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Complex Morphotropic Domain Structure and Piezo-/ferroelectric 
Properties in High-TC Ferroelectric Single Crystals of a Ternary 
Perovskite Solid Solution  

Zeng Luo,a Nan Zhang, *a Zenghui Liu, a Jian Zhuang, a Jinyan Zhao, a Wei Ren a and Zuo-Guang Ye *b,a 

Ferroelectric and piezoelectric materials with a high Curie temperature (TC) have attracted increasing interest due to the 

need in applications under extreme conditions. In this work, novel high- TC ferroelectric single crystals of (0.95-x)BiScO3-

0.05Pb(Cd1/3Nb2/3)O3-xPbTiO3 (BS-PCN-xPT) ternary solid solution with different compositions have been successfully grown. 

With increasing PT concentration, a composition-induced structural crossover from a rhombohedral phase, through 

morphotropic phase boundary (MPB), to a tetragonal phase, is observed. A monoclinic phase (space group Pm) is found at 

the MPB region. The temperature dependences of the dielectric permittivity reveal high Curie-temperatures of 363 oC ~ 452 
oC (at 1 MHz). The macroscopic and mesoscopic ferroelastic/ferroelectric domain structures systemically characterized by 

polarized light microscopy (PLM) and piezoresponse force microscopy (PFM) reveal the existence of monoclinic domains in 

the crystals with the MPB composition. In monoclinic crystals, the remnant polarization (33.2 μC/cm2) is weaker than in the 

rhombohedral phase. All compositions show a high coercive field (around EC=40 kV/cm). The presence of high TC and stable 

poled state signifie that the BS-PCN-xPT single crystals are promising candidates for applications such as electromechanical 

transducers that can be operated in a wide range.

Introduction 

Materials with high piezoelectricity and high Curie-temperature 

(TC) have been widely needed for various applications, such as 

underwater sonars, aerospace crafts, combustion engines, 

etc,1,2 where they are required to function in severe 

environments. However, most of the piezoelectrics with large 

piezoelectric response have a relatively low TC. For example, 

Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZNT) and Pb(Mg1/3Nb2/3)O3–PbTiO3 

(PMNT) single crystals have a very high piezoelectric coefficient 

d33 around 2500 pC/N ,3–7 but a low Curie temperatures around 

140-170 oC and an even lower depoling temperatures Td around 

60-120 oC，which limit the temperature range for applications. 

Therefore, searching for materials with high Curie temperature 

and decent piezoelectric properties that can be used in extreme 

environment is an urgent task. 

In the search for the novel perovskites with optimized 

properties, solid solutions with morphotropic phase boundary 

(MPB) have been considered as the most promising candidates. 

PbZr1-xTixO3 (PZT) is the first solid solution that was found to 

have an MPB, in which compositions the material exhibits the 

highest dielectric and piezoelectric responses. Noheda et al. 

discovered an intermediate monoclinic (Cm) phase in the MPB 

region of PZT8 as a structural bridge between the non-group-

subgroup-related rhombohedral (R3m) and tetragonal (P4mm) 

phases. This discovery opened up a series of structural studies 

on the nature of the MPB,9–12 including the investigations of 

local structures which have shed light on the mechanism of the 

high piezoelectric properties.13 Although the relationship 

between the crystal structure and the good properties in the 

MPB region has not been fully understood, the low-symmetry 

phase is recognized to play a key role in the appearance of high 

piezoelectric properties both in terms of intrinsic14 and extrinsic 

contributions15. 

On the other hand, due to the concerns about lead toxicity, 

there have been increasing efforts to develop lead-free or lead-

reduced piezoelectrics. One of the lead-reduced solid solution 

systems that possess an MPB is (1-x)BiScO3-xPbTiO3 (BS-PT), 

which shows a high Curie temperature (TC ~ 450 oC) and good 

piezoelectric properties.16 The BS-PT single crystals with 

different compositions were reported to have a high Curie- 

temperature of 460 oC (34BS-66PT) and good piezoelectric 

performance (d33 ~ 1150 pC/N) in (43BS-57PT).17–21 However, 

scandium oxide is a very expensive compound, which makes BS-

PT unsuitable for commercial manufacture and industrial 

applications. A number of researches were carried out by 

chemical substitutions on the perovskite B site, like 

Bi(Sc1−yGay)O3–PbTiO3, Bi(Sc3/4In1/4)O3-PbTiO3 and 

Bi(Sc1−yFey)O3–PbTiO3 systems, some of which exhibited a high 

Curie temperature (above 430 oC), but at the expense of the 
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piezoelectric properties which were significantly decreased.22–

24 Some other researchers tried to introduce a third member 

into the BS-PT binary system to reduce the scandium content. 

In this way, good piezoelectric properties were achieved, but at 

the expense of decreasing the Curie temperature.23,25–33 In 

addition, (0.95-x)BiScO3-0.05Pb(Cd1/3Nb2/3)O3-xPbTiO3 (BS-PCN-

xPT) polycrystalline ceramics were reported.34 Pb(Cd1/3Nb2/3)O3 

is a relaxor ferroelectric material belonging to the complex 

perovskite family. Previous work35 illustrates that 

Pb(Cd1/3Nb2/3)O3 has two temperatures of dielectric anomaly or 

maximum (Tm): the low temperature one at ~ -33 oC and the 

high temperature at about 387 oC. 0.86PbTiO3-

0.14Pb(Cd1/3Nb2/3)O3, added some suitably modified additives 

like WO3, MnO2 and NiO, shows good electrical properties and 

its Curie temperature is over 450 oC36. It was also found that the 

BS-PCN-xPT ceramics with compositions near the MPB (x=0.60) 

showed the best piezoelectric performance, with a Curie 

temperature of 403 oC and a piezoelectric coefficient (d33) of 

505 pC/N. The properties of the BS-PCN-PT ceramics are 

comparable with those of the BS-PT ceramics and other ternary 

systems but not as good as the BS-PT single crystals, even 

though the electric performance of the BS-PCN-PT ceramics was 

greatly enhanced in the MPB compositions.34 Therefore, to 

achieve high TC and high piezoelectricity and to understand the 

domain structures and structural features of this solid solution 

system, single crystals are needed. 

In this work, we have grown single crystals of the ternary BS-

PCN-xPT system for the first time, and characterized the electric 

properties and the domain structures, which shed light on their 

relevant physical mechanisms between phase structures and 

electric properties.  

Experiments 

Single crystals of BS-PCN-xPT were grown using a traditional 

method, namely “top-cooled solution growth” (TCSG) method. 

The raw powders of PbO (99.9%), Bi2O3 (99.9%), TiO2 (98%), 

Sc2O3 (99.99%), CdO (99%), and Nb2O5 (99.5%) were selected as 

the starting materials and were weighed according to the 

stoichiometry of the select compositions. The nominal 

compositions for different batches were chosen to maintain the 

content of PCN unchanged at 5%, the same as the ceramics 

reported in Ref. 35. The percentage of PT ranged from 50% to 

60%. The starting materials of BS-PCN-xPT were then mixed 

with the flux of (60wt%PbO + 40wt%Bi2O3) at an optimized ratio 

of flux: solute = 6:1 in weight. The mixture was thoroughly 

ground for 0.5 h and then placed into a 50 ml Pt crucible. A small 

amount of B2O3 was added into the mixture to stabilize the 

growth of the crystals and to improve their quality. The loaded 

Pt crucible was put into a larger alumina crucible, which was 

then placed inside the crystal growth furnaces. The top-cooling 

was achieved by a platinum wire via its great thermal 

conduction which triggered nucleation around it. The following 

thermal program was used: heating up to 1150 oC, soaking for 

24 h, and cooling at 0.2 oC/h to 850 oC. The crystals were leached 

out from the solidified flux in a 30 % HNO3 solution.  

All the grown crystals exhibit a rectangular shape with a size of 

2~4 mm and a good quality. The samples from different batches 

for electric measurements were cut parallel to the naturally 

grown {001} § face. Crystals of the highest quality were finely 

polished down to 80~100 μm thick for optical studies. Because 

the domain structure is sensitive to stresses, the samples were 

annealed without external electric field at 500 oC for 1 h to 

release the stresses involved in the cutting and polishing 

processes. 

X-ray diffraction experiments on powder samples obtained 

from crashed small crystals were performed on a PANalytical 

Empyrean diffractometer with Cu Kα1 X-ray tube to analyse the 

structures of the grown crystals. Single crystal diffraction 

measurements were carried out on a bulk crystal by using a 

PANalytical X’Pert MRD diffractometer (40 kV, 30 mA). 

Polarized light microscopy (PLM) experiments were performed 

with an Olympus BX-51 polarizing microscope equipped with a 

Linkam (THMS600E) heating stage to study the domain 

structures and phase transitions of the grown crystals. The 

domain structures were also imaged by piezoresponse force 

microscopy (PFM) with a modified commercial atomic force 

microscopic system in piezoresponse mode (AFM, Dimension 

ICON, NanoScope V, Bruker). All the samples for electrical 

characterization were painted with silver paste on both parallel 

sides as electrodes.  The dielectric properties were measured by 

an E4981A Precision LCR meter (Agilent, Hewlett-Packard, USA) 

and a home-made temperature chamber in the range of room 

temperature to 550 oC with a heating rate of 2 oC/min, which 

was controlled by a EUROTHERM 3204 PID temperature 

controller. The polarization-electric field P(E) hysteresis loops 

were measured by the Sawyer-Tower technique using a Radiant 

RT-66 standardized ferroelectric testing system at room 

temperature. 

Crystal Structure 

The XRD patterns of the BS-PCN-xPT single crystals with 

different PT contents are displayed in Figure 1(a). The single 

{002} peak is found to start splitting when the PT content x 

increases, which indicates a possible phase transition from the 

rhombohedral to the tetragonal phase. Because of the 

preferred orientations existing in the powder samples obtained 

from the crushed crystals, it is difficult to extract crystal 

structures from the Rietveld refinement37 which relies on an 

accurate measurement of the peak shapes and intensities38. 

Therefore, the XRD results were fitted by Pawley refinement 

method39 using the TOPAS Academic40 software to further 

explore the structural change with composition. The diffraction 

patterns in the {002}-reflection range (2-Theta = 44o - 46.5o) are 

presented in Figure 1(b), in which the experimental data are 

shown by the black dots, while the fitting results are displayed 

by the red curve. Different structural models have been tried to 

fit the experimental data. A model with the coexistence of the 

P4mm and R3m phases is found to fit well with the diffraction 

pattern of Batch #1 crystals. In contrast, neither a single-phase 

model nor a combination of P4mm and R3m phases could fit the 

Batch #2 and #3 crystals diffraction pattern. Therefore，the 
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structural models consisting a mixture of (P4mm + R3m + Pm) 

phases and (P4mm + Pm) phases are used to fit the Batches #2 

and #3 data, respectively. The mixture models leading to 

satisfactory refinement results are shown with blue tics for the 

P4mm phase, green tics for the R3m and pink tics for the Pm 

phase, respectively. The fitting results clearly show a gradual 

transition from the BS-rich rhombohedral phase to the PT-rich 

tetragonal phase. Therefore, the structure in the MPB region 

seems to be quite complex with the presence of a monoclinic 

phase that coexists with the P4mm and/or R3m phases. 

Dielectric Properties 

Figure 2 shows the variations of the dielectric constant and loss 

tangent as a function of temperature measured at 10 kHz, 100 

kHz, and 1 MHz. The phase transition temperatures are 

indicated by the dielectric peaks at 1 MHz that vary from 362.5 
oC to 452 oC when the nominal PT content increases from 0.50 

to 0.60. The crystals exhibit suppressed and broader dielectric 

peaks at lower PT concentrations. As the PT content increases, 

dielectric peaks become sharpened, suggesting increased 

ferroelectricity (similar behaviour was observed in the BS-PCN-

PT ceramics 34). Moreover, the loss tangent is lower than 0.4 up 

to 300 oC, which suggests that the crystals are good dielectric 

materials suitable for high-temperature applications. 

Domain structure and phase symmetry 

The mesoscopic ferroelectric and ferroelastic domain structures 

of the grown BS-PCN-xPT crystals are investigated using 

polarized light microscopy and piezoresponse force microscopy. 

The principles of optical crystallography are applied to the 

analysis of the domain structures and phase symmetry. 41–44  

In PLM, the extinction directions of different domains can be 

identified by changing the positions of the single crystal plates 

relative to the mutually perpendicular crossed polarizer and 

analyser. Figure 3(a) and (b) shows the optical axes of the 

indicatrix along <111> in the rhombohedral phase and along 

<001> in the tetragonal phase, respectively, which correspond 

to the spontaneous polarization directions. Therefore, when 

observed along <001>, a {001} platelet will exhibit domains with 

extinction angles at 45o to the [100] direction in the 

rhombohedral (R) phase and 0o or 90o in the tetragonal (T) 

phase, as shown in Figure 3(d)-(e). Figure 3(c) shows the 

orientations of spontaneous polarizations (PS) in the monoclinic 

MC phase. There are three main sets of PS directions for the MC 

domains, near the [100], [010], and [001] directions, 

respectively. Each kind of domain sets has four subvariants due 

to the distortion of the crystal lattice, as shown in Fig. 3(c). 

According to Vanderbilt and Cohen45, the monoclinic MC (space 

group Pm) structure has {100} mirror plane in which the A/B 

cations are displaced along [0uv]. Bokov and Ye discussed the 

extinction law for the MC phase43 and pointed out that one of 

the indicatrix section axes should be perpendicular to the (100) 

mirror plane and the other two sections may be oriented within 

the mirror plane at any angles [Figure 3(f)]. As a result, it is 

possible to observe non-complete extinction areas on the 

crystal with the MC symmetry, as the domains with different 

sets of extinction position may overlap with each other along 

the direction of observation.   

The domain structure of a {001} platelet of a Batch #1 crystal 

with crossed polarizers at 0o and 45o to the <100> direction are 

presented in Figure 4(a) and (b). A major part of the sample is 

at extinction with crossed polarizers at 45o to the <100> 

direction, indicating a rhombohedral symmetry at room 

temperature. A small part at the top of the platelet shows 

tetragonal behaviour (with an extinction angle equal to 90o). 

Upon heating, the birefringence of the rhombohedral part of 

Batch #1 platelet becomes zero when the temperature reaches 

about 350 oC. In contrast, the tetragonal region does not show 

any phase transition until 446 oC. The difference in phase 

transition temperatures can be explained by the composition 

segregation which leads to rhombohedral and tetragonal 

phases coexisting in the same piece of crystal. This observation 

is in good agreement with the above-mentioned XRD 

refinement and dielectric measurements results of Batch #1 

crystals. 

The BS-PCN-PT single crystal from Batch #3 exhibits large 

domain areas with extinction oriented parallel to the <100> 

directions, as shown in Figure 4(c)-(d). Domain walls along the 

<110> directions formed by domains with mutually 

perpendicular polarization directions are also observed in some 

regions of crystal platelet in Fig. 4(d). Those domains belong to 

the a domains45 in a tetragonal crystal with polarization lying in 

the {001} plane of the platelet. Combined with X-ray diffraction 

patterns, this domain structure indicates a tetragonal P4mm 

symmetry in the crystals of Batch #3. In addition, small regions 

with diffraction fringes and no complete extinction are found in 

Figure 4(c). They are the possible results of strains existing near 

the ferroelastic domain boundaries. 

The PLM images of a (001) crystal from Batch #2 of the MPB 

composition [Figure 5(a) and (b)] show fine domains with a 

higher domain wall density compared to the rhombohedral and 

tetragonal crystals. Two kinds of domain arrangements are 

observed with different extinction behaviours, as highlighted by 

the rectangles in Figure 5(b), which are labelled Part 1 and Part 

2. The extinction angle of Part 2 is 90o, consistent with a 

tetragonal or monoclinic MC symmetry. In contrast, a large area 

marked by a dashed white rectangle in Figure 5(a), including 

Part 1, does not show complete extinction at 90o. In fact, no 

complete extinction can be observed at any angles. This is 

believed to arise from the domains overlapping with each other. 

A ω-2θ reciprocal space mapping image obtained from single-

crystal diffraction experiment [Fig. 5(c)] shows two reflections 

at different 2θ values corresponding to the {111} reflection 

family, which cannot be attributed to a tetragonal phase. The 

above optical and X-ray results indicate that mostly probably 

this crystal has the monoclinic MC structure. This is in good 

agreement with the previous reports on the existence of lower 

symmetry phases in BS-PT from X-ray / neutron powder 

diffraction experiments21,46. 

In comparison to PLM, piezoresponse force microscopy (PFM) 

measurement is able to achieve relatively high spatial 
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resolution in a non-destructive way.47 In the piezoresponse 

force microscopy experiment, the ferroelectric polar domains 

on a mesoscopic scale with different polarizations can be 

distinguished based on the different piezoelectric 

displacements in the directions normal or parallel to the sample 

surface scanned by the PFM tip.48 As long as there is a vertical 

component of polarization in a {100} crystal platelet, 

piezoresponse signal can be obtained to form the out-of-plane 

(OOP) phase image consisting of bright and dark regions. 

However, for the in-plane (IP) imaging, the tip of PFM is only 

sensitive to the deformation along the direction which is 

perpendicular to the scanning direction. Sometimes, 

piezoresponse phase images are clearly observed by PFM, 

which is not a physical representation but an artefact of PFM 

scanning. This can be explained by the notion of crosstalk 

between OPP signal and IP signal.49 In this part, the small signal 

responding to an external AC field with no pressure and no 

heating was collected to reveal the static local domain 

structures. The crystals of BS-PCN-PT for PFM experiments are 

well polished by using aluminium lapping film and mounted 

onto a piece of silicon with silver paint. The PFM experimental 

setup in this paper was schematically presented in Fig. 6. 

Figure 7 shows the OOP and IP amplitude images and phase 

images obtained by PFM for the {001} crystals from Batch #1, 

Batch #2 and Batch #3 with different domain sizes, about 0.6 

μm for Batch #1, 1.0 μm for Batch #2 and 1.5 μm for Batch #3. 

McGilly49 mentioned that the domain width was dramatically 

larger using PFM than using transmission electron microscopy 

(TEM), which suggests differences in the surface energy 

densities caused by different boundary conditions in the two 

modes of imaging. Unlike TEM, PLM and PFM imaging were 

both performed in air. The domain size of BS-PCN-PT crystals 

was observed to be in accordance with those in PLM images, 

which demonstrates no influence of boundary conditions. 

The Batch #1 crystal [Figure 7(a)] shows fingerprint-like patterns 

with a 180o phase angle in both the out-of-plane and in-plane 

images, indicating the presence of 180o ferroelectric domains. 

For the Batch #2 crystal, given that the polarization of the Pm 

(MC) phase lies on the {100} mirror plane, a vertical component 

and a horizontal component of PS can be detected by PFM at 

the same time on a {001} platelet as long as the mirror plane is 

perpendicular to the scanning direction. In the PFM images, 

shown in Figure 7(b), the 180o ferroelectric domains are 

observed in both the OOP and IP phase images with a 

ferroelastic domain boundary which is non-45o to the [100] 

direction, as marked with the blue line. The 180o ferroelectric 

domains are also present, embedded within each ferroelastic 

domain as the fingerprint-like pattern.  For a (001)-cut single 

crystal with tetragonal structure, signals can be observed in 

either the OOP or IP phase images but not simultaneously: in a 

typical tetragonal c-domain, the PFM response is only found in 

the out-of-plane direction while in an a-domain, the PFM signal 

only arises from the in-plane direction. This is exactly what we 

have found in the crystal from Batch #3 [Figure 7(c)], i.e. the IP 

image shows no PFM signal. 

More detailed investigations have been performed on a Batch 

#2 crystal for its interesting domain structures. Figure 8 (a and 

b) show the domain patterns in part 2 (Figure 5). Broad stripe-

like ferroelastic domains with orientation close to a [110] 

direction (49.5o to the [100] direction) in Figure 8 are consistent 

with those in Figure 5. The domain widths range from 9 to 30 

μm. The blue lines in Figure 8 (a and b) mark two stripe domains 

including a wide one named A and a narrow one named B. 

Ferroelectric domains embedded inside the ferroelastic 

domains were found to have a width around 1.0 μm. Similar 

domain arrangements in PMN-PT single crystal with MC 

symmetry were also reported by Bai et al50. Similar to what is 

found in Fig. 7(b), signals are observed in both OPP and IP phase 

images. To figure out whether it is caused by the crosstalk 

between OPP and IP, the differences of the piezo-responses 

before and after rotating the crystal by 90o are discussed. Before 

rotation, 180o ferroelectric domains are found in both the OPP 

and IP phase images, and the domain patterns almost match 

with each other. This indicates that a three-dimensional 

polarization results in the IP and OOP components 

simultaneously in these two phase images. After rotation, both 

the OOP amplitude and phase images show almost the same 

signals with the strength unchanged. However, changes are 

observed in the IP piezoresponse amplitude images. The signal 

strength in the A area becomes weaker after rotation. In 

contrast, the signal strength in B becomes stronger. This relative 

changes in IP amplitude images which cannot be attributed to a 

rhombohedral or tetragonal phase. Since there will be no 

changes in IP phase due to the positions of polarizations. 

Combine other results mentioned above, an explanation may 

come from the monoclinic phase. Further studies on the specific 

polarization orientation in the domains of the MC phase are 

underway. 

Ferroelectric Properties 

Polarization-electric field (P-E) hysteresis loops of the BS-PCN-

xPT crystals were displayed at room temperature, as shown in 

Figure 9, which demonstrate the ferroelectric nature of the 

grown crystals. It can be seen that saturation of polarization is 

achieved under an electric field of 65 kV/cm at 1 Hz. Note that 

the P-E loops (EC+≠EC-) appear to be asymmetric for all three 

crystals, indicating the existence of internal bias fields in the 

crystals. The largest remnant polarization is found to be Pr=38.7 

μC/cm2 with a coercive electric field EC = 43.05 kV/cm for Batch 

#1 crystal in the rhombohedral phase. Batch #2 crystal with the 

MPB composition and Batch #3 crystal show lower remnant 

polarization values of 33.2 μC/cm2 and 27.3 μC/cm2, 

respectively. The average coercive electric fields in Batch #2 and 

Batch #3, calculated by (EC++ EC-)/2, are 37.9 kV/cm and 39.2 

kV/cm, respectively. It should be noted that the coercive 

electric fields for all compositions are much higher than that of 

the PZNT and PMNT crystals (2 - 3 kV/cm) and almost twice that 

of the BS-PT system (~ 20 kV/cm) near the MPB region, which 

indicates a stable poled state in these crystals which are suitable 

for potential applications at high fields.  

Conclusions 
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The single crystals of a new ternary solid solution system of 

BiScO3-Pb(Cd1/3Nb2/3)O3-PbTiO3  have been successfully grown 

with compositions across the morphotropic phase boundary for 

the first time. The grown crystals exhibit complex crystal 

structures and electric properties. The ferroelastic domains of 

the BS-PCN-PT crystals imaged by polarized light microscopy 

reveal complex structures characteristic of the different phase 

symmetries, and in particular confirm the presence of the 

monoclinic MC phase when combined with single crystal 

reciprocal space mapping. The ferroelectric domains are 

observed in all the crystals by piezoresponse force microscopy. 

Interestingly, only the crystals in MPB are found to display a 

variety of ferroelastic domains with the fingerprint like 

ferroelectric domains embedded in them. Different in-plane 

amplitude for these crystals are evidenced directly by analysing 

rotation behaviours under PFM, which supports the monoclinic 

model even further. Large remnant polarizations and high 

coercive electric fields are found in three types of crystals, 

indicating that the BS-PCN-PT crystals have an excellent poled 

state. These data demonstrated that BS-PCN-PT crystals are 

promising candidates for high temperature and high field 

applications. 
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Table and Figures 
 
Table 1 Nominal composition and growth results of the BS-PCN-

PT single crystals obtained from different batches 

 
Batch No. Nominal composition Crystal size 

1 0.45BS-0.05PCN-0.50PT 2~4 mm 

2 0.40BS-0.05PCN-0.55PT 2~3 mm 

3 0.35BS-0.05PCN-0.60PT 2~3 mm 

 
Figure caption 

 

Figure 1. (a) XRD patterns of the BS-PCN-xPT crystals. (b) 

Refinement results of the {002} reflection at room temperature (2-

Theta = 43.75o - 46.5o). The black dots represent the measured 

data. The red curve is the calculated result. Individual phases are 

also shown in tics with different colours: blue - tetragonal, green - 

rhombohedral and pink -monoclinic. 

Figure 2. Temperature dependences of (a) the dielectric constant 

(ε’), and (b) the loss tangent (tan δ) of the three batches of crystals. 

Figure 3. Schematic presentations of the domain orientations in 

three crystal symmetries. (a) orientations of the spontaneous 

polarization (PS) in a rhombohedral phase; (b) orientations of PS and 

optical indicatrix in a tetragonal phase; (c) PS variants of a 

monoclinic MC phase; (d-f) possible extinction positions of the 

resulting domains with the possible optical indicatrix sections in a 

(001) crystal plate. In (e), the circle means that some domains are 

always in extinction. 

Figure 4. Domain structures of Batch #1 and Batch #3 {001} crystal 

platelets observed by PLM with crossed polarizers parallel [(a) and 

(c)], and at 45o [(b) and (d)], to the <100> direction, respectively. 

Figure 5. Domain structure of a {001} platelet from Batch #2 

observed by PLM with crossed polarizers parallel (a), and at 45o (b), 

to the <100>cub direction, respectively. (c) Single crystal XRD ω-2θ 

images of a BS-PCN-PT crystal (Batch #2), for the {111} reflection. 

Figure 6. Schematic diagram of PFM setup 

Figure 7. PFM images of the single crystal of (a) Batch #1, (b) Batch 

#2 and (c) Batch #3 (imaging was performed using a tip voltage of 6 

V, and frequency of 34-54 kHz): (1) Out-of-plane piezoresponse 

amplitude images, (2) Out-of-plane piezoresponse phase images, (3) 

In-plane piezoresponse amplitude images, and (4) In-plane 

piezoresponse phase images. 

Figure 8. PFM images of a single crystal of Batch #2: (a) Original 

position and (b) After a 90o counter clockwise rotation (80 μm×80 

μm) (OOP=Out-of-plane, IP=In-plane). Crystal structural models 

with mirror planes perpendicular to [010] (c) and [100] (d). (e) and 

(f) The in-plane projections of the PS of the two crystal structures in 

(c) and (d) viewed along the c-direction before and after rotation. 

Figure 9. Ferroelectric properties of the BS-PCN-xPT crystals at 

room temperature at 1Hz 
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Figure 1 (a) XRD patterns of the BS-PCN-xPT crystals. (b) Refinement results of the {002} reflection at 
room temperature (2-Theta = 43.75o - 46.5o). The black dots represent the measured data. The red curve is 
the calculated result. Individual phases are also shown in tics with different colours: blue - tetragonal, green 

- rhombohedral and pink - monoclinic  
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Figure 2 Temperature dependences of (a) the dielectric constant (ε’), and (b) the loss tangent (tan δ) of the 
three batches of crystals.  
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Figure 3 Schematic presentations of the domain orientations in three crystal symmetries. (a) orientations of 
the spontaneous polarization (PS) in a rhombohedral phase; (b) orientations of PS and optical indicatrix in a 

tetragonal phase; (c) PS variants of a monoclinic MC phase; (d-f) possible extinction positions of the 

resulting domains with the possible optical indicatrix sections in a (001) crystal plate. In (e), the circle 
means that some domains are always in extinction.  
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Figure 4 Domain structures of Batch #1 and Batch #3 {001} crystal platelets observed by PLM with crossed 
polarizers parallel [(a) and (c)], and at 45o [(b) and (d)], to the <100> direction, respectively.  
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Figure 5 Domain structure of a {001} platelet from Batch #2 observed by PLM with crossed polarizers 
parallel (a), and at 45o (b), to the <100>cub direction, respectively. (c) Single crystal XRD ω-2θ images of a 

BS-PCN-PT crystal (Batch #2), for the {111} reflection.  
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Figure 6 Schematic diagram of PFM setup.  
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Figure 7 PFM images of the single crystal of (a) Batch #1, (b) Batch #2 and (c) Batch #3 (imaging was 
performed using a tip voltage of 6 V, and frequency of 34-54 kHz): (1) Out-of-plane piezoresponse 

amplitude images, (2) Out-of-plane piezoresponse phase images, (3) In-plane piezoresponse amplitude 

images, and (4) In-plane piezoresponse phase images.  
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Figure 8 PFM images of a single crystal of Batch #2: (a) Original position and (b) After a 90o counter 
clockwise rotation (80 µm×80 µm) (OOP=Out-of-plane, IP=In-plane). Crystal structural models with mirror 
planes perpendicular to [010] (c) and [100] (d). (e) and (f) The in-plane projections of the PS of the two 

crystal structures in (c) and (d) viewed along the c-direction before and after rotation.  
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Figure 9 Ferroelectric properties of the BS-PCN-xPT crystals at room temperature at 1Hz  
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