Electric-field-induced local distortion and large electrostrictive effects in lead-free NBT-based relaxor ferroelectrics
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Abstract: 
In this work, the (0.94-x)(Na0.5Bi0.5)TiO3-0.06Ba(Zr0.05Ti0.95)O3-x(Sr0.8Bi0.1□0.1)TiO2.95 (NBT-BZT-xSBT) ternary relaxor ferroelectrics were chosen as the studied compositions, and the in-situ electric-field-dependent Raman spectra and PFM measurements were performed to systematically investigate the structural distortion and local polarization switching. Results showed that the SBT enhances the relaxor degree and depresses the field-induced local distortion. The higher field required initially for obtaining polarization saturation with increasing SBT concentration is related to overcoming the hindrance posed by the local structural heterogeneity. Most intriguingly, a giant and temperature-insensitive electrostrictive effect (Q33=0.035 m4/C2, RT~120 (C: variation less than 2 %) was achieved in SBT5 composition. Such performance is one of the best values ever reported on lead-free and lead-based electrostrictive materials. A modified Landau model was proposed to phenomenologically elaborate the underlying mechanisms. Our findings illustrate that understanding structural changes at multiple length scale will be helpful for designing novel lead-free piezoceramics with high performance.
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1. Introduction
Lead-based Pb(Zr, Ti)O3 (PZT) materials have dominated the global piezoceramics market in the past decades due to their excellent electromechanical properties and thermal stability [1,2]. The outstanding performances of PZT are basically as a result of a compositionally driven ferroelectric rhombohedral-tetragonal morphotropic phase boundary (MPB), which is nearly vertical to the composition coordinate axis [1,2]. However, lead is noxious substance, which can cause serious health and environment problems during their fabrication and recycling processes [3-5]. The global regulations and legislations such as WEEE and RoHS have been issued in order to encourage developing harmless and high-performance counterpart to replace hazardous lead in commercial PZT [3-5].

Among all the lead-free piezoelectric materials developed, the A-site complex (Na0.5Bi0.5)TiO3 (NBT) perovskite relaxors have received tremendous research interest owing to their advantages of large recoverable strain (S=0.3~0.4 %) and hysteresis-free electrostrictive effect (Q33=0.021~0.027 m4/C2), which commensurate with that of PZT ceramics [4-7]. The complex phase symmetry and structural evolution of NBT-based materials have been extensively studied [8-17]. Jones et al. reported the phase transition sequence of NBT during heating based on the Rietveld neutron powder profile analysis: rhombohedral (R3c)
[image: image1.wmf]®

tetragonal (P4bm)
[image: image2.wmf]®

cubic (Pm
[image: image3.wmf]3

m) along with the phase coexistence within certain temperature range [9]. Jo et al. reported the structural states of NBT-based systems using X-ray, transmission electron microscopy and dielectric measurements [10-12]. They proposed that the commonly observed two broad anomalies on temperature-dependent dielectric spectra are associated with the thermal evolutions of R3c and P4bm polar nanoregions (PNRs) instead of any macroscopic phase transitions [10-12]. The recent successes achieving large recoverable strain in NBT-based ceramics are actually resulted from the lowering of ferroelectric-relaxor transition temperature (TFR) to around room temperature [10-12]. Hao and Bai et al. also analyzed the electromechanical properties in the same line of Jo et al. on a series of NBT-based systems [13-17].

In recent years, electric-field-dependent structural transformation and its consequence on functional properties of NBT have gained increasing interests. Simons et al. studied the crystallographic and domain structure changes of 0.94(Na0.5Bi0.5)TiO3-0.06BaTiO3 (NBT-6BT) at its TFR, and the significant strain recovery at elevated temperatures was shown to arise from a reversible relaxor-ferroelectric phase transition [18]. Daniels et al. studied the electric-field-induced strain behavior of NBT-7BT with series substitution of K0.5Na0.5NbO3 (KNN) by the in-situ high-energy X-ray scattering experiments [19]. They proposed that the macroscopic strain is mainly due to a field-induced pseudocubic-tetragonal phase transition, and the transitional threshold field will increase with the substitution content [19]. Hence, the salient actuatoring properties of NBT-based ceramics are closely related to structural instability under external stimuli. However, there is still a lack of in-situ characterizations with regard to the electric field influence on the structural transitions of NBT in short-range (nano) scale and, thereby, the local distortion. 

Noncontact and nondestructive Raman spectroscopy is an advantageous tool in studying the complex phase transitions of piezoelectric materials [20-23]. It is an appropriate probe for clarifying the ionic configurations on length scales shorter than 10 nm, which is easily missed in X-ray diffraction (reflects the large-length-scale average structure) [20-23]. Piezoresponse force microscopy (PFM) is another powerful and non-invasive technique for direct observation of nanoscopic polar structures in polycrystalline materials [24]. Besides mapping of local domain structures, the PFM can afford a study of the field-induced phase transition by applying a local electric field through the sharp tip and monitoring the polarization changes [24]. Therefore, the gathered information with these techniques is crucial for elucidating local microstructural features of high-performance NBT-based ceramics. Recently, the ternary NBT-BZT-xSBT relaxor ferroelectrics were reported to possess a high recoverable strain at a reduced driving field, which implies strong potential for piezoactuator applications [25]. In this work, this system was selected to conduct a detailed in-situ field-dependent Raman and PFM investigation. Furthermore, a giant and temperature-insensitive electrostrictive effect (Q33=0.035 m4/C2) was achieved via modifying the local distortion and relaxor degree, thus giving the possibility of engineering macroscopic lead-free relaxor piezoceramics.
2. Experimental procedure
The ceramic samples with nominal composition (0.94-x)(Na0.5Bi0.5)TiO3-0.06Ba(Zr0.05Ti0.95)O3-x(Sr0.8Bi0.1□0.1)TiO2.95 (□ represents vacancies, SBT is a typical A-site complex relaxor [26]) with x=0, 0.02, 0.05 and 0.10 mol (labeled as SBT0, SBT2, SBT5 and SBT10, respectively) were fabricated by the conventional solid-state sintering route. Details of the sample preparation processes were reported elsewhere [25]. The sintered ceramics exhibit pure perovskite phase [25] and densified microstructure, and the average grain size of all compositions (using polished cross-sections after thermally etched at 1050 (C for 30 min) is around 0.7~0.8 μm (Fig. S1). For structural and electrical characterizations, the ceramics were finely polished to a thickness of 0.4 mm. A sandwiched structure was used for detecting the in-situ electric-field-dependent Raman spectra (Fig. S2): a sliver electrode was coated on the back surface of the ceramic disk, then a semitransparent gold electrode was deposited on the top surface by controlling the sputtering current (5~10 mA) and time (5 min). The samples used for PFM tests were carefully polished using polycrystalline diamond paste with abrasive particle size of 15, 6, 3, 1 and 0.25 μm for 1 h each. Before any measurements, the samples were annealed at 400 (C for 2 h to mitigate residual stress.
Raman spectra were recorded by a Horiba Lab-Ram HR800 spectrometer. The He-Ne laser with the wavelength of 632.8 nm was used as the exciting source. The PFM experiments were carried out by a commercial atomic force microscopy MFP-3D (Asylum Research, USA). The dual AC resonance tracking (DART) modes were used during the PFM measurements. The PFM signal was obtained under ac voltage Uac of 5 V and resonance frequency fac of 70 kHz applied to a conductive Ti/Ir coated cantilever ASYELEC-01. Temperature dependent dielectric permittivity of unpoled and poled (under a dc field of 6 kV/mm for 20 min) samples were tested by an LCR meter (Agilent E4980A, Agilent, Palo Alto, CA). The ferroelectric and strain loops were measured at 6 kV/mm using a TF2000 analyzer (Aixacct, Aachen, Germany).
3. Results and discussion
3.1. In-situ E-dependent Raman spectra 
Fig. 1(a)-(d) present the in-situ electric-field dependent Raman spectra of SBT0, SBT2, SBT5 and SBT10 samples, respectively. To provide a more intuitive observation, the corresponding counter maps are also shown in Fig. 2(a)-(d). Spectral deconvolution was performed according to the Lorentzian peak functions by means of a best-fitting algorithm. In the unpoled state, all the samples exhibit similar Raman spectra and eight Raman peaks (A-C5) are visible in the frequency range of 100-1000 cm-1, which can be assigned as three regions: region A-low wavenumber range under 150 cm-1 associated with the vibrations of A-site cations (Na, Bi, Ba, Sr); region B-middle wavenumber range of 200-400 cm-1 related to the Ti-O vibrations; region C-high wavenumber range above 450 cm-1 related to the vibrations of TiO6 octahedra [20-23,27]. The doublet splitting of Ti-O peaks (B1, B2) and triplet splitting of oxygen octahedral vibration modes (C1, C2, C3) indicate a mixed rhombohedral and tetragonal phases in local structure, which is consistent with previous works [20-23,27].
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Fig. 1. Electric-field dependence of Raman spectra for SBT0 (a), SBT2 (b), SBT5 (c) and SBT10 (d) samples measured in-situ. The Lorentzian peak deconvolutions (peak A-C5) are shown as dashed lines. The assignment of the Raman modes to specific lattice vibrations is also indicated.
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Fig. 2. In-situ E-dependent Raman spectra mapping of SBT0 (a), SBT2 (b), SBT5 (c) and SBT10 (d) samples.
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Despite the similar Raman characteristics in the virgin state, the investigated compositions exhibit different evolution tendencies with increasing applied field. It can be seen from Fig. 1 and Fig. 2 that a significant reduction in Raman intensity and sharpening in peak width at certain threshold field (Et) can be observed for SBT0, SBT2 and SBT5, especially the Raman peaks in the wavenumber range of 200-400 cm-1 and 450-700 cm-1. It has been previously reported that the Raman modes at ~320 cm-1 (B2) and ~620 cm-1 (C3) belong to A1 symmetry, which is closely associated with lattice displacements parallel to the c-axis of the unit cell [21]. The reduced Raman intensity of the two modes signifies an increase in the polar character of unit cell, i.e., a local transition from a more cubic state to constrained (ordered) ferroelectric regime [21]. Similar phenomena can also be found in other poled NBT-based ceramics as reported in previous works [13,28,29]. However, the SBT10 sample presents no obvious changes up to 6 kV/mm. The Et is determined to be 2.5, 4 and 5 kV/mm for SBT0, SBT2 and SBT5, respectively, revealing the increasing difficulty in inducing local distortion with SBT substitution. Of particular interest is that a new mode around 140 cm-1 appears at Et for SBT0. Datta et al. have studied the temperature evolution of Raman-active phonon modes in NBT-xBT ceramics [20]. They proposed that the Raman mode at ~140 cm-1 in NBT-based materials is dominated by Bi-TiO3 vibrations and should be sensitive to coupling processes between off-centered Bi3+ and Ti4+ cations [20]. The abundant coupling between Bi- and Ti-subsystems was found to drive the material into a ferroelectric state. Thus the presence of the new mode around 140 cm-1 in this work may be attributed to the enhanced polarity and coherence of the coupling between Bi3+ and Ti4+ cations. However, this mode does not appear for SBT2 and SBT5 at their Et, which can be explained by a weaker polarity in the local structure.
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Fig. 3. The wavenumber (a)(b), normalized peak intensity (c)(d) and FWHM (e)(f) of B2 and C3 Raman modes as a function of electric field.
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Fig. 4. The small-signal piezoelectric d33 coefficients measured at different poling fields (ex-situ). Inset shows the I-E loops at 6 kV/mm and 1 Hz for all compositions.
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To gain a more insight into the local phenomena, the peak position, normalized Raman intensity and line width (full-width-of-half-maximum: FWHM) of B2 and C3 modes with applied field were derived from the fitted spectra, as shown in Fig. 3. It is clear that the B2 and C3 modes of SBT0, SBT2 and SBT5 present an abrupt red shift (softening of phonon modes) as the field reaches Et (Fig. 3(a) and (b)), suggesting lattice elongation along the spontaneous polarization direction, caused by the lengthening of the distance between Ti4+ cations and their coordinated oxygens of the octahedron [19]. The Raman intensity also presents a sudden drop at their Et (Fig. 3(c) and (d)), indicating that the local structure transforms to a ferroelectric constrained (ordered) state at high fields [21]. Moreover, the peak width of B2 and C3 modes for SBT0, SBT2 and SBT5 sharpens abruptly at Et (Fig. 3(e) and (f)), which implies an enhanced local ordering with increasing poling fields [13,21,28,29]. However, no discontinuous changes can be found for SBT10. The small-signal piezoelectric d33 coefficients, which reflect the remanent macro-piezoelectricity after poling, were measured ex situ and are shown in Fig. 4. The inset presents the current (I-E) hysteresis loops tested at 6 kV/mm and 1 Hz. It shows that the SBT0 displays two current peaks (P1), which is a characteristic of normal ferroelectrics. For SBT2 sample, another two peaks (P2) appear and gradually downward shift to lower field with further doping SBT, suggesting the increased relaxor phase content [10-17]. Correspondingly, a significant increase in d33 values at Et can be observed for SBT0 and SBT2, whereas the d33 values of SBT5 and SBT10 are negligible during poling. Thus it can be inferred that the discontinuities on Raman peaks and the large piezoelectricity at Et are closely related to the electric-field-induced local transition, i.e., the establishment of long-range ferroelectric order [27]. The deterioration of d33 values and the increasing hindrance in inducing Raman anomalies clearly signify an enhanced relaxor degree with increasing SBT content [10-17].
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Fig. 5. Comparison of the Raman spectra measured at 0 kV/mm (virgin state-unpoled), 6 kV/mm (field-applying) and field-removal states (poled after 6 kV/mm) for SBT0 (a), SBT2 (b), SBT5 (c) and SBT10 (d) samples. Insets show the temperature dependence of dielectric permittivity measured at 10 kHz for unpoled and poled samples.
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To check for the reversibility of local distortion, the Raman spectra after the removal of poling field (i.e., poled state after 6 kV/mm) were measured and compared with the data at 0 and 6 kV/mm, as shown in Fig. 5. For SBT0 and SBT2, the Raman spectra at 6 kV/mm and poled state nearly coincide with each other, and the new mode of SBT0 also preserves after poling, confirming the irreversibility of the field-driven phase transition [18,19]. However, the peak intensity of SBT5 largely recovers upon removing the field, suggesting the partial irreversibility of the field-induced local distortion [18,19]. For SBT10, this transition is completely reversible since the Raman spectra exhibit no changes after poling treatment. The insets of Fig. 5 provide the temperature dependence of dielectric permittivity measured at 10 kHz for all samples. A clear deviation between the unpoled and poled dielectric spectra can be observed at certain temperature for SBT0 and SBT2. This anomaly is defined as the ferroelectric-relaxor transition, i.e., the TFR, where the system loses the poling-induced constraining effect (ferroelectric memory) by the thermal vibrations [12]. The TFR decreases from 80 (C for SBT0, to 53 (C for SBT2, and disappears for SBT5 and SBT10, indicating the extended relaxor phase region and a composition-induced ferroelectric-relaxor transition with SBT substitution, which is consistent with the Raman analyses [10-17,25].

3.2. PFM mapping-local poling behavior
To explore the possibility of inducing a local ferroelectric constrained state by electric field, the local poling experiments were performed and the PFM mapping was recorded after the removal of external field [24]. Fig. S3 shows the PFM topographies of the studied compositions. The root mean square (RMS) of all samples in the area of 5×5 μm2 was less than 1 nm. Fig. 6(a) and (b) present the out-of-plane PFM amplitude and phase images of SBT0, SBT2, SBT5 and SBT10 samples. The dc voltage of ±0, 5 and 20 V was simultaneously applied in the area of 3×3 μm2 and 1×1 μm2, respectively. For SBT0, a relatively low voltage of 5 V suffices to induce macro-domains, where a contrast between the interior and external squares can be observed. An increase in the poling field reinforces the local piezoresponse. This is a clear indication of the field-induced ferroelectricity on the microscale [24,30-32]. In contrast, ferroelectric domains cannot be induced at 5 V for SBT2, as shown by the dim domain contrast, indicating the partial relaxation of the piezoresponse [24,30-32]. A large voltage of 20 V can achieve a fully poled state in SBT2 sample. In the case of SBT5 and SBT10, domains cannot be written even at 20 V, demonstrated by the blurry phase images, although a slight contrast is still visible from amplitude images at high fields. This reveals that the switched domains may relax quickly to the initial state, i.e., the locally induced ferroelectric phase is unstable and the field-driven transition is essentially reversible for SBT5 and SBT10 [24,30-32]. Generally, an enhanced domain relaxation behavior and depressed local distortion appear with increasing SBT content. Furthermore, the PFM measurements also suggest that the SBT substitution increases the critical field Et required for the establishment of ferroelectric order [24,30-32]. This finding agrees well with the in-situ field-dependent Raman spectra.
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Fig. 6. Out of plane PFM amplitude (a) and phase (b) images of SBT0, SBT2, SBT5 and SBT10 samples after poling with the dc voltage of ±0, 5 and 20 V.
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3.3. Giant electrostrictive effect
Actuators and high-precision positioning systems require high strain output with high force [5,7,33]. The strain is generated through electromechanical coupling using either piezoelectricity or electrostriction [33]. For relaxor ferroelectrics with centrosymmetric paraelectric phase, the field-induced strain comes from the linear electrostrictive effect, and the electrostrictive coefficient Q33 can be calculated by the formula: S=Q33P2 [33]. It is known that the relaxor characteristics and dynamics of PNRs play crucial roles in electrostrictive property [33-35]. That is to say, an improvement in Q33 is conceivable by modifying the relaxor degree and local distortion.
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Fig. 7. S-P2 curves of SBT0 and SBT2 samples at 120 (C (a), inset shows the curves at RT. S-P2 curves of SBT5 and SBT10 samples at RT (b), inset shows the curves at 120 (C. The longitudinal Q33 values of SBT5 and SBT10 samples as a function of temperature (c). Comparison of the Q33 values for lead-free NBT-based ceramics and lead-based relaxor materials [7,33,36-38] (d).
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Temperature dependent polarization and strain curves of the studied compositions can be found in our previous work [25] (SBT0, SBT2 and SBT5) and Fig. S4 (SBT10). The resulting S-P2 loops are displayed in Fig. 7(a) and (b). As shown in the inset of Fig. 7(a), the RT S-P2 loops of SBT0 and SBT2 present a large hysteresis, mainly due to their large amount of ferroelectric order according to the Raman and PFM analyses (i.e., the local ordering signaled by the Raman peak sharpening or domain formation during poling) [36]. However, at a high temperature of 120 (C, such hysteresis nearly disappears and the strain displays the linear relationship with respect to the square of polarization, indicating that the disordered ergodic relaxor phase has dominated the material system due to the thermal vibrations [7,36]. The intrinsic Q33 values of SBT0 and SBT2 at 120 (C can reach as high as 0.033 and 0.035 m4/C2, respectively. Of particular interest is that the RT S-P2 loops of SBT5 and SBT10 are pretty linear, and an ultrahigh RT Q33 value of 0.035 m4/C2 was achieved for SBT5. It means that the large Q33 performances of SBT0 and SBT2 at high temperatures can be well retained to RT by appropriate modification of SBT. This also reveals an enhanced local disordering with increasing SBT content, which can be reflected by the weakened Raman peak sharpening for SBT5 and SBT10 [36]. However, the Q33 value decreases to 0.0245 m4/C2 for SBT10, probably due to the limited field-induced local transition, which will be discussed later in detail. The Q33 value of SBT5 sample is superior to other NBT-based ceramics (0.02~0.027 m4/C2) and lead-based relaxor materials (0.013~0.026 m4/C2), as shown in Fig. 7(d) [7,33,36-38]. Such outstanding performance is one of the best values ever reported on lead-free and lead-based electrostrictive materials. Furthermore, the Q33 values of both SBT5 and SBT10 are thermally stable with the variation less than 2 % in a wide temperature range of RT-120 (C (Fig. 7(c)), which are quite favorable for practical applications in piezoelectric actuators.

3.4. Structural mechanism and phenomenological Landau explanation
In order to gain the physical mechanism of the field-induced local distortion and large electrostrictive effects in the present system, we adopt a modified Landau free-energy model, which phenomenologically describes the state of a system under external stimuli [39-42]. Basically, the locally ordered polarization in microstates can be taken into consideration, and the free energy (F) of the material system can be expressed by the following Landau polynomials [39-42]:
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where α, β and γ represent expansion coefficients, δ represents the average field caused by the external field, P is the order parameter. In Fig. 8, we plot the Landau free-energy landscapes, in which Na represents the thermal activation energy, and the dashed lines describe the local barriers (caused by the compositional fluctuation or local random field) which influence the local structure [39-44]. When Na<local barrier, the field-induced ferroelectric state is considered to be stable, whereas the induced ferroelectric phase is metastable or unstable if Na>local barrier [39-42]. Fig. 9 shows the corresponding schematic illustration of local structural distortion during poling and depoling processes for all compositions.

SBT0 is a predominantly nonergodic relaxor (larger-size frozen domains), which has the minimum energy valley and can irreversibly jump into the long-range ferroelectric state by means of a comparatively low electric field (Na<local barrier) [10-17,30-32,39-44]. The transition into the ferroelectric phase, in essence, is field-forced polar domain growth [30-32]. During this process, the local PNRs will reorient themselves with respect to the field direction, producing a more polar or constrained lattice [21,30-32]. Such transition can also be reflected by the abrupt phonon anomalies with increasing poling field, especially the sharpening of Raman peaks (enhanced local ordering) [13,21,28,29].
The introduction of SBT leads to the enhanced local random fields resulting from the compositional and charge disorder due to randomly distributed cations [43,44]. Note that the thermal vibration can also cause a similar effect. Although the applied field can induce an irreversible transition in SBT2 sample (Na<local barrier), the increase in the fraction of relaxor phase gives rise to its partial relaxation of local piezoresponse [39-44]. The electric field tends to become less effective in influencing local structure with increasing SBT concentration [19,30-32].

Eventually, SBT5 is ergodic to a great extent, and the free energy of the ergodic relaxor phase is comparable to that of the non-ergodic phase (Na≈local barrier), while a metastable ferroelectric order can still be established from the highly dynamic relaxor matrix at high fields [39-44]. However, due to the effect of intensive local random fields, the SBT5 system will quickly back-switch to the virgin state upon the removal of poling field [19,30-32]. The local disordering also results in a larger threshold electric field that is needed to induce the sharpening of phonon modes [19,30-32]. The enhanced ergodicity of SBT5 sample could potentially trigger a fast relaxation of local distortion, producing a large and near hysteresis-free electrostrictive effect [33-36].

In addition, the ergodic relaxor phase possesses the minimum energy valley being thermodynamically stable for SBT10 (Na>local barrier), since a larger random field caused by more substitution leads to the enhanced dynamics and reduced size of local PNRs [39-44]. It means that it will be more difficult to drive a slight ferroelectric distortion or local ordering (sharpening of Raman modes) by external field, which is responsible for the reduction of Q33 value in SBT10 composition [33-36]. In general, the electromechanical performances of NBT-based relaxors depend strongly on the local distortion and the dynamics of polarization relaxation.
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Fig. 8. Schematic Landau free-energy curves at E=0 and high field (E=Et) for SBT0, SBT2, SBT5 and SBT10 samples.
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Fig. 9. Schematic illustration of the local structural distortion during electric loading and unloading processes for SBT0, SBT2, SBT5 and SBT10 samples.
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4. Conclusions
In summary, the electric-field-induced local distortion of NBT-BZT-xSBT ternary relaxor system was systematically investigated via the in-situ field-dependent Raman spectra and PFM technique. Upon application of an electric field, the Raman peaks of SBT0, SBT2 and SBT5 samples present an abrupt red shift accompanied by a significant reduction in Raman intensity and sharpening in peak width at their Et, which can be attributed to a local transition from a more cubic state to ferroelectric constrained (ordered) state. However, the introduced SBT enhances the relaxor degree and causes some amount of the local disorder to persist after poling, leading to the increase of Et required for the establishment of long-range polar order. The PFM measurements directly observe an enhanced domain relaxation behavior with SBT substitution. SBT5 and SBT10 transform to the disordered ergodic relaxor to a great extent, and the systems quickly relax back to the initial state after the removal of poling field. Of particular significance is that SBT5 possesses a giant Q33 value of 0.035 m4/C2, which is superior to other NBT-based relaxors and lead-based materials. Moreover, the Q33 values exhibit an excellent thermostability with the variation less than 2 % in the temperature range of RT~120 (C, rendering them suitable for practical applications in ceramic actuators. The results acquired in this study will be conducive to understanding the intricate local structure-physical property correlations of the substituted NBT systems, which are promising candidates as lead-free piezoelectric alternatives.
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