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Abstract: MagnetoelectriME) composites that simultaneously exhibit ferroelectricity
and ferromagnetism have recently gained significant atteasavident by thercreasing
number of publications. Theseesearch activities are direct resuttf the fact that
multiferroic magnetoelectrics offesignificanttechnologicalpromisefor multiple devices.
Appropriate choice of phases with-fiobng capability, magnetostriction and piezoelectric
coefficient, such as NPZT and NZFGOPZT, has resulted in fabricatioof prototype
components that promise transition. In this manuscript, we report the propertie®oT Ni
and NZFQPZT composites in terms of ME voltage coefficients as a function of frequency
and magnetic DC bias. In order to overcome the problem ofitiox€ lead, we have
conducted experiments with fMee piezoelectric compositions. Results are presented on the
magnetoelectric performance of -NKN, Ni-NBTBT and NZFGONKN, NZFO-NBTBT
systems illustrating their importance asemvironmenally friendly dternative.

Keywords: multiferroics; leaefree piezoelectrics; morphotropic phase boundary;
magnetoelectric effect
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1. Introduction

The realization of a material with simultaneous presence of strong electric and magnetic order at
room temper amul i f etrerromecds 6 0 woul d be a mi | e s
multifunctional materials. Multiferroionagnetoelectric (ME) materials become magnetized when
placed in an electric field, and conversely electrically polarized when placed in a magnetic field
Dielectric polarization of a material undarmagnetic field, or an induced magnetization under an
electric field, requires the simultaneous presence of-tange ordering of magnetic moments and
electric dipoleq1-4]. These materials offer potential for new generations of sensor, filter, and field
tunable microwave dielectric devicgs.

A suitable combination of two phases can yield the magnetoelectperty such as combination
of piezomagnetic and piezoelectric phases or combination of magnetostrictive and piezoelectric phase:
which will give rise to ME effect. ME effect can also realized by coupled thermal interaction in
pyroelectri¢ pyromagneticcomposites. The ME effect obtained in composites is more than one
hundred times that of singlphase ME material such as,Os. Suchtelen and Boomgaaodtlined the
conceptual points inhererib the ME effect in composites$,[/]. These can be summarized: as
(i) Two individual phases should be in equilibrium ;(lismatching between grains should not be
present (iii) Magnitude of the magnetostriction coefficient of piezomagnetic or magnetostrictive phase
and magnitude of the piezoelectric coefficient loé piezoelectric phase must be greater; (e
accumulated charge must not leak through the piezomagnetic or magnetostrictive githse
(v) Deterministic strategy for poling of the composites. In spite of the promise of large magnetoelectric
(ME) coeficientsin elastically coupled narcomposites, experimental investigations for a number of
configurations have not yielded values approachiragdipredicted by continuum mechanics and
ab-initio calculations. The understanding of the physical interaci@murring in the composites with
multi-dimensional connectivity between the magpelmstic stresses and elastoelectric fields has not
been achieved. The lack of this understanding has limited the ability to achieve the theoretical
response of the matekiy coordinating the local electmagnetic couplings, via coherent elastic
interactions between phases. In these materials the theory predicts the size of the ME coefficient to be
more than 5 V/cm.Oe. In order to understand the phenomenon of magneatseli@ctomposites
comprisedof individual piezoelectric and magnetostrictive phases, it will be important to develop
theory and experiments that identify the effect of various physical and mechanical parameters on the
magnitude of the magnetoelastic amastelectric coupling.

The discrepancy between theoretical and experimental values of ME voltage coefficients can also
be attributed to the use of a edenensional approach. A series of studies by the authors have
attempted to address these issues iir ti@dels. The suggested method consists of deriving the
effective material parameters of composites and is carried out in two stages. In the first stage, the
composite is considered as a structure consisting of piezoelectric and magnetostrictive ptthses. F
we consider only (symmetric) extensional deformation in this model and ignore any (asymmetric)
flexural deformations of the components that would lead to position dependent elastic constants and
the need for perturbation procedures. For the p@drnmezoelectric phase with the symmetiy, the
following equations can be written for the strain and electric displacement:
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"Dy = Py PTi + PG PE,
wherePS and”T; are strain and stress tensor components of the piezoelectric tthamed "Dy are the
vector components of the electrielfl and electric displacemerfly; and Pdy; are compliance and
piezoelectric coefficients, arftli, is the permittivity matrixThe magnetostrictive phase is assumed to
have a cubic symmetry and is described by the equations:

S =" T + "o "Hi

B = "o "Ti + "ekn"Hn

where™S and™T; are strain and stress tensor components of the magettoe phaseHy and "By
are the vector components of magadigld and magnetic inductiofl's; and g are compliance and
piezomagnetic coefficients, afldy, is the permeability matrixEquation 2) may be considered as a
linearized equation desbmmg the effect of magnetostrictiotusing appropriate boundary conditions,
the ME voltage coefficientsan be obtained by solving Equatiqd$ and @).

In the second stage, the composite is considered to be homogeneous and the behavior is described by

S = s;T; + duiEx+ quiHx
Dk = diTi + QrEn+ axnHn 3
Bck=qkTi + avEn+ «iln

whereS andT; are strain and stress tensor componéfitsDy, Hx, andBy are the vector components of
the electric field, electric displacement, magnetic field and magnetic indusfiods, and g are
effective compliance, piezoelectric and piezomagnetic coefficientsi}aral, and ax, are effective
permittivity, permeability and ME coi€ient. Effective parameters of the composite are obtained by
solving Eaiation(3) by taking into account solains of Egatiors (1) and ). The mechanical strain
and stress for composite and homogeneous material are assumed to be the same and the electric a
magnetic vectors are determined by using appropriate boundary conditions. This method has showr
considerale success in modeling the response of ME composites.

As an example we illustrate the results obtained el mmode ME composites. This case
corresponds tpolarization fieldeg andAC electric fieldE perpendicular to the sample plane &b
field Ho and AC magnetic fieldH parallel to the sample plane and the ME coefficient is given as
a1 = a3 = Eg/Hi. In this case, nozero components dis;, Pdki, s, "qui, Sj, Oi, Oki» @kn are
determined by composite symmetand Equationg(1)i (3) are soled for appropriate boundary
conditions. The expression obtained famnisverséME voltage coefficient is given beloj8]:

a.,, _E_ - V(- V)(Mop+ ") Pdgy
©oH p%s(mslz"'ms_u)v"'p%s( p511+ psiz)(l' v)- 2Pd(1- v)
wherev is piezoelectric volume fraction. Equation (4) describes the dependence of ME parameters on
volume fraction and is used to estimate the ME coupling for some representative systems. For a bilayet

of nickel ferrite (NFO) and PZT the measured and calculated values of ME voltage coefficient equal
about 240mV/cm.Oe.

(4)
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Investigations have revealed the prese of both ferroelectricity and magnetismamumber of
materials such as perovskite type Bike®iMnOs;, the boracite family, BaMfFcompounds (M,
divalent transition metal ions), hexagonal RMN@, rare earthsyand the rare earth molybdatésit
noneseem to provide large coupling between tHénd,9-17]. Recently, rare earth manganites such as
TbMnGs;, DyMnQO;s, and TbMaOs have been reported to exhibit reproducible electric polarization
under magnetic fields, hawver the magnitude of the magnetoelectric (ME) coefficient (unit
of V/cm.Oe) is quite small,11,18-23]. Single phase materials suffer from the drawback that the ME
effect is considerably weak even at low tempaest.Better alternatives to single phase materials are
ME composites. The composites exploit the product property of the materials (the ME effect is not
present in individual phasesRecently, the focus of much research has been on the laminated
magnetokectric composites made by using piezoelectric and magnetostmetitarials 4-43]. In our
original work, we reported the results on laminate composites (MLCs) made from the giant
magnetostrictive material, Terfel-D, and relaxoibased piezocrystals Pb(MgNb,3)Osi PbTIO;
(PMN-PT) [44]. Magnetoelectric behavior in laminate composites has now been reported for various
material couples including Pb(Zr, Ti)@PZT) or Pb(Mg/3Nb,s03-PbTiO; (PMN-PT) layers laminated
with magnetostrictive Th.DyxFexy, Permendur, NixCoFeOs (i.e., NFO), or CexZnFe0Os
(i.e., CFO) oneg$45-60]. Recently, Bichuriret al found a giant enhancement in the magnitude of the
bulk composites at the resonance frequencythef samples[61]. A high ME coefficient of
23000 mV/cm.Oe was reported for the samples with 80%-Z®% Ni Ferrite (~350 kHz, sample
diameter 10 mm)an increase by a factor of 600 as compared to the data at low frequency (~1 kHz).

Figure 1 shows some examples of the structures that can be designed using the two phases in thi
film and bulk forms. It can be seen from this figure that the possibifitesiumerous and there can be
several phases (amorphous, ceramic, metal, polyetey, shapes (disk, cylinder, plate, toroid, sphere,
etc), and sizes (number of layers, layer thicknesses, length and width can be varied differently) for
obtaining the mgnetoelectric properties. It is important to note here that all of these combinations will
exhibit ME response with varying degree of magnitude. For n phases the number of connectivity
patterns is given e(a+3)!/3 n!, which for two phase compitss comes out to be 10, for three phases
as 20, and 35 for four phase pattern. Further, in each of these shapes there is the possibility of orientin
the polarization along different axes and applying the electric (E) and magnetic (H) fields along
different axes. In addition there are several choices for materials depending on magnetostriction
constant, resistivity, permeability, permittivity, piezoelectric strain and voltage constant, sintering
temperature,and chemical reactivity(MagnetostrictiveMnFe,0O;, CoFeO,4, NiFe0,; ZnFeO,,
YFes012, SmFe0Os,, YIG, TerfenoiD, Metglas 2605SC, Ni, Ceetc; PiezoelectridPZT, BaTiQ,
PMN-PT, PVDF, SrBiTi4O;5 (N&sKo5)NbGO;) etc).
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Figure 1. Schematics of the magnetoelectric composites illustrating the multiple
possibilities (a) selfassembled nanpillar structures (b) layer by layer depositign

(c) deposition accompanied by masking and patternfdy three phase deposition for
gradient materials (e) particles dispersed in a polymer magrixf) lamination

(g) checkerboard arrangemef(it) sintered particulategnd(i) variation in poling, applied

field direction and measuring electrodes.
!
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Magnetostriction Polarization and
Direction Terfenol-D Magnetic Field Direction
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Pb(zZr, Ti)Os (PZT) based ceramics have excellent dielectric and piezoelectric properties and are
currently thedominant material system for actuators, sensors and resortéersver, the Pb element
in these materials presents an environmental problem. Thus, the research is now focused on finding a
al ternat i v e thefpast twoPdéchdeseverallpublicatons and patents have reported on
leadfree piezoelectrics. Out of all the possible choices, (Na,KYNDBN) based ceramics (e.g., solid
solution of NKNLiNbO3 [62], NKN-LiTaOs [63], NKN-LiSbO; [64], NKN-Li(Nb, Ta, Sh)Q [65],
NKN-BaTiO; [66], NKN-SrTiO; [67,68], andNKN-CaTiOs; [69]) have received considerable attention
mainly for two reasons: (ipiezoelectric properties exist over a wide range of temperature, and (ii)
there are several possibilities for substitution and additidngnteresting possibility arises from the
fact that if one can find a high piezoelectric performanceifeael cerangs and combine it with
magnetostrictive material with high piemmagnetic coefficient to achieve environment friendly
magnetoelectric materials with desired sensitivity.

We have conducted extensigtudies on phase transitions, synthesis, and piezoeldeléctric
properties of (1I x)(NaysKo)NbOs-xBaTiOs ceramics (0.00x O 1.0). This system exhibits three
phase transition regions corresponding to orthorhombic, tetragonal, and cubic phases. The compositiot
0.95Nay sKo.5)NbOs-0.05BaTiQ, which lies on boundary of orthorhombindatetragonal phase, was
found to exhibit excellent piezoelectric properties. The properties of this composition were further
improved by addition of various additives making it suitable for ntajter actuator application. The
composition0.06Nay 5K 5)NbO3-0.94BaTiQ was found to lie on the boundary of tetragonal and
cubic phase. This composition exhibited the microstructure with small grain size and excellent
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dielectric properties suitable for multiyer ceramic capacitor application. In the next isactwe
summarize the progress made in the field ofliead piezoelectric materials.

2. Progress onLeadi Free Piezoelectric Materials

Most of the investigated leddee piezoelectric systems are based ogsBigsTiOs; (NBT) and
Ko.sNapsNbO; (NKN) compgsitions. This section briefly describes the progress made on these two
leadfree piezoelectric materials.

2.1.NBT-BT LeadFree Piezoelectric

Nay sBiosTiO3 (NBT) was discovered by SmolenskilQ] in 1961. It was reported that NBT is a
relaxor ferroelectric with diffuse phase transition from rhombohedral to tetragonal phase between
200°C and 320C and from tetragonal to cubic phase at 84(71-74]. The region between 20820°C
has been subject of intense discussions related to the existence of antiferroelectric phase. Som
researchers have suggested coexistence of rhombohedral and tetragonal ptlaseemperature
range with polar nano regioig5]. However in a recent workn situ temperature dependent TEM
studies showed phase transitistom ferroelectric rhombohedral to aférroelectric orthorhombic
phase proceeded via an antiferroelectric modulated phase consisting of orthorhombic sheets in &
rhombohedral matrix in the temperature range fromi 300°C. A second phase transition frabaT
phase occurs near 32G, which corresponds to the antiferroelectric/paraelectric phase transition.

The solid solution of NBT with various tetragonal compounds has been investigated including
K12Bi12TiO3 (KBT), BaTiOs, CaTiGs, SrTiO; and PbTiQ [76-79]. Takenakeet al [79] presented the
phase diagram of NBBT showing the existence @ morphotropic phase bounda(¥PB). The
longitudinal piezoelectric constantsgiifor NBT-6% BT composition was found to be 126/N along
with ki3 of 55% and loss tangent factor of 1.3%. However, Curie temperatyrand ferroelectric to
anti-ferroelectric transition temperaturg( also referred as depoling temperature) decreased at MPB.
In comparison to leatlased perovskites, NBT has higher elastic modulus (~110v&FP8 GPa) and
lower density (6 g/cf) which makes it favorable for lighteight actuation application§76].
Modification with BiScQ and BiFeQ lead to increment in Tof NBT and NBFBT up to 400°C
together with an improvement of remnant polarizatiBy) [80-82]. Li et al [83] have reported the
dielectric and piezoelectric response ofi(X)(NapsBio5)TiOs-xNaNbQ; ceramics. Thesamples in
composition range of 0.01 to 0.02re found to exhibit4 ~80' 88 pC/N.In recent work, effect of Na
nonstochiometry in BjsNag5xTiO3 ceramics was investigatg84] The grain size was found to decrease
with increase in Na nestoichiometry. However, @ was increased from 74 pC/N (F190 °C) at
x =0.0to 91 pC/N (§~112°C) at x= 3.5 and then dropped Wwifurther Na deficiency. The effect of
bismuth excessonNBBT cer ami cs near MPB 0505dvaspositiyedeading i o r
to largeP, ~37.51 41.1 |Clcnf and d3 ~171i 176 pC/N at RT with moderate depoling temperature
(Tg) ~85 °C [85]. Wang et al [86] have studied (0.95 Xx)(BiiNaw)TiOsz-X(Bi12K1/2)TiOs-
0.05BaTiQ; x = Gi 20 mol% compositions and specimen with x = 5 mol% were found to exhibit d
~148 pCIN, k,~34 %, k~49.2 % ad Ty ~125 °C. However, these modifiers also increased the
magnitude of coercive field Ewhich makes the poling difficult. Generally, Bnd Ty are lower in
doped materials, however cobalt doping was found to enhatoe 20°C [87,88]. High piezoelectric
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properties in these Bi based compounds is always accompanied with the loweringsosiiown in
Figure2. Lower Ty leads to unstable domains which are easy to switch and hence give rise to higher
piezoelectricconstan{87]. Li doping of 4 at% in NBIBT has been found to improve the piezoelectric
coefficient as ¢s = 176 pC/N, ks = 0.6 and F = 171 °C [89]. In order to further improvehe
piezoelectric response without lowering the depoling temperatyyevéfious researchers have used
reactive template (RTGG) and template (TGG) grain growth md@®a5] to texture the ceramics.

The <100% textured 0.94NBT0.06BaTiQ ceramics was found to exhilwgs ~241 pC/N,k, ~41.2 %

andk; ~66.5% at RT withlry ~115€C .

Investigations on growth of legdee single crystals in NBBT systems has shown that near MPB
compositions are congruently melting ateh be grown by flux growtf96] and top seeded solution
growth (TSSG) methof®7]. Recently, longitudinal piesbectric constant @) as high as 457 pC/N
with ksz ~68.5 % was reported on Mn doped NBT single crystal grown by TSSG method.
Piezoelectric properties of various NB&sed materials are listed in Taldealong with other
prominent leadree piezoelecic materials. In order to demonstrate practical feasibility,
Chenet al [98] invedigated high frequency ultrasonic transducers with NBIT leadfree single
crystal agheactive element. Th@01) oriented NBTBT crystal was found to exhihithickness mode
electromechanical coupling coefficientdf ~0.52 and low lamped dielectric @nstant of 80.

Figure 2. Variation of the piezoelectric constant and transition temperature (ferroelectric to
antiferroelectric phase mentioned as depolarization temperature) as a function of BaTiO
concentration in NBTBT system.
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Recently, giant lectric field induced strain 8-45%) was observed in {1x T y) (BigsNays)TiOs-
xBaTiOs-y(KosNay 5)NbOsceramicg99-101]. The MPB composition 0.94(8iNay 5 TiO3-0.06(BaTiOs)
exhibited field induced ferroelectricity and remained ferroelectric after field renid@g]. On
addition of KNN, these ceramics were found to exhibit giant strain due to the full recovery of original
dimensions for every electric cyc]&Q3]. It turned out that addition of KNN lowered the transition
temperature (J) [104]. Moreover, large electric fielthduced strain in BNIBT-KNN was attributed
to a field induced transition from the antiferroelectric to the ferroelectric phase and explained in terms
of changen the unit cell volume.
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2.2.NKN Based Leadree Piezoelectric

Potassium sodium niobate (Maui)NbGs), is considered a promising le&ee piezoelectric
material with high Curie temperature exhibiting ferroelectric propertiesaowete temperature range.
It is well known that the composition corresponding to 0.5/0.5 in the Na@NO@O; system,
abbreviated as NKNhas the maximum in the piezoelectric properties. NKN undergoes a structural
phase transformation sequence on cooling of paraelectric Cubia¥E¥5- ferroelectric Tetragonal
(T) v.%9%%- ferroelectric Orthorbmbic (0)%73%¥5- f er roel ectri c Rhombohe
boundary is known as theolymorphic phase boundary (PPB) to designate its difference with the
MPB. The PPB of KNN solutions is nearly independent of x, remaining unchanged in temperature for
0<x<1. This is in détinct contrast to the MPB for PZT, which is nearly independent of temperature,
and fixed near x 0.5. Figure 3 (a) and (b) shows the radial mode electromechanical coupling factor
(k) and mechanical quality factor {pas a function of temperature for NKIt can be clearly seen
from this figure that piezoelectric properties remain almost constant until thehBEe appears at
180€. The magnitude of kat room temperature is of the order of 0.456 apdsCround 234. Since
in this system the high tgrerature phase (FEs also ferroelectric there is no danger of depoling on
exceeding the transition temperature. This provides a considerable advantage over the competing
NBT-KBT and NBT-BT systems and for this reason KNN ceramics are the most prontigjhg
piezoelectric nonlead system.

Figure 3. Temperature dependence of piezoelectric properties for K&)NRadial mode
coupling factor andb) Mechanical quality factor.
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NKN ceramics are difficult to sinter and exhibit poor aging characteristias.ifihe volatile nature
of constituent materials gives rise to phase instability at high temperature, as above Jdlkali
deficiency may result in formation of secondary phase exhibiting abnormal grain gdf¥thHot
pressed specimens have been found to show dense microstructure with theoretical density higher tha
99% leadilg to higher coupling constant (~0.48) angd \ehlue (~160 pC/N) as compared to ceramics
processed through conventional sinterja@6-108]. Spark plasma sinterind 09,110] hasalso been
shown to provide high relative density of 98%, howevgrvdlue was nominal witla magnitude in
the vicinity of 158 pC/N.
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Piezoelectric properties of NKN based ceramicsaafienction of orthorhombic (O) to tetragonal
(T) phase transitiofll1l]. Ahn et al [111] performed Rietveld and powder diffraction analysis to
establish correlation between piezoelectric response, fraction of O and T phases, and NKN ratio for
three different systems of (K,Na)Nb©BaTiO; (NKN-BT) NKN-LiNbO3 (LN), and (K,NaLi)NbOs
(KNLN)-BT. It was found that higher piezoelectric properties in NKN based ceramics correlates with
higher fraction of T phasand NKN ratio, where maximumpiezoelectric properties are found in
T-rich phase region with fraction of 70% and NKN oatif 0.95. Several research¢id2,113] have
studied the effect athe Na/K ratio in NKN gstem in order to improve the piezoelectric properties.
Guo et al [62] have studied the effect of ddoping on piezoelectric properties of NKN by
synthesizing the samples,{Nay sKo.5)(1 T X)NbO3(NKLN), for x varying between 0.0 to 0.2. A sharp
peak in piezoelectric propertiesz§d-235 pC/N, k ~44 %) was observed in the composition range of
0.05 < x < 0.07. Temperature dependent dielectric response of optimum composition reveabgd shifti
of T and T, in opposite directions. Zhaat al [114] reported that L-imodified NKN ceramics exhibit
orthorhombic to tetragonal phase transition, which is similar to morphotropic phase boundary (MPB)
and hence exhibit high peelectric constant ¢g~314 pC/N). Zhang et al [115] substituted
0.058 mole% of Li* on A-site while Bsite was substituted with 8hin rangeof 2i 8 mol % resulting
in drastic shifting of §; to 60°C. However, piezaesponse was improved tgzd298 pC/N with
~34.5%. Zhangt al [64] in an extension of this work, synthesized the compositioR #f\aNDb) i x)
(LiSb)xOs with x = 0.048 0.056. The composition with x = 0.052 was found to exhibit optimum
piezoelectric properties £6~286, and K ~0.51). This improvement in electromechanical properties
was attributed to lowering of 5k transition temperature. o&e of the significant NKN based
piezoelectric materials has been summarized in Thble

Table 1. Dielectric and piezoelectric properties of the prominent-feael systems

Materials das Ko Kas Te Teitd Ty Reference
BaTiO; 190 0.36 0.5 115 0 [116]
BT-BCN 330 0.43 80 -- [117]
NBT-KBT-LBT 216 0.401 350 160 [118]
NBT-KBT-BT 183 0.367 0.619 | 290 100 [119]
NBT-xBT; x =61 8% 1221176 | 0.21i0.36 225228 | 90i 105 [87,120i 124]
NBT-6BT+7.5L 208 0.368 260 85 [125,126]
NBT-6BT-2NKN 30 260 [100,10]1
NBT-20KBT (MPB) 1401190 | 0.270.35 280/300 | 1301170 | [127-132
(KosNag5)NbOs (H.P.) 127 0.46 0.6 420 [107,108]
(KosNag5)NbOs 80 0.35 0.51 420 195 [133]
NKN-Li (7%) 240 0.45 0.64 460 ~20 [134]
NKN-LF4(Textured) 410 0.61 - 253 25 [91,135]
NKN-SrTiO3 (5%) 200 0.37 - 277 27 [67,68]
NKN-LiTaO3 (5%) 200 0.36 - 430 55 [63]
NKN-LINbO3 (6%) 235 0.42 - 460 70 [62]
NKN-LiSbO; (5%) 283 0.50 - 392 45 [64]
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In past years, we have extensively analyzed the sintering and grain gnawtsses in PPB
systems. The microstructures of the compositions close to PPBrwestigated in order to clarify the
sintering behavior of the KNN based lefide ceramics. Figure 4 illustrates the schematic diagram of
our sintering model. The changesthe microstructure are shown as a function of temperature. Figure 5
shows the SEM images of the specimens sintered at various temperatures for the composition
0.995(Ky.4Nag 4d-10.09NbO5-0.005BaTiQ (KLNN-BT). It has been shown before that KNN based
ceramics exhibit cuboidal grains in the sintered microstructure. However, we found that the PPB
composition ceramics rather consist of stacked structure oflfdatgrains as schematically depicted
in Figure 4 and experimentally observed in Figure 5. Thargrain growth seen in this system was
guantified by tracing the formation of liquid phase. These liquid phases are related to the formation of
KsLi2NbsOs5 phase and Ndeficient KNLN-BT based phase formed by Jaevaporation. The liquid
phase redistriies between the plates under the influence of capillary stress gradients. The grain
growth could be modeled by Ostwald ripening.

Figure 4. Schematic diagrams of sintering model as a function of temperature in
KNLN-BT based ceramics.

- F
R

o

N
o
- -

- N e
- S

o
= X

Figure 5. SEM imagesof the specimens sintered at various temperatures in KBILN
ceramicsia) 950€C; (b) 980€; (c)1030€; and(d) 1080°C.

Recently in ABQ type perovskite, an interesting trend between atomic weight ratio of A and B
sites (R, = Wa/Wg) and piezoeledic constant (gk) was demonstrateidrespective of tolerance factor
() [136]. Most of the piezoelectric compositions were shown to exhibit lageonse wheRy for
A-site heavy perovskites andR}y/ for B-site heavy perovskites was higher than 2.0. Using this rule,
KNN-based [0.99(K4dNap.ad-i0.04)(Nb;:xSh)O3; T 0.01BaTiQ] composition with g of 294 pC/N
was designed.
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Various researchers have grown KNN based single crystals. Pure KNN singles@yistiaited ds
~160 pC/N[137] and Mn doped KNN single crystalvere reported to possess 6270 pC/N, Tt
~193€C andTc 416€C [137138]. Recently, Kk sNaysNbOs-LINbO3 (KKN-LN) single crystals were
grown using Bridgeman technique by X al [139]. These KNNLN single crystals exhibit 4
~405 pC/N and k~61% with T. ~428 € . However, composition fluctuation in single crystal is a
critical issue and also their growth process is not-efisttive. Therefore, texturing of ceramics is
gaining prominene as a potential alternative to single crystal. Saital [91] reported that Ui, Ta*
and SB' substituted <001> oriented KNN exhibitssd416 pC/N, but thessubstitutions shifts PPT
from 200€C to nea room temperature (RT) giving rise to temperature dependent behavior. Recently,
Changet al [140] reported that textured @g&Nao.s)(Nbo.o7Sky 3)Os piezoelectric ceramics exhibitss
~208 218 pCIN, k ~0.6%%, Tt ~160C and T, ~352€C , which was superior than random KNN
based ceramics of same composition.

3. Modeling of Piezoelectric Materials
3.1.Single Domain Approximatnin Computingthe Piezoelectric Coefficientsf Ferroelectrics

To explain the physical properties and ferroelectric transitions, the LaBidaburgDevonshire
(LGD) phenomenological approach was successfully used. The free energy expansion cogaiffecients
usually determined from experimental data on permittivity and spontaneous polarization. For this
purpose, the first principle calculations are used. However, a more complete expansion of free energy
density is necessary to estimate the physical paeamedf some single crysgalin a wide
temperature range.

The main objective of this work is to investigate the influence of ferroelectric composition on
dielectric and piezoelectric parameters. We consider PHTBATIO;, LiTaOs;, KNbO; (Nagps
Kos)NbQO;, andNaysBipsTiO3-BaTiOs. We use the most appropriate expansions of free energy density
to calculate the needed parameters.

3.1.1.LeadTitanate

Free energy density of a ferroelectric is defined by the expression:
F = Ff + Fe+ Fes+ FE, (5)

whereF; is the ferroelectric ordering enerdy, is elastic energykesis electrostriction energy, ark

i s t he f energgreah etertalelectrid fieldThe equilibrium polarization is assumed to be
directed along the -Axis. Using sixth order expans for polarization components, the ferroelectric
ordering energy takes the form:

Fo =aP’+a,P’ +a,,P’ (6)

where P is polarizationza , a;; are the dielectric stiffness coefficients. Elastic energy is defined as:

Fo= 2N (S +S +S) +C,(SS, + S5, SS) ™
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where Sis the strain tensor component; @and G, are the stiffness coefficients. Electrostriction
energy can be written as follows:

Foo = - @SP- qu(S+S)PY, (8)
wheregq:d »2pare the electrostriction coef fecuicfieldt . f
has the following form:
FE:T P3 E3 (9)

where E is the external electric field. Strain tensor components can be calculated by using the
boundary conditions for mechanically free sample as:

éuF
=0
THS,
T yF
PN 0’
i KS; (10)
':‘E =0
i S
Solving the set ogéquations 10) for strain components yields:
§ — Ps2 (' Coth, + Cllqu)
| Sl - 2 2!
I - 2(:12 GG T €y
1 P32 (' Co0h, t C11Q12)
1S, = : 11
1 - 20122 +C Gt 0112 ( )
%Ss - (q11C11 B 2C12q12 + C12q11) P32 )
A[ - 20122 tC Gt (:112
Substituting the found expressiorid) into Equation(5) results in the following equation:
F=aP’+bR'+a,P’ - EP, (12)

where

b= 2a11C112 +2C,3,,Ci,- Cllq112 B 2(:11‘:1122 + 40,0, - q112C12 B 4‘5‘110122 )
2(Cy; +2¢,)(Cyi - )

It follows from Equation(12) that taking into account the boundary conditions for mechanically
free sample results in #@ormalization of ferroelectric stiffness coefficient for fourth order of
polarization in the ferroelectric energy density. To find the equilibrium polarizatidrecfample, one
should use the following equation:

P B (13)

where F is defined biquation(12). The solution oEquation(13) has the form:

\/_ 3b- b2 - 3311131
a1, (14)
3

P, =
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Thus, the solution oEquations(10) and (L3) enables findingf the equilibrium polarization and
strain components that appearBguation(5). Piezoelectric coefficients can be determined by using
the equations for strains:

d, = :jﬁ Cris (15
k
APF G
where ¢, =g&—§ is dielectric susceptibility and5 are determined byEquation (11). Using
CH K+
Equatiors (15) and(11) we can find:
— 2P3(2q12012' Cath:- Clqul)
d33_ 2 2 4\’ (16)
(2012 -Gy - C11(:12)(25'1 +123P32 +308111P3)
d..= 2P3(C11Q12' C %) (17)
31 )
(2(3122 - 0112 - Cllclz)(zai +1Z)P32 +303111P34)
The permittivity can be found from the following equation:
8PFEG
e33:aé1_28 +e, (18)
¢Hs ~

As an example, the pararaes of lead titanate are estimatedab o m t e mp=e2r5a tAur.e R
calculations, the following coefficients were used in the free energy density function (in S[14Hits)
a=38x 10 (4 479), a1 =17.3%x 10", a1 = 2.6 x 1%, ci1 = 1.746x 10", ¢1o = 7.94 x 10%,

Ch1 = 1.203 x 10'° o, = 11.878 x 10°. According to our estimatesl; = 111 x 10" m/V,
dis= 22x 102 m/V, esdep = 7 551 .15 2 dExXpenimentally measured piezoelectric coefficient is
equaldss = 25x 102 m/V [142] that isin agreement with calculated data

3.12.BariumTitanate

In an attempt to calculatéhe physical parameters of barium titanate using the ferroelectric energy
density in the form oEquation(6), we obtained poor estimates that did n@tch the experimental
data. Thereforethe expression for free energy density was expanded to eighth order for modeling the
dielectric and piezoelectric parameters of barium titanate as:

Fo =aP+a,P' +a, P’ +a,,P (29
where a;1;is the dielectric stiffass coefficient of eighth order. Performing the calculations similar to
above enables reducifguation(5) to the form:

F=aPR’ +bPR'+a, P’ +a,,P - EP, (20)

whereb is defined byEquation(12). Based orEquation(13), the equilibrium polarization can be
reducedo following form:

4 “3a,? g2
|:>3 = 1 - 3(8 b81111 38111) _ 3a1118 (21)
2 331111(; N -


http://www.multitran.ru/c/m.exe?t=3494172_1_2
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where
L ={108a,,,{ ba,;- 2aa,,)- 27 a1113 +12\/§[32 baa‘llll_
- 9b261112 - 1083131111(b3111' a1‘5‘111]) +27a1a131]]%a111}%'

Using Equation(15), the piezoelectric coefficients can be derived as:

d33 — 2P3(ZQ11011' G- 2012q12) 22)
(Cllclz - 20122 +C112)(231 +1Z)F§.2 +306111P34 +563111P3.6)
d.. = ZP(' COh, t+ C11q12)
31 (23

(C11C12 - 20122 +0112)(2ai "'123F>32 "'303111%4 +56a111P36) ’

Numerical estimates for dielectric and zoelectric parameters were carried out at room
temper a25hde These estimates depend on foll owi
free energy density143]: a; = 4.124 x 10° (T 1 115), a1 = 5.328 x 1CP, a1 = 1.294 x 10,
ar111= 3.863% 10™ cy; = 1.755% 10", c1, = 8.464x 10" gy; = 1.203x 10" g1, =7 1 . 8 Z08 The
calculated vlues are listed belowts; = 137 x 10 m/V, dsz = 95 x 10 m/V, esdey = 189,
ts= 0. 2°6Thewbtaimed estimates are in full agreement with measurement data which were reported
recently[144]: ds; =129.4x 10 2 m/V, ds3= 86.3x 10 m/V, esdep= 1 &8, 0 2°6 u/ m

3.1.3.LiTa0s

LiNbO3; and LiTaQ belong to the 8 point group. Denoting the crystallographic uniaxial directions
as thez-axis, the freeenergy expansion is given as:
R RGP
+by((S- 8,)787)+b,S, (S +S,) +hy (S +8)+ (24)
+B,((S- S,)S, +S,5,) + 0,(S, +S,)P +9,S,PY

whereb; andg; are stiffness and electrostriction coefficients. Equilibrium strain components take the
form for free sample as:

I
© oo

- 2b191 + gzb4) Ps2
2(b,?- 4bb,) (25)
_ (b,g, +2g,b,)P}
~ b’-4bb,
- (' 2b191 + gsz)P32
2(b42 - blbz) .

—

RZ O 2
I

S,

S

Substitutingequation(25) into Equation(24) yields:
F=aP’+a R, (26)
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2 2 2
whereao — azb4 - 4gngb4 ;j'f)lgaé;’azblbz + 4b292 )
A

Equation(26) enables to find the equilibrium polarization:

P3 = g (27)

Then the expressions for piezoelectric coefficients are as follows:
_ 2P3(b4gl B szgz)
(by” - 4bb,)(- a, +3a,P;)
(2blgl - b4gz)P3 .
(b42 - 4b1b2)(' a +3a0P32)

For numerical estimation we used thelldwing LGD potential coefficients for LiTa@
a; = 0.1256x 10", b; = 0.1355% 10 b, = 0.6475x 10", by = 0.4925x 10", by = 0.74x 10",
bs = 0.48x 10", bg =10.12x 10", g, = 10.202x 10°, g, = 0.1317x 10" & = 0.5043x 10'. The
calculaed values were found to bei; = 1.0 x 10 m/V, ds3 = 12.5 x 10 m/V, esgey = 46,
ts= O. & uw/m

(28)

31

3.1.4.KNbOs

To perform the thermodynamic analysis of KNb@olarization was assumed to beP;, 0, B)
for the rhombohedral phase which is statilleoam temperature. In this case, the ferroelectric ordering
energy takes the following form under strégse condition[145-148]:

Fe = 2a,P) +(2a, +a,) R +2(a,, +a,,) B + (28, + 28,5, + 8,,,,) P (29)

One can see thaEquation (29) is similar to Equaion (19) and differs from the latter in
renormalized coefficients. Taking this into account, we can calculate the spontaneous polarization
components and dielectric susceptibility as:

: Q
Ci = % = 30
k eHR u|:|) 8 ( )
When the cell axis is along the pseudacudirection, the spontaneous strains can be expressed as:

S = QR +Q,(P2+PF));
S, = QP +Qu(R* +F); (31)
833 = QllF)S2 +Q12(P22 + Plz)'

where Q;and Q; are the electrostrictive coefficients. Finally, the piezoelectric coefficients can be
found fromEquation(15). The energy expansion coefficienteedsor estimates (in S| units) were as
follows: & = 4.273 x 10(T 1 377), a1 = 6.36 x 10°, a, = 9.66 x 10°, a1 = 2.81 x 10,

aj10 = 11.99 x 109, A1o3 = 6.03 x 109, 111 = 1.74 x 1010, ar112 = 5.99 x 109, A102 = 2.50 x 1010,

a103 = 11.17 x 10", Qi = 0.12, Q12 = 10.053, Qs = 0.052. The calculated values are @iom
temperature were:sP= 0.45 4 / qnesyey = 55, exley = 160, /ey = 1000, ds; = 3.4 x 102 m/V,
O32=T724.3x 10 °m/V, dsz = 27.4x 10 m/V.
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Table 2. Dielectric stiffness coefficientssed for estimates (in Sl units)

- . . . Nag sBiosTi0 3
Coefficients PbTiO3 BaTiO3 LiTaO3 KNbO; (Na,K)NbO; )
-BaTiO;
a 3.8x10°( & 479) | 4.124x10°(T71 115) | 1.256x 10° | 4.273x 10° (T 1 377)
a1 (3) 17.3%x10 5.328x 10 5.043x% 10° 6.36x 10°
a2 9.66x 1¢°
a1 2.6x 1% 1.294x 10° 2.81x 10°
Ao 11.99x 10°
Q23 6.03x 10°
A11; 3.863x 10%° 1.74x 10%
Q112 5.99x 10°
Q122 2.50x 10'°
Q1123 11.17x 10

Table 3. Calculated dielectric and piezoelectric parameters (in Sl units)

Nag sBio sTiO3
B PbTiO, BaTiOs LiTaOs; KNbO; (Na,K)NbO;y
-BaTi03
Obser Obser | Theory | Obser Obser Obser Obser
Theory Theory Theoy Theoy Theoy
vation vation vation vation vation vation
Ps(&#Am 15 0.26 0.26 0.5 0.45 0.42
&9/ 75 189 188 46 55
&2/ 160
eu/en 1000
d31
] T11 137 129.4 1.0 3.4 9.8
(10 ¥?m/V)
d32
] 1243 1223
(10 ¥?m/V)
d33
] 22 25 95 86.3 125 27.4 29.3
(10 ¥?m/V)

Dielectric stiffness coefficients and calculated dielectric parameters for some pieroetattrials
have been summarized in Tabl2 and3. One can conclude that substitution of Pb by Ba in PpTiO
enables higher values of permittivity and piezoelectric coupling coefficieritaO; and KNbO; are
characterized by weaker piezoelectric couplimgsummary, electrical parameters of ldabsed and
leadfree piezoelectrics such as the polarization, dielectric permittivity and piezoelectric coefficients
can be determined using the Equatio(®t), (15) and (B) and experimental dielectric

stiffnesscoefficients.
3.2. Theoryof Ferroelectric Solid Solution€Generalized Lattice Modg]149-152]

One of the most commanethodsor modifying thephysical properties is by introduction of some
impurities into ferroelectric compounds. Thus, the theoretral experimental investigations of
ferroelectric solid solutions are very attractive. There are a few different approaches to address the
problem of theoretically modeling the ferroelectric solid solutions. Most popular approaches are based
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on density fuotional method, quantum chemical calculation and phenomenological thermodynamic
models (such as Landd&sinsburgDevonshire model)This section contains application of the lattice
model to ferroelectric solid solution. This model permits all calculationanalytical form with
satisfactory resemblance to experimental data.

Let us consider ferroelectric solid solution as a lattice with two kinds of dipoles distributed over the
sites. Suppose the energy of two dipoles located in Ritesd R, has the following form:

U =- ?gQa g(Ri - Rj)(Da (Ri)dDg(Rj))na (Ri)ng(Rj)’ (32)

wheren, (R,) is a dichotomous random variable with valdeand 0: it is equal tol if site R,

contains a particle a# -th component, an@ otherwise.
These varlablesy( ) andn (Ri) obey the relation:

n(R)+n,(R;)=1, (33)
their mean values are:
<n(R)>=¢, <n(R)>=c, g+c=1 (34)
wherec,, ¢, are componeid concentrations in the solution.The functic@bsg(R) in lattice models

are longrange interaction potentials with cutting on short distanteystem of dipoles in presence of
an external electric fielE has the following Hamiltonian:

:-EaaQ Q(R R D (R (R, )na Rl ng(RJ)
4ED,RNR) (39

ia

In seltconsistent field approximation for the lengnge parts interactions this Hamiltonian can be
transforned to following form:

H=-afafEr ®,R)h, (Ri>-yS= aA, (36)
where
. 1.
EY = E+><aQ {R-R PR (R, )>. (37)
1.9

The second tern%< 4, Q. R -RD,(R,n,(R,)> in this formula is the local effective field due to all

the dipoles at poinR, for dipole ofa -th kind (in general case the effective fields for the components

are not identical).

3.2.1. EffectiveFields

To evaluateEquation(37) one should find the mean values (r,)> under the sum ovey, g sign.

In geneal case these mean values depend on the correlations between component distributions, but ir
the effective field approximatiothese mean values depend on concentrations of the components:

<nR)>=c, (38)
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As a result we have the following gnession for effective field
SE E+;§ Q<D,>c,, (39)
where
Q;O)g:'a;‘Qag(Ri'Rj):%Qag(Rj) (40)
(the last relation holds by virtue of translation invariance of crystal).
3.2.2. GeneratingunctionalandPolarizationof Solution

Generating functional.g., the partition function a system at an external field presence) in effective
field approximation has the following form:

1 EadW, g & . [ .. (]
z=——p O — = experd [EX @, R )R )y (41)
Nl'NZ' eia 4 u e ia u

wheredW , is a solid angle infinitesimal element in spherical coordingi®sg ./ ;)

dW, =singdgd/;, (42)
b=1T, T is absolute temperature in energetic unds,and N, are numbers of the dipoles.
The multiple integral41) is a product othe same type integrals

4w . sinh(bE*' D)
exgbE® Dcosg|=——"+——1,
A, , xtE" Deosy] = S/Er (43)
therefore generating functional in mean field approximation can be evaluated easily
1 esinh(bES" D, )e ésinh(bES" D, g ”
NllNZIg bEleﬁ Dl H g bEsﬂ D2 ll:Jl . ( )
Hence we find the system polarization (i.e dipole moment per volume unit) as:
P:iulnz
Vb LE
EN, & or 1 g  N,@ " 1 g 0 (45)
=j—¢gothl bE" D, )- D, + —=¢cothlbE;" D, |- 0D, i
2 S =0 R S e

Thus, full polarization of binary solid solution contains two contributions related to both of the
components, but these contributions are mutually dependent via the effective fields. Therefore the
components contributions into polzaition are not additive.

3.2.3. MearValueof aSingle Particle Dipole Momerm Effective Field

Mean value of a single particle dipole moment in external fieldefined as:
i3 " DcosgdWw,

<D>=
i oW

, (46)
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and has well known resylt53-155]:
< D >= DL(#DE), (47)

where
e lg
L = t - =3
(2) &0 hz) i (49)
is the Langevin functionH, is the Hamiltonian of single dipole with mometin external fieldE
Hl =- (E GD) (49)
For onecomponent the system of expressiond (&as a simple form

ESf =E +%Q(°) <D>, (50)

SubstitutionE®" instead ofE into formula (43) leads to transadent equation with respect toD > .
It is well known this equation has a nontrivial solutiel> >, O at T <T_.

3.2.4.Polarization of Solid Solution

System of equations for mean valued, > and <D, > of dipole moments of the solution

components follows from relation gt

& 2
! e g 6 1 0g 1 :

1 A . y
<D >= DlgCOt@Dﬂ E+Ean(2)< D, >Cg[:.'8' 6 1 AH
I e ¢ L7 Y7 D E+2 8 Q7)< D, >c, il
i ¢ K Y
B e o " A u
! _né a € 1. o ua 1 u
%< D, >= D, LothePD, E+§ang <D, >C9L,18' & 1 qu
! e €1 7 1o, fe+ 1 a00<D, o 0
! i 2 Y

i g i g vyl

Note the connection betweenD, > and < D, > realize via nordiagonal elements of matriQ_’,

only. It is clear that the squtio{K D,><D, >} of this system of equations depends on the
temperature, the external field, and all of the matrix elem@f@s To solve this system we should

know the paramters of the physical systeire., matrix elementL.”. These elements should be find

using some experimental data.
Solution of system&1) with respect to< D, >, <D, > permits to find polarization ohe system

as function of external fieldE
N
P=_la<Di>+c,<D,>] (52

and consequently the susceptibility of this system:

_Ne p<D,>, p<D;>p

VE' |E E B (53
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The Langevin functionL(z) contains tw terms. The first term is a transcendent function, the

second is an algebraic function. Both of them have a singulari/=&. These circumstances
complicate search of the solution. Therefore, the Langevin function should be appedxbpatome
more suitable function with correct asymptotic behaviozat 0 and z- = . In the capacity of such
approximation we shall use the following function

L(2)° —arctar%(s

I C)Ol

(54)

Note, this approximation is Wanot only for the Langevin function, but also for its derivative

. 12
(o]
- 36+p°2 (55)
This approximation for the Langevin function permits to simplify the systeffgoationg51)
8 . ~
<D, >= 2D arctagf Do G+ 15 Q0< D, 5,08 (a=12) (56)
p e 6 & 25 0=

3.2.5.Parameters of theomponets

Some of the paramete®, and QY of solution can be find from experimental data of the
components. Equation§pfor a pure component( =1,cg‘g L= 0) have the following form

2D, arcta%'iieE+£Q§°;< D, >
P ¢ 61 2 y

This equation describes connection between external Hedohd mean value of dipole moment
D, . Critical temperature can find from condition existence of nontrivial solutien € D, >, 0) in

exterral field vanishingk =0. Graphical analysis oEquation (57) leads to following connection
between critical temperatui® and the model parameters

<Da >=

CIDOI

(57)

(o, )6Q;°.L T (58)

Differentiating both of sides diquaton (57) with respect toE

u<D,>_ 126(D, f 2 &, ; Qo H<D, >8 (59)
HE 36+(/7D)26E+ Q(O)<D 59 ¢ E =+
& H
we find derivate
u<D, > _ 126(D, f
T 28 5o > (60)
&6+(p B, ) 8E+ v <, > & 600D, )
e g

Eliminating Q from the last equation with account 85 we obtain susceptibility of the
pure ferroelectrics:
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_N,u<D,>_ Na 126(D, f
Ve
e
¢

Y fads- T
[
At E =0 the susceptibility have a singularity in vicinity of the critical poipt

—.
<D, >o ! (62)
uu
Da U,{]

- oo
I oo:,\>

e
T ¢ gED+3T
3.2.6.Susceptibility ofSolid Solution

After differentiating bth sides of each equation in |56ver E we obtain a system of linear

<D, >
algebraic equations fo%:

u<D,>_ 126(D, f R u<D, >§
HE - S g 2, 77 M 2 (62)
6+(p B, &+ L AQTF, <,
e U
This system have the following short form:
D, D,
- ABES B ABLE = A
i <D, > <D, > (63)
T A2|321HT1+(1' Aszz)“izzAz.
where
126(D, )*
A= (0.) 7
36+(p b, P SE+ L aQ“”g<D >g (64)
é a
and
B, ;= EQ(O) (65)
Hence we have fof<D:> and #<D.>:
HE HE
Bu<D,>_ Al- AB,+AB,) |
':\ |JE 1 AtBll' AZBZZ+A1A2[BllBZZ_ BlZBZJJ
‘ (66)
} p<D,> _ Az(l A&Bn"'Athl)
1

WE  1- AB,- AB,+AA[B B, BB,

This system of equations will be used for the critical point finding.
3.2.7.Critical Pointsof Solid SolutionsandModel Parameters

The solution susceptibilityg3) in the critical point has a singularity due to vanishing denominators
in right hand sides of @

1- AB,- AB,+AA[B B,,- B,B,|=0. (67)

This equation takes place under the conditions



Materials2011 4 672

eE=0;
{<D,>=<D,>=0. (68)
The second of thesmnditions due to the polarization vanishingiat T .

Substituting expressions4pand (&) with conditions (8) account intoEquation(67), we obtain
the quadratic equation with respect to critical temperature

72 (DFQl ;( )chmc;g D, F |- Q] =o. (69)

Discriminant of this equation in relation to symmetry property of the m@tj‘i}(is nontnegative

5 =[(D.; QY% - (0,0 Q%[ +46c,(0,0(D,FQUQY2 o, (70)

therefore this equation has two real solutions.
Two variants are possible depemglion the quantity Q sign

Q=Q9QY- QUQY. (72)
AQ¢o0. In this case one of the solutions is positive, and the second solution is negative. The

positive solution has a physical sense as the Curie temperature, the negativa salsitimot any
physical sense.
AQ>0. In this case both of the solutions are positive. A physical interpretation of this case can be

clarified after temperature analysis of tRguatiors (56)6 solutions. Thus, at conditio >0

two-component ferroelectric solid solution has two critical points.
Note that the critical points of solutions depends on such combinations dipole mdpeand

interatomic potentialQ{’,

o= QD. D, (72

Transform the equation (65) using these combinations

2 _ Gll(l' X)+Gzzx X(l' X) _ —
T 6 T+ 36 [GllGZZ GlZGZJ] =0,

where x = ¢, is second component concentratiop=1- x.

(73)

Let us introduce a new parameter
GC=G G- GG,y (74)
and onsider a general way of the model parame®s, G,,, G finding by the method of

least squares.
Let us introduce the functiof (G,G,,,G,,, T, X)

f(G GG T, X) T? Gll(l' )é)"'GszT_l_ X(]é-GX)G

and find the prameterss, G, ,,G,, by means of the functioP?(G,Gll,Gzz) minimization:

F(G'Gll' Gzz) (G Gll ) m'n (76)

(75)
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whereT,x are the experimental points. As a result, system of equations for the model parameters
G,G,,,G,, finding has the following form:

&UF (G,G,,G,,)
uG

“F(G’Gll’GZZ) 0

MGy, , (77

HF (G’ Gll’ GZZ)
IJG22

=0;

=0.

———) =) =) =) =) =) = ()

After parameterss,G, ,,G,, finding it is possible to perform research of the Curie temperature as
function of solution composition.

3.2.8.SystemBay; Pl TiO3

There are the experimental data for Curie temperature of the sBsigiRhTiO3 at concentrations
0 x@ [153-157]. The part of the measurement results presented iFetbie4.

Table 4.Curie temperatures as a function of compositf Bay; xPbTiOs3.

X 0 0.5 1.0
T(x) 393K 623 K 763 K

The first line containghe concentration of PbTiQin the system, the second line contains the
corresponding Curie temperatures. Results of the paran@tgls,,, G calulations are:

6G,, = 2358K

e = :

1G,= 4578I§, (78)
G =-4.04300° K>

Results of these parameters using Curie temperatures of the solutions are piaseiect 6.
These results are in close agreement with experimental data.

Figure 6. Calculated dependence of the Curie temipeesof the systerBa; xPTiOs.
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Thus, the lattice model with effective field approximation for loagge parts of the interatomic
potentials can be used for description of the ferroelectric solid solutionsthBgssential restriction
of the modebhouldbe noted: this approach fine present form can be realized in the case of similarity
of the crystal structures of the solid solution components only. Otherwise the method should
be modified

4. Modeling of Magnetoelectric Composites

The theory for3-0 composites is based on the cubic model of compi&159. The sample is
assumed to consist of cubddimensions of sample are supposed to be small compared with
wavelengths ofAC fields used in the measurements. One, therefore, needs to op\aoastze only
one of the units to describe the whole samipte. a unit cube, Heatiors (R) and 80) are described.

The boundary conditions consist in force balance and equality of medium displacement on the
boundariesUsing Eauatiors (@) and 80) andboundary conditions enables one to obtain ME voltage
coefficient numerically. Calculations show that the peak longitudinal ME voltage coefficient for
3-0 connectivity reaches 4000 mV/cm Oe and is three times higher than the transverse coefficient
when thepoling direction is perpendicular to the bias magnetic figldcase of @ connectivity the

peak longitudinal ME voltage coefficient equals 900 mV/cm [Dea real composite sample, the
internal units are clamped by neighboring ones. Taking into actbentlamping effect caused by
surrounding unites cubes leads to significant decreasing of ME voltage coefficients.

PZT volume fraction dependence of transverse ME voltage coefficients is shown inFHigutke
samplein which internal units are assuch® be clamped by neighboring ones.

Figure 7. Piezoelectric volume fraction dependence of ME voltage coefficient fdafd
01 3 composites of NZF®ZT and NZFOKNNBT.
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Further, we consider only symmetric extensional deformatio this model and ignore any
asymmetric flexural deformations of the layers that would lead to a complex solving procedure. Our
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consideration is based on the following equations that can be written for the polarized piezoelectric
phase with the symmetBm for the strain and electric displacement:

PS = Ps; Ty + P PEx

(79)
PDy = Pdi°Ti + P&n’En

where”S andPT; are strain and stress tensor components of the piezoelectric thase"Dy are the
vector components of electric field and electdisplacement’s; and Pdy; are compliance and
piezoelectric coefficients, arfléy, is the permittivity matrix.

The magnetostrictive phase is assumed to have a cubic symmeisydasdribed by the equations

MS = Ms; T+ "ok H (80)

where™§ and™T; are strain and stress tensor components of the magnetostrictive Tihasad are
the vector components of magnetic fi€ld; and™q are compliance and piezomagnetic coefficients.

The layers are assumed to be pelyeacoupled at the interface ande use the following
boundary conditions:

VPTi+ (17 v)"Ti= 0 and’S = "Sfori=1, 2, (81

wherev is PZT volume fraction.
Equations(79)i(8) yi el d the expression for ME voltag
orientation as:

E
aE33:73:
Hj

2 mv(- V) °dg; gy

{2Pd3;(1- V)+Pes(Psiy+Psp) (v- - V(Msyy + M)l
3 [(Ps1+Ps,)(v-1)- V(s +Msp,)]

{{mp(v- - "mVIIv("sio+ sy1)- (Psip+ Pspo)(v- D] +2Ma5v )

(82)

where E, and Hy are vector components of the electric and magnetic figlds ancompliance
coefficient;d; is apiezoelectric coefficienty is apiezomagnetic coefficienti,is permittivity.

For transverse f 1 ®llowirsy 6 expressione cah abe iobtaned for hME
voltage coefficient:

5 =Fa_ - V(1= v)("opg +"dpg) Py
H

E31 (83
! p‘933(m512+m511)v"‘ Pes( p511+ pslz)(l' v)- 2PdZ,(1- v)

As an example, numerical estimates are made for bilayers of NZFO, cobalt freite (CFO) or Ni and
PZT or leadfree ferroelectrics. Using the zusubstituted nic&l ferrite is dictated by fadhat when
Zn is substituted in nickel ferrite, the room temperatgrevaries linearly with increasing Zn
concentration x for x 0.3[160]. The material parameters used for theoretical estimates are listed in
Table5. Calculations of magnetically induced voltage are for the sample thickness of 1 mm.
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Table 5. Material mrameters (compliance coefficient s, piezomagnetic coupling q,

pp ezoel ectric coefficient d, and pefremi tti vi
ferroelectricd161,162] used for theoretical estimates
Material | s (10| s (102 gun (10%2| g (10%2 | ds; (0% | dss (10% | esdlen
m?/N) m%/N) m/A) m/A) m/V) m/V)
PZT 17.3 17.22 - - 1175 400 1750
NBT-BT |7.3 13.2 - - 1140 280 2000
Mn:NBT- | 7.3 13.2 1242 483 4000
BT
NKN-BT | 5.55 11.04 1110 225 1058
NZFO 6.5 124 11050 210 -
CFO 6.5 12.4 11880 556
Ni 4.9 11.5 14140 570

Figure 8 shows the piezoelectric volume fraction dependence of WiEage coefficient for
NZFO-PZT, NZFOMBT-BT, NZFO-Mn:MBT-BT, and NZFGNKN-BT and for
CFOMBT-BT, CFOMNn:MBT-BT, and CFONKN-BT forl ongi t udi nal

One can see from Figur&sand 9that the transverse ME voltage coefficient considerably exceeds
the longitudinal one that is attributed to a reduction in the internal magnetic field duetéo fini

magnetic

Ni phase.

per meabil ity
stronger piezomagnetic coupling for CFO (see Table 5) results in increased ME cosftomepared
to NZFO.Figures10 and 11 show the futher increaseMk effect at the replacement of ferrites by a

of

ferrite

and

CFOPZT,
fieldsod

demagnet

Figure 8. Piezoelectric volume fraction dependence of longitudimagnetoelectric
(ME) voltage coefficient for bilayers of NZFO and piezoelectrie$ and CFO and
piezoelectricgb).
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Figure 9. Piezoelectric volume fraction dependence of transverse ME voltage coefficient
for bilayers of NZFO and piezoelectrit@) and CFO and piezoelectrifs).
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Figure 10. Piezoelectric volume fraction dependence of longitudiME voltage
coefficient for a bilayer of Ni and piezoelectrics.
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Figure 11 Piezoelectric volume fraction dependence of transverse ME voltage coefficient
for a bilayer of Ni and piezoelectrics.
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The above theory is for samples that are free of anyralterechanical force. Now we consider
bilayers that are clamped perpendicular to the plane of the bilayer, along direction 3. The compliance
of the clamp system is represented &ys; with zero compliance for rigidly clamped samples and
infinite compliane for unclamped sampleAds an example, we consider ME coupling in a clamped
bilayer for transverse field orientatiomhe boundary conditions for the clamped sample become
T1 =0, T2= 0, and T3 = 33 T3. The transverse ME voltage coefficient is deteedirby the
expression (&)

a. ., = A31(S33+S:33)~ gl
’ E33(Ss3*S:33)- U3

where Uss, Ss3, Oss, gz, and es are ME susceptibility, effective compliance, piezoelectric and
piezomagnetic coefficients, and permittivity of compoB#le The numerical estimate of ME coupling

is presented in Figurg2 for free and rigidly clamped bilayers of PZT and NZFO. One can see from
Figure 12 that clamping the sample reduced ME coupling by half.

(84)

Figure 12. PZT volume fraction dependence of ME voltage coefficient for free and rigidly
clamped bilayers of NZFO and PZTforr ansver se fieldsdé orientat
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5. Data onMagnetoelectricResponsen 3-0, 2-2, and 13 Composites
5.1. ME Effectin Sintered Composites

Magnetoelectric composite materials consisting of piezoelectric and magnetostrictive phases
respond to both electriand magnetic field. The composites exploit product property and various
synthesis techniques can be adopted to combine two different phases depending upon the cryste
symmetry, lattice parameters and physical state. The presence of piezoelectric aetbstragive
phases in the same material provides the opportunity to develop a voltage gain device operating on the
following principle. An applied AC magnetic field induces strain in the magnetostrictive phase which
is transferred onto the piezoelectribgse in an elastically coupled system. The piezoelectric phase
produces the electric charge in proportion to the applied strain. Figure 13 summarizes the magnitude o
ME coefficient reported foin situ and particulate sintered composifd®,24,163-166]. It can be
immediately noticed that multayer laminates with intedigital electrodes provide the highest
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magnitude of ME coefficient. Figure 13 also shows the interface microstructure in
Pb(Zr,Ti)Gs-(Ni,Zn)FeO, (PZT-NZF) composites with bilayer geometry with no intermediate
electrodes. By tuning the concentration of ionic dopants it is possible to achieve dense interfacial
structures which can compensate for the lattice mismatch between the perovskite and@pmedr,
diffusion of Zn and Cu ions into piezoelectric phase and Pb ions into magnetostrictive phase limits the
magnitude of maximum achievable ME coupling. The diffusion lengfigare 13 isof the order of

1520 em with synthesis t ent.dmrparticulateec®omposites thereeis r a
additional problem limiting the magnitude of ME coupling, namely 3D connectivity of magnetic phase
which for smaller piezoelectric grain sizes can be noticedblis. now well understood that ME
coefficient in particulate composites can be tailored to their maximum magnitude by synthesizing high
piezoelectric voltage coefficient Ago and higl
low magnetic coeivity and high magnetization magnetostrictive phase. Additional constraint is
imposed by the equivalence of mechanical impedance.

Figure 13.Magnetoelectric coefficient for various bulk sintered composites.
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Figure 14(a) and (b) shows the variasanm ME coupling with varying piezoelectric grain size in
31 0 particulatePb(Z1 52T10.49 O3 (PZT)-Nig.sZno JFe04 (NZF) compositeg167]. It was found that as
the piezoelectric phase grain size increases the lbuwasistivity, piezoelectric, dielectric and
ferroelectric property of the composite increases and saturates abomen68@low 200nm average
grain size, piezoelectric and dielectric properties decrease rapidly. The size effect of magnetic phase
was smi. In addition to diffusion, the main problem limiting the magnitude of ME coupling was
found to be 3D connectivity ahe magnetic phasevhich for smaller piezoelectric grain sizes can
be noticeable.
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Figure 14. Magnetoelectric responses as a funcbbia) DC bias field andb) grain size

of PZT.
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In layered composites the connectivity is limited to the region near the interface. For thin film
systems, this may form the significant fractiontlo¢ overall system.Selfassembled microstructures
(such as eutectic decomposition and strain minimization) suffer from the drawback that ferroelectric
polarization is reduced in the system due to formation of mechanical twins, thus exhibiting low
magnitude of ME coumg. BaTiO;-CoFeO, (BTO-CFO) system particulate composite with eutectic
compositionwere reported b¥chigoyaet al [163]. Even though the phase distribution occurs with
high periodicity and interface exhibits crystallographic orientation relationghigsnagnitude of ME
coupling remains low. The orientation relationships between phasesitéctic decomposition of
BTO-CFO can be expressed a3:for hcp BaTiQ: (111)CFQ/(00.1)BTO and (110)CFO//(11.0)BTO;
and (i) for tetra/cubic BaTi@ (001)CFO//(@1)BTO and (100)CFO//(100) BTO.

High magnetostrictive coefficients are obtained in the compounds of the tylpa/fiere R is rare
earth and T is the transition metal, however these materials have poor resistivity and are chemically
reactive. Thus, the chae for the magnetostrictive phase in grown / sintered composites narrows down
to the spinel ferrites. In the spinel ferrites, the spontaneous magnetization correspondgferenee
between the sublattice magnetizations associated with the octahedrédtehedral sites. Results
have shown enhanced magnitude of the ME coefficient fggxy -Fex0O4 (NZF) and C@eZno.4Fe04
(CZF). In the nickel zinc ferrite solid solution (NiZnFe:Os) asx is increased Z# replaces F¥ in
the tetrahedral sites and’Félls the octahedral sites emptied by?NiThe net magnetization of nickel
zinc ferrite is proportional t&(1 + x) +2(1 7 x) T 0(x) T 5(1 1 x) = 2 + 8x. Thus, the magneti
moment as a function of the Zn content increases until there are so évioe remaining in
tetrahedral sites that the superexchange coupling between tetrahedral and octahedral sites breal
down.Figure 15 shows our results on the PMZF and PZTCZF composites. It can be seen from this
figure that CZF is a hard magnetic phase, requires higher DC bias, has lower remanent magnetizatior
and results in larger reduction of the ferroelectric polarization as compared to NZF. On the other hand,
a high increas in the resistivity of the Nierrites is obtained by doping with Co. Further, the sintering
of Ni-ferrites has been found to be simpler with the PZT matrix due to low temperatures and adequate
grain growth.
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Figure 15 Comparison of magnetic properties PZT-NZF and PZTCZF.
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In particulatesintered composites consisting of random distribution of magnetostrictive particles,
there is excessive croeggfusion of ions across the interfadeecently, it was shown in Guodified
nickel zinc ferrite (NCZF) PZNT composites that Cu ions diffuse into PZNT while Pb ions diffuse
into NCZF. This crossliffusion lowers the magnitude of magnetostrictive constant and piezoelectric
voltage constant. Another drawback of particusitdered compots is connectivity of the ferrite
particles which lowers the overall resistivity and reduces the poling voltage. However, by confining
the distribution of NFO along the grain boundaries and controlling the fraction of such boundaries,
higher poling voltag can be appliedigure 16(a) and (b) shows the simulation of the magnetic field
pattern when the ferrite particles and ferrite plates are placed in between the strong DC magnetic field.
The magnetic field pattern clearly reveals that the plates ara@béach the saturation state for a
given applied magnetic field while dispersed particle do not because the flwrigmeating from the
particles shield the response. This data provides another explanation for the experimentally observec
fact that magetoelectric response of the sintene@itu composites is lower than the layered ones. The
field in textured nanocomposite can be enhanced by coupling with the external layers.

Recent results by Grossinget al on composite awsisting of 50% cobalt fete-50% barium
titanate in coreshell structure showvgiant increase in ME coefficient as compared to randomly
dispersed compositd468]. The results were analyzed in terms of coupling coefficient k, given as
Kpar = 9pad g/ d H, wahrepresentssthe longitudinal magnetostriction, H is the applied magnetic
field, and d is the effective sample thickness. It was showntlieathagnitude of ME coefficient
increases with k which is higher for cesbell structure. Tése results are consistent with our own data
which shows that corshell Pb(Zr,Ti)Q (PZT)NiFe,O4 (NFO) particulate nanocomposites provide
higher magnitude of ME coefficient. In our case, esiell composites were synthesized through high
pressure sintérg which resulted in good interface bonding and effective strain transfer across the
interface L69]. The microstructure in Figurg?7, which has a resemblance to csheell structure, can
provide effective elastic coupling between the magnetostrictive and piezoelectric phases. The
magni tude of ma g n e typ antd Kk iwitl be roger foc thee NAGorderece phase o
distribution along the grain boundaries due to texturing and phase separation.
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Figure 16. Magnetic field patternga) when the ferrite particles are placed between the
magnetsand(b) when ferrite plates are placed.
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Figure 17. Transmission electron microscope ima@é PZT-NFO coreshell composite
synthesized by high pressure compaction sinte(ajdBright field (b) Dark field
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The leadfree 30 ME composites have been studied using three types of piezoelectric materials
based on:(i) KosNaygsNbQOs, (i) NagsBigsTiOs, and (iii) BaTiQ. BaTiOs;-CoFeQ (BTO-CFO)
leadfree composites wereeportedby Boomgaardet al in 1978 andwere found to exhibitME
coefficient di3. Afte that, mevdrabtodeOmve been conducted on i&ae¢ ME
compositesbut the magnitude of ME coefficient was found to be below 100 mV/dde in
off-resonance conditionsecause of the poor piezoelectpiopertiesof leadfree materialsRecently,
leadfree 30 ME composites of1 7 x) [0.948 KysNaysNbOsi 0.052 LiSbQ] T X NiggZnoFeOq
(KNNLS-NZF) with island matrix structurenave beerstudied by Yanget al [170]. Figure 18 shows
that the ME voltage coefficient was found to maximize in the 0.7 KNNLE NZF sintered at
1060°C and the optimum DC bias representing the maximum ME voltage coefficient decreased with
increase in ma fraction of NZF in the composgeFrom the result in Figure (8, it can be alseeen
that the islandnatrix system is a promising structure to use wide range of magnetic values with high
ME effect.
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Figure 18. (a) ME coefficient andb) Hpiasfor (117 x) KNNLSi x NZF composites.
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5.2. ME Effectin 2-2 Composite

A 2-2 connectivity refers to a bilayer consisting of piezoelectric and magnetostrictive p8lases
The leakage problem duto high concentration of ferrite and low resistivity in the ferroelectric
ceramic matrix can be eliminated through laminate struaeshown in Figurel9. However, high
temperature cdiring process for the piezoelectric and ferrite ceramic layersig @hallenge due to
difference in shrinkage rate, thermal expansion mismatch, and interdiffusion and/or chemical reactions
betweenthe two ceramic layers during the sintering process at high temperature. These composites
also exhibit much larger anisofrp as compared to particulate composites.

Figure 19. Schematic diagraraf ME trilayer compositesvith two-type configurations

M-P-M P-M-P

Figure 20summarizes the magnitude of ME coefficient reported2f@r laminatecompositesn
off-resonance conditiondn gereral 2-2 laminate ME composites, three types of magnetostrictive
mateirals have been used: (i) ferrite, (ii) TerfeDoland (iii) Metglas.Various ferrite oxides in
Table 6 are available to csinter with piezoelectric matrix and were found to exhibffedent
magnetostrictions due to their varying magnetic properfied]. TerfenotD has the largest
magnetostrictiorof 1400 x 10'° with low permeability while Metglashas extremehhigh relative
permeability of 40,000 and thus isn quite attractive magnetostrictive material iow field ME
sensorg172]. Detailedresearch has been performed by the authors exploring2heo@nectivity of
the ME compsites in the form of bilayers, trilayers and multilayers of piezoelectric and
magnetostrictive materials. Islaet al have synthesized PZNCZF bilayer and NCZHPZT-NCZF
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trilayer using cefiring technique. We found a high ME coefficient on the order5f0 mV/cmOe in

trilayer structure§164]. Leadfree 22 laminate ME composites &aTiO; (BT) / (Nip.sZno.2)Fe04
(NZFO) also were synthesized by-fiong and the magnitude of ME voltage coeféiot reached
saturation at DC bias of 1000 Oe with maximum magnitude of 152 mV/cft 3k Donget al have
studied several multilayered ME configurations by using materials PZT, Terfenol D and Metglas and
have reported quite high ME coefficients on the order of 10 V/cnOe resonance
condition [30,32,33,38]. Among bulk multiferroic composites, the composites consisting of giant
magnetostrictive alloy TiDy«Fe, (TerfenotD) and piezoelectric Pb(Zr, TiXXPZT), exhibiting high
magnéo and electromechanical energy densities respectively, are the most attractive due to their giant
ME respons¢33,34,38,174,175]. Recent research [Barket al reported the maximum ME coefficient of
5150 nvV/cmA O e -resonamde tondition by combining RPMN, Metglas, and Terfend [176].

Table 6. Magnetostrictions for ferrite oxides.

Material /s(310°)
MnFe,O, 15
Fes04 40
CoFeO, 1110
MgFe&0,4 16
Lio_5Fez_504 18
NiFe,04 126
CuFeOy 19
YFes012 12
SmF%OQ 3.3
DyF&012 1.46
Eu F%Olz 9.48

Our study on texturing in-2 laminate composites shows that the cofired ME trilayer congisfi
(NIosCLbzznoz)FezO3 (NCZF) and 085Pb(Z)|’52T|048)O3-015Pb(zm/3Nb2/3)03 (PZTl PZN) with
partial texturing was found to exhibit 67 % improvement in magnitude of ME coefficient than that of
trilayer with random orientationl/7]. The textured PZIPZN composites with high tetragonality
were found to possess 44% improvementdin and 4450% enhancement in dielectric constant.
Park et al reported ME responses in -2 laminate composites consisting of
Pb(ZnsNbys)x(ZrosTios)1 1 Qs (PZNT) and Metglas 1[78]. These laminates were fabricated by
stacking 20 layers of Metglas on esiele of PZNT plate for type | and beside of PZNT plate for
type Il composites as shown in Figure 21. The ME voltage coefficients were found to be 62 mV/cm Oe
at DC bias of 215 Oe for type | and 73 mV/cm Oe at DC bias of 570 Oe. Dimensionally gradient
bimorph structure has been designed for wide operating rangeqoieficy andHpias [179]. The ME
behavior was found to be dependent on both shape and dimension of laminates such that the bimorp
laminates with asymmetric H shape were found to exhibitMB&t responses by merging different
dimensional ME responsesider wide ranges dipias = 60 215 Oe and = 71 22 kHz, respectively. Our
results have laid the foundation for design of the magnetic field sensors exhibiting wide frequency and DC
bias operatingange.
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Figure 20. Magnetoelectric coefficient fd-2 laminatecompositesn off-resonance conditions.

ME coefficient (mV/cm Oe)

Figure 21. (a) Schematic diagranand (b) ME voltage coefficients for PZNT/Metglas
bilayer and Metglas/PZNT/Metglas trilayminates.

E/H (mV/cm Oe)

Recently, we have measured the ME voltage coefficients-bteadfree ME laminates given as
Ni/NKNLS / Ni, Ni/NBTBT/Ni, and Metglas/NBTBT/Metglas. These lekde ME laminates were
fabricated by embedding piezoelectiagers between magnetostrictive layers of Ni plates or Metglas.
The leadfree laminates with Ni in Figure 22 (a) and (b) were found to exhibit high ME coeffcént
300 and 80 mV/cnmBe atpias = 100 and 200 Oe, respectively. On the other hand, the déesinvith
Metglas shown in Figure 22 (c) show the maximum ME coefficient of 47 mV/cm®Oe below 30 Oe due
to thehigh permeability of Metglas.



