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Highlights:

e Lead-free potassium sodium niobate (KNN) is one of the important piezoelectrics.
e Alkali niobates and KNN family with perovskite structure are reviewed.
e The ferroelectric instability of KNN has an order-disorder nature.

e KNN shows elastic anomalies in structural phase transitions.

Abstract: The potassium sodium niobate (KxNaj—x)NbO3 (KNN) family with the perovskite structure is
a technologically important lead-free piezoelectric material. This paper reviews the ferroelectric and
structural phase transitions of KNN and related materials. The nature of end members, the physical
properties, and phase transitions of simple alkali niobate materials MNbO3; (M=Li, Na, K, Rb, and Cs)
are reviewed. The binary solid solution's phase diagram, KNN, is introduced concerning the
morphotropic phase boundary (MPB). To understand the phase transitions near the MPB composition,
the temperature dependences of lattice dynamical properties of KNN single crystals on optical modes
and acoustic modes are reviewed by Raman and Brillouin scattering studies, respectively. Physical
properties and phase transitions of KNN-based solid solutions were also reviewed.

Keywords: lead-free perovskite; potassium sodium niobate; morphotropic phase boundary; ferroelectric
phase transition; elastic; Raman scattering; Brillouin scattering

1. Introduction

Ferroelectric materials have been extensively applied to various devices with many attractive
functionalities such as pyroelectric, piezoelectric, nonlinear optic, elasto-optic effects. In 1942, the
ferroelectricity instability was suggested by the anomalous dielectric response in BaTiO3 [1]. It is the
first piezoelectric oxide material with chemical stability. Its crystal structure is the same as a mineral
perovskite (CaTiO3) with a perovskite structure. Various perovskite oxide ferroelectrics have been
developed and are very important in the industry.
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The instability of ferroelectricity and antiferroelectricity of ABOs3 perovskite ferroelectrics was

classified using the following “tolerance factor” defined by
_ Ra+Ro
V2 (Rg+Ro)’ (1)

Here, Ra, R, and Ro denote the ionic radii of A, B, and O ions, respectively [2]. At = 1.0 an ideal packing
occurs. In most materials with the perovskite structure, the range of ¢ is between 0.9 and 1.1 [3]. For
1.1 >¢> 1.0, there is enough space for off-center B ions related to ferroelectric behavior. At ¢ = 1.0, not
ferroelectricity but quantum paraelectricity appears. For 1.0 > ¢> 0.9, a tilt of oxygen octahedra occurs by
tight space of B ion in an octahedron and it induces superstructure or antiferroelectricity.
Goldschmidt’s tolerance factor was investigated for perovskite materials [4]. The effect of doping on
the tolerance factor was also studied [5].

2. Simple alkali niobates

The niobium oxide perovskites are environmentally friendly materials and have been widely recognized
because of their excellent piezoelectric, nonlinear optic, photocatalytic properties, and high-energy storage
density [6]. The ¢ factors of alkaline niobates, MNbO3; (M = Li, Na, K, Rb, Cs), are LiNbOs: ¢ = 0.75;
NaNbOs: ¢t = 0.97; KNbOs: ¢t = 1.05; RbNbOs: ¢t = 1.09, and CsNbOs: ¢ = 1.14. The tolerance factor of
LiNbOs is smaller than 0.8 and its crystal structure is not the perovskite but the LiNbOs structure [7],
which is similar to the ilmenite structure. The room temperature phase of LiNbO;3 is ferroelectric with a
trigonal space group R3¢ and a Curie temperature 7c = 1200 °C [8]. When the ¢ factor increases by the
substitution of Li by Na, the perovskite structure is reported in Lip.2Nao.sNbOs crystals. A ferroelectric
phase (R3c) was observed at ambient temperature by powder neutron diffraction [9].

The tolerance factor of NaNbO; with the perovskite structure is between 0.9 and 1.0. An
antiferroelectric orthorhombic phase (point group: mmm) was observed at room temperature [10].
Recent Rietveld analysis by the diffraction experiments by X-ray and neutron reported that
ferroelectric (space group: P21ma) phase and antiferroelectric (Pbma) one coexist in the temperature
region 27 °C < T < 342 °C [11]. NaNbOs is highly polymorphic, and more than eight phases were
reported in the large temperature region from —200 °C to 643 °C. Doping (Bao.7Cao3)TiO3 (BCT) into
NaNbOs; destabilizes the antiferroelectric phase of pure NaNbO3 and enhances the existence of the
ferroelectric phase (Pmc2;) [12].

The tolerance factor of KNbO3 is more than 1.0, and it is ferroelectric with the orthorhombic point
group (mmZ2) at room temperature [13]. KNbO; has received renewed interest because of the large
electromechanical coupling constant for longitudinal acoustic modes and surface acoustic waves
(SAWSs) [14]. KNbO3 undergoes the successive phase transition, which is generated by a prototypic
phase and a set of degenerate soft modes [15]. The high-temperature prototypic phase is cubic (Pm3m).
Upon cooling tetragonal (P4mm), orthorhombic (Bmm2), and rhombohedral (R3m) phases successively
appear. The successive phase transition of KNbO3 belongs to a homophone sequence, and it is the same
as that of BaTiO3 with the perovskite structure.

The tolerance factor of RbNbO; is more than 1.0 and is larger than that of KNbOs. It is
ferroelectric with the orthorhombic point group (mm2) at room temperature [16]. Theoretical
calculation of RbNbO; by first principles within the density functional theory predicted that
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rhombohedral R3m is the ground-state structure [17]. However, polycrystalline RbNbO;3 was recently
obtained by high-pressure and high-temperature (HPHT) synthesis [18]. It was found that RbNbO3
undergoes a first-order tetragonal (4mm) to orthorhombic (mm?2) phase transition at 519 K and there is
no transition below 5 K to a rhombohedral (3m) phase [16]. Further study is required on the ground state
and phase transitions of perovskite RbNbOs. In the orthorhombic phase, spontaneous polarization was
larger than that of KNbOs3, and this fact may be related to the larger tolerance factor than KNbO:s.

The tolerance factor of CsNbO3 (CNO) is also larger than 1.0. The synthesis is not yet reported in our
knowledge. The cubic perovskite phase was hypothesized in CNO to study the technologically important
electronic, photocatalytic, elastic, and optical properties [19]. The first-principles calculation reported that
CsNbOs is thermodynamically unstable at ambient pressure, though it becomes stable at 20 GPa [20]. The
study by first-principles calculation reported that the A-site cations in K;—xRb,NbO; and K;-,Cs,NbO3
alloys (0 < x < 0.75) with polymorphic tetragonal systems have no contribution to the total Ps. For the
polymorphic orthorhombic systems, Nb off-centering displacements in the NbOg octahedra are the main
mechanism for ferroelectricity in both Ki—xRb:NbO3 and K;-xCs:NbOs3 alloys [21]. Since high-quality
single crystals are available for LiNbO3, NaNbOs, and KNbOQ3, the crystal growth is very important to
study the physical properties of RbNbO3 and CsNbOs.

3. Solid solutions (K.Nai-x)NbO3 (KNN)
3.1. Successive phase transition of KNbO3

A successive phase transition of KNbO3 belongs to a homophone sequence, which is equivalent to the
successive phase transition of BaTiOs. From a high-temperature phase with cubic symmetry, it undergoes
phase transitions to tetragonal, orthorhombic, and rhombohedral phases at 418, 225, and —10 °C,
respectively [22]. The off-center displacement of Nb>* ions can be attributed to the local pseudo-Jahn-Teller
effect (PITE) of transition metal Nb>" ions in NbOg octahedra [23]. Both displacive and order-disorder
instability were discussed in its ferroelectricity. As the diffuse nature of a ferroelectric phase transition,
an intense quasi-elastic scattering was reported in an inelastic neutron scattering study [24]. The
softening of an infrared active 71y mode or critical slowing down toward 7c was observed above Tc by
Hyper-Raman scattering [25]. The triply degenerate phonons induced the direct transition between cubic and
rhombohedral phases. The intermediate cubic-tetragonal and tetragonal-orthorhombic transitions are
triggered by relaxation processes in the dielectric anomaly [26].

3.2. Successive phase transition of NaNbO3

NaNbOs has been widely used as an end member of the lead-free piezoelectric perovskites [27]. The
number of phase transitions in NaNbOs3 is maximal among all the oxide perovskites. At least, seven
phases were reported, from a high-temperature prototypic C (Pm3m) into Ti (P4/mbm), O1 (Ccmm),
02 (Pmmn), O3 (Pmnm), O4 (Pbma), and R (R3c) phases [28]. Weak dielectric anomalies in the
temperature region from 130 °C to 190 °C indicate the possibility of an incommensurate phase. These
phase transitions belong to a heterophone sequence in which the soft mode system consists of two or
more different sets of degenerate modes [29]. Raman scattering spectra included many Raman active
modes, and the anharmonic effect was observed [30]. Its crystal structure is still controversial, and the
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coexistence of a few phases was reported at room temperature by the observation of a transmission
electron microscope [31]. The stoichiometry and the vacancy generated by the evaporation of Na in the
synthesis may play a dominant role in the crystal structure [32]. The effect of cationic substitutions in the
A and B sublattices of the NaNbOs-based piezoelectric ceramics [(1 — x)(NaNbO3-0.1BaTi0O3)]-xBaZrOs
with x=0-0.05 was reported [33]. To clarify the role of A and B sublattices, further study is necessary.

3.3. Potassium sodium niobate (K;-xNax)NbO3
3.3.1. Phase diagram

Potassium sodium niobate (K;—xNa,)NbO3 (KNN) piezoelectrics are important lead-free ferroelectrics
with a high Tc replacing Pb(Zr,Ti1-x)O3 (PZT) [34]. As shown in Figure 1, KNN has the perovskite
structure and A sites are occupied at random by Na and K.

Figure 1. (K;-xNa,)NbOs3 with perovskite structure.

In various elements doping of KNN-based ceramics, the enhancement of the local heterogeneity in
structure and average tetragonal symmetry have attracted attention to clarify the outstanding
piezoelectricity [35]. KNN has a morphotropic phase boundary (MPB). It is parallel to the temperature axis
on the phase diagram similar to PZT [36,37]. Figure 2 shows a comprehensive phase diagram of
K,Na;—NbOs studied by single crystal and powder X-ray diffraction [36]. Single crystals with the
composition x = 0.00-0.40 were grown using the flux with solvent NaBO.. Using the single crystals the
dielectric anomalies were observed related to phase transitions, which had never been observed before in
ceramic samples [28]. The phase diagram of the Na-rich region is not yet confirmed. The effect of the K/Na
ratio on the KNN phase diagram and physical properties were studied by the sample with x = 0.48-0.54
synthesized using a standard solid-state reaction method. The typical MPB was reported at x = 0.52—0.525,
which separates the monoclinic phase from the orthorhombic one [37]. Using the ceramics near x = 0.52,
the best values of a piezoelectric constant d3; = 160 pC/N and an electromechanical coupling
coefficient k&t = 47% were observed. The K-rich region with the composition 0.525 < x < 1.0, the
successive phase transition from a prototypic cubic (m3m) to tetragonal (4 mm), orthorhombic (mm?2),
and rhombohedral (3m) phases occurs as same as that of KNbOs. By the sol-gel synthesis of K-rich KNN
the existence of K-rich phase was reported by energy-dispersive X-ray spectroscopy [38].

The phase diagram of KNN has a similarity to that of Pb(ZrxTi1—x)O3 (PZT) [39]. In both solid
solutions one end member is ferroelectric and another end member is antiferroelectric. MPBs of PZT and
KNN are nearly parallel to the temperature axis, and this fact is very important for the piezoelectric
application because of the very small temperature variation of dielectric and piezoelectric properties. The
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tolerance factor of KosNaosNbOz (KNN50) is 1.01, which may indicate the frustration between
ferroelectric and antiferroelectric interactions. The composition is slightly smaller than that of MPB
composition, at which monoclinic and orthorhombic phases coexist and the structural phase transitions
become complicated. In the following section, the dynamical properties of structural phase transitions of
KNNS50 are discussed based on Raman and Brillouin scattering studies.
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Figure 2. Phase diagram of KNa;—xNbOs3. A morphotropic phase boundary (MPB) is found at the
concentration x = 0.52—-0.525.

3.3.2. Lattice instability of KNN50

The lattice dynamical properties were investigated in phase transitions of KNN50 by Raman scattering [40].

The flux-grown crystals undergo a phase transition from cubic (m3m) to ferroelectric tetragonal (4mm)
phases at 7c = 430 °C, and the tetragonal to monoclinic () phase transition at 7wm = 190 °C [41]. The
composition measured by the inductively coupled plasma emission spectroscopy was Ko47Nao s53NbOs. The
Raman spectra between 10 and 1000 cm ™' at several temperatures are shown in Figure 3. In most perovskite
oxides, Raman active modes appear in the frequency region below 1000 cm ™. In a cubic phase with a point

group m3m, there is no Raman active mode. However, the broad peaks appear at about 250 and 580 cm !,
and such peaks are originated from the local symmetry breaking by polar nano regions (PNRs) [42]. Upon
cooling from a cubic paraelectric phase (C), peaks at vs, ve, and v7 appear in a tetragonal phase (T). Upon
further cooling from a tetragonal phase, the peaks of v1, v2, v4, and vs appear in a monoclinic phase (M).

In the monoclinic phase, the low-frequency mode (vi) at 68 cm™!' and room temperature is attributed
to the lattice mode related to the displacement of a structural phase transition. The high-frequency modes
are internal modes [43]. The mode (v3) at about 260 cm™! is assigned to the bending mode of a NbOg
octahedron. The peak (ve) at about 630 cm ™! and its shoulder peak (vs) at ~570 cm ! are assigned to the
stretching vibration of NbOg octahedra. The high-frequency mode (v7) at about 870 cm™! is assigned to
the coupled mode of bending and stretching modes of NbOg octahedra. These internal modes are
common in perovskite oxides and are sensitive to local distortions. In KNbQO3, the variation of these
modes was discussed among tetragonal, orthorhombic, and rhombohedral phases [44]. In Figure 3, the
splitting of the stretching mode at about 600 cm™' (ve) in the cubic phase occurs upon cooling into
tetragonal and monoclinic phases. The enhancement of the splitting is attributed to the increase of local
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distortion of NbOg octahedra. The bending mode at about 260 cm ! in the tetragonal phase shows

softening upon cooling down to the monoclinic phase and upon further cooling hardening occurs.

Raman intensity (arb. units)

450°C (C)?3
250°C (T)
150°C (M)]
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Figure 3. Raman scattering spectra of a KNN50 crystal at several temperatures. C, T, and M

denote cubic, tetragonal, and monoclinic phases, respectively.

Below the Curie temperature, the lattice instability of a tetragonal to monoclinic phase transition

was studied by the external modes in Raman scattering below 200 cm™! [40]. On heating from room

temperature, the frequency of the lowest underdamped peak at 68 cm™

1

shows gradual softening as

shown in Figure 4. Its width increases markedly and becomes overdamped towards 7im = 190 °C by the

strong anharmonicity.

Figure 4. Low-frequency Raman spectra of a KNNS50 crystal at selected temperatures.
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Figure 5 shows the temperature dependence of the lowest mode frequency and damping factor. It

indicates the crossover in the tetragonal-monoclinic phase transition from a displacive nature to order-

disorder nature. The order-disorder nature was clearly observed in Figure 4. For further heating from

Tim in a tetragonal phase, the strong central peak (CP) is observed just above Tim. The intensity of a
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CP becomes maximum at 7c. The relaxation time calculated by the CP width increases upon heating
and the critical slowing down was observed towards 7c [40].

For further heating, the broad CP was observed just above 7in. The CP intensity gradually
becomes weak as shown in Figure 5. Usually, a CP was observed by inelastic light scattering such as
Raman and Brillouin scattering. As the origins of CPs, several different mechanisms were discussed.
Whether the origin of CP is static or dynamic is very important. The static one is attributed to a
relatively narrow temperature-independent and elastic CP. In contrast, the dynamic one is attributed
to a temperature-dependent and relatively broad CP. The distinctions between various dynamic origins
are discussed by their symmetry, temperature, and wave vector dependence. The origin of CP is
attributed to the polarization fluctuation in a ferroelectric phase transition [45]. The relaxation time of
polarization fluctuations is calculated by the CP width [46,47]. The reciprocal relaxation time and the
temperature divided by a CP intensity are shown as a function of temperature in Figures 6 and 7,
respectively. Upon heating from 7w, the reciprocal relaxation time increases at first. However, above
350 °C the reciprocal relaxation time reaches a sharp minimum at 7c. It is the evidence of a critical
slowing down near Tc. Such a slowing down suggests that the order-disorder nature can be caused by
the eight-site model of Nb>* off-center along the [111] direction at B-site [48], which is also predicted
for KNbOs3 by the pseudo-Jahn-Teller model [49]. The CP intensity becomes strong in a tetragonal phase
with P4mm symmetry, because the CP is Raman active below 7c. However, the CP decreases remarkably
above Tc. The polarization fluctuations related to the CP are Raman inactive in Pm3m symmetry. The
weak CP intensity may have originated from the local symmetry breaking by polar nanoregions (PNRs).
By the same mechanism, Raman modes near 250 and 600 cm™! appear above Tc.
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Figure 5. The soft mode frequency and damping factor of a KNNS50 crystal are shown as a
function of temperature.

In a second order phase transition, the temperature dependence of relaxation time related to the
critical slowing down is given by the following equation in the vicinity of 7c,

e ) . (T>To). )

where 19 and t; are the constants. In a first order phase transition, the reciprocal relaxation time is given

11 1 (T—TC
Tc

by the following equation:
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In a cubic to tetragonal phase transition of a KNNS50 crystal at 7c = 430 °C, the relaxation time is
plotted as a function of temperature as shown in Figure 6. The observed values of the fitting parameters
are 70 = 3.95 ps, 11 = 1.21 ns, and 71 = 389.5 °C. The slowing down towards 7c can be clear evidence of
the order-disorder nature in a ferroelectric phase transition with the off-center Nb ions.
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Figure 6. The reciprocal relaxation time calculated by the CP width is plotted as a function of
temperature.

The intensity of a central peak Icp for a first-order phase transition obeys the following equation
above Tc [43]:

T o X" () -1 1Ty
< (757e) g =T (T, @

Figure 7 shows 77/Icp of a KNNS5O0 crystal as a function of temperature. The observed fitting parameters are
C=3.51x10"*and 71 = 389.5 °C. Since the inverse static dielectric constant 1/’ (0) is proportional to
the square of the soft mode frequency according to the Lyddane—Sachs—Teller relation, such a Curie-Weiss
behavior may indicate the displacive ferroelectric instability.
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Figure 7. Temperature dependence of the temperature divided by a central peak intensity /cp.
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3.3.3. Elastic anomalies

The temperature-dependent elastic properties and related relaxation process of KNN50 crystals were
studied by broadband Brillouin scattering, which is a powerful non-contact method to measure sound
velocity and dynamics in a GHz range [50]. The temperature-dependent Brillouin scattering of a KNN50
crystal was studied as shown in Figure 8 [51]. The doublet peaks of a longitudinal acoustic (LA) mode
appeared at = 64 GHz and 50 °C. The doublet peaks of a transverse acoustic (TA) mode also appeared
at + 34 GHz and 50 °C. The difference in the peak height between LA and TA modes is attributed to the
difference in photoelastic constants between LA and TA modes [52].

TAF““E KNNS50 crystal

Central peak

LA mode
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Figure 8. Brillouin scattering spectra of a KNN50 crystal observed in a backward scattering
geometry as a function of temperature. Both TA and LA peaks appeared.

The frequency shift vg is related to sound velocity V of a sample by the following equation:

AV
\V4 iVB
2 nsi 1—2 ’ (5)

where, Ai, 0, and n are the wavelength of an incident laser beam, the scattering angle between the incident

and scattered light, and the refractive index of a sample at A;, respectively. The LA velocity Via and TA
velocity Vta were determined from the LA and TA frequency shifts, respectively. The elastic stiffness
constants c11 and c44 in pseudo-cubic coordinates are calculated from Via and Vra, respectively, by the
following equations:

Ci11 = PVan Cyq = PV'IZ‘Aa (6)

where p = 4.506 g/cm? is the density [53]. Figure 9 shows elastic constants c11, cas of a KNN crystal as
a function of temperature. The values of ci11 = 232 GPa, and c44 = 69.7 GPa at room temperature are
close to c11 = 226 GPa, and c44 = 74.3 GPa of KNbOs at 25 °C [54]. The partial softening of c¢11 and c22
was observed in the vicinity of 7c and T, respectively, which is related to the structural changes.
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Figure 9. Elastic stiffness constants c11 and c44 of a KNNS50 crystal as a function of temperature.
4. Physical properties of KNN based ceramics

As the promising lead-free piezoelectrics, KNN-based ceramics have been extensively studied [55-57].
In PZT, piezoelectric and dielectric properties are markedly enhanced around an MPB. Since MPB plays
a dominant role in large piezoelectricity, the investigation of a phase diagram is important. The phase
diagrams of the binary (1 —x)(Ko.5Nao.s)NbO3-xMTiO3 (M =Pb, Ba, Sr, Ca, and Bio sLio 5) solid solutions
were studied over a broad temperature range of 10 K < T < 770 K. In the (1 — x)(Ko.5Nao.5s)NbOs-
xSrTiOs ((1 — x)KNN-xST) solid solution, the piezoelectric constant of 0.95NKN-0.05ST was found as
high as 190 pC/N [56,58]. To confirm the appearance of the tetragonal phases in a phase diagram, the
Raman scattering spectra of 0.975KNN-0.025ST at 100 °C and 0.9KNN —0.1ST at 23 °C were
measured [58]. Figure 10 shows the Raman spectrum of 0.9KNN-0.1ST at 23 °C in a tetragonal phase.
Three peaks (v3, v, and v7) were observed and the appearance of these peaks is the same as those of the
tetragonal phase of a (Ko.sNaos)NbOs3 crystal at 250 °C shown in Figure 3. From the shape of their
spectra, the crystal symmetry of a phase was determined to be tetragonal. Variations of Raman scattering
spectra of (1 — x)KNN-xST ceramics were measured to investigate the crystal symmetry in a phase
diagram [59]. The temperature dependence of the CaTiOs3-modified (Ko.sNaos)NbO3 system was also
measured by Raman scattering [58]. Raman scattering spectra are very sensitive to crystal structures and
can be a powerful tool to investigate their crystal structures.
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Figure 10. Raman scattering spectrum of 0.9(Ko.sNaos5)NbO3-0.1SrTiO3 (0.9KNN-0.1ST) in a
tetragonal phase at 23 °C.
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The MPB was also studied in ternary (1 —x — y)(Ko.5sNao.s)NbO-xBZrOs3-yATiOs3 solid solutions when
0.08 <x+y=<0.10[60]. When ATiOs (A = Sr, Ba, Ca, Pb, etc.) is mixed into (Ko sNag.s)NbO3, a tetragonal
phase appears at room temperature [61,62]. While, when BZrOs; (B = Ca, Sr, Ba,) is mixed into
(Ko.sNao.s)NbOs, the rhombohedral phase appears at room temperature. Consequently, the MPB between
tetragonal and rhombohedral phases is formed at room temperature by mixing ATiO3 and BZrO3 into
(Ko.5Nao.s)NbOs. (Ko.sNag.s)NbOs3- BaZrOs- (Bio.sMo.5)TiO3 (M = Li, K) piezoelectric ceramics were also
studied on the temperature dependences of dielectric constant, piezoelectric ds33 constant,
electromechanical coupling coefficient, and Raman spectra [61,62]. For the formation of the MPB, two
end members, one with a tetragonal phase and the other with a rhombohedral phase at room temperature,
are necessary. (1 — x)(Ko.sNao.s)NbO3-xBaZrO3 has a rhombohedral symmetry (0.08 < x < 0.15) and
(1 —x) =(Ko.5sNao.5)NbO3-x(BiosLio.5) TiO3 has a tetragonal symmetry (0.06 < x < 0.15) at room temperature.
Therefore, by incorporating BaZrOs and (BiosLio.5)Ti03 into (KosNaos)NbOs, the formation of an MPB is
possible. Figure 11 shows Raman scattering spectra of 0.92(KosNao.s)NbO3-0.07BaZr03-0.01(Bio sKo.5) Ti03
ceramics as a function of temperature in cubic and tetragonal phases.
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Figure 11. Raman scattering spectra of 0.92(KosNaos5)NbO3-0.07BaZrOs-0.01(BiosKo5)TiO3
ceramics at selected temperatures. C and T denote cubic and tetragonal phases, respectively.

The stretching mode of oxygen octahedra is sensitive to the distortion of octahedra and splitting
occurs in a tetragonal symmetry. Figure 12 shows the mode frequency of stretching modes of
0.92(Nao.5Ko.5)NbO3-0.07BaZr03-0.01(Bio.sKo.5)TiO3 ceramics at selected temperatures. The splitting of
stretching mode frequency was observed below the cubic to tetragonal phase transition temperature [63].

In a recent study on Sm-modified (Ko.sNaos)NbO3, the effect of Sm-doping was investigated by
Raman scattering [64]. It was suggested that the substitution of heavier Sm ions with lighter K/Na ions
confirms the A-site occupancy of the Sm ions in Sm-modified (Ko.sNaos)NbO3 ceramics. The
composition-dependent physical properties and related structural phase transitions were also studied in
CaTiOs-modified Ko sNagsNbOs3 and (1 —x)(Ko.sNag.s)NbO3-x(Bao.5Sr0.5)TiO3 solid solutions [57,65].
Raman scattering spectroscopy is also useful to investigate the site occupancy of the doped ions.
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Figure 12. Temperature dependence of mode frequency of stretching modes of
0.92(Ko.5Nao.5)NbO3-0.07BaZr03-0.01(Bio.sKo.5)TiO3 system. The splitting of mode frequency
occurs below the Curie temperature.

5. Conclusions

As a typical lead-free piezoelectric material, ferroelectric and structural phase transitions of potassium
sodium niobate (KxNai—x)NbO3z (KNN) family with the perovskite structure were reviewed in the
viewpoint of vibrational spectroscopy. The phase transitions and physical properties of simple alkali
niobate materials MNbO3; (M=Li, Na, K, Rb, and Cs) are introduced. Ferroelectric and structural phase
transitions of their binary KNN solid solutions are described with the morphotropic phase
boundary (MPB). The lattice instability and elastic properties in structural phase transitions are
discussed on KNN crystals by Raman and Brillouin scattering spectroscopies, respectively. Raman
scattering also studied the physical properties and phase boundaries of KNN-based solid solutions.
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