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A B S T R A C T

Single crystals of 0.75(Na0.5Bi0.5)TiO3-0.25(Sr0.7Ca0.3)TiO3 (NBT-25SCT) were grown by top-seeded solid state
crystal growth. X-ray diffraction of a polycrystalline ceramic sample and Raman scattering of a single crystal
reveal that rhombohedral symmetry is predominant in the structure. The relative permittivity curves of (001),
(110) and (111)-oriented single crystals show them to possess relaxor ferroelectric behaviour. The polarization vs.
electric field and bipolar strain vs. electric field behaviour of the crystals differ greatly depending on crystallo-
graphic orientation. NBT-25SCT single crystals with (111) and (110) orientation show typical ferroelectric/
piezoelectric behaviour whereas the (001) orientation initially shows electrostrictive behaviour followed by
ferroelectric/piezoelectric behaviour at higher electric fields. Parametric impedance modelling over a wide
temperature range is performed by considering mixed ionic and electronic conduction as well as universal
dielectric response behaviour. The fitted parameters can represent the features of the raw data, allowing iden-
tification of the transition points and associated processes.
1. Introduction

Nowadays, (Na0.5Bi0.5)TiO3 (NBT)-based piezoelectric materials are
being intensively studied to seek new lead-free materials possessing su-
perior electrical properties, in order to replace lead-based piezoelectric
materials because the toxicity of lead causes damage to the environment as
well as to human health [1–6]. Compositions based on the (1-x)(Na0.5Bi0.5)
TiO3-xSrTiO3 (NBT-ST) solid solution are receiving increasing attention
due to their extraordinary inverse piezoelectric properties caused by an
electric field-induced relaxor to ferroelectric phase transition [7–13]. For
example, a strain of 0.29% at an electric field of 4 kV/mmwas reported by
Acosta et al. [8] for the composition 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3
(NBT-25ST). Afterwards, many material systems were constructed based
on the NBT-ST solid solution to enhance both structure and electrical
properties to find out the materials with excellent properties and capability
for practical application as an actuator [14–20]. In order to enhance
microstructure as well as electrical properties, NBT-ST compositions were
doped with various elements to substitute on the A site or B site. For
example, Malik et al. found an improvement in strain to S¼ 0.438% at E¼
5 kV/mm corresponding to d*33 ¼ 876 pm/V with Nb doping of a
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Bi0.5(Na0.84K0.16)0.5TiO3–SrTiO3 composition [21].
Single crystals of NBT-based compositions show better electrical

properties in comparison to ceramics with the same composition, due to
the improved alignment of the ferroelectric domains in the poling field or
improved polarization extension in the applied electric field [22–26].
Single crystals in the NBT-ST system have previously been grown by solid
state crystal growth [27–29] and NBT-25ST single crystals were found to
have improved inverse piezoelectric properties [30]. However, growth
rate of the single crystals is restricted by excessive grain growth in the
matrix, which reduces the driving force for single crystal growth [31].
Compared to the NBT-ST system, 0.96(Na0.5Bi0.5)TiO3-0.04CaTiO3
showed improved solid state single crystal growth [32]. This raised the
possibility of improving the growth rate of NBT-25ST by substituting Sr
with Ca. Indeed, in previous work, we found that partially substituting Sr
with Ca in the 0.8(Na0.5Bi0.5)TiO3-0.2(Sr1-xCax)TiO3 system could
restrict matrix grain growth, allowing larger single crystals to be grown
[33]. In the present work, single crystals of composition 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 are grown by the solid state crystal growth
method and their crystal structure, ferroelectric and piezoelectric prop-
erties are studied in detail.
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Fig. 1. (a) SEM micrograph and (b) particle size distribution of the 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 powder after calcination and ball milling.
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2. Material and methods

The 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 (NBT-25SCT) powder
is synthesized fromNa2CO3 (ACROSOrganics, 99.5%), Bi2O3 (Alfa Aesar,
99.9%), TiO2 (Alfa Aesar, 99.8%), SrCO3 (Aldrich, � 99.9%) and CaCO3
(Aldrich, � 99.9%) starting materials by the solid state reaction route.
The starting materials are dried in an oven at 250 �C for 5 h to remove
adsorbed water. The stoichiometrically weighed amounts of these initial
materials are mixed and ground in high-purity (99.9%) ethanol in a ZrO2-
lined jar in a planetary ball mill (Planetary Micro Mill Pulverisette 7,
Fritsch GmbH, Idar-Oberstein, Germany) for 3 h (alternating 5 min
milling and 1 min rest intervals) at 500 rpm using ZrO2 media. After
milling, the ethanol is evaporated using a hot plate and magnetic stirrer.
Then, the slurry is dried in an oven at 80 �C for 12 h to totally remove any
remaining ethanol. The dried slurry is ground in an agate mortar and
pestle, then sieved through a 180 μm sieve to remove agglomerates. The
powder is put into high purity alumina double crucibles with lids and
calcined at 900 �C for 3 h in air, with heating and cooling rates of 5 �C/
min. The calcined powder is planetary ball milled, ground and sieved
again to break up any agglomerates and reduce the particle size. The
powder is analysed by X-ray diffraction (XRD, X’Pert PRO, PANalytical,
Almelo, the Netherlands) using Cu Kα radiation, a scan range of 20–90�

2θ and a scan speed of 3�/min. A powder sample is Pt-coated and
observed by Scanning Electron Microscopy (SEM, Hitachi S-4700, Tokyo,
Japan). The particle size distribution of the powder is analysed from the
SEMmicrographs using imageJ v1.50a image analysis software (National
Institute of Mental Health, Bethesda, MD). The area of 200 particles was
measured and converted into equivalent spherical 2D radii.

NBT-25SCT single crystals were fabricated by top-seeded solid state
crystal growth [32]. Pellets of NBT-25SCT (without a seed crystal) are
pressed in a cold isostatic press at 147 MPa, pre-sintered at 900 �C for 1 h
and their top faces polished to a 1 μm finish. (110), (001) and (111)
oriented SrTiO3 seed crystals (MTI Corp., CA) are then placed on the
polished faces of the pellets, the samples are buried in NBT-25SCT
powder in a steel die, pressed by hand into pellets and compacted in
the cold isostatic press as before. Samples are then sintered at 1250 �C for
20 h, 50 h or 100 h with heating and cooling rates of 5 �C/min. To reduce
volatilisation of Na and Bi during sintering, the pellets are buried in a
packing powder of the same composition in a double alumina crucible
with lids. For comparison, a single crystal was also grown by solid state
crystal growth i.e. the seed crystal was buried in the NBT-25SCT powder,
pressed into a pellet and sintered at 1250 �C for 20 h without any
pre-sintering.

The samples are vertically sectioned using a low speed diamond
wheel saw, polished to a 1 μm finish with diamond paste and thermally
etched at 1200 �C. The etched samples are Pt-coated and observed by
Scanning Electron Microscopy (SEM, Hitachi S-4700, Tokyo, Japan). The
mean matrix grain size and grain size distribution is analysed from the
SEMmicrographs using imageJ v1.50a image analysis software (National
Institute of Mental Health, Bethesda, MD). To estimate the mean matrix
2

grain size and grain size distribution, the equivalent 2D radii of at least
200 grains are selected for each sample. To analyze single crystal thick-
ness of the (001)-oriented NBT-25SCT single crystals, the single crystal in
each micrograph is divided into slices and the area of each slice
measured. By dividing the area of each slice by its width, the average
growth distance of the crystal in that slice could be measured. For each
sample, the mean and standard deviation of 50 slices are measured. The
growth distance of the (110)-oriented NBT-25SCT single crystal was
measured at the point of maximum growth. The chemical composition of
a (111)-oriented NBT-25SCT single crystal grown at 1250 �C for 20 hours
was analysed using Electron Probe Microanalysis (EPMA, JEOL JXA-
8530F PLUS, Tokyo, Japan). The sample was polished as before but
not thermally etched. Wavelength-dispersive spectroscopy (WDS) anal-
ysis was carried out using an accelerating voltage of 15 kV NaAlSi2O6,
Bi4Ge3O12, SrTiO3 and CaWO4 were used as standards.

For measurement of the electrical properties, single crystals are
grown at 1250 �C for 20 h using (110) and (111)-oriented SrTiO3 seed
crystals. After growth, (110) and (111)-oriented NBT-25SCT single
crystals are removed from the surrounding matrix grains and ground
with SiC paper up to grade #2000 until the NBT-25SCT single crystal is
exposed on both major faces i.e. until the seed crystal on one face and the
matrix grains on the other face are removed. The (001)-oriented single
crystals are prepared from a single crystal grown on a (110)-oriented
SrTiO3 seed crystal. The seed crystal and surrounding matrix grains are
removed and the sample vertically sectioned and ground as before to
expose the (001) major faces of the single crystal. To check the orienta-
tion, the single crystals are analysed by X-ray diffraction (XRD, X’Pert
PRO, PANalytical, Almelo, the Netherlands) using Cu Kα radiation, a 2θ
scan range of 20–90�, step size 0.02� and a scan speed of 3�/min. For
analysis of the crystal structure, a polycrystalline sample (sintered at
1250 �C for 1 h without a seed crystal) is crushed into powder and
analysed by XRD as before.

For micro-Raman scattering, a (111)-oriented single crystal sample
grown at 1250 �C for 20 hours is removed from the matrix and seed
crystal and polished to a 1 μm finish with diamond suspension on one
major face. The sample is then annealed at 400 �C for 1 h and cooled at a
rate of 1 �C/min to remove strains generated during polishing. Micro-
Raman scattering is carried out with a 514 nm Arþ ion laser and
output power of 10 mW (LabRam HR800 UV Raman microscope, Horiba
Jobin-Yvon, France). The Raman spectrum is recorded at room temper-
ature in back scattering geometry with a resolution of ~0.5 cm-1. The
diameter of the laser spot on the sample is 1–2 μm.

For the impedance spectroscopy measurements, the major faces are
coated with Pt-paste and the sample fired in a muffle furnace at 900 �C
for 30 min with heating and cooling rates of 5 �C/min. An impedance
analyser (HP4284A, Hewlett-Packard, Kobe, Japan) is utilized to record
the conductance and resistance of each sample at different temperatures
and frequencies. Samples were measured in a hot stage (TS1500, Linkam,
Tadworth, United Kingdom) in the temperature range 30–800 �C with
heating and cooling rates of 1 �C/min. The AC voltage is set to 0.5 V and



Fig. 2. (a, b) SEM micrographs of a 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal grown on a (110)-oriented SrTiO3 seed crystal; (c) SEM micrograph of a
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal grown on a (001)-oriented SrTiO3 seed crystal; (d) SEM micrograph of matrix grains from the (001)-oriented
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal; (e) matrix grain size distribution of the (110)-oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single
crystal; (f) matrix grain size distribution of the (001)-oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal.

Table 1
EPMA analysis results of a (111)-oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)
TiO3 single crystal.

Oxide Average (mol %) STD (mol %) Nominal composition (mol %)

Na2O 10.77 0.15 11.54
Bi2O3 11.85 0.07 11.54
SrO 10.73 0.16 10.77
CaO 4.90 0.08 4.62
TiO2 61.75 0.15 61.54
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the frequency range from 31.6 Hz to 106 Hz.
For the ferroelectric and piezoelectric properties, single crystals are

prepared as above but are polished on bothmajor faces using SiC paper to
a final finish of #4000 grade. The thickness of the samples are ~ 0.8–1.3
mm and the major faces of the samples are approximately parallel to the
(110), (001) or (111) planes of the single crystal respectively. Silver paste
was screen printed on both sides of the specimens and then dried in a
drying oven at 100 �C for 30min. The external electric field dependencies
of polarization (P) and strain (S) hysteresis were measured in a com-
mercial apparatus, aixPES (aixACCT System GmbH, Aachen, Germany)
using a bipolar electric field profile with amplitude of up to 7.5 kV/mm at
0.5 Hz.

3. Results

An SEM micrograph of the calcined and ball-milled NBT-25SCT
powder is shown in Fig. 1 (a). Most of the particles are submicron in size,
but some particles of ~ 1 μm diameter are visible. The particle size
(radius) distribution is shown in Fig. 1 (b). The particle size distribution
is unimodal with a tail out to 1 μm. The mean particle radius and stan-
dard deviation for the powder is 0.29 μm� 0.14 μm. SEMmicrographs of
NBT-25SCT single crystals grown by top-seeded solid state crystal growth
on (110)- and (001)-oriented SrTiO3 seed crystals at 1250 �C for 20 h are
shown in Fig. 2. In both cases, a single crystal of NBT-25SCT has grown
from the seed crystal into the pellet. The growth rate in the [110] di-
rection is much faster than in the [001] direction. Both single crystals
contain porosity. Fig. 2 (d) shows an SEM micrograph of the matrix
grains. The matrix grains are equiaxed and many are cuboid in shape,
with faceted grain boundaries. A rod-shaped secondary phase is visible in
the matrix. This is probably TiO2 or an Na2O-TiO2 compound [30,33].
Fig. 2 (e) shows the matrix grain size distribution of the (110)-oriented
single crystal. The grain size (radius) distribution is bimodal with a peak
whose mean grain size is 8.2 μm and a small number of much larger
abnormal grains up to 190 μm in size. The mean grain size and standard
deviation for the entire distribution is 9.9 � 13.6 μm. Fig. 2 (f) shows the
matrix grain size distribution of the (001)-oriented single crystal. The
grain size distribution is unimodal. The mean grain size is slightly larger
than that of the (110)-oriented single crystal, but no abnormal grains are
present.

The EPMA chemical analysis results are shown in Table 1. The results
3

are the average and standard deviation of eight measurement points. The
results are given as the mol % of the constituent oxides, assuming oxygen
stoichiometry. The nominal composition for NBT-25SCT is also given.
The chemical composition of the single crystal is very close to the nom-
inal composition. The single crystal is slightly deficient in Na and slightly
excess in Ca and Bi. Sodium deficiency was previously noticed in NBT-
25ST single crystals grown by this method [28,30].

Fig. 3 (a) shows the single crystal growth distance vs. sintering time.
The [110] direction is clearly the fastest growth direction. Even after 100
h of sintering, the (001)-oriented single crystal has only grown~820 μm,
whereas the (110)-oriented single crystal has reached a maximum
growth distance of 1350 μm after 20 h. Fig. 3 (b) shows the porosity in a
(110)-oriented NBT-25SCT single crystal grown by top-seeded solid state
crystal growth for 20 h. For comparison, a (110)-oriented NBT-25SCT
single crystal was grown by solid state single crystal growth at 1250 �C
for 20 h. From Fig. 3 (c) it can be seen that this single crystal is more
porous than the crystal grown by top-seeded solid state crystal growth.
Fig. 3 (d) shows Archimedes density measurements of NBT-25SCT single
crystals grown by both methods. The theoretical density of NBT-25SCT
was calculated to be 5.71 g/cm-3 based on unit cell parameters esti-
mated from the XRD pattern for polycrystalline NBT-25SCT. The density
of the single crystal grown by top-seeded solid state single crystal growth
is higher than that of the single crystal grown by solid state single crystal
growth.

NBT-25SCT single crystal samples prepared for electrical property
measurements are shown in Fig. 4. Estimated geometry factors are given
in Table 2. Fig. 5 shows the XRD patterns of the NBT-25SCT single
crystals shown in Fig. 4 and the polycrystalline sample. All patterns are

indexed using PDF file #89–3109 for cubic NBT
�
Pm3m

�
. The



Fig. 3. (a) Single crystal growth distance of the
(001) and (110)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals; (b)
SEM micrograph of a (110)-oriented
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single
crystal grown by top-seeded solid state crystal
growth; (c) SEM micrograph of a (110)-oriented
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single
crystal grown by solid state crystal growth; (d)
Archimedes density of (110)-oriented
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single
crystals grown by solid state crystal growth and
top-seeded solid state crystal growth.

Fig. 4. Single crystals of 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 grown by top-seeded solid state crystal growth.

Table 2
Geometry factors of (001), (110) and (111)-oriented 0.75 (Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals for electrical characterization.

Orientation A (cm2) t (cm) A/t (cm) A*t (cm3)

(001) 0.0210 0.0819 0.2564 0.0017
(110) 0.0580 0.0878 0.6606 0.0051
(111) 0.0680 0.0739 0.9202 0.0050
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polycrystalline sample shows all possible diffraction peaks for the
different crystallographic planes of the NBT structure except for the 221
peak which is too weak to be detected. The single crystal samples only
4

show intense peaks for the (100)/(200), (110)/(220) and (111)/(222)
crystallographic planes respectively, showing them to be of (001), (110)
and (111) orientation [28–30,34]. The (001)-oriented NBT-25SCT single
crystal pattern is very noisy due to the small size of the sample (Fig. 4),
which leads to a lot of background noise from the glass slide used as a
sample holder. The shoulders on the low angle side of the peaks of the
(001)-oriented single crystal may be caused by a skin layer on the sample
[35]. The XRD pattern and Rietveld refinement of the NBT-25SCT
polycrystalline sample is shown in Fig. 6. The pattern was refined

using mixed rhombohedral (R3c) and cubic
�
Pm3m

�
phases. The sample

consists of 97 vol % rhombohedral and 3 vol % cubic phases.



Fig. 5. XRD patterns of (001), (110) and (111)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals and a polycrystalline sample.

Fig. 6. XRD pattern and Rietveld refinement of a polycrystalline
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 sample.

Fig. 7. Raman spectrum of a 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 sin-
gle crystal.
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A Raman spectrum of an NBT-25SCT single crystal is shown in Fig. 7.
Peak fitting of Gaussian peaks is carried out using fityk 0.9.8 peak fitting
software [36]. The black curve is the original data, the blue curves are the
fitted peaks and the red curve is the sum of the fitted peaks. The spectrum
is typical of (Na0.5Bi0.5)TiO3-based materials [26,29,30,32,37–42].
Comparing the spectrum with those from the (Na0.5Bi0.5)TiO3–BaTiO3
system [40,42] and (Na1-xKx)0.5Bi0.5TiO3 system [39] indicates the
structure to be rhombohedral: the peak at 140 cm-1 is sharply defined, the
peak at 260 cm-1 is narrow and the peaks between 450 and 650 cm-1 are
merged together.

The polarization vs. electric field and bipolar strain vs. electric field
hysteresis loops of the (001), (110) and (111)-oriented NBT-25SCT single
crystals for a maximum electric field of 4 kV/mm are shown in Fig. 8.
Ferroelectric and piezoelectric properties of the single crystals are given
in Table 3. The (001)-oriented NBT-25SCT single crystal has a very slim
and unsaturated polarization hysteresis loop, with low values of rema-
nent polarization Pr, saturation polarization Ps and coercivity Ec. The
polarization hysteresis loops of the (110) and (111)-oriented NBT-25SCT
single crystals are well saturated and have a pinched appearance. The
5

upward curvature of the hysteresis loop of the (110)-oriented NBT-25SCT
single crystal between Ps and Pr indicates that the material is semi-
conducting [43]. The (111)-oriented NBT-25SCT single crystal has a
slimmer hysteresis loop, with lower values of Pr and Ec compared to the
(110)-oriented single crystal, although Ps is higher. This hysteresis loop
does not show the upward curvature between Ps and Pr, indicating that
conductivity is lower in the [111] direction. The bipolar strain hysteresis
loop of the (001)-oriented NBT-25SCT single crystal is very slim with low
maximum strain Smax, negative strain Sneg, strain hysteresis ΔS/Smax
(where ΔS is the difference between the upper and lower values of strain
at an electric field of 2 kV/mm) and d33* (¼ Smax/Emax). The (110) and
(111)-oriented NBT-25SCT single crystals have partially sprout-shaped
hysteresis loops with much larger values of Smax, Sneg, ΔS/Smax and
d33*. The (111)-oriented NBT-25SCT single crystal has the largest values
of strain and d33*.

Fig. 9 shows the polarization vs. electric field and bipolar strain vs.
electric field hysteresis loops of a (001)-oriented NBT-25SCT single
crystal under maximum electric fields of between 4 and 7.5 kV/mm. The
corresponding ferroelectric and piezoelectric properties are shown in
Table 4. The curves under a maximum electric field of 4 kV/mm are the
same as those in Fig. 8. As the electric field increases above 4 kV/mm, the
polarization hysteresis loops become more saturated. However, they
remain narrower than the loops of the (110) and (111)-oriented NBT-
25SCT single crystals and do not have the kinked appearance. The gaps
between the beginning and end of the loops indicate that the material is
semiconducting [43]. The bipolar strain loops also show increasing
values of Smax and d33*. For the electric field of 7.5 kV/mm, d33* exceeds
that of the (111)-oriented NBT-25SCT single crystal. Furthermore, the
bipolar strain loops remain very slim with low values of strain hysteresis
and almost no negative strain. Fig. 9 (c) shows a plot of strain vs. the
square of the polarization. The curves are vertically offset for clarity. At a
maximum electric field of 4 kV/mm, the curve is almost hysteresis-free,
following almost linear behaviour. As the maximum electric field in-
creases hysteresis becomes more apparent.

Plots of the real (εr’) part of the complex relative permittivity vs.
temperature, loss tangent vs. temperature and conductivity vs. temper-
ature of the (001), (110) and (111)-oriented NBT-25SCT single crystals
are shown in Fig. 10. The numbers in the legends are the logarithmic
values of the measurement frequency. The arrows indicate the direction
of increasing frequency. All of the single crystals show relaxor behaviour
typical of NBT-type materials [29,30,32,33,44–46]. The plots of εr’ vs.
temperature show broad peaks with a maximum Tm at ~290–300 �C and
a shoulder Ts at ~170–180 �C. At temperatures below Ts, εr’ shows



Fig. 8. Polarization vs. electric field and bipolar strain vs. electric field hysteresis loops of (a, b) (001), (c, d) (110) and (e, f) (111)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals.

Table 3
Ferroelectric and Piezoelectric properties of (001), (110) and (111)-oriented
0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals under a maximum
electric field of 4 kV/mm.

Orientation Ps
(μC/
cm2)

Pr
(μC/
cm2)

Ec
(kV/
mm)

Smax

(%)
Sneg
(%)

ΔS/
Smax

d33*
(pm/
V)

(001) 8.05 1.10 -0.52 0.027 -0.003 0.290 68
(110) 31.88 24.41 -1.95 0.104 -0.035 1.057 259
(111) 35.61 12.50 -1.22 0.148 -0.032 0.918 369

Table 4
Ferroelectric and Piezoelectric properties of a (001)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal under a maximum electric field of 4–7.5
kV/mm.

Electric
field (kV/
mm)

Ps (μC/
cm2)

Pr
(μC/
cm2)

Ec
(kV/
mm)

Smax

(%)
Sneg
(%)

ΔS/
Smax

d33*
(pm/
V)

4 8.05 1.10 -0.52 0.027 -0.003 0.290 68
6.5 18.69 3.79 -1.13 0.114 -0.003 0.287 176
7.5 22.17 4.46 -1.17 0.320 -0.010 0.276 429
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dispersion with frequency. The values of Ts and Tm are higher than in
single crystals of NBT-25ST (~135 and ~190 �C respectively) [30]. The
values of εr’ for the (001)-oriented NBT-25SCT single crystal are slightly
higher than those of the (110) and (111)-oriented single crystals. The
(111)-oriented NBT-25SCT single crystal exhibits the monotonic fre-
quency dispersion in tan δ in the temperature range 30–300 �C, which is
not clear in the (001) and (110)-oriented crystals. The behaviour can be
matched with AC conductivity plots in Fig. 10 (c) as σ0 ¼ ωε0εr”. While
the (111)-oriented NBT-25SCT single crystal exhibits nearly constant,
slightly decreasing εr” with decreasing frequency, the (001) and
(110)-oriented crystals exhibit increasing εr" at lower frequencies,
resulting in non-monotonic tan δ.
Fig. 9. (a) Polarization vs. electric field and (b) bipolar strain vs. electric field hyste
crystal under a maximum electric field of 4–7.5 kV/mm; (c) strain vs. squared polar
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4. Discussion

The basis of the solid state crystal growth technique used to grow the
NBT-25SCT single crystals has been explained using the mixed control
mechanism of microstructure evolution [31,47–49]. According to this
mechanism, the growth of the single crystal depends upon both its
interfacial structure with the surrounding matrix grains and on the mean
matrix grain size. To grow a large single crystal, it is important to restrict
grain growth in thematrix, as the driving force for single crystal growth is
inversely proportional to the mean matrix grain size. In particular,
abnormal grain growth in the matrix must be avoided as the abnormal
grains can block the single crystal and prevent it from growing further.
Compared with the NBT-25ST single crystal grown by top-seeded solid
resis loops of a (001)-oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single
ization.



Fig. 10. Real part of relative permittivity, loss tangent and conductivity vs. temperature plots of the: (a–c) (001); (d–f) (110) and (g–i) (111)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals.
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state crystal growth in our previous work, the mean matrix grain size of
the NBT-25SCT single crystals grown by top-seeded solid state crystal
growth is smaller (10–11 μm vs. 14 μm) [30]. This increases the driving
force for single crystal growth, allowing a large NBT-25SCT single crystal
to be grown in only 20 h. In the crystal grown by solid state crystal
growth, single crystal growth and densification of the matrix take place
simultaneously. If the single crystal/matrix grain boundary is moving too
quickly, then pores on the boundary may become trapped in the single
crystal [50]. Therefore many pores in the matrix were trapped inside the
growing single crystal as a result of the incomplete densification process
(Fig. 3). In the case of top-seeded solid state crystal growth, pre-sintering
the pellet allowed partial densification, reducing the number of pores
available for the single crystal to absorb during growth.

Relaxor ferroelectric behaviour is encountered in both lead-based and
lead-free ferroelectric materials [3,51,52] and is commonly observed in
(Na0.5Bi0.5)TiO3-based compositions [8,32,44,53–55]. Numerous the-
ories were constructed to interpret relaxor behaviour such as the space
charge model, diffuse phase transition model, dipolar glass model and
random field model. The existence of polar nanoregions (PNRs),
nanometer-sized regions in which polarization is correlated, is believed
to be the reason for the dielectric relaxation behaviour in relaxor mate-
rials [3,51,52,56]. The reorientation of the PNRs’ dipole moments in an
alternating electric field as functions of temperature and frequency de-
termines the dielectric relaxation behaviour of these materials. PNRs
form at (or possibly above) the Burns temperature TB above Tm [57,58].
At this temperature, the dipole moments of the PNRs have sufficient
thermal energy to fluctuate between different directions and can reorient
in response to an electric field, returning to a low free energy state after
the field disappears. As the temperature decreases, the PNRs grow larger
and increasingly interact with each other, slowing down their response to
7

the electric field. A range of PNRs with different sizes and relaxation
times causes the broad peak of relative permittivity vs. temperature.
Eventually, when the temperature goes down to the freezing temperature
Tf, the relaxation time of the PNRs becomes very long and their dipole
moments can no longer reorient in the electric field. In (Na0.5Bi0.5)
TiO3-based compositions there is often also a low temperature shoulder
(Ts) in the relative permittivity vs. temperature plots. This shoulder has
been ascribed to several possible phenomena including a transition from
the rhombohedral phase to mixed rhombohedral and tetragonal phases
[13,23,59–61], thermal evolution of mixed rhombohedral and tetragonal
polar nanoregions [62], a transition from a non-ergodic to ergodic
relaxor [63] or from a ferroelectric to a relaxor state [64].

Although it has been studied for over 50 years, the nature of the room
temperature (Na0.5Bi0.5)TiO3 structure is still contentious and different
structures have been perceived according to different measurement
techniques [65,66]. Firstly, based on X-ray diffraction (Na0.5Bi0.5)TiO3
was determined to have a pseudocubic [67,68] or rhombohedral struc-
ture with R3c or R3m space group [59,69]. Neutron diffraction studies
also indicated the R3c structure [59]. Transmission Electron Microscopy
studies indicated coexisting rhombohedral (R3c) and tetragonal (P4bm or
P42nm) phases [70]. More recently, relying on high resolution X-ray
diffraction, the monoclinic Cc space group, with a slight deviation from
rhombohedral symmetry, was proposed [66]. This proposal of a mono-
clinic unit cell was further supported by optical studies [71]. However,
even the assignment of the monoclinic Cc space group cannot explain all
the features of the (Na0.5Bi0.5)TiO3 structure and the room temperature
phase may be a combination of R3c and Cc phases [72,73]. There is also
considerable local chemical and structural disorder in (Na0.5Bi0.5)TiO3,
which can cause deviations from the average structures measured by
XRD, neutron diffraction and TEM. The shortest Bi–O bond length for



Fig. 11. Equivalent circuit modelling of the AC response of 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals by twelve parameters.(a). ZHNK and JMLL are
transmission line models (b).
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(Na0.5Bi0.5)TiO3 was found to be 2.22 Å by X-ray absorption fine struc-
ture (XAFS) measurements, which is shorter than the values measured
from neutron diffraction [74]. This means that Bi is displaced from the
centre of its oxygen polyhedron forming short bonds with several oxygen
atoms. Ti displacement was found to be larger and Bi–Ti distances were
found to be shorter than expected from neutron diffraction experiments.
Using nuclear magnetic resonance (NMR), significant disorder was found
for the local structure of sodium, which was attributed to a unimodal
distribution of octahedral tilting as opposed to two coexisting tilt systems
such as a-a-a- and a-a-cþ previously reported for (Na0.5Bi0.5)TiO3 [75,76].
A summary of the complexities of the (Na0.5Bi0.5)TiO3 structure is given
by Paterson et al. [55].

Based on the Rietveld refinement of the XRD pattern of a poly-
crystalline sample, NBT-25SCT contains coexisting rhombohedral R3c

and cubic
�
Pm3m

�
phases, as was previously found for the base NBT-

25ST composition [30]. This is as expected as the NBT-25ST composi-
tion lies on or near the MPB between rhombohedral and tetragonal/-
pseudocubic phases [7,77,78]. Compared with the NBT-25ST
composition, NBT-25SCT contains a higher proportion of rhombohedral
phase (97 vol % vs. 76 vol %). This agrees with earlier work in the
0.8(Na0.5Bi0.5)TiO3-0.2(Sr1-xCax)TiO3 system, where substitution of Ca
for Sr increased the amount of rhombohedral phase [33]. Compared with
the NBT-25ST single crystal, the Raman scattering spectrum of the
NBT-25SCT single crystal shows that the unit cell is predominantly
rhombohedral (Fig. 7). The peak at 140 cm-1 is more prominent for the
NBT-25SCT single crystal, the peak at 260 cm-1 is narrower and the peaks
between 450 and 650 cm-1 are more strongly merged together. The
Goldschmidt tolerance factor (using an ionic radius of 0.135 nm for Bi3þ

with coordination number ¼ 12 [79]) was calculated to decrease from
0.981 (NBT-25ST) to 0.978 (NBT-25SCT), due to the smaller ionic radius
of Ca compared to Sr (0.134 nm vs. 0.144 nm for coordination number¼
12) [80]. The decrease in tolerance factor will promote octahedral tilting
and rotation [81], which should lead to an increased rhombohedral
distortion compared to NBT-25ST, as seen in the XRD and Raman scat-
tering results. Hiruma et al. found that the MPB composition for
(Na0.5Bi0.5)TiO3-based solid solutions appears for tolerance factors be-
tween 0.982 and 0.986 [54,79]. Similar results were found by Bai et al.
for ternary systems [82–84]. Hence the decreased tolerance factor for
NBT-25SCT moves it further from the MPB composition into the rhom-
bohedral phase field of the (Na0.5Bi0.5)TiO3–SrTiO3 phase diagram.

As was previously found for the 0.8(Na0.5Bi0.5)TiO3-0.2(Sr1-xCax)TiO3
system, substitution of Ca for Sr increases both Ts and Tm compared to the
base NBT-25ST composition (Fig. 10) [33]. Assuming that Ts corresponds
to the rhombohedral-tetragonal transition temperature [7,13,23,44,54,
59–61], its increase is caused by the increased stabilisation of the
rhombohedral phase in NBT-25SCT. The increase in Ts is the probable
cause of the reduction in the inverse piezoelectric performance (Fig. 9
8

and Table 3) compared to the base NBT-25ST composition. Many re-
searchers have noted that the best inverse piezoelectric performance is
found when Ts � room temperature [7,18,44,54,79,83–85]. Replacing Sr
with Ca reduces the tolerance factor of the solid solution end member
from 0.999 for SrTiO3 to 0.989 for (Sr0.7Ca0.3)TiO3. This may cause the
MPB composition to shift to lower (Na0.5Bi0.5)TiO3 content and Ts to
increase [54,79,82].

In the NBT-25ST single crystals, the [001] direction was found to
have the best inverse piezoelectric properties [30]. However, for the
NBT-25SCT single crystal the [111] direction has the best inverse
piezoelectric properties (Fig. 8 and Table 3). This change may also be
related to the increased amount of rhombohedral phase in the
NBT-25SCT single crystal. Schneider et al. found that (Na0.5Bi0.5)TiO3-
3.6 mol % BaTiO3 single crystals, which are in the rhombohedral R3c
phase field of the (Na0.5Bi0.5)TiO3–BaTiO3 phase diagram, had highest
Smax and Sneg in the <111> direction, followed by the <110> direction,
whereas the crystal oriented in the <001> direction had low values of
Smax and Sneg [86]. Similar behaviour is found in the NBT-25SCT single
crystals. For single crystals of (Na0.5Bi0.5)TiO3–BaTiO3 with higher
BaTiO3 (and hence tetragonal phase) content, the direction of highest
Smax switched to<001> [85,86], as was the case for the NBT-25ST single
crystals.

The NBT-25SCT single crystals oriented in the [110] and [111] di-
rections have pinched polarization hysteresis loops, which indicates that
an electric field-induced phase transition is taking place [87]. However,
the corresponding bipolar strain hysteresis loops have a noticeable
negative strain and lack the “sprout shape” associated with the electric
field-induced phase transition [87]. This implies that the long-range
ferroelectric ordering of (Na0.5Bi0.5)TiO3 that is induced by the applied
electric field [88,89] is partially disturbed by the incorporation of
(Sr0.7Ca0.3)TiO3, but that a polar phase remains when the electric field
returns to zero [87,90]. The strain behaviour of the NBT-25SCT single
crystal oriented in the [001] direction is predominantly electrostrictive at
an electric field of 4 kV/mm [Fig. 9 (c)]. As electric field increases, the
behaviour changes from electrostrictive to ferroelectric/piezoelectric, as
shown by the broadening polarization and strain hysteresis loops, and the
broadening of the strain vs. polarization squared loops [91]. This in-
dicates that the applied electric field is inducing a long-range ferroelec-
tric ordering.

Temperature dependent AC responses in Fig. 10 should represent the
dielectric and conduction properties in relation with the phases, micro-
structures and crystallographic orientations. Indeed interesting
frequency-temperature variations can be noted in the raw AC data in
different representations. Any definite description can be made only by
physics-based parameterisation or equivalent circuit modelling, which
has not been reported so far. In this work, a preliminary but promising
physics-based modelling analysis is performed. The equivalent circuit



Fig. 12. Twelve modelling parameters compared with the raw AC data in various presentations for the data of the (111)-oriented 0.75(Na0.5Bi0.5)
TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal. Derived capacitances and time constants are also shown.
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parameters are twelve as schematically represented in Fig. 11: R0, C0, RF,
CF, RK, τK, CK, R1, R2, C3, CA and RWA. R0, C0 and R1 parameters are used
for the whole temperature range. The modelled response may not be
visible due to the frequency limit but may be characteristic of the sample
state at different temperature ranges. Fitting of the series of data can be
best made by gradually changing model parameters from the high tem-
perature to the low temperature. Model parameters used at different
temperatures can be seen in the graphs of Fig. 12. Unlike Fig. 10 the data
are not normalized with the geometry factor i.e. area/thickness ratio.
Sample geometry should be properly considered for the respective model
parameters. Interfacial components should be normalized with respect to
area, and chemical capacitance, and probably also CK, are proportional to
the sample volume. The parameters of the different samples are
compared with geometry factors as in Table 2. While C0 and R2 can be
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normalized with respect to area/thickness ratio, there is no clear geom-
etry correlation in the CA, QWA, CK, CF, RK, RF, and R1 parameters.

A frequency-independent ideal capacitance C0 for the relative
permittivity can be modelled for all temperature ranges, which coincide
with the highest frequency capacitance curves at low temperature but are
extrapolated at high temperature by fitting analysis, Fig. 12 (a). Note that
the relative permittivity εr’ is now unambiguously defined from C0, as C0
is a frequency independent parameter. The residual series resistance, R0,
is critical in the present model analysis imposing well-defined impedance
functions with the characteristic high frequency limiting behavior,
Fig. 11. At low temperature R0 or R0C0 Fig. 12 (e) indicates the behavior
of tan δ, suggesting its origin. For the high temperature response with
large low frequency polarization and two thermally activated conduction
processes, a mixed conduction modelling is made using JMLL (Jamnik-



Fig. 13. Thermal hysteresis in (a) capacitance and (b) admittance behaviour of the (001) oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystal, which are
represented by the QWA and R1 parameters.
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Maier-Lai-Lee) models implemented in commercial impedance analysis
software, ZView (Scribner Ass. Inc., Southern Pines, NC). Two over-
lapped impedance arcs shown in the high temperature data (Fig. S1)
cannot be attributed to the grain boundary blocking effects [92], as the
samples are nominally single crystalline. Rather a mixed conductor
model may be applicable [93], as an oxide ion conduction mechanism is
suggested in acceptor-doped NBT systems [94]. In contrast to conven-
tional brick-layer modelling which separates two resistance components
in series, mixed conductor modelling considers two resistance compo-
nents for ionic and electronic conduction in parallel, which are R1 and R2,
respectively, and the ionic conduction may be assumed to be selectively
blocked at the electrodes. The blocking effect is here ingeniously repre-
sented by an ideal capacitance CA and also a Warburg impedance QWA in
parallel. The latter has been a generic feature for many electrochemical
systems explaining the low frequency polarizations without resorting to
CPE (constant phase element) modelling with arbitrarily adjusted fre-
quency dispersions [92,95–97]. For the high temperature data above
700 �C, the low frequency polarization can be modelled by the terminal
impedance ZB. As the observations are rather limited, for the analysis of
such high temperature data, the low frequency range is not included (See
Fig. S1).

Temperature dependence of R1 and R2 components, indicated in
Fig. 12 (g), also matches with the values reported for ionic and electronic
conductivities [94]. Large polarization around 500 �C is shown to be
described by the QWA parameter. (Another increase at higher tempera-
ture is caused by the ZB component, which is not modelled.) In the
repeated and continuous slow heating and cooling cycling in the elec-
trical measurements, well-behaved hysteresis is observed above Tm for
(001) and (110) oriented crystals as shown in Fig. 13. The hysteresis can
be mainly attributed to QWA and R1 parameters, which represents the
ionic conduction and the diffusion effects. Hysteresis in the similar
perovskite oxides at high temperature transitions are characteristic of
ferro-paraelastic transitions and the present analysis shows the hysteresis
in the transition is associated with the ionic defect formation. For the
same measurement schedules the hysteresis is not observed for the
(111)-oriented crystal and the transitions are more strongly indicated.
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This may be related to the good inverse piezoelectric properties of the
(111)-oriented sample as discussed above (Fig. 8 and Table 3). The
parameter R1 is modelled throughout the temperature range and repre-
sents the trace shown by AC conductivity curves, Fig. 12 (g). Related
electrode parameters CA and QWA can be evaluated down to around 300
�C. The parameter R2 coincides with the overlapped traces of AC con-
ductivity curves. Because of the limited visibility with lowering tem-
perature, the Arrhenius behavior appears to stop around 420 �C and the
resistance becomes very large. With infinitely large R2 or open terminal
below this transition, all other parameters can be consistently evaluated.
Chemical capacitance C3 can be modelled together with R1. This
parameter may represent the electronic carrier concentration, which is
considered a minority in number compared to the large number of ionic
defects but thermally activated defect formation is not indicated, which
needs further study. Diffusion relaxation time according to the mixed
conductor model is also indicated in Fig. 12 (g).

Below the characteristic temperature where the response represented
by R2 and C3 disappear, ~430 �C, R1 and the associated electrode
parameter can be simply modelled in a series circuit, Fig. S2. Now more
visible frequency dispersion is modelled as a series connection of a
Havriliak-Negami impedance, ZHNK and a capacitance CK, a modified
Debye model. Previously, Havriliak-Negami capacitance functions [95,
98] were suggested to describe the apparent dielectric effects from the
mobile charge carriers, as an approximation of the CK model, originally
suggested by MacDonald [95,99]. After testing different impedance
function and frequency exponents, presently, a Havriliak-Negami
impedance with exponents ½ and 1 was found satisfactory. This partic-
ular Havarililak-Negami impedance is also represented as a Gerischer
impedance, illustrated in Fig. 11 (b). As shown in Fig. 12 (c) and (e), RK
and CK shows the characteristic transition at slightly over 300 �C in the
way that the RKCK product becomes less temperature dependent. Model
parameter τK and the RKCK product are more distinguished for the (111)
crystal data, compared to the situation for the (110) and (001) oriented
crystals, Fig. 14. The difference in the frequency dispersion of tan δ be-
tween the (111) crystal and the other crystals below ~250 �C appears to
be indicated in the well-behaved τK and RKCK parameters of the (111)



Fig. 14. Time constants from impedance analysis of the (110) and (001) oriented 0.75(Na0.5Bi0.5)TiO3–0.25(Sr0.7Ca0.3)TiO3 single crystals, which can be compared to
those of the (111)-oriented crystal in Fig. 12(e).
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crystal. Below 400 �C a well-behaved Debye circuit RF and CF is needed,
which shows a characteristic temperature dependence as shown in
Fig. 12 (b), similar to the tan δ curves. The product RFCF is around 10-6 s
for all samples.

The superior description of the dispersed impedance of solid elec-
trolytes as additive capacitance effects has been reported [92,95,99] for
the apparent dielectric polarization of mobile charge carriers, including
grain boundary blocking effects. The mixed conduction model is also
based on the parallel network of two resistors and the effective parallel
connected capacitance effects. A capacitance-focused parallel network is
generally more physics-based. Not only by the parameter values or
temperature dependences, but also the appearance/disappearance of the
partial model responses appear to indicate the phase or order-
ing/interaction transition points.

5. Conclusions

In this work, single crystals of 0.75(Na0.5Bi0.5)TiO3-0.25(Sr0.7Ca0.3)
TiO3 of (001), (110) and (111) orientation were fabricated successfully
by the top-seeded solid state crystal growth technique. Replacement of Sr
with Ca restricts matrix grain growth compared to the base
0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 composition, increasing the driving
force for single crystal growth and promoting single crystal growth. Use
of pre-sintered substrates resulted in an increase in single crystal density,
as compared to the solid state crystal growth technique. The structure of
the 0.75(Na0.5Bi0.5)TiO3-0.25(Sr0.7Ca0.3)TiO3 single crystals is predom-
inantly rhombohedral. Impedance spectroscopy showed that the single
crystals show relaxor ferroelectric behaviour typical of (Na0.5Bi0.5)TiO3-
type materials, and that Ca substitution for Sr causes an increase in the
shoulder temperature Ts and the temperature of maximum relative
permittivity Tm. Polarization and bipolar strain versus electric field loops
showed ferroelectricity and piezoelectricity in (110)- and (111)-oriented
single crystals, whereas (001)-oriented single crystals initially show
electrostrictive behaviour, followed by ferroelectric/piezoelectric
behaviour with increasing electric field. Compared to the base
0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 composition, the orientation with the
highest value of d33* changed from (001) to (111) for the
0.75(Na0.5Bi0.5)TiO3-0.25(Sr0.7Ca0.3)TiO3 composition. A full parametric
impedance modelling over the wide temperature range is successfully
performed by taking the mixed ionic and electronic conduction as well as
universal dielectric response behaviour. The fitted parameters are shown
to represent the features of the raw data, which allows the identification
of the transition points and the associated processes. The impedance
parameters appear to be related to the piezoelectric performance.
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