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Abstract

Piezoelectric materials find applications in number of devices requiring-doteersion of
mechanical and electrical energy. These devices include sensors, actuators and energy
harvesting devices. A number of lebdsed perovskite compositions (PZT, PN, PZNPT

etc.) have dominated the field in last few decades owing to their giant piezoreapdnisigh
degree of compositionatlunability resulting in desired electromechanical respondéth
increasing environmental concemapidly in the last decadefocus hasnow shifted towards
developing a better understanding of ek piezoelectric compositionsSodium potassium
niobate (KNa;.xNbO; abbreviated as KNN§ one of the most interesting candidates in the class
of leadfree piezoelectrics. Absea of anytoxic element makes fjuite appealingmong all the
other leadfree candidates{NN has highCurie temperature of 400°®@hich iseven higher than

that of PZTbut possess an intermediate phase transition that limits its operating Tange
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 thesisfocuses 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 studisere conducted to provide
explanation for the observed electromechanical respdnsestigations were conducted on
random, textured and single crystads collect comprehensive information for elucidating the

fundamental behavior



Ko.sNay sNbO; single crystalswere grown by the flux methodand characterized for their
ferroelectric and piezoelectric behavi@rynamical scaling analysis was performed to reveal the
origin of their moderate piezoelectric performance. Optical birefringence technique used to
reveal the macrtevel crystallographic nature of x = 0.8,5 and 0.6 crystalsThe results
indicated these compositions to fenoclinicM¢, monoclinic Myg and ortlorhombic structures
respectively. Contrary tthis finding pair distribution function analysis performed the same
composition crystalsandicated them to be monoclinic M. structure at local scale. Linear
birefringence and piezoresponse force microscopy (PFM$ wsed to reveal the domain

structure at macro and micros scales respectively.

A modified sintering technique was developed to achieve > 99% gefositkK NN
ceramics. These high density ceramics were characterized for their dielectric, ferroelectric and
piezoelectric propertieand asignificant improvementvas obtainedHigher densities of the

ceramics also leaih the superior ferroelectric fatiglbehavior.

Highly textured KNN ceramics (Lotgering factor ~ 88 %) were synthesized using TGG
method. A sintering technique similar tioat employed forsynthesis ofandom ceramics, was
used to sintethetextured KNN ceramics as well. Piezoresponse farmeoscopy (PFMYyesults
suggestedhat thetextured ceramickad much larger domain size§ e ms compar ed t o
domain size for random ceramics. Local switching behawas studied using switching
spectroscopy (SBFM) which revealed abouf.5X improvement of local piezoresponse

textured ceramicas compared ttherandom counterpart.
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Chapter 1

Introduction

Piezoelectric materialglay importantrole in severalapplicatiors including ultrasonic medical
imaging, ultrasonic nondestructive testing, speakers, resonators, gas igniters, gyroscope, pressure
sensorsetc!™ These materialslso find applications inareas such as miarmtors, energy
harvesting devices, transfoers, magnetoelectric sensors and high power transforihers.
Potassium sodium niobat®la.,K«NbOs, abbreviated as KNNis considered asne of the leading
piezoelectric materials owing tibts environment friendly nature (dead) and the high Curie
temperatur&® Compositions close to the equimolar ratio of sodium and potassium
(NaysKosNbOs) are of greater interegt this systembecause of the superior piezoelectric and
ferroelectricproperties.In this thesis,emphasiswas given on thesynthesisof single crystal,
random ceramic and textured ceraroicKNN and a comparative analysis was performed in
terms ofcrystal structure, domain structure and electromechanical propehigsis chapter,
brief review of the significant researaleported in literatureon KNN is presented.The
discussion includeghe techniques utilized for therocessing of random ceramic and its

derivatives, textured polycrystalline ceramics and the sicnyfgtals.
1.1 Crystal Structure of K\Na;,)NbO3

In order to develop thestructurei property relationshipfor the ferroelectric and
piezoelectric perovskites, crystallographic information niscessary First attempt teards
developng the complete phasgiagram for KNNwas maderi the classic book by Jaffe et“al.
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This phase diagrans reproducedn Figure 1.1 The diagramwas primarily based upon the
findings of the previous investigatorghat performed investigationson number of KNN
compositions by dilectric, thermal and crystallographic analy¥eBue to their technological
importance, the crystal structure of compositions close to x = 0.5 is of utmost importance.
According to he phase diagrarof Jaffe etal., a phase boundary exists at x = §&parating two
distinct orthorhombic phases. On heating above 200°C, the compssititime vicinity ofx =

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

ferroelectric tetragonal to paraelectric cubic transfationoccurs’
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Figure 11 Phase diagram of KNN illustratinthe presence of two distinct orthorhombic phases

atthephase boundaryf x = 0.5



Contrary to the phase diagram given by Jaffal, later crystallographicstudies 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 gFigyre 1.2)!*?

4.04
_ "o/'/
L 2
4.00 | o ®
S L ! /0/8 ©
po. a=c _
o 3.96} o8 b A, A
2 57 _aat”
5 ] AAND L
© 3.92 A A/A.
Q- -
b} - A
2 X &
= 388}
-
3.84 2 1 i 1 A 1 i 1 2 1 2 1 i 1 2 1 Y
00 0.1 02 03 04 05 06 0.7 08 0.9

X

Figure 12 Evolution of lattice parameters for KNN inamoclinic settings across x = tgken

from reference 1 (Reprintfrom reference 11 © 2008 American Institute of Physj)cs



Wang et al.havealso refined the lattice parameters ofoBk& sNbOs; ceramic in moaclinic
setting and foundhel at t i ce parameters to be a =°* = 4.

Figure 1.3 shows the unit cell of N# o sNbOsin monoclinic and orthorhombic setting.

Figure 13 Unit cell of Nay sKo sNbO;3 (a) primitive monoclinic setting and (b) its projection along
b axis(c) nonprimitive orthorhombic setting adhe same unit cel(Reprint from reference 1®

2007 American Institute of Physjcs
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In a recent stues performed byBaker and coworkers, aomprehensivgphase diagram for
KxNau.yNbOs was presenteih the temperature range 6250 to 50G% .***°lllustrated in the
Figure 1.4 This phase diagram provisi¢he insight about the different crystallographic phases
present for the different comptiens along with their space group and oxygen octahedral tilt
information***® Similar to the phase diagram given by Jaffal, this phase diagram shethe
presence of phase boundary at x = Orb.contrast,this diagramsuggested the presence of
orthorhombic (Amm2) and monoclinic (Pm) crystallographic phasesittwer side ofthe x=0.5
composition Detailed analysis of two compositions on either side=i.5 revealed tht they

belong to® o @ andd® @ @ octahedral tilt system (Glazer Notatich)
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Figure 14 Comprehensivphase diagram of fNa..NbO; after Baker and coworke(&eprint

from reference 1® 2009American Institute of Physics)



In agreement with thprevious investigations, at high temperature compositwtts 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 high temperature
tetragonal phase was reportedpmsses®4mm space group with & @ tilt system. At 400°C

a ferroelectric to paraelectric phase transitiwith Pmom space groupvas observedor all

COMpOsItiors.
1.2 Processing of KNNoased Ceramics

The ®lid statereaction route is the most common and convenient way to synthesize"kiNN.
21 Generally sodium carbonate (®&0s;, Molecular Weight i 105.99, potassium carbonate
(K2COs, MolecularWeighti 138.20) and niobium oxide (NiDs, MolecularWeight - 265.8))
are used athe starting materi@ The melting poird of these precursors are 18913 and
1523 respectively. Since the normainteringtemperature for KNN iglose tothe melting
point of two alkali precursorghere isalwaysthe problem ofvolatilization during calcination
and tence the deficiency of the-site ionst® % 2 The dfects of the calcination temperature,
dwell time andthe excess ofhe alkali carbonates on phase formation and microstructutieeof
KNN have been studied exsively. *® 2* 2> Bomlai and coworker? studied the effect of the
calcination temperatures and time on the phase formation of KNN. They found #ratvakite
phasecan be achievedit temperatures as low as 600but broad XRD peaks without
orthorhombic splitting suggest the absence ofa compositional homogeneity. They tried
different combinations of dwell time and temperatarel foundthat the samples calcined at
90 for 6 hourshadthe perovskite phase with orthorhombic splitting. Trego found that

single phase orthorhombic perovskite KNN can be formed at only 8#i05% excess othe



alkali carbonatess used. Scanning electron micrographs showed that the samples with excess of
alkali precursorg3% or lesy had submicron grainige with equiaxed geometryhile samples

with 5% excess lthacubical shape witkrystalsize increasing with calcination temperature and
reacling to 2.5mm at 90& , 2h. This type of grain growthwas dueto the secondary
crystallization involvingconsumption othe small grains bythe large onesExcess of alkali
precursors left after volatilizationage rise tothe liquid phase whictpromotedthe secondary

crystallization.

The effect of Na / K ratios on thelectromechanicgbropertes of sodium potassium
niobate was studied by Wat al.** TheysynthesizedKxNal-xNbOsc o mposi t i on wi t h
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 presencenofphotropic phase boundariPB) at x = 0.5.It was
suggested thahe broad peak in the piezoelectric properiiethe ranged . 4 O x O 0. 6 W
because of the presence of any MPB, but because of tmeadlail grain size distribution in this
range™! Haghand coworkers synthesized th&gsNapsNbO; - LiSHO; - LiTaOs (KNN-LS-LT)
system by two alternative methods, namely perovskite and mixed oxidesawdtstudied 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 begatek (dried) in inert atmosphere before
formulation of the desired composition. They concluded that the mixed oxide root is the most
suitable technique to synthesize KMidsed ceramics followed by sintering in the oxygen

atmospheré’

One d the challenges inommerciakationKNN ceramic is its low sinterability.ower
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 whigbresentsdifficulty in poling. This
problem is mainly attributed téhe high volatilizationof alkali elementsat the sintering
temperature, which is higher than 1100°C for normal solid state sinférfighe evolution of
cubical shapg KNN grains also contribugeto this problem as a hig packing density is
difficult to be achievel with such particle shapé’ Significant research has been done to
understand the problem of sintering in KNN and other members dlikhé-based perovskite
family.> ?® Jenko etal.?” studied the effect of sintering temperature on the microstructure,
composition and phase formation of KNN cerasni€hey four thatthe samples sintered at
1100C for 24 hours hédithe presence o& niobium rich second phase having Na / K and (Na+K)

/ Nb aomic ratios to be 0.3 and 0.6 respectively. This analysis clearly indidagg
volatilization of sodium is faster than that of potassium iéds and coworkers have reported
an extensive study on the sintering mechanigmNN based ceramics In ther work three
stages of sinteringvere identified Microstructures of these samples at each stage of sintering
along with the descriptiveschematics are shown in Figure 1.5. Figure 1.5 (a) shows the
morphology of the as calcined KNN powder to be cubicahwiarticle size of 200 nm. This
geometry of particles is distorted during ball milling, reducing the particle size further fo 100
200 nm (Figure 1.5 (b)). In therdt sep of the processrandom shapedtall-milled particles
rearrangd to form the cubial particles consisting of stacks of plate like particles (Figure 1.5 (c),
(d) and (es)). Presence gilatelike particleswas attributed to neisotropic interfacial energy

for lower liquid contentThis stageof sinteringlasted until the crosssectionof neck reach¢ta
thresholdafter which further thermal activation energgs required for densificatiolRresence

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

the authors,drmation of liquid phase is ciial for the densification of KNN based ceramics due



to the nonuniform cubical shape of thearticles. Presence of a liquid phase at grain boundaries
not only provided a medium for the transpof the matter leading to a more effective packing
but alsowetting of the plates can result in bridgiofithe 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 (Equajideading to the

formation of a liquid phase due to evaporation of®la
Mowh g 00 0 0d 18 MWD WQ
OCmBwl g 00 0R 0B g MW IOLOWQ M ¢lpdi v (1.1)

In thesecond stagef sinteringrapid gran growthtakes place, which isassisted byhe
presenceof a liquid phase An elongated plate like structuveasobserved at the end of second
stage of sintering (Figure 1.5 (c) & (dWhich was attributed to the grain accommodation
process. According tthe author® 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 fimg efa
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 denaitg 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 beenreported for liquid assisted
sintering and is consistent with enbstructures showing presence of liquid phas¢hegrain
boundaries. Grain size variation with sintering temperature madeledfor Ostwald ripening

mechanism.



SV
(Cal. at 950 °Clff 0\ |

(c-s) H

Figure 15 Microstructures of KNNbased ceramic samples affe@lient stages of processing (a)
calcined powders at 950°C for 180 min, KN powderball milled for 48h after calcination (c)
Sintered at 1030°C, 0 min, (d) Sintered at 1070°C, 0O rfirs) Schematics showing the
simplified view of (c) and (d) to explaithe sintering model in KNN{(e) Sintered at 1090°C, 0
min, Inset of figure (e) shosvKNN specimen sintered at 1@ for 0 min (f) sintered at
1150°C, 0 min; Left insst Schematic diagrarehowing the presence of liquid phase and Right
inset: magnified eew of area in (e) showing liquid pha@geprint from reference 28 2009 The

American Ceranic Sciety).
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Lifshitz, SIlyozov and Wagner 6s equation

temperaturean beusedfor analyzing the sitering kineti@nd is givenby Equation 1.2.

G" = G,"+ Kt (1.2)

where G is the initial grain size K and m are respectivelfemperatureand coarsening
mechanisndependent 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 theéiffusion controlled mechanism of coarsening fdradlthem.

4 5 T T T T T T T T 12 8
Ot KNN
: 0.95KNN-0.05LN i
A : 0.995KNLN-0.005BT i e L 10
& 0.99KNLN-DO1BT ¥ - -9,
- 40 1 a ; T 6 4
£ - 24 « 8 2 § ]
L a @ =
3 N2
& A L 7]
é‘ 35 . g 6 € c 44 4
2 E§ ;
< ¥ o o © R A
(=] A > -4 @ e
® Z Ao
4 >
30 L . I 2 4 3 o
), i -2 . O :KNN
e 4 i A :0.995KNLN-0.0058T
) o * o ® :0.99KNLN-0.01BT
25 ‘|. — - T —— - T T 0 0 7 T T T T T T T T T T T
1000 1020 1040 1060 1080 1100 1120 1140 1160 0 100 200 300 400 500 600
Temperature (°C) Sintering Time (min)
(a) (b)

Figure 16 Variation of density and average grain size with sintering temperature for various
KNN based ceramics (b) Averageain size plotted as a function of sintering time at 1080°C.
Dashed line shows fitting to data points according to equati@)y yith m = 3 (Reprint from
reference 28 2009 The Amecan Ceranic Saiety).

A significant fraction of esearch on KNN based ceramics is focused on rectifying
the problem of low sinterabilit® 2° =~ ** 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 theeffect of particle size on the sintering of KNN as driving force for sintering is
higher for smaller particle siZ8 They achieved about 98.5% density at 1108y usingattrition
milled powder of size 70 nm, in contrast to 94% density achievethddraditionally ball milled
powder atthe same temperaturé.The poblem of volatility can also be controlled up to some
extent by performinghe sintering in sealed crucibles with muffling of samplestbg same
composition powde? * * Mechanechemial activation or synthesis by high energy ball
milling can reducehe processing temperatuvehich resultedn the reductionof loss of volatile
constituents. However, therwas increased possibility othe contamination during the

processing’

Spark plasma sintering (SPS) is another common technique used for sintering
KNN.*® Densityof up to 99% of theoretical density could be achieved with grains ob$2@0
T 500 nm. Samples sintered the SPS method requireah annealing at 908 to eliminate the
oxygen vacanciethat resulted irgood saturated ferroelectric loops. But dudhe fine grain
size samples H relatively low saturation polarization value of about 6.5 pG/&hrThe
piezoelectric coefficienfdss) ard planar electromechanicabupling factor(k,) were found to be
148 pCN and 0.389 respectively for spark plasma sintered KNN samples. KNN samples
synthesized by hot pressing and hot forgivege also found to exhibit improved piezoelectric
properties duéo better densificatior ** “° Kosecet al.** studied the effect of Aite vacancies
on the sintering of KNN. These vacancies were created in two ways, by doping higher valance
ion Mg on A-site and by using the excess of,®k The shrinkage measurements dome
Mg*? doped samples revealed thatsie vacancies not only lowet the initial sintering
temperature but also impradehe final density. Similar effects werebservedin samples

prepared withthe excess of niobium oxal
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Ruzhongd* and Smeltéf along with their coworkerstudied the effect of different
oxide additives on sinteringehavioro f K N N . Il n Ruzhong:/Opsovedtbbed y, Zn
best additives but in different ways. Sn@h one hand helped in getting higher density at same
sinteringtemperature (11Q0), ZnO on the other handecreased the sintering temperature by
10 for the same relative density. Decrease in Curie point of,Slgped KNN samples
indicated the change inttwe parameters of KNN and hence diffusion of'Sonsinto thekKNN
lattice. Significant increase in the coercive field of these samples suggested the formation of
oxygen vacancies by substitution of lower valancg& 8msorto the Nb* site. Accordingto the
authorsthese 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 plsagering. The advantages of ZnO doping

were also confirmed by number of other studies as t¥éfl.

Copper based sintering additives likaGGNKO23 (KCN) and K 4Cup 3TangO29
(KCT) have beenfound to be very effective immproving the sinterability of KNN based
ceramics™ *® Matsubaraet al. employedthe sintering aid KCwith KNN and found thabnly
0.38 mole %was sufficientin achieving high density at sintering temperamfré12®& .*° X-ray
diffraction analysis showtno peaks belonging to KCT suggesting the formatioa admplete
solid solution with KNN. KNN KCT solid solution was found to hawalecreased J;and T as
compared to KNN. Thisdrop in transition temperaturekelped in achieving improved
piezoelectricity withthe ds3 value of 190 pC/N. Copper ions goingpnto Nb site aad as
acceptos and along with higher density, helped in achieving higher mechanical quality factor
(Qwm). According tothe authors,the Qv valuewasfound to be 180 which isat least 14 times

higher than that for pure KNN. Because of improved density, there was a significant
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improvement inthe plam@r coupling coefficientas well Copper oxide is another common
sintering aid in this categofy.” *° Lin et al. studied the effect ofuO on sinteringand
piezoelectric properties of KN The ceramic KNN xCuO was synthesizedy normal

sintering raite with x varying between 02 mole percent. Samples with pure orthorhombic
perovskite structure and improved deysitere found to have slightly smaller bimodal grains as
compared to pure KNN. At the same tin@uO doping also lead to significant decrease in
piezoelectricity and orthorhombic to tetragonal transition temperaturénranother studyCuO

was used ashe sintering additive in 0.95KN®.053TiOs; compositio” XRD analysis

revealed the change in lattice parameters indicating the occupatiod*ciidbT{* sites by Ci?

ions for addition of 1 m» Wwith %5 mol% o€CuOnere Sa mp | €
found to display larger grain size due to presence of liquid phase. Owing to the larger grain size,

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

with ds3 and k, values of 200 p@M and 0.35 respectively. Arferroelectric likeP-E hysteresis

|l oops were found in 1 mole % Cu doped KNN ce
defect dipoles. In a recent report, Eichel et al. have performed-fnegjtiency and mulgpulse

electron paramagnetic resonance (EPR) spectroscopy @oid KNN system and confirmed

the substitution of Cii on B-site as acceptdf.Parket al. have reported enhanceg Q3053 in

KNN ceramics by caloping of KCT and Cu®®

Liang et al. studied the effect of poling conditions on the piezoelectric properties of
KNN ceramic?® They studied the variation of poling field, time and temperature on longitudinal
piezoelectric codicient and concluded that samples poled at fields of 4 kVfarm20 minutes
at 140°C had the best pieelectric propertiedMei et al. studied the effect of humidity on the

piezoelectric properties of KNN and concluded that small amount of Scifa@oved the
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stability of piezoelectric properties in humid environm®nHowever, 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 soh#ienbeen
studied in order to improve the piezoelectric properties of RNN/ Gud®® et al studied the
effect of ithium doping on the piezoelectric properties of KN synthesizing theeramics
given asLiy(Nag sKo5)(1-9NbOs (KNLN) for x varying between 0.0 to 0.Zhey observed the
presence oMPB between ohorhombic and tetragonal phaseshe range 0.05 < x < 0.07. A
sharp peak inthe piezoelectric propertiegdss i 235 pC/N, k, 7 0.44) observed in this
composition range also confied the presence of MPB. Temperature dependent dielectric
response analysis conducted at MPB compositions exvda shift of T and T, to higher and
lower temperatures respedaly. 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 toriztrag

158 and

transition temperature .I.°° Zhangand coworkers’® extended ta work of Guoet a
studied the effect of antimony doping orsBe while the lithium doping at Aite was fixed at

0.058 mole %. For the doping range of 8 mole %, no MPB codl 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 propertigs @98 pC/N, ki 0.34 and dielectric
constant(e) - 945). The disadvantage oftanony doping was the drastic decrease in thetd

603 in contrast to only lithium doped sampl@ang et alstudied the solid solution of LiSBO

with KNN by synthesiing the compositior{Nao sKo sNb)1.x(LiSb )O3 for 0.048 < x <0.056*

15



Though theydid not discuss the room temperature crystal structure of these samples, the
composition with x = 0.05%vas foundto exhibit the best g, dielectric constant and, kalues

given as286 pC/N, 1372 and).51 respectively. According tthe authors, this improvemei

the properties ould be attributed tdhe decrease irthe To-t temperatureLin also conducted
similar studies on NKALS system and found the presence of MPB between orthorhombic to

tetragonal phases at x = 0.@8&ulting inoptimum piezoelectric properti€$.

Yuanyuet al. synthesizedhe 0.99%KosNags)o.94-i0.0s] NDOs T 0.05AETIC; (AE =
alkali earth elements like Mg, Ba, Sr and Gampositions and found that only CaBiCCT)
makes solid solution witl{KosNaos)o.0dioNbOs.”® These KNLNT 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 T
below room temperaturéSimilar to the work of Du’®, poling conditions were optimized and
KNLN i CT samples were found to haveg; dnd k valuesof 172 pC/N and 0.43 respectively.
These properties were attributed to high density, bigger grain size andRfieaxistence of
orthorhombic to tetragonal phase transition temperatuge. Temperature dependent
piezoelectric measurements also revealed the excellent stability with only 4% variatign in d
value in the temperature range o310 703 . Li’> and cowokers studied the effect of silver
doping on KNN. Single phase orthorhombic pero
For this composition range, both Tc and-fTaere found to be decreasing linearly with x and
sample with x = 0.18 was found to best piezoelectric properties witgseg 186pC/N and k =
0.425.1t was stated thahis improvements related to thelecrease in Ji. The sample with x =

0.18 was also found to have temperature independent naty &@hkRT to To-.
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Cho et al. studied the effect ofsodium deficiency on the microstructure and
piezoelectric properties of 0.95KNNO0.05SrTiQ (0.95KNN-0.055T) ceramic which was found
to have high porosity and hence poor piezoelectric propéttieise small deficiency (1.0%) of
N&O leadto denser microstructure due to the formation of liquid phase at sintering temperature
of 1083 . The samples with densitf 96 % were found to havesgand k valuesof 220 and
0.40 respectivelyUnlike Choet ald s s Kosedeyal!” achieved density higher than 95% for
(Ix)KNN-x ST samples for 0.1 O x O 0.33. The sz
have pseudaubic crystal structure with submicron sized grains. Temperature dependent
dielectric reponsefor x = 0.2 sample revealed the relaxor behavior with giant dielectric constant

valuesandbroad dispersive maxima.

Ahn et al. havesynthesizedhe KNN i BaTiO; (KNN-xBT) solid solution and studied
the piezoelectric and dielectizoperties’®’® This system was found to have three morphotropic
phase boundaries at room temperature. 00Drt hor h
tetragonal to cubic at x = 0.2 and tetragonal to cubic at x > 0.94. Among these MPBs,
orthorhonbic to tetragonatransitionat0 . 0  ©.1 was found toprovide best piezoelectric
properties. Rietveld refinement performed omay diffraction patterns revealed the coexistence
of Bmm2 and P4mm space gr oups i nintering eonditionmp o s i t
were optimized for 0.9KNN 0.05 BT samples and it was found that muffled samples sintered at
106G for two hours had the optimum grain size and hehegest piezoelectric propertié.
Different amounts of sintering additives CuO aMhO, were explored to suppress the
volatilization of NaO by decreasing the sintering temperature and heugcingthe leakage
current®® It was found that addition of 2 mol% CuO and 0.5 mol% Mr&luces the sintering

temperature to 950 and improves the piezoelectric properties withidcreasingfrom 220 to
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248 pC/N. Effect of small amount of BaT®( 0. 0 O x OO0.20) was
(KosNaos)o.esliosNbO; composition? Saito et al. have shown that KNN based composition
given as[(Ko.4dNaysadioos)(NbpsaTa0.10Sh.06)Os] has piezoelectric coefficient as high as 300

pCIN 82

1.4 Textured KNN Ceramics

Since the piezoelectric properties of KMjdsed ceramics are far inferior to those of {eased
compositions, it isimportant to utilize the anisotropin elastic, dielectric and piezoelectric
propertiesin order toachievedesiredperformance. In case of retaxferroelectris such as
PMN-PT, [001] oriented crystals exhib@&nhancd piezoelectric response for compositiowesar

the MPB. But the application of single crystais usually limited bythe high production cost,
small product size, andhe compositional heterogeneity. It has been demonstrated that
crystallographic texturing of polycrystalline ceramics offers significant enhancement in the
piezoelectric response. Template grain growth (TG@JY reactive templated grain growth
(RTGG) are two costeffective method to fabricate higlly textured ceramics with enhanced
properties comparabl® those forsingle crystal TGG is a processn which nucleation and
growth of theceramic indesiredorientationtake placeon aligned single crystal template

partcles during the heat treatment, resultingextured microstructure.

Howewer in TGG process, due to the complex nature of few piezoeleompositiors, it
is sometimes difficult to synthesizbe homogeneouanisotropic shapetemplateof the same
composition as matrixThe heterogeneous templatased in such casesiavng different

compostion from the matrix materialsan diminish thepiezoelectric performancef ceramic
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To overcome tis problem of template heterogeneity in the RTG@gaiss anisotropic particles
of reactantcomposition are usethat chemically react with the other reactant to form the end
composition. These templates candbgned and converted into the target matesialreaction
with matrix, while preserving the crystallograghic orientation. Using GG and RTGGprocess,

several leachased and leaffee piezoelectric ceramics have been fabeidan the last decad?.

88

A <001> orientedtextured KNNbased ceramisynthesizedby TGG processvas first
reported by Saito et.ah 2004% They used NaNbgplatelets as reactive template fexturing
KNN based ceramics. Figure 1.7 @)d (b) shows the scanning electron micrograph (SEM)
image and Xray diffraction (XRD) profilefor textured (K.44Nao s io04) (NI gal @0.10Sky.06)O3
ceramic (LF4T) in comparison toahof therandomceramic (LF4) with the same composition.
It should be noted that the textured ceraaxbibits the brickwall type microstructurevith the
grains alignedparallel to the tapeasting direction. As shown inTable 1.1, the overall
performance of the textured KNbased ceramics (LF4T) is comparablehe leadbased PZT

ceramic (PZT4).

This work of Saitcet al.trigged a significant amount of research on developing thergextu
controlled piezoelectric ceramics, including both eaded and leaftee compositions. Table
1.2 lists the different KNNbased compositions textured in the last few years, along with their
different piezoelectric properti€s.2*-#° 88 Since highrelative densityof ceramic is desired for
obtaining the grain growth on template crystal, different sintering additives were used to achieve

high degree of texturing in KNRP:%°
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Figure 17 Microstructure and Xay diffracion patterns (a) and (c) for textured and (b) & (d) for
random ceramics (LF4 and LF4Tgspectively(Reprint from reference 8® 2004 Nature

Publishing Group)
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Table 11 Comparison of piezoelectric properties of random and textured

(Ko.4dNao 52110.04)(Nbp 84T 89.10Sky 06) O3 composition(taken fronreference 82).

Piezoelectric property LFAT PZT4
Curie temperature T.(°C) 253 250
Piezoelectric coupling constar ky 0.61 0.60
Piezoelectric charge sensor  ds1 (PC/N) 152 170
constant ds3 (PC/N) 416 410
Piezoelectric voltage constant gs; (10°V m N7 11.0 8.3
033 (10°V m N7 29.9  20.2
Dielectric constant Gs' /G 1,570 2,300
Normalized strain SnaxEmax(pm V™) 750 700
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Table 12 Piezoelectric properties of different textured KNislsed compositions

Composition Template Parameters| Random | Textured| Ref
Ceramics | Ceramics

(Ko.adNao s2i0.09(Nbo saT@0.10Skh06)Os | NaNbQy | SWER(pm/V) 400 750 82
ds3(pC/N) 300 416
T{°C) 253 253

(Ko.sNay5)NbOs-1.0 mol%CuO NaNbQs Kp 0.38 0.54 8
da3(pC/N) 86 123
NaNbG; -ds; 28 47

(Ko.476Nao.52NbOs-1.0 mol9%CuO Ko 031 058 | o
d33(pC/N) 85 146
NaNbG; K31 0.17 0.33

(Ko.sN@o.5)(NDo.97Sk 09 O3 Ko 0.43 0.64 84
d33(pC/N) 148 208

(Ko.sN&g.5)0.98li0.0ANbOs NaNbQ; Ks1 - 0.39 83
d33(pC/N) 114 192
-Os1 - 73

(Ko.sN&o 5)(Tao 15\bo 85) O3 NaNbQG ka1 - 0.33 83
ds3(pC/N) 151 184
-Os1 65 68
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Another effective wayo achieve textured KNfbased ceramics with high densisyy
using non conventional sintering techniques such as hot pressing (HPppamdl plasma
sintering (SP¥ In an unpublished work of Yan, RTGG method was used to achieve textured
KNN-LN ceramicsby using 5 mol% NaNbgseedsFigure 18 (a)shows the sample after binder
burnout at 60%C. This samplevassintered at 90 for 5 min using SPS. During this process,
heating rate and pressure values were®@0fin and 50 MPa respectively.Spark plasma
sintering was conducteat 1100C for 1h to accelerate the oriented grain growth thetexture
development. Figre 1.8 (b)shows the crossectioral SEM imageof the sample The texture
degreewascalculated from XRD pattern (Fid.9 using Ldgering facbr and was found to be

86%.

(@) (b)

Figure 18 SEM images of KNN-LN ceramis (a) green tapand (b)aftersintering at 110 for

1h.
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Figure 19 XRD pattern of textured KNN ceramstiowing the btgering factor to be about 86%.

1.5 KNN-based single crystal

Compared to thevolume of research done on random KNN ceramidsreé arevery few
publishedreportsrelated tahe synthesis and characterization of KMgle crystals. Bcause of
the presence ofolatile componentst is difficult to growgood quality single crystals &§NN
basedcompositionsRecently Kizaki el have reported the synthesiskifIN single cystals
of size 2x 2 x 2 mn?. In their workmolten saltmethod was used to grothesecrystals and
mixture of NaF ad KF salts was used as a fllBut due tothe high conductivityof crystals

ferroelectric and piezoelectric propertieould not be measuredThe reason forhigh
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conductivitywas proposedo be related taharge fluctuation of niobium ions (Kbinstead of
Nb"). By doping5 mole%manganese ionat B-site, significantimprovement in resistivity of
crystalswas achieved withemanent polarizain valueof 40 pC/cmi. RecentlyMn-doped KNN
single crystalshave beenreported to show significant improvement in piezoelectric and
dielectric propertie€’ The domain structures phire and dopedrystalsis shown in Figurel.10.
Based on this figurehe improvement in piezoelectric and dielectric respongasattributed to

the presence of higher domain density (lower domain size) wldfed crystals.

20pum . 20pm

Figure 110 Domain structure ofa) pure andb) 5 mole % Mndoped KNN single crystals

Solid state single crystal growth (SSC@G)thodis an effective crystal growth
technigue to grow compositionalljomogeneussingle crystalsof complex compositios The
principle of SSCG method is based ttwe alnormal grain growth in ceramiand it is suitable
for growing the single crystals of mated& with high melting temperature containing volatile
components withhe incongruent meltingThis method was used &ynthesize the KNN crystal
using (110)riented KTa@ crystal as seed’ ® The crystals hathrgest dimensions up to 4 mm

but did not exhibit full density as shown iRigure1.11
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Figure 111 SEM images of (KsNas5)NbO; single crystal grown in conventional furnace at
1100°C for 10h. (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 boundy, and (d) backscattered electron image of the mdRieprint from

referenceé91 © 2008 The Ameican Ceranic Saiety)

Hot pressinginstead of conventional sinteringas foundreduce the porosity of the grown
crystals as shown in Rige 1.12°* Dielectric response aa function of temperaturshowedT
and T. to be 193 and 418 respectivelythat is consistent withthe reported values for

ceramics” Crystals were found to have higher dielectric constant valuesait] [direction as
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compared todca] direction® Ferroelectric properties measured iw]] directionexhibited P,
of 17 uClcnf at appliedfield of 60 kV/cm.Crystals were found tpossessiss value of80 pC/N

at 2Hz which wasattributed to the nano size ( <300 nm) domains

-
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Figure 112 Scanning electron microscopy images of a single crystal ©fN#& s)NbO; grown
in a hot press using a twstage treatment: 976-50 MPa for 2 h followed by 116C-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 theoétlye sampléReprint

from reference 9® 208 The Ameican Ceranic Sciety).
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Bencanet al®® investigated the chemical composition @hd sructure ofKNN single crysta
prepared by SSCG methodoNompositional irhomogeneitiestypically encountezd in single
crystals prepared by the camtional flux synthesis methaglere observed. According to XRD
and TEM results, KNN single crystal dha monoclinic symmetry’ It can be seen in Figure
1.13,KNN single crystals grown by SSCG method were founchéwe large 90domainswith
100 millimeter thickness. These crystals were also found to kmadler 180 domains of

thicknessf few tens of anometers

Figure 113 Optical micrograph showing the presence of @mains 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 98 2000 Cambridge University Press)
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Lin et al®

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° domains while ufpoled crystals were found texhibit 60°, 9¢F and 12° domans
Temperature dependent studynductedon 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 Figureldl. A laminar domain structure having ®9Boundaries
oriented along [10@}can be seem orthorhombic phase field (Figures 1.14{aH)). 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
domans having extinction direction parallel to [1@0lvere seen (Figures 1.14 (e)g)). With
increasing temperature in tetragonal regime, domain structure started to appear complicated with
the emergence of smaller domains. At 401°C cubic phppearedas illustrated by the total

extinction in the area AAO0 in Fi gudxC, hothl 4 ( g)

tetragonal and cubic phases coedstuggesting a diffuse phase transition.
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c) 21"°C
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Figure 114 Domain structte 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) 40tFC,

(h) 405C (Reprint from reference 94 © 20@sevie).
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Chapter 2

Research Objective

Leadbased perovskite compositions have dominatedagpdicationof piezoelectrics in
last few decades owing to their excellent piezoelectric properties. Along with the interest from
the application point of view, these materials hais® been the focus @&indamental research
where the goal has beenuaderstand theole of domain size and structure, microstructure and
crystal structureon superior piezoresponse of MPB compositiohé theseprior studies have

led to theadvancemenin the understanding gliezoelectrics.

Recently, there is @reasing health concern®lated tothe use ofleadbased
piezoelectric material® consumer devicesn the last decadéhe focus of research has shifted
towards replicating the properties of lelamsed compositions in more environmental friendly
leadfree perovskite compositionsSodium potassium niobate (K&, «\NbO; abbreviated as
KNN) is one ofthe leadingcandidates in this respect, though its properties are far inferioatto th
of theleadbased composition€ompositios close to x = 0.@reof greater interest because of
superior piezoelectric and ferroelectric propertigsside its environment friendly nature, high
Curie temperature (420°C) and existenca bfoad morphotropic phase badary (MPB) at x =

0.5 makes iuite appealindor thedevice applicatios

KNN has beerknown as a piezoelectric material for more than sixty yeatdittle
work has been done gmoviding thefundamentalinderstanding that can be dge improve its
performanceProcessingdf KNN in the form ofpolycrystalline ceramic, textured ceramic and

single crystalshas been difficult which limits the availability of high quality samples for
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fundamental studiedn this thesis,emphasis wa given towards developng the fundamental
understanding of KNNystem bycorrelating its domain morphology and crystal structurdnéo
macroscopigiezoelectric propertiest is expected that the results reported in this thesisld
not only helpin explaining the underlying physics of/KNN materials but alscassistthe
development of new compositions and microstructure with superior propémtignss thesisall
three forms of KNN, namely polycrystalline ceramic, textured ceramic and single cwystals

synthesize@nd investigateth order to make fundamental conclusions.

Single crystas are the most ideal form of a material to studye to the lack of
boundaries and defects that can make the measurements and interpratiioargplex. High
guality KyNay,xNbQO; single crystals withldifferentcompositionsvere grown by the flux method
Sinceferroelectric and piezoelectric properties of a material depend upon its crystal structure
(intrinsic contribution) and domain struckur(extrinsic contribution),emphasis wagjiven
towards characterizinthese two aspectélong with the x = 0.5 compositiorthe compositions
on either side ofhe boundaryrovide 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 perfornide qualitative analysis of
domain structurewvas performedby linear birefringence and piezoresponse force microscopy
(PFM). Dynamic scaling analysis wasonductedto understandthe quantitative behavioof
domains under the applied electric fieldOptical birefringence was also usdd reveal

macroscopic crystallographic nature of KNN single crystals.

A modified sintering technique veadeveloped to achieve > 99 % dengity KNN
ceramic with improved piezoelectric properties and excellent fatigue behavior. Texture

controlled ceramics have beesmownto be very effective in improving the properties of
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piezoelectric compositiong extured ceramics can provide electromechanical propelties to
that found for thesingle crystalsThey havehe advantage of easier processing and flexibility of
size and shape of sampleéSwitching spectroscopy (SBFM) was performed to reveal the

difference in local switching behavior t#xturedand randonKNN ceramic.

Chemical modifications in KNNhave beenattemptedin order to tailor the
specificcoefficients Lowering of polymorphic phase transition to room temperature has been a
widely used technique to achieve high piezoeiedctivity in KNN-based ceramics. In this
thesis,compositiongn the ternary systefixNBT i yBT 1 (1-x-y) KNN] were synthesizednd it
was found that some dfiese compositionsadexcellent stability of dielectriand piezoelectric

behaviorwith temperature along with improved piezoelectric properties at room temperature.

An extension of the research was made by attempting to develop multiferroic ceramics.
In order toachieve magnetoelectric behavior in alkali niobate based ceramics)eptaiae
NaNbG; component of KNN was replaced by well known multiferroic material Bg-é&is
modification lead to highly resistive (B#o.s)(NbgsFes)Os composition havingreasonable

ferroelectric and magnetic behavior.
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Chapter 3

Growth, Characterization and Dynamic Scaling Analysis of
<100> oriented KysNagsNbO3 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
stoichiometriccomposition ofceramicis mixed with a salt having lower melting point. Good
solubility of ceramic in the flux salt is desired fmromotingthe growth of large crystals. In the
process, the mixture of salt along with ceramic powder is heated to the &umpdieing higher

than melting point of salt but lower than that of ceramic. Holding this mixture at this temperature
makes a homogeneous liguidsolid solution of two components. On cooling the solution from
this temperature give rise to the decreasesoiubility of liquid salt and results in nucleation of
single crystals. With controlled rate of coolimgimbers of nucleation sites can be restricted and

large size single crystals can be grown.

In this thesisKNN ceramic vere synthesizedy conventbnal solid state synthesis route. High
purity precursors (from Alfa Aespsodiumand 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 (KsNaysNbO;) was mixed with NaF and KBaltsin the ratio of
10:3:2 and ball milled for 6 hours. Afterying this solutionwas loaded in a platinum crucihle
covered with a alumina plasnd rapidly heated to 108D in a conventional box furnace. After
holding the solution at 108C for 2h, it was allowed to cool down to room temperature by

natural cooling rate. Thgray colored cubical shaped crystals wévend to growuniformly in
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the crucible Figure 3.1 (a) shows the optical image of as grown gagr crystals in the re

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

10701720103172:22 PM

(@) (b)

Figure 31 Optical imageshowing (a) agrownKNN crystals in KFi NaF matrix and(b) one

of the large size crystal

The maximum sizeof the crystals which could be achieved was abou& 2 mn?. Figure 3.2
shows the X-ray diffraction analysisconductedon one of the higher surface area planes.
Presence of splin the {100} and {200} family peaksconfirmedthe formation ofperovskite
phase X-ray photoelectron spectroscopic (XPS) analysis done on one of the ciydtehted

the composition to belose toKg 4dNay 5:NbO;.
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Figure 32 X-ray diffraction pattern obtained for one of thegaswn KNN crystal

3.2 Crystal orientation, piezoelectric anddielectric characterization

Crystalorientation analysis wagsonducted 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 tingstal facesalong with
indexing of bandsFor this analysis, the known lattice parameter&@iNay sNbO; composition

were used.Indexed Kikuchi patterrshowed a high value of goodness of fit parameter and
provided Evwaluestodbs (238n98°| amd 183). Caresponding crystallographic
orientation ofthe crystal is shown in figure.3 () and confirms the pseudo cubic {100}

orientation of crystal, being consistent with the conclusion-o&Xdiffraction analysisSimilar

values of Eul er 6s anglsefcrystabsuggestinghaitinede tviodaces o p p o0 s

areparallel andexhibited {LOG} orientation
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Figure 33 Orientation determination of KNN crystal (a) As obtained and (b) Indexediren
backscattered diffraction pattarabtaine on one of the faces of KNN crysi{#&) corresponding
crystallograpic orientation of the crystdReprint from referenc5© 2011 American Institute
of Physics).

For electri@l characterization, silver electrodes were fired at 650°the two opposite

faces with higher areaAs-grown crystals had high leakage and could neither be poled nor be
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characterized for ferroelectric properti@is high leakage curremtasattributed to the presence
of oxygen ion vacancié$in the lattice Thus, thecomposition ofasgrown crystalscan be
represented asgNay sNbOs.. Graycolor of the crystals alssupporedthis argument which is
generally associated with oxygen vacancies in perovsKitBse missingoxygen atoms give rise

to 2€ in the conduction band accordingtte Equation 31 and hence result in low resistivity.

O - VIM+2e (3.1)

Annealing these crystals in air at 8b0felped in compensating the oxygen vacancies and the
color was changed frograyto transparent. At 100 kHz, an annealed crystal was found to have
ac resistivity valuef 1.17x 10* q.m in contrast to 1.38 107 q.m before annealing, confirming

the improvemenby 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 igation energies for oxygen ion conduction in different

perovskites”

These highly resistive crystaigere further characterized for their dielectriterroelectric
and piezoelectric propertiePielectric response vs. temperatynlet shown in Fgure 3.4was
used to determinghe Curie temperature {I and tetragonal to orthorhombic transition
temperature (J;) values which were foundo be 407F and 200P respectively. These values
were in the expectethngeas reported previousRl.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.® For piezoelectric measurements the crystals were poled\&tngtkat 130°C. Lowfield
piezoelectric coefficient (J) value was found to be 148 pc/N. Figl8® shows thesaturated
ferroelectric hysteresis loops obtained on crystséell saturated loopsonfirmed the high

resistive nature of these crystals. Remnaolarization (P and coercive field (§ values were
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found to bel8 pC/cnf and 22 kV/cm.Table 3.1 listsmagnitude of thelifferent parameters

measuredn KNN crystals.
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Figure 34 Variation of dielectric constant with temperature showiiogt andTc to be 200F and

4071 respectively.
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Table 31 Ferroelectric, dielectric and piezoelectric propertieKgNay sNbO; single crystal

das 148 pCIN
Pr 18 pClcm
E. 2071 22 kV/cm
K 226
tan @ 0.08
Te 4071
Tot 2001

Landaui Devonshire theory was used to correlébe dielectric stiffness tathe shape of
ferroelectric loops From Landaui Devonshire Theory (ID)*® %, Gibbs free energy of a
ferroelectric material giveby Equation 3.2 can be differentiated with respect to polarization P

to arrive atthe expression for electric field (Equation 3.3)
O -1 0 10 -0 00 (3.2)
01010 10 (3-3)
Neglectingthe higher order terms this equation can be reducé tg () where

- (3.4)

In this equation J and | are Qirie temperature and Curie constant respectivEhe Curie
constantl can be calculated by plotting the dielectric susceptibility as a function of- IV J T

according to the Equatich=1/(TiT T,), T>T..
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Figure 3.5 shows the plot of susceptibilty @@ T.). The slope of the lingave theCurie
constantmagnitude of4.2 x 10", Insetin the figure shows the variation of 1As. T where
extending the linear part of plgave the magnitude Gf, to be 636K.Substitutingthese values

in theexpressiorior U ( E q u a taveitsivalu® to 8€)5.5 ¢ Tan/F.
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Figure 35 Variation of dielectric susceptibility with/ (T- T.) at T > T. gavethe value of Curie
constant to be 4.2 10%. Inset of figure shows the 1&s. T plot (Reprint from reference 95 ©
2011 American Institute of Physics)

According tothe Landaui Khalatnikov simulation, which is a dynamic version off D theory,

the parametell is a measure of the effect on shape of ferroelectric loops and its higher
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magnitude leads to square shaped ferroelectric [58f#e value otobtained for KNN single

crystals is on the higher side aexplainsthe square shape of ferroelectric loops°
3.3 Dynamic ferroelectric Scaling

To reveal thedynamic response of domains to applied electric fidlshamic hysterics
analysisb a s e d ??omodel(was conducted on these crystals. Originally tdtsniquewas
established for magnetic materials using Heisenberg model basszh-equilibrium statistical
mechanical theory, but can be applied equally well to ferroelectrics as domain reversal dynamics
have similarityin the two cases®' ® Dynamic hysterds analysis relates the area under the
ferroelectric loop <A> to the amplitude {JEand frequencyf) of applied electric field, according

to power law relatiogiven in Equation 3.5 1%

<A>fmE" (3.5)

In Equdion 3.5, theparametersm and n are controlled by polarization switching
mechanismn ferroelectris. Theoretical c a’)’ madél suggestihe valuesa s e d
of mandn to be-1 and 2 respectivelgt high frequencies and 1/3 and 28ow frequencies "

1% Experimentally it has been observed that the frequerigy af which the equation

<A> " f"E flips from one set of exponents to others, also depends theapplied electric

field and increases with increasetie applied electric field” The exponenm in this relation
refers tothe switching time required by the domaias a given electric field. Its value is
governed bythe charged defectdensityand spae chargedensity present in the sample and
higher negative value means higher response time of domains. On the otheéh&angbonent

of electric fieldn is a measure ohbility of domainsto respond tahe change in electric field
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direction!® Higher value ofn means sharper response of domains and hence higher value of

polarization®

Ferroelectric loops were obtained for electric fields varying from 10 kV/cm to 54 kV/cm,
while frequency range coverelliring the measurementvas 2 Hzi 200 Hz.Figure 3.6 (a) and
(b) show the ferroelectric loops obtained at differfetitut fixed E (54 kV/cm) and different &
but fixed frequency (f = 2 Hz). Similar loops were obtained for other possible combinations of E
and f and the area under the loop (<A>) wakulated. Area under ferroelectric loops for
different frequency and electric field values are given in appendtglire 37 (a) and (b) show
the variation of hysteresis loop area with electric field (at different frequencies) and frequency (at
differentelectric fields) respectivelyJsromFigure 3.7 (), the area of the curves obtained fgr E
< 20 kV/cm decreases with increasing frequency, while fpr=R20 kV/cm reversetrend was
observed. On the other hand, dig3.7 (b) shows thabverthe whole frequency range the area
under the loop <A> increases monotonically with applied electric field, though the rate of

increase of <A> with Eis higher for higher frequencies.
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To obtain the value ah, i.e. the exponent expressing the variation of <A> with frequency, each

of the plot in Figire 3.7 (a) was fitted to the equation A> ~ f ™. Different values ofn obtained
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for differentappliedelectric field are plotteth Figure 3.8(a)Clealy the plot can be divided into
two parts, first with &< 20kV/cm and other having£> 20 kV/cm. Except for the electric field
range where two linear regions coincide {20 kV/cm), fitting to the curves was excellent}(R
> 0.97). Though generally the coercive field is frequency dependent, in our casemwweerg,
plot is changing its slope, it can be considered as coercive figkd Z& kV/cm). The two linear
regions were further fitted to obtain the variationnofvith applied electric field. It was found
that for & < E;, m = 0.47E -0.85 (R > 0.97) and field independent valuesnofvas0.04 (R >
0.90) for E, > E.. Similarly, <A> vs. electric field curves in Fige 3.7 (b) were fitted for

different frequencies to obtathe value ofi according to the relation A> “E! . Again the data

in Figure 3.8 (b) can be partitioned in two parts, one fer<E=; and other having & E..

0.2 T J T T T v T d T 3 = ! ! ! . -
0.0
Eo <Ec
-0.2 Eo > Ec |
=

-0.4

1b o—e -
_0.6 1 . 1 . 1 . 1 . 1 L
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Electric Field (kV/cm) Freq uency (Hz

(@) (b)

Figure 38 Variations in the values of exponda) mwith electric fieldand(b) n with frequency

(Reprint from reference 95 © 2011 American Institute of Physics).
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Values ofm andn obtained by fitting the curves for different frequencie$ ¥R
0.97) are shown in the Rige 3.8 (a) and(b) respectively These curvesvere further fitted to
obtain the frequency dependence of exponeRorE, < E,, n = 1.45% °**(R? > 0.99 andfor E,
> E, n=1i 0.25%xp (0.1%) (R*> 0.99. This value ofnis complex but it can be seen that at f

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

Hence, the power law relations fog € E; and k& > E; can be expressed by &afion(3.6) as:
<A> f0.47E0—0.85E01.45f°'14 E,<E.
<A> "~ fOUE Eo > Ec (3.6)

It can be clearl\seenfrom these equations that the valuesrodindn are pretty complex for £
<Etand do not match with t h%and?madelstPAlpr edi ct
the scaling behavior of minor loops is completely different from saturated loops. This kind of

behavior igelated tahevariation inresponse of domains below and above coercive field.

The domaingesponding below the averageemuve field of crystals are small in
size and known as reversible domaiisOn the other hand the irreversible domains are
comparatively larger angespond at fields higher than.Bn the case of relaxors, the nrbmear
hysteretic response below the coercive field is Akettiwn phenomenon. Unpoled relaxor is a
glassy statehowever polarization irregularities are known to exist within a poled condition in
the vicinity of randomlyquenched defects. Analogous to a randid magnetic state, under
applied field, clusters or diffuse domain walls can be nucleated in the yidhidefects.
According to this micreheterogeneity or randoffield model, poled single crystals is not simple

single domain state, but rather may have many irregular small polar regions within single domain

a7



conditions which respond to the field below aoety. We anticipate a mulgpolar state exists in

the KNN crystal under the applied field duetbe polymorphic transition fronorthorhombicto
tetragonabymmetry. For minor loops, electric field dependence of exponastsimilar to that
observed foconventional ferroelectric such as BaZi€ngle crystal$® The value of exponent

n remains greater tha@ for most of the frequency range suggesting ease of domains in
responding tahanges in applied electric field directidrhese valuefor mandn imply that for
minor loops <A> decay more slowly with f anshcreasesnuch faster with E as compared to
theoretical predictions for magnetic materiéllsThis observation can be attributed to the fact
that reversible domains responding t9<EEc, arekinetically easier to switch and hence less
sensitive to frequency and more sensitive to fildn case of > E., m is almost independent

of electric field with value close to zero. Hence the area of saturated loops is independent of
frequency of apped field. The value of exponent n, which is constant fatr £ > 8 Hz, is lower

than theoretically predicted valad 2. Sincethe value of exponemtis the measure of ability of
domains in following the electric field direction, lower value indisgi®or ability of irreversible
domains in this respet® As a consequence, the lower valuendéads to lower hysteresis area
as well as lower value of remnant polarizatidhAlso the near linear dependence of <A> to
electric field also suggests occurcenof concurrent nucleation and domain boundary motion,

phenomena very well known in KNB@nd BaTiQ.**°

Linear electric field dependence of
parameter m at sutoercive fields and simultaneous nucleation of irreversible domain with
domain boundary motion shoWNN resembles the BaTiin polymorphism and dynamic

scaling.

In summary, KNN mgle crystals were grown by flux methoGubical shaped

crystals were found to have (100) oridn ontheir two opposite facesds-grown crystals
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were annealed to improveethesistivity. Ferroelectric and piezoelectric characterization redeal
the R and ds values to be 18 pC/chand 148 E/N respectively. Curieonstant and second

order parameter in Gibbs free energy expressiene calculated to be 4210° K and 5.5x 10’
m/F. Dynamic scaling analysisrovided relationships of the forme A> ~ f %475 085 5™ g

<A> "~ f%”E for E; < E; and &> E: respectively. Poor ferroelectric nature of these crystals

can beattributedto lower value of exponemifor saturated loops.
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Chapter 4

Optical crystallographic Study of K\Na; «\NbO3(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 simultanus coexistence of two crystallographic phases which allow
higher degree of freedofor the polarization vector to rotatewardsthe electric field direction.

In the case of leabased compositioPZT, the discovery of the presence @f bridging
monoclinc phase of Cm symmetry #he MPB between tetragongl’) and rhombohedrgR)
phases has gaineds@nificantattention. It is believed thahe intermediatemonoclinic phase
near the MPBallow the polarization vector to rotate aplane, rather than kiang orientatiors
fixed in R andT symmetriesjmpartingenhancegiezoelectric properties? **? Similar to PZT,
bridging monoclinic phaseclose to theMPB have also been reported f®MN-PT single
crystalst®® ** These findings have ld to a reconsideration othe stablecrystallographic
structures amorphotropic andpolymorphic phase boundari¢siPBs and PPBs)n different
perovskite solid solutions® !> Recently NBT crystalshave also beereported toexhibit lower

symmetry phase @R Y traRsition atelevatedemperaturg*®

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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Temperature (°C)

Figure 41 Schematic of phase diagram of KNN close to x = O/5Reference 1, b Reference
14, ci Referere 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 sidesLater, a numbebof investigations alternatively suggested the presence
of a MPB at x = 0.5 separating potassideficient monoclinic®m phase from a potassiurnth
orthorhombicAmm2phase at room temperatufé® "8 Both of these phases existing at room
temperatte were found to lack oxygen octahedral tilts, which have been designaféficdsna
Glazer notatiort® " On the contrary, in another investigation performed by fixing the space

group to bePm 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
compositon, suggested that high piezoresponse near x = 0.5 could be due to favorable
microstructure, rather than the presence of MPBhough, all previous studies of KNN solid
solution agree that a nearly composition independent polymorphic phase boundargXREB)

near 200°C, above which KNN (x > 0.25) undergoes a transition to a tetragonaf phas¥:

117,118 This high temperature T structure belongs to Penmspace group and lacks oxygen

octahedral tilts (¥°c”) similar to room temperature M @r© phase&® At 400°C, a ferroelectric

(FE) Y paraelectric (PE) transition BBt urs art
space group’® These prior crystallographic investigations for compositions close to x = 0.5 have
focused on determining the psetclabic subcell lattice parameters by Rietveld refinement -of x

ray and neutron diffraction data taken from polycrystalline powderé® " 18 |n sych

scenarios, distinguishing monoclinic symmetryi(ap,c 6 > 90) from gan ort ho
Co, b > 90) becomes difficult i f two of the |
resulting in discrepancies between investigaioTo 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 custallography of KNN (x = 0.4, 0.5 and 0.6) single crystals in the
temperature range of 30°C600°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

structurei property relationship™
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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 &nisotropic, where the surface of rotation can be
representedby an ellipsoid known athe optical indicatrix (Figure4.2 (a)).?* *** This optical
indicatrix, given in equation 4, is a single valued surface representing the mutual relationship
amongst three mutually perpendicular principle refractive indices m and n along the
principle axes £ Z, and Z3. The $ape of the optical indicatrix (mutual relationship anxing
three principle refractive indices) as well as its orientation with respetietorystallographic
axes deperxion the symmetry ofhe crystal and thus the phenomenon can be used as an

effective tool for optical crystallograpH§*

(a) (b)

Figure 42 Optical indicatrix (afor an anisotropic crystalith vector k showing the daction of
propagation of ligh{b) Ellipse represemg the variation of refractive index of light propagating

along k for different orientations of polarization vectors
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The gtical indicatrix itself hasn mmmintrinsic symmetry with three mutually
perpendicular mirror planes hgnnormal to thee principle axes;,ZZ, and % respectively.
According to Neumari principle, thesymmetry of a physical property should containedin
the symmetry elements of the crystat? Orthorhombic crystals have three mutually
perpendiculaprinciple axeghat coincide with the crystallographic axes [100], [010] and [001]
respectively whereasmonoclinicones have grinciple axeshat is parallel toa two-fold axis
alonga unique kaxis Triclinic crystals conversely have no fixed orierdatiof the indicatrix
with respect tahe crystallographic axesFor rhombohedral, hexagonal and tetragonal crystals
(having symmetries higher than mmthe shape of the optical indicatrix is altered to contain
extra symmetry elemesitand hence a more synetric ellipsoidhavingtwo principle refractive
indices valueghat areequal {e. n; = ,, | 3)niIn the case of tetragonal, rhombdra and
hexagonal crystalszias aunique value alonthe principle axis. This principle axis collinear
with 4-fold, 3-fold and 6fold axes ofrotationsin these crystal systems. Farbiccrystals all the
three principlevalues of therefractive inaégx areequal (R = n, = ng), andthe optical indicatrix
surface reduceto a sphereln the preseninvestigationwhen the direction of propagation tbie
polarized light (k)was fixed with respect to the single crystal and dhlypolarization vector of
the wavewas allowed to rotate, the optical indicatmvas reduced to an ellipse as shown in
Figure 4.2 (b). Geonetrically, this ellipse is the crossectional view of the optical indicatrix
along the k and passing through the origtigure Za)). The difference betweethe refractive
indices for two mutually perpendiculéslowestn; and fastest 4) axesis definedasthe optical
birefringence, as given in equatidr2 T h e ina Rigule @(b)dgives the inclination ofthe

slow axis with respect to some arbitrary frame of refegeilowever, for an optically isotropic
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material like glass, refractive index of ligldy become equal for all directions of polarization

vector and elliptical shape is reduced to a citéde.

- — — 9 (41)

Ve & & 42)

Non-cubicpolarsingle crystad such as KNN or PZT always consi$ta multtdomain
state. e to the symmetry of the crystahese domains are constrained to have only few
symmetry equivalenbrientations with respect to each othEigure 4.3 shows the allowed
mutual orientations of crystallographic domawath respect to pseudcubic unit cd for T, R,

O, Ma/Mg and Mc symmetries respectivelpince in this study the domaiase on the (100)

plane, only projections of these domaaorsthe this planean be seerwhich are also depicted
along with polarization vectors in pseudaobic cell As we move towards the lower symmetry
structuresthe number of these allowed domain orientatiansincrease. Inthecase of optical
studies of these different crystal structuitége misorientation between two domains resuit a
change ofthe orientdion of the optical indicatrix by the same anglend hence the nature of
domain wall between them can be reveat@dnsidering Figure 4.3 (a) as an example, it can be
seen for tetragonal crystals, that the domains can be oriented along onjy M@ making an

angle of 96 with respect to each other. Similarly by following Figures 4.3/ ((®), the allowed
orientations of the different domains for the lower symmetry structures can be determined as

well.
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Figure 43 Schematics representing the possible orientations of polarization vectors for (a)
tetragonal (b) rhombohedral (c) Orthorhombic (d) monoclinig/N¥g (€) monoclinic M

symmetries in terms of pseudo cubic unit cells and their projections ondfldkes.
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4.3 Birefringence Measurements

Figure4.4 shows the schematic diagram of Metripol birefringence imaging system
used for this study®® '# Detailed descriptiom and working principle of the Metripol
Birefringence measurement systdimat wasused in this study can be found in previous
literatures'® *#* This instrumentis based upom rotating polarizer techniquend consists of a
monochromatic light sourcef wavelength 550 nnfollowed by a polarizeand sample stage.
Elliptically polarized lightpassing througkhe samplegoes intoa circular analyzehaving as-/ 4
plate anda linear polarizerThe optical signais then incident o CCD detectothat converts it
to a proportional electric signalThe sample stagbas a heating oven(LINKAM TP93)
applicable over a temperature range of 25 t6C600°C with an accuracy of 0.1°C. This
instrument provides aapportunity to studythe phase transformation behavior of ferroelectric

crystalsvia theevolution oflinearbirefringen@ and domain structuchangesvith temperature.

I o

-

-p—

Light P Stage 44 P, CCD
Source

I

Figure 44 Schematic diagram of Metripol birefringence imaging system. In this figure P
represents the polarized, while@l ong wi t h &/ 4 p (Reptint fromn ceferkncea s

122 © 2000 International Union of Crystallography)
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The ntensity ofthe transmitted polarized light at each point (pixel)tioé CCD detector
can be determinetly Equation4.3.*% In this equatioiO and (i are the transmittance ofie
sample andhe angle betweethe minor axis oftheindicatrix withanarbitrary coordination axjs
respectively] isthe phase difference introduced e crystal to the transmitted light ragnd
is related to the bireinig e nc e &n ac c o r4y and lgs the thickeesohtheicystal ( 4

and_ is the wavelength of light used.

O O¢p YQ8 ¢ "YQ&I (4.3)
1 ¢ VETe (4.4)
To determine the values of aliree components,I°’Si naind G i n43gthaiat i on

intensity ofthe transmitted light is measured for different valuedt&fr ot at i on angl e
the polarizer makse from a fixed reference. Data is collectedtie form of three false color
images for transmittanceo() °Si ‘naind G f or eigcpbint (irel) ofthesspglen d

crystal.
4 4 Crystal Growth and Orientation Determination

In order to reveal the crystallographic transformation adfes$oundaryat x = 0.5,
three compositions of Ja,xNbO; crystas (x = 0.4, 0.5and 0.6 were chosen for this study.
Crystal growth technique is similar to one described in chapt€h&se crystals were annealed
in air at 1000°C for compositional homogenization, followed by compositional verification by
energy dispersive Xay (EDX) analysis. EDX was performed on different portions of the same
crystals to confirm compositional homogeneity. Figdreshows the atomic mole % of Na and

K ions in the crystals of three batches (x = 0.4, 0.5 and Bd)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 chapterle&t®n backscattered
diffraction (EBSD$° showedthatthese cubic shaped crystéiad{100 oc facets,while detailed
X-ray diffraction analysis (XRD) confirmed the large faces of these crystals to be.(®ik)
optical birefringence stuels, these crystals were polished to thicknesses b o u t m. Afle0 ¢
polishing the crystals were annealatl600°C to relieve angesidualstress induced by polishing
before birefringence data collection. Sirtbe cooling rate througl phase transitionange may
affect the domain morphology, the crystals were coalsthg the same rate of 1°/min.
Birefringence data was collectederthe temperatureange 0f30°C- 600°Con heating. During

data collectiontheheating rate was fixed at 1°/mamddata was collected at 1°C stieperval

EDX Analysis

0.6 -

0.5 A

0.4 A

0.3

0.2

Atomic mole %

Na K KK Na K KK Na K KK
X=04 X=0.5 X=0.6

Figure 45 Energy dispersive Xay (EDX) analysisperformed on crystals intended to have

composition x = 0.4, 0.5 and 0.6.
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4 5 Results and Discussion

Figure4.6 (a)illustratesthe variation of low field longitudinal piezoelectric coefficient§dand
remanent polarization (Pacross 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 ceramisecto x = 0.5 could not be
attributed only to the difference in microstructure. Figure 4.6 (b) shisksctric constanas a
function oftemperaturdor x = 0.4, 0.5and0.6 takenalongthe (100),; axis in the temperature
range 30°AQ 500°C. For all compsitions, two dielectricanomalies were evident near 200°C and
400°C, indicatingthe presence of three distinphase fields over this temperature range
Previous studies suggestthe existence of monoclinic or orthorhombic structuie these
compositios from room temperature to 200°C, evhas atetragonal sucture was reported
between200°C i 400°C. On heating above00°C, a transfornation to a paraelectriccubic
structure occursFigures4.7, 4.8 and 4.9 respectively show r i e nt dalsé alorimagés)
from an area of about 2.5 mm X 1.9 mm for 0.4, 06 and0.5 at different temperaturesver

the range 30°G 380°C.In accordance with the dielectric data above in Figure 4.6, particular
temperatures were chosen to capture the optical crystalloigratate just below and above each
phase transition. These images were used to obtain the orienta}idnsfograms for three
compositions at different temperatures as shown in respectively in Figuregt4.1aGnd4.12.
Each of these images consisti#fdabout 1.39 million (1360 X 1024) pixels, each representing a
value ofl between 07 18(P. Detailed description of procedure used to determine orientation

histograms along with distributions 6ffor three crystals is given in appendix 2.
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Figure 46 (a) Variation of ds 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 48 Orientation (false color images) for x = 0.6 KNN crystal at @)C3 (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 49 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 412 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 compositionduring heating cycleat
different temperatures. For the sake of simplification and biitistration of the relative shift
of peaks corresponding to lower symmetry phatfes(i-axis forthe orientation histograms was
shifted in such a way that one of the peaks appearing at 38856hifted toeither(i = 0° or
18C°. This shift is equivalent to rotating the crystal on its azisd does notesult in any
discrepancy or lasof information Geanetrically, this shift is equivalent to rotating the
coordination axes iffig. 4.2(b). Now, in this scenario two extreme valuesi ¢0° and 18°)
represent the sanj@00],. direction along the different opposite orientations. It is important to
note thatafter a shift in theli-axes in histograms (Figures 4.104.12), false color scales
provided in Figureg.7, 4.8and4.9 do not correspond to same absolute values of orientation for
corresponding false color images. Since in Figures #4.02,the interst is onlyin illustrating

the domain wall orientations with respec{100],., absolute values @f are not relevant.
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For x = 0.4,two peakq(i = 17°and 90) separated bgel = 73° can be seen
at room temperature (Figure 4.10 (a)). Followitige Figure 4.3 one can see that such
orientations of the polarization vectonsth respect to [10Q} are only allowed for monoclinic
Mc (Vanderbilt and Cohen Notatioi} symmetry and hencetican beinferred that x = 0.4
crystalshave a stableMc structure This inferenceis consistent with g@vious findings of &m
space group for KNN polycrystalline powders for x <.8.8Vith increasing temperature the
presence of two peaks persistedl8)°C without any emergence of a new peak, suggesting that
theM¢ 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 temperatirgeaks. Followingthe known phase diagraof
KNN, above 20°C, all compositionstudied in this investigatioshould haveetragonakmm
symmetry. Accordingly, théwo (-peaks separated by 98hould be evidenin the orientation
histograms for all three compositiotdowever, for x = 0.4 aB8(°C, the two major peaks had
angles ofti = 0° and 99 with respect to th¢100],;; not onlywere these peakseparated by an
angle highly deviahg from 90°, but they werealso very broadrelative to other tetragonal
compositions subjected to similar birefringeriogestigations® Furthermore, the two lower
temperature peaks camied toappear as minor shouldesbove the PPBAs for T phase, even
superimposition of muifple domain cannot give rise to peaks other thai at0° and 9°, these

discrepanciesuggest the coexistence of:-Mnd Tphase hove PPB for x = 0.4

For x = 0.6 at room temperaturéwo sharp peakseparated byge (i = 90° were
apparent (Figure 4.11 (a)). These two peaks nmde a n g [=€90° avith thé [100],..
Following Fig. 4.3, thesetypesof polarization directions can only be attributecatoO structure

Hence, on the basis of optical birefringence data, it can be edf¢hat the Krich 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 symmetr{? **® On heating above the PPB at 200°C (Figure 4.11 (&))., the two
orthorhombielike (i-peaks disappeared and two new peaks appeared. New peaks were
posit i dinmdXifromthe osthorhombidike peaks. These peaks wé&@® apart from each

other, as wik as making 0 and90° angles with[100],. indicating a tetragonal symmetry. The
presence of a weak peakiat 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 voltiow dfatis 2

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

Forx = 0.5 near the phase boundary, the presende@fpeaksmaking angles oi
= 45° and 21°with respect tg100],. direction were fand (see Figure 4.12(a)), which were
separated f r aim 66 &dldwingoFiglres 4.3suthyorieaations are consistent
only with monoclinic Mi/Mg symmetres This is an interesting observation, not only because
previously no such phase has been reported for any KNN composition but also as the monoclinic
Pmand orthorhombic O phases on the two sides of the phase boundary have-supgropp
relationshipt'® **2 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 lowsymmetry phase in the tetragonal phase field (Figure 4.12 (b)).
Observation othe coexistence of lower symmetry phase wwitthe high temperature tetragonal
phasehas notbeenreportedpreviouslyfor KNN, thoughmodified KNN compositions having
polymorphic phase boundaries below room temperdtave beemeported to have coexistence

of tetragonal and orthorhombic phases at room temper&ture.
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When a ferroelectric crystal ge through the structural phase transformation,
orientations of domain walls change in order to maintain strain cooipgtibetween the
neighboring domain¥’~*?° During such transformations the lower symmetry phase has higher
numbers of orientation states (OS) as compared to higher symmetry ‘phdd®.The
spontaneous strain tensor representing an OS is a second rank tensor, possessing all the
symmetries of the point group of the crystal
tensors (OS) of the parent and ferroelectric phases, straipatibiiity condition can be

represented as in Equation 4%8.
(Sji-Sirxix=0 5 “

Strain tensors for differentrystallographic point groupwere determined previously
and can be found in the classic work of AZlilUsing the strain compatibility condition for
differentpossible structurdaransformationstheorientations of domain wallweredeterminecas
listed in table 4.1*?"13°132 Since for a particular structural transformation, domain walls can
only have fixed orientationshe tablecan be utilized tadentify the crystallographic information

of crystal.

Table 4.1 Possible orientations of ferroelastic domain walls for differesttuctural

transformations
Orientations of permissible
Structur al Transformation Space Groups
domain walls
mom Y 4 mm X=Y, X=-y
Cubic Y Tel432 Y 422 Z=X,Z=-X
3m ™m y=2z,y=-2
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m3m Y 4/ mmm

422 Y 222

4mm Y mm2

) x=0,y=0

Tetragonal Y |[12m Y 222

2m Y mm2

4/ mmm Y mmm

4 Y 2

Ll X = py, X =-y/p
Tetragonal Y|1Y 2
where p = b + &b%)Y/a

4/mY 2/m

622 Y 222 x=0,y=0

6 mm Y mm2 x=Woy,y= Wox
Hexagonal Y )

om?2 Y mm2 X = ng,y:mgx

6/ mmm Y mmm

y =0, z =-(alc)x
32 Y 3 B B
) y =Vox, ak+/oy)-2cz =0
Trigonali Monoclinic 3m Y m
. y =Wox, ak+Moy)-2cz =0

om Y 2/ m

222 Y 2

mm2 Y m
Ort horhombi c x=0,z2=0

mm2 Y 2

mmm Y 2/ m
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According to the table, any transformation from culnaoi) to tetragonal
(4mm, 422 and 2m) symmetries must result in domain walls fixed only to {110} pldf&s®*
Lower temperature T Y O transitions can resul
the relative orientations of T and O cells. For transformations in which-tblel 2xis of the O
cell is along the 4old axis of the T cell (i.e. fpype transfoma t i o n, according

notations) **3

the wallsare allowedio be oriented along {110 }planes. Moreover, if théoRl

axis of the O cell is aligned to 2&ngle to the 4old of T cell (i.e. stype transformation>*, the

domain walls are fixedfob ei ng copl anar with the {100} <crys
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 shoiv and |, snapshots forall the three
compositions atvarying temperatures. At room temperature, #ie crystalsexhibited the
presence of strglike domainsthat extenad througlout the samplearea under the microscope,
having lengtk on the order of millimetersSchematics are provided in these figuresstaucted

from the false color images that represent the domain wall orientations in the crystals.
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Figure 413 orientations of domain walls for x = 0.4 (a), (c), ¢g)and (b), (d), (f) I, falsecolor

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 tesglE0°C and 230°C (False

color scale does not correspondtie same absoluté v a | u e , (tvdiue begveen amy two

corresponding points is true).
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Figure 414 orientations of domain walls for x = 0.5 (a), (c),.(eand (b), (d), (I, falsecolor images

obtained at 30°C, 230°C and 430°C respectivelyaridh) show the larger view of domains under the
area A and B respectively shown in figure (b) and (d). (i) and (j) reptbésesthematics of the domain
wall orientations at 30°C and 230°C (False color scale does not correspond to same absdallute,

i K 2 dzavEluetbetween any two corresponding points is true).
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Figure 415 Domain wall orientations for x = 0.€a), (c), (e)showd, and (b), (d), (f) showl,

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) represemtg schematics of the domain wall orientations at respectively 30°C and 230°C
(False color scale does not correspond to same absolute | u e , (tvdlue beiwieen any

two corresponding points is true).

These schematics try to capture the domain wahtations, but are ndb-scale with regards to
the domain widths for the different crystals. Continuous domain walls extending to millimeters

length confirmed that the crystals were compositigriamogeneous.

For x = 0.4, broadtape-like domains extending through the entire snapshot image
having widths of > 200 e m we 0% withe[100]d &hese, whi ¢
domains were found to have internal gidmains as well, with domain walls making angles of
45° and 90 with one of the[100],. directiors. For better illustration of these domains, larger

images of areas A and B are provided in Figures 4.13 (b). Following the compatibility
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conditions, simultaneous wall angles of &d 43 with [100],c are only possibldor 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 & 45

[100],c were found, consistent with a higher symmetry T phase.

For x = 0.5 (see Fig. 4.139, only walls making an angle of abotft With [100],.
were evident. An angle of°Obetween the walls anflO0],. iS common amongst many
symmetries, xcluding 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 MyMg phase for this composition, as suggested above. On heating 200%@
(see Figs 4.13d) two types of T domain walls making angles of 4hd 138 with [100]c

became evident.

For x = 0.6 (see Figs 4.148, two types of walls making angles df&nd 90 with
[100],c were evident, consistemtith 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 stype transformation, which in turn suggests a-pamitive nature for the O
unit cell consistent with the Amm2 space group as previously reported for'KNROn heating
the crystal near the PPB to 200°C, most of the crystal aseaft bottom right corner) in the
false color images reveaa rotation of the domain walls by about°’4Bowever a small area
(lower right) continues to have domain morphology with wall angles’@&mn@ 90 to [100]y.,
whichcannot be attributed tihe T symmetry Thus it can be inferred that this small areais

untransformed O region that persists into the T phase above PPB.
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On comparing the images of the strifke domains for the three compositions, it
can be seen for= 0.4andx =0.6 that their domain width were quite large ne&to that for x =
0.5. Thewidthsf o r Xx = 0.4 and 0.6 7TwelrOees m nwi tt the ar abnrgoe
distribution. In contrast, near the boundary at x = 0.5, the widte about 15 mi 1 8ns
These findings are similar tthe previous investigatios that demonstrated the presence of a
more uniformdomain structuref smaller dimensiongor compositions close to th&IPB as
compared tothe compositions away from .itFor example, piezoresponse force microgcop
(PFM) analysis performed on PMRT and NBTBT crystalsacross their MPBs revealed the
presence ofnore organized and smaller domairiese toMPB.*** Domain size also plays an
important role in the dynamicesponse ofpiezoelectric properties. Theoretical calculation
conductedon two-dimensional2D) BaTiG; single crystad usinga time dependent Ginzburig
Landau (TDGL) modeindicatedabouta threefold increase ithe longitudinal piezoresponse
(d33) ondecreasing the domain size from 22.6 nm to 4.3 ifExperimental investigations have
also slown an increased piezorespons&hibO; and BaTiQ with decreased domain siz& %’
Accordingly, the enhanced piezoelectric propert@kNN at x = 0.5 might be attributed to

thermodynamic changes caused by a decreased domain size.

Figure4.16 (a)shows the variation dhe linear optical birefringencér multi-domainKNN (x

= 0.4, 0.5 & 0.6)crystalsin the temperatureangeof 30°C-600°C. These birefringence values

were calculated using the averaged valueSdf rfdil the respective three cigds over an area

of 1360x 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 crystaxhibited two clear transitions at 200°C and

400°C, consistent witthe dielectric data. Interestingly, for x = 0.5 the birefringence value was
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quite high as compared the other compositions x = 0.4 and x = 0.6 in both of the temperature
ranges of 30CT1 200°C and 200°C400°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 whibliesk
contrary trends. This discrepancy in the values of linear birefringence could be attributed to
complex multidomain state of these crystals, as previously multi domain crystals of PbTiO
have been reported to have contrary and ambiguous linear birefringen¢& d&t&or x = 0.5,

high domain wall density could also be the source of high birefringence values in the
temperature range of 30P200°C, as high stress induced at domain waby lead to localized

birefringence:*
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Figure 416 (a) variation of linear birefringence for x = 0.4, 0.5 and 0.6 with temperature in the
range 30°G600°C. (b) (c) and (d) false color images showing the nonzero vali&naiifor x

= 0.4, 0.5 and 0.6 respectively.
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Interestingly all the threecompositioncrystals showed a nexero birefringence of
similar magnitudein the cubic phase, which decreased with increasing temperatupersiged
up to 600°C (the upper limit of temperature which could be attained in the instruosad.
Figures 4.16 (b} (d) show the false color images ‘@ i “nfar the threecompositioncrystals,
confirming the norezero value at 600°CThis is an interestingfinding as a crystahaving mom
cubic symmetry should have zero birefringeff®e* Non-zero birefringence for cubic crystals
has been reported previously as well and number of mechanisms could contribute to this
phenomenon® *! Presence of any local stress could be a source of {glmtc effect,
resulting in a notzero birefringence in cubic phase field. Since these crystals ateeated at
600°C prior to birefringence study, possibility of any residual stress introducid) ¢olishing
is very rare. But high density of oxygen iwacancie¥ produced during growth of these crystals
could result in extended defects with localized stt&Besides, deviation of crystal structure
from idealmom symmetry could also result monzero birefringence. For exampBaTiO; was

143

found to hawe nonzero birefringence in cubic phd$ and wasreported to have the

uncorrelated displacements of Ba ions amongst the eight equivalent <111> diréétions.
6 Summary

In summary, KNN crystals for x = 0.4, 0.5 and 0.6 wareestigated 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 fmuhdve monoclinic Mand
orthorhombic O symmetries. However, this investigation suggests the existence of a new
monoclinic M/ Mg or triclinic phase near the MPB at x = 0.5. Figure 4.17 illustrates the phase
diagram of KNNsystemdrawn according tohe 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 piezoettric 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 helamad|

fraction of the lower symmetry phase persisted in this temperature regime and didwiishe
increasing temperature. In the paraelectric cubic phase above 400°C, none of the crystals

exhibited zero birefringence, suggesting a disorderewh gubic structure.

Figure 417 Phase diagram of KNN based upon the presentalptiystallographic analysis
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