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Abstract : Most studies of ferroelectric materials were focused on polycrystalline ceramics. 
However, it is difficult to improve their properties significantly (particularly piezoelectric one) 
due  to  grain/grain  boundaries,  compositional  homogeneity,  isotropic  characteristics,  and 
structural  defects.  It  is  commonly  accepted  that  single  crystals  often  have  better 
piezoelectric behavior and less structural defects than ceramics. In this paper, we provide 
the processing technology and properties of lead-free Na0.5Bi0.5TiO3 and Na0.5Bi0.5TiO3-based 
single crystals.
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I.  Introduction

Polycrystalline ceramics are used in many applications, mainly due to the relative ease 
of  their  preparation over  an extensive range of  compositions and the possibility  of 
obtaining “any” shape and size. However, the presence of grain boundaries, pores and 
other defects of the crystal structure in polycrystalline, firstly hinders the interpretation 
of  measurement  data,  and  secondly,  in  many  cases,  weakens  their  functional 
properties.  Compared  to  ceramics,  single  crystals  lead  to  better  chemical 
homogeneities, control and improved understanding of the crystalline structure. The 
importance of conducting basic research on single crystals cannot be overestimated 
also because they are similar to the ideal crystal. Another advantage of single crystals 
is  their  transparency,  which  expands  their  range  of  applications.  Moreover,  the 
application  properties  of  oriented  single  crystals  with  a  suitably  shaped  domain 
structure significantly outweigh the properties of polycrystalline ceramics. The superior 
properties  of  these  domain  engineered  crystals  prompted  the  design  of  high-
performance transducers, sensors, actuators etc. applications [1,2].  

Quartz and lithium niobate (LiNbO3) are most known as single crystals. Quartz crystals 
are widely used for making electrical oscillators and LiNbO3 crystals are widely used 
for surface acoustic wave (SAW) devices [3]. However, they exhibit inferior piezoelectric 
performance compared to lead-based crystals. Lead-based crystals includes PMN-PT 
single  crystals  (Curie  temperature  Tc≈130°C,  above  which  materials  lose  their 
magnetics properties), with piezoelectric parameters  that  are much higher (so-called 
"giant"  piezo-effect:  piezoelectric  charge constant  d33>2000pC/N,  electromechanical 
coupling factor k33>90%, (Tc≈200°C) [4, 5]. In order to obtain crystals with a higher Curie 
temperature,  ternary  system  PIN-PMN-PT  (Tc≈200°C)  were  grown.  Unfortunately, 
these single crystals contain toxic lead, which the European Union recommends to 
eliminate from electronic devices. In addition, both PMN-PT and PIN-PMN-PT single 
crystals  still  have  non-uniform  properties,  too  high  acoustic  impedance,  which 
excludes them from many applications, including medicine. The lack of high-quality 
and large-size single crystals is the biggest hindrance for the advancement of lead-
free materials. In addition, due to this, only limited material properties are reported in  
the literature. Another common problem is the segregation during the growth process, 
which leads to a local composition gradient along the growth direction. 

The  most  studied  lead-free  materials  are  perovskite  compounds  based  on  three 
families: (1) BaTiO3 (BT), (2) (Na,K)NbO3 (NKN) and (3) Na0.5Bi0.5TiO3 (NBT). The first 
family  has limited Curie  temperature  of  approximately  100°C,  the second one has 
rather a high Curie temperature (above 300°C). Important lead-free promising material 
systems are NBT  and  NBT-based  compounds  with  so  called  depolarization 
temperature Td≈150-250°C (above this temperature, the material loses piezoelectric 
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properties). Due  to  the  wide  range  of  properties  (piezoelectric,  pyroelectric, 
ferroelectric, etc.) of materials based on NBT and the ease of growing single crystals 
[e.g.  6-19],  technological  and  research  works  focus  mainly  on  these  materials.  In 
addition, it is very important that the Bi3+ ion has similar chemical properties as the 
Pb2+ ion  (including  high  polarization  and  a  tendency  to  form  chemical  bonds  by 
hybridization of electronic orbits, which leads to a large distortion of the crystal lattice),  
whose presence in lead materials promotes their unique properties. In addition, the 
design  materials  have  been  selected  so  that  they  contain   Morphotropic  Phase 
Boundary  (MPB)  and phase transformation of  the ferroelectric-antiferroelectric  type 
and/or ferroelectric-relaxor type. Near the MPB composition, the coexistence of two 
different structural phases is relatively less stable, which  results in producing larger 
responses under applied electric  field  and stress.  The presence  of  the mentioned 
phase  boundary  and  the  mentioned  phase  transitions  favours  the  induction  of 
extraordinary  application parameters.  Equally  important  is  the  possibility  to  offer  a 
large range of  isovalent  substitutes both  on the A- and B-site  and relatively  small 
degree of Na volatility during growth process of NBT crystals in comparison with NKN. 
In addition, K2CO3 used for NKN obtain is strongly hygroscopic.

Most studies of NBT and NBT-based materials focused on the ceramics since it  is 
difficult to grow high-quality and large-size single crystals mainly due to high volatility  
of the bismuth and sodium components at melting temperatures.

This  work gives a short  overview of  processing technology and properties of  NBT 
single crystals and its derivatives.  The paper does not  pretend to fully capture the 
topic.

II.  NBT single crystals growth and properties

Figure 1:  Oxide perovskite structure
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II.1 Discovery of NBT and historic overview

NBT was discovered by Smolensky et al. in 1960 [20]. At the beginning, this compound 
did not  excite  the  concern,  because  exploration  was  concentrated  on  lead-based 
materials. NBT has  a  perovskite ABO3 structure (Fig. 1). In 1962, Ivanova et al.  [21] 

studied  the temperature  dependence  of  crystal  structure  of  NBT in  polycrystalline 
ceramic form. Just in 1974, the next paper on ceramic sample was published, in which 
the existence of an  antiferroelectric state in NBT was postulated  [22].  However, this 
hypothesis was not confirmed in any later investigations. In 1979 a  paper described 
optical properties  [23],  in  1980,  another  paper covered  the  temperature evolution of 
thermal expansion [24], and in 1982, an article presented the temperature dependence 
of crystal structure  [18] and light transmission  [25] in NBT single crystals obtained by 
Czochralski method. In 1984 single crystals of NBT were grown by  the  flux method 
and their dielectric, pyroelectric and piezoelectric properties were measured [26, 27]. The 
exploration of NBT increased from 1988, when technological conditions and dielectric 
and electrostrictive properties were described [28]. The electric properties of NBT single 
crystals obtained by the Czochralski method were measured by Kudzin’s group from 
Dniepropietrovsk  [29,  30].  In  1989  dielectric  and  pyroelectric  behavior  of  NBT single 
crystals obtained by improved flux technique were performed [31]. Also, in this paper the 
first  signs of  time dependence of  NBT properties were observed, which were then 
confirmed in papers [15, 32, 33]. The other papers [34, 35] contain results of dielectric, optic, 
pyroelectric, piezoelectric and phase transitions studies of NBT ceramics. 

II.2 Dielectric properties of NBT and phase 
transitions

Figures 2 and 3 show temperature/frequency variation of electric permittivity ε of NBT 
single  crystal  obtained  by  flux  and  Czochralski  method,  respectively.  The  local 
anomaly of ε connected with ferroelectric state decay is visible (as rapid increase of ε 
for crystal grown by flux technique). Note the large thermal hysteresis (Fig.3).

The lattice dynamics at phase transitions of NBT single crystals measured by Raman 
scattering technique were presented by Siny et al. [36]. The temperature dependence of 
the  generalized  vibrational  density  of  states  (VDOS),  deduced  from  inelastic 
incoherent  neutron  scattering  in  the  temperature  range  -220-30°C  of  NBT  single 
crystals were presented by Lushnikov et al. [37]. The total density of states (DOS) and 
the projected density of  states (PDOS) studying by first-principles  the  local density 
calculations were presented by Xu and Ching [38]. They only considered the rock salt 
type of chemical order and did not include  any  structural relaxation. More accurate 
first-principles calculations to investigate the electric and optic properties of NBT were 
performed by Zeng et al. [39]. 
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Figure 2:  Temperature dependence of the electric permittivity of NBT 
single crystal obtained by flux method at various frequencies

Figure  3:   Temperature/frequency  dependence  of  the  electric 
permittivity of NBT single crystals obtained by Czochralski  method 
(on heating) 

The  arrow  indicates  the  local  anomalies  (temperature  Td)  related  to  a 
ferroelectric phase decay. The insert shows the temperature dependence of 
the electric permittivity of NBT single crystals on heating/cooling showing 
large thermal hysteresis.
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The  complex  dielectric  functions,  optical  constants  such  as  absorption  spectrum, 
refractive  index,  extinction  coefficient,  reflectivity,  and  energy-loss  spectrum  were 
calculated in that paper. It was also concluded that NBT has a direct band gap of 2.1 
eV. The comparatively studies of crystal structure, domain structure, calorimetric and 
dielectric properties of two NBT single crystals grown by flux and by the Czochralski 
methods were presented by Park group  [40,  41]. It was found that both crystals show 
differences in properties under investigations, which can be related to nonstochiometry 
induced in crystals grown by Czochralski technique. This nonstochiometry resulted in 
less lattice distortion, a lower degree of cation ordering and a larger domain width in 
twin configuration [41]. The first paper, which contains data of temperature evolution of 
crystal structure of single crystals obtained by flux method was published in 1995  [6], 
the next one in 1999 [42].  

The research on NBT has accelerated after a European Union directive that appeared 
in 2002, which recommended replacing in electronic devices  the widely used  lead-
based materials, by lead-free ones. At present, there are in literature several hundred 
of papers on pure NBT properties.

NBT undergoes  the  following  transformational  sequence  on  cooling:  from  cubic  (

Pm 3̄m )  to tetragonal (P4bm or P4/mbm) and finally to rhombohedral/monoclinic 
(R3c or  Cc)  with  phase  transition  temperatures  of  about  540-520 and  about  300-
260°C, respectively  [6,  18-22,  42-45].   Both transitions are not observed as sharp phase 
transitions  but  are  characterized  by  a  coexistence  of  cubic/tetragonal  and 
tetragonal/rhombohedral phases in the above temperature intervals, respectively  [46]. 
The large thermal hysteresis of electric permittivity, birefringence, DSC curve, elastic 
stiffness  constant,  etc.  are  observed  in  the  temperature  interval  of 
rhombohedral/tetragonal phases coexistence [7, 8, 23, 35, 46]. 

It  was  experimentally  proved  that  electric  field  application  improves  the 
polarization/domain  ordering,  the  transformation  of  tetragonal  regions  into  a 
rhombohedral phase and supported and extended the ferroelectric phase existence 
towards higher temperatures  [46]. This is accompanied by a change of rhombohedral 
lattice distortion and a change of unit  cell  constants. Rhombohedral  and tetragonal 
phases  exhibit  a  ferroelectric  and  ferroelastic  nonpolar  (weakly  polar)  order, 
respectively. It  was shown that at about 280°C  the  content of rhombohedral phase 
increases above  80% of  the sample  volume on  cooling  [6].  However,  transmission 
electron microscopy (TEM) studies reported an intermediate orthorhombic (Pmn21 or 
Pnma)  phase  [47].  These  investigations  showed  that  the  destruction  of  the 
rhombohedral phase by microtwinning process of domains starts at about 170°C and 
that rhombohedral-tetragonal phase transformation at about 279°C can pass through 
the  intermediate  orthorhombic  phase.  The  orthorhombic  phase  develops  in  the 
temperature  range  of  ≈170-280°C.  Recently,  there  has  been  an  increase  in 
experimental results showing a departure from pure rhombohedral symmetry. It was 
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found  that  the  splitting  of  Bragg  peaks  existing  in-high-resolution  reciprocal-space 
maps suggests lower average structure of NBT than rhombohedral one [48]. Aksel et al. 
pointed out that  the  structure is monoclinic (Cc) instead of rhombohedral  [49].  High-
resolution  synchrotron  X-ray  diffraction  study  made  by  Rao  et  al.  revealed  a 
rhombohedral/monoclinic phase coexistence model and  it  appeared that an  electric 
field induced a monoclinic to rhombohedral phase transformation [50]. A rhombohedral 
phase with  an  incommensurate modulation along the four-fold axis of the precursor 
tetragonal phase was also postulated  [51].  In each of  these transformations several 
phases  are  present  simultaneously  over  a  wide  temperature  interval,  making  the 
phase  transformation  diffuse.  Thus,  below  about  260°C  the  structure  has  been 
reported to be  described as  rhombohedral,  monoclinic or  by a  coexistence of both 
depending on thermal, electric and mechanical treatments [52]. 

II.3 Important characteristic temperatures in NBT

Except temperatures of structural phase transformations, NBT has three characteristic 
temperatures. 

• The first  one Td≈190-200°C, at  which  the  material  possesses  a  long-range 
ferroelectric  state  (it  is  the  so  called  “depolarization  temperature)  and 
transforms to  a  short-range relaxor-like phase. At  about this temperature  a 
local  anomaly  of  electric  permittivity  with  a  weak relaxor  character  can be 
noted. 

• The second one, 280°C,  is the temperature at which unstable polar regions 
dynamically  existing  at   higher temperatures,  become stable  [44].  A sudden 
increase in the content of the tetragonal phase was observed  there,  at the 
expense  of  the  rhombohedral  phase  and  the  fastest  increase  in  electrical 
permittivity  during  heating,  and  there  was a  transition  from non-ergodic  to 
ergodic  behavior  [31,  53].  The  existence  of  unstable  polar  regions  at   high 
temperatures (far above Tm) and their stabilization below 280°C was confirmed 
by Suchanicz et al. and by Roleder et al.  [28,  31]. These polar regions become 
the nuclei of the low-temperature ferroelectric phase. 

• The third one Tm≈320°C, at which  a  diffuse maximum of electric permittivity 
occurs.  This  maximum,  as  for  relaxors,  does  not  correspond  with  any 
structural phase transition (see for example papers mainly based on neutron 
scattering  measurements  described  by  Vakhrushev  group  [44,  54-60].  As 
mentioned above, in high temperatures (far above Tm), unstable polar regions 
exist, the size of which and correlation radius increase on cooling. 

Below the  temperature  of  420°C there  is  a  wide  temperature  range in  which  two 
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phases, the tetragonal and  the  rhombohedral  phases coexist  [6]. In this temperature 
interval, the content of tetragonal phase decreases at the cost of rhombohedral one on 
cooling. At about 320°C each phase occupies exactly a half of the sample volume. The 
maximum of electric permittivity observed at this temperature may be explained as a 
result  of changes in dynamics and size of polar regions and their  interaction (both 
electrical  and  mechanical)  with  nonpolar  phase  (e.g.  gradual  transition  of 
rhombohedral phase into tetragonal one on heating) [16, 28, 61]. 

II.4 Coercive field in NBT

NBT  exhibits  a  high  coercive  field  (Ec≈70  kV/cm),  and  a  considerable  remnant 
polarization (Pr≈35μC/cm2). Aside from reduced toxicity on processing and use, this 
material has higher fracture toughness, higher strength and elastic moduli and lower 
density than the lead-based compounds. However, its electric conductivity is relatively 
high, which combined with high Ec makes it difficult to pole. To overcome this problem, 
a new procedure of poling was proposed [62-64], consisting in the simultaneous action of 
an electric field and perpendicularly to it, a uniaxial pressure. 

II.5 Domain structure of NBT

The effects of  a  uniaxial pressure on optical properties and  on  domain structure of 
NBT single crystals were described in  [9,  14,  65,  66]. It was shown that it is possible to 
obtain a stable ferroelastic monodomain state  at high temperature under  a  uniaxial 
pressure <100 bar. This monodomain state is kept after cooling the sample to room 
temperature. The controlled modification of domain structure is important, because it 
greatly affects properties of the material.

II.6 Thermal and dielectric properties of NBT

The first measurements  at low-temperature (5-186K)  of  specific heat (Cexpt), thermal 
conductivity (λ), dielectric and pyroelectric properties of NBT single crystals were made 
by Suchanicz et al. [11, 12]. The broad maximum on CexptT-3 plot in the temperature range 
10K<T<25K was reported and  a  rapid rise in this plot with decreasing temperature 
below ≈10K was observed (Fig. 4). This maximum can be represented by a single 
Einstein mode (51 cm-1), and the fitted Debye temperature (180K) is close to the value 
obtained  from  pyroelectric  measurements  [11].  A similar  feature  was  observed  for 
(Na0.5Bi0.5)0.86Ba0.14TiO3 single  crystal  [13].  It  was  shown  that  a  nearly  temperature 
independent regime (plateau) of  λ(T)  and  of  the  electric  permittivity  ε(T) appears, 
which  corresponds  with  anomaly  in  the  CexptT-3 curve.  As  these  non-Debye  low-
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temperature  features  are  observed  in  monocrystalline  as  well  as  in  polycrystalline 
samples  they  cannot  be  related  to  grain  boundary  mechanisms.  In  addition, 
introducing substitutional impurities into the samples has only a small  influence on 
these  features.  This  indicates  that  this  glass-like  behaviors  are  related  rather  to 
intrinsic mechanisms and not to impurity doping [11, 12].

II.7 Influence of uniaxial pressure on dielectric and 
ferroelectric properties of NBT single crystals

The  first  measurements  of  the  influence  of  a  uniaxial  pressure  on  dielectric  and 
ferroelectric  properties of  NBT single  crystals  were made by Suchanicz  [67].  It  was 
found that  a  uniaxial pressure applied parallel to electric field imposes  a  significant 
influence on properties under investigation. 

Figure 4:  Specific heat of NBT single crystals obtained by flux 
method plotted as CexptT-3 vs. T

The insert shows the specific heat of NBT single crystals plotted as Cexpt vs. 
T in a wide temperature range (based on [11]).
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This includes: (1) the increase of the rhombohedral-tetragonal phase transition and the 
decrease of the thermal hysteresis of the permittivity, which can be an evidence of 
changes of the transition nature to that of the second order one, and (2) the decrease 
of the polarization in the ferroelectric phase and the broadening of the temperature 
dependence of the polarization [67].

The first elastic constant matrix at room temperature and the temperature dependence 
of C11 constant (30-400°C) of Na0.5Bi0.5TiO3 single crystal were measured by Suchanicz 
[7]. It has been shown, that the difference in the values of the main elastic constants is 
rather  small,  mainly  due  to  the  slight  distortion  of  the  rhombohedral  phase.  C 11 

constant  exhibits  anomalies  near  the temperatures  200  and  320°C  that  are 
characteristic for NBT.

It  was found that  the  electrical properties of  NBT single  crystals  were significantly 
sensitive to thermal treatment (under air  or vacuum conditions)  [68,  69].  It  includes  a 
change of impedance and the appearance of a low-frequency relaxation process. It is 
supposed  that  slow  relaxing  dipolar  complexes  and  mobile  structural  defects  are 
created by oxygen vacancies, which is responsible for this relaxation process.

II.8 Studies of domain structure in NBT single 
crystals

The first systematic studies of temperature evolution of domain structure (also under 
uniaxial pressure action) of NBT single crystals were made in 2001 by Kruzina, Duda 
and Suchanicz [9]. 

It was shown for the first time, that the shape, size and position of ferroelastic domains 
were unchanged upon cooling from 540°C to room temperature, despite two phase 
transitions (from cubic to tetragonal, and from tetragonal to rhombohedral one) occur. 
These results were confirmed and expanded in 2010 by the Viehland group [70,  71] for 
NBT single crystals obtained by top-seeded solution grown technique and in 2017 by 
Babu et al. [72] for single crystals obtained by high-temperature self-flux method.

At  540°C  a  phase  transformation  takes  place  and  a  twin  structure  appears, 
represented  by  two  orientational  states  separated  by  coherent  (110)-type  walls 
perpendicular to the (001)-plane (Fig. 5)  [9].  Due to the difference in orientations of 
domains  indicatrix,  an optical  contrast  between  adjacent  domains  occurs.  The 
absence of  a noticeable anomaly of electric permittivity near 540°C, the character of 
domain structure which follows from theoretical group consideration [73] and the change 
of  domain  structure  under  uniaxial  pressure  action  may  be  the  reason  of  the 

Pm 3̄m  → 4 /mmm phase transformation, which is ferroelastic in nature. 
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Figure 5:   Temperature  behavior  of  the domain  structure  of  NBT single 
crystals obtained by Czochralski method (based on [9]).

Figure 6:  Temperature dependence of extinguishing angle between 
the indicative states of NBT single crystal  obtained by Czochralski 
technique showing large thermal hysteresis (based on [9]).
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The orientation of domain walls practically does not change during cooling to room 
temperature (Fig. 6). However, starting from about 350°C, changes of the extinction 
positions with respect of the pseudocubic (100) direction appear in every domain  [9]. 
This leads to a decrease of the angle between projections of  the slow speed axis of 
the  optical  indicatrix  in  adjacent  domains  on the (001)  plane.  At  about  240°C the 
sample looks like an optically isotropic material-  it  is  dark in any position between 
crossed Nicols and there is no change to distinguish optically the difference between 
orientational  states.  However,  with  a  further  decrease  in  temperature,  a  contrast 
between the domains reappeared, but now it is opposite to the previous contrast, i.e. 
precedently light domains look dark and vice versa[9]. In cooling, changes of indicatrix 
continue and practically cease at about 150°C (Fig. 7). According to many studies, the 
R3c polar phase exists at room temperature [9, 18, 56], so that extinction positions in each 
domain do not coincide with the expectation for the rhombohedral phase. The total 
change  of  angle  φ  between  neighbouring  domains  is  about ~  140°  (Fig.  7).  The 
temperature dependence of φ (Fig. 7) is correlated with the temperature behaviour of 
birefringence of single domain crystals  [35]. In Figure 6, in the illuminated region, it is 
possible to observe a contrast between domains separated by (100)-type walls,  the 
structure of which differs from the structure of the above discussed (110) walls.  

Despite the electrical neutrality of the crystal structure of NBT, there may be some 
disturbances in the crystal structure due to differences between the states of charge,  
radii and electron configurations of  external shell of Na+ and Bi3+. It may be supposed 
that in cubic phase (above about 540°C) these ions are in a disordered arrangement in 
the A-site [9]. Below about 540°C a tetragonal distortion of TiO6 octahedra takes place 
and a definite ordering in the arrangement of mentioned ions is expected. Below about 
350°C,  a  rhombohedral  distortion of  TiO6 octahedra gradually  appears  and  a  new 
ordering configuration in the arrangement of Na+ and Bi3+ ions should be profitable [9]. 
However, partially frozen A-site still  corresponds to the high-temperature tetragonal 
phase, which leads to the appearance of internal mechanical stress. 

Taking into account the thermal changes of the elastic strain tensor components,  it 
may be expected that the angle between indicatrix in two adjacent domains presents a 
temperature dependence. Indeed, the temperature variations of the elastic constant 
(C11) of NBT single crystal exhibits an anomalous behaviour in the same temperature 
interval  where the angle φ appears and also shows  a  remarkable hysteresis  [7]. On 
further cooling ,  the  rhombohedral distortion increases, which leads to relaxations of 
Na+ and Bi3+ ions to configuration in accordance with the rhombohedral phase. Results 
collected in [33] confirm the relaxation process in the temperature interval ≈220-360°C. 
It  was  shown  that  at  fixed  temperatures  from  this  interval,  the  value  of  electric 
permittivity was achieved in time intervals ≈40-50 min at 360°C and more than 200 min 
at 270°C. Because the relaxation time strongly increases with decreasing temperature, 
it is expected that with an insufficiently slow cooling internal mechanical stress may still 
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remain at room temperature  [9]. In this case distinguishing position between adjacent 
domains may differ  from that  forecast  for  the rhombohedral  phase  [9].  The internal 
mechanical  stress  may  be  the  main  reason  of  large  thermal  hysteresis  of  many 
quantities.

It was found that unique hierarchical domains exist in NBT single crystals [70, 71]: (1) a 
high-temperature tetragonal ferroelestic domain structure is elastically inherited into a 
lower temperature rhombohedral ferroelectric phase, and (2) polar regions nucleated 
within  this  geometrical  constraint  on  cooling.  The  polar  regions  seem  to  have  a 
tendency to align along the (110) and planar defects along these (110) boundaries 
reduces the elastic energy by partially relaxing the coherence of the lattice. 

Babu et al.  [72] have  grown NBT single crystals by high-temperature self-flux method 
using 25%Bi2O3+5%Na2CO3 flux. Initially, they synthesized NBT powder by the solid-
state  reaction  technique,  and  then  this  powder  was  mixed  with  flux.  The  crystals 
growth was performed at 1350°C with 5h soak time and cooled to 1050°C with 3°C/h 
cooling rate, after that it was cooled at 200°C/h. As mentioned above, the temperature 
dependence  of  domain pattern  of  obtained NBT crystal  is  similar  to  that  obtained 
earlier  by  Kruzina,  Duda  and  Suchanicz  [9].  It  was  shown  that  with  increasing 
temperature, the birefringence decreases with the disappearance of stripe-like pattern 
near 225°C [72]. However, with further increase of temperature, the stripe-like pattern 
re-appears  above  240°C  with  a  polarization  reversal  [72].  A similar  behavior  was 
observed near 205°C on cooling. These results are in concurrence with the dielectric 
and piezoelectric  data  [72].  It  was concluded that  this unusual  behavior  of  domains 
structure was attributed to the ferroelectric-ferroelastic transition [72].

The pseudo-dielectric function of NBT single crystals growth by Czochralski technique 
was obtained in the spectral range of electronic excitations (2-9.5 eV) by spectroscopic 
ellipsometry using the synchrotron radiation source  [74].  The spectrum contains two 
broad absorption bands with maximum at 4.3 and 7.0 eV, which correspond to the 
inter-band optical  transitions  from prevailingly  2pO valence  bands to  the  relatively 
localized  3dTi  and  6pBi  originated  conduction  bands.  These  measurements  have 
shown complicated phase transformations in temperature interval 180-320°C, partially 
caused by the temperature changes of the domain structure.

The first Raman scattering at normal scattering geometry on single crystals growth by 
Czochralski  method  were  done in  1986  [78],  the  next  in  1991  [79] and  in  2000  [77]. 
Temperature dependent Raman studies (also high-pressure) of NBT single crystals 
and  ceramics  were  reported  in  subsequent  papers  [78-83].  From  theoretical  and 
experimental  investigations  of  Raman  modes,  Born  effective  charges,  phonon 
frequencies, static dielectric constant tensor components and ionic displacements for 
all modes were reported [79].
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II.9 Spectroscopic studies of NBT and Raman 
scattering results theoretical results

The results from dielectric, Raman, pyroelectric and ferroelectric investigations of Mn 
and Cr-doped NBT single crystals obtained by Czochralski method were presented by 
Suchanicz et al.  [84]. The influence of this doping on properties measured manifests 
itself in several ways: (1) an increase of the electric permittivity, (2) an increase of the 
remnant  polarization  and  the  decrease  of  coercive  field,  (3)  an  improvement  of 
pyroelectric properties and (4) an increase of Tm temperature. The results indicate that 
the substitution of a small amount of foreign ions affected  the local crystal structure. 
No evidence of an antiferroelectric phase was found in NBT-doped single crystals [84].

Theoretical  considerations  were  only  scarcely  used  for  studying  NBT.  Apart  from 
investigations made by Xu and Ching [38] and mentioned above, Burton and Cockayne 
[85], based on ab initio calculations, predicted a monoclinic structure (Pm) within a 40 
atoms  supercell  with  “criss-cross”  rows  of  Na  and  Bi  perpendicular  to  (001). 
Furthemore  Grӧting  et  al.  [86],  used  first-principle  calculations  based  on  density 
functional theory, the influence of chemical order on the thermodynamic stability and 
local structure were explored. They found out that the hybridization of Bi6sp with O2p-
states leads to stereochemically active Bi3+ lone pairs and increases the stability of 
structures with high Bi concentrations in {001}-planes. The same group [87] studied also 
the  kinetics  of  octahedral  tilt  transitions  by  electronic  structure  calculations  within 
density functional theory. This group showed that the activation energy is lower for 
structures with 001-order compared to such with 111-order; they deduced also that the 
deformation energy of  the neighbouring octahedra is  less in  rhombohedral  than in 
tetragonal  structure.  In  subsequent  paper  [88],  the  kinetics  of  phase  transitions  by 
octahedral  tilts  and  A-cation  displacements  by  means  of  density  functional  theory 
calculations  were  examined,  by  employing  ab  initio  molecular  dynamics  and 
calculation of nudged elastic band. 

It was shown that:

-  the energetic  differences  between  rhombohedral,  intermediate  orthorhombic  and 
other metastable phases are close to the room-temperature thermal energy

- the chemical A-cation order affects energy barriers, influences the coupling between 
rotational and displacive modes, and determines the stability of certain octahedral tilt 
orders.

Then, the investigation was performed, using a density functional theory approach, on 
the ion conductivity versus temperature dependent activation energy of doped or non-
stoichiometric  NBT  [88].  Authors  showed that  oxygen  migration  barriers  are  highly 
dependent on  the  local  symmetries,  the  A-cation  order,  tilt  configurations  and  the 
different  oxygen  migration  paths,  and  the  phase  dependent  change  of  the 
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migration/association energy are responsible for the change of activation energy of 
oxygen migration  [88]. Lü, S.Wang and X.Wang, basing on a [111] ordered structure, 
studied  the structural,  electronic  and dynamical  behaviour  of  NBT within a density 
functional  formalism  [89].  The  direct  band  gap  was  determined  to  be  2-3eV  for 
rhombohedral, tetragonal and cubic phases. Soft modes were found in both cubic and 
tetragonal phases. The A modes present vibration of Bi atom in antiphase to other 
atoms, displacement of Na atom along polar axis rotation and octahedral along the 
polar axis. The softest E mode presents the movement of Bi atom in the opposite 
direction to all other atoms. The E mode involves also the largest magnitude of Na 
displacement, and the other modes are dominated by Ti-O stretching and the vibration 
of O atom [89]. 

III. Barium titanate BaTiO3 (BT) and NBT-BT

III.1 Phase transitions in Barium titanate BaTiO3 

Barium titanate BaTiO3 (BT) has been extensively studied and widely applied because 
of its proven superior electrical and optical properties [90]. From low temperature to high 
temperature, it undergoes three successive phase transformations: from rhombohedral 
(R3m) phase to an orthorhombic (Amm2) phase at about -90°C, then to a tetragonal 

phase (P4mm) at about 5°C and finally to a cubic phase ( Pm 3̄m ) at about 120°C. 
The  cubic  phase  is  paraelectric  while  the  other  phases  are  ferroelectric.  BT was 
believed  to  be  a  typical  displacive-type  ferroelectric  material,  although  some 
experimental results suggest the possibility of formation of pretransitional polar regions 
in the cubic phase (i.e. an order-disorder mechanism was also postulated). However, 
the roles and natures  of  the  displacive  and order-disorder  components during the 
phase  transition  are  still  controversial  and  remain  far  from  being  completely 
understood.

As  mentioned  above,  NBT single  crystals  are  difficult  to  pole  because  they  have 
relatively  high  both  conductivity  and  coercive  field.  This  causes  problems  in  the 
polarizing  process,  and  thus  leads  to  low  piezoelectric  properties.  Optimizing 
processing  (for  example,  using   different  techniques  of  single  crystal  growth)  and 
modifying  composition  (creating  NBT-based  solid  solutions)  are  major  ways  to 
overcome  these  problems.  Unfortunately,  the  improvement  of  piezoelectric  and 
dielectric properties usually leads to  the  decrease of depolarization temperature Td. 
However, high operating temperature interval  are needed for many applications. In 
general,  a  low Td value  is  undesirable  in  fabricating  high-performance  NBT-based 
materials. On the other hand, when Td is shifted to room temperature, large electric-
field-induced strain can appear. Usually, the level of this strain depends on the point 
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defects concentration level and the aging time. This effect may originate from a defect-
mediated reversible domain switching [91]. High-strain piezoelectric materials are used 
in nonlinear actuators and in high-precision positioner devices. The defect types/level 
will be controlled by the crystal growth conditions, by the donor/acceptor doping and 
by the annealing process in different atmospheres (air, vacuum, nitrogen etc.) (defect 
engineering).  There  is  a  close  relationship  between  the  defects  engineering  and 
dielectric, piezoelectric, pyroelectric etc. properties and temperature stability of these 
properties. In particular, the role of oxygen vacancies in perovskites in the formation of 
nanopolar  regions  and  coupling  between  the  dipoles  and  in  the  formation  of  the 
long/short-range ordering is very important.

Figure 7: Examples of current hysteresis loops of (1-x)NBT–
xBT single crystals (based on [8])

III.2 Dielectric properties of NBT-BT single crystals 

The first paper on dielectric, piezoelectric and domain structure features of NBT-BT 
single crystals obtained by Czochralski technique was published by the Kudzin group 
in 1997 [92]. It was shown that these crystals have improved the mentioned properties 
in comparison to pure NBT. However, in opposite to pure NBT, their monodomain state 
obtained by  the action of a  uniaxial pressure at high temperature,  is not kept after 
cooling to room temperature. It was found that the incorporation of Ba2+ ions into NBT 
single  crystals  leads  to  improve  their  dielectric,  ferroelectric,  pyroelectric  and 
particularly piezoelectric parameters and relaxor behaviour [8, 10, 93, 94] (Fig. 7). The broad 
anomalies observed in temperature evolution of thermal expansion, heat capacity and 
the  transmitted  light   were  associated to  structural,  dielectric  and  ferroelectric 
anomalies, and related to temperature features of polar regions and formation of long-
range ferroelectric phase  [8,  93,  94]. It was postulated that the relaxor behaviour of this 
system  can  be  related  to  the  local  electric  and  strain  fields  caused  by  the 
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inhomogeneity of the ions distribution and the mismatch in size and charge between 
Na+, Bi3+ and Ba2+ ions [8, 93, 94].

III.3 Growth of NBT-BT single crystals 

The first paper on NBT-BT single crystals growth by flux method and their dielectric, 
piezoelectric properties was published by Chiang group in 1998 [95], the next ones in 
1999  [96] and  in 2000  [97]. The properties of these crystals (particularly piezoelectric 
one) were significantly improved in comparison to pure NBT. NBT-BT single crystals 
exhibit  a  strain up to 0.25% with low hysteresis along the cubic (001) direction and 
strain  as high as 0.85% with  a greater  hysteresis  in  rhombohedral  and tetragonal 
phase, respectively [95]. However, the crystal structure of this system, particularly at the 
MPB has remained elusive and no true consensus  has been reached  regarding the 
average/local  structure-property  relationship.  The  crystal  structure,  dielectric  and 
ferroelectric  properties  of  NBT-BT single  crystals  obtained  by  flux  and  Bridgman 
method  were  presented  in  paper  [98].  The  first  Raman  scattering  measurements 
(isofrequency method) results of  (1-x)NBT-xBT (x=0.14) single crystals obtained by 
Czochralski  technique  were   presented  in  [99].  The  results  show  that  polar  region 
dynamics are accompanied by nonelastic light scattering anomalies. 

III.4 NBT-BT samples – influence of doping and 
growth methods

The peculiarities of phase transformations of (1-x)NBT-xBT (0<x<0.06) single crystals 
grown by Czochralski method were investigated by means of dielectric and acoustic 
emission techniques [100]. The results show some differences in temperatures, at which 
anomalies  detected  by  both  techniques  appear.  It  was  established  that  all  these 
temperatures decrease as Ba content increases. 

The NBT and NBT-based single crystals were grown by several techniques as flux,  
high-temperature self-flux, top seeded solution, Czochralski, hydrothermal, Bridgman 
and modified Bridgman methods. 

The growth process and some properties of NBT-BT single crystals were reported in 
many papers [8, 10, 93, 94, 101-104, 111-121]. 

Many useful informations about phenomena existing in NBT-BT materials can be found 
in [105-110].

The  Mn-doping  of  NBT  single  crystal  has  resulted  in  an  enhancement  of  the 
piezoelectric, ferroelectric and electric (dielectric) properties [122]. It was shown that the 
Mn substitution in the NBT crystal results in both hardening and softening effects due 
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to the existence of mixed valence states of Mn ions [123].

 Also, Mn-doping of NBT-BT single crystals could enhance piezoelectric (d33=483pC/N, 
kt=55.6%)  and  ferroelectric  (Pr=45.3μC/cm2,  Ec=2.91kV/cm)  properties  significantly, 
and can increase structural thermal stability (depolarization temperature Td) [113, 117, 124]. 

Yao et  al.  [125] reported the following effects with  Mn substitution to NBT-BT single 
crystals:  (1) an increase of  ferroelectric ordering and in-plane octahedral  tilting,  (2) 
formation  of  structural  modulation  across  domain  boundaries,  which  help  relax 
between domains, and (3) an increase in the number of in-phase oxygen tilted regions 
with a tendency of alignment along (110). In addition, the tetragonal domain structure 
could  be stabilized by poling along (001)  direction and piezoelectric  coefficient  d 33 

could reach above 500pC/N.

The following effects appear with Ce substitution to NBT-BT single crystals: (1) an 
increase of depolarization temperature Td, (2) an increase of the remnant polarization 
and  coercive  field  and  (3)  induce  relaxor-like  behaviour  [101].  The  postulated  main 
reasons behind these effects are the increase of inhomogeneity in A-site ordering and 
the induction of lattice stresses by the Ce introduction to NBT-BT [101].

It  is  possible  to  obtain  perovskites  ABO3 single  crystals  by  crystallization  in  liquid 
phase. However, for majority of  these materials this method is not adequate, because 
they  melt incongruently  or decompose below melting temperature.  It  is  possible to 
decrease  the crystallization  temperature  using  appropriate  solvents  (so  called  flux 
method). Quantity, size and quality of crystals obtained by this method depend mainly 
on temperature interval of crystallization and cooling rate. Conditions of stable growth 
of  crystals  such  as  choice of  solvent,  of  furnace  material,  proportion  of  starting 
chemicals, temperature interval of crystallization and rate of temperature change are 
chosen empirically the most often. Additional difficulties appear in the crystallization of 
solid solutions crystals. Namely, it happens that the chemical formula of obtained solid 
solutions  crystals  may  be significantly  different  from  that  expected  from  starting 
mixtures,  and  the  concentration  of  particular  components  may  be  non-uniform in 
crystal volume. 

For some of the perovskite structure materials, there is an indesirable tendency of 
pyrochlore phase growth (particularly for Pb-containing ones). The excess of divalent 
or trivalent component in the flux should improve the crystal growth conditions of the 
perovskite  structure  and  allow  to  overcome  the  pyrochlore  tendency.  The  main 
advantages of  flux method are  the  decrease of  crystallization temperature and  the 
obtention of crystals exhibiting a well-developed crystal habit, which makes the sample 
orientation  easier  for  studies  along  selected  directions.  Sometimes  it  is  the  only 
method to obtain good quality crystals. However, the disadvantages of this method is 
the relatively  small  mass  of  obtained  crystals  in comparison  to  mass  of  starting 
chemicals and the possibility that ions from the crucible or the solvent enter the crystal 
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structure. Usually, the size of single crystals obtained by this method remains relatively 
small. In order to obtain large crystals, other techniques are used, e.g. the modified 
Bridgman (Zone Melting). In addition, with the use of the modified Bridgman method, 
only a portion of the ceramic starting material is melted at any time limiting the amount 
of  chemical  segregation  that  takes  place  along  the  boule  length  by  preventing 
convective flow in the melt  [123]. This results in a more compositionally uniform grown 
crystal. 

III.5 Crystal growth techniques

For  the  growth  of  high-quality  and  large-size  perovskite  lead-free  single  crystals 
(particularly NBT-based ones), the top-seeded solution growth (TSSG) technique  is 
usually used. NBT and NBT-BT crystals growth is generally performed in the following 
way. High-purity Na2CO3, BaCO3,  Bi2O3 and TiO2 chemicals  are mixed according to 
stoichiometric ratio and then are heated in a Pt-crucible at 1150-1250°C for 8-10h to 
form  polycrystalline  materials.  These  materials  are  then  mixed  with  15-25wt%  of 
excess Bi2O3 and Na2CO3 as a self-flux. This mixture is thereafter heated to 850-950°C 
for 1-2h.  (001)-oriented NBT and NBT-BT crystal  are used as a seed crystal.  The 
soaking in the melt is done at a temperature slightly higher than the melting point for 
about 5h. Then the temperature  is decreased slightly lower than the melting point. 
When the crystal diameter attains a sufficient value, the crystal starts to pulling up at a 
rate  of  1.5-3 mm/day and rotating at 10-30 rpm. After  the crystallization process, the 
crystal  is cooled to room temperature at  a rate  of  30-50°C/h. Due to a slow solute 
diffusion process in the TSSG method,  the  crystal growth speed  has to be carefully 
controlled.  

However, if the product is an incongruently melting compound, single crystals have a 
non-uniform chemical composition and consequently, their properties are not uniform 
across the sample [127]. To overcome this problem, one can use another technique, the 
solid-state crystal  growth (solid-state conversion growth (SSCG)).  This technique is 
similar to the conventional sintering process. In this method, a seed crystal is bonded 
to the surface of the ceramic compact or embedded in the powder compact, and the  
composite sample is carefully sintered at high temperature. Futhermore, this method is 
much  simpler  and  more  economical  than  the  other  crystal  growth  techniques.  A 
capillary  driving force is  the main  essential  requirement  to  grow seed crystal  in  a 
polycrystalline matrix. In order to obtain high-quality crystals by the SSCG method, the 
grain size, density and chemical  homogeneity of the polycrystalline matrix must be 
carefully controlled during the sintering process. In particular, the control of the matrix  
porosity is essential to growing non-porous, high-density crystals.

NBT single crystals were grown by flux method [6, 15,  27]. The solvent NaF-NaVO3 was 
used. The mixture 6.5NaF:2NaVO3:1.5NBT was placed in a platinum crucible and then 
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heated to  a  soak temperature  of 1060°C, at which, during 4.5h, the dissolution took 
place. Afterwards this mixture was cooled at a rate 1°C/h to a temperature of 940°C at 
which the solvent was poured out, after that it  was cooled to room temperature at 
50°C/h. Transparent and light brown crystals of rectangular shape and maximal size 
up to 5mm were obtained.

Yellowish transparent  NBT single crystals with dimensions 5x5x5 mm3 were grown 
using a flux technique at air atmosphere and under high-oxygen pressure atmosphere 
[128].  It  was shown that crystals obtained under high-oxygen pressure show  a lower 
leakage current and a better polarization switching. From neutron-scattering studies it 
was  found  [128] that  the  broad  maximum in  the  electric  permittivity  originates  in  a 
diffusive  first-order  transition  between  the  competing  rhombohedral  and  tetragonal 
phases  and  depolarization  process  at  Td originates  in  the  dynamic  nature  of 
ferroelectric  regions in  the interval  of  both  phases coexistence in  accordance with 
results presented in previous papers [16, 28, 31, 44, 61].     

Czochralski  method is often used  to obtain crystals of perovskite structure.  Crystal 
growth  by  this  technique  courses  in  the  following  way:  a  crucible  with  mixture  is 
located in  a  furnace, and heated to  a  temperature slightly  higher than  the melting 
point. Next to surface of melted substance monocrystalline nucleus is drawing out. The 
crystal growth extends from the nucleus when temperature is decreasing. The rate of 
extend is equal to rate of crystal growth. The main advantage of this technique is the 
possibility  to  obtain  large  crystals,  but  the  main  disadvantages  are  a  high 
crystallization temperature, which generates  high costs and causes structural defects 
more probable due to the high volatility of potassium and bismuth at this temperature. 

Powders of Na2CO3, Bi2O3 and TiO2 were used as the starting reagents for obtain of 
NBT single  crystals  by  the  Czochralski  method  [5,  6].  Stoichiometric  amounts  were 
weighted and homogenized in agate vessel  using alcohol during 2h.  The obtained 
mixture was then calcined at 800°C during 4h. The crystal growth was carried out at  
1350°C. The single crystals obtained with dimensions ≈1.5x1.5x2.5 cm3 were yellow-
green colored.

The  (1-x)NBT-xBT  (0≤x≤0.14)  single  crystal  growth  by  Czochralski  method  were 
obtained  in  similar  conditions-  only  temperature  of  crystallization  increased  with 
increasing of Ba2+  ions content  [8,  10,  93]. As expected, the Ba concentration in crystals 
was smaller than in solution, which indicates that the effective segregation factor is 
smaller than unity.

Good-quality and large-size NBT-BT single crystals with size 25-35 mm were obtained 
by the TSSG technique [111, 118].

Raw powders with a high-purity were used as starting reagents for obtain of 0.9NBT-
0.1BT single crystal by the TSSG method [114]. The well-mixed powders were calcined 

* Perovskites and other Framework Structure Crystalline Materials *

p 220



Chapter 6 - Properties of Na0.5Bi0.5TiO3 and Na0.5Bi0.5TiO3-based single crystals

at 1000°C for 10h. Then, mixed powders with excess 20wt% of Bi2O3 and Na2CO3 as 
self-flux  were  taken  in  platinum  crucible.  Single  crystals  were  grown  with  (001) 
oriented seed from Pt crucible. Velocities of rotation and pulling of a rod with the seed 
crystal were in the ranges 609 rpm and 1.2-1.5 mm/day, respectively. At the end of 
crystal growth, the crystal was separated from flux-melt surface and was cooled to 
room temperature at a rate of 50-60°C/h.  A crystal  with dimension 40x12mm, with 
d33=283pC/N,  kt=50%  and  Pr=25.37μC/cm2 was  obtained.  These  data  indicate  a 
substantial improvement of the crystal quality compared to previous results (Figs. 8-9).

Chen et al.  have  grown 0.94NBT-0.06BT single crystal by TSSG method with high 
piezoelectric properties d33=360pN/C and kt=62% [115]. It was found that properties of 
this  crystal  show obvious  anisotropy  along  its  pseudocubic  (001),  (110)  and  (111) 
orientation.

III.6 Dielectric properties of NBT-BT single crystals 
around the morphotropic phase boundary

Among NBT-based systems, NBT-BT solid solutions are the most investigated ones, 
mainly  due  to  the  existence  of  a Morphotropic  Phase  Boundary  (MPB)  region 
(rhombohedral/tetragonal) at room temperature [129, 130]. 

It has been shown that in this system for a BT content equal to 6%, the boundary is a 
true temperature-independent MPB, the first lead-free material exhibiting such a MPB 
[104,  105]. In (1-x)NBT-xBT, for 0.05<x<0.11 the structure is rhombohedral (R3m) in the 
unpoled state, and transformed into coexistence rhombohedral and tetragonal phase 
(R3c  and  P4mm)  for  0.05<x<0.065  and  into  R3m  and  P4mm  for  0.065<x<0.11, 
respectively upon poling [107, 108]. 

Thus,  the MPB between rhombohedral  and tetragonal  phases in  unpoled samples 
seems to be at x≈0.11. The domain structure of (1-x)NBT-xBT (x=0.045 and 0.055) 
was examined  by  polarized light  and piezoelectric  response  force  microscope  [104]. 
These studies show that  the incorporation of BT to NBT: (1) refines the size of polar 
regions  and  enhances  their  self-organization  and  (2)  suppresses  the  formation  of 
proper  ferroelastic  domains  at  high  temperatures  in  paraelectric  phase,  favoring 
instead  the  formation  of  improper  ones  that  form  below  Td and  elastically 
accommodate the ferroelectric ones.
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Figure 8:  Dielectric properties of (001) oriented poled 0.96NBT-0.04BT 
crystals obtained by TSSG method as a function of temperature at the 
frequencies 1, 10 and 100kHz.

Figure 9:  P–E hysteresis loop (at 25 and 150°C) and current curve (at 
25°C)  of  (001)  oriented  poled  0.96NBT-0.04BT  crystal  obtained  by 
TSSG method.
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The main advantage of NBT-K0.5Bi0.5TiO3 (NBT-KBT) system is  a  high depolarization 
temperature Td, which may be potentially used in an extended temperature interval. In 
addition,  this  system  has  a  rhombohedral-tetragonal  MPB.  However,  the  phase 
diagram  of  NBT-KBT  and  characteristics  of  the  ferroelectric  order  underlying  its 
relaxation  mechanism and  improved  piezoelectric  properties  around  MPB are  still 
discussed.

The (1-x)NBT-xKBT (x=0.10, 0.16, 0.20, 0.30, 0.40, 0.50 and 0.60) single crystals with 
dimensions  of  several  centimeters  were  grown  via  spontaneous  nucleation  from 
cooled  molten  melts  (melt  grown  technique)  under  air  atmosphere  [131].  The  MPB 
between rhombohedral and tetragonal symmetry was found at x=0.2. It was shown 
that  a  severe  phase  segregation  during  the  crystallization  occurred.  The  obtained 
crystals displayed clear relaxor behaviour.

The (1-x)NBT-xKBT (x=0.3 and 0.5) single crystals were grown by high-temperature 
self-flux, top-cooled solution growth (TCSG) and modified top seed solution growth (M-
TSSG) techniques [132]. The crystals obtained by this method were dark brown in colour 
and small in size. However, the crystals obtained by TCSG and M-TSSG methods 
were  several  centimeters,  with  a  high  Curie  temperature  (above  350°C)  and  with 
relatively high d33 value (above 160pC/N). The conditions for M-TSSG method were 
developed based on the high-temperature phase diagram and the results of the flux 
growth. The NBT-KBT seed crystal obtained by the TCSG technique was introduced at 
the top of the solution system. A seed crystal was attached to one end of an alumina 
rod via PT wire, and the cooling airflow was along the alumina rod. The crystals were 
pulled at the rate of 0.5mm/h and rotated 10rpm.

0.65NBT-0.35KBT  single  crystals  with  tetragonal  symmetry,  size  up  to  5  mm, 
Pr=10μC/cm2,  Ec=20kV/cm, and with d33 value as high as 216pC/N were grown by 
high-temperature self-flux method [133]. 

III.7 Dielectric properties of  NBT-KBT-BT single 
crystals

Dielectric,  ferroelectric  and piezoelectric  properties of  (1-x)NBT-xKBT (x=0.05,  0.08 
and 0.12) single crystals obtained by TSSG method were presented in  [134].  It  was 
shown that with increasing KBT content, ferroelectrically soft behavior  was created: 
the remnant polarization and coercive field decrease, while the piezoelectric constant 
and electromechanical  coupling coefficient  increase (d33=208 pC/N and kt=53% for 
x=0.12).

The  NBT-KBT-BT  single  crystals  grown  by  TSSG  method  exhibit enhanced 
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ferroelectric properties and thermal stability[135]. Tetragonal NBT-KBT-BT single crystals 
show a giant strain of 0.87% along (001) direction under a low electric field of 40kV/cm 
[136], and NBT-BT-NKN single crystals exhibit strain of 0.57% along (001) direction at 
electric field of 70kV/cm [137]. The resulting large strain in these materials was believed 
to  result  from the  reversible  relaxor-ferroelectric  phase  transition  as  well  as 
reorientation of the ferroelectric domains.

III.8 Influence of doping NBT-KBT by Mn ions

Undoped and Mn-doped 0.8NBT-0.2KBT single crystals with size up to 25mm were 
grown using high-temperature self-flux method [138]. The grown crystals belong to the 
tetragonal symmetry and exhibit relaxor-like properties. In addition, Mn introduction to 
NBT leads to  a decrease of electric conductivity. It was concluded that Mn acts as 
dilation center and generates a random field, which destroys the long-range order and 
leads to  a  relaxor-like behaviour. It was also postulated that Mn ions replace the Bi 
vacancies resulting in a decrease in the concentration of  oxygen vacancies,  which 
leads to the decrease in the electric conductivity. 

The 0.985NBT-0.015BiZn0.5Ti0.5O3 (0.985NBT-0.015BZT) single crystals with 35mm in 
diameter and 12mm in length,  d33=121pC/N in (001) and a net  strain up to 0.23% 
under 100kV/cm were grown by TSSG method [139]. 

III.9 Relation between crystal structure and 
properties in NBT-BZT and NBT-BT

At the beginning of studies on NBT-based solid solutions and other lead-free materials 
with  MPB,  we  supposed  that  their  average/local  crystal  structure-properties 
relationship (particularly at the MPB) is similar to that observed in the well-known PZT. 
Unfortunately,  the  characteristics  appearing at  MPB  of  PZT  cannot  be  directly 
transferred into lead-free materials. As we know, the nature of this relationship in NBT-
based materials is extremely complicated and there is a lack of systematic theoretical  
and experimental examination to define this relationship.    

Compounds belonging to  the NBT-BT solid  solution  are used  in  the fabrication  of 
multilayer  actuators  [52,  140].  In  recent  papers  it  was  suggested  that  NBT  can  be 
employed  as  an  anode  material  for  high-performing  Na  ion  batteries  [141] and  as 
electrocatalyst  [142].NBT-based  systems  are  also  a  potential  family  of  peculiar 
electrostrictors for application in the field of actuators [143].
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IV. Some concluding remarks on NBT

Finally,  we  will  come  back  to  the  properties  of  pure  NBT.  As  mentioned  earlier, 
numerous studies propose contradictory conclusions on number, sequence and nature 
of the electric order of particular phases in NBT. However, recent investigations made 
by advanced experimental techniques [144-148] do not deliver either determined results. A 
majority of  these investigations were made on NBT in ceramic form. The obtained 
results indicated strong local phenomena effects on NBT properties. The role of the 
tilting (the anti and in-phase octahedral rotations) and off centering of TiO6 octahedral 
and the Na+/Bi3+ ions vibration instability against octahedral and influence of lone-pairs 
interacting  with  the  oxygen  octahedral  in  phase  transitions  process  of  NBT  was 
emphasized.  Some  of  the mentioned  discrepancies  can  be  attributed to  structure 
imperfections,  arising  from  impurity  of  initial  components  and  differing 
technologies/sintering conditions of ceramic and crystal growth, and also to a variety 
and complex phenomena  existing in short-range scale. In addition, the properties of 
NBT are time-dependent. This introduces  an  additional uncertainty on experimental 
results, which is not usually taken into account. The evidence of this was described for  
the  first  time  in  our  previous  papers  connected  with  dielectric  and  structural 
investigations of NBT [15, 31, 33].

V.  Conclusion

The crystal growth techniques for lead-free Na0.5Bi0.5TiO3 and Na0.5Bi0.5TiO3-
based single crystals were presented and their properties were discussed. 
Apart from being environmentally-friendly, these crystals have advantages 
of relatively high piezoelectric constant and coupling coefficient and high 
mechanical  strength  that  make  them  suitable  for  high-frequency 
transducers.  They  were  successfully  grown  by  flux  technique,  high-
temperature  self-flux  technique,  hydrothermal  technique,  top  seeded 
solution growth technique, Czochralski and Bridgman/modified Bridgman 
methods.

Although, some progress in enhancing of properties of NBT-based single 
crystals has been made, they still exhibit some challenging properties such 
as large hysteresis, small operating temperature interval, high conductivity 
etc. in comparison with Pb-containing compounds. 
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Some of the above-mentioned issues should be resolved in near future by 
optimizing  the  crystal  growth  conditions  and  by  using 
compositional/domain/defect engineering approaches, supported by poling, 
aging, external stress as well as annealing treatments.  A decrease of the 
costs of single crystals growth is also needed. 

This  review  was  possible  due  to  research  carried  out  by  numerous 
scientists, as evidenced by [148] 148 published papers in the reference list. 
Because  of  the  vast  number  of  papers  connected  with  NBT and  NBT-
based materials, not all of them could be cited in the present review.
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