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Abstract:



The phase diagram of the Pb(Lu0.5Nb0.5)O3-PbTiO3 (PLN-PT) binary system was previously reported based on XRD and dielectric measurements results. Unusually, the Curie temperature of PLN-PT with low PT obtained from the phase diagram is much lower than that of PLN and PT end members, which is different from others, such as PZT. Therefore, the complex structure of PLN-PT with low PT is desired to be studied. In this work, PLN-PT single crystals with low PT were grown for the study of their super-lattice structure and phase evolution. The super-lattice reflections were identified by X-ray diffraction. Domains and their evolution by heating from room temperature to 150 °C were observed under a polarized light microscope. The phase transition from the ferroelectric phase to the paraelectric phase was determined by dielectric spectra and polarized light microscopy. A precursor/intermediate phase exhibiting pinched hysteresis loops was displayed above the Curie temperature, which originates from some polar region embedded in the non-polar matrix. The coexistence of the ferroelectric and antiferroelectric domains leads to peculiarities of the phase transitions, such as a lower Curie temperature compared with PLN and PT. The studies of the phase evolution of PLN-PT with low PT single crystal is a supplementary amendment of the PLN-PT phase diagram as previously reported.
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1. Introduction


An antiferroelectric (AFE) state is defined as one in which lines of ions are spontaneously polarized but with neighboring lines polarized in antiparallel directions [1]. In other words, antiferroelectricity is revealed by the antiparallel displacements of Pb2+ ions and the B-site atom ordering in lead-based perovskite materials [2], and has wide applications in energy storage capacitors, mobile electronic devices, and explosive electrical transducers [3,4,5]. As an important member of perovskite structure AFEs, Pb(Lu0.5Nb0.5)O3 (PLN) ceramics were first reported by Kupriyanov and Isupov in the early 1960s [6,7]. The structure and AFE properties of PLN single crystals were studied in our laboratory [2]. Two sets of superlattice reflections, including the B-site atom ordering type reflection and the lead-ion antiparallel ordering type reflection, coexist in PLN single crystals. The Curie temperature TC of PLN was about 240 °C and 254 °C for [111]-oriented and [001]-oriented crystal plates, respectively. The value of the energy density was calculated to be 3.65 J cm−3 for the [111]-oriented sample at 200 °C based on double hysteresis loops with an electric field EAPP = 170 kV cm−1 applied.



One of the usual methods for modifying lead-based perovskite AFE materials is the addition of other elements, including for achieving low PT [8,9]. PLN-PT ceramics have been investigated in the past few years. M. Antonova et al. reported a (1−x)PLN-xPT ceramics system obtained by solid phase reactions with subsequent hot pressing [10]. The compositions within the morphotropic phase boundary (MPB) region (the PT content x = 0.38 − 0.49) show a high Curie temperature (Tc > 350 °C) and a large electromechanical coupling factor (kp = 0.66, kt = 0.48) for 0.59PLN-0.41PT [11]. The (1−x)PLN-xPT ceramics were also studied by D. Shen et al. in our lab with a re-modified MPB region of x = 0.48 − 0.50. The Curie temperature was up to 375 °C (x = 0.48) and showed good piezoelectric properties (d33 = 350 pC/N) [12]. The high Curie temperature and good piezoelectric properties of the PLN-PT system imply that a PLN-PT single crystal can be a promising good piezoelectric material; therefore, a series of PLN-PT binary ferroelectric (FE) crystals has been successfully obtained by a top-seed solution growth technique in our lab. The crystals reveal an MPB (x = 0.49 − 0.51) and the composition x = 0.49 shows a high Curie temperature (Tc = 360 °C) and high piezoelectric properties (d33 = 1630 pC/N) [13,14,15].



According to Antonova’s report, the (1−x)PLN-xPT ceramic system transforms from pseudomonoclinic (space group Bmm2) to tetragonal (space group P4mm) at room temperature [11]. However, by Shen’s report, the phase structure at room temperature changes from rhombohedral (space group R3m) to tetragonal (space group P4mm) [12]. Recently, we studied the typical relaxor behavior in compositions of x = 0.281, 0.328, 0.423, and 0.446, where only the rhombohedral phase was confirmed [14]. However, it was found that the symmetry of the relaxors ferroelectric (FE) PLN-0.2PT and AFE PLN were orthorhombic [15]. The phase diagram of the PLN-PT binary system was previously reported based on XRD and dielectric measurements results [13]. Unusually, some peculiarities of the PLN-0.07PT system have been observed, such as that the Curie temperature of PLN-PT with low PT obtained from the phase diagram is much lower than that of PLN and PT end members. It is observed that in x = 0.1 and 0.2 of (1−x)PLN-xPT ceramics [11] and 0 < x < 0.33 of (1−x)PLN-xPT crystals [13] the temperature of the dielectric anomaly deviates from the ideal linear relationship between 240 °C (PLN) and 490 °C (PT). Compared with the typical Pb(Zr1−xTix)O3 system, the PZT with low PT content (x < 0.05) are AFEs at room temperature, AFE–FE phase-transition regions exist, and the Curie temperature is between that of the PZ and PT content [16]. Therefore, we think there would be another line missing in the (1−x)PLN-xPT phase diagram [13]. The existence of such a region requires more detailed targeting investigations, which are also a direction of our follow-up work, and we are in the process of studying it, including in this work. If the transition is second-order, the dielectric constant will be continuous and nearly constant with temperature at the Curie point [2], so that we may lose sight of some details from the dielectric spectra. Additionally, the investigation on AFE PLN-PT single crystals with low PT can help us to understand not only the physics and chemistry phenomena of the binary AFE system, but also the way to improve the potential applications of AFE PLN-based single crystal. In this paper, we report the super-lattice structure and phase evolution behavior of PLN-0.07PT single crystal.




2. Experiment Section


PLN-0.07PT single crystals were successfully grown by the top-seeded solid solution growth (TSSG) method with good quality and high compositional homogeneity by means of adding flux to decrease the growing temperature. The starting chemicals, PbO (99.9%), TiO2 (99.9%), Lu2O3 (99.99%), Nb2O5 (99.9%), and H3BO3 (99.9%), were weighed according to the formula (1−x)PLN-xPT (x = 0.2). The detailed growth process and the proper flux-to-solute molar ratio were described in an earlier paper of PLN-PT crystals growth [13,14,15]. Finally, the single crystal has been obtained as shown in Figure 1.


Figure 1. As-grown PLN-0.07PT crystal using the top-seeded solid solution growth (TSSG) method.
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The actual chemical compositions of the grown crystal were determined to be x = 0.07 (PLN-0.07PT) by inductively coupled plasma atomic emission spectroscopy (ICP-AES, JY Ultima-2, Longjumeau Cedex, France). The phase and structure of the grown crystal were examined by X-ray diffractometer using Cu-Ka radiation (Miniflex600, Rigaku, Tokyo, Japan) at room temperature. The temperature dependence of the powder X-ray diffraction was determined by another X-ray diffractometer (Ultima IV, Rigaku, Tokyo, Japan). The peaks were scanned continuously in 2θ steps of 0.02°, with an angular range of 10–80° and a rotating speed of 5°/min. Fine crystal powder for the electron microscopy study was polished mechanically and measured on a transmission electron microscope (TEM) (Tecnai F20 FEG, FEI, Hillsboro, OR, USA). A polarized light microscope (Axio Scope. A1, Carl Zeiss, Gottingen, Germany) was employed to determine the domain structure and its evolution versus the different temperatures. For electrical properties characterization, plate was sliced from the as-grown crystal along the [111] direction, then the sample was polished and coated with silver paste as electrodes. Measurements of the dielectric constant and loss tangent (tanδ) were carried out by a computer-controlled Alpha-broadband dielectric/impedance spectrometer (Novocontrol GmbH, Montabaur, Germany) with an alternating current (AC) signal of 1.0 V (peak-to-peak) applied. Polarization-electric field hysteresis loops were displayed by a standard ferroelectric test system (TF Analyzer 2000E, aix-ACCT, Aachen, Germany) combined with a high-voltage supply amplifier/controller (Model 610E, Trek, Medina, NY, USA) and an environmental test chamber (DELTA 9023, Delta Design, Poway, CA, USA) with temperature variations from room temperature up to 220 °C.




3. Results


A photograph of the obtained PLN-0.07PT crystal is shown in Figure 1. The external macro structure of the crystal is a tetrakaidecahedron combination with pseudocubic (100) and (111) planes in habit, and the crystal is a light yellow color. The dimensions of the largest single crystal block generally reach 9 × 15 × 13 mm3 in size. At room temperature, the X-ray diffraction pattern of PLN-0.07PT exhibits a typical perovskite structure as shown in Figure 2. In addition, some super-lattice reflections, which originate from long-range ordering of B-site cations, can also be seen. The presence of a super-lattice reflection suggests that the prototypical crystal structure is an ordered perovskite with an effective unit cell that is (2ac × 2ac × 2ac) doubled in size in all crystallographic axis directions of a cubic, simple perovskite cell (ac × ac × ac). Here, the subscript “c” refers to the cubic perovskite basis cell [4]. PLN-0.07PT exhibits a number of super-lattice peaks, with some of the obvious peaks corresponding to d-spacing values twice as much as those of (111)C, (311)C, (331)C, (333)C, (511)C, and (531)C, while major ones can be indexed as 1/2(111)C, 1/2(311)C, 1/2(331)C, 1/2(333)C, 1/2(511)C, and 1/2(531)C, respectively, showing the good-order feature of a single crystal. Special attention was focused on the (200)C peak. It is known that the XRD profiles of (200)C reflections in the orthorhombic (O) phase would split into three peaks: the O(200), O(020), and O(002) profiles [17]. The O(002) and O(020) peaks are so closed that the intensity of the O(002)/(020) peak is twice as that of the O(200) peak. As evidenced from the split in the fundamental lines around 2θ ≈ 43.4–44.0° at room temperature, shown in the insets of Figure 2, the lattice distortion is found to be orthorhombic in nature.


Figure 2. X-ray powder diffraction patterns of the crashed PLN-0.07PT crystal. The insert shows the (200)C peak detail reflections which were fitted by the Gaussian functions.
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The super-lattice reflections were further identified by transmission electron microscopy as shown in Figure 3a. The pattern in Figure 3a is composed of the fundamental spots of the prototype (the large bright spot) and the extra B-site atom ordering super-lattice reflection spots (the small dark spot), corresponding to 1/2(111) and others. Micro-domains configurations in the PLN-0.07PT crystal were also studied using TEM, which were clearly found and were 1~2 nm in size as shown in Figure 3b.


Figure 3. (a) Electron diffraction patterns of PLN-0.07PT single crystals exhibiting super-lattice reflections and (b) micro-domains configurations under TEM.
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The macro-domain structures of the [111]-oriented plate of the PLN-0.07PT crystals were investigated under a crossed polarized light microscope as shown in Figure 4. The domains appear to be in extinction or full bright locally based on the direction of polarization and the polarizer. As shown in Figure 4, the domains appear to be in extinction when θ = 0° (θ is defined as the smaller angle between the [110] crystallographic axis and the polarizer), while the field manifests full bright when the objective table was rotated 45°, further confirming the orthorhombic symmetry of the PLN-0.07PT crystal at room temperature. The evolution of the domain is studied under a crossed polarized light microscope by heating from room temperature to 150 °C as shown in Figure 5. Few changes are observed below 130 °C. By continuous heating, some bright parts of the domains started to disappear until they disappeared completely at 150 °C. It is indicated that a phase transition of the crystal occurred between 130 °C and 140 °C, which will be discussed hereafter.


Figure 4. Micrographs of [111]-oriented plates of PLN-0.07PT crystal under a crossed polarized light microscope (shown by arrows) at room temperature.
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Figure 5. Temperature dependence of [111]-oriented plates of PLN-0.07PT crystal under a crossed polarized light microscope.
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Figure 6 shows the temperature dependence of the dielectric constant ε′ and loss tangent tanδ at various frequencies for unpoled [111]-oriented crystal plates. The room temperature values of the dielectric constant and loss tangent at 1 kHz are 337 and 0.03, respectively. The behavior at a low value of ε′ is like most AFE materials. It shows a sharp peak at Tmax = 125 °C (1000 Hz), indicating ferroelectric–paraelectric phase transition, i.e., Curie temperature TC. No obvious frequency dispersion is found near Tmax, indicating normal ferroelectric behavior.


Figure 6. The temperature dependence of the dielectric constant (ε′) and the loss tangent (tanδ) at various frequencies for unpoled [111]-oriented plates.
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The polarization-electric field (P-E) hysteresis loops of a [111]-oriented PLN-0.07PT crystal platelet at various temperatures under a bipolar drive of E = ±100 kV/cm at 2 Hz is shown in Figure 7. It is found that the PLN-0.07PT crystal exhibits saturated single hysteresis loops at temperatures below 130 °C, which is the meaning of the FE state. With the increasing of temperature, the FE hysteresis loops are transformed into double hysteresis loops (some displayed as pinched hysteresis loops). The double hysteresis loops disappear between 170 °C and 180 °C, which is approximately 45 °C above the Curie temperature TC.


Figure 7. Polarization versus electric field (P-E) loops for the [111]-oriented plates of PLN-0.07PT crystal at various temperatures (f = 2 Hz).
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4. Discussion


Surprisingly, the PLN-0.07PT single crystals exhibit some peculiarities. One feature is that the Curie temperature (125 °C) obtained from the temperature dependence of the dielectric constant is a little lower than the temperature of the phase transition from FE hystersis loops to double hystersis loops (130–140 °C) and the temperature of disappearance of the domain as shown in Figure 5 (140 °C), indicating non-centrosymmetric regions above TC. It is clearly seen that the double hystersis loops disappear between 170 °C and 180 °C as shown in Figure 7, which is much higher than the Curie temperature. It is commonly believed that double hysteresis loops above the Curie temperature should be considered pinched hysteresis loops because there exist a region with some polar regions embedded in the non-polar matrix. This kind of double hysteresis loop has been found in various materials, such as Pb(Zr,Ti)O3 [18], BiFeO3 [19], and BaTiO3 [20]. In these system, some types of inhomogeneity, structural disorder, and structural defects with local polarity are present in these materials, leading to the domain walls being strongly pinned by defects [18,19]. In addition, pinched hysteresis loops exhibit a small polarization for a zero electric field. The remnant polarizations Pr of PLN-0.07PT crystals down to not zero (the value of Pr at 170 °C and 180 °C is 1.39 and 1.28 µC/cm2, respectively) with the increasing of temperature, indicating a pinched hysteresis loops. The above analysis means that a precursor/intermediate state (125–170 °C) exhibiting pinched hysteresis loops is displayed above the Curie temperature. These pinched hysteresis loops possessing electric dipoles are intrinsic in nature and can also occur in defect-free systems, such as BiFeO3 [21].



Another peculiar feature is that the Curie temperature of PLN-0.07PT is much lower than that of PLN (258 °C) and PT (490 °C) [13]. This peculiarity in the PLN-0.07PT system is related to the coexistence of the domains of the FE and AFE phases in a wide temperature range. First, Figure 2 shows some super-lattice reflections which originate from long-range ordering of B-site cations, suggesting the existence of AFE phase. In addition, the B-site atom ordering super-lattice reflection spots are also observed using transmission electron microscopy as shown in Figure 3. However, typical and saturated FE hystersis loops are observed below 130 °C as shown in Figure 7. Therefore, the main body of the phase is the FE phase at room temperature. This indicates the coexistence of the domains of the FE and AFE phases in the PLN-0.07PT system. In consideration of the intermediate state, it is also reasonable that the domains of the FE and AFE phases coexist in a wide temperature range. This state of affairs leads to the fact that the free energies of both ordered states differ little. The presence of a phase transition between the FE and AFE states at a small difference in the free energies of the phases (over a wide temperature range) leads to the coexistence of the domains of these phases and the peculiarities of phase transitions, such as the lower Curie temperature compared with PLN and PT.



It is well-known that a dielectric constant with a sharp peak could fit the Curie–Weiss law (1/ε′ = (T − TCW)/C, where C is the Curie constant and TCW is the Curie–Weiss temperature) very well above the Curie temperature. Figure 8 shows the fitting of the Curie–Weiss law of PLN-0.07PT single crystals (1000 Hz). Interestingly, the two sections (T1 − T2, T2 − T3) of the reciprocal of the dielectric constant can be fitted with the Curie–Weiss law, respectively. The values of T1, T2, and T3 are about 125, 170, and 280 °C, respectively. The FE–PE phase transition exhibits a normal phase transition (T1 = Tmax = TC). It is reported that the polar regions (clusters) grow when approaching TC from the high-temperature side, reaching several lattice constants at the temperature TPR = 1.1* TC (K) [22,23]. For PLN-0.07PT single crystals, the value of TC is 398 K (125 °C). The temperature TPR is 437.8 K (1.1 × 398 K = 437.8 K). This value is close to the value of T2 (443 K). This points out that the polar region will induce anomalous behaviors in the temperature range from 443 K (170 °C), such as pinched hysteresis loops.


Figure 8. The fitting of the Curie–Weiss law of PLN-0.07PT single crystals.
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In order to confirm the structure phase transition of PLN-0.07PT single crystals, the temperature dependence of the structure was examined by XRD as shown in Figure 9. It can be seen that the peaks of (200)C (“C” refers to the cubic phase) reflections (shown in the inset of Figure 9) shift to a high angle (2θ) at 160 °C, indicating that a structure transition occurred between 100 °C and 160 °C, which corresponds to the FE–PE phase transition. Then, the 2θ shifts to a low angle with an increasing of temperature to 350 °C, which is induced by the disappearance of local non-centrosymmetric polar regions. Note that the symmetry of PLN-0.07PT single crystals at the PE phase is orthorhombic. Of course, the determination of the accurate temperature of a phase transition requires more work, such as the measurement of the loops accompanied by X-ray measurements in the field.


Figure 9. Temperature dependence of powder X-ray diffraction patterns of the crashed PLN-0.07PT crystal. The insert shows the (200) reflections.
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5. Conclusions


Single crystals Pb(Lu1/2Nb1/2)O3-PbTiO3 with low PT (PLN-0.07PT) with a tetrakaidecahedron combination were successfully grown. The crystal structure was found to be orthorhombic in nature as revealed by the analysis of the XRD data. Both XRD and TEM show the super-lattice reflections due to short-range ordering of B-site cations. Micro-domains of 1–2 nm in size have been found from TEM. The typical FE domains have also been found from PLM and the extinction angle further confirms the crystal structure to be orthorhombic. The temperature dependence of the polarization-electric field hystersis loops from room temperature to 220 °C demonstrates that a precursor/intermediate state (125–170 °C) occurs above the Curie temperature (125 °C). The precursor/intermediate state exhibiting pinched hysteresis loops was displayed above the Curie temperature, which originates from some polar region embedded in the non-polar matrix. These pinched hysteresis loops possessing electric dipoles are intrinsic in nature and occur from the temperature TPR = 1.1* TC (443 K). Another feature of PLN-0.07PT single crystals is that the Curie temperature of PLN-0.07PT is much lower than that of PLN and PT, which is related to the coexistence of the domains of the FE and AFE phases in a wide temperature range. The studies of phase transition PLN-0.07PT single crystal done here are a supplementary amendment of the PLN-PT phase diagram as previously reported. The investigations on a PLN-0.07PT single crystal not only help us to understand the binary PLN-PT system, but also to improve the potential applications of antiferroelectric PLN-based crystal. The transition between ferroelectric and antiferroelectric makes the application of PLN-based crystal more extensive.
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