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Relaxor/ferroelectric ceramic/ceramic composites have shown to be promising in generating large electromechanical 

strain at moderate electric fields. Nonetheless, mechanisms of polarization and strain coupling between grains of different 

nature in the composites remain unclear. To rationalize the coupling mechanisms we performed advanced piezoresponse 

force microscopy (PFM) studies of 0.92BNT-0.06BT-0.02KNN/0.93BNT-0.07BT (ergodic/non-ergodic relaxor) composites. 

PFM is able to distinguish grains of different phases by characteristic domain patterns. Polarization switching has been 

probed locally, on a sub-grain scale. k-means clustering analysis applied to arrays of local hysteresis loops reveals 

variations of polarization switching characteristics between ergodic and non-ergodic relaxor grains. We report a different 

set of switching parameters for grains in the composites as opposed to the pure phase samples. Our results confirm 

ceramic/ceramic composites to be a viable approach to tailor the piezoelectric properties and optimize the macroscopic 

electromechanical characteristics. 

Introduction  
 
A strong piezoelectric effect and efficient electromechanical energy 

conversion are the key features of ferroelectric materials used in a 

large number of technological applications such as piezoelectric 

actuators, transducers, fuel injectors, micropositioning systems, 

etc.
1,2

 The underlying reason for their wide applicability is 

polarization switching under an external electric field. In most of 

these materials, polarization switching is a complex process that 

includes nucleation of new domains and ferroelastic and 

ferroelectric domain wall motion.
2,3

 Furthermore, it is well know 

that domain structure and domain movement affect the physical 

material properties, as dielectric permittivity, piezoelectric 

coefficient,
4
 hysteresis curve,

5
 aging, and fatigue

6
. 

Nowadays Pb(Zr,Ti)O3-based materials dominate the 

commercial market for applications of ferroelectrics. Nevertheless, 

due to global health and nature protection regulation acts,
7
 there 

has been a growing trend to replace the environmentally harmful, 

lead-containing materials.
8
 This has triggered research activities 

worldwide to improve lead-free piezoelectrics. Among materials 

showing best electromechanical performance are solid solutions 

from the ternary system Bi0.5Na0.5TiO3-BaTiO3-K0.5Na0.5NbO3 (BNT-

BT-KNN).
9,10

 Moderate KNN doping yields a field-induced unipolar 

strain of 0.45% at 2% KNN content.
9
 The structural origin of this 

giant strain is a reversible transformation between macroscopically 

cubic (relaxor) and non-cubic (ferroelectric) phases.
11

 Nonetheless, 

applicability of this material is restricted by the impractically high 

operational electric field (~8 kV/mm) and the large P(E) hysteresis 

with a strong nonlinearity that is due to large dielectric losses in the 

material.  

One of the ways to overcome these drawbacks is to 

consider families of the ceramic/ceramic composites consisting of a 

ferroelectric or non-ergodic relaxor phase (seed), embedded in a 

non-polar or ergodic relaxor phase (matrix).
12

 Presence of the 

ferroelectric phase with large polarization should enhance internal 

electric field strength in relaxor regions, compared to the average 

field applied to the entire sample. As a result, the induced phase 

transition in the ergodic relaxor phase occurs at smaller critical 

fields as opposed to the pure relaxor ceramic. In the past, several 

research groups have employed this approach.
13-15

 Studies of 

composites between the ergodic relaxor (ER) 0.92BNT-0.06BT-

0.02KNN and the nonergodic relaxor (NE) 0.93BNT-0.07BT ceramics 

demonstrated a reduction of the critical field together with a 

relatively high value of the usable unipolar strain for materials with 

10-30% of 0.93BNT-0.07BT.
15

 Here, the terms ergodic and 

nonergodic refer to the phases that reversibly or irreversibly 

transform into a ferroelectric phase during electric field cycling. The 

experimental data has shown good agreement with numerical 

calculations
15

 leading us to believe that the strain level and the 

effective piezoelectric coefficient d33* are strongly governed by the 

ratio between BNT-7BT and BNT-6BT-2KNN content. Naturally, a 

change in degree of ergodicity (by altering the KNN content) will 

affect the optimum volume content of second phase.
16
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Nonetheless, there are questions with regard to the BNT-

7BT/BNT-6BT-2KNN composites that are still open, particularly:  

• which mechanism is responsible for the coupling between 

polarization in ferroelectric-like and relaxor grains of the 

composites, and  

• how does the field-induced relaxor-ferroelectric phase 

transformation come about within the grains.  

The internal electric field enhancement mechanism was 

proposed by Groh et al.
15

 Khansur et al. have suggested that the 

poling of relaxor grains is facilitated by the mechanical coupling 

between grains within inhomogeneous material structure.
17

 This 

suggestion has been corroborated by using multilayers of ergodic 

and nonergodic relaxors assembled in serial vs. parallel electric 

loading. However, the existence of the true composites with 

segregated constituents has not been convincingly shown.
18

 The 

key information on this issue can be obtained by a spatially resolved 

study of the field-induced polarization switching on a local scale 

comparable to grain size. 

Such a study is afforded by the piezoresponse force 

microscopy (PFM) technique.
19

 This technique, where high spatial 

resolution is achieved by using a sharp tip, allows for not only non-

invasive domain imaging in polycrystalline materials, but also the 

manipulation of the polarization on the nanoscale and in-situ 

monitoring of polarization switching.
20

 

In this work, we present the PFM investigations of 

intragranular domain structures and the local polarization switching 

in ceramic/ceramic composites with varying volume fraction of the 

nominally nonergodic relaxor compound 0.93Bi0.5Na0.5TiO3-

0.07BaTiO3 (BNT-7BT) in the ergodic relaxor 0.92Bi0.5Na0.5TiO3-

0.06BaTiO3-0.02K0.5Na0.5NbO3 (BNT-6BT-2KNN) matrix. 

Furthermore, we address the effect of the material composition on 

domain morphology and its homogeneity, as well as the effect of 

proximity of NE grains on polarization switching inside of ER grains. 

 

Experimental  

Materials: The polycrystalline ceramic/ceramic composites were 

prepared by mixing calcined 0.93Bi0.5Na0.5TiO3-0.07BaTiO3 and 

0.92Bi0.5Na0.5TiO3-0.06BaTiO3-0.02K0.5Na0.5NbO3 powders. Details of 

the powder preparation and ceramics sintering can be found 

elsewhere.
16

 The composite samples contained BNT-7BT and BNT-

6BT-2KNN in 0:100, 10:90, 30:70 and 100:0 vol% ratios. The samples 

were prepared as 500 µm-thick pellets with diameter of 10 mm. For 

PFM measurements, the specimens were polished to optical quality 

using polycrystalline diamond paste (DP-Paste P by Struers A/S, 

Ballerup, Denmark) with abrasive particles of 15 µm, 9 µm, 3 µm, 1 

µm, and ј µm in size. 

 

Piezoresponse force microscopy: The measurements were 

performed using a Cypher AFM (Asylum Research, Santa Barbara, 

CA, USA) equipped with an external high voltage amplifier and a 

custom-built BE controller. Data acquisition and system control 

were performed by custom-made LabView and MATLAB software. 

All measurements were performed using Pt/Ir coated cantilevers 

(PPP-EFM-W, Nanosensors) with resonance frequency of 

approximately 75 kHz and force constant of about 2.8 N m
-1

. 

Domain imaging was performed using AC voltage with amplitude 

Vac = 2 V and frequency selected to be close to the contact resonant 

 
Figure 1. Topography, amplitude, and phase PFM images of the BNT-6BT-2KNN / BNT-7BT ceramic/ceramic composites with different 

content of nonergodic relaxor BNT-7BT: 0% (a-c), 10 % (d-f), 30 % (g-i), and 100 % (j-l). 
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frequency of the cantilever. The resulting PFM images were 

analyzed using WxSM software.
21

 The local hysteresis loops were 

treated using custom developed MATLAB programs.  

The description of principles of piezoresponse force 

microscopy can be found elsewhere.
19,20

 Briefly, PFM detects local 

electromechanical deformation of a sample induced by an AC 

voltage applied to the sample surface via a conductive PFM tip. The 

amplitude of the PFM signal is proportional to the local value of the 

longitudinal piezoelectric coefficient. The phase of the PFM signal 

depends on local polarization orientation: the phase of 0° and 180° 

correspond to the polarization direction parallel and antiparallel to 

the applied electric field, respectively.  

To study polarization switching, we collected multiple local 

hysteresis loops over a 2D spatial grid using combined switching 

spectroscopy piezoresponse force microscopy (SS-PFM) and the 

band excitation (BE) approach.
22

  The local hysteresis loops were 

measured by applying a bipolar triangular waveform (-Vmax < V < 

Vmax) formed by a sequence of short voltage pulses (4 ms) of a 

constant AC amplitude on top a monotonically changing DC offset. 

DC voltage pulses were used for poling (writing), while the 

piezoresponse was read in-between two pulses (reading) at DC bias 

of 0 V. The loops were collected over a 40×40 point grid. At every 

grid point, six triangular waveforms with gradually increasing 

amplitude, Vmax, from 5 V to 45 V were applied. To reveal regularity 

of polarization switching inside grains with different domain 

patterns we utilized a k-means clustering algorithm 

 

Results 
 

Figure 1 provides typical amplitude and phase PFM images for the 

samples with different volume ratio between the BNT-7BT and BNT-

6BT-2KNN constituents. Grains of different size, split into domains, 

are clearly seen. The amplitude signal represents the magnitude of 

the piezoresponse, and depends on the crystallographic orientation 

of the grain. The phase signal reflects the direction of the 

polarization vector. In Figure 1, the bright color in the phase images 

correspond to the “positive” polarization, where the polarization 

vector points up, normal to the surface. The dark regions represent 

domains with the “negative” polarization which is directed down, 

into the bulk. The pure ergodic relaxor BNT-6BT-2KNN (0%NE) 

(Figure 1(a, b)) features two types of domain patterns: disordered 

labyrinth-like and distorted stripe-like. The first type is typical for 

grains exhibiting a strong PFM response in the amplitude image 

(e.g. grain A in Figure 1(a)). The second type of domains, by 

contrast, is characteristic for grains with a weak PFM signal, as 

demonstrated for grain B. According to electron backscatter 

diffraction data (Figure S1, Electronic Supplementary information), 

the stronger PFM signal corresponds to grains with crystallographic 

orientation close to <001>c directions, whereas the grains with 

quasi-stripe domains have orientation close to <111>c directions 

and show weaker piezoresponse. The domain structure analysis 

demonstrates that the labyrinth domain patterns have 

characteristic width of 100-150 nm within a single grain. 

The domain structure of the sample with 10 % of the NE 

(Figure 1(c, d)) displays no drastic changes in comparison to the 

0%NE sample. Both the labyrinth-like and quasi-stripe features are 

observed over the entire sample area. Weak reordering of the 

domains occurs which is demonstrated as the shortening of 
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Figure 2. Compositional diversity: Spatially averaged local 

hysteresis loops for the composites with different content of 

BNT-7BT phase. 
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Figure 3. Compositional diversity: Averaged hysteresis loop 

parameters: (a) maximum and remanent piezoresponse, (b) 

coercive voltage and work of switching as function of the BNT-

7BT content. Shown data points correspond to a mean 

between positive and negative values for each hysteresis loop 

averaged over the entire grid. The error bars are the standard 

deviation from the mean value. 
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labyrinth domain length without their broadening, as in grain 

labeled C.  

A further increase of the BNT-7BT content to 30 vol% (30% 

NE) notably influences the domain morphology (Figure 1(e, f)). 

Namely, a new type of domain structure having a checkerboard 

pattern appears (see grain labeled D). These patterns are 

characterized by a larger domain size than observed for the 

labyrinth structures. Besides, in many grains (e.g. grains E and G) 

the labyrinth patterns are still observed. We note that the average 

domain size increases as compared to the samples with less of the 

NE content. 

Finally, BNT-7BT (100%NE) demonstrates mainly the 

checkerboard domain patterns (Figure 1(g, h)). Within some grains, 

stripe domains are also observed, but the pattern is more regular 

along with the transverse dimension larger than in the pure relaxor 

sample. The average domain size for the 100% NE sample is an 

order of magnitude larger than that of the 0% NE sample described 

in Figure 1(a, b). Similar to the 0% NE sample, the strongest and the 

weakest PFM signals are typical for <001>c - and <111>c - oriented 

grains, respectively.  

To study the local polarization switching behavior with 

respect to the content of nonergodic BNT-7BT we collected multiple 

local PFM hysteresis loops over a 2D spatial grid. 1600 local 

hysteresis loops were collected over the 5µm×5µm scan areas for 

each sample. Characteristic parameters of local polarization 

switching were addressed on several length scales:  

(a) Average switching behavior of each composite sample 

(compositional diversity). 

(b) Switching behavior on the single grain scale; assuming 

that the characteristic labyrinth or checkerboard domain 

morphologies correspond to the ergodic or the nonergodic 

relaxor constituents, respectively (see more details in the 

discussion chapter) (constituent diversity); 

(c) Switching behavior inside an ER grain depending on the 

distance from the boundary to the neighboring NR grain 

(proximity effect).  

The hysteresis loop parameters of interest are the maximum 

piezoresponse, Dmax, remanent piezoresponse at zero bias voltage, 

D0, coercive voltage, V0, and the work of switching, As. 

 

Compositional diversity 

Figure 2 illustrates the effective (spatially averaged over the entire 

switching grid) hysteresis loops for all four samples. The presented 

loops correspond to the last switching cycle with the maximum 

amplitude of the DC voltage. The variation in the switching behavior 

as the amount of the NE component in the composites changes can 

be clearly observed. The 100%NE sample shows a typical 

ferroelectric loop that is widely open, symmetric and has a very 

strong piezoresponse. As the content of the NE component drops to 

30 vol%, both Dmax and D0 decay strongly. For the 10%NE sample, 

the average loop shows a slim hysteresis and further decrease of 

the remanent piezoresponse. Figure 3(a) reveals an almost linear 

decay in the remanent piezoresponse with increasing ER content. 

Interestingly, although Dmax diminishes in the average loop for the 

pure ergodic relaxor, the piezoresponse remains almost constant as 

the DC bias drops from the maximum value of 45 V to zero. Figure 

3(b) compares the coercive voltage and the hysteresis area for 

different samples. Note that voltage required to perform switching 

is rising with increasing NE content and is maximized for the 30%NE 

composite. The loop area, i.e. the work of switching As also grows as 

the content of BNT-7BT increases and is much larger for the pure 

NE sample. 

 The averaged loops show an asymmetry relative to both 

piezoresponse and bias voltage axis. The asymmetry of the PFM 

hysteresis loops has been often reported for thin films as well as for 

bulk samples.
23-25

 Typically, it is related to existence of built-in 

internal fields that make one polarization state energetically more 

preferable. Nature of these fields can be different. Liu et al. 

suggested that in relaxors these are random electric fields resulting 

from random distribution of cations with different valency over 

equivalent crystallographic positions.
24

 Also charged defects, e.g. 

oxygen or potassium vacancies, accumulated in a subsurface layer 

can be sources of the internal field. In such a case, the field is 

unipolar and can induce the asymmetry of the loops in one 

direction. Figure 2 shows the spatially averaged hysteresis loops. 

Therefore, the observed asymmetry indicates a dominance of 

certain polarity of the internal fields. Detailed analysis of origins of 

this asymmetry demands studies of defect distributions in our 

samples and is out of scope of the presented research. 
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Figure 4. Constituent diversity: (a) The PFM image and the 

corresponding k-means clustering map for polarization 

switching for the composite ceramic with 30 vol% of BNT-7BT 

phase. 10 clusters are considered. The points belonging to the 

same cluster have the same color in the cluster map. Solid lines 

in the PFM image mark the grain boundaries; (b) The maps for 

clusters showing ergodic-like switching behavior (c2, c5 and c9) 

and for clusters within which the ferroelectric-like hysteresis 

loops are obtained (c6, c8, and c10); (c) The local hysteresis 

loops of ci clusters. 
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Constituent diversity 

Based on domain imaging, the characteristic domain morphology is 

assumed to be ruled by the material content. Therefore, we expect 

that the local polarization switching also correlates with the 

composition of a single grain. To check this, the switching behavior 

was studied on the level of a single grain using the k-means 

clustering analysis.  

k-means clustering (KMC) is one of the most frequently 

used clustering approaches, applied in pattern recognition and 

classification,
26

 data mining and knowledge discovery,
27, 28

 as well as 

in data compression and vector quantization. KMC aims to partition 

n observations into k clusters in which each observation belongs to 

the cluster with the nearest mean value based on a specified 

distance metric between the data points in n-dimensional space. In 

our case, KMC was applied to analyze local hysteresis loops 

obtained by PFM using MATLAB. The criterion by which KMC 

identifies, distinguishes, and plots the map of clusters was the 

hysteresis loop shape. KMC tracked over the 40×40 switching 

points, grouped them into 10 different clusters (k = 10), and 

generated the corresponding cluster maps. 

Figure 4 summarizes the results of k-means clustering 

analysis for the 30%NE sample. In a cluster map, the points 

belonging to the same cluster are indicated by the same colour. For 

each cluster recognized by KMC a spatial map of points belonging to 

that cluster and a representative hysteresis loop were generated. 

The PFM image is also outlined for sake of comparison. As already 

mentioned, KMC groups the local PFM loops into 10 individual 

clusters; however a few of them contain just a few points and were 

not considered in further analyses.  

Figure 4(c) compares representative loops for clusters 

that occupy the major part of the studied region. The 

representative loops can be separated into two groups. For clusters 

c6, c8, and c10, the loops show ferroelectric-like features with large 

maximum and remanent piezoresponse. Switching is successfully 

performed in both directions, even though the full loop saturation 

is not achieved for the maximum applied voltage. There is a 

relatively large difference between Dmax and D0. For approximately 

the same coercive voltages, a noticeably weaker piezoelectric 

activity is observed for clusters c2, c5, and c9. A relatively low value 

of the maximum piezoresponse, that is lower effective piezoelectric 

coefficient (d33)eff, and smaller work of switching is noted (Figure 

4(d)). By comparing with the phase PFM image (Figure 4(a)) one can 

see that the first type of the loops (clusters c8 an c10) is mainly 

associated with grains showing the checkerboard domain pattern 

(presumably with dominant NE composition), while the second one 

(clusters c2 and c5) is related to grains having a labyrinth structure 

(ER grains). Nevertheless, intermixing of the composite constituents 

might appear, particularly in the vicinity of grain boundaries. The 

comparison of PFM and KMC maps reveals that some grains consist 

of several regions belonging to different clusters (Figure 4(b)). E.g. 

for some grains with the checkerboard domain pattern peripheral 

regions show the suppressed hysteresis loops (compare clusters c8 

and c9 for the grain in the top left corner and clusters c10 and c2 for 

the grain at the right side of the scan). 

It is interesting that KMC does not show a substantial 

variety of the local polarization switching behavior for the parent 

constituents, 100%NE and 0%NE samples. The clusters can yet be 

distinguished, but the representative local loops reveal a uniform 

shape to some extent (see details in Figures S2 and S3, Electronic 

Supplementary Information). Also the sample with 10% of NR phase 

shows a less variety in the local loops shape between clusters (see 

Figure S4, Electronic Supplementary information). For most of the 

clusters, the representative loops have a strong negative offset. 

Only for two grains, a positive offset is observed. However, no 

correlation between the polarity of the offset and domain pattern 

can be established. Dominance of the local loops with the negative 

offset results in stronger asymmetry of the average loop for the 

sample with 10 % of NR phase as compared to other samples. 

 

Proximity effect  

This approach allows for investigation of the influence of 

nonergodic grains on the properties of the surrounding ergodic 

relaxor matrix. At this length scale, polarization switching behavior 

in a “labyrinth-like” grain is analyzed as a function of distance from 

a next “checkerboard” grain. The loops were collected at positions 

marked in Figure 5(a). For the better statistical accuracy, we 

performed averaging over loops over a “narrow” 5x1 grid around 

the marked locations. The switching parameters inside the 

“checkerboard” grain (position 1) are plotted for comparison. In 

accordance with the constituent and compositional diversity, the 

largest Dmax and D0 values are observed inside the NE grain (Figure 

5(b)). For the ER grain, a drop of both D0 and the loop area, As, 

(Figure 5(c)) is observed by moving off the boundary with the NE 

grain on the left. At the same time, the coercive voltage and 

maximal piezoresponse, Dmax, are almost independent of the 

position inside the ER grain. It has to be mentioned that the ER 

grain on its left side borders upon another ‘checkerboard’ grain. 

Therefore, assuming that the local switching in the ER grain is 

affected by proximity to a NR grain, a similar behavior should be 
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Figure 5. Proximity effect: (a) The PFM image of the composite 

ceramic with 30 vol% of BNT-7BT phase. Variation of the 

hysteresis loops parameters: maximum and remanent 

piezoresponse (b), coercive voltage and work of switching (c) 

inside an ER grain (triangles and squares). As a reference the 

hysteresis loops parameters inside the NR grain are shown 

(circles). The positions are indicated in the panel (a). 
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expected for the most outside relaxor sites (2 and 5), which is not 

the case. 

Discussion 

The PFM data are discussed in context of the local switching 

properties providing information on the microscopic mechanisms 

that can govern the reported macroscopic high electromechanical 

strain in the ceramic/ceramic composites.
15

 

So far, the ceramic/ceramic composites studied within 

this work have been investigated by different approaches, from 

macroscopic strain over in situ high-energy x-ray diffraction to 

energy dispersive x-ray spectroscopy and transmission electron 

microscopy measurements.
15-18

 The macroscopic measurements 

reported that the high unipolar strain in these materials can be 

achieved at relatively low electric fields and that the maximum 

strain level strongly depends on the amount of the BNT-7BT 

constituent.
15

 Composite behavior modeling showed that the 

tangled ergodic and nonergodic phases allow tailoring of the 

electromechanical properties of the high-strain materials, assuming 

the field-induced strain to be facilitated by the NE component that 

is surrounded by the relaxor phase.
16

 The structural 

measurements
17

 confirm the inhomogeneity of the structure, that is 

pseudocubic at zero field state, and experience either irreversible 

or reversible phase transition under the applied electric field 

depending on the volume percentage of the non-ergodic 

component in the material. 

Our PFM studies have provided a new insight into the 

functional inhomogeneity of the materials by addressing the 

polarization and electromechanical behavior of the constituent 

phases separately.  

Comparing the dominant domain morphologies observed 

in the two parent compositions (0%NE and 100%NE), we can 

attribute the checkerboard domain pattern to the BNT-7BT phase. 

The data regarding the crystalline structure and the symmetry of 

this composition are controversial. For the unpoled state, the 

symmetry of BNT-7BT is usually reported as pseudocubic, but under 

sufficiently high electric field it irreversibly transforms to an MPB 

between R3C and P4mm phase.
29

 Nonetheless, the strong PFM 

response indicates that the local symmetry is not cubic even in the 

pristine state, at least in a subsurface layer probed by PFM. At the 

same time, the characteristic checkerboard pattern can be an 

indication of the local tetragonal symmetry.
30

 

We found no grains with the checkerboard pattern in the 

BNT-6BT-2KNN parent composition, for which the labyrinth and 

distorted stripe patterns are typical. Similar domain morphology 

has been reported for other relaxor compounds.
31, 32

 Static domain 

patterns and relatively large piezoresponse indicate that the 

ergodicity of the bulk relaxor state is broken in a sub-surface 

volume probed by PFM. Based on results of x-ray diffraction
33

 and 

PFM measurements.
31,32,34 

different groups reported existence of a 

ferroelectric-like surface layer for materials, which show 

macroscopically relaxor behavior. It has been suggested that in 

“cubic” relaxors with the perovskite structure the surface breaks 

the symmetry between possible polarization orientations in PNRs 

due to elastic interactions. This results in a transition from the cubic 

phase to a tetragonal phase.
32

 The electrical interaction results in 

secondary breaking of symmetry in plane and the formation of 

domains with antiparallel polarization.
32

 The equilibrium domain 

configurations are predefined by the system energetics, yielding the 

characteristic domain size. Similar scenario can be adopted for the 

studied materials.  
In our opinion, the internal fields responsible for the 

asymmetry of the local hysteresis loops cannot drive formation of 

this ferroelectric like state. Otherwise, a unipolar or strongly biased 

PFM signal distribution would be expected, which actually is not the 

case. 

The transformation from regular to irregular domain 

patterns has been reported for systems showing a crossover from 

ferroelectric to relaxors behavior
31

 and agrees well with more 

relaxor character of BNT-BT-KNN phase. Besides, the change of the 

characteristic domain size is an indication of a different 

composition. Due to the comparable grain size of the BNT-BT and 

BNT-BT-KNN samples, the size effect on the domain pattern can be 

excluded. 

For the sample with 30% of BNT-7BT, a coexistence of 

grains with the domain patterns characteristic for both parent 

compositions confirms formation of the composite with two 

separate phases. Nevertheless, some intermixing of the 

constituents, especially close to grain boundaries, is not excluded. 

The average polarization switching behavior of the 

studied samples (compositional diversity) reveals a gradual 

evolution from tilted, slim hysteresis loops typical for the ergodic 

relaxors
35

 to those with large hysteresis and high piezoresponse 

characteristic for the samples with increased BNT-7BT content 

(Figure 2). While the ergodic relaxor behavior is broken in the 

regions probed by PFM, some features typical for the relaxor state, 

like fast decay of the field induced piezoresponse and zero (or even) 

negative stability gap
36

 are retained in the BNT-6BT-2KNN sample. 

The nonergodic BNT-7BT phase features larger average 
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Figure 6. Comparison of the maximum piezoresponse Dmax, 

remanent piezoresponse D0, and coercive voltages of the 

different switching clusters, ci.  
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piezoresponse and more stable remanent polarization (the stability 

gap is positive), which is in agreement with the macroscopic 

behavior. 

The averaged PFM hysteresis loop of 30%NE sample 

apparently reveals an intermediate behavior due to the 

contributions from both phases. For this sample, the k-means 

analysis distinguishes between switching behavior in grains 

belonging to two different phases of the composite (constituent 

diversity) (Figure 6). Again, the “ER” grains with the labyrinth 

pattern exhibit more tilted hysteresis loops and smaller 

piezoresponse than the “NR” those (Figure 6). Note that these 

“ergodic” grains exhibit broader hysteresis loops as compared to 

the average hysteresis loop collected at the larger scale for the 

0%NE sample. This can be an indication that the state of BNT-6BT-

2KNN grains in the composite is altered by the BNT-7BT phase, 

which can be present not only as macroscopic grains, but also in the 

form of nanometer-sized inclusions distributed in the surrounded 

“ergodic relaxor” matrix. Such ferroelectric-like inclusions have 

been mentioned to often arise in between or within ubiquitous 

relaxor grains in the studied composites.
17

 On the one hand, they 

cannot be detected by PFM in the scanning mode due to their small 

size and the low probing AC voltage that is not sufficiently high to 

trigger their growth. On the other hand, in the spectroscopic mode 

(switching experiments) high enough DC bias voltage may provoke 

expansion of these inclusions into bigger ferroelectric domains that 

contribute to the larger electric field-induced PFM signal in 

comparison to the pure ergodic 0%NE composition. After the bias 

removal, these domains remain stable contributing to the remanent 

piezoresponse D0, while the “ergodic relaxor” portion of the grain 

reverses back. 

Comparing the switching behavior at different locations 

inside the “ergodic relaxor” grain, we did not find an unambiguous 

correlation between switching parameters and distance from the 

interface with the neighboring “nonergodic” grain. One can see, 

however, variations of both the maximum piezoresponse and the 

switching work through the grain. This can be assigned e.g. to 

variation of local mechanical stress or to composition gradients due 

to a limited interdiffusion between NR and ER phases.
18

 

In light of tailoring the electromechanical response of 

studied materials, it is important to discuss how properties of 

constituents change in the composites. To this extent, we have 

compared the experimental data obtained on different scales. For 

convenience, we consider the compositional diversity as a 

macroscopic scale approach, while the proximity-effect data is 

discussed in the context of a single-point scale.  

By contrasting the results obtained at these two scales, 

one can note that for the ergodic phase of the composite sample, 

the maximum piezoresponse on the single-point scale is strongly 

improved as compared to the pure BNT-6BT-2KNN sample. This can 

be attributed to effect of neighborhood of the BNT-7BT grains. The 

loop area analysis additionally supports this idea: the work of 

switching for the farthest position inside the ER grain is not as low 

as in the 0%NE sample, while not as high as obtained in the pure NE 

ceramics. The influence of two neighbor phases is mutual. While on 

the single-point scale the NE grains in the composite exhibit a larger 

work of switching than the ER grains (similar to the largest 

switching work, i. e. switching losses, on macroscopic scale for the 

100%NE ceramics between all studied samples), when comparing 

these two values it appears that the switching losses are higher on 

the macroscale. It should also be mentioned, that interior sites of 

the ER grains in the composite exhibit properties that are similar to 

the properties of the 30%NE sample as whole. This indicates that 

the average response of the 30%NE sample can be considered as a 

collective effect of the structure that is inhomogeneous already on 

the grain length scale. Thus incorporating the grains of a different 

phase into microstructure can be used for fine tuning of the 

piezoproperties on the macroscale. 

Conclusions 

Piezoresponse force microscopy studies confirmed the formation of 

the ceramic/ceramic BNT-6BT-2KNN/BNT-7BT composites. Grains of 

the BNT-6BT-2KNN phase feature labyrinth and distorted stripe 

domain patterns characteristic of relaxors, while the BNT-7BT grains 

typically exhibit more ordered checkerboard domain morphology. 

The ergodic relaxor character of bulk BNT-6BT-2KNN seems to be 

broken at the surface, which is similar to observations in other 

relaxors. Nevertheless, different polarization switching behavior 

between nominally ergodic and nonergodic constituents was 

observed both on the macroscopic averaged scale and between 

different grains in the composite ceramic with 30% of BNT-7BT. We 

observed an improvement of the piezoelectric response of BNT-

6BT-2KNN grains in the composite in comparison to the single 

phase ceramics. However, no pronounced effect of proximity to a 

BNT-7BT grain on the local polarization switching in the “ergodic 

relaxor” grains was found. This can be related to the conditions of 

the used approach. Indeed, the local hysteresis loops were probed 

successively at different locations. Contrary to the macroscopic 

measurements, in our experiment the switching in “ergodic relaxor” 

grains occurs rather independently from that in “nonergodic” 

grains. Therefore, the influence of the more easily switched grain 

on harder switched neighborhood is less pronounced. 
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