different crystals. Continuous domain walls extending to millimeters 

length confirmed that the crystals were compositionally homogeneous. 

                      For x = 0.4, broad stripe-like domains extending through the entire snapshot image 

having widths of > 200 ɛm were evident, which made an angle of 0° with [100]pc. These 

domains were found to have internal sub-domains as well, with domain walls making angles of 

45° and 90° with one of the [100]pc directions. For better illustration of these domains, larger 

images of areas A and B are provided in Figures 4.13 (g) - (h). Following the compatibility 
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conditions, simultaneous wall angles of 0° and 45° with [100]pc  are only possible for low 

symmetry monoclinic or triclinic phases. This finding is consistent with the above determination 

of MC symmetry for this composition. At 230°C, above the PPB, only walls with angles of 45° to 

[100]pc  were found, consistent with a higher symmetry T phase.  

                    For x = 0.5 (see Fig. 4.13a-b), only walls making an angle of about 0° with [100]pc  

were evident. An angle of 0° between the walls and [100]pc is common amongst many 

symmetries, excluding tetragonal. Hence, the results are not definitive with regards to the 

crystallographic nature of this composition. Note that the finding does not contradict the 

possibility of MA/MB phase for this composition, as suggested above. On heating above 200°C 

(see Figs 4.13c-d) two types  of T domain walls making angles of 45° and 135° with [100]pc 

became evident.    

                      For x = 0.6 (see Figs 4.14a-b), two types of walls making angles of 0° and 90° with 

[100]pc  were evident,  consistent with O symmetry, as determined by the peak positions in the 

orientations histograms. With regards to the compatibility conditions, O domain walls parallel to 

{100} pc imply a s-type transformation, which in turn suggests a non-primitive nature for the O 

unit cell consistent with the Amm2 space group as previously reported for KNN.
14 - 16

 On heating 

the crystal near the PPB to 200°C, most of the crystal area (except bottom right corner) in the 

false color images reveals a rotation of the domain walls by about 45°, however a small area 

(lower right) continues to have domain morphology with wall angles of 0° and 90° to [100]pc, 

which cannot be attributed to the T  symmetry.  Thus, it can be inferred that this small area is an 

untransformed O region that persists into the T phase above PPB. 
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                         On comparing the images of the stripe like domains for the three compositions, it 

can be seen for x= 0.4 and x =0.6 that their domain width were quite large relative to that for x = 

0.5. The widths for x = 0.4 and 0.6 were in the range of 80ɛm ï 200ɛm with a broad size 

distribution. In contrast, near the boundary at x = 0.5, the widths were about 15ɛm ï 18ɛm. 

These findings are similar to the previous investigations that demonstrated the presence of a 

more uniform domain structure of smaller dimensions for compositions close to the MPB as 

compared to the compositions away from it. For example, piezoresponse force microscopy 

(PFM) analysis performed on PMN-PT and NBT-BT crystals across their MPBs revealed the 

presence of more organized and smaller domains close to MPB.
134

 Domain size also plays an 

important role in the dynamic response of piezoelectric properties. Theoretical calculation 

conducted on two-dimensional (2D) BaTiO3 single crystals using a time dependent Ginzburg ï 

Landau (TDGL) model indicated about a threefold increase in the longitudinal piezoresponse 

(d33) on decreasing the domain size from 22.6 nm to 4.5 nm.
135

 Experimental investigations have 

also shown an increased piezoresponse in KNbO3 and BaTiO3 with decreased domain size.
136, 137

 

Accordingly, the enhanced piezoelectric properties of KNN at x = 0.5 might be attributed to 

thermodynamic changes caused by a decreased domain size.  

Figure 4.16 (a) shows the variation of the linear optical birefringence for multi-domain KNN (x 

= 0.4, 0.5 & 0.6) crystals in the temperature range of 30°C-600°C. These birefringence values 

were calculated using the averaged values of S̊inŭ ̊for the respective three crystals over an area 

of 1360 x 1024 pixels with the help of equation (4.4). Due to the anisotropic shape of domains 

and their small size, it was not possible to obtain temperature dependent linear birefringence 

plots for a single domain area. All three crystals exhibited two clear transitions at 200°C and 

400°C, consistent with the dielectric data. Interestingly, for x = 0.5 the birefringence value was 
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quite high as compared to the other compositions x = 0.4 and x = 0.6 in both of the temperature 

ranges of 30°Cï200°C and 200°Cï400°C, whereas in the cubic phase they all exhibited similar 

nonzero values of birefringence. Also, the birefringence for x = 0.5 decreased continuously as 

moving towards higher symmetry phases, in contrast to x = 0.4 and x = 0.6 which exhibited 

contrary trends. This discrepancy in the values of linear birefringence could be attributed to 

complex multi-domain state of these crystals, as previously multi domain crystals of PbTiO3 

have been reported to have contrary and ambiguous linear birefringence data.
138, 139

 For x = 0.5, 

high domain wall density could also be the source of high birefringence values in the 

temperature range of 30°Cï200°C, as high stress induced at domain walls may lead to localized 

birefringence.
140 
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Figure 4.16 (a) variation of linear birefringence for x = 0.4, 0.5 and 0.6 with temperature in the 

range 30°C-600°C. (b) (c) and (d) false color images showing the nonzero values of S̊inŭ̊ for x 

= 0.4, 0.5 and 0.6 respectively. 
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                Interestingly, all the three composition crystals showed a non-zero birefringence of 

similar magnitude in the cubic phase, which decreased with increasing temperature but persisted 

up to 600°C (the upper limit of temperature which could be attained in the instrument used). 

Figures 4.16 (b) - (d) show the false color images of S̊inŭ ̊for the three composition crystals, 

confirming the non-zero value at 600°C. This is an interesting finding as a crystal having mσm 

cubic symmetry should have zero birefringence.
120, 121

 Non-zero birefringence for cubic crystals 

has been reported previously as well and number of mechanisms could contribute to this 

phenomenon.
139, 141

 Presence of any local stress could be a source of photo-elastic effect, 

resulting in a non-zero birefringence in cubic phase field. Since these crystals are pre-heated at 

600°C prior to birefringence study, possibility of any residual stress introduced during polishing 

is very rare. But high density of oxygen ion vacancies
95

 produced during growth of these crystals 

could result in extended defects with localized stress.
142

 Besides, deviation of crystal structure 

from ideal mσm symmetry could also result in non-zero birefringence. For example, BaTiO3 was 

found to have non-zero birefringence in cubic phase
141, 143

 and was reported to have the 

uncorrelated displacements of Ba ions amongst the eight equivalent <111> directions.
144

 

6 Summary 

                    In summary, KNN crystals for x = 0.4, 0.5 and 0.6 were investigated for their 

macroscopic symmetry and domain structure using an optical birefringence technique. At room 

temperature, crystals with compositions x = 0.4 and 0.6 were found to have monoclinic MC and 

orthorhombic O symmetries. However, this investigation suggests the existence of a new 

monoclinic MA/ MB or triclinic phase near the MPB at x = 0.5. Figure 4.17 illustrates the phase 

diagram of KNN system drawn according to the findings in this optical crystallographic study. 

The composition x = 0.5 had more organized and smaller domains as compared to either the K or 
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Na rich sides. This suggests that domain size may play an important role in the superior 

ferroelectric and piezoelectric properties of KNN for x = 0.5. On heating above the PPB at 

200°C, all three compositions exhibited a transformation to a T phase, though a relatively small 

fraction of the lower symmetry phase persisted in this temperature regime and diminished with 

increasing temperature. In the paraelectric cubic phase above 400°C, none of the crystals 

exhibited zero birefringence, suggesting a disordered mσm cubic structure. 

 

Figure 4.17 Phase diagram of KNN based upon the present optical crystallographic analysis  

 

 

 

 


