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            Abstract
Transparent piezoelectrics are highly desirable for numerous hybrid ultrasoundâ€“optical devices ranging from photoacoustic imaging transducers to transparent actuators for haptic applications1,2,3,4,5,6,7. However, it is challenging to achieve high piezoelectricity and perfect transparency simultaneously because most high-performance piezoelectrics are ferroelectrics that contain high-density light-scattering domain walls. Here, through a combination of phase-field simulations and experiments, we demonstrate a relatively simple method of using an alternating-current electric field to engineer the domain structures of originally opaque rhombohedral Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) crystals to simultaneously generate near-perfect transparency, an ultrahigh piezoelectric coefficient d33 (greater than 2,100Â picocoulombs per newton), an excellent electromechanical coupling factor k33 (about 94 per cent) and a large electro-optical coefficient Î³33 (approximately 220Â picometres per volt), which is far beyond the performance of the commonly used transparent ferroelectric crystal LiNbO3. We find that increasing the domain size leads to a higher d33 value for the [001]-oriented rhombohedral PMN-PT crystals, challenging the conventional wisdom that decreasing the domain size always results in higher piezoelectricity8,9,10. This work presents a paradigm for achieving high transparency and piezoelectricity by ferroelectricÂ domain engineering, and we expect the transparent ferroelectric crystals reported here to provide a route to a wide range of hybrid device applications, such as medical imaging, self-energy-harvesting touch screens and invisible robotic devices.
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                    Fig. 1: Phase-field simulations of the domain structures and evolution of [001]-oriented rhombohedral PMN-28PT single crystals via d.c. and a.c. poling.[image: ]


Fig. 2: Analysis of the domain structures for the [001]-oriented PMN-28PT crystals.[image: ]


Fig. 3: Comparison of the properties of a.c.-poled and conventional d.c.-poled [001]-oriented PMN-28PT crystals.[image: ]


Fig. 4: Phase-field simulations of the effect of domain size on the polarization, free-energy density and properties of the PMN-28PT crystal.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Schematic diagrams of the projections of optical indicatrices on both sides of a domain wall.
a, 109Â° domain wall; b, 71Â° domain wall. The prerequisite for the light scattering and reflection at an interface is the difference in refractive indices between the optical media on each side of the interface. As shown here, the principal axes of the optical indicatrix projected on the (001) plane are the same for domains on each side of a 109Â° domain wall. Thus, no and ne do not change as the light crosses a 109Â° domain wall, resulting in the absence of light scattering and/or reflection. In contrast, the principal axis of the optical indicatrix projected on the (001) plane rotates by 90Â° as the light travels across a 71Â° domain wall, resulting in the alternating of refractive indices no and ne. This is the reason that 71Â° domain walls scatter and/or reflect the light.


Extended Data Fig. 2 The variation in various energies of PMN-28PT during the first four cycles of a.c. poling.
The data are obtained by phase-field simulations. Here we plot the normalized energies, which are dimensionless.


Extended Data Fig. 3 Effects of system size and mechanical boundary conditions on the a.c.- and d.c.-poled domain structures from phase-field simulations.
a, Effects of system size (at the clamped boundary condition). b, Effects of the mechanical boundary condition (the scale of the simulation is 512Â Ã—Â 512Â nm).


Extended Data Fig. 4 Characterization of the domain size along the poling direction for [001]-oriented rhombohedral PMNâ€“PT crystals.
a, PLM images on the (100) face for [001]-poled PMN-28PT crystals under a.c. poling. b, PLM images on the (100) face for [001]-poled PMN-28PT crystals under d.c. poling. c, Distribution of the thickness of laminar domains for the a.c.-poled sample measured from a. d, Distribution of the thickness of laminar domains for the d.c.-poled sample measured from b. The thickness of the samples is around 100Â Î¼m. As shown in this figure, no clear difference is observed for the thickness of laminar domains between a.c.- and d.c.-poled samples.


Extended Data Fig. 5 Pseudo-Voight fittings of the {222} diffraction peaks at high-2Î¸.
a,b, The unpoled sample. c,d, The d.c.-poled sample. e,f, The a.c.-poled sample. a,c,e, The intensity of the patterns accumulated along Î©. b,d,f, The intensity of the patterns accumulated along 2Î¸.


Extended Data Fig. 6
Effective light absorption coefficients of a.c.- and d.c.-poled PMN-28PT crystals.


Extended Data Fig. 7 The temperature stability of a.c.- and d.c.-poled PMN-28PT crystals.
a, d33, Îµ33T/Îµ0 and k33 as a function of temperature. The dwelling time for each testing temperature is 10Â min. b, Domain structure of a.c.-poled PMN-28PT crystals as a function of temperature. The temperature is increased from 25 to 100â€‰Â°C at a rate of 1â€‰Â°CÂ minâˆ’1. The dwelling time for each testing temperature is 30Â min.


Extended Data Fig. 8 PLM images of [001]-oriented PMN-28PT crystals with different poling conditions.
aâ€“d, Images obtained from the crystals poled by an a.c. electric field at frequencies of 0.1Â Hz (a), 1Â Hz (b), 10Â Hz (c) and 100Â Hz (d), respectively. e, f, Enlargements of the regions in b and c, respectively. gâ€“i, Images obtained from the crystals poled by a d.c. electric field. g, i, Magnifications of the two regions circled in h. The thickness of the samples is 0.5Â mm. There are numerous cross-like domain walls in d.c.-poled samples, whereas these types of domain wall are removed by an a.c. electric field.


Extended Data Fig. 9 Dielectric permittivity and piezoelectric coefficient of the a.c.-poled PMN-28PT crystal as a function of the cycle number and frequency.
a, Dielectric permittivity as a function of the cycle number. b, Dielectric permittivity as a function of the frequency. c, Piezoelectric coefficient as a function of the frequency. Five samples are used for each frequency. The error bars indicate the s.d. of the corresponding data.


Extended Data Table 1 Electromechanical and electro-optical properties of [001]-oriented PMN-28PT crystals via a.c.- and d.c.-polingFull size table





Supplementary information
Video 1
Domain evolution of the [001]-oriented PMN-28PT crystal during AC-poling. This is a video obtained from a phase-field simulation of domain evolution under an AC electric field. In the video, the colours represent ferroelectric domains with different polarization directions as illustrated in Fig. 1 of the main text.


Video 2
Domain evolution of the [001]-oriented PMN-28PT crystal during the reversal of the polarity of electric field. This video presents the domain evolution of an enlarged local region in supplementary video 1.


Video 3
Domain evolution of the [001]-oriented PMN-28PT crystal during DC-poling. This is a video obtained from a phase-field simulation of domain evolution under a DC electric field. In the video, the colours represent ferroelectric domains with different polar directions as illustrated in Fig. 1 of the main text.
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