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a b s t r a c t

Vibrational and structural properties of lead-free piezoelectric (1-x)Na0.5Bi0.5TiO3exCaTiO3 (0 � x � 1.00)
solid solutions have been investigated using Raman spectroscopy and X-ray diffraction. Different
anomalies were detected and analyzed taking into consideration the phase transition from rhombohe-
dral to orthorhombic phase at room temperature. All Raman bands were interpreted through the vari-
ation in the peak positions (frequency) and the corresponding half-widths at half maximum (HWHM) as
a function of x. XRD used as a complementary technique to Raman spectroscopy, showed that the
rhombohedral e orthorhombic phase transition went gradually through an intermediate phase con-
sisting of a mixture of rhombohedral (R3c) and orthorhombic (Pnma) structures and that the fraction of
orthorhombic phase increased with CT composition. The results show that the morphotropic phase
boundary (MPB) is located between 0.09 and 0.15.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In the last few decades, the structure and phase instabilities
were widely studied in solid solutions ferroelectric materials. In
particular, these instabilities are mostly responsible for enhancing
the dielectric and piezoelectric properties of ferroelectric lead-
oxides ceramic materials [1,2]. PbZr(1�x)TixO3, known as PZT, are
the most investigated complex-structured solid solutions. These
materials are used in the electronics industry for different appli-
cations such as electrostrictive, sensors, transducers, etc. The most
interesting solid solution of PZT lies around x¼ 0.50 corresponding
to the limit separating the rhombohedral and tetragonal ferro-
electric phases [3], which is called “Morphotropic Phase Boundary”
(MPB). The term “MPB” is currently used to refer to an imaginary
border related to the phase transitions due to changes in compo-
sitions at room temperature [4]. Similarly to PZT, the interest has
widely arisen since the MPB was recently reported to separate the
two phases in lead-free systems which is accompanied by a sig-
nificant improvement in the dielectric permittivity, electrome-
chanical and piezoelectric properties [5,6]. Taking into
consideration the impact of Pb on the environment, several
).
research groups have investigated Pb-free systems exhibiting MPB.
Na0.5Bi0.5TiO3 (NBT) is considered as one of the potential candidates
to replace Pb-based piezoceramics, due to its ability to form com-
plex perovskite solid solutions with other ferroelectric perovskites,
such as BaTiO3 (BT) [2,7e9], (K0.5Bi0.5)TiO3 (KBT) [10e12] and
SrTiO3 (ST) [13e15] where interesting piezoelectric properties are
shown close to their MPB. The presence of different atoms at A-site
relaxor perovskite shows a particular phase transition sequence,
making these systems more attractive [16e18].

Despite numerous studies made on A-site cation-substituted,
the exact locations of MPB in most solid solutions are still incon-
clusive. For example, the (1-x)NBTeST system has been shown
great interest since the discovery of MPB. This system forms solid
solutions with MPB located towards x ¼ 0.20, between the rhom-
bohedral phase (R3c) and the cubic/pseudocubic phase (Pm3m)
[14]. Different authors have studied this system to determine the
composition range of the MPB and to establish its physical and
structural properties. Despite the various techniques used, it is
shown that the existence of anMPB depends on the studies, leading
to different ranges of MPB [14,19e22]. However, some research did
not obtain the MPB composition regardless of the percentage of
doping (x) and proved that its existence is still not clear; therefore
the system only exhibited a relaxor behavior [15].

Park et al. [19] suggested that the rhombohedral phase of NBT
transits diffusely into a cubic phase with increasing ST (x > 0.26),
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similarly to the diffuse phase transition obtained in relaxor ferro-
electrics as a function of temperature. In contrast, Gomah-Pettry
et al. [20] reported a first-order phase transition to a cubic phase
for x � 0.30, where lately proved the existence of MPB separating
two phases around x z 0.25 [13]. On the other hand, Hiruma et al.
[22] attributed the existence of MPB around the composition range
between 0.26 and 0.28 to the large electrostrain response
(S ¼ 0.29%) and to the enhancement of piezoelectric properties
(normalized-strain d*33 ¼ 488 p.m./V). Recently, Rout et al. [14]
obtained distinct and discontinuous changes in dielectric proper-
ties at xz 0.20, revealing the presence of MPB. For this reason, the
(1-x)NBTexST is comparable to the (1-x)NBTexCT system chosen
in this study. It is important to note that the inconsistency in
determination the exact location of MPB compositions are possibly
related to different synthesis methods (conventional solid solution,
hydrothermal, sol-gel), usage of single crystal or polycrystalline, as
well as the process parameters (calcination and sintering time and
temperature, cooling process, and using some additives during the
samples preparation).

It has become relevant to investigate the development of the
orthorhombic phase (Pnma) in solid solutions with CT, since the
discovery of the Pnma phase in pure NBT [18,23]. CT is considered as
a typical paraelectric perovskitewithPnmaorthorhombic symmetry
at room temperature. It is possible to form solid solutions with CT-
substituted NBT at A-site where an MPB composition is identified
via a phase transition separating rhombohedral and orthorhombic
phasedue to changes in composition at roomtemperature. Recently,
such studies carried out by neutron diffraction on (1-x)NBTexCT
[24,25], focusing on the superstructure and the calculation of phase
tilt angle of the oxygen octahedra, revealed that the system exhibits
two coexistent rhombohedral and orthorhombic (R3c þ Pnma)
phases for x ¼ 0.15. The system is rhombohedral (R3c) for x � 0.05
and orthorhombic (Pnma) for x � 0.15. Moreover, Du et al. [26]
identified the MPB around 0.08� x < 0.14 where the rhombohedral
and orthorhombic symmetries coexist. In a recent work [27], we
reported a thermal hysteresis by dielectric properties of (1-x)
NBTexCT in a specific rangeof composition (x) andattributed that to
the mixture and the interaction of two phases (R3c þ Pnma). In
addition, Birks et al. [28] described the sample x ¼ 0.10 by a pure
orthorhombic symmetry (Pnma) at room temperature without
detecting an MPB compositions which is very clear by the relaxor
behavior obtained by dielectric properties. In the other hand, we
reported that for x ¼ 0.10 a complex structural behavior resulting a
thermal hysteresis due to the interaction between the mixture of
two phases rhombohedral (R3c) þ orthorhombic (Pnma) [27].
Furthermore,we identified andquantified a relaxor behavior for this
system, even for low concentration of CT (0 � x � 0.07) [29].

Raman spectroscopy is considered a sensitive technique for
studying structural phase transition in perovskite-based solid so-
lution systems exhibiting MPB. Raman spectra of NBT [30,31] and
various NBT-based solid solutions [14,32,33] are commonly avail-
able in the literature. However, a detailed comprehensive Raman
investigation for (1-x)NBTexCT system has not been reported yet.
Consequently, a Raman scattering study of this system as a function
of composition at room temperature would give a valuable
contribution to understand the structural phase transition for the
new compound NBTeCT. In this work, a detailed Raman scattering
and X-ray diffraction (XRD) studies of (1-x)NBTexCT (0 � x � 1.00)
system were conducted at room temperature to detect the struc-
tural phase transition and specifically to determine the location and
highlight the limit (border) of MPB composition with increasing CT
concentration. To our knowledge, this is the first attempted to fit
Raman spectra, and the obtained results were combined with XRD
results to highlight the composition-dependent phase transitions
at room temperature.
2. Experimental

Solid-state reaction method was used to prepare powder and
ceramic samples in the form of solid solutionswith various fractions
of NBT and CT. The complex perovskite oxides with the general
formula (1-x)NBTexCT contains different values of compositional
concentration between 0.00 and 1.00 (x¼ 0.00, 0.01, 0.05, 0.07, 0.09,
0.10, 0.11, 0.13, 0.15, 0.20, 0.22, 0.25, 0.27, 0.30, 0.35, 0.45, 0.55, 0.65,
0.75, 0.85, 0.95 and 1.00). This procedure consists of mixing stoi-
chiometric amounts of high purity (>99.6%) reagent-grade powders
of Bi2O3(Alfa Aesar), TiO2 (Alfa Aesar), Na2CO3(Prolabo) and
CaCO3(Alfa Aesar). The mixtures were milled and homogenized in-
side a turbula using zirconia balls in water for 2 h and then dried at
100 +C. Mixed powders were firstly calcined at 750 +C for 4 h fol-
lowed by another calcination at 950 +C for 4 h in order to complete
the chemical reaction of the formation of the desired compounds.
The obtained powders were uniaxially pressed into disks of 13 mm
diameter. Finally, the pellets were sintered at various temperatures
between 1075 +C and 1350 +C for 1 h in a confined environment. The
optimum sintering temperature for producing highly dense ce-
ramics was determined as a function of CT concentration. The ob-
tained densities were in the range of 96e99%.

The phase identification and the crystallinity of both powders
and ceramics were investigated by X-ray diffraction (XRD) using a
D8 advance X-ray diffractometer (Vantec detector) with CuKa ra-
diations l ¼ 1.5405 Å. XRD patterns were recorded at room tem-
perature in the 2q range from 20+ to 90+ with a step size of 0.017+

and a counting time of 10 s/step. Raman spectra of (1-x)NBTexCT
system were registered between frequency range 4.00 and
700 cm�1 at room temperature using Jobin-Yvon T64000 spec-
trometer HR (high resolution). This system is equipped with Arþ

laser at 514.5 nm and 20 mW for excitation. The obtained results
were analyzed by fitting the spectra to the Lorentzian and Gaussian
line shape using the Fityk software to determine the band positions
for each substitution rate.

3. Results

3.1. Raman spectroscopy and phonon behavior at room
temperature

3.1.1. NBT and CT solid solutions reference spectra
NBT is a classical example of ferroelectric material with rhom-

bohedral (R3c) symmetry at room temperature with 13 Raman-
active modes. Its irreducible representation is: GR3c ¼ 4A1 þ 9E þ
4A2 where the A2 mode is inactive in Raman. Fig. 1(a) shows the
Raman spectrum with its deconvolution into Lorentzian and
Gaussian functions. The deconvolution of the total NBT spectrum
shows 5 characteristics bands centered at 25 (A), 138 (B), 286 (C),
and 530e584 (D) cm�1. It is important to note that the obtained
modes are less than expected due to the degenerescence of some
phonon frequencies and/or to the insufficient intensities emitted
from small polarizability of some modes. The obtained NBT spec-
trum is identical to that reported previously [32,34,35]. The overall
spectral bands are relatively broad due to the polycristalline nature
of the material and the disorder at A-site (simultaneous presence of
Naþ/Bi3þ ions) which leads to the overlapping of some Ramgaian
bands. The first band (A) is associated with BieO vibration (A1

symmetry) and the second band (B) with NaeO vibration (A1
symmetry). While the Na/Bi ions are occupying the A-site, the
difference in the A-band location is due to the large difference in
the masses of Na and Bi ions. The band (C) is attributed to the vi-
bration of TieO bond, whereas the two overlapping bands (D) are
dominated by vibrations of the oxygen atom and more precisely to
vibrations of TiO6 octahedra.



Fig. 1. (a) Room temperature deconvoluted Raman spectrum of pure NBT solid solution according to five modes (Lorentzian and Gaussian) and (b) Raman spectrum of pure CT at
room temperature.
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On the other hand, the CT is a typical paraelectric perovskite
with orthorhombic (Pnma) phase at room temperature. It yields 24
Raman-active phonon modes as follow: 7Agþ5B1gþ7B2gþ5B3g.
Room temperature Raman spectrum of CT is shown in Fig. 1(b). The
obtained CT spectrum is in agreement with previous reports
[36,37]. The band at 641 cm�1 is attributed to the stretching vi-
bration of TieO bond. Those centered at 470 and 494 cm�1 are
assigned to the vibration of TiO6 octahedra, while the bands be-
tween 227 and 340 cm�1 are attributed to the rotation of oxygen
octahedra. Moreover, the two low frequencies mode centered at
153 cm�1 and 183 cm�1 are due to vibration and motion of A-site
ions i.e. CaeO.

3.1.2. (1-x)NBTexCT solid solutions
Based on the irreducible representation of optical phonons for

NBT and CT solid solutions, it is expected that additional modes will
appear and disappear with increasing CT concentration due to the
high number of Raman-active modes of CT compared to NBT.
Furthermore, the substitution by long-range chemical order in
orthorhombic paraelectric phase does not split any mode; instead,
it deteriorates certainmodes similar toTiO6 octahedra (overlapping
bands). Although the two materials are different, the vibration
modes appear in the same frequency range (same type of vibra-
tion). For instance, at low frequency (NBT: 25e138 cm�1 and CT:
153e183 cm�1), the A-site ions vibration is detected in both ma-
terials. Similarly, at high frequency (NBT: 530e584 cm�1 and CT:
470e494 cm�1) the vibration of B-site is related to TieO and TiO6
octahedra.

As the Raman spectra of NBTand CTare substantially different, it
is possible to study their evolution as a function of x composition
for (1-x)NBTexCT solid solutions/0.01 � x � 0.95. The evolution of
these spectra at room temperature is shown in Fig. 2. The qualita-
tive analysis of Fig. 2 reveals significant changes in the (1-x)
NBTexCT Raman spectra with increasing CT concentration. In fact,
displacement, shifting, and broadening have been observed with x,
reflecting chemical modifications at the A-site related to the sub-
stitution of Naþ/Bi3þ by Ca2þ. The results obtained in this study are
consistent with those observed as a function of pressure by Kreisel
et al. [38] where the same variations and displacements of bands
were detected. This proves that the pressure factor and Ca-doped
NBT have a similar effect which leads to an important crystalline
and vibrational evolution. It is important to note that this obser-
vation is applicable only up to x ¼ 0.55. For x � 0.65, the spectra
undergo notable variations, where fine and narrow peaks are
attributed to the vibration modes characteristic of pure CT. This
confirms that the chemical environment at A-site is modified be-
tween x ¼ 0.55 and x ¼ 0.65. This is explained by the probability
density of the presence of Ca2þ at A-site which increases as a
function of x compared to Naþ/Bi3þ cations, leading to an impor-
tant amplification of the signal and consequently to an improve-
ment of the characteristic peaks of CT. These modes do not appear
for x � 0.55 due to their low polarizability (CT modes) [39].

In addition, noticeable changes were mainly detected in the
high frequency range (overlapping modes 400e600 cm�1). These
modes become increasingly symmetrical and merge into one single
mode. During the transition from NBT to CT solid solutions, the
ionic radius of A-site decreases (RNaþ ¼ 1.39 Å, RBi3þ ¼ 1.32 Å and
RCa2þ ¼ 1.34 Å) [40] due to the low substitution observed in NBT. In
the work publish by Kreisel et al. [38], the pressure causes a
contraction of the crystal lattice of NBT, and consequently, the vi-
bration modes shift to the lower frequencies. Thus, the same phe-
nomenon is obtained with Ca-doped NBT confirming the transition
from rhombohedral (R3c) phase to orthorhombic (Pnma) phase.

Furthermore, the Raman spectra of (1-x)NBTexCT for x � 0.07
are very similar to pure NBT retaining the same crystalline structure
in this concentration range. However, for high concentration, the
bands are shifted to lower frequency, more precisely the two
overlapping bands move toward each other (0.09 � x < 0.15) and
merge into a single band for x � 0.15 reflecting changes in the
symmetry in this concentration range. As mentioned previously,
the NBT and CT exhibit 13 and 24 Raman-active modes respectively.
Therefore, it is reasonable to get differences in the number of
modes in Raman spectra for (1-x)NBT e xCT solid solutions with a
further increase in x. This reflects the noticeable changes in the
Raman spectra obtained for x � 0.65, contrary to that reported by
Birks et al. [28]. For this reason, the Raman spectra of solid solutions
are fitted with Lorentzian and Gaussian functions. The obtained
fitting parameters (wavenumber (cm�1) and HWHM (cm�1)) are
plotted as a function of CT concentration in Fig. 3. HWHM reflects
the structural distribution which is inversely proportional to the
phonon lifetime. For instance, these two parameters are strong
indicator of phase transition in complex perovskite ferroelectrics by
their evolution as a function of x or temperature [14]. The identi-
fication of phase transition and the structural change are detected
by Raman anomalies of HWHM providing information about the
changes in the local structure. These anomalies shown as frequency
displacement and/or inflexion point at certain composition corre-
spond to phase transitions during which phonons behavior is



Fig. 2. Evolution of Raman spectra for (1-x)NBT e xCT solid solution as a function of x (0.01 � x � 0.95) at room temperature.
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modified. Similarly, the anomalies detected in the HWHM in our
system NBTeCT also reflects the structural change within the ma-
terial as a function of x and the presence of an MPB. It should be
noted that the fit of some spectral profiles (B, C, and D) become
difficult when x > 0.55 due to the apparition of fine bands char-
acteristics of pure CT. Therefore, the fit is limited to x ¼ 0.55.

The variations of the peak frequency and HWHM reveal two
successive anomalies at x ¼ 0.09 and x ¼ 0.15, which appear as
discontinuities in the spectral features in regions A to D. These
values correspond to the structural changes between the ferro-
electric phase (R3c) and the relaxor phase (Pnma) [33]. Several
features can be separately discerned for increasing Ca2þ content:

Mode A (31 cm�1, BieO): this band shows that thewavenumber
and the corresponding HWHM increase sharply at x ¼ 0.09 and
become stable up to x ¼ 0.13. Then, the wavenumber increases
strongly, whereas the HWHM decreases due to the substitution of a
high mass ion (Bi3þ) by a low mass ion (Ca2þ). The values x ¼ 0.09
and x ¼ 0.15 correspond to the limit composition between the
rhombohedral phase (R3c) and the orthorhombic phase (Pnma)
determined by XRD. This variation can’t be interpreted as a soft-
mode like behavior. This mode is characterized by an abrupt
decrease in the frequency toward zero, indicating the disappear-
ance of a band or a change in the position of an atom. In addition,
this mode is susceptible to the phase transition since the A-site
symmetry is involved. It should be noted that no previous work has
discussed the evolution of this peak; its analysis can be carried out
from the spectra obtained at different temperatures. It is attributed
to a soft-mode of E-symmetry coupled to the F2g mode with close
frequency. The increase in CT content is equivalent to a decrease in
temperature. This leads to a decrease in the intensity of the central
peak, as well as to the splitting of the two vibration modes F2g [31].
For the orthorhombic phase, we notice the disappearance of one of
these modes; the band becomes more fine, symmetrical, and shifts
towards higher frequency. This modification is associated with Ca-
doping that changes the direction of cationic displacement. Only a
decrease in the intensity of the central peak is observed [41], while
the detailed behavior of these two modes cannot be deduced.

Mode B (135 cm�1, NaeO): mode B decreases in intensity and
shifts towards lower frequencies. It clearly exhibits two anomalies
at x¼ 0.09 and x¼ 0.15 (Fig. 3-B). It shows a soft-mode behavior up
to x¼ 0.15 and then becomes independent of CTconcentration for x
� 0.20. The HMWM also shows the same changes with x. These
changes reveal the transitions occurring in the biphasic domain
where the wavenumber and the HWHM for x ¼ 0.13 decrease
compared to other compositions (x ¼ 0.09, 0.10, and 0.11). This
indicates that the fraction of the orthorhombic phase increases and
the material gradually transforms from the rhombohedral (R3c)
phase to the orthorhombic (Pnma) phase. However, for 0.09 � x �
0.13, the width of the band increases and becomes symmetrical.
Then, for x � 0.15, the NaeO band undergoes a sudden change
becoming narrower and symmetrical. Moreover, for x � 0.65, the
appearance of new peaks in this frequency range is detected.

Mode C (275 cm�1, TieO): the changes produced in this region
are related to Ti-cation displacement, which is expected to induce
noticeable spectral changes associated with a structural transition.
This peak moves linearly for low CT concentration and becomes
asymmetric. Then a first anomaly is detected for x¼ 0.09 where the
band shifts towards lower frequency. This displacement is



Fig. 3. Variation of wavenumber (frequency position) and their corresponding half-width at half maximum (HWHM) of individual bands as a function of x composition for (1-x)NBT
e xCT solid solutions at room temperature. Dashed lines are benchmarks to better visualize discontinuities and slope changes associated with phase transitions.

R. Roukos et al. / Journal of Alloys and Compounds 840 (2020) 155509 5



R. Roukos et al. / Journal of Alloys and Compounds 840 (2020) 1555096
accompanied by a significant increase in width band. A more
remarkable second anomaly occurs for x ¼ 0.15. With the sharp
decrease of wavenumber and the abrupt increase of HWHM, the
mode becomes independent of x for x� 0.15, indicating a structural
change to the orthorhombic phase. Consequently, the first discon-
tinuity corresponds to the biphasic domain where the rhombohe-
dral (R3c) and orthorhombic (Pnma) phases coexist. Moreover, the
intensity of this band decreases when x increases and finally dis-
appears for x ¼ 0.55. This modification is due to a change of polar
feature at B-site associated with the cation displacement towards
the center of the octahedron, suggesting a modification of the
octahedral tilt (a�a�a� / a�bþa�). Furthermore, the characteristic
modes of CT are observed for x � 0.65.

Mode D (400e600 cm�1): it consists of broadened two over-
lapping bands (G and L modes), which are related to the TiO6
octahedral-distortion. This region is considered sensitive to struc-
tural transition based on the hard-mode like behavior [31,34,42],
and is directly related to the ferroelectric phase transition domain.
With increasing CT concentration, band L (Fig. 1) moves progres-
sively towards band G (Fig. 1), inducing Raman shift (Fig. 3-D).
These two bandsmerge into one band leading to a singlemode for x
� 0.15. This change corresponds to the phase transition from the
rhombohedral (R3c) phase to the orthorhombic (Pnma) phase. Note
that this fusion is nearly similar to the NBT-phase transition
induced under pressure by Kreisel et al. [38]. Besides, the intensity
of the merged Raman peak becomes weak as CT concentration in-
creases. The fusion of these two bands occurs near the boundary of
the rhombohedral e orthorhombic transition. This generates a
displacement of the B-cation to the central position of the octa-
hedra in its high symmetry (in agreement with the above discus-
sion for (C) region).

Considering the symmetry of NBT and CT phases, a gradual
transition from the rhombohedral structure (R3c) to the ortho-
rhombic structure (Pnma) is expected when the Ca2þ substitution
increases. The presence of two anomalies as discontinuities in the
Raman spectra (x ¼ 0.09 and x ¼ 0.15) indicates that the transition
occurs through an intermediate biphasic domain inwhich there is a
coexistence of two phases R3c þ Pnma. XRD analysis will confirm
these Raman observations.

The results obtained from the Raman spectroscopy and XRD are
complementary to each other. Therefore, in light of the present
investigations, it can be proved that the MPB of (1-x)NBTexCT solid
solutions lies at the compositions between 0.09 � x < 0.15. The
determination of MPB compositions for this system is carried out
using different experimental techniques such as dielectric proper-
ties [27]. In this work, we found a new limit for MPB not reported
previously in the literature. In thework of Ranjan et al. [24,25], they
proved the coexistence of two phases R3c þ Pbnm for x ¼ 0.10. In
addition, we previously reported an unusual thermal hysteresis
behavior appearing at x ¼ 0.09 and extending over a concentration
range until x ¼ 0.13, identified as MPB [27]. The difference of the
exact location of MPB compositions between this study and those
reported previously is probably attributed to different synthesis
methods and their parameters.

Based on the complementary study by Raman and XRD, theMPB
composition is systematically determined. The present results
allow identifying the phase boundary between the rhombohedral
e orthorhombic phase as the Ca-concentration increases. This new
MPBmay be used for the development of a new NBT e CT lead-free
ceramics system.

3.2. Structural phase transition at room temperature

Fig. 4 shows the XRD patterns of the extreme solid solutions (a)
NBT (x ¼ 0.00) and (b) CT (x ¼ 1.00) respectively. The obtained
diffractograms indicate the presence of a pure crystallized perov-
skite structure due to the sharp diffraction peaks. These samples are
single-phase with no secondary phase, confirming the complete
reaction of the formation of NBT and CT solid solutions. The XRD
pattern of NBT exhibits peaks characteristic of rhombohedral
symmetry with space group (R3c)with the presence of superlattice
reflection (113)R characteristic of this structure. Moreover, the CT
diffraction peaks exhibits the characteristic peaks of orthorhombic
(Pnma) phase. Moreover, the CT structure is identified by the
orthorhombic (Pnma) vibrational modes in Raman spectroscopy, in
contrary to the cubic structure which does not have any Raman
active phonon modes for all complex oxide perovskites.

The influence of adding different concentrations of CT was
studied. The XRD patterns of (1-x)NBT e xCT solid solutions with
0.01 � x � 0.95 are provided in the supplementary material. For all
solid solutions, the obtained diffractograms are identical to either
pure NBT or pure CT, depending on the amount of calcium. This
system undergoes a phase transition from rhombohedral (R3c) to
orthorhombic (Pnma) with increasing x, confirming the complete
formation and the continuity of solid solutions synthesized be-
tween NBT and CT systems.

Fig. 5 displays extended XRD peaks splitting in the 2q range of
32+e34+, 39+e42+ and 67+e72+ for various compositions. A
gradual shift of the peaks to the higher angle is observed when x
increases, indicating a decrease in the lattice parameters. This can
be justified by the smaller ionic radius of Ca2þ compared to that of
Naþ and Bi3þ. The evolution of the (104)R (110)R, (202)R, and (208)R
(220)R rhombohedral peaks revealed that the solid solution un-
dergoes a phase transition from rhombohedral to orthorhombic
symmetry. This transition is due to the large distortion caused by
increasing CT content at room temperature. Analysis of the evolu-
tion of these diffraction peaks as a function of x reveals that:

(i) x < 0.09: the obtained XRD diffraction patterns are identical
to that of pure NBT and consequently the structure of these
compositions is rhombohedral with R3c space group.

(ii) 0.09 � x < 0.15: the XRD patterns show an appearance of
additional peaks from x ¼ 0.09, corresponding to (002)O,
(022)O, and (004)O characteristic of the orthorhombic phase.
The intensity of these peaks increases with x while the in-
tensity of (104)R (110)R, (202)R and (208)R (220)Rgradually
decreases until x ¼ 0.13 and then disappears completely for
x ¼ 0.15. The (200)O (121)O (002)O, (220)O (022)O, and (400)O
(242)O (004)O (410)O peaks characteristic of the ortho-
rhombic symmetry are also observed. The simultaneous
presence of (RþO) peaks in this composition range indicates
that both rhombohedral and orthorhombic phases coexist.

(iii) 0.15 � x � 1.00: an orthorhombic structure with space group
Pnma was found in this composition range. All the XRD
diffraction peaks are identical to those of the orthorhombic
(Pnma) structure of the pure CT (x ¼ 1.00) phase, with some
exception concerning the samples x ¼ 0.45 and 0.55. The
diffraction peaks for these two compositions are super-
imposed and become broader. This is potentially due to a size
effect caused by a decrease in crystallite size or to imper-
fections associated with the creation of micro-distortions
and/or stacking-faults (crystallographic defects) [43]. How-
ever, it should be noted that these perovskites are occupied
by three cations randomly distributed in A-site with a dif-
ference in ionic radii (Bi3þ ¼ 1.32 Å, Naþ ¼ 1.39 Å and
Ca2þ ¼ 1.34 Å). It is therefore highly probable that the system
has a finite size effect of diffracting crystallite which could be
responsible for this enlargement. Thus, the structural phase
transition from rhombohedral (R3c) to orthorhombic (Pnma)
phase through a mixture of two phases (R3c þ Pnma) takes



Fig. 4. X-ray diffraction patterns of (a) pure NBT (x ¼ 0.00) and (b) pure CT (x ¼ 1.00) solid solutions at room temperature.

Fig. 5. Evolution of XRD peaks of the (1-x)NBTexCT solid solutions near the MPB region (without the contribution of CuKa2) in the magnified range 2q (32+e34+), (39.2+e42+) and
(67+e72+). The arrows indicate the appearance of two phases and the structural transition R3c to Pnma at room temperature. Part of this figure, 2q(67+e72+), has been reproduced
from our previous work [27].
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place with increasing x at room temperature. These results
confirm the formation of NBTeCT solid solutions indepen-
dently of x.

In our previous study [27], we reported that the system un-
dergoes a phase transition to orthorhombic structure (Pnma)where
the intensity ratio becomes almost stable for x � 0.15. On the other
hand, the drastic increase in the intensity ratio for x > 0.09 is
explained by the coexistence of R3c phase and Pnma phase, corre-
sponding to a reduction of the rhombohedral phase (R3c) fraction
and to an increase of the orthorhombic phase (Pnma) fraction. In
addition, we also reported a slight cell volume discontinuity at the
limit between the rhombohedral phase and the orthorhombic
phase related to the coexistence of two phases (R3c þ Pnma) at
room temperature.

A normal biphasic domain and a morphotropic phase boundary
(MPB) are constituted by a mixture of two phases with different
crystal structures. In the MPB, the biphasic zone consists of
identical variable compositions, which means the two phases of
similar compositions exist such as NBTeBT rhombohedral and
NBTeBT tetragonal for x ¼ 0.07 [9] and x ¼ 0.55 [44] at room
temperature. In addition, the fraction of each phase, the lattice
parameters, and the volume change with x. However, in a normal
biphasic domain, the two phases have different compositions (x1
and x2) whilemaintaining the same properties independentaly of x.
In this work, we have shown that the solid solution is composed of
a mixture of two phases in equal compositions and their fractions
change with x [27,42]. Consequently, the obtained results confirm
that the mixture of two phases in this region for the (1-x)NBTexCT
system is an MPB.
4. Conclusion

The rhombohedral e orthorhombic morphotropic phase
boundary (MPB) in (1-x)NBTexCT solid solutions was identified
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by Raman spectroscopy and X-ray diffraction. This system shows a
high miscibility of Ca2þ at A-site in the entire composition range. A
morphotropic phase boundary MPB was confirmed between 0.09
� x < 0.15 by anomalies appearing as discontinuities and distinct
changes in room temperature Raman spectra for different solid
solutions. The phonon anomalies detected at room temperature
for different compositions were discussed in combination with
XRD results. The low frequency mode shows a soft-mode like
behavior. It shows an anomaly at x ¼ 0.09 and x ¼ 0.15. These
values correspond to the limit composition between the rhom-
bohedral (R3c) phase and orthorhombic (Pnma) phase. Note that
the lower frequency mode (31 cm�1) is discussed from the spectra
at different temperatures; this mode is original and no previous
researches has been discerned it. The high frequency mode dis-
plays a hard-mode like behavior showing anomalies at the same
composition for x ¼ 0.09 and x ¼ 0.15. This associated with the
structural phase transition starts merging into one mode at
x ¼ 0.15 and later become symmetrical, which is a clear demon-
stration of a rhombohedral to orthorhombic phase change passing
through by a mixture of two phases. This observation is also
verified by thorough X-ray diffraction showing two single phases
(R3c) and (Pnma) separated by an intermediate morphotropic
phase boundary (MPB) where the two phases (R3c þ Pnma)
coexist for 0.09 � x < 0.15.
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