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Abstract
In this present work, 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystals were grown by top-seeded solid-state crystal growth 
under an oxygen atmosphere. Growth in oxygen resulted in improved single-crystal growth and density compared to single 
crystals previously grown in air. X-ray diffraction revealed the simultaneous presence of tetragonal and cubic phases in the 
crystal while Raman scattering suggested the presence of rhombohedral and tetragonal phases. Piezoresponse force micros-
copy and electrostatic force microscopy show that the single crystal is in an ergodic relaxor state and electrostatic force 
microscopy shows that ferroelectric domains can be induced by an electric field. Dielectric property measurements show 
behaviour typical of an (Na0.5Bi0.5)TiO3-type relaxor material. Polarization and strain vs. electric field hysteresis measure-
ments show that the single crystal is an incipient ferroelectric. A maximum strain of 0.48% was obtained at an electric field 
of 3.5 kV/mm, giving Smax/Emax = 1365 pm/V, which is an enhancement of 32% compared to 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 
single crystals grown in air.
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1  Introduction

Recently, 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 ceramics, with 
a phase boundary between rhombohedral and tetragonal 
or pseudocubic phases, have been receiving much atten-
tion from scientists in the piezoelectric materials research 
area, owing to their outstanding inverse piezoelectrical 
properties, which are caused by a phase transition under an 
applied electric field [1–8]. (Na0.5Bi0.5)TiO3-based mate-
rials are being considered as a substitute for Pb(Zr,Ti)O3 
commercial products due to the need to reduce the toxic-
ity of piezoelectric materials, prevent environmental pol-
lution, and improve the health of human beings [5, 9–13]. 
The (Na0.5Bi0.5)TiO3-SrTiO3 system may play a key role for 
electronic components based on the piezoelectric actuator 
application [14, 15]. Hence, the study of the 0.75(Na0.5Bi0.5)
TiO3-0.25SrTiO3 system is of great significance for discov-
ering lead-free piezoelectric materials to replace Pb(Zr,Ti)
O3.

Based on many publications, 0.75(Na0.5Bi0.5)TiO3-
0.25SrTiO3 and related compositions have been studied 
and investigated in powder [16, 17], polycrystalline bulk 
ceramic [1, 2, 5, 7, 8, 17, 18], thin film [19, 20] and single 
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crystalline [21, 22] states. This research concentrated on 
improving the electrical properties, namely higher inverse 
piezoelectric constant, slimmer hysteresis loops to improve 
actuating precision, and faster response rate for piezoelec-
tric actuator application. On the one hand, the base com-
position was designed and modified with the involvement 
of other foreign elements and compounds as dopants or 
components to modify the electrical properties [14, 23–25], 
while on the other hand, the base composition was retained, 
whilst core–shell engineering [16, 17, 24, 26, 27] or tex-
turing [28] has been used. Normally, polycrystalline pie-
zoelectric ceramics consist of grains arranged in various 
crystallographic orientations, which limits the degree of 
orientation of the ferroelectric domains under an applied 
electric field, making the poling of the ceramic less efficient. 
This is accompanied by reduced piezoelectric properties. 
To overcome this limitation, single crystals can be used. 
The crystal’s crystallographic orientation can be arranged 
to maximize domain realignment during poling, improv-
ing the electrical properties [29, 30]. Among many tech-
niques for single crystal growth, such as Bridgman [31–34], 
top-seeded-solution-growth [35, 36], flux-growth [37–39], 
solid-state crystal growth [22, 23, 40–46], etc., the solid-
state crystal growth technique has several advantages such 
as the ability to produce a single crystal using commonly-
available laboratory equipment, avoidance of contamination, 
reduction of evaporation of volatile elements, and improved 
control of composition stoichiometry [47, 48]. Thus, in this 
current work, solid-state single-crystal growth was employed 
to grow single crystals of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3.

Optimization of single crystal growth conditions is a key 
factor for control of the electrical properties, which is nec-
essary for practical applications. In previous work on solid-
state crystal growth in this system, the effect of growth tem-
perature, time [21, 22] and composition [23, 40] was studied. 
Single crystals with thicknesses on the millimeter scale were 
grown with superior inverse piezoelectric properties to the 
equivalent polycrystalline ceramics (Smax/Emax = 1042 pm/V 
vs. 739 pm/V and ΔS/Smax = 38.7 vs. 57.1%) [22]. However, 
the single crystals were very porous, which is a major obsta-
cle for further enhancement of the electrical properties. Con-
trol of the sintering atmosphere is one way of improving the 
density of ceramics as well as the electrical properties. Pre-
vious investigations have shown that sintering (Pb,La)(Zr,Ti)
O3 ceramics in an oxygen atmosphere can be beneficial in 
reducing porosity [49, 50]. Spreitzer et al. found that sinter-
ing (1-x)(Na0.5Bi0.5)TiO3-xSrTiO3 ceramics under an oxygen 
pressure of 1 MPa was beneficial for improving phase purity 
and density [51]. Sintering under high oxygen pressure sup-
pressed the evaporation of secondary phases and allowed a 
higher sintering temperature to be used. This promoted den-
sification and conversion of the secondary phases into the 
matrix phase. Liu et al. found that sintering 0.66(Na0.5Bi0.5)

TiO3-0.06BaTiO3-0.28(BixSr1–3x/2▯x/2)TiO3 in oxygen pro-
moted densification, reduced grain size and improved elec-
trical properties (increased resistivity and energy storage 
efficiency) due to the reduced formation of oxygen vacancies 
[52]. Oxygen vacancies are believed to affect the conductiv-
ity and high-temperature dielectric behaviour of (Na0.5Bi0.5)
TiO3-based ceramics and single crystals [53–58]. Growth 
of (Na0.5Bi0.5)TiO3-based single crystals by flux and top-
seeded solution growth methods in an oxygen atmosphere 
was found to reduce leakage current and improve electri-
cal properties [59–62]. It is possible that solid-state crystal 
growth of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystals 
in an oxygen atmosphere could reduce porosity and improve 
electrical properties even further.

In the current work, 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 sin-
gle crystals were produced by top-seeded solid-state crys-
tal growth in an oxygen atmosphere. The structure of the 
attained single crystals was characterized by X-ray diffrac-
tion and Raman scattering. Ferroelectric domain structure 
was studied by piezoresponse force microscopy (PFM) and 
electrostatic force microscopy (EFM). Electrical properties 
were studied using impedance spectroscopy and measure-
ment of the polarization and strain vs. electric field hyster-
esis loops.

2 � Materials and methods

The 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 (NBT-25ST) powder 
is prepared from Na2CO3 (ACROS organics, 99.5%), Bi2O3 
(Alfa Aesar, 99.9%), SrCO3 (Aldrich, ≥ 99.9%) and TiO2 
(Alfa Aesar, 99.8%) precursor materials by the mixed oxide 
method [21]. Single crystal growth experiments were per-
formed by top-seeded solid-state crystal growth. Approx. 
0.3 g of NBT-25ST powder (without a seed crystal) was 
hand-pressed into a pellet in a 6 mm diameter stainless-steel 
die, followed by cold isostatic pressing at 50 MPa. The pel-
let was pre-sintered in oxygen for 1 h at 900 °C, with 5 °C.
min−1 heating and cooling rates. One face of the pellet was 
polished to a 1 μm finish using diamond suspension. Then 
0.2 g of NBT-25ST packing powder was lightly pressed by 
hand in a stainless-steel die of 10 mm diameter. The pellet 
was placed in the die polished face up and a [110]-oriented 
SrTiO3 seed crystal (MTI Corp., Richmond, CA) was placed 
on it. 0.5 g of packing powder was poured into the die and 
hand-pressed, followed by cold isostatic pressing at 50 MPa. 
The pressed packing powder keeps the seed crystal and pel-
let in close contact, which is vital for single-crystal growth. 
The pellet was buried with NBT-25ST atmosphere control 
powder in a high-purity alumina crucible with a lid and sin-
tered in an oxygen atmosphere in a tube furnace at 1250 °C 
for 100 h with heating and cooling rates of 2 °C.min−1. For 
further details see [22].
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For microstructural analysis, samples are vertically sec-
tioned, polished to a 1 µm finish as before, thermally etched, 
Pt-coated, and observed by scanning electron microscopy 
(SEM, Hitachi S-4700, Tokyo, Japan). Chemical compo-
sition of a single crystal was analyzed by electron probe 
microanalysis with four channels (EPMA, JEOL JXA-8530F 
PLUS, Tokyo, Japan). The single crystal was separated from 
the surrounding seed crystal and matrix grains and polished 
as before (without thermal etching). Wavelength-dispersive 
spectroscopy (WDS) analysis was carried out using an accel-
erating voltage of 15 kV. NaAlSi2O6, Bi4Ge3O12 and SrTiO3 
were used as standards. A TAPH crystal (channel 1) was 
used to detect Na, a PETH crystal (channel 4) was used to 
detect Bi, a TAP crystal (channel 3) was used to detect Sr, 
and a LIFH crystal (channel 4) was used to detect Ti.

To study the structure, a single crystal sample is sepa-
rated from the seed crystal and surrounding matrix grains, 
oriented in the [001]C direction (where subscript C means 
pseudocubic), and polished to a 1 μm finish with diamond 
suspension. The sample is analyzed by X-ray diffraction 
(XRD, X'Pert PRO, PANalytical, Almelo, the Netherlands) 
in θ-2θ (Bragg–Brentano) configuration using CuKα radia-
tion, a scan range of 10–90° 2θ and a scan speed of 3°.min−1. 
Background removal was carried out using Match! version 
3.10 (Crystal Impact, Bonn, Germany). A sample for powder 
XRD was also prepared by grinding a single crystal sample 
into powder in an agate mortar and pestle. The sample was 
annealed after grinding at 400 °C for 1 h to remove any 
strains. For micro-Raman scattering, a single crystal sample 
oriented in the [001]C direction is removed from the matrix 
and polished to a 1 µm finish as before on one face. The sam-
ple is annealed at 400 °C for 1 h and cooled at a rate of 1 °C.
min−1 to remove polishing strains. Micro-Raman scatter-
ing is carried out (LabRam HR800 UV Raman microscope, 
Horiba Jobin–Yvon, France) at room temperature in back-
scattering geometry with a 515 nm diode laser and output 
power of 20 mW. Resolution is ~ 0.28 cm−1. The spectrum 
is corrected by the Bose–Einstein factor [63]. Peak fitting of 
Gaussian peaks is performed using fityk 1.3.1 peak fitting 
software [64].

For piezoresponse force microscopy (PFM) and elec-
trostatic force microscopy (EFM) characterization, single 
crystal samples oriented in the [001]C direction are removed 
from the seed crystal and surrounding matrix and polished 
to a 0.25 µm finish with diamond suspension, followed by 
a final polish with colloidal silica suspension. The samples 
are annealed to remove any strains generated during pol-
ishing. Ferroelectric domain morphology was studied by 
PFM (MFP-3D, Asylum Research, CA, USA). EFM meas-
urement of the single crystal was conducted on an XE-100 
Atomic Force Microscope, (Park Systems, Suwon, Korea) 
with a PPP-NCSTAu cantilever probe (Nanosensors, Swit-
zerland). The probe has a force constant of 7.4 N/m and a 

frequency of 160 kHz, with a conductive tip with a rear-side 
Au reflective coating. The EFM signal was enhanced by an 
SR 830 DSP lock-in amplifier (Stanford Research Systems, 
Sunnyvale, CA). All measurements were carried out in the 
dynamic contact EFM mode to gain a higher resolution sig-
nal with a scan rate of 0.5 Hz, scan area of 1 μm × 1 μm or 
12.5 μm × 12.5 μm, tip bias servo of 0.5 V, tip bias servo 
gain of 1 V, and sample bias of + 10 V and − 10 V during 
domain writing.

For impedance spectroscopy, a single crystal sample is 
separated from the seed crystal and surrounding matrix 
grains, oriented in the [001]C direction and polished with 
SiC paper on both major faces up to grade #4000. Both 
[001]C faces of the single crystal are coated with Pt-paste 
and the sample is annealed at 900 °C for 30 min with heat-
ing and cooling rates of 5 °C.min−1 to prepare Pt electrodes. 
The sample is placed in a hot stage (TS1500, Linkam, Tad-
worth, UK) and the electrical properties are measured by 
an impedance analyzer (HP4284A, Hewlett-Packard, Kobe, 
Japan). Measurements were carried out in oxygen with an 
AC voltage of 0.1 V, a frequency range from 1000 kHz to 
39.8 Hz and a temperature range of 30–800 °C (1 °C.min−1 
heating and cooling rates). For measurement of polarization 
and strain hysteresis, two single crystal samples are prepared 
as above and silver paste electrodes are applied on the [001]C 
major faces, followed by drying in a drying oven at 100 °C 
for 30 min. Polarization (P) and strain (S) hysteresis with 
external electric field (E) are measured (aixPES, aixACCT 
system GmbH, Aachen, Germany) using a bipolar electric 
field profile at 1 Hz.

3 � Results and discussion

SEM micrographs of an NBT-25ST single crystal are shown 
in Fig. 1. Epitaxial single-crystal growth has taken place on 
the [110] SrTiO3 seed crystal (Fig. 1a). The white dashed 
lines show the single crystal/matrix grain boundary. The sin-
gle crystal has grown down through the whole thickness of 
the pre-sintered pellet, with a growth distance of ~ 1.7 mm. 
The single crystal has also grown laterally beyond the seed 
crystal, as well as up into the compressed packing powder. 
The extent of single crystal growth is improved compared 
to the NBT-25ST single crystals grown in the air (Fig. 1d) 
[22]. The single crystal region near the seed crystal shows 
considerable porosity (Fig. 1b) while the region further from 
the seed is almost pore-free (Fig. 1c). Thus, the sample den-
sity can be considered to be much improved in the region 
far from the seed crystal. Sample density is also improved 
in this sample compared to NBT-25ST single crystals grown 
in air (Fig. 1d) [22]. The single crystal grown in oxygen has 
consumed most of the adjacent grains in the matrix and left 
only a few exaggerated grains several hundred microns in 
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diameter (Fig. 1a). These exaggerated grains are much larger 
than the matrix grains in the corresponding sample sintered 
in air (Fig. 1d) [22]. A few island grains were trapped in 
the single crystal bulk. These grains are believed to have 
low-angle grain boundaries with a single crystal [65]. Dif-
ferential shrinkage between the pre-sintered pellet and the 
surrounding pressed packing powder during sintering has 
caused cracks to form at the interface between the two.

During solid-state crystal growth, the single crystal, 
which is essentially an abnormal grain whose formation 
has been deliberately induced by the seed crystal, grows 
by consuming the surrounding matrix grains. Any pores in 
the matrix may also be incorporated into the single crystal. 
This will happen if pores on the single crystal/matrix grain 
boundary cannot move quickly enough to keep up with the 
boundary as it moves [66, 67]. Once isolated inside the sin-
gle crystal, the pressure of the gas trapped inside the pore 
counterbalances the capillary pressure due to pore curvature 
and will limit the shrinkage of the pore [68, 69]. Removal of 
pores trapped inside the single crystal is very difficult, as the 
gas trapped inside the pore must diffuse to the single crystal/
matrix grain boundary in order for the pore to shrink [66]. 
Oxygen more readily diffuses through the lattice than nitro-
gen and so the NBT-25ST single crystal grown in oxygen is 
expected to be less porous than a crystal grown in air, as is 
indeed the case [22].

In the NBT-25ST single crystal grown in air, the pores 
were evenly distributed throughout the single crystal (Fig. 1d 
[22]), whereas in the NBT-25ST single crystal grown in oxy-
gen, there is a higher concentration of pores in the region 
near the seed crystal (Fig. 1a, b). There could be several 

reasons for this variation in porosity. As discussed above, 
the oxygen gas trapped in the pores can diffuse through the 
crystal lattice. If the pores are close to the single crystal/
matrix grain boundary, the oxygen can diffuse from the pore 
to the boundary, allowing the pore to shrink. If the pores are 
too far away, then the oxygen cannot diffuse to the boundary 
and the pore cannot shrink. Hence pores near to the single 
crystal/matrix grain boundary are able to shrink and disap-
pear during sintering in oxygen. The second reason is due to 
the densification of the pellet that the single crystal is grow-
ing into. In single crystals grown in both air and oxygen, the 
NBT-25ST pellet was pre-sintered at 900 °C for 1 h. Such a 
low sintering temperature was chosen to limit grain growth 
in the pellet, as the driving force for single crystal growth 
has an inverse dependence on mean matrix grain size [47, 
70]. In the subsequent annealing stage at 1250 °C, the single 
crystal is growing into a porous matrix that is still in the pro-
cess of densification. The single crystal region near the seed 
crystal in the single crystals grown in both air and oxygen 
is porous because the single crystal grew into the matrix 
before all the pores could be removed. In the single crystal 
grown in oxygen, the single crystal region farther from the 
seed is denser because most of the porosity in the matrix 
has been removed by the time the single crystal reaches it. 
The matrix in the sample sintered in oxygen is probably 
denser than the sample sintered in air, due to the increased 
diffusivity of oxygen.

The EPMA analysis results of an NBT-25ST single crys-
tal are given in Table 1. Results are the mean and standard 
deviation of five analysis points taken across the whole sam-
ple. The O content is calculated based on the cation content. 

Fig. 1   a SEM micrograph 
of a 0.75(Na0.5Bi0.5)TiO3-
0.25SrTiO3 single crystal 
grown in oxygen at 1250 °C for 
100 h; b single crystal region 
near the seed crystal; c single 
crystal region far from the seed 
crystal; d SEM micrograph 
of a 0.75(Na1/2Bi1/2)TiO3-
0.25SrTiO3 single crystal grown 
in air at 1250 °C for 100 h. d is 
reproduced from [22] under the 
terms of the CC-BY license
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The single crystal is Na-deficient and slightly Bi-excess, 
while the amount of Sr is very close to the nominal value. 
The Na deficiency was attributed to the Na evaporation dur-
ing prolonged sintering of 100 h at elevated temperatures. 
The slight Bi excess may form to maintain charge balance 
[71]. Because of the prolonged sintering, oxygen vacancies 
are expected to be present in the crystal structure.

An XRD pattern of a bulk NBT-25ST single crystal is 
shown in Fig. 2a. The peaks are indexed with the pattern 
for cubic (Na0.5Bi0.5)TiO3 (Crystallographic Open Data-
base #96-210-3298, space group Pm3m ). For a θ-2θ X-ray 
diffractometer, only crystallographic planes parallel to the 
surface of the sample are able to diffract X-rays [72]. The 
pattern shows intense 100 and 200 peaks, showing that the 
sample is truly a single crystal. There is a small shoulder 
on the low-angle side of the 100 peaks (inset in Fig. 2a). 
This may be caused by a surface layer on the single crystal 
with a different structure to the bulk crystal as found for 
(Na0.5Bi0.5)TiO3-BaTiO3 [73]. The XRD pattern of a pow-
der single crystal sample is shown in Fig. 2b, c. Rietveld 
refinements were carried out on this pattern using mono-
clinic (Cc), tetragonal (P4bm), cubic ( Pm3m ), rhombohe-
dral (R3c), mixed rhombohedral (R3c) + cubic ( Pm3m ) and 
mixed tetragonal (I4cm) + cubic ( Pm3m ) phases. The fitting 
results are shown in Table 2 and Fig. 2b, c for the mixed 
rhombohedral (R3c) + cubic ( Pm3m ) phases and the mixed 
tetragonal (I4cm) + cubic ( Pm3m ) phases. The combination 

of a major tetragonal phase and a minor cubic phase, with 
space groups of I4cm and Pm3m respectively, gives the best 
fitting results. The lattice parameters for the tetragonal and 
cubic phases are given in Table 3.

(Na0.5Bi0.5)TiO3 is generally considered to have a rhom-
bohedral (R3c) or monoclinic (Cc) structure at room tem-
perature [74–76], although recent work has raised the pos-
sibility of a tetragonal structure [77]. The small non-cubic 
distortion of the unit cell [74] makes assigning a structure 
difficult. Previous XRD studies of polycrystalline NBT-
25ST samples have assigned a trigonal [78], rhombohedral 
(R3c) [1], coexisting rhombohedral/ cubic or pseudocubic 
[22, 79, 80], coexisting tetragonal/pseudocubic [14], cubic 
[7, 81] or pseudocubic [2, 5, 6, 82] structure. The structure 
of the NBT-25ST single crystal in the present work appears 
to be a mixture of tetragonal and cubic phases, which dif-
fers from most of the results above. Growing the crystal in 
oxygen, which is expected to reduce the oxygen vacancy 
concentration, may be the cause for the difference in struc-
ture but more work is needed to confirm this.

The Raman spectrum of the NBT-25ST single crystal 
is presented in Fig. 3. The black curve is the raw data, 
the blue curves fitted Gaussian peaks and the red curve 
is the sum of the peaks. Similar to the (Na0.5Bi0.5)TiO3 
structure, the Raman spectrum consists of four regions 
from 0 to 200 cm−1, 200 to 450 cm−1, 450 to 700 cm−1 
and 700 to 900 cm−1 [22, 23, 83–86]. Modes between 0 
and 200 cm−1 are assigned to Na–O, Bi-O or other A-site 

Table 1   EPMA results of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single 
crystal grown in oxygen at 1250 °C for 100 h

Element Mean St dev Nominal

Na 0.340 0.008 0.375
Bi 0.382 0.002 0.375
Sr 0.249 0.003 0.25
Ti (normalized to 1 

atom)
1.000 – 1

Fig. 2   a XRD pattern of a bulk 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 100 h; b, c XRD patterns and 
Rietveld refinement of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal powder sample

Table 2   Rietveld refinement fitting results of a 0.75(Na0.5Bi0.5)TiO3-
0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 100 h

Phases Rexp Rwp Rp χ2

R3c (94.68%) + 
Pm3m (5.32%)

0.02961 0.1658 0.1112 31.36

I4cm (89.81%) 
+ Pm3m 
(10.19%)

0.02963 0.1281 0.0938 18.69



	 Journal of the Korean Ceramic Society

cation-oxygen vibrations [3, 84, 87–89]. Modes between 
200 and 450 cm−1 are assigned to Ti–O vibrations, while 
modes between 450 and 700 cm−1 are assigned to vibra-
tions and rotations of the TiO6 octahedra [3, 84]. Modes 
between 700 and 900 cm−1 are probably caused by over-
lapping bands associated with A1(LO) and E(LO) vibra-
tions [90]. The spectrum in Fig.  3 can be compared 
with the spectra of the related (Na0.5Bi0.5)TiO3-BaTiO3 
system. Raman spectra of the rhombohedral phase of 
(Na0.5Bi0.5)TiO3-BaTiO3 have a narrow peak at ~ 280 cm−1 
and merged peaks between 500 and 600 cm−1, whereas 
the tetragonal phase has a broad peak with a shoulder 
at ~ 280 cm−1 and the peaks between 500 and 600 cm−1 
are more separated [88, 91, 92]. The peak at ~ 280 cm−1 in 
Fig. 3 is quite broad but has not yet developed a shoulder 
on the high wavenumber side, while the peaks between 
500 and 600 cm−1 are beginning to separate. This indicates 
that the NBT-25ST single crystal is at the morphotropic 
phase boundary between the rhombohedral and tetragonal 
phases. The Rietveld refinement of the powder XRD pat-
tern indicates that the single crystal contains tetragonal 
and cubic phases, whereas the Raman scattering results 
indicate the single crystal contains rhombohedral and 
tetragonal phases. Ferroelectric materials often have dif-
ferent structures at different length scales [77, 92–94].

Piezoresponse force microscopy (PFM) is based on 
atomic force microscopy but uses a conductive tip. An alter-
nating voltage is applied to the tip as the sample is scanned 
across a ferroelectric material in contact mode. A strain 
develops in the material due to the converse piezoelectric 
effect, which causes displacement of the tip. The amplitude 
of the displacement is proportional to the induced strain 
while the phase difference between the applied alternating 
voltage and the tip vibration frequency is related to domain 
polarization orientation [95, 96]. PFM can be used to image 
ferroelectric domains and to study domain switching. PFM 
images of two regions (30 μm × 30 μm and 20 μm × 20 μm) 
of an NBT-25ST single crystal are shown in Fig. 4. No 
features can be detected in the amplitude (Fig. 4b, e) and 
phase (Fig. 4c, f) diagrams. It is clear that no piezoresponse 
was measured in either region and hence no ferroelectric 
domains are present in the single crystal [15, 97, 98]. Elec-
trostatic force microscopy (EFM) is another variation of 
atomic force microscopy which is used to image both sur-
face topography and regions of different surface potential 
or charge by detecting the electrostatic force between the 
sample surface and the tip when a dc and ac bias are applied 
between the two [99–101]. Analogous to PFM, EFM can be 
used to image as well as switch ferroelectric domains [99, 
100, 102–105]. EFM images of a 1 μm × 1 μm region of an 
NBT-25ST single crystal are shown in Fig. 5a–c. Similar 
to the PFM images, no features are visible in the amplitude 
(Fig. 5b) and phase (Fig. 5c) diagrams and hence no fer-
roelectric domains are detected. To assess the possibility of 
inducing polarization, a rectangular shape (4.5 μm × 4.1 μm) 
was drawn on the surface of the sample with a tip voltage 
of -10 V (Fig. 5d, e), while the surrounding area was drawn 
with a tip voltage of + 10 V. The edge of the sample, marked 
0 V, was drawn without a bias voltage. After that, the area 
was scanned and the amplitude and phase images are shown 
in Fig. 5d, e respectively. It can be seen that a ferroelectric 
domain has been written into the sample surface [96–98, 
105]. The absence of ferroelectric domains as shown by the 
PFM and EFM measurements of the as-prepared sample 
(Figs. 4 and 5a-c) indicate that the NBT-25ST single crystal 
is in an ergodic relaxor state [15, 97, 98, 106]. Figure 5e, f 
show that it is possible to form a stable ferroelectric domain 
by applying a sufficient bias voltage [96–98, 105], imply-
ing that NBT-25ST can undergo an electric-field induced 
transition from the relaxor to the ferroelectric state. Similar 

Table 3   Lattice parameters of tetragonal and cubic phases of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 
100 h

Phase a (Å) b (Å) c (Å) α (°) β (°) γ (°)

Tetragonal (I4cm) 5.503516 5.503516 7.777166 90.0000 90.0000 90.0000

Cubic ( Pm3m ) 3.891389 3.891389 3.891389 90.0000 90.0000 90.0000

Fig. 3   Raman spectrum of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single 
crystal grown in oxygen at 1250 °C for 100 h
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Fig. 4   PFM images of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 100 h: a, d topography; b, e amplitude; 
c, f phase

Fig. 5   EFM images of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 100 h: a topography; b amplitude; c 
phase: e amplitude and f phase of a region after domain writing
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behaviour is seen in other NBT-based materials [18, 87, 97, 
98]. 

Figure 6a and b shows the relative permittivity and loss 
tangent plots on cooling of an NBT-25ST single crystal 
grown in oxygen. Numbers in the legend are the logarithm 
(base 10) of the measurement frequency. The arrows indicate 
increasing measurement frequency. Frequency dispersion is 
seen in the relative permittivity vs. temperature curves. The 
shoulder commonly seen at lower temperatures in NBT-
based materials [8, 22, 35, 39, 40, 46] is not visible during 
either heating or cooling. The temperature of maximum per-
mittivity Tm is at ~ 216 °C with a slight frequency dispersion. 
Hysteresis in the temperature of maximum permittivity Tm 
is limited to 4 °C at 106 Hz (223 °C and 219 °C for heating 
and cooling respectively). The increase in relative permit-
tivity and the large dispersion at temperatures above 350 °C 
is caused by conduction effects [77] or polarisation effects 
at the electrodes. The loss tangent curves show a shoulder 
at low temperatures which is commonly seen in NBT-based 
materials [2, 3, 8, 18, 22, 28, 77]. The plateau in loss tan-
gent at temperatures > 400 °C appears to be connected to the 

conduction or polarisation effects. For comparison, Fig. 6c, 
d shows the relative permittivity and loss tangent plots of an 
NBT-25ST single crystal grown in air [22]. The value of Tm 
is similar to that of the single crystal grown in oxygen while 
the high-temperature conduction/polarisation effects are less 
pronounced. The shoulder in the loss tangent curves also 
appears at a similar temperature to that of the single crystal 
grown in oxygen, while the high-temperature plateau is at 
lower values of loss tangent. NBT-ST ceramics of similar 
composition in the literature have values of Tm between 170 
and 215 °C [1, 2, 5, 7, 8, 14, 22, 28]. The value of Tm in the 
NBT-25ST single crystals grown both in air and in oxygen 
is at the higher end of these values.

The absence of the low-temperature shoulder from 
the relative permittivity vs. temperature plots in Fig. 6a 
is unusual, as it is present in the relative permittivity vs. 
temperature plots of the NBT-25ST single crystal grown 
in air (Fig. 6c) [22]. The existence of this low-temperature 
shoulder has been ascribed to several reasons: a transition 
between rhombohedral and mixed rhombohedral/tetragonal 
phases [8, 107–110], a transition between rhombohedral and 

Fig. 6   a Relative permittivity vs. temperature; b loss tangent vs. tem-
perature of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystal grown in 
oxygen at 1250 °C for 100 h: c relative permittivity vs. temperature; 

d loss tangent vs. temperature of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 
single crystal grown in air at 1250 °C for 100 h. c and d are repro-
duced from [22] under the terms of the CC-BY license
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mixed rhombohedral/orthorhombic phases [111], thermal 
evolution of mixed rhombohedral/tetragonal polar nanore-
gions [112], thermal activation of polar nanoregions [113] 
or a non-ergodic to ergodic relaxor transition [114]. Liu et al. 
studied the effect of grain size on the dielectric properties of 
NBT-26ST ceramics sintered in air [18]. They found that an 
increase in grain size made the shoulder more pronounced 
and reduced frequency dispersion at temperatures above the 
shoulder, which they attributed to a reduction in internal 
stresses. However, the NBT-25ST single crystal in the pre-
sent study shows no low-temperature shoulder and shows 
frequency dispersion even above Tm. From the XRD results, 
the long-range order of the single crystal appears to be a 
mixture of tetragonal and cubic phases. From the Raman 
scattering results, the single crystal appears to consist of 
mixed rhombohedral and tetragonal phases at the unit cell 
scale. Therefore, on heating, the rhombohedral-tetragonal 
transition may be less pronounced, explaining the absence 

of the shoulder. A corresponding shoulder is still present in 
the tan δ vs. temperature plot in Fig. 6b.

Two single crystal samples were prepared for polariza-
tion and strain hysteresis measurements. For the second 
sample, the porous layer that was originally adjacent to the 
seed crystal (similar to that in Fig. 1a) was removed by pol-
ishing, whereas it was not removed from the first sample. 
Polarization–electric field (PE) and bipolar strain-electric 
field (SE) hysteresis loops of the first sample were measured 
as shown in Fig. 7. The maximum electric field that could 
be applied to this sample was 3 kV/mm. The pinched PE 
hysteresis loops (Fig. 7a) and sprout-shaped SE loops with 
almost zero remanent and negative strain (Fig. 7b) indicate 
that the sample is undergoing an electric field-induced phase 
transition between ergodic and non-ergodic relaxor phases 
[4]. Compared to the NBT-25ST single crystal grown in air 
[22], the NBT-25ST single crystal grown in oxygen has a 
higher value of saturation polarization Ps at an electric field 

Fig. 7   a Polarization vs. electric field hysteresis loop; b strain vs. 
electric field hysteresis loop of a 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 
single crystal grown in oxygen at 1250 °C for 100 h. c, d Comparison 
of the c polarization vs. electric field and d strain vs. electric field 

hysteresis loops of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystals 
grown in oxygen and in air at 1250 °C for 100 h. PE and SE hyster-
esis loops of the single crystal grown in the air are reproduced from 
[22] under the terms of the CC-BY license
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of 3 kV/mm and slightly larger values of remanent polariza-
tion Pr and coercivity Ec (Fig. 7c and Table 4). Both single 
crystals grown in air and oxygen have sprout-shaped hys-
teresis loops, but the single crystal grown in oxygen has 
higher values of Smax and Smax/Emax (Fig. 7d and Table 4). 
Smax/Emax in the single crystal grown in oxygen is improved 
by 44% compared to the single crystal grown in air and by 
99% compared to a NBT-25ST ceramic sample sintered in 
air [22]. However, strain hysteresis (ΔS/Smax, where ΔS is 

the difference between the upper and lower parts of the loop 
when E = Emax/2 [115]) was increased in the single crys-
tal grown in oxygen, becoming comparable to that of the 
ceramic sample sintered in air. 

Polarization–electric field (PE) and bipolar strain-
electric field (SE) hysteresis loops of the second sam-
ple were measured as shown in Fig. 8. The maximum 
electric field that could be applied to this sample was 
3.5 kV/mm. Again, the sample has pinched PE hysteresis 

Table 4   Ferroelectric and piezoelectric properties of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystals grown in oxygen and air at 1250 °C for 
100 h

Sintering 
atmosphere

Emax (kV/mm) Pr (µC/cm2) Ps (µC/cm2) Ec (kV/mm) Smax
(%)

Smax/Emax 
(pm/V)

ΔS/Smax (%) References

Oxygen 3.0 6.8 34.3 0.69 0.22 784 47.2 This work
Air 3.0 4.2 26.5 0.52 0.17 546 40.2 [22]

Fig. 8   a Polarization vs. electric field hysteresis loop; b strain vs. 
electric field hysteresis loop of the second 0.75(Na0.5Bi0.5)TiO3-
0.25SrTiO3 single crystal grown in oxygen at 1250 °C for 100 h. c, 
d Comparison of the c polarization vs. electric field and d strain vs. 

electric field hysteresis loops of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 sin-
gle crystals grown in oxygen and in air at 1250 °C for 100 h. PE and 
SE hysteresis loops of the single crystal grown in the air are repro-
duced from [22] under the terms of the CC-BY license
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loops (Fig. 8a) and sprout-shaped SE loops with nearly 
zero remanent and negative strain (Fig. 8b). However, 
the PE loops look very different from those of the first 
sample. The loops in the second sample have opened out 
with much larger values of Pr and Ec. Compared to the 
NBT-25ST single crystal grown in air and measured at 
an electric field of 4 kV/mm [22], the second sample of 
the NBT-25ST single crystal grown in oxygen has similar 
values of Ps, but considerably larger values of Pr and Ec 
(Fig. 8c and Table 5). Both single crystals grown in air and 
oxygen have sprout-shaped SE hysteresis loops, but the 
single crystal grown in oxygen has higher values of Smax 
and Smax/Emax (Fig. 8d and Table 5). Smax/Emax in the single 
crystal grown in oxygen is improved by 32% compared to 
the single crystal grown in air and by 97% compared to a 
NBT-25ST ceramic sample sintered in air [22]. However, 
strain hysteresis was increased in the single crystal grown 
in oxygen, becoming comparable to that of the ceramic 
sample sintered in air. Smax/Emax is also improved com-
pared to the first sample grown in oxygen. 

During crystal growth, Na and Bi can evaporate accord-
ing to the following reactions [61, 116]:

During cooling from 1000 °C to 600 °C, the oxygen 
vacancies can be removed by the following reaction [62]:

Growth of single crystals of NBT and NBT-BaTiO3 in 
an oxygen atmosphere suppressed their leakage current, 
indicating a reduced concentration of oxygen vacancies in 
the crystals by suppression of defect reactions (1) and (2) 
[59, 61]. Thermogravimetric analysis of La-doped NBT 
powders also showed that an increase of oxygen partial 
pressure in the measurement atmosphere reduced weight 
losses, showing suppression of the defect reactions (1) and 
(2) [59]. Growth of NBT-25ST single crystals in an oxygen 
atmosphere can likewise suppress defect reactions (1) and 

(1)2Nax
Na

+ Ox
O
→ 2Na(g) +

1

2
O2(g) + 2V�

Na
+ V⋅⋅

O

(2)2Bix
Bi
+ 3Ox

O
→ 2Bi(g) +

3

2
O2(g) + 2V��

Bi
+ 3V⋅⋅

O

(3)
1

2
O2 + V⋅⋅

O
→ Ox

O
+ 2h⋅

(2) and promote defect reaction (3), leading to a reduction 
in oxygen vacancies in the single crystal.

From Fig. 7a, the PE loops of the first NBT-25ST sin-
gle crystal sample grown in oxygen begin to saturate at an 
electric field of 2 kV/mm. The single crystal grown in oxy-
gen has higher values of Ps and Pr than the single crystal 
grown in air (Fig. 7c and Table 4). Oxygen vacancies are 
known to inhibit domain wall movement [117–121] as well 
as the rotation of non-180° domains [59, 61, 122, 123]. The 
higher values of Ps and Pr indicate that a reduction in oxy-
gen vacancies promotes the growth of ferroelectric domains, 
promotes domain rotation to align with the electric field and 
suppresses domain clamping [59, 62, 124, 125].

From Fig. 8a, the PE loops of the second NBT-25ST sin-
gle crystal sample grown in oxygen begin to saturate at an 
electric field of 2.5 kV/mm. The slope of the polarization vs. 
electric field curve with a maximum electric field of 3.5 kV/
mm increases rapidly above this point, while in the curve for 
the single crystal grown in air, the slope begins to rise rap-
idly at electric fields > 3 kV/mm (Fig. 8c). The slope is also 
steeper in the single crystal grown in oxygen. This indicates 
that the relaxor-ferroelectric phase transition begins at lower 
electric fields and that the growth of ferroelectric domains 
is enhanced in the single crystal grown in oxygen. Compar-
ing the strain vs. electric field curves in Fig. 8d, the strain 
begins to increase noticeably in single crystals grown both 
in air and in oxygen at an electric field of 1.5 kV/mm. After 
this point, strain increases more rapidly with an electric field 
for the single crystal grown in oxygen, again indicating that 
a reduction in oxygen vacancies promotes the growth and 
rotation of ferroelectric domains.

The curvature at the top and bottom of the hysteresis loops 
of the second NBT-25ST single crystal sample grown in 
oxygen (between E = 1.5 ~ 3.5 kV/mm and − 1.5 ~ − 3.5 kV/
mm) (Fig. 8a, d) indicate increased conductivity in the sin-
gle crystal compared to the first sample grown in oxygen 
and the single crystal grown in air [126]. This increase in 
conductivity may also explain the increased Pr and Ec of 
the second single crystal sample grown in oxygen [126]. 
This behaviour is unexpected, as growing the single crystal 
in oxygen should suppress defect reactions (1) and (2) as 
discussed above, leading to a reduction in leakage current. 
Growth of the single crystal in oxygen promotes defect reac-
tion (3) as the crystal cools down, leading to an increase in 

Table 5   Ferroelectric and piezoelectric properties of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 single crystals grown in oxygen and air at 1250 °C for 
100 h

Sintering 
atmosphere

Emax (kV/mm) Pr (µC/cm2) Ps (µC/cm2) Ec (kV/mm) Smax
(%)

Smax/Emax 
(pm/V)

ΔS/Smax (%) References

Oxygen 3.5 18.9 40.7 1.72 0.48 1365 60.7 This work
Air 4.0 5.1 41.5 0.61 0.41 1031 39.2 [22]
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electron hole concentration and increased conductivity [59, 
61]. But why this happened in only one sample grown in 
oxygen is unknown. Doping with a donor dopant such as Nb 
may reduce the conductivity by removing oxygen vacancies 
generated by reaction (2) [127]. Changing the atmosphere 
to air during cooling may also reduce the conductivity by 
suppressing reaction (3).

4 � Conclusions

Single crystals of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 have 
been grown by the top-seeded solid state crystal growth 
technique in an oxygen atmosphere. Single crystals grown in 
oxygen had improved size and density compared to crystals 
grown under equivalent conditions in air. Improved density 
is due to the easier diffusion of oxygen through the crys-
tal lattice, allowing for pore shrinkage, as well as reduced 
porosity in the matrix in general. X-ray diffraction shows the 
long-range order of the crystal to be a mixture or tetrago-
nal and cubic phases, while Raman scattering indicates the 
presence of rhombohedral and tetragonal phases at the unit 
cell level. Piezoresponse force microscopy and electro-
static force microscopy show that the single crystal is in the 
ergodic relaxor state, while electrostatic force microscopy 
shows that ferroelectric domains can be induced by an elec-
tric field. The single crystal undergoes a reversible electric 
field induced relaxor to ferroelectric phase transition, with 
improved values of maximum strain and Smax/Emax compared 
to single crystals grown in air (Smax/Emax = 1365 pm/V at 
an electric field of 3.5 kV/mm compared to 1031 pm/V at 
an electric field of 4 kV/mm for a single crystal grown in 
air). The PE hysteresis loops of two single crystals grown in 
oxygen are quite different from each other, with the second 
sample appearing to have increased conductivity, for reasons 
that are not yet known. Single crystals of NBT-25ST grown 
in oxygen have potential for use as actuators but further work 
needs to be carried out to confirm reproducibility of proper-
ties and reduce conductivity further.
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