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The morphotropic phase boundary composition Bi1/2Na1/2TiO3-20 mol. % Bi1/2K1/2TiO3 was

chosen as initial material to do selective A-site aliovalent doping replacing Na and K by 1 at. %

La, respectively. The materials were studied macroscopically by measuring dielectric and electro-

mechanical properties. The Na-replaced material has a lower freezing temperature Tfr, lower rema-

nent polarization and remanent strain, and thus a higher degree of ergodicity than the K-replaced

material. These results are contrasted with local poling experiments and hysteresis loops obtained

from piezoresponse force microscopy. The faster relaxation of the tip-induced local polarization

and the lower remanent state in bias-on and -off loops confirm the higher degree of ergodicity of

the Na-replaced material. The difference in functional properties is attributed to small variations in

chemical pressure achieved through selective doping. Raman results support this working hypothe-

sis. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916719]

I. INTRODUCTION

Currently, new lead-free piezoelectric ceramics for

actuators applications are widely studied.1,2 These efforts are

driven by concerns regarding lead toxicity3,4 and environ-

mental hazards.5 Therefore, there has been a continuous

effort to replace Pb(Zr,Ti)O3 (PZT) ceramics in commercial

devices such as actuators.1,2 Various solid solutions in the

families of bismuth-alkali-based and alkali-niobium-based

systems have been investigated so far.1 Among these materi-

als, the Bi1/2Na1/2TiO3 (BNT)–Bi1/2K1/2TiO3 (BKT) is a

good candidate for technical applications because its proper-

ties can be engineered through proper chemical modifica-

tions.2 Although La was used to modify the electrical

properties of perovskite materials, its potential as dopant in

BNT–BKT is not yet fully explored.

The binary solid solution BNT–BKT presents a morpho-

tropic phase boundary (MPB) at about 18–22 mol. % BKT.6,7

Several reports have focused on modifying the system through

solid solutions achieving promising large signal strain proper-

ties, namely, d33* above 500 pm/V at 6 kV/mm.8–12 Other

studies focused on either A- and/or B-site doping to improve

small and large signal electromechanical properties.13–16 It

was proved that either replacing Bi on the A-site16 or all

A-site cations are effective approaches.13 Compositional mod-

ifications with iso- and aliovalent dopants are technologically

relevant because small doping amounts can modify

considerably electrical properties due to cation vacancy for-

mation and chemical pressure. Specifically, La was widely

used in several archetypal perovskite materials such as

Pb(Zr,Ti)O3, and Ba1/2Na1/2TiO3.16–18 Isovalent La-doping

was shown to be a viable approach to tailor the dielectric and

electromechanical properties of the BNT–BKT system.13,16

Nevertheless, aliovalent doping was not yet used as a strategy,

neither selective doping.

Changes in degree of ergodicity, vacancies, and chemi-

cal pressure were shown to be critical in determining relaxor

features.2,17–22 The ergodicity term was first implemented in

statistical mechanics. An ergodic property is such when the

time average characteristic of it is indistinguishable from the

ensemble average for the distribution of all accessible points

in the phase space of the system. In other words, in an er-

godic system an arbitrary function can be defined in a certain

mathematical space within the phase space of the whole sys-

tem, in which its characteristic becomes indistinguishable

from the ensemble over all accessible points.23 Expressing a

higher degree of ergodicity can be understood as increasing

the fraction of phase space in which its property time aver-

age characteristic becomes indistinguishable from the en-

semble average for the distribution of all accessible points in

the phase space of the system. Expressing a degree of non-

ergodicity is therefore not a proper term but a consequence

of the degree of ergodicity. However, we use this term

throughout the manuscript to distinguish considerable

changes in the degree of ergodicity. Considering that there

has been reports demonstrating only a certain degree ofa)Email: acosta@ceramics.tu-darmstadt.de. Telephone: þ49 (0)6151 16-6312.
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ergodicity,24 understanding the properties and structure

locally and macroscopically is key for assessing a complete

physical view.

Piezoresponse force microscopy (PFM) and Raman scat-

tering have proven to be powerful experimental techniques to

elucidate microscopic piezoelectric properties and resolve the

local structure in lead-free piezoceramics.25–29 PFM has been

widely applied to study ferroelectric domains on the nano-

scale.27,30 As other scanning probe microscopy techniques,

PFM allows for a lateral resolution of a few tens of nano-

meters and is characterized by its sensitivity to the local

polarization when an external electrical field is applied to a

conductive tip. This facilitates the potential to investigate

local phenomena behind the functionality of relaxors on the

nanoscale such as the existence of polar nanoregions

(PNRs).31 Additionally, local hysteresis loops and local poling

experiments can be performed on particular positions of the

sample26 allowing to obtain information about the local

remnant polarization and relaxation behavior.25 In contrast,

Raman spectroscopy is very useful to study the structural

changes occurring on a short range owing to its coherence

length down to the nanometer scale. Therefore, it offers the

ability to combine the results with the nanoscale functional

properties obtained by PFM.28 The gathered information with

these techniques is of particular importance for BNT-based

materials, which are characterized by a high degree of struc-

tural disorder.32 Raman spectroscopy can visualize phase tran-

sitions or short-range structural rearrangements as a function

of composition,33–35 temperature,36 or applied electric-field.29

Nevertheless, a distinction between chemically ordered

regions and PNRs is not feasible solely by Raman spectros-

copy. Hence, both techniques allow for observation of com-

plementary information about local microstructural features.

In this study, the A-site doping replacing Na and K by 1

at. % La on the BNT–20BKT system is reported. The effects

of the selective aliovalent doping are investigated by means

of macroscopic dielectric and electromechanical properties.

The dielectric properties indicate that the Na-replaced mate-

rial presents a lower freezing temperature and thus a higher

degree of ergodicity at room temperature. This result is cor-

roborated by a lower macroscopic remanent polarization and

local features such as faster tip-induced poling relaxation

and lower remanent state in bias-off experiments. It is sug-

gested that the different dielectric and electromechanical

properties of both materials are due to small differences in

chemical pressure in the Na-replaced as suggested by Raman

spectroscopy and in qualitative agreement with hydrostatic

measurements in archetypal relaxors. Therefore, a correla-

tion between local techniques such as PFM and Raman spec-

troscopy and macroscopic functional properties is obtained.

It is shown that selective aliovalent doping can be used to

modify relaxor features locally, thus giving the possibility of

engineering macroscopic lead-free relaxor piezoceramics.

II. EXPERIMENTAL

The MPB of the 0.8Bi1/2N1/2TiO3–0.2Bi1/2K1/2TiO3

(BNKT) system6,7 was chosen as initial material. Two variants

were designed replacing Na and K by 1 and 3 at. % La, leading

to the stoichiometric formulas Bi0.5Na0.39K0.1La0.01TiO3

(BN0.39KLT) and Bi0.5Na0.4K0.09La0.01TiO3 (BNK0.09LT),

respectively. The materials were prepared by a conventional

solid state route using Bi2O3 (99.975%), Na2CO3 (99.5%),

K2CO3 (99.0%), and La2O3 (99.9%) as raw materials (Alfa

Aesar GmbH & Co., Germany). Calcination was done at

850 �C for 3 h and sintering at 1150 �C for 2 h. Further details

on the processing route can be found elsewhere.37 In order to

highlight the importance of selective acceptor doping, func-

tional properties in the 1 at. %-doped compositions will be

presented. Nevertheless, the reader should be aware that results

of the selective doping remain valid for 3 at. %-doped

compositions.

The densities were measured by the classical

Archimedes method. For the microstructure investigation,

sintered samples were polished in a semi-automatic machine

(Jean Wirtz, Phoenix 4000, Germany). Afterwards, the sam-

ples were thermally etched at 940 �C for 30 min with a heat-

ing rate of 10 �C/min. To ensure conductive surfaces, all

samples were sputtered with silver (Gwent Electronic

Materials, Ltd., C60704D8, United Kingdom). Imaging was

performed in a scanning electron microscope (SEM)

(Philips, XL 30 FEG, Netherlands). The average grain size

was obtained by the mean intercept length method with a nu-

merical multiplication factor of 1.56.38

A commercial impedance analyzer (Novocontrol

Technologies, Impedance analyzer Alpha-A, Germany)

equipped with a cryostat was used for the temperature- and

frequency-dependent real relative permittivity er
0 of the unpoled

samples during cooling. Frequencies ranging from 10�1 to

106Hz with amplitude of 1 V in the temperature range from

�150 to 250 �C and a cooling rate of 1 K/min were employed.

For the polarization and strain measurements, virgin sam-

ples were used. A function generator (Agilent Corporation,

33220A, U.S.) supplied an input bipolar signal to a voltage

amplifier (Trek, High Voltage Amplifier 20/20 C, U.S.) for the

macroscopic electrical characterization of the specimens. This

resulted in an electric-field strength of 6 kV/mm and 1 Hz.

The polarization at room temperature was measured with a

standard Sawyer-Tower circuit with a measuring capacitor of

10 lF. At the same setup, strain was measured by an optical

sensor (Philtec, D63, U.S.).

A Cypher atomic force microscope with Ti/Ir (5/20)

coated conductive cantilevers ASYELEC-01 (both from

Asylum Research, U.S.) was used for the PFM study. The

nominal spring constant of this type of cantilevers was

k¼ 2 N/m with a nominal fundamental resonance frequency

f0¼ 70 kHz. All PFM images were acquired on mirror-

polished sample surfaces (polishing down to 1=4 lm) using

the dual alternating current resonance tracking (DART)

mode provided by the microscope manufacturer. Using the

contact resonance imaging technique, the recorded ampli-

tudes indicated the magnitude of the local effective piezo-

electric constant d33 beneath the tip whereas the phase shift

between the mechanical oscillation and the electrical stimu-

lus was used to determine the orientation of the polarization

of the sample with respect to the applied electric-field. PFM

images with a resolution of (256� 256) pixel using a con-

stant loading force of approximately F¼ 120 nN were

134106-2 Acosta et al. J. Appl. Phys. 117, 134106 (2015)
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acquired. A peak-to-peak driving voltage of 6 V was

applied to the tip while scanning perpendicular to the length

axis of the cantilever with a velocity of 5 lm/s. Local areas

of (1� 1) lm2 were poled by scanning the sample surface

line-wise with a tip velocity of 5 lm/s and simultaneously

applying a direct voltage of �10 V.

Local hysteresis loops on the sample surface were

acquired by the switching spectroscopy PFM method in

DART mode.39 An alternating current voltage (2 V peak-to-

peak) was superimposed to a bias voltage. The bias served for

the local poling of the sample at specific locations. The alter-

nating current was used for the simultaneous read-out of the

piezoresponse. In the DART mode, this alternating current

signal is a combination of two frequencies, one below and one

above the contact resonance frequency that is constantly

tracked by an additional feedback loop. The bias describes a

sinusoidal-like function (16 V peak-to-peak) starting from ini-

tially 0 V with a stepwise increasing/decreasing rectangular

pulse including an off-state after each poling step. The oscilla-

tion amplitude/phase during the bias-on and bias-off states

was read out to measure the piezoelectric response of the sur-

face. A pulse time of 25 ms in 100 steps was chosen for each

oscillation cycle with a bias-off time equal to the pulse time.

The scan direction was from top to bottom, and the acquisition

time for one image was approximately 8 min. The bias-on and

bias-off hysteresis loops both can be read out by SS-PFM.

The bias-off hysteresis loops are related to the remanent pie-

zoresponse signal measured between the consecutive dc bias

steps with the dc bias switched off. The bias-on hysteresis

loops, however, are influenced by the electrostatic interactions

generated by the electrical field beneath the tip.39 This leads

to a substantially lower coercive voltage,40 a higher slope and

response compared to the off-state including an inversion of

the loops.40 The on- and off-state loops were obtained at the

same sample positions. As a result, the electrostatic influence

of the applied electrical field on the piezoresponse signal can

be extracted. Furthermore, the hysteresis loops obtained on

the different samples were recorded under same experimental

conditions; hence, they are relatively comparable to each

other.

Topography images were first-order flattened, all other

images were leveled by a line-wise offset subtraction. For

the hysteresis loops, a total number of seven cycles per posi-

tion were averaged to achieve the final hysteresis loops rep-

resentative for each sample. An estimate for the effective

piezoelectric coefficient d33 was calculated, as given in the

below equation

d33 ¼ A cos ð/Þ=Vac; (1)

where A is the amplitude of the cantilever oscillation, / is

the respective phase shift between the mechanical oscillation

and the electrical excitation of the cantilever when the tip

interacts with the sample surface, and Vac is the applied

alternating voltage to the tip.

Raman measurements were performed on a LabRAM

spectrometer (Horiba Jobin Yvon, France) with 532 nm (fre-

quency doubled Nd:YAG) laser excitation. Laser power was

kept below 5 mW to avoid substantial heating on the sample.

The laser was focused on the surface of the samples by means

of a long-working distance objective with 100� magnification

and a numerical aperture of 0.8. Spectral resolution was

1.5 cm�1/pixel (numerical grating 1800 g/mm). The acquired

spectra were averaged on a minimum of 5 repetitions in order

to improve the signal-to-noise ratio. Each spectrum was meas-

ured three times with an integration time of 0.5 s.

Consequently, spectra were smoothed and normalized using a

commercial software (Labspec 6, Horiba Jobin Yvon, France).

III. RESULTS AND DISCUSSION

A. Effect of chemical substitution on microstructure

Density and grain size analysis did not show differences

between BN0.39KLT and BNK0.09LT. Both materials pre-

sented relative densities above 97% and grain sizes of

approximately 1.3 lm. Similar densities were reported in

other La-doped materials and were related to the presence of

La-cation complex defects aiding the sintering process.41,42

The X-ray diffraction patterns of both materials showed a

single pseudocubic perovskite structure. This is consistent

with the results found in the literature in similar lead-free

materials with little non-cubic distortions.43 This measurement

reveals the representative macroscopic average structure.

Nevertheless, the detection of a Raman spectrum in such

materials is a proof that the structure at the unit cell scale is

not centrosymmetric,33 as will be presented in Section III D.

Average structure of BNKT also resembles that of La-

modified BNKT. Non-cubic distortions are hardly distinguish-

able because they are very low43 and thus below the resolution

limit of our setup. A detailed structural investigation of these

materials is out of the scope of the present paper, but it will be

considered for future investigations.

Since La diffused into the lattice, either formation of cat-

ion vacancies, reduced concentration of oxygen vacancies or

free electrons should develop during the incorporation pro-

cess42 to compensate the charge of the aliovalent doping.

Previous reports in La-doped perovskites showed that La3þ is

exclusively incorporated on the A-site.42,44,45 In the case of

BNT–BKT, there are different A-site cation replacement pos-

sibilities. A priori, it can be thought that La3þ would replace

Bi3þ cations on the A-site taking into account oxidation state,

similar radii (Bi3þ� 1.32, Naþ� 1.39, Kþ� 1.64, and

La3þ� 1.36 Å (Ref. 46)), and the non-negligible volatilization

of Bi3þ during calcination and sintering.47 Nevertheless, the

macroscopic properties of BNT–BKT system with La3þ enter-

ing into Bi-sites differ considerably from the materials pre-

sented here.15 Therefore, we presume that La3þ entered into

the lattice in the chosen deficient sites of Naþ and Kþ for the

BN0.39KLT and BNK0.09LT, respectively. The most feasible

charge compensation is thus by the creation of Kþ and Naþ

cation vacancies,18,42 as given in the below equation

La2O3 ! 2La��Bi;K;Na þ 4V0Bi;K;Naþ " 3O2: (2)

The presented reaction is expected taking into account that al-

kali cations tend to volatilize during sintering, and their non-

stoichiometry is encountered in many lead-free sys-

tems.41,47,48 Although we already discarded the possibility of
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exclusive Bi3þ replacement by La3þ, we cannot neglect the

compensation of pairs of (Bi3þ,Naþ) and (Bi3þ,Kþ) for

BN0.39KLT and BNK0.09LT, nor electronic compensation,

nor a decrease in oxygen vacancy concentration. As it will be

seen in Section III B, there have not been clear differences in

the conductivity of BN0.39KLT and BNK0.09LT, and thus,

cation compensation seems to be responsible for charge com-

pensation. However, there is no driving force for different

charge compensation mechanisms in BN0.39KLT and

BNK0.09LT. Further inquiries on defect stoichiometry are out

of the scope of the present paper and left for future work.

Nevertheless, clear differences in macroscopic physical fea-

tures of both materials are observed leading to the conclusion

that changes in electromechanical are related to the presence

of La in the system entering into different lattice sites.

B. Dielectric and electromechanical properties

Fig. 1 introduces the er
0 values as function of temperature

and frequency. A frequency dependent anomaly at approxi-

mately 345 K and 355 K is observed for BN0.39KLT (a) and

BNK0.09LT (b), respectively. This anomaly shifts to higher

temperatures and decreases its magnitude with increasing fre-

quency, which indicates relaxor properties in both materials.49

This behavior is also common to other lead-free materi-

als37,50,51 and was associated with the relaxation of PNRs fluc-

tuations, i.e., a dynamic slowing down of PNRs thermally

activated fluctuations.50 Therefore, with further temperature

decrease either a spontaneous transformation into a long-range

ferroelectric order (non-canonic relaxor) or freezing of the

PNRs fluctuations (canonic relaxor) can be expected.52 There is

no indication of a transformation into a long-range order ferro-

electric state, and thus, we classify these materials as canonic

relaxors. It was proposed that the freezing of PNRs can be

rationalized by the Vogel–Fulcher53,54 relationship.55 Fig. 2

presents the freezing temperatures (Tfr) of both materials calcu-

lated from the local maxima er
0 values fitted with the

Vogel–Fulcher53,54 relationship. The Tfr for BN0.39KLT is

(253 6 12) K, while for BNK0.09LT, it is (283 6 9) K.

Because in both cases Tfr is close to room temperature, ergodic

and non-ergodic states may coexist in these material. We stress

here that we refer to a difference in the local degree of ergodic-

ity and not necessarily to two different macroscopic phases

with different relaxor states. Different degree of ergodicity was

already found in similar lead-free materials both macroscopi-

cally24,51 and microscopically.56 Given the difference in freez-

ing temperatures, BN0.39KLT should present a higher degree

of ergodicity at room temperature in comparison to

BNK0.09LT. Pure BNKT at its MPB presents a Tfr correspond-

ing to (315 6 5) K (not shown). Therefore, the pure MPB mate-

rial is expected to present the lowest degree of ergodicity at

room temperature.

Macroscopically bipolar polarization and strain loops

obtained on virgin specimens are presented in Fig. 3 together

with pure BNKT for comparison. Pure BNKT presents a rema-

nent polarization Pr¼ 0.26 C/m2 and maximum polarization at

6 kV/mm is Pmax¼ 0.36 C/m2. For BN0.39KLT, the remanent

polarization is Pr¼ 0.17 C/m2 and the maximum polarization at

6 kV/mm is, Pmax¼ 0.35 C/m2. For BNK0.09LT, a Pr¼ 0.24 C/

m2 and Pmax¼ 0.36 C/m2 were measured. The Pr of

BN0.39KLT is �35% lower than in BNKT and �30% lower

than in BNK0.09LT. In all materials Pmax values are within 5%

difference. The lowest Pr in the BN0.39KLT material results

from the more pronounced pinching of the polarization loop.

The strain curves indicate that BNKT presents a rema-

nent strain of Sr¼ 0.26%, an irreversible strain of

Sirr¼ 0.13%, and a maximum strain of Smax¼ 0.44% at

6 kV/mm. The BN0.39KLT presents a remanent strain of

Sr¼ 0.13%, an irreversible strain of Sirr¼ 0.02%, and a max-

imum strain of Smax¼ 0.4% at 6 kV/mm. The BNK0.09LT

presents Sr¼ 0.22%, Sirr¼ 0.1%, and Smax¼ 0.41%. Smax is

similar in both materials doped materials and slightly larger

in BNKT, which is consistent with polarization measure-

ments. However, the BN0.39KLT presents a decrease of

40% in Sr and 20% in Sirr in comparision to BNK0.09LT.

Moreover, if compared to pure BNKT, BNK0.09LT presents

�15% in Sr and Sirr. Reduced Pr, Sr, and Sirr are common

features observed in lead-free materials with increased

ergodicity.2 Therefore, the BN0.39KLT presents the highest

FIG. 1. Real part of the relative permittivity of (a) BN0.39KLT (black) and

(b) BNK0.09LT (red).

FIG. 2. Freezing temperature obtained from Vogel–Fulcher fitting for

BN0.39KLT (black) and BNK0.09LT (red). Insets display the fitting curves

utilized to determine Tfr.

FIG. 3. (a) Polarization and (b) strain curves on a virgin state for

BN0.39KLT (black) and BNK0.09LT (red).
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degree of ergodicity, followed by BNK0.09LT and BNKT.

This observation is in agreement with the calculated Tfr of

all the materials. Interestingly, for large signal electrome-

chanical applications, BN0.39KLT presents one of the high-

est strain responses reported so far resulting in an exemplary

candidate for actuator applications.2

Since we expect similar defect chemistry in both materi-

als (Eq. (2)), the difference in ergodicity may result from

local chemical pressure changes20 exerted by the difference

in the A-site cation radii upon doping. In BaTiO3, it was

experimentally shown that a similar qualitative shift of Tc

was obtained by modifying the system with Sr-doping or

applying an hydrostatic pressure, indicating similarities

between chemical and hydrostatic pressure.57 Theoretical

calculations showed that hydrostatic pressure mostly modi-

fies bond lengths and slightly affects tilting angles, suggest-

ing that these microstructural rearrangements are responsible

of the functional properties modification.21,22 However, in

archetypal relaxors, it was also shown experimentally that

tilting angles change at sufficient high pressures58 and lead

to oxygen anisotropic displacements.59 These structural

changes were also reflected in the change of dielectric and

electromechanical properties under hydrostatic pressure in

relaxors, as reported in several works by Samara et al.60–65

Specifically, it was shown that with the increase in hydro-

static pressure, the thermal relaxation of PNRs occurred

gradually at lower temperatures.60,66,67 This behavior indi-

cates a qualitative correlation with the chemical pressure

exerted in this work due to selective La-doping and hydro-

static pressure in archetypal relaxors. We hypothesize that

the BNT–BKT reduces its chemical pressure locally when

Kþ is replaced due to its larger ionic radius in comparison to

the similar radii of Bi3þ, Naþ, and La3þ. In other words,

BN0.49KLT presents a higher local chemical pressure, and

thus, its dielectric thermal relaxation, rationalized with Tfr, is

expected at lower temperatures (Fig. 2). The changes in the

local chemical pressure should be small because the maxi-

mum values of the dielectric properties (Fig. 1) remain simi-

lar, which is in agreement with low hydrostatic pressures.60

This result indicates that the functional properties of the

MPB of BNT–BKT should be quite sensitive to hydrostatic

pressures. In order to probe locally the physical features of

doped materials, PFM and Raman spectroscopy are presented

subsequently. It should be pointed out that the concepts

related to degree of ergodicity in Sections III C and III D

could be extrapolated to the pure BNKT based on the pre-

sented macroscopic results. However, to the authors0 knowl-

edge, a detailed microscopic study of the MPB of the BNKT

system is missing in literature and remains as future work.

C. Piezoresponse force microscopy

Fig. 4 shows piezoresponse images (5� 5) lm2 of the

virgin domain state of BN0.39KLT (a)–(c) and BNK0.09LT

(d)–(f), respectively. The averaged root mean squared

roughness (calculated from three images of each sample)

was approximately (1.5 6 0.5) nm and (1.6 6 0.3) nm for the

BN0.39KLT and BNK0.09LT, respectively. The relatively

low surface roughness for both samples suggests a minor

crosstalk between topography and amplitude/phase channels.

Figs. 4(b) and 4(e) correspond to the amplitude and Figs.

4(c) and 4(f) to the phase responses of the BN0.39KLT and

BNK0.09LT, respectively. The amplitude response images

of the initial state (Figs. 4(b) and 4(e)) depict regions with

distinctive amplitude values on the size of a few micrometers

for both samples. The phase response images of the initial

state (Figs. 4(c) and 4(f)), however, do not show the clear

contrast. The absence of the contrast and the associated

phase alignment is typical for relaxors and was previously

shown in similar lead-free systems.25 The typical PNRs of

these relaxor materials can hardly be resolved by the conduc-

tive AFM tip.68

To pole a certain area (1 � 1) lm2, we applied an input

dc voltage of �10 V while line-wise scanning the sample

surface in the contact mode. The associated electric-field

was sufficient to partially induce ferroelectric domains with

an orientation perpendicular to the sample surface. Figs.

5(a)–5(d) (BN0.39KLT) and Figs. 5(e)–5(h) (BNK0.09LT)

show an image series of the local relaxation process with the

amplitude ((a) and (e)) and phase response ((b) and (f)) cap-

tured immediately after the poling and the respective ampli-

tude/phase response (“(c) and (g)” and “(d) and (h)”)

captured 60 min after poling. Immediately after the poling,

approximately 80% of the poled area in the phase response

FIG. 4. (a) and (d) Topography, amplitude images ((b) and (e)) and phase

response ((c) and (f)) of the initial domain state of a BN0.39KLT ((a)–(c))

and BNK0.09LT sample ((d)–(f)) measured by PFM in the DART mode.
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of the BN0.39KLT sample (Fig. 5(b)) changed to 180�. In

contrast, only 50% of the framed area (Fig. 5(f)) of the

BNK0.09LT sample could be poled. The majority of the

poled areas of both samples relaxed back to the initial do-

main state as detected 60 min after subsequent PFM imaging

(“Figs. 5(c) and 5(d)” and “Figs. 5(g) and 5(h)”). Compared

to the BN0.39KLT sample, a larger region at the upper side

of the poling area of the remaining tip-induced domain was

observed for the BNK0.09LT sample. The results demon-

strate that ferroelectric domains could be induced in both

samples. However, the tip-induced ferroelectric domains of

both samples were unstable with time. A faster relaxation

was observed for the BN0.39KLT sample and a larger long-

range ordered domain could be initially induced compared to

the BNK0.09LT sample. These results are attributed to the

higher ergodicity of BN0.39KLT. It was already shown that

materials with a high degree of ergodicity present incipient

features and high-electromechanical response.2,51,69

Fig. 6 shows the averaged local hysteresis loops

obtained on BN0.39KLT and BNK0.09LT samples with bias

switched on (a) and off (b). The bias-on hysteresis loops

reveal that the maximum local strain value of the

BN0.39KLT is higher than that of the BNK0.09LT, consist-

ent with macroscopic measurements (Fig. 3). The bias-off,

i.e., the remnant piezoresponse signal, results gave the oppo-

site tendency. In both graphs, we found a larger remanent

polarization for the BNK0.09LT sample. This phenomenon

is also consistent with the macroscopic large signal measure-

ments, indicating that because of the lower ergodicity of

BNK0.09LT, the remanent polarization and strain are macro-

scopically and microscopically retained in this material.

The reason for the discrepancy between bias-off and

bias-on hysteresis loops can be explained by the increased

tendency to back-switch domains in case of the BN0.39KLT

compared with the BNK0.09LT, as observed in the poling

experiment in Fig. 3. This finding, together with the larger

remnant polarization, corroborates the higher ergodicity of

the BN0.39KLT. By analyzing Tfr of both materials, it was

also revealed a higher ergodicity in BN0.39KLT as well.

These results are in good agreement with the nanoscopic

observations. The relaxation behavior of both samples dem-

onstrates that a high electric-field can induce macroscopic

ferroelectric domains in both relaxor surfaces.

D. Raman scattering

Room-temperature Raman spectra of BN0.39KLT and

BNK0.09LT are shown in Fig. 7. The spectral signature was

consistent with that of BNT-based materials, and was

FIG. 5. Relaxation process of BN0.39KLT ((a)–(d)) and BNK0.09LT ((e)–(h)) after a local poling experiment measured by PFM in the DART mode. (a) and

(e) Amplitude and (b)–(f) phase response subsequently imaged after poling a (1 � 1) lm2 region in the center (enclosed by the green frame); (c) and (g) ampli-

tude and (d) and (h) phase response imaged 60 min after poling, respectively. For a better visibility of the piezoresponse, the color bar of the phase images was

set to a range smaller than the total recorded phase shift. The values of the white area within the green frames of the phase images (b), (d), (f), and (h) corre-

spond to approximately 180�.

FIG. 6. Local hysteresis loops acquired on single spots applying the switch-

ing spectroscopy PFM mode with (a) bias-on and (b) bias-off for

BN0.39KLT (black) and BNK0.09LT (red). Each loop is an average of 7

single loops taken at the same spot on the sample surface. The normalized

piezoresponse (Norm. Piezoresponse, proportional to the effective piezo-

electric coefficient d33) was calculated from the product of the amplitude

and the sine of the phase shift divided by the ac driving voltage. It was nor-

malized by the maximum piezoresponse obtained on BN0.39LKT (bias-on).

Scales in (a) and (b) are comparable to each other.
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dominated by translational disorder, visible by the overall

broad spectral appearance.28,29,70 The peak at �135 cm�1

(shown in the inset of Fig. 7) is ascribed to a two-mode

behavior of Na- and K-based chemical clusters,28 and thus is

influenced by A-site doping. Experimental confirmation of

chemical clusters in ferroelectrics was performed very

recently,71 in agreement with the described two-mode behav-

ior. Also, the Ti–O mode at �270 cm�1 and the higher wave-

number (oxygen-related) modes can be influenced by

chemical substitution, because replacement of a cation with

different size at the A-site produces distortion of the unit

cell.28 Nevertheless, no clear differences could be observed

between the spectra of both specimens. We interpreted this

as due to the small substituent amount. The width of Raman

modes is a distinctive trait of the short-range order/disorder

state of a material.72 Higher doping contents are needed to

produce changes that can be distinguished from the overall

broad spectrum on which they are superposed due to intrinsic

disorder.33 Only slight changes in the spectra of BN0.39KLT

and BNK0.09LT were observed. A slight shifting of the

mode at 135 cm�1 and the mode at 270 cm�1 was observed.

This may be attributed to a small degree of chemical pres-

sure, which would be consistent with the low chemical pres-

sure depicted from dielectric measurements (Fig. 1).

Nevertheless, it must be highlighted that changes in Raman

spectra are rather small. Further investigations are being con-

ducted to quantify the chemical pressure and their influence

in the physical features of the system. However, it should be

emphasized that the exerted chemical pressure was high

enough to modify considerably the microscopic and macro-

scopic functional properties of the BNKT system.

IV. CONCLUSIONS

The functional properties of BNT–BKT change drasti-

cally through selective A-site doping. Replacing Na by 1 at.

% La resulted in an attractive material for actuator

applications with a high recoverable strain that is attributed

to its high degree of ergodicity. In contrast, replacing K by 1

at. % La resulted in a material with a higher freezing temper-

ature and thus higher degree of non-ergodicity and remanent

state. The macroscopic properties are corroborated by local

measurements obtained from piezoresponse force micros-

copy. The higher degree of ergodicity of the Na-replaced

material is reflected in a higher degree of locally induced

switching, as well as a faster relaxation at room temperature.

Furthermore, measuring the local hysteresis loops revealed a

higher piezoresponse in the Na-replaced material under bias-

on and a lower remanent state under bias-off. The different

functional properties are attributed to small variations of the

chemical pressure. We hypothesize that the chemical pres-

sure of the K-replaced material is reduced due to the lower

amount of Kþ that presents the highest cation radius.

Our results indicate that not only the concentration and

cation used for iso- or aliovalent doping has to be considered

but also the crystallographic site chosen for the dopant may

be critical in future investigations. This approach gives an

extra degree of freedom for engineering functional properties

of complex A- and B-site lead-free piezoceramics.
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